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Vorwort DE

Diese zwei Bédnde sind ein umfassender Bericht iiber den wissenschaftlichen Fortschritt
wihrend des siebten mehrjahrigen Forschungs- und Ausbildungsprogramms auf dem
Gebiet des Strahlenschutzes, das die Kommission der Europdischen Gemeinschaften
(KEG) 1990 und 1991 im Rahmen des Euratom-Vertrags durchgefiihrt hat.

Dieses Programm ist fiir die europdische Strahlenschutzforschung nach wie vor wichtig,
da es die Zusammenarbeit zwischen nationalen Forschungseinrichtungen und somit die
optimale Nutzung der begrenzten materiellen und personellen Moglichkeiten fordert. Das
Programm 1990-1991 kiindigte die Einfithrung multinationaler Mehrpartnervertrige mit
Instituten verschiedener Mitgliedstaaten an, die in koordinierter Weise zusammenarbeiten
und auf der Grundlage eines Vertrags eine konkrete Forschungsaufgabe erledigen. Aus
dem Programm wurden 116 multinationale Mehrpartnervorschlige mit 306
Einzelprojekten finanziert, wofiir 21,1 Millionen ECU zur Verfiigung standen. Aufgrund
der Beteiligung Schwedens an diesem Programm arbeiteten schwedische Wissenschaftler
an mehreren multinationalen Projekten mit. Diese multinationalen Mehrpartnervertrége
sind duBerst erfolgreich, stirken die Zusammenarbeit, festigen das Vertrauen zwischen
den Partnern, fordern den informelien Gedanken- und Datenaustausch und verleihen der
Forschung neuen Schwung. Die Vertrége haben den zusétzlichen Vorteil, daf} sie die
Struktur des Forschungsprogramms sichtbarer und fir die Programm-Manager
iiberschaubarer machen.

Das Programm 1990-1991 war in drei Hauptteile gegliedert:

- Strahlen- und Radioaktivitdtsexposition des Menschen:
Messungen der Strahlendosis und ihre Interpretation
Transfer und Verhalten von Radionukliden in der Umwelt

- Folgen der Strahlenexposition des Menschen; ihre Abschédtzung, Verhiitung und
Behandlung:
Stochastische Wirkungen von Strahlen
Nichtstochastische Wirkungen von Strahlen
Strahlenwirkungen auf den sich entwickelnden Organismus

- Risiken der Strahlenexposition und ihre Bewdéltigung:
Abschitzung der Strahlenexposition des Menschen und ihrer Risiken
Optimierung und Durchfithrung des Strahlenschutzes

Die Schlufiberichte sind nach diesen Teilen gegliedert. Die Berichte selbst unterscheiden
sich von fritheren SchluBberichten, da sie iiber jeden multinationalen Mehrpartnervertrag
einen eigenen Bericht enthalten und einen Uberblick iiber die geleistete Arbeit mit den
Ergebnissen jedes einzelnen Gruppenmitglieds bieten. Dies soll das Verhéltnis zwischen
den einzelnen Vertragspartnern kliren und einen Hinweis auf die Zusammenhénge
zwischen den einzelnen Vertrigen jedes Programmteils liefern. Weil die Berichte jedes
Abschnitts in numerischer Folge geordnet sind, ist die Gesamtstruktur jedes Teils nicht
immer eindeutig, aber durchaus erkennbar.



Der Beginn der Vertrdge hat sich 1990 leider um einige Monate verzdégert, weshalb es
nicht méglich war, die Zwischenberichte wie bisher zum Jahresende zusammenzustellen.
Stattdessen wurden alle Vertrige abgewickelt und die Berichte Ende September 1992
zusammengestellt. Auch wenn Vertrige aus dem Programm 1985-1989 in einigen Fillen
als Einzelvertrige verldngert wurden, sind die entsprechenden Berichte doch in diesen
Schlubericht aufgenommen worden.

Die bisherige Programmpolitik wurde fortgesetzt, den Informationsaustausch und die
Zusammenarbeit zwischen Wissenschaftlern durch die Veranstaltung von 86
Arbeitsgruppensitzungen mit Vertragspartnern und geladenen Sachverstdndigen und von
22 internationalen Seminaren und Workshops zu fordern. Die 10 Protokolle dieser
Sitzungen und die Verdffentlichungen aufgrund dieser Vertragsarbeiten sind der Beweis
dafiir, welch groBe Bedeutung der europdischen Forschung auf dem Gebiet des
Strahlenschutzes zukommt.

Die Kommission hat im Rahmen dieses Programms weiterhin die Vereinbarungen mit
den USA und Kanada durchgefiihrt und die Kontakte mit internationalen Organisationen
und anderen Drittlindern gepflegt. Ein Briefwechsel zwischen der KEG und der Stiftung
fiir Strahlenforschung (RERF) in Hiroshima hat die Mdglichkeit zu einer umfassenderen
Zusammenarbeit mit japanischen Kollegen eroffnet.

Ein neuer Schwerpunkt der Programmarbeit ist die Entwicklung einer koordinierten
Bildungspolitik im Rahmen der européischen allgemeinen und beruflichen Bildung auf
dem Gebiet des Strahlenschutzes (ERPET), um ein breites Spektrum von Fachwissen zu
erhalten und den beruflichen Aufstieg von Nachwuchswissenschaftlern auf dem Gebiet
des Strahlenschutzes zu fGrdern. In den letzten 24 Monaten sind 15 Ausbildungslehrgénge
iber allgemeinen Strahlenschutz und {iber Spezialgebiete wie Dosimetrie,
molekularbiologische Verfahren, Radiotkologie und Beherrschung von nuklearen
Notfillen veranstaltet worden.

Herbert Allgeier Sergio Finzi
Direktor GD XILF Hauptberater GD XI.A
Energie Umwelt, Nukleare Sicherheit

und Katastrophenschutz
Jaak Sinnaeve

Referatsleiter GD XILF.6
Forschungsaktion Strahlenschutz
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Preface EN

These 2 volumes present a comprehensive account of the scientific progress achieved
during the seventh multi-annual research and training programme on Radiation
Protection which was carried out in the period from 1990 to 1991 under the Euratom
Treaty of the Commission of the European Communities (CEC).

The programme continues to play an important role in European radiation protection
research by stimulating the collaboration between the different national research
organisations to optimize the use of the limited institutional and manpower resources.
The 1990-1991 programme heralded the introduction of multi-national, multi-partner
contracts with several institutes from different Member States working together in a
coordinated fashion to investigate a specific problem in each contract. The programme
funded 116 multi-national, multi-partner proposals involving 306 individual projects from
a budget of 21.1 MEcu. Sweden was associated with the programme and Swedish
scientists have been integrated in several of the multi-national proposals. These multi-
national, multi-partner contracts have been most successful, have strengthened
cooperation, developed confidence between the partners, stimulated informal exchange
of ideas and data, and increased the momentum of the research. The contracts have also
had the added advantage of making the structure of the research programme more
visible and transparent for the programme managers.

The 1990-1991 programme was reorganised into three main sections, namely:

- Human Exposure to Radiation and Radioactivity, which includes
Measurement of Radiation Dose and its Interpretation
Transfer and Behaviour of Radionuclides in the Environment

- Consequences of Radiation Exposure to Man; Assessment, Prevention and
Treatment, which includes
Stochastic Effects of Radiation
Non-Stochastic Effects of Radiation
Radiation Effects on the Developing Organism

- Risks and Management of Exposure, which includes
Assessment of Human Exposure and Risks
Optimization and Management of Radiation Protection

The Final Reports have been grouped into these sections but the reports differ from
previous Final Reports as each multi-national multi-partner contract presents a single
report giving an overview of the work carried out followed by the individual results from
each member of the group. This should clarify the inter-relationship of the different
partners in a contract and provide some indication of the association between the
different contracts in each section of the programme. However, because the reports in
each section are presented in numerical order the total structure of each sector is not
totally clear although it can certainly be discerned.



La mise & exécution des contrats a malheureusement été retardée de quelques mois en
1990, de sorte qu’il n’a pas été possible de réunir les rapports d’activité i la fin de
Iannée, comme cela avait été le cas auparavant. On a attendu que tous les contrats aient
€t€ menés a leur terme pour rassembler les rapports a la fin du mois de septembre 1992.
Quelques contrats remontant au programme 1985-1989 ont été prorogés a titre
individuel, mais, dans la mesure du possible, les rapports afférents & ces contrats ont été
regroupés conformément & la nouvelle structure.

Dans le cadre de ce programme, on a continué a suivre une politique de promotion des
échanges d’informations et de coopération entre les scientifiques en organisant
86 réunions de groupes d’étude auxquelles ont participé des contractants et des experts
et 22 séminaires et ateliers internationaux. Les 10 comptes rendus de ces réunions et les
publications issues des travaux prévus dans les contrats témoignent de I'importance du
role joué par la recherche européenne dans le domaine de la radioprotection.

De méme, on a poursuivi la mise en oeuvre des déclarations d’intention signées avec les
Etats-Unis et le Canada et maintenu les contacts avec les organisations internationales
et d’autres pays non communautaires. Un échange de correspondance entre la CCE et
la Fondation pour la recherche sur les effets des rayonnements (RERF) d’Hiroshima a
ouvert la voie a une collaboration plus intense avec les Japonais.

Un nouvel aspect important des activités liées au programme a été le développement
d’une politique de formation coordonnée dans le cadre d’ERPET (European Radiation
Protection Education and Training), pour maintenir un éventail de compétences et
promouvoir les perspectives de carriere des jeunes scientifiques qui se destinent a la
recherche en radioprotection. 15 cours de formation couvrant la radioprotection en
général et des domaines plus spécialisés, tels que la dosimétrie, les méthodes de la
biologie moléculaire, la radioécologie et la gestion des situations d’urgence créées par un
accident nucléaire, ont €t organisés pendant les 24 derniers mois.

Herbert Allgeier Sergio Finzi
Directeur de la DG XILF Conseiller de la DG XIL.A
Energies Environnement, Sécurité nucléaire

et protection civile
Jaak Sinnaeve
Chef de I'unité DG XILF.6
Activité de recherche sur la radioprotection
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Préface FR

Ces deux volumes contiennent un exposé complet des progres scientifiques réalisés dans
le cadre du septieme programme pluriannuel de recherche et de formation en
radioprotection exécuté en 1990 et 1991 en vertu du traité Euratom de la Commission
des Communautés européennes (CCE).

Le programme continue de jouer un role prépondérant dans la recherche européenne
en radioprotection en stimulant la collaboration entre les organismes nationaux de
recherche, afin d’optimiser l'utilisation de ressources institutionnelles et humaines
limitées. Le programme 1990-1991 a inauguré les contrats multinationaux & partenaires
multiples, c’est-a-dire comportant la participation de plusieurs instituts de différents Etats
membres qui, dans le cadre de chaque contrat, étudient conjointement et de fagon
coordonnée un probleme particulier. Le budget du programme (21,1 millions d’écus) a
permis de financer 116 propositions multinationales a partenaires multiples couvrant
306 projets individuels. La Suede s’est associée au programme et les scientifiques suédois
ont participé a la réalisation de plusieurs propositions multinationales. La plupart de ces
contrats multinationaux a partenaires multiples ont été couronnés de succes, ils ont
renforcé la coopération, développé la confiance entre les partenaires, stimulé les
échanges informels d’idées et d’informations, et accéléré le rythme de la recherche. Un
autre avantage de ces contrats a été de rendre la structure du programme de recherche
plus apparente et plus transparente pour ses gestionnaires.

A cet effet, le programme 1990-1991 a été divis€ en trois grandes sections :

- Exposition de ’'homme aux rayonnements et a la radioactivité
Mesure des doses de rayonnement et interprétation des résultats
Transfert et comportement des radionuclides dans 'environnement

- Conséquences pour 'homme de Pexposition aux rayonnements; évaluation,
prévention et traitement
Effets stochastiques des rayonnements
Effets non stochastiques des rayonnements
Effets des rayonnements sur les organismes en cours de développement

- Risques et gestion de 'exposition
Evaluation de Yexposition de ’homme et des risques
Optimisation et gestion de la radioprotection

Les rapports finals suivent cette structure. Ils different des rapports finals précédents, en
ce que, pour chaque contrat multinational & partenaires multiples, un rapport unique
présente une vue d’ensemble des travaux effectués, suivie des conclusions individuelles
de chaque membre du groupe. Cette 1. sentation devrait faire apparaitre les liens
existant entre les différents partenaires dans le cadre d’un contrat, et fournir des
indications sur le lien entre les différents contrats relevant de chaque section du
programme. Néanmoins, comme les rapports correspondant a chaque section sont
présentés par ordre numérique, la structure globale de chaque secteur n’est pas
absolument évidente, bien qu’on puisse certainement la discerner.
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The start of the contracts was unfortunately delayed for some months in 1990 and it has
therefore not been possible to collect the progress reports at the end of the year as has
been the practice previously, instead all the contracts have been allowed to finish and the
reports have been collected at the end of September 1992. In some cases contracts from
the 1985-1989 programme were extended as individual contracts but where possible the
reports from these contacts have been grouped for presentation here.

The programme has continued its policy of promoting the exchange of information and
cooperation between scientists by organising 86 study group meetings with contractors
and invited experts and 22 international seminars and workshops. The 10 proceedings of
these meetings and the publications originating from the contract work testify to the
important role played by European research in the field of radiation protection.

The programme has continued to implement the Memoranda of Understanding with the
USA and Canada, and has continued its contacts with international organisations and
other countries outside the Community. An exchange of letters between the CEC and the
Radiation Effects Research Foundation (RERF) at Hiroshima has opened the possibility
for more extensive collaboration with Japanese colleagues.

One important new facet of the programme’s activities has been the development of a
coordinated training policy under ERPET (European Radiation Protection Education and
Training) to maintain a cross-section of expertise and promote the career prospects of
young scientists entering the field of radiation protection. 15 training courses have been
organised during the past 24 months covering general radiation protection as well as
more specialised areas such as dosimetry, molecular biological methods, radioecology and
nuclear emergency management.

Herbert Allgeier Sergio Finzi
Director DG XILF Chief Adviser DG XL A
Energy Environment, Nuclear Safety

and Civil Protection

J.Sinnaeve
Head of Unit DG XILF.6
Radiation Protection Research Action
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RADIATION EXPOSURE OF THEIR EXTENSIVE USE .......ccconiemmiinniiiimeenennnnssiissennnne
Contract Bi7-016 - Sector A25

1) Wirth, Bundesgesundheitsamt - 2) Guillitte, Univ. Lidge

3) Palo, Univ. Umei Agricultural Sciences - 4) Nimis, Univ. degli Studi di Trieste

5) Bergamn, Swedish Defense Res. Establ. - 6) Wickman, Univ. Umei

T) Melin, Nat. Inst. of Rad. Protection (SSI)

RADIOECOLOGY OF SEMI-NATURAL ECOSYSTEMS ......ccceocrvivimmiiciricieissennnenosniessnns
Contract Bi7-044 - Sector A25

1) Colgan, RPII - 2) Horrill, NERC - 3) Aarkrog, Risg National Laboratory

4) Johanson, Univ. Agricult. Sciences, Uppsala - 5) Veresoglou, Univ. Thessaloniki

TRANSFER OF ACCIDENTALLY RELEASED RADIONUCLIDES IN AGRICULTURAL
SYSTEMS (TARRAS) ....ooiiirnniieneititiiniinnriessssesesseteessasnntessesssesssssnesssssessnnensesssnsssessenss
Contract Bi7-046 - Sector A26

1) Cancio, CIEMAT - 2) Maubert, CEA-Cadarache - 3) Rauref, Univ. Barcelona

4) Colle, CEA-Cadarache - 5)Cawse, AEA Technology Harwell Lab.

6) Grandison, Univ.Reading - 7) Guiierrez, CIEMAT

PARTII - CONSEQUENCES OF RADIATION EXPOSURE TO MAN; THEIR
ASSESSMENT, PREVENTION AND TREATMENT .........cccoovevvevverennnn
Stochastic effects Of radiation .........c..covovvviiiiiiiiiiiceirre e ee s rarae e e s

BIOPHYSICAL MODELS FOR THE EFFECTIVENESS OF DIFFERENT RADIATIONS .......
Contract Bi7-032 - Section B11

1) Paretzke, GSF Neuherberg - 2) Goodhead, MRC Radiobiological Unit

3) Terrissol, ADPA - 4) Leenhouts, RIVM

SPECIFICATION OF RADIATION QUALITY AT THE NANOMETRE LEVEL ...........cccvuu...
Contract Bi7-040 - Sector B11

1) Colautti, INFN-Legnaro - 2) Watt, Univ. St. Andrew

3) Harder, Georg-August Univ. - Gottingen - 4) Leuthold, GSF

5) Izzo, Univ. degli Studi di Roma

LATE SOMATIC EFFECTS OF IONIZING RADIATION ON THE MAMMALIAN
ORGANISM ....niiiiiniernniossissiesseistenseiosssesstssssssssssessessonesss sssssssesssens sostanssessasssssossassonsess
Contract Bi6-099 - Sector B12

1) Maisin, Univ. Cathol. Louvain & Woluwe

INDIVIDUAL RADIOSENSITIVITY AND ITS RELATION TO COLO-RECTAL CANCER .....
Contract Bi7-022 - Sector B12

1) Dutrillaux, Institut Curie - 2) Léonard, Univ. Cathol. Louvain 3 Woluwe

3) Rueff, New University of Lisbon

THE GENETIC AND BIOCHEMICAL BASIS OF HUMAN DNA REPAIR AND
RADIOSENSITIVITY ....ocveeiiiiceeereconnrnessisseesseseeecesstreserssesssssssssssosaassss sasssnnsessssasessassanes
Contract Bi7-026 - Sector B12

1) Lohman, Univ. Leiden, Sylvius Labor. - 2) Bridges, MRC Cell Mutation Unit

3) Bootsma, Erasmus University Rotterdam - 4) Moustacchi, Institut Curie

5) Thacker, MRC Radiobiological Unit - 6) Backendorf, Gorlaeus Laborat.
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EVALUATION OF THE FREQUENCIES OF CHROMOSOMAL ABERRATIONS INDUCED
IN HUMAN BLOOD LYMPHOCYTES BY LOW DOSES OF NEUTRONS .........cccccceeeverennne
Contract Bi6-225 - Sector B13

1) Lioyd, NRPB (Bi6-225) - 2) Natarajan, Univ. Leiden Sylvius Lab. (Bi6-166)

3) Obe, Univ. Essen (Bi6-223) - 4) Verschaeve, Cen-SCK (Bi6-146)

5) Palistti, Univ. degli Studi della Tuscia (Bi6-171)

EVALUATION OF EXISTING AND DEVELOPMENT OF NEW HUMAN EPITHELIAL CELL
TRANFORMATION SYSTEMS AND DETERMINATION OF THEIR POTENTIAL IN
RADIATION PROTECTION STUDIES .........ccoccciitetimrmanianscecssssssnctssssnseessrssssrmsssssssassonns
Contract Bi7-023 - Sector B13

1) Seymour, NEB - 2) Riches, St Andrews University - 3) Pertusa, Valencia University

CELLULAR AND MOLECULAR STUDIES ON RADIATION QUALITY: A COMPARISON
BETWEEN GENETICALLY RELEVANT DAMAGE AND CELL INACTIVATION ................
Contract Bi7-033 - Sector B13

1) Kraft, GSI - 2) Sideris, NCRS "Demokritos"

3) Lioyd, NRPB - 4) Natarajan, Univ. Leiden

RADIATION INDUCED PROCESSES IN MAMMALIAN CELLS: PRINCIPLES OF
RESPONSE MODIFICATION AND INVOLVEMENT IN CARCINOGENESIS .............cccuuu..
Contract Bi7-034 - Sector B13

1) Van der Eb, Univ. Leiden Sylvius Labo. - 2) Sarasin, CNRS

3) Devoret, CNRS - 4) Rommelaere, Université Libre de Bruxelles

5) Bertazzoni, Consiglio Nazionale delle Ricerche

6) Thomou-Politi, Greek Atomic Energy Commission

METHODOLOGY FOR THE ANALYSIS OF RADIATION CARCINOGENESIS STUDIES
AND APPLICATION TO ONGOING EXPERIMENTS .......cccooececumtmiarineraessrssnnsaesaessesssseeeees
Contract Bi7-035 - Sector B13

1) Broerse, Academisch Ziekenhuis Leiden - 2) Chmelevsky, GSF Neuherberg

3) Masse, CEA - FAR - 4) Morin, CEA - FAR

5) Zurcher, TNO - 6)van Bekkum, TNO-ITRI

STUDY OF RADIOBIOLOGICAL EFFECTS AT LOW DOSES .....coccocvicinirniniensicnneensenonnnes
Contract Bi6-004 - Sector B13
1) Coppola, ENEA-CRE Casaccia

LATE EFFECTS IN RHESUS MONKEYS AFTER WHOLE-BODY IRRADIATION WITH
W-RAYS AND FISSION NEUTRONS ......ceeiiiiiiiiiiieinciisiniiiiieessateessnssssseessesesonsnsens
Contract Bi6-075 - Sector B13

1) Broerse, TNO-ITRI

MOLECULAR AND CELLULAR EFFECTS OF PROTONS, DEUTERONS AND
ALPHAPARTICLES ......ocoiiiiiiriaiiieitiiniecerecrnessessressessssassssossassesesussssnsssasnnnessssssrnesanes
Contract Bi7-0036 - Sector B13

1) Moschini, Istituto Nazionale di Fisica Nucleare - 2) Goodhead, MRC Radiobiological Unit
3) Belli, Istituto Superiore di Sanitd - 4) Michael, CRC-Gray Laboratory

CELLULAR AND MOLECULAR MECHANISMS OF RADIATION-INDUCED MYELOID
LEUKAEMIAIN THE MOUSE ........iiitiimiirrcvecrrnrnresestesssseseserassessensssnsssssnssrnssnsnses
Contract Bi7-037 - Sector B13

1) Janowski, CEN-SCK - 2) Cox, NRPB
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AUTOMATED DETECTION OF RADIATION INDUCED CHROMOSOME ABERRATIONS
BY SLIT-SCAN FLOW CYTOMETRY .......cocceesirercsnersveoscrssssussssnessrsassssessssanesssosesssassssnse
Contract Bi7-038 - Sector B13

1) Barendsen, Univ. Amsterdam - 2) Green, MRC Human Genetics Unit

3) Niisse, GSF Neuherberg - 4) Bauchinger, GSF Neuherberg

5) Aubele, GSF Neuherberg

STUDIES ON BASIC AND APPLIED ASPECTS OF RADIATION-INDUCED
CHROMOSOMAL ABERRATIONS IN HUMAN CELLS .........ccccvveccemrreeeersreneseserrasssocsranes
Contract Bi7-0039 - Sector B13

1) Natarajan, Univ. Leiden Sylvius Lab. - 2) Savage, MRC Radiobiological Unit.

3) Olivieri, Universitd di Roma "La Sapienza" - 4) Cortés-Benavides, Univ. Sevilla

5) Bryant, Univ. St. Andrews - 6) Ahnstrém, Univ. Stockholm

7) Baverstam, Nat. Inst. of Rad. Protection - 8) Feinendegen, KFA Jiilich GmbH

9) Johanson, Univ. Uppsala Agricult. Sciences - 10) Ehrenberg, Univ. Stockholm

11) Palitti, Univ. degli Studi della Tuscia - 12) Laurent, Univ, Li¢ge Sart Tilman

13) Pantelias, NCSR "Demokritos” - 14) Jorge, Inst. Portug. Oncol. Francisco Gentil

15) Pereira-Luis, LNETI

MEASUREMENT OF TRANSFORMATION OF C3H 10T1/2 CELLS BY LOW DOSES OF
IONIZING RADIATION ....cooieneererrericieressonsinsassssscssssssnntssessesssssrsussessssnssstansassonssssssasas
Contract Bi7-043 - Sector B13

1) Morgan, AEA Technology Harwell Laboratory - 2) Mill, Nuclear Electric

3) Kellerer, GSF Neuherberg - 4) Frankenberg, GSF Frankfurt

5) Tallone Lombardi, Universita degli Studi di Milano

6) Saran, ENEA Casaccia Roma

RADIATION-INDUCED MUTATIONS IN MAMMALS ......cccoiiiiiiiinnnrniinnnrcrmsenssssnseeesesesans
Contract Bi6-156 - Sector B14
1) Ehling, GSF Neuherberg

MUTATION STUDIES UPON SPERMATOGONIAL STEM CELLS OF MAMMALS AND
GENETIC TESTS FOR NON-DISJUNCTION IN THE MOUSE ........coouvveeriircnvnirnessenenneenns
Contract Bi6-143 - Sector B14

1) Cattanach, MRC Radiobiological Unit

RADIATION-INDUCED GENETIC EFFECTS IN GERM CELLS OF MAMMALS ................
Contract Bi6-166 - Sector B14
1) Van Buul , Univ. Leiden Sylvius Lab.

RADIATION-INDUCED GENETIC EFFECTS IN GERM CELLS OF MAMMALS ................
Contract Bi6-069 - Sector B14
1) Jacquet, CEN/SCK Mol

RADIATION-INDUCED GENETIC EFFECTS IN GERM CELLS OF MAMMALS ................
Contract Bi6-077 - Sector B14
1) Streffer, Universititskilinikum Essen

RADIATION-INDUCED GENETIC EFFECTS IN GERM CELLS OF MAMMALS ................
Contract Bi7-048 - Sector B14
1) Van der Schans, TNO-Medical Biological Lab.
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RADIOBIOLOGICAL PROPERTIES OF SPERMATOGONIAL STEM CELLS IN C3H/101
HYBRID MICE AND EVALUATION OF THE MODEL FOR INDUCTION OF GENETIC
DAMAGE IN SPERMATOGONIAL STEM CELLS .......ccccceeeiiimmrueerrnrerrnnrerssersesssnesensensanns
Contract Bi7-052 - Sector B14

1) De Rooij, Univ. Utrecht

STUDIES ON SPONTANEOUSLY-ARISING GENETIC AND PARTIALLY GENETIC
DISORDERS IN MAN WITHIN THE FRAMEWORK OF THE EVALUATION OF GENETIC
RADIATION HAZARDS ....cocovveiiiveccensiiiiiseicsensssrismesssssesssresssssssenssosanesssasessssasssnsasans
Contract Bi6-226 - Sector B14

1) Lohman, Univ. Leiden, Sylvius Labor.

MOLECULAR BIOLOGY OF PATERNAL ONCOGENESIS ........ccccccoiiiiiiciiniineeecerecenieeene
Contract Bi7-068 - Sector B14
1) Hifler, GSF Neuherberg

OSTEOSARCOMA AND TUMOURS OF THE HAEMOPOIETIC SYSTEM BY LOW-DOSE
TRRADIATION ..ottt it catn e st e s ssae e st be s s st teassssamssaasssaassase s sanennasassoe
Contract Bi7-002 - Sector B15

1) Hifler, GSF Neuherberg - 2) Hofler, Univ. Miinchen - Technische

3) Erfle, GSF Neuherberg - 4) Skou Pedersen, Aarhus Universitet

5) Schoeters, CEN - SCK - 6) Bentvelzen, TNO - ITRI

THE DOSIMETRY AND METABOLISM OF INCORPORATED RADIONUCLIDES...............
Contract Bi6-089 - Sector B15
1) Harrison, NRPB

STUDIES ON MYELOID LEUKAEMIA AND OSTEOSARCOMA INDUCED IN MICE BY
RA2U .ottt ettt e s s e e sra e e st e R e b g sa e s srbn e sne e
Contract Bi6-064 - Sector B15

1) Humphreys, MRC Radiobiological Unit

Non-stochastic effects of radiation ...............cccceiieiiiiiiiiinicie e e srerae e e

IMPAIRMENT OF THE HEMO-LYMPHOPOIETIC CELL SYSTEM AND ITS MICRO
ENVIRONMENT BY IONIZING RADIATION. PATHOGENESIS OF NON-STOCHASTIC
AND NEOPLASTIC EFFECTS AND CONDITIONS FOR A LONG TERM RESTORATION
Contract Bi6-061 - Sector B21

1) Fliedner, Univ. Ulm

NON-STOCHASTIC EFFECTS OF IRRADIATION IN MAN: DIAGNOSIS, PROGNOSIS
AND TREATMENT OF ACUTE RADIATION INJURY .......ccveeirreereeeirrerserecssncsnonsersacssnsacns
Contract Bi6-065F - Sector B21

1) Jammet, CIR
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DEVELOPMENT OF CONDITIONS ALLOWING RESTORATION OF HAEMOPOIESIS BY
ALLOGENIC PURIFIED AND IN VITRO MULTIPLIED HAEMOPOIETIC STEM CELLS .....
Contract Bi6-079 - Sector B21

1) van Bekkum, TNO-ITRI

RADIATION DAMAGE AND RECOVERY OF THE IMMUNE SYSTEM .......cccccvvrevienccnnnns
Contract Bi6-059 - Sector B21
1) Doria, ENEA

THE REDUCTION OF THE RISKS OF LATE EFFECTS FROM INCORPORATED
RADIONUCLIDES ..........ttiiireineeersnsiseeiessssetssesesesassasnesesssssesesssnseeessesssnneasssssssssassassess
Contract Bi6-347e¢ - Sector B22

1) Stradling, NRPB - 2) Volf, KK Karsruhe - 3) Métivier, CEA-FAR

4) Burgada, ADFAC (Univ. Pierre et M. Curi¢) - 5) Archimbaud, CEA-Pierrelatte

EARLY AND LATE EFFECTS OF RADIATION ON SKIN ......ccccormimiiiiinnereneinnnnneseeernenn
Contract Bi6-063 - Sector B23
1) Hopewell, Univ. Oxford

PROBLEMS RELATED TO SKIN AND UNDERLYING TISSUES AFTER ACCIDENTS
INVOLVING LOCAL IRRADIATION. EXPERIMENTAL STUDY IN THE PIG..........ccovvvennene
Contract Bi6-058 - Sector B23

1) Daburon, CEA-FAR

RADIATION EFFECTS ON THE SKIN AND SUBCUTANEOUS TISSUES: IMPLICATION
FOR PROTECTION CRITERIA AND TREATMENT OF LOCALIZED ACCIDENTAL
OVER-EXPOSURE ......ccoutniiiiiieeeeirintanienennenenessereressisramnersessessesssssessessessesrsnsasssssssesnnssss
Contract Bi7-056 - Sector B23

1) Coggle, Med. Coll. St. Bartholomew's Hosp.

EUROPEAN CLINICAL RESEARCH ON PRACTICAL PROTOCOLS FOR THE
DIAGNOSTICS AND TREATMENT OF LOCALIZED OVEREXPOSURE ........cccceerveerverennns
Contract Bi7-049 - Sector B23

1) Géngora, Institut Curie - 2) Strambi, ENEA

3) Herrdnz-Crespo, Hospital General Marafién

IRRADIATION AND THYROID DISEASE ........ocoooimtutirrinirinieneneatsisnensseeiiesstienseseseenssnens
Contract Bi7-005 - Sector B24

1) Dumont , Univ. Libre de Bruxelles (ULB) - 2) Malone, St James Hospital

3) Smyth, Univ. College of Dublin, Belfield

Radiation effects on the developing OIZaniSm ..........c.couecierererecrerrecre e

EFFECTS OF RADIATION ON THE DEVELOPMENT OF THE CENTRAL NERVOUS
SYSTEM ..coiiiirtitmriireiniiomiseiieesisiieniissssrsnnteissssssiossassasssnssssessssssssssssssssssssnsssssessasseansrans
Contract Bi7-003 - Sector B31

1) Reyners, CEN-SCK - 2) Ferrer, Hospital Principer de Espafia

3) Coffigny, CEA - Bruygres-le-Chitel

- XXIV -

1147

1155

1167

1187

1197

1203

1209

1217

1231

1233




DYSFUNCTION AND NEOPLASIAS OF HAEMOPOIETIC AND OSTEOGENIC TISSUE
FOLLOWING EXTERNAL IRRADIATION OR BONE-SEEKING RADIONUCLIDE
CONTAMINATION IN UTERO OR DURING NEONATAL DEVELOPMENT ........ccoovueerrnnens
Contract Bi7-001 - Sector B32

1) Humphreys, MRC Radiobiology Unit - 2) Vandenheuvel, CEN-SCK

3) Lord, Paterson Institute Cancer Research - 4) van Bekkum, TNO-ITRI

5) Tejero, Universidad Complutense de Madrid - 6) Bueren, CIEMAT

THE DOSIMETRY AND EFFECTS OF FETAL IRRADIATION FROM INCORPORATED
RADIONUCLIDES (NRPB ASSOCIATION) .....cc.cotecureuuierrneenaseerssnsemsmaesosaseessssessssssassessnn
Contract Bi6-347d - Sector B33

1) Harrison, NRPB - 2) Henshaw, Univ. Bristol - 3) Coffigny, CEA-FAR

PARTII - RISKS AND MANAGEMENT OF RADIATION PROTECTION ............

Assessment of human exposure and TisKS .......ccccoiiiivieciniincneniiicne et

THE RISKS OF RADIATION WORK: ANALYSIS OF REGISTRY DATA ......ccooovieiiinreennnn,s
Contract Bi6-213 - Sector C11
1) Stather, NRPB

STATISTICAL RESULTS OF THE PERSONAL DOSIMETRY SERVICE AT THE GSF........
Contract Bi7-0053-D - Sector C11
1) Regulla, Schraube, GSF Neuherberg

PROCEDURES TO ASSESS INTAKES OF RADIONUCLIDES FROM SAMPLES OF
AIRBORNE RADIOACTIVITY AND STATISTICAL STUDIES OF RADIATION RISKS ........
Contract Bi6-116 - Sector C11

1) Stather, NRPB

RADON SOURCES AND MODELS (NRPB ASSOCIATION) .....coccceveeiiiireneiiiirneeeeneacinenne
Contract Bi6-347f - Sector C12

1) Miles, NRPB - 2)de Meijer, Univ Groningen (KVI)

3) Damkjeer, Univ. Denmark-Tech - 4) Majborn, Risg National Laboratory

5) Wouters, CSTC/WTCB - 6) de Jong, TNO-Amhem

7) Ball, NERC (BGS) - 8) Hubbard/Enflo, Nat. Inst. of Rad. Protec. (SSI)

9) Proukakis, Univ. Athens - School of Medicine

ASSESSMENT AND MANAGEMENT OF RADIATION EXPOSURE AND RISKS FROM
NATURAL AND MAN-MADE RADIATION SOURCES ........ccccciiiviivrrintineaeinienecrenneees
Contract Bi6-114 - Sector C12
1) Kollas, NCRS "Demokritos”

NATURAL EXPOSURE FROM RADON AND RADON PROGENY IN SPANISH HOUSES ...
Contract Bi6-314 - Sector C12
1) Quindés Poncela, Universidad de Santander
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EVALUATION OF THE POPULATION EXPOSURE TO RADON IN THE VICINITY OF
URANIUM MINING FACILITIES .......ccocoiniiiiiiniinininiicnisesesninsnssssssessssssessesessssssssess
Contract Bi6-208 - Sector C12

1) Galvdo, LNETI

RETROSPECTIVE ASSESSMENT OF RADON EXPOSURE FROM LONG-LIVED DECAY
PRODUCTS .....miiiiiiiiieeteessanirsessscaesasnses sassssssesssnsassasstsesssseeesssnssasssssssssssassssssassnnnne
Contract Bi7-013 - Sector C12

1) Samuelsson, Lund University - 2)Jonassen, Technical University of Denmark

3) Falk, Swedish Radiation Protection Institute - 4) Poffijn, Univ. Gent

5) Vanmarcke, CEN-SCK - 6) McLaughlin, University College Dublin

CHARACTERISTICS OF RADON- AND THORON DAUGHTERS AEROSOLS ............ccoce.
Contract Bi7-047 - Sector C12

1) Porstendorfer, Georg-August-Universitit - 2) Poffijn, Univ. Gent

3) Vanmarcke, CEN-SCK - 4) Akselsson, Univ, Lund

5) Tymen, Univ. Brest - 6) Falk, Nat. Inst. of Rad. Protection

7T) Ortega, Univ. Politécnica de Catalunya

ASSESSMENT OF THE GEOLOGICAL FACTORS INFLUENCING THE OCCURRENCE
OF RADON HAZARD AREAS IN A KARSTIC REGION .......ccccrimnreiiecrneererseasesnecssnneense
Contract Bi7-059 - Sector C12

1) O'Connor, Geological Survey of Ireland

2) Madden , Radiological Protection Institute of Ireland (formerly Nuclear Energy Board)

3) McLaughlin , University College, Dublin - 4) McAulay , Trinity College, Dublin

5) Brock , University College, Galway

6) Van den Boom , Bundesanst. Geowissenschaften

CONSEQUENCES OF IRRADIATION OF POPULATION AND WORKERS (CEA
ASSOCIATION) ....cotriiiiriiiitirirtisrensiesireistsstesnsesess e sssssabessaesnsost s sssessessstessnsenssssnnesasnes
Contract Bi6-122 - Sector C13

1) A. Després, CEA-FAR - 2)J. Brenot, CEA-FAR

3) H. Maubert, CEA-Cadarache

COMPARATIVE ASSESSMENT AND MANAGEMENT OF THE HEALTH AND
ENVIRONMENTAL IMPACT OF ENERGY SYSTEMS AND STUDIES RELATED TO THE

EXPRESSION OF THE DETRIMENT ASSOCIATED WITH RADIATION EXPOSURE ........
Contract Bi7-004 - Sector C13

1) Lochard, CEPN - 2) Wrixon, NRPB - 3)Kemp, Univ. East Anglia

4) Friedrich, Univ. Stuttgart - 5) Anguenot, CEA-FAR

QUANTIFICATION OF RADIATION RISKS, OPTIMISATION OF PROCEDURES AND
ANALYSIS OF OCCUPATIONAL EXPOSURE .......ccccemrirererrccnnurrenmecennneneessenesssrsesssrnersans
Contract Bi6-111 - Sector C14

1) Jacobi, GSF Neuherberg

STATISTICAL METHODS FOR THE ANALYSIS OF GEOGRAPHICAL CORRELATIONS,
APPLICATION TO THE ANALYSIS OF THE CORRELATION BETWEEN POPULATION
RADIATION EXPOSURE AND CANCER MORTALITY ......ccoviiiiinieeerreensnrerecreresssnnnsesenes
Contract Bi6-126 - Sector C14

1) Hémon, INSERM
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EPIDEMIOLOGICAL STUDIES OF RADIATION CARCINOGENESIS AND ITS
BIOPHYSICAL BASIS .....c.ccieeeiiiriniiniienernniiieiesensessnesassneseessssasssarsesasosesssessanssassessuesasanns
Contract Bi6-221 - Sector C14

1) Gossner, GSF Neuherberg - 2) Spiess, Universitit Miinchen - 3) Kellerer, GSF

HEALTH EFFECTS OF CHRONIC EXPOSURE TO LOW DOSE IONIZING RADIATION
ON WORKERS OF THE SPANISH NUCLEAR ENERGY INSTALLATIONS ...........ccovsueenee.
Contract Bi6-229 - Sector C14

1) Artalejo , CIEMAT

THOROTRAST: INVESTIGATIONS TO EVALUATE THE LONG-TERM EFFECTS CAUSED
BY ARTIFICIAL RADIATION IN MAN (THOROTRAST PATIENTS FOLLOW-UP STUDY
IN GERMANY AND DENMARK) ......coocciniininniniiinnisieninisiniiseiseesnissscsssnssansssesssesssssse
Contract Bi6-298 - Sector C14

1) Van Kaick , Deutsches Krebsforsch.Zent.Heidelberg

LATE EFFECTS OF THOROTRAST AMONG DANISH PATIENTS ....cccccovvvmmniiiirirenriennens
Contract Bi6-333 - Sector C14
1) Storm, Danish Cancer Society

SURVEY ON CHILDHOOD LEUKAEMIA ........c.ccccverurrmeeenceernsreecrsssessaceessasesnsnansesensasssnns
Contract Bi6-319 - Sector C14
1) Kaldor, TARC

EPIDEMIOLOGICAL STUDIES OF RADIATION RISKS (NRPB ASSOCIATION)}) .........c......
Contract Bi6-347h - Sector C14

1) Muirhead , NRPB - 2) Kellerer, Univ. Miinchen - 3) Chmelevsky , GSF Neuherberg
4) Oberhausen , Univ. Saarlandes - 5) Holm , Karolinska Hospital

6) Becciolini , Universita degli Studi di Firenze

RADON AND LUNG CANCER IN THE ARDENNES AND EIFEL REGION ..........ccoovuveueees
Contract Bi7-007 - Sector C14

1) Poffijn , Univ. Gent - 2) Tirmarche, CEA - FAR - 3) Wichmann , Univ. Wuppertal
4) Kayser, Dir. de la Santé Div. Radioprot. - 5) Darby , Imperial Cancer Research Fund.

6) Tirmarche , CEA-FAR

MORTALITY AROUND FRENCH NUCLEAR SITES IN THE POPULATION
AGED QTO 24 .....cooiivirirecneecsessiintinsraeesensosstinsenessassissssssstressenassts sessessnsnesassssssssanesosse
Contract Bi7-066 - Sector C14

1) Hill , Inst. G. Roussy

Optimization and management of radiation ProteCtion ...........ccceerveceecreisrresurenreceseesscnsornes

DEVELOPMENT OF FUNDAMENTAL DATA FOR RADIATION PROTECTION. .................
Contract Bi6-324 - Sector C21
1) Smith , ICRP
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APPLICATION OF ALARAIN COMPLEX DECISION-MAKING SITUATIONS (NRPB
ASSOCTATION) coviiieeiiririeeiiiiierresecsanressssstrssssssssesesaunasssonsasssssssnssssesssansessesssstsasasssssnsnne
Contract Bi6-347i - Sector C21

1) Wrixon, NRPB - 2)Lochard, CEPN - 3) Meggitt , SRD-AEA Technology

REDUCTION OF DOSE IN X-RAY DIAGNOSTICS BY THE CHOICE OF THE OPTIMAL
SCREEN-FILM COMBINATION ........cevtiiiieriierirorrenreenreeeceesseorsnsssessserenesnesssssassossrarasssssens
Contract Bi6-316 - Sector C22

1) Hoeschen , PTB

REDUCTION OF PATIENT EXPOSURE IN MEDICAL DIAGNOSTIC RADIOLOGY.
DOSIMETRY AND RISK (NRPB ASSOCIATION) .....cccoiiiimuiririnneerresccciesesesneerasessesanene
Contract Bi6-347g - Sector C22

1) Wall , NRPB - 2) Drexler , GSF Neuherberg
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Radiation Protection Programme 1990-1991 - Final Report
Volume 1
Summary

The final report of the 1990-1991 period of the radiation protection programme outlines the research
work carried out during the whole contractual period under all contracts between the Commission
of the European Communities and research groups in the Member States. More than 450 scientists
collaborated on this programme.

Results of more than 350 projects are reported. They are grouped into three sectors:
1 Human Exposure to Radiation and Radioactivity, which includes:

1.1 Measurement of Radiation Dose and its Interpretation
1.2 Transfer and Behaviour of Radionuclides in the Environment

2 Consequences of Radiation Exposure to Man,; Assessment, Prevention and Treatment, which
includes:

2.1 Stochastic Effects of Radiation
2.2 Non-Stochastic Effects of Radiation
2.3 Radiation Effects on the Developing Organism

3 Risks and Management of Exposure, which includes:

3.1 Assessment of Human Exposure and Risks
3.2 Optimization and Management of Radiation Protection

Within the framework programme, the aim of this scientific research is to improve the conditions
" of life with respect to work and protection of man and his environment and to assure safe
production of energy, i.e.:

(i) to improve methods necessary to protect workers and the population by updating the
scientific basis for appropriate standards;

(i)  to prevent and counteract harmful effects of radiation;

(iii) 1o assess radiation risks and provide methods to cope with the consequences of radiation
accidents.
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COLLABORATION ON RESEARCH AND DEVELOPMENT CONCERNED WITH
THE METHODOLOGY AND DATA IN RADIATION DOSIMETRY

Contract Bi6-026 - Sector Al

1) Dennis , EURADOS-CENDOS

Summary of project global objectives and achievements

The global objectives of EURADOS and its project in the terminated programme
period 1990-1992 were:

1. The stimulation of collaborative research and technical developments concerning
the measurement and evaluation of exposures to and risks of ionizing radiation.

2. The harmonisation of methods for assessing radiation exposures by means of
intercomparisons, workshops and active collaboration between laboratories in
Europe.

3. The collection and evaluation of physical data relevant to dosimetry and the
assessment of occupational, accidental and environmental exposures of the
population in the European Communities.

To date, about 180 scientists from 65 laboratories in Western Europe participate in
the work of EURADOS. The work of EURADOS is to a large extend performed by
Working Groups of about 10 to 15 scientists from different European laboratories.
Usually additional corresponding members and observers participate in the work
and the meetings of the Groups. Each Working Group is set up by the EURADOS
Council to meet defined objectives and once these are achieved a Working Group is
disbanded. During the period 1990-1992 the following Working Groups have been
active:

WG 1: Development and Implementation of Microdosimetric Instruments for

Radiation Protection
This Group worked since 1983 and after successfully completing its tasks, the

project was terminated in 1990.
WG 2: Skin Dosimetry

WG 4: Numerical Dosimetry
(Previous title: Dissemination and Development of Computer Programs for

Dosimetric Problems)
WG 6: Assessment of Internal Dose

WG 7: Radiation Spectrometry in Working Environments
This Group has been started in 1991

WG 8: Development of Individual Dosemeters for External Penetrating
Radiations

WG 9: Criticality Accident Dosimetry
This Group has been started in 1989/ 90.

WG 10: Basic Physical Data and Characteristics of Gas Ionization Devices
This Group has been started in 1990, partially taking over tasks from the
former WG 5 which has been terminated in 1990.
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The detailed objectives and achievements of the Working Groups are described in
the following sections except those of Working Group 1 which has been given in the
final report of the foregoing research period.

Every year EURADOS has organized a general meeting with all Working Groups
together. In a common session the Working Groups presented their programmes and
further actual topics were discussed. The last two meetings were performed in
Lisboa (1990) and Dublin (1991). Protocols of the meetings are published in the
yearly reports of the EURADOS chairman.

Within this project, EURADOS has mainly funded the meetings of the Working
Groups and partially workshops and intercomparison measurements, while the
individual research work at the participating laboratories and the preparation of
those meetings have been funded by the contributing laboratories.
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Working group 2: Skin dosimetry
Chairman; M. W. Charles, P. Christensen (until 1991)

Objectives for the reporting period and progress achieved

The working group has been involved in 7 main work areas listed below. The results
of the group had a major influence on the revised recommendations of the ICRP
(ICRP Publications 59 and 60). The group was closely involved with the organisation
of a Skin Dosimetry Workshop held in May 1991 in Dublin. This meeting had
excellent international representation and much of the work of the group has been
presented. Proceedings of the workshop have been published in Radiat. Prot. Dosim.

39 (1-3).

The activities of the working group are:

1.

Theoretical and experimental study of hot particle dosimetry
(Charles (coordinator), Darley, Patau, Herbaut)

This project is concerned with the problems of measuring and calculating doses
from small beta radioactive sources. Sources below Imm in diameter are
commonly referred to as 'hot particles’. Renewed interest in the biological effect
and dosimetry of such sources has been shown as a result of the Chernobyl
reactor accident and as a result of practical problems on aging US PWR reactors
(2). Dosimetry studies of a Imm diameter %0Sr/%Y beta source have been
carried out using a scanning small-electrode extrapolation chamber and
radiochromic dye films (3,4). Radiochromic'dye measurements were carried out
in collaboration with Dr. Baum and Soares of the BNL and the NIST who are
corresponding members of WG 2. It was found that the extrapolation chamber
response was non-linear and tended to underestimate doses to small areas by a
factor in excess of two compared to radiochromic dye films. A theoretical model
was developed to explain the non-linear response and as a result good
agreement was found between the two techniques. Radiochromic dye film
measurements were carried out at Berkeley using manual and preliminary
image analysis densitometry. This compared favourably with a more
sophisticated and rapid method of laser scanning densitometry used by Dr
Soares. These measurements have now been extended to neutron activated 66Co
and good agreement has again found between Dye film and extrapolation
chamber (using a non-linear fit). The initial Monte-Carlo codes produced by Dir.
Patau at the University of Toulouse (5) have proved to be user-friendly and
reasonably fast and have produced dose estimates for spherical ¢Co test
sources. These have been compared with semi-empirical calculations of beta
doses utilised in a recently developed American code VARSKIN II. The doses
calculated by various methods, over areas of 1mm2 and l1cm? are in
reasonable agreement but are lower by a factor of 2 than data from
measurements.
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Study of extrapolation chamber measurement method
(Béhm, Chartier, Christensen (coordinator), Francis)

An intercomparison of extrapolation chambers and measurement procedures
used for characterising low energy beta radiation fields has been organized
among four European laboratories (CEA, France; NRPB, UK; PTB, FRG and
RNL, Denmark) in order to standardise procedures for determining dose rates
using extrapolation chambers. All participants used 47Pm extended area
sources (4 cm x 4 cm) constructed to the same specifications in identical holder
and supplied by one manufacturer from the same batch. Different types of
extrapolation chambers were used and measurement procedures and
evaluation methods differed between the laboratories. Sources were exchanged
between the laboratories to enable measurements on the same source to be
carried out with different types of chambers. Due to the low penetrability of
low energy beta radiation, a number of sources of uncertainty involved with the
extrapolation chamber measurement method became more significant for
measurements with low energy beta sources (e.g. 47Pm) than with high energy
sources (e.g. %5r/%0Y). In particular, three components of measurement could
lead to major differences in the final results: absorption in air between source
and detector, the evaluation of depth dose in tissue by the measurement of dose
absorption in the front window and the evaluation of ionisation current under
Bragg-Gray conditions. Some results were presented at the Workshop on Skin
Dosimetry (6). A final report is in preparation.

Study of individual dosemeters

(Christensen (coordinator), Francis, Gasiot, Herbaut, Kriegseis)

Recent progress obtained in the development of individual dosemeters for the
measurement of skin doses was reported in some papers presented at the Skin
Dosimetry Workshop in Dublin (1). Monitoring of skin doses requires a
personal dosemeter capable of measuring H,(0.07) with satisfactory accuracy. It
has been suggested that in the case of high accidental exposures of the skin it
may also be worth-while to make an assessment of a depth dose profile to
enable a prognosis to be made either of the early or late effects that may follow.
There are several thin detectors available based on the TL and TSEE techniques,
which enables to assess the dose to the skin at different depths (7). However,
further developments are still needed to adapt these detectors for practical
routine applications of monitoring weakly penetrating photon radiations (8,9).

Benchmark experiment on the determination of dose rates from a
905y /90Y source

(Bohm (coordinator), Patau, Herbaut)

Dose rates at different distances from from a 6 cm diameter %05r/%0Y source
have been measured using extrapolation chambers. Measurements were
performed by CEA (Grenoble) and PTB. The final evaluation of the data is not
yet finished, because experiences from the study of extrapolation chambers (see
section 2) should be considered before stating the final results. Due to the delay
in the preparation of the final report on extrapolation chambers, the final
evaluation of the PTB was also delayed. It is planned to exchange and discuss
the data at least during the EURADOS meeting in Paris in november 1992. Final
results will be available at the end of 1992.
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Study of workplaces

(Heinzelmann)

A survey has been made of weakly penetrating radiation in German nuclear
power plants and during fuel element fabrication. The dose equivalent rate
from weakly penetrating radiation may be up to 100 times as great as that from
strongly penetrating radiation. The radiation fields in nuclear power plants
differ greatly. K capture emitters have to be taken into consideration. The
radiation is frequently well shielded by radiation protection clothing and the
skin dose from weakly penetrating radiation is, therefore, often small. During
fuel element fabrication the dose equivalent rate is mainly caused by high
energy beta radiation. This radiation is only slightly attenuated by radiation
protection clothing. Therefore, the beta skin doses are often larger than the dose
equivalent from strongly penetrating radiation. Hot particles do not appear to
be a problem in Germany. The review of workplaces in Germany (10,11) is
complete and was presented at the Skin Dosimetry workshop. On this basis
recommendations on the dosimetry of external weakly penetrating radiation
have been drawn up.

Rewiew of survey instruments for the measurement of skin dose rates
(Burgess, Christensen (coordinator), Marshall, Paretzke, Piesch)

Work has continued in analysing the present situation with respect to
requirements and capabilities of survey instruments for the measurement of
skin dose rates from external radiations at workplaces with the purpose of
giving guidance to manufacturers as well as users of these instruments.
Evaluations have been made of implications of the new recommendations by
ICRP and ICRU for the design and performance criteria of the instruments.
Survey instruments for measuring skin dose rates should be designed to
measure the directional dose equivalent, H'(0.07). As the radiation fields at the
workplaces normally contain both weakly and strongly penetrating radiations,
it will be practical, if the instruments in addition can also measure dose rates for
evaluating doses to the deeper organs, ie. they should be designed also to
measure the ambient dose equivalent, H (10). A review document describing
the present situation of survey instruments for the measurement of skin dose
rates is under preparation.

Collaboration with EULEP on biological effects of skin irradiation

The evaluation of the biological effects of various sizes of several energy beta
radiation sources has been carried out in pig and mouse skin under the
auspices of EULEP. EURADOS Working Group 2 provides radioactive source
construction, dosimetry and analysis expertise as part of this collaborative
project. An investigation of skin cancer in mice following spatially uniform and
non-uniform sources has shown that uniform exposure is more carcinogenic
than non-uniform exposures. This has provided important evidence against a
'hot particle' enhancement factor. An investigation of early and Ilate
deterministic effects (eg moist desquamation, ulceration, atrophy etc.) in pig
skin has provided information on the dose response for these effects which has
provided the basis for the recent revisions of ICRP basic recommendation (13).
The information on the target position of cells in the skin for the various effects
provides important data for the design of skin dosemeters for chronic and
acute, routine and accident situations (14). Further radiobiological studies are
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currently investigating the effect of radioactive particles of Co-60 which are
commonly found in power reactors. The implications for practical beta
dosimetry are being considered by an ICRU task group which has strong
representation from EURADOS Working Group 2.

Publications

1.

10.

11.

12.

13.

14.

Proceedings of EURADOS Workshop on Skin Dosimetry. Dublin 1991 (Eds: H.G. Menzel, P.
Christensen, J.A. Dennis). Radiat. Prot. Dosim. 39 (1-3) (1991).

M.W. Charles. The hot particle problem. Proceedings of EURADQOS workshop on skin
dosimetry. Radiat. Prot. Dosim. 39 (1-3) 39-47, (1991).

P.J. Darley, M.W. Charles, C.D. Hart, J. Wells and M.S.E. Coleby. Dosimetry of planar and
punctiform beta sources using automated extrapolation chamber and radiochromic dye films.
Proceedings of EURADOS workshop on skin dosimetry. Radiat. Prot. Dosim. 39 (1-3), 61-66
(1991).

C.G. Soares, P.J. Darley, M.W. Charles and J.W. Baum. Hot particle dosimetry using
extrapolation chamber and radiochromic foils. Proceedings of EURADOS workshop on skin
dosimetry. Radiat. Prot. Dosim. 39 (1-3), 55-60 (1991).

J.P. Patau. Monte Carlo calculations of the depth dose distribution in skin contaminated by hot
particles. Proceedings of EURADOS workshop on skin dosimetry. Radiat. Prot. Dosim. 39 (1-3),
71-74 (1991).

T.M. Francis, J. Bohm, ].L. Chartier and P. Christensen. Experience gained on extrapolation
chamber measurement techniques from an intercomparison exercise conducted with a 147 Pm
source. Radiat. Prot. Dosim. 39, 109-114 (1991).

W. Kriegseis, H. Kessler, K. Rauber, A. Scharmann, J.L. Chartier, C. Itie and M. Petel. Response
of TSEE dosemeters of foil-covered Beo thin films to beta radiation. Radiat. Prot. Dosim. 39, 127-
130 (1991).

E. Piesch, B. Burgkhardt, S. Goldbach and M. Vilgis. The effect of secondary electrons on the

photon energy response of TL and TSEE detectors used for beta and photon dosimetry. Radiat.
Prot. Dosim. 39, 187-190 (1991).

P. Christensen, L. Botter-Jensen, K. Ennow and B. Majborn. Dosemeter configurations for the
measurement of Hg(0.07) and HP(IO) from photons. Radiat. Prot. Dosim. 34, 111-114 (1990).

M. Heinzelmann. Experiences and problems of skin irradiation at workplaces in Germany.
Radiat. Prot. Dosim. 39, 173-181 (1991).

M. Heinzelmann, G. Hallfarth, D. Regulla, G.H. Schepell and U. Welte. Recommendations on
dosimetry of weakly penetrating radiation in nuclear power plants. Radiat. Prot. Dosim. 39, 183-
186 (1991).

P.H. Burgess, T.O. Marshall and E.K.A. Piesch. The design of ionisation chambers for the
measurement of Weakly penetrating radiations. Radiat. Prot. Dosim. 39, 157-160 (1991).

RJ.M. Fry, MW. Chariles, T.F. Gesell, ].W. Hopewell and R.E. Shore. The biological basis for
dose limitation in the skin. ICRP Skin Task Group Report. ICRP Publication 59. The biological
basis of skin dose limitation. Annuals of the ICRP 22 (2) (1991).

M.W. Charles. A Generation consideration of the choice of dose limits, averaging areas and
weighting factors for the skin in the light of revised skin cancer risk figures and experimental
data on non-stochastic effects. Intern. Journal of Radiat. Prot. 57(4) 841-858 (1990).
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Working group 4: Numerical dosimetry
Chairman: B.R L. Siebert

Objectives for the reporting period

The main objectives of the Working Group were

- to study and test computer codes developed for applications in radiation
transport and dosimetry,

- to coordinate and assist in the use of computer codes in the field of radiation
transport and dosimetry,

- to stimulate and coordinate the calculation of fluence-to dose conversion factors
and dose distributions in phantoms and,

- to intercompare detector response functions calculated by different computer
codes.

Progress achieved

An intercomparison of Bonner sphere unfolding codes was performed. It
concentrated on the unfolding problem, ignoring response function uncertainties by
assuming the responses to be known precisely. It was a 'blind' intercomparison, in
that no spectral information was available beforehand, except for the energies of any
monoenergetic component. 12 sets of solutions were presented by 8 participants. A
detailed report on the work is available (1). A mathematical analysis of the results
has been published in addition (2). The group especially acknowledges the effort of
its consultant A. Alevera who organized the intercomparison.

The intercomparison was followed up by a benchmark study on response functions
for Bonner spheres. The study concentrated on a particular set consisting of a
spherical 3He detector at the center of moderating polyethylene spheres of different
sizes. Two polyethylen densities (0.92g cm-3 and 0.95 g cn-3) are considered. First
results are available from six different authors using ANISN, MCNP , MCBEND and
own codes. ANISN has the advantage of needing negligible computing times and the
disadvantage of beeing restricted to spherical geometry. The other codes employed
are full scale Monte-Carlo codes and therefore need long run times. They, however,
allow other geometries (e.g. cylindrical counters) and the detailed study of resonance
effects which at higher neutron energies become quite important for larger spheres.
For thermal neutron energies discrepancies have been found which may be due to
the use of different data. In order to analyze these discrepancies and to gain physical
insight the computed neutron fluences were studied in addition to the response
functions. One member of the working group prepared a new set of thermal neutron
group cross sections for polyethylene which in part deviate significantly from those
presently used. A report is available upon request. The collated results of the first
part of the intercomparsion have been published (ref.3) and a final report is
presently being prepared. The intercomparision of calculated and measured Bonner
sphere responses was the next logical step. First results have been published (4).
Obviously smaller spheres afford a more realistic model of the central detector
(sphere and stem are to be described !). For larger spheres it could be shown that the
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partial pressure of 3He in the detector can in principle be determined by comparing
measured with calculated responses.

Two WG members contributed to the numerical study of external radiation dose
from Cs ground contamination. In calculations for'a number of isotopes an
agreement of about 2% was found. In more detailed calculations of organ doses some
differences have been found. Some of these may be due to interpretational rather
than calculational problems. This, once again, demonstrated the need of aggreement
upon phantoms for external and internal dosimetry.

In addition, two WG members agreed on a benchmark problem for photon and
electron transport at interfaces. They studed the influence of the air gap in a
calorimeter. One uses the code EGS and the other his own code. The main problem in
this work is the extreme long computing time needed for achieving acceptable
uncertainties. Hence final results have not yet been achieved.

The analytic code from Coyne and Caswell (NIST, Gaithersburg), which allows the
energy deposition by secondary charged particles to be computed analytically is now
available within Europe. An authorized version can be obtained from PTB.

In order to meet the increasing need for standardizing phantoms for external and
internal dosimetry a subgroup has been founded. Discussions of this subgroup
concentrated on the shortcomings of the MIRD phantom. The MIRD phantom is
essentially a reference body for the mass and volume of man and his organs. It does
not represent the range of human sizes, and it does not include a representation of
the form or age of organs. Its chemical composition is not specified and it is not
representative of children. A better approach to providing a phantom may be in
terms of a voxel model where the body is represented in terms of voxels each of
which has a number which identifies its position and material composition. The main
problem with this approach, however, is seen with the considerable computer
storage needed and the slow access time. Some voxel phantoms are already beeing
studied, e.g. at GSF, Neuherberg.

Of again increasing importance are calculations and evaluations of fluence-to-dose
equivalent conversion functions. An example of an evaluation is given in ref. 5. In
addition to conversion functions a knowledge of albedo from calibration phantoms is
needed for individual dosimetry in practice. A report on neutron albedo from
phantoms and simple models of man has been published (6). The results can be
summarised as follows:

The shape and the material of the phantom used in calibrations have some
influence on the albedo and hence on the response of dosimeters which utilise
this albedo in the detection process. In routine radiation protection, however,
differences in readings due to this effect may be tolerated.

Encouraged by the EURADOS council, new emphasis has been given to the
computation of neutron fluence-to-dose equivalent conversion factors, in order to
meet new requirements put forword by ICRP Publication 60. A workshop on this
topic based on the recommendations of the ICRP took place at the PTB in February
1992. The group agreed to provide the needed new conversion functions and to
include to the calculations also perspex as material for calibration phantoms.
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The working group discussed new efforts to develop and improve computer codes
which include secondary radiation. One member and his coworkers extended the
MCNP code in order to treat photon produced secondary electrons.

A general discussion on the dissemination and development of computer programs
for dosimetric problems showed the need of more guidance for common users and
the group tried to respond to this need. A questionaire on the use of computer codes
in applied numerical dosimetry which has been worked out. While the response was,
however, up to now scarce, the efforts will be continued aiming to activate more
users.

The group enforced the direct collaboration with other groups, especially Working
Group 7 and 10. A first contribution in support of the objectives of Working Group 7
has been presented (7). Working Group 10 is supported by helping to collect W-
values. An evaluation of W-values for protons in methane based TE-gas will be
published.

Publications

1. A.V. Alevra, B.R.L. Siebert, A. Aroua, M. Buxerolle, M. Greccescu, M. Matzke, M. Mourges,
C.A. Perks, H. Schraube, D.J. Thomas, H.L. Zabarowski. Unfolding Bonner Sphere Data: A
European Intercomparison of Computer Codes. Laborbericht PTB-7.21-1990-1 (Braunschweig,
1990)

2. A.V. Alevra, M. MatzkehB.R.L. Siebert, Findings of an International Unfolding Intercomparison
with Bonner Spheres. 71 ASTM-Euratom Symposium on Reactor Dosimetry (Strassbourg 1990)
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Working group 6: Assessment of internal dose
Chairman: J.A.Gibson

Objectives for the reporting period

1.

2.

monitor a research programme on stable isotope metabolic studies which are
funded by the CEC in the 1990-94 Euratom RP Programme;

organise an intercomparison of assessment methods used in Europe, using
data from actual exposures, so that dose records of internal doses can be
confidently used across national boundaries;

monitor a study contract with CEC DGXII to propose European Registries of
Internal Dosimetry (ERID) to include assessment data, autopsy data and
models used in assessments;

cooperate with EULEP through a joint task group on Deposition and
Clearance of Inhaled Particles in the Human Respiratory Tract (FHluman
Lung) to assess the implications of the new ICRP and NCRP lung models on
dose assessments including an assessment of the sensitivity of predicted
doses to variations in the model parameters;

propose mew research programmes and intercomparison studies to both
CEC DGXI and DGXIL

Progress achieved

The whole Working Group 6 met twice during the period in Lisboa and Dublin at the
EURADOS General Meetings. The contract to study stable isotope metabolism was
started and progress is discussed below; the results of the intercomparison have been
analysed and are in press; a study contract to determine the feasibility of the
establishment of European registries of dose assessment, autopsy data and models
for the assessment of internal dose has been completed; a joint task group with
EULEP on Human Lung dynamics has been set up and met in Chilton in 1990 and in
Reisensburg and Edinburgh in 1991; and a proposal was submitted to DG XI for an

intercomparison involving an exposed individual.

1.

Stable Isotope Studies

The principal objective of the programme is to investigate the use of stable
isotope tracers to improve source terms for models of internal dosimetry from
environmental exposure to radioactive materials. Stable isotope tracers are being
used directly as markers (e.g. Sr), and as analogues (lanthanide series elements as
actinide analogues). The use of stable isotopes tracers allows the extension of this
principle to critical groups, where radiotracers cannot be used. This project has
attracted partial CEC funding for collaborative work with groups in Germany

and Italy.
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Analytical methods have been successfully set up for the determination of
lanthanide series elements in foodstuffs, urine and faeces. Excretion data have
been determined for four male volunteers, and dietary intake estimated from
analysis of a standard diet excluding beverages. These data have shown the
relative abundances of the lanthanide series elements in diet and excreta to
follow the naturally occurring relative abundances, suggesting that similar
mechanisms of gut uptake apply for all elements in the series. The data for
dietary intake and faecal excretion for each element are comparable, as would be
expected. However, daily urinary excretion is typically around 10% that of faecal
excretion, implying gut uptake factors to be greater than 3 x 104, as quoted by
ICRP. The absolute values of urinary excretion for the lanthanides is equivalent
to data recently produced by alternative analytical methods at the CEC Joint
Research Centre, Ispra. This has important implications for internal dose
estimates from environmental exposure.

The results obtained have been used to design a dual isotope administration
experiment for a number of lanthanide series elements, and barium (an analogue
for radium). Ethical permission has been granted for a simultaneous
administration of these elements, by ingestion and injection, in two volunteers
and this is proceeding currently to determine f, values for the respective
elements. Ethical permission has also been granted for a dual isotope
administration for strontium, to measure f; values and faecal excretion in a group
of five volunteers, as part of the CEC programme, and this is also proceeding
currently. A similar experiment is being carried out at GSF, Frankfurt using
alternative measurement techniques.

Discussions with a group at the University of Liverpool over the proposed
administration of strontium stable isotope to a group of neonates, have proved
fruitless as their facilities and staff were not geared to the sample collection
required. Further discussions are now taking place with a neonatal research
group at a London teaching hospital, who have experience in and a current
programme of administration of tracer compounds to neonates. It is hoped that
ethical permission will be sought and a study carried out over the remainder of
this financial year.

The results of the preliminary study of lanthanide absorption currently being
carried out will be used to design a larger study of gut uptake of the lanthanides
and barium, in up to twenty volunteers of both sexes. Experimental design will
be carried out in conjunction with GSF, Neuherberg to obtain relevant source
terms for input to internal dosimetry models. The experiment will be designed to
yield information on gender differences and age-related differences in fractional
gut absorption. It is known that dietary status can affect the fractional gut
absorption of metals and metal complexes, and this will be investigated in a
separate experiment on the same group of volunteers.

The data obtained at Harwell will be complemented by volunteer studies at GSF,
Frankfurt on fractional gut absorption using extrinsically and intrinsically
labelled foodstuffs. Animal studies at KfK, Karlsruhe of body distribution of
these elements, will also be carried out to further assess the validity and
limitations of their use as actinide and radium analogues. GSF Neuherberg will
analyse the experimental data to assess their implication to current dosimetry
conventions.
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The data obtained from this work and the CEC collaboration will demonstrate
the use of the technique for the consideration of many of the variables which may
be encountered in population dosimetry.

The techniques developed can then be used to provide source term data for
radium and actinide analogues in critical population groups. At the same time, it
would be proposed that the techniques be applied to other elements of
radiological significance, such as cerium, ruthenium and zirconium or other
analogues such as hafnium (a potential analogue for plutonium).

Intercomparison of Assessment Methods

A draft report on the intercomparison involving 9 European laboratories was
produced and a final report will be published in Radiation Protection Dosimetry
(15) with detailed methodology in a CEC document (14). Differences between
laboratories have been largely eliminated and the results give confidence that
dose records of internal doses should be transferable between countries taking

part in the intercomparison.

European Registry for Internal Dosimetry (ERID)

This proposal was designed to establish the basis for setting up a European
Registry for Internal Dosimetry, ERID, divided into three parts:

a. ERIDA, a European registry of internal dose assessments using information
supplied by European laboratories and obtained from the literature;

b. ERAD, a European registry of autopsy data using information obtained by
individual laboratories in each European country;

¢. ERMID, a European registry of mathematical models used for internal dose
assessments in European laboratories and in the literature.

A study contract has been used to establish protocols, in consultation with
European laboratories through EURADOS Working Group 6 and with the US
Uranium and Transuranium Registries, in order to produce compatible databases
for ultimate exchange of information. An intercomparison of dose assessment
methods, organised by WG 6, is essentially complete and has formed the basis of
the protocols. The ultimate objective is to ensure compatibility of internal dose
records within Europe in the context of 1992.

ERIDA Protocols have been established for collecting data for the assessments
registry and a prototype database using Superbase 4 in a Microsoft
Windows environment has been produced. Further development will
depend upon the availability of funds.

ERAD At the instigation of BNFL, the UK has established a management group
to devise a protocol for a UK registry of autopsy data from former
workers. When this protocol is agreed then European participation will
be considered and some further funding will be required.

ERMID A proposal to use an Expert System for internal dose assessments was
made in order to provide a computer tool for rationalising the approach




to this difficult problem within Europe. Experience with the approach
proposed for criticality accident dosimetry has demonstrated validity for
a similar problem involving sparse data with many variables and we are
confident that, with appropriate funding, a computer program can be
prepared of general applicability within Europe.

4. Joint EULEP/EURADOS Task Group on the Human Lung

The objective of the group is to produce improved respiratory tract models used
to relate intakes by workers to organ doses and bioassay measurements, and to
calculate the distribution of doses, particularly among the general population,
resulting from any given exposure.

Assessment of radiation doses incurred when radioactive materials are inhaled
requires knowledge of breathing rates; the dependence of regional deposition on
particle size and physiological parameters; clearance kinetics from each
respiratory tract region and for different materials; and morphometric
parameters on which to calculate doses to tissues at risk. The deposition and
clearance of inhaled particles have been extensively studied, because of the
importance of the inhalation route, and significant advances have been made,
resulting in the current revision of the ICRP lung model, but important gaps in
knowledge remain. There are few data on submicron or hygroscopic particles,
and major uncertainties about clearance kinetics in each region of the respiratory
tract. Most human inhalation studies have been conducted on small groups of
healthy men, but there is a need to quantify the effects of age, sex, disease, ethnic

type etc.

The Task Group is addressing areas where existing models used in radiation
protection are known to be weak. Experimental studies are quantifying
parameters for the human respiratory tract and elucidating deposition and
cdearance mechanisms. Particular emphasis is placed on determining the extent
to which particles deposited in, or cleared through, the bronchial tree may be
retained in proximity to the bronchial epithelium, which is considered to be of
relatively high radiosensitivity. Models are being developed to interpret and
extrapolate the limited data available, identify research needs, and calculate
deposition, retention and doses resulting from inhalation of radionuclides.

Two proposals before the group are:

1. an analysis of the sensitivity of doses predicted by the new ICRP lung model
to the uncertainty in the parameters; and

II. the integration of the new ICRP lung model with other biokinetic models to
produce a general model for dosimetry and bioassay.

Whilst proposal (I} is clearly within the remit of the task group the second
proposal will require cooperation with other task groups within EULEP.

5. Intercomparison Study Proposal using Exposed Persons

An outline proposal has been submitted to DG XI and was discussed in detail in
Dublin in May 1991. The idea is to use a person adventitiously contaminated
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with 8Co or gamma-ray emitting radionuclides (e.g. 133Ba could well be a better
test in that Harwell has subjects with well-known body contents).

The person chosen would need to be fit and available over an extended period of
at least 12 and up to 24 weeks and be willing to travel and accept being in up to
12 countries for about 4 nights at a time. Unless the subject were of sufficient
seniority, they would need to be accompanied by a knowledgeable researcher to
act as guide, interpreter and possibly control subject. He should preferably, have
had a single intake on a known date or chronic intake over a well-defined period.
The activity level would need to be stable or reducing slowly and predictably
and easily detectable in well-shielded counters.

The first and last visit would be to the organising laboratory for detailed tests
similar to tests at other laboratories. Body monitoring could be carried out at
more than one laboratory in a country if it could all be scheduled within the
week. The schedule would include time at home but some weekends may be
spent away in transit between laboratories.

It is envisaged that the intercomparison would be of the main nuclide, e.g. 5Co
or 133Ba plus 137Cs (and 3¢Cs) from Chernobyl (if significant) and 9K in the
subject with the control obtained from measurements on the guide. Whole body
monitoring and/or body scans would be made on two separate days at each
laboratory with measurement at the start and finnish of the intercomparison at
the organising laboratory. Four daily urine samples would be taken during each
visit, divided in two with half analysed by the test laboratory and half by the
organising laboratory. (Pairs of samples may be bulked and divided to give the
equivalent of 2 daily samples for each laboratory).

DG XI would select one test laboratory in each EC country capable of performing
all the measurements and be willing to organise other intercomparisons within

their own country.

The objective of the intercomparison is to establish a common basis of whole
body measurements, urine analysis and internal dose assessments within the
European Community so that internal dose records transferred with workers
moving between member states can be recognised as valid in the host country
with an appropriate degree of confidence.
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Working group 7: Radiation spectrometry in working environments
Chairman: H. Klein

Objectives for the reporting period

The determination of dose equivalent quantities in mixed neutron/photon fields is
still a problem because of the strong neutron energy dependence of the dose
equivalent response of commonly used monitors. Instruments with spectrometric
properties, however, are assumed to solve this problem. In recent years different
(trans)portable spectrometers have been developed for application in radiation

protection practice.
The main objectives of EURADOS Working Group 7 are:

- toreview the different systems available at European laboratories,

- to discuss their properties particularly those relevant to applications in working
environments,

- to intercompare the systems by performing measurements in well specified
calibration flelds or working environments and

- to investigate the use of spectrometric measurements in the interpretation of
area and individual dosemeter readings for the assessment of organ doses and
effective doses.

Recommendations will be elaborated concerning the applicability of the different
systems, the procedures for determining and verifying response functions and the
unfolding methods.

Progress achieved

The objectives, the programme and the list of members proposed for the new WG7
were discussed by the EURADOS General Assembly and approved by the Council in
May 1991. The first meeting (13 WG7-members plus 12 consultants and observers)
was held in November 1991 at the PTB in Braunschweig. The status, problems and
future developments of neutron and photon spectrometry were discussed separately.

1. Neutron spectrometry

To provide reliable risk estimates for workers exposed to neutrons, details of the
radiation field must be known and spectrometric measurements are necessary,
because no presently available dosemeter measures the required area or individual
dose equivalent correctly. Various requirements for measurement systems are:

- they should provide both the energy and directional dependence of the neutron
fluence,

- the energy resolution must be reasonable, particularly in the energy region
between 10 keV and 1MeV where the fluence-to-dose equivalent conversion
factor varies strongly, or information on the mean quality factor must be
provided alternatively,

- an overall uncertainty of 10 % is required for integral fluence values (15 % for
dose equivalent) in the entire or selected energy regions,
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- considering the recent ICRP recommendations dose equivalent rates of a few
Sv/h should be measurable,
- the instruments must be portable, preferably battery powered and easy to

decontaminate and
- short term and averaging long term measurements should be possible.

The spectrometers used by WG7-members for radiation protection applications have
been checked with respect to these requirements. All spectrometers were designed to
provide isotropic response in order to meet the requirements for ambient dose
equivalent monitors. Indeed, the construction of a portable neutron spectrometer
with a specific directional response over the entire energy range seems to be
impossible. A rough estimate of the directional distribution may be derived from the
reading of 4 to 6 monitors mounted on different sides of a phantom.
Nearly all establishments have now access to Bonner sphere systems. They cover the
energy range from thermal to about 20 MeV, can be employed at dose rates from 10
nSv/h to 10 mSv/h depending on the central detector used and are insensitive to
photons. The energy resolution of this spectrometer, however, is very limited. A
benchmark exercise (organised by WG4) of the few-channel unfolding procedures
most frequently used demonstrated that the integral fluence and dose equivalent can
be evaluated with the desired uncertainty of 10 and 15 %, respectively, provided that
the response matrix is reasonably well specified. Most calculated response functions
have to be adjusted to experimental calibration data.
Other neutron spectrometers are in use at some institutes of WG members. They are:

- proton recoil proportional counters (10 keV - 1.5 MeV)

- organic liquid scintillation detectors (> 0.5 MeV)

- He-4 filled proportional counters (1.5 - 15 MeV).
These detectors show a much better energy resolution and reasonable n/y-
discrimination properties. They, however, cover only a limited energy range. Various
combinations often including a reduced set of Bonner spheres have therefore been
used, but up to now no procedure is generally accepted for the simultaneous
unfolding of data from different instruments. Working Group 7 deals some efforts on
this task in close cooperation with EURADOS WG 4.

2. Radiation fields for intercomparison measurements

For tests of spectrometers the working group intends to perform intercomparison
measurements in different reference radiation fields:

- the "realistic' neutron field realised at the 14 MeV neutron generator in
Cadarache/CEA. At this calibration facility the field contains thermal, 1/E and
fission neutron spectra contributions similar to those encountered at working
places. The spectrum has been optimized by MCNP simulations. A small scale
intercomparison has already been carried out and its analysis is in progress.

- the direct and room scattered neutrons from radionuclide sources (Cf-252, D,0-
moderated Cf-252, Am/Be(",n)) available at the PTB,

- specially moderated fission spectra available at the ASPIS facility of the
NESTOR test reactor at Winfrith,

- real working environments where a considerable fraction of the dose equivalent
is due to neutrons.
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The possibilities of comprehensive measurements have been investigated and the
planning of first detailed intercomparisons are going on.

3. Other spectrometric and dosimetric systems

Commonly used area and individual dosemeters, the latter mounted on a phantom,
will be included in the intercomparison. Tissue equivalent proportional counters
(TEPC) have proved to be reasonable dosemeters by using y-spectrum information.
While their response functions show an energy dependence which results in the
ambient dose equivalent of soft neutrons being considerably underestimated,
attempts have already been made to overcome this problem by a suitable admixture
to the filling gas. This will further be studied and the intercomparison measurements
will also be used to investigate how the spectral information can in addition be used
to reduce the energy dependence of the dose equivalent response.

4. Photon spectrometry

The situation in operational photon dosimetry is much better than for neutrons. In
general, the commonly used instruments are able to measure the photon dose also in
the presence of a considerable neutron dose fraction. The new phantom-related
quantities, ambient and directional dose equivalent, now require some attention,
because their fluence-to-dose equivalent conversion functions deviate from those to
ajr kerma strongly in the energy range between 10 keV and 150 keV. For that reason
there is some interest in photon spectrometry. Above 3 MeV there is also little known
about the energy dependence of the response of commonly used dosemeters.

Some photon spectrometers , e.g. Nal(Tl) and BGO scintillation detectors or Ge
semiconductor diodes, are well suited preferably in pure photon fields because its
neutron and photon responses cannot be separated. Some organic scintillation
detectors, e.g. NE213, allow however a separate measurement of neutron and photon
induced pulse height spectra simultaneously. The versatile electron/photon
transport code EGS54 has been used to calculate the photon response matrix of an
NE213 spectrometer. The response functions simulated will be further checked by
experimental data. After calibratdon the fully specified spectrometer will be
intercompared in the described fields.

Publications

Due to the late start of the Working Group no publication has been finished up to the
end of this research period
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Working group 8: To develop and improve techniques for the individual dosimetry of
ionising radiation
Chairman: J.R. Harvey

Objectives for the reporting period

The introduction of new operational quantities in individual monitoring as proposed
by the ICRU and the assumed implementation of the new ICRP recommendations
into practice obviously underlines the neccessity of developing and improving
techniques for individual dosimetry of ionising radiation. This was the main
objective of the EURADOS Working Group 8. While the efforts during 1990/91 has
been concentrated on individual dosimetry for neutron radiation, it has been decided
at the EURADOS Council Meeting in Dublin, 1991, to extend the scope of the
Working Group also to photon radiation with special view on the consequences of
the ICRU and ICRP recommendations.

Progress achieved
The activities of the Working Group 8 has been focussed on three different areas.
1. Track-etch detectors

While track-etch detectors have been investigated and used for applications in
neutron dosimetry since more than 20 years, there remains even today many
problems for routine use of such detectors in radiation protection monitoring. The
various types of plastic materials used give rise to differences in counted background
and sensitivity. Each group using track-edge detectors applies its own etching
procedures and no standardization has been achieved until today. The aim of the
group was to interchange the experience obtained with different types of plastic
material and to discuss the different etching techniques. During the Working Group
meetings in 1990 and 1991 the participants presented results of their investigations
performed at home. These presentations provided also the basis for the various
intercomparisons organized by the Working Group.

A joint study has been carried out on the background and sensitivity characteristics

of etch plastic from various sources. The results have been carefully analysed and
will be published by the NRPB, UK, in the near future.

2. Intercomparison _measurements

Intercomparison measurements are a very important task in the development,
investigation and testing of individual dosemeters because it checks not only the
quality of the detector itself but also that of the evaluation procedure. The Working
Group has in the past organized four international intercomparisons the last of
which was performed in 1990/1991 (5). Dosemeters of 14 participating laboratories
were irradiated in monoenergetic neutron fields with energies of 0.114 keV, 0.565
keV, 5.3 MeV and 14.7 MeV and in neutron fields from Cf-252. In view of the
potential weakness of track-edge dosemeters for obliquely incident neutron
radiation, the irradiating laboratories, the GSF (Neuherberg) and the PTB
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(Braunschweig), kindly agreed to include some none-normal irradiations. Hence
irradiations were carried out at 0, 30 and 60 degrees and in addition for a range of
doses at 5.3 MeV.

The following laboratories participated in the intercomparison:

1 Batelle Pacific Northwest Labs., Richmond, USA

2. Berkeley Nuklear Laboratories, Berkeley, England

3 Bureau of Radiation and Medical Devices, Ottawa, Canada
4.  Dresden Technical University, Dresden, Germany

5. ENEA, Rome, Italy

6 ENEA, Bologna, Italy

7.  KFK, Karlsruhe, Germany

8 Laboratoire de Dosimetrie, Alger, Algeria

9. NRPB, Chilton, England

10. Paul Scherrer Institute, Villigen, Switzerland

11. PTB, Braunschweig, Germany

12. Riso National Laboratory, Riso, Denmark

13. University of Barcelona, Barcelona, Spain

14. University of Thessaloniki, Thessaloniki, Greece

15. GSF, Neuherberg, Germany (irradiation laboratory only)

As can be seen this latest joint irradiation programme has beside members from CEC
countries also incorporated groups from continental America and Algeria. The
results which have been subject to a critical analysis, have once again provided a
unique guide to the current performance of track-etch neutron dosimetry systems.

As a result of this intercomparison the group has decided to organize another
intercomparison measurement in 1992 which should concentrate on specific tasks. In
particular the directional dependence and the linearity of the dose equivalent
response will be investigated at a range of energies. In addition, the PSI laboratory
has kindly agreed to perform irradiations at 46 MeV and 66 Mev neutron energies.
This unique irradiations will provide valuable information about the applicability of
track-edge neutron detectors for dosimetry in aircrafts and around high-energy
accelerators.

3. ICRP and ICRU recommendations

Following the approval of the EURADOS Council the work of the group has now
been extended. The group's proposal to hold a workshop on the practical aspects of
personal dosimetry, particularly with regard to the implications of the recent
recommendations of the [ICRU and the ICRP was accepted and a workshop titled

"Individual Monitoring of Penetrating Radiation - the Impact of Recent
Recommendations of the ICRU and the ICRP"

will be held at PSI, Villigen, Switzerland from 5th to 7th of May, 1993. A small
subgroup has been established to discuss the detailed programme.
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Working group 9: Criticality accident dosimetry
Chairman: R. Médioni

Objectives for the reporting period

The main task of the Working Group in the reporting period (1990-1992) was to plan
an intercomparison of criticality accident dosimetry systems at the SILENE reactor
(Valduc, France) and to develop a complete protocol to be used during the
intercomparison. For this objective it has been necessary to establish a reference
dosimetry and to perform spectrometric measurements in the different leakage
radiation fields from the SILENE reactor source available when using shields of
different materials. A characterisation of these radiation fields is required before they
can be used for the proposed international intercomparison of the criticality accident
dosimetry systems.

It was planned to carry out spectrometric and dosimetric measurements at one
reference location and to investigate the uniformity of the radiation field around the
source for two configurations (the bare source and the source shielded by lead).
These data shall provide the basis for the detailed protocol to be set up for the
intercomparison of accident dosimeters.

Progress achieved

During the period 1990 - 1992 four meetings were held in order to discuss the
programme of the investigations, the contribution of the various groups to this work
and the more detailed schedule.

All discussions and arrangements for the intercomparison have been performed in
close cooperation with the CEC, DG XI (Dr. Schnuer) and DG XII (Dr. Menzel), with
the IAEA (Dr. Griffith) and the CEA group operating the SILENE reactor at Valduc.
Because of the high costs for the use of the SILENE research reactor, its use could not
be funded within the EURADOS budget. In order to be able to perform the full
intercomparison, a close collaboration with DG XI was achieved and the further
dosemeter irradiations at the SILENE reactor will be funded by a contract with DG
XI of the CEC.

As a first step in the preparation of the intercomparison, the leakage radiation fields
from the SILENE reactor were investigated by performing dosimetric and
spectrometric measurements. In summary, the following measurement techniques
have been applied for the investigation of the radiation fields.

1. For neutron radiation:

- Proton and alpha recoil proportional counters together with a Bonner sphere
spectrometer were used for high resolution neutron spectrometry.

- Activation detectors and fission chambers were used for fluence an
spectrometric measurements.

- Twin ionisation chambers (tissue-equivalent and aluminum chambers) were
applied for the measurement of absorbed dose due to neutrons and photons.
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- A tissue-equivalent proportional counter (TEPC) was used to measure dose
equivalent and to determine the mean quality factor of the radiation.

- Silicon diodes have been use mainly for relative fluence and dosimetric
measurements.

2. For photon dosimetry, a Geiger-Muller(GM) counter and various
thermoluminescent dosemeters (LiF,(T1), alumina) were applied.

Neutron spectrum and neutron dose measurements were carried out at one reference
position on an arc of 4 m radius from the reactor axis using all available techniques.
The photon dose was determined separately. The results of these measurements will
be used to provide the best "reference values" of neutron and gamma-ray doses for
the forthcoming intercomparison.

During the intercomparison a large area will be required to irradiate accident
dosemeters from many participants, both in free-air conditions and on phantoms,
simultaneously. This is necessary in order to reduce the expensive irradiation time.
For that reason measurements have been performed also at other positions around
the 4 m arc in order to establish and check the uniformity of the radiation field.
Activation detectors, silicon diodes and TLDs have been used.

Two different radiation fields have been investigated. The first field is the leakage
field from the bare unshielded experimental reactor source (the SILENE reactor core
is a compact annular stainless steel vessel with an outer diameter of 36 cm containing
the fissile solution with Z5U-enriched uranium). The other field investigated stems
from the same source which in this case is surrounded by a cylindrical lead shield of
10 cm in thickness. The shielding reduces the photon component of the field and
decreases the mean energy of neutrons at 4 m distance from the source. Both
radiation fields are of interest in accident dosimetry.

Most measurements were carried out by R. Médioni (CEA, Fontenay aux Roses) and
H.J. Delafield (AEA, Harwell). Supporting measurements were contributed by D.J.
Thomas and A.G. Bardell (NPL, Teddington) with a Bonner sphere spectrometer, by
P. Pihet (Universitit Homburg/Saar) with an LET-spectrometer (TEPC) and by
scientists from CEA/Cadarache.

In order to perform a true and realistic intercomparison measurement it has been
decided, not to publish the final results of the dosimetric and spectrometric
measurements at the reference position before the intercomparison is carried out and
the participants have presented their uncorrected results. Some general statements,
however, can be given as a result of the measurements:

1. both neutron and gamma-ray measurements performed at the 4 m-radius arc
show that the radiation field is generally uniform within 5 % for more than 6 m
arc length around the circumference. This will allow the exposure of dosimeters
on 2 or 3 anthropomorphic phantems and in free air simultaneously.

2. The various independent measurements of the neutron and photon dose
components are in good agreement and the results can therefore be used to
define "reference values" for the intercomparison.

A next meeting is planed on 3rd of November 1992 in Paris and the final planning
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and arrangements for the intercomparison measurements, which will be performed
in June 1993, has been started.

With the results of this intercomparison it is aimed to hold a workshop on accident

dosimetry in 1994

Publications

1. Medioni, R. Siléne: Source de Rayonnements de Référence. Proc. IRPA 8 Conference, Vol I
(1992)

2. Medioni R. Working Group 9: Criticality accident dosimetry. In: EURADOS-CENDOS
Chairmens Report 1990-1991 (ed. J. Dennis) (1992)

3. Delafield, H. International intercomparison of criticality accident dosimetry systems at Siléne.
Presented on Meeting at Fontenay aux Roses, May 1991

4. Barbry, Fand Medioni, R. SILENE, a Source of Reference Radiation Fields. Symp. on Neutron
Dosimetry, Berlin 1991 (to be published in Radiat. Prot. Dosim.)

5. Medioni, R., Buxerolle, M., Delafield, H.J. and Perks, C.A. Reference Measurements of the

Leakage Radiation Field from the SILENE Reactor (Lead shield) for an International
Intercomparison of Criticality Accident Dosimetry Systems. Symp. on Neutron Dosimetry,
Berlin 1991 (to be published in Radiat. Prot. Dosim.)
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Working group 10: Basic physical data and characteristics of gas ionisation devices
Chairman: P. Pihet

Objectives for the reporting period

The Working Group 10 was initiated in Lisboa (Eurados General Assembly, 1990)
with the aim to exchange information and to collaborate with respect to the following
topics:
- the study of basic physical data (electron collision cross sections, W-values,
stopping powers) relevant for gas ionisation devices,

- the modelling and experimental study of proportional counters with the aim to
improve the knowledge of detector basic properties and search for the best
characteristics of the detectors to meet the requirements of specific applications,

- the study of gas ionisation devices (e.g. low pressure proportional counters) for
providing experimental data (ionisation-, dose-, radial distributions) relevant to
the understanding of basic mechanisms of radiation action in biological
systems,

- the improvement of computer codes and calculations for micro- and
nanodosimetry applications in order to support new trends in detection
methods.

Progress achieved

The first meetings were focused on reviewing knowledge recently improved with
regard to the understanding of electrical discharge processes in cavities filled at low
pressure and of energy transfer processes in irradiated matter. This knowledge
includes basic collision cross section data as well as average interaction quantities
such as kerma and W values. After setting priorities to specific tasks the Working
Group concentrated the programme of the second year on the following subjects:

1. The improvement of electron molecule cross sections in organic gases
and their application to detector modelling and basic research of W

Electron collision cross sections with molecules in organic gases are the primary
quantities required to improve the knowledge of W and gas gain in cavities filled
with tissue-equivalent (TE) gas. The methods developed several years ago at the
University of Toulouse to determine such cross section data in methane and
methane-based TE gas were applied to determine the corresponding cross
sections in propane and isobutane. No such data were available although these
gases are widely used in experimental microdosimetry. The current research is
directed towards combined theoretical and experimental works aimed at
verifying the consistency of cross section data tables and providing quantitative
assessment of the accuracy which can be achieved.
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2. A comprehensive evaluation of W values for neutrons and their

uncertainty as a function of energy

The basic quantity required to convert the ionisation yield into energy deposition,
the "average energy required to create an ion pair", W, is of fundamental interest
for dosimetry and microdosimetry. W values for charged particles and average
W values for the spectra of secondary charged particles are of practical relevance
for the interpretation of ionisation yield spectra measured with PCs and for the
determination of the accuracy achievable for mixed field dosimetry using gas
detectors. A study was started to evaluate the consequences of recent W data for
charged particles, especially protons, on the average W values for neutrons (W)
as a function of energy. The work is aimed at reporting on :

1. a critical assessment of fitted curves for proton W values in the energy
intervals 0.5 keV to 10 keV, 5 keV to 100 keV and 50 keV to 500 keV;

2. an update of mean W values for neutrons including new data for neutron
energies above 20 MeV;

3. quantitative assessments for the uncertainties of neutron W wvalues
depending on the method used, the uncertainty of W values and kerma data
for the secondary charged particles.

The evaluation of W values for protons is in progress and will be presented soon.
W,, values at high neutron energies were assessed using the results of recent
kerma experiments with low pressure proportional counters (Pihet et al., 1992).
These data will be improved using the best fits of W(E) for charged particles and
improved kerma calculations at high neutron energies (Taylor et al., 1992). The
emphasis will be placed upon the uncertainty of W, with regard to the accuracy
requirement of various types of applications and the neutron energy range. The
work took into account the comprehensive review of W values for charged
particles in preparation by an IAEA Committee and an earlier report on W,
prepared at the GSF, Neuherberg (1987).

3. The study of gas gain in low pressure proportional counters

Two collaborations have been initiated aimed at comparing experimental and
theoretical determination of gas gain in microdosimetric counters (KFA Jiilich,
Univ. of Toulouse) and verifying the accuracy of gas gain modelling in non-
equilibrium situations for PCs using an ion probe as experimental set-up (INFN
Legnaro, Univ. of Toulouse).

The suitability of PC techniques is well recognised for various applications in
dosimetry and microdosimetry, e.g. for operational radiation protection
instruments, for investigation of radiation quality in radiobiology and for neutron
kerma measurements. The knowledge of basic detector properties, however,
remained poor namely due to the lack of reliable electron-molecule cross section
data and appropriate simulations of charge collection processes. The progress
achieved recently allows now to improve the response of PCs and to extend their
range of applicability. A difficulty commonly encountered consists, however,
when reducing the gas pressure leading to the enlargement of the avalanche
region and the deterioration of equilibrium conditions between electron mean
free path and electrical field gradient.
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A modelling of PC's is achieved by combining different methods:

1. the determination of electron molecule cross sections and related swarm
parameters (drift velocity, ionisation coefficients) for the full energy range of
secondary electrons;

2. the calculation of the electrical field distribution taking into account precisely
the counter geometry and its electrical design;

3. macroscopic calculation of gas gain for high and intermediate pressures using
the solution of coupled continuity and Poisson equations;

4. microscopic calculations for low pressures using Monte-Carlo calculations.

The programme is concentrated on the consistency of the gas gain calculations
and cross section data by initiating combined experimental and theoretical works
and the application of modelling techniques to simulate the response of different
kinds of detectors in comparison with experimental results. A collaboration with
Columbia University (New York) was initiated to investigate the potential
properties of ultra-miniature counters operated at variable pressures.

4, The preparation of a detailed report on the design and the

construction of low pressure proportional counters

A large effort was made to settle the edition of a report on the design and the
construction of low pressure tissue equivalent proportional counters (TEPC). The
work was strongly motivated by the research programme of the participating
groups and the urgent need to provide detectors with good performance. The
participants indeed encounter in general large difficulties to get reliable detectors
especially to meet the requirements of operational instruments for radiation
protection applications and some groups are tentatively developing their own
sensors. No commercial alternative exists to date. The work enables the exchange
of scientific and technical information of relevance. The report is aimed at
providing a condensed information of the experience gained on how to design
and construct this type of instument and formulating practical
recommendations. The scope of the report includes seven sections dedicated to:

- the design of PCs and their limitations in size,

- the gas gain and microdosimetric modelling of PCs,

- the electrical design of PCs,

- the materials used and related engineering techniques,
- the mechanical and electrical construction of PCs,

- the counter operation and

- the applications of PCs.

Each section is covered by several papers under the coordination by a major
contributor. From outside scientists and engineers well known for their
experience in the field of detector development were ask to contribute. In
particular, a collaboration was established with colleagues from USA who intend
to actively contribute to the report. A complete draft of the report is scheduled for
the end of 1993.

The work of the Group was organised in small task groups. Particularly, with regard
to the application of detector modelling calculations, direct collaborations between
the participating laboratories were initiated by contributing towards the progress of
several university graduate works. Recently the programme was further discussed in
a full Working Group meeting held at Toulouse.
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QUANTITIES, UNITS AND MEASUREMENT TECHNIQUES FOR IONIZING
RADIATION

Contract Bi6-322 - Sector A1l

1) Allisy , Bureau Intern. des Poids et Mesures

Summary of project global objectives and achievements

biecti £ ol .

The development of internationally acceptable
recommendations regarding:

(1) Quantities and units of radiation and radioactivity,

(2) Procedures suitable for the measurement and
application of these quantities in radiation
protection as well as in clinical radiology and
radiobiology,

(3) Physical data needed in the application of these
procedures, the use of which tends to assure
uniformity in reporting.

The ICRU considers and makes recommendations in the field
of radiation protection.

rogr iev

During the period 1 January 1990 - 30 April 1992,
important progress was achieved on the development of ICRU
reports related to significant problems in radiation
protection, radiology and radiobiology. This included
completion of the work on a number of reports, the advancement
of drafting work on other documents, and the initiation of
important new activities.

Work was essentially completed on the following ICRU
Reports which have been approved by the ICRU for publication:

ICRU Report 46, Photon, Electron, Proton, and Neutron
Interaction Data for Body Tissues

ICRU Report 47, Measurement of Dose Equivalents from
External Photon and Electron Radiations.

ICRU Report 48, Phantoms and Computational Models in
Therapy, Diagnosis and Protection

ICRU Report 49, Stopping Power and Ranges for Protons and
Alpha Particles.

ICRU Report 50, Prescribing, Recording and Reporting
Photon Beam Therapy

ICRU Report 46, Photon, Electron, Proton and Neutron
Interaction Data for Body Tissues, is a companion volume
expanding on the material covered in ICRU Report 44, Tissue
Substitutes in Radiation Dosimetry and Measurement. The new
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report provides specific information on representative sets of
tissues that illustrates the effects of tissue composition
variation on the pertinent radiation interaction quantities.
It includes photon, electron, proton and neutron interaction
data for body tissues, covering the age interval from fetus to
adult. Soft tissues, skeletal tissues and calculi are
considered. Soft tissues include adipose tissues, brain,
breast (including component tissues), heart, liver and muscles
(skeletal), which includes the connective tissue, blood
vessels, blood, lymph, etc., generally associated with
striated muscle. Skeletal tissues and calculi include
cortical bone, breast calcification, cholesterol gallstones
and various types of urinary (renal) stones. The first
tabulation in the report provides elemental compositions, mass
and electron densities of the complete set of body tissues.
This is followed by a tabulation (184 pages) of the photon,
electron, proton, and neutron interaction data. These include
mass attenuation coefficients, electron mass stopping powers,
electron mass scattering powers, proton stopping powers and
neutron kerma factors. (A copy of the Report is enclosed.)

The ICRU has initiated a new program to make available on
computer disks the bodies of data contained in ICRU Reports.
The first release in this category, ICRU Report 46D, will
provide all photon, electron, proton and neutron interaction
data for body tissues as set out in ICRU Report 46.

The work on measurement of dose equivalent has resulted
in the development of ICRU Report 47, Measurement of Dose
Equivalents from External Photon and Electron Radiations. The
report is now in press. It is the third report in the series
treating determination of dose equivalent. The first report
of the series, ICRU Report 39, Determination of Dose
Equivalents from External Radiation Sources, provided
definitions of quantities to be employed in radiological
protection monitoring. ICRU Report 43, Determination of Dose
Equivalents from External Radiation Sources -- Part 2,
provided the grounds for the Commission’s selection of the
quantities and the basis for their definition. ICRU Report 47
provides guidance on the design, calibration and use of
instryments required to implement the recommended system of
dose determination. Covered in the new report are principles
of measurement, operational gquantities, characteristics of
instruments, calibrations and the impact of the new
operational quantities on the design of future
instrumentation. Among the instruments characterized are
ionization chambers, proportional counters, scintillation
detectors, semiconductor detectors, photographic film,
thermoluminescent dosimeters, thermally stimulated exoelectron
emission detectors and photoluminescent detectors. - An
appendix provides conversion factors for dose equivalent
quantities.

ICRU work on phantoms has resulted in the development of
ICRU Report 48, Phantoms and Computational Models in Therapy,
Diagnosis and Protection. This report is also in press. The
development of realistic body phantoms and computational modes
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is strongly dependent on the availability of comprehensive
human anatomical data. Yet this information is often missing,
incomplete or not easily available. 1In recognition of this,
Report 48 emphasizes organ and body masses and geometries.
The influence of age, sex and ethnic origins on human anatomy
is considered. Existing types of phantoms and computational
models used with photons, electrons, protons and neutrons are
reviewed. Detailed specifications of more than ninety
phantoms and computational models are provided in the report.

Current ICRU work on stopping powers is part of a broad
program that encompasses stopping powers for electrons and
positrons (Report 37), protons and alpha particles, and heavy
ions. The work on the report on protons and alpha particles
is now nearing completion with the printers’ manuscript now in
preparation. This will be published as ICRU Report 49,
Stopping Power and Ranges for Protons and Alpha Particles.

The report includes discussion of the stopping power formula
and various corrections. It covers electronic (collision)
stopping powers and nuclear stopping powers. Provided in the
report is a comparison of tabulated and experimental stopping
povwers. Energy loss straggling and methods for stopping power
measurement are treated in Report 49. 1In tables covering 148
pages, the report provides, for materials of interest in
radiological physics and biomedical dosimetry:

(1) electronic, nuclear and total stopping powers, (2) ranges,
and (3) detour factors.

At its last meeting, the ICRU approved another report,
Prescribing, Recording, and Reporting Photon Beam Therapy.
This will be published as ICRU Report 50. The preparation of
the printers’ manuscript is now underway. The report was
prepared in recognition of the fact that in the decade since
its predecessor (Report 29) was published, it has become clear
that further interpretation of the concepts relating to
prescribing, recording and reporting therapy is required, as
well as guidelines for application of ICRU recommendations in
this area. These are provided in the new report, which also
recognizes the expanding use of computers in radiotherapy.

In connection with the work on radiation quantities and
units, the ICRU took an important step in connection with
recommendations relating to radiation protection. The ICRU
specified that the draft material on this subject, prepared
for ultimate inclusion in the Commission’s overall report on
guantities and units, should be published in draft form in the
ICRU NEWS. Through this mechanism, the Commission is seeking
input from all of those interested in this important subject.
(See enclosed copy of ICRU NEWS of December 1991.) Work on
the more general set of fundamental quantities and units
continues with a considerable portion of the drafting work
already complete.
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Substantial progress has also been achieved in other ICRU
activities as reflected in the following status report on work
underway in report committees engaged in the preparation of

reports:

Advanced Drafting Stage:

Fundamental of Particle Counting Applied to
Radiocactivity Measurements

Dose Specification for Reporting Interstitial
Therapy

Performance Assessment in the Digital
Representation of Images

Development Stage:

Absorbed Dose Standards for Photon Irradiation
and Their Dissemination

Secondary Electron Spectra Resulting from Charged
Particle Interactions

Clinical Dosimetry for Neutrons (Specification of
Beam Quality)

In Situ Gamma Spectrometry in the Environment.
Stopping Power for Heavy Ions

Recently Initiated:

Beta-ray Dosimetry for Radiation Protection
Determination of Body Burdens for Radionuclides
Hyperthermia

Proton Therapy

Statistical Aspects of Environmental Sampling
Tissue Substitutes, Characteristics of Biological
Tissue and Phantoms for Ultrasound.

New Activities:

Prescribing, Recording and Reporting Electron
Beam Therapy

ROC Analysis

Medical Application of Beta Rays.




Project 1
Head of project: Prof. Allisy

Objectives for the reporting period

The development of ICRU reports on:

(1) Fundamental quantities and units

(2) measurement of dose equivalent for radiation
protection purposes

(3) absorbed dose standards for photon irradiation
and their dissemination

(4) fundamentals of particle counting applied
radioactivity measurement

(5) stopping powers for protons, alpha particles and
heavy ions

(6) phantoms for therapy, diagnosis and radiation
protection

(7) calculated photon, electron, proton nd neutron
interaction data for body tissues

(8) secondary-electron spectra

Initiation of new work, particularly in relation with
radiation protection, in areas where significant progress will
be facilitated by the availability of ICRU recommendations.

Progress achieved including publications

ICRU Report 46, Photon, Electron, Proton, and Neutron
Interaction Data for Body Tissues

ICRU Report 47, Measurement of Dose Equivalents from
External Photon and Electron Radiations (in press)

ICRU Report 48, Phantoms and Computational Models in
Therapy, Diagnosis and Protection (in press)

ICRU Report 49, Stopping Power and Ranges for Protons and
Alpha Particles (preparing printer’s manuscript)

ICRU Report 50, Prescribing, Recording and Reporting
Photon Beam Therapy (preparing printers manuscript)

"Quantities and Units for Use in Radiation Protection --
A Draft Report,"

ICRU NEWS 2/91, 5~9 (1991)
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THE IMPLEMENTATION OF THE OPERATIONAL DOSE QUANTITIES INTO
RADIATION PROTECTION DOSIMETRY (NRPB ASSOCIATION)

Contract Bi6-347a - Sector All

1) Clark , NRPB - 2) Marshall, AEA Technology Harwell Laboratory
3) Lembo , ENEA - 4) Chartier, CEA-FAR

Summary of project global objectives and achievements

Obiectives
The main objectives of the project are:

To investigate new methods of measuring the spectral and angular distribution of external
radiations in the workplace, particularly for photons.

To improve current methods for measuring the spectra of neutron radiations in the workplace
and prepare a compilation of measured neutron spectra.

To investigate the implications of spectral and angular distribution measurements for personal
dosimetry, including methods of calibration of personal dosemeters and individual dose
assessments in the workplace.

To improve methods of calculating photon and electron transport in phantoms, particularly
the ICRU sphere and slab, to support practical calibration techniques for personal dosemeters.

To calculate backscatter factors for the ICRU sphere and to compare resuits with
measurements in calibration laboratories.

To define procedures for calibrating personal dosemeters in terms of operational dose
equivalent quantities in calibration laboratories.

To evaluate the performance of personal dosemeters (film and TLD) when measuring
operational dose equivalent quantities in calibration beams.

Achievements

The main achievements of the project have been as follows:

To complete a thorough review of practical methods for measuring photon spectra in the
workplace, and to construct a novel spectrometer using a sodium iodide detector, capable of

giving spectral and angular distributions.

To carry out basic measurements of photon radiations using the custom built spectrometer and
to compare with predictions obtained using a Monte Carlo simulation code.

To complete a compilation of measured neutron spectra in the workplace and to improve
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techniques for measuring spectra.

To carry out a comprehensive set of Monte Carlo calculations of field parameters for the
ICRU sphere with reference to photon beams, and prepare a paper on the work for publication
in the scientific literature.

To establish by calculation and measurement that the synthetic material RS-1 has the same
characteristics as ICRU tissue equivalent material.

To evaluate the ability of film and thermoluminescence dosemeters to measure personal dose

equivalent H(d) and establish a calibration method for this quantity using a 30 x 30 x 15 cm
PMMA slab phantom.
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Project 1
Head of project: Dr. Clark

Objectives for the reporting period

i) To refine the design of a spectrometer based on a sodium iodide detector capable of
obtaining energy spectra and angular distribution of photon radiations.

i) To construct and commission the spectrometer to the specified design and carry out
some measurements of photon spectra in calibration laboratories.

ili)  To compare the measured spectra with the results of Monte Carlo calculations for the
detector response.

Progress achieved including publications

The design of the spectrometer to obtain energy and angular spectra of photon radiation was
finalised (Figure 1), achieving a compromise between portability in the workplace and the
degree of resolution of angular data. The detector is a 17 mm x 25 mm sodium iodide crystal
with a photomultiplier tube surrounded by lead shielding and a collimator. The weight of the
complete assembly was limited to a maximum of 15 kg, to allow for the practical demands
of making measurements in the workplace. The design of the lead shielding has been
optimised within this constraint. The complete spectrometer is shown in the photograph in
Figure 2, with the portable PC used to power the detector and process the data. The PC is
a Toshiba T2000 SXe fitted with a Tennelec/Nucleus PCAP pulse height analysis and high
voltage supply card. The assembly is battery powered and can be protected from
contamination in the workplace.

The spectrometer has been commissioned following measurements of various photon energies
at different angles of incidence. For typical x-ray energies, the spectrometer only responds
to radiation incident at 0° on the detector shield cone acceptance angle (see Figure 1) with
very little penetrating the lead shielding from other angles. As shown in Figure 3a virtually
all the interactions fall into the photopeak. As expected, the spectra from higher energy
photon radiations, such as 'Cs and ®Co sources is more complicated with Compton
interactions and backscatter peaks from the lead shielding. A typical measured spectrum is
given in Figure 3b for a ®"Cs source incident at 0°, and there is also significant penetration
through the lead shield from radiation incident at other angles (see Figure 3c). The next
phase of the development will be to devise methods suitable for use on the PC to unfold
complicated spectra, in collaboration with AEA Harwell. The first steps have been taken,
showing that the response of the equipment agreed with the predicted spectra using a Monte
Carlo code EGS4 - see the progress report from Project 2.

Some practical aspects of making spectral measurements in workplaces have been
investigated. In many areas where photon radiation measurements are required, there may
be significant contamination problems. Although the spectrometer and PC can be protected
from contamination, the mount equipment used to obtain angular data (eg., a tripod) can
easily become contaminated. A novel solution to this problem has been found by using

-69 -



lightweight laboratory stools which are disposable and can be adapted 1o ensure accurate
angular measurements.
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Figure 1. The outline design of the detector and shielding

Figure 2. Photograph of complete assembly of the spectrometer

-70 -




10000

0000 E
8000 ~
7000 {~

8000 [~

5000 [~

Counts

4000 |~

2000 [~

2000 [~

1000 [~

° eal | (ol P 1 IS DU S [P e laaay
] 100 200 300 400 6500 800 700 800 9200 1000 1300
channels

Figure 3a. Measured spectra from ISO low 109 keV photons incident at 0°

1300

1200 &

Y100

1000 [~

1 Lol I I s Al ! ! I

[

o 100 200 300 400 500 800 700 800 900 1000 1100
channelg

Figure 3b. Measured spectra from 'Cs incident at 0°

190 -

° I e L W Vi A il sl Lo
° 100 200 300 «00 500 800 700 800 900 1000 1100
channals

Figure 3c. Measured spectra from *Cs incident a 90°

-71-



Project 2
Head of project: Dr. Marshall

Objectives for the reporting period

(i To develop the ESG4 Monte Carlo computer code to determine theoretically the
response of the photon spectrometer, developed by NRPB, as a function of energy and
angle.

(ii) To examine unfolding techniques developed for X-ray and neutron spectroscopy and
adapt them to obtain energy and angular information.

(iii) To make operational improvements to the Harwell neutron spectrometry system.

(iv) To prepare a compilation of neutron spectra mesured with the Harwell neutron
spectrometer system and assess the implications of these spectra for the calibration of
personal dosemeters used in the workplace.

Progress achieved including publications

1. Theoretical support for the development of a workplace gamma-ray spectrometer

The Radiation Dosimetry Department has developed a Monte Carlo computer model of the
shielded sodium iodide detector developed by the NRPB. The model is based around the
EGS$4 suite of sub-programs which are able to simulate the transport of both electrons and
photons through matter. The model has been used to produce spectra for the detectors placed
in an infinite parallel beam of photons at different energies and the beam at different angles,
which have been compared to experimental results produced by the NRPB. Good agreement
between experimental and calculated response functions have been achieved. An example is
shown in figure 1 and 2, which show spectra recorded by the spectrometer for a broad,
parallel beam of Caesium 137 photons at normal incidence to the detector. Features which
reduce the time required to run the model have been introduced and additional code has been
added which will stimulate fluorescence produced by the K edge photoelectric effect in lead.
Fluorescence produced in the sodium jodide crystall will be included at a later stage. The
effect of detector resolution will also be included in the model, which will broaden full energy
peaks and smooth Compton edges.

Salford Fortran 77 is now fully implemented which has improved program development
facilities and increased the speed at which the model runs. Both the program development and
running time have been improved by the acquisition of new computer hardware. A large
number of problems in the EGS4 source code due to non standard FORTRAN and
programming errors have been resolved.

An unfolding program developed a number of years ago at Harwell (The measurement of
Spectra from X-ray machines. L H J Peaple, A K Burt, Phys Med Biol, 1969 14 (1) pp 73-
85) has been identified and adapted to run on IBM compatible personal computers. This will
be used to investigate the feasibility of unfolding three dimensional practical radiation spectra.
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2. Neutron spectrometry

A number of operational improvements has been made to the neutron spectrometry system
developed at Harwell. These have involved transferring the computer programs used to unfold
the raw data collected by the counters, from an IBM mainframe to a personal computer. The
ease of use has also been increased. These improvements considerably reduce the time
required to unfold neutron spectra from the raw data.

Previous measurements of neutron spectra made at nuclear power stations (Gosgen,
Switzerland, 2 locations; Dungeness 'A’, UK, 3 locations; Hinkley Point, UK, 2 locations;
and Trawsfynydd, UK, 1 location) have been collected together in a standard form and results
were published at the 7th Symposium on Neutron Dosimetry®. These spectra were also used
to derive dosemeter responses and to compare the effect on calculated dose of changing the
neutron quality factor, according to recommendations in ICRP 60. The neutron spectra
collected to date have been made available for the compendium of workplace spectra being
prepared by the EURADOS-CENDOS Working Group 7 'Radiation Spectrometry in Working
Environments'.

During the period of this work the neutron spectrometry system developed at Harwell was
used to measure the spectrum at the SILENE reactor facility in France, with the reactor
shielded with 10 cm of lead and unshielded. For both sets of measurements simultaneous
measurements were made with multispheres (NPL, UK) and a tissue equivalent proportional
counter (Universitit des Saarlands, Homburg). For the reactor shielded with lead there was
generally good agreement between these measurements but a comparison has not yet been
made for the measurements with the reactor unshielded. Open reports will not be published
until the completion of an international intercomparison of criticality accident dosimetry
systems to be held in June 1993. These measurements were made with separate CEC funding
but in due course the data will be compared with the field measurements described above.

Publication

'Neutron Spectrometry and Dosimetry Measurements made at Nuclear Power Stations with
Derived Dosemeter Responses’

H J Delafield and C A Perks

Accepted for Publication in Proc. 7th Symp. on Neutron Dosimetry, Berlin, 14-18 October
1991.

To be published in Radiation protection Dosimetry.
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Figure 1
Calculated and measured energy spectra for a normal, parallel beam of Cs 137 photons,
incident on a 17mm diameter shielded Nal crystal.
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Project 3
Head of project: Dr. Lembo

Objectives for the reporting period

The contribution of ENEA dealt mainly with the calculation and measurement of
backscatter factors in the presence of the ICRU sphere irradiated with ISO and B.LP.M.
reference photon beams.

The characterization of the radiation fields had to be completed with the
calculation of the backscattered spectra and the backscattered mean energy angular distribution.
Computational evaluations of backscatter factors and their angular dependence had
also to be compared with experimental values obtained using the X and gamma irradiation
facility of the ENEA Bologna Secondary Standard Dosimetry Laboratory.

Progress achieved including publications

At the end of the reporting period three different investigations were completed which
contributed to the characterization of the photon radiation field in the presence of the ICRU
sphere:

1) Monte Carlo Calculations of angular distribution of backscatter factors: the ICRU sphere
was chosen as a suitable phantom. The calculations were carried out for four ISO X-ray
radiation series, one B.L.P.M. X-ray radiation series (with tube voltages ranging from 10 to
300 kV), with the addition of 137Cs and 60Co /1/, /4/. The MCNP Monte Carlo code was
employed.

2) Monte Carlo Calculations of backscattered spectra and backscattered mean energy angular
distribution: the spectral characterization of the backscattered radiation field was one of the main
objectives reached. The real field in the presence of the ICRU sphere was determined
combining the Monte Carlo results for backscatter spectrum and the source uncollided spectrum
using the fluence backscatter factor as weighting factor /2/, /4/.

3) Experimental and computational analyses on the tissue substitute material RS-1: a series of
-measurements was carried to validate the MCNP code in the energy range of interest. The
analysis confirmed that the RS-1 material behaves in the same way as the ICRU material in the
same energy range /3/, /4/.

/1/ G.F. Gualdrini " Field Parameters and Operational Quantities for the ICRU Sphere
with Reference Photon Beams. PART I° Monte Carlo Calciulations of An-
gular Dependence of Backscatter Factors " ENEA RT/AMB/92/12/ in press.

/2/ G.F. Gualdrini, F. Padoani and B. Morelli " Field Parameters and Operational
Quantities for the ICRU Sphere with Reference Photon Beams. PART 2°

Monte Carlo Calcnlations ofBackscattered Spectra and Backscattered Mean
Energy Angular Distribution” ENEA REPORT 1992 in press.

/3/ G.F. Gualdrini, F. Monteventi and I. Sermenghi " Field Parameters and Operational
Quantities for the ICRU Sphere with Reference Photon Beams. PART 3°
Experimental and Computational Analyses on the Tissue Substitute Material
RS-1" ENEA REPORT 1992 in press.

/4/ G.F. Gualdrini, L. Lembo, F. Monteventi, F. Padoani "Monte Carlo Calculations of
Field Parameters for the ICRU Sphere with Reference Photon Beams"
Paper accepted for publication in Rad. Prot. Dosim.

-76 -




Montecarlo calculation of field parameters for the ICRU sphere with reference photon
beams

1. Computational.approach

The code employed in the calculation of the investigated field parameters was the general purpose Monte
Carlo code MCNP (Monte Carlo for Neutron and Photons) /1/ developped at the Los Alamos Scientific
Laboratory (USA). The code, which makes use of a point-wise cross section library for photons with data derived
from Hubbell /2/is provided with a very powerful geometry package, allowing to describe complex geometries
and with a large variety of variance reduction techniques; in particular Cell splitting and russian roulette are the
most commonly used.

The gamma transport was treated taking into account the modification of Thompson and Klein Nishina
differential cross sections by appropriate form factors allowing for electron binding effects and fluorescent
emission.

The problem mock-up was simplified in the computational model neglecting the presence of air.
Furthermore the problems were solved in the so-called kerma approximation, i.e. the secondary electron transport
was not taken into account. A more sofisticated treatment, allowing both for the presence of air and for secondary
electron transport could have been important in conditions where electronic equilibrium is not fulfilled.

From the point of view of source description, each bremsstrahlung spectrum was taken from the
Seelentag Catalogue /3/ , which have been used in other papers for the same kind of applications. More recently a
new set of X-ray spectrum data have been published by Laitano et al. /4/. A first comparison demonstrated that
this new set of data is generally in good agreement with that by Seelentag , whilst in some cases the spectrum
mean energy shows differences up to 3 % . Nevertheless some preliminary calculations showed that these
differences on mean energy have a small effect on backscatter factors.

2.1 Backscatter factor calculation

The first quantity investigated was the air kerma backscatter factor, defined as the ratio of the kerma in
air on the center line of the photon beam at various angles and. distances from the phantom surface and the
collision kerma at the same point with the phantom absent. The ICRU sphere was chosen as a suitable phantom,
however ICRU is now going to propose different phantom: for calibration purposes. The values of distances equal
toOcm,0.5cm and 1 cm, from the surface of the sphere have been here investigated in order to-obtain factors
applicable to typical operational and calibration geometry conditions,

The responses were calculated using boundary crossing estimators. Scoring areas were selected using
spheres centered on the ICRU sphere center with radii of 15, 15.5 and 16 cm. and one-sheet cones with angles
increasing by five degrees at a time.

In this way a series of spherical shells was described. The flux (the quantity to be scored) is defined as

D =Ji

where J is the current and 1 is the average cosine of the angle between the normal to the surface and the direction
of the incident particle.

Air kerma has becen evaluated using conversion coefficients from photon fluence to air kerma reported by
ICRP Publication 51 /5/.

The air kerma backscatter factors are plotted in fig. 1 against the mean energy of the incident beam.

22 Calculation of fluence backscattered spectra and backscattered mean energy versus angle of incident.
radiation
A second computational study was concerned with the calculation of the angular dependence of the:
backscattered mean energy as well as the backscattered radiation spectrum in presence of the ICRU sphere.

a) Backscattered mean energy versus angle of incident radiation,

The quantity to be calculated in terms of MCNP tallies was the mean energy of
backscatterd radiation Eg,

Emax

[ JIE)EdE
Emin
E =
B="Emax
| JE) dE
Emin
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where Emin and Epmax are the minimum and maximum energies of the photon spectrum, J(E) is the photon
current and E is the photon energy.

The quantities have been scored for eighteen angles, with five degree angular bins, as for the previous
calculations of backscatter factors, producing a complete set of backscatter mean energies versus angle. In fig. 2
the angular distribution of the backscattered mean energy for 137¢s is reported.

b) Energy distribution of backscatiered radiation

The energy distribution of the backscattered radiation has been accuratly evaluated accuracy, bearing in mind the
problem of obtaining results with reasonable standard deviation, when backscattered photons were scarce. The goal
being a flux distribution 1 energy bins as narrow as possible, a particular facility supplied by MCNP had to be
employed.

The incident X-ray spectra as obtained from the Seelentag catalogue have been merged with the
corresponding Monte Carlo calculated backscattered spectrum, using the fluence backscatter factor as
normalization coefficient. An example of plot for the 300 kV Narrow Spectrum ISO incident beam is reported in
fig.3. About 500000 source particles were used for each calculation obtaining percentage standard deviations of
the order of 2-3% in the most important energy bins.

3. imen idation

The principal aim of the experimental activity was the validation of the computational procedure, which
has been applied to the calculation of dosimetric quantities, through the comparison of both front and angular
backscatter factors for reference photon beams.

The RS-1 material /6/ phantom was abopted taking into account its optimum characteristics in
simulating the ICRU material in the energy domain of interest. The experimental setup has been prepared in order
to minimize the scattered radiation produced from sources different from the spherical phantom.

The accuracy is better the higher is the beam strength as in the case of B.I.P.M. series and the
High Kerma Rate series; the total errors are usually within +/- 1%. This comparison shows that the percentage
deviations between the experimental and calculated values are generally less than +or-1% .

Furthermore some measurements were carried out in order to measure the angular variation of the

backscatter factors, and the results were compared with corresponding Monte Carlo calculations, obtaining a good

agreement .
References

/1/ MCNP - A General Monte Carlo Code for Neutron and Photon Transport
LA-7396 Rev. 2 Los Alamos (1986) ] )
/2/ 1.H. Hubbell , et. al. "Atomic Form Factors, Incoherent Scattering Functions, and Photon Scattering
Cross Sections.” J. Phys. Chem. Ref. Data 4, 471 (1975)
/3/ W. W. Seelentag , W. Panzer , G. Drexler, L. Platz and F. Santner "A Catalogue of
Spectra used for the Calibration of Dosemeters.”
GSF-Bericht $-560 March 1979
/4/ F. Laitano et al. " Energy Distributions and Air Kerma Rates of ISO and
B.LP.M.Reference Filtered X-Radiations.” ENEA REP. December 1990 )
/5/ ICRP Publication 51 "Data for Use in Protection Against External Radiauox}." Perga{non Press (1987)
/6/ K.P. Hermann and D. Harder "Production and Use of a Polyethylene-based Tissue-equivalent
spherical Phantom Substituting the ICRU Sphere for Photons." Rad. Prot. Dosim.(28) 1989
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Project 4
Head of project: Dr. Chartier

Objectives for the reporting period

The CEA experimental program, presented in the conclusions of the previous report,
has been carried out during the reporting period. The general objective consists of defining
procedures for calibrated individual dosemeters used in radiation protection which should be
compatible both with other methods currently in operation in the routine Dosimetry Services
and with the implementation of dose-equivalent operational quantities as defined in the ICRU
Reports 39, 43 and 47. This realistic process relies on the experimental study of dosimetric
systems currently available to test their ability to evaluate the operational quantity Hp(d),
taking into account their characteristics and uncertainties. Furthermore, this study should
contribute to the determination of the calibration factors of individual dosemeters used at
specified work-places, where the photon radiation spectrum has been measured (NRPB and
AEA Harwell projects).

Progress achieved including publications
1. Introduction
In the previous report, diagrams have clearly shown large differences between the
results derived from the different dosimetric systems. The specific program of the relevant
period was intended:
a) to repeat partly the previous irradiations,
b) to extend it in order to investigate other characteristics of dosemeters, in
particular the angular response.
Four French Dosimetry Services have participated to this work by providing batches
of 100 dosemeters and results concerning 3 types of dosemeters will be discussed here: 2
thermoluminescent [TL] and 1 photographic film [PF] dosimeter.
2. Experimental pr
The irradiation program is described hereafter:
- Photon energies: ISO 4037 Photon Reference Radiations "Narrow Series”
23 keV (X-ray fluorescence), 48 keV, 83 keV, 118 keV, 205 keV, (60-Co).
- Calibration conditions:
- Irradiation free-in-air ; Incidence 0°

- Irradiation on PMMA slab phantom ; Incidence 0°
- Irradiation on PMMA slab phantom ; Incidence 30°
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- 6 types of dosemeters: PFD(3), TLD(3)
- For each energy and each calibration condition: irradiation of 5 samples.

3. Results
1) Influence of the calibration phantom

A plot of the response of dosemeters irradiated in front of a PMMA slab phantom
relatively to the response "free-in-air” is shown in Figure 1. A good agreement with similar
results of the previous report for a radiation incidence of 0° gives a check of the satisfactory
reproducibility of current dosimetric systems. For the different experimental points plotted
in the figures of this report, uncertainties are ranging in the 5 to 8 per cent interval.

2) Reference operational quantity

According to ICRU Report 47, the operational quantity for the calibration of personal
dosemeters is Hp(d) in the slab phantom (30 x 30 x 15 cm) of ICRU tissue material. The
recommended values of d are either 10 mm or 0.07 mm. By using a PMMA phantom, the
radiation field near the surface of the calibration phantom is different from that field in front
of a ICRU tissue phantom. Therefore, taking Hp(10) in the PMMA slab as the calibration
quantity should compensate for the increase of scattering which is observed for the PMMA
material. This assumption should be verified through other irradiations of dosemeters in front
of a water slab phantom.

In figures 2 and 3, the ordinates scale represents the values of I/Hp(d) for ICRU tissue
and PMMA with:

-1 : dose indicated by the dosemeter
- Hp(10) : personal dose equivalent at depth 10 mm in the phantom for 2 types of
dosemeters. Conversion factors are taken from references (1) and (2).

For TL dosemeters, a systematic underestimation of doses is observed for photon
energies higher than 200 keV. This may be due to the insufficient thickness of the plastic
material (about 300 mg/cm 2) placed in front of the TL material. This trend is representative
of the lack of electron equilibrium for the specified energy range. As to PF dosemeters, an
overestimation is apparent over the whole energy range (up to 1.25 MeV). Such a
conservative behaviour can be corrected by applying a justified scaling factor or by
reconsidering the dose evaluation procedure.

These results show that, in the case of calibration beams, (collimated geometry),
current routine dosemeters should enable the individual monitoring in terms of dose
equivalent operational quantities without performing drastic modifications.

3) Angular response

Irradiations of dosemeters performed according to an incidence angle of 30° have
given results plotted in Figure 4. The order of magnitude of the variations agrees with the
calculated values.
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4) Future developments of the program

Up to now, the experimental program has dealt exclusively with conventional
situations encountered at the level of calibraton conditions. A more realistic step should be
the case of the irradiation of dosemeters placed in front of a rotating phantom. This technique
is generally accepted to simulate the movement of an individual moving at a workplace. This
study should be completed by using a "wide spectrum" radiations reproducing the scattering
component in the radiation field of a laboratory or workplace environment.

Bibliography

1 B Grosswendt Rad. Prot. Dos., Vol. 35, No 4, pp. 231-235 (1991)
2 B Grosswendt Rad. Prot. Dos., Vol. 40, No 3, pp. 169-184 (1991)
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STUDY AND DEVELOPMENT OF AN INDIVIDUAL ELECTRONIC NEUTRON
DOSIMETER

Contract Bi7-020 - Sector Al2

1) Vareille -Decossas , Univ. Limoges - 2) Tommasino , ENEA
3) Zamani-Valasiadou , Univ. Thessaloniki - 4) Barthe, CEA FAR
5) Ferndndez Moreno , Universidad Auténoma de Barcelona

Summary of project global objectives and achievements

of project and gl objective;

This research proposal concerns the study and development of an individual
electronic dosemeter working as a real time dosemeter, which has been compared with
optimized H.E.C.E., E.C.E. and C.E. track etch dosemeters, which optimization was carried
out by different laboratories.

LEPOFI (LIMOGES University) and S DOS (C.E.A. Fontenay aux Roses) work
on the electronic system, the principle of which is to detect the secondary particles from a
polyethylene converter using a PIPS (passived implanted Silicon) detector and to convert the
pulses in term of dose equivalent in real time mode. A differential method is used in order to
eliminate background contribution.

ENEA (ROMA), NPD (TESSALONIKI) and SFR (BARCELONA) are concerned
with the optimization of different types of track etch detectors, with the objective to start using
electronic devices as well.

Different investigations were proposed :
- calculations which take into account incidence angle and energy of
neutrons, ¥ - n discrimination, background
- experiments, concerning the opnmxzanon of all the dosemeter devices and
finally joint irradiations for the overall intercomparison taking into account calculations.
Thanks to the results obtained, new proposals have been identified with special
regard to the device response intercomparison.

Achievements

During this contract each laboratory improved its own device through background
studies (material background for etched track detector, electronic background and interfering
guantities for diode device), in particular modelization by computer codes (EGS4,
PNEDIOD....) have been carried out for the diode investigation (LEPOFI-S DOS). For track
detectors Monte-Carlo calculations have been realized for the response evaluation (SFR). In
these conditions it was possible to have joint irradiations in the framework of the centract.
Irradiation facilities for monoenergetic neutron beams (Bruyéres-le-Chatel) as wedl as for
realistic fields (CEN Cadarache) were obtained from S DOS CEA which also defined
dosimetric references.

The results obtained with each device (track etched detector as well as electronic
sensor) are explained in the following contributions of each participant. In this introductive
report the conclusions achieved using the joint irradiations are described. The dose equivalent
conversion factors used to evaluate the responses are from ICRP 21.

* The common work on the electronic device by S DOS and LEPOFI leads to a

better understanding of the role of energy threshold of the electronic background and of y
contribution (experiments and calculations).
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* When "classical converters” are used (polyethelene, makrofol,...) the response
(tracks or pulses cm-2 mSv-!) lies under 1000 counts cm? mSv-!, smaller for etched track
detectors, twice or more higher for electronic devices. For example, with a 1.2 MeV neutron
beam, at normal incidence, the mean etched track detector response (C.E.C) is 302 tracks
cm-2 mSv-! (obtained by SFR), the mean electronic device response is 754 pulses cm-2 mSv-1
(obtained by LEPOFI) and 600 pulses cm2 mSv-! (obtained by S DOS). For the two latters
the response value depends on the energy threshold (cf. report of S DOS and LEPOFI). But
in all cases a rather flat response as a function of neutron energy is shown for energy higher
than 500 keV for the electronic device and higher than 144 keV for the track detector.

In the case of realistic neutron fields used during this contract, both detector
responses (track etched and electronic) decrease because of the contribution of neutrons with
energies lower than one hundred keV.

* When a more elaborated converter is used (polyethylene and a thin layer of SLiF
evaporated on CR 39) it is possible to appreciably increase the response (5 tracks cm-2 puSv-!
at 1.2 MeV for example) (NPD). The response as a function of neutron energy is rather flat
but not as good as that for the other devices for energies higher than 500 keV. On the other
hand the response remains at high value when realistic fields are used.

* One of the participants (ENEA) has used the joint irradiations to investigate novel
types of track detectors, such as electrochemical etched thin film of polycarbonate and
cellulose nitrate. The results obtained cannot be compared with those from CR 39 and silicon
detectors. These somewhat different investigations have made it possible the development of a
new detector for fission induced neutrons which can be highly valuable for the registration of
high energy neutrons.

Presentation of the device
In brief, the following conclusions can be drawn :

a - the two diodes system proposed for this contract (LEPOFI and S DOS)
makes it possible the dosimetry of neutron beams, in spite of the relatively high energy
threshold needed to compensate Y contribution.

b - The comparison between the different types of dosemeters (SFR -
LEPOFI/S DOS) has shown that the silicon detectors are more sensitive than track etch
devices. Both the electronic devices and track detectors present a similar angular response.
Responses are in the two cases drastically decreasing when realistic fields are used.

¢ - New converter used with CR 39 and chemical etching (NPD) shows a
higher response both for thermal and fast neutrons than the one obtained with other devices.

d - From these results and because of the advantages of electronic devices
(real time dosemeter...) further investigations need to be concentrated on :

- choice of better converter

- improvement of silicon sensor

- better discrimination between neutron and y photons
- effects of exposure on phantom.

Thanks to the two joint irradiations (Bruyéres-le-Chatel and CEA Cadarache) a
common paper is in preparation which points out comparisons between the various devices
used by the teams involved in this contract.
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Project 1
Heads of project: Dr. Vareille - Dr. Decossas

Objectives for the reporting period

~_ The electronic dosemeter already proposed by LEPOFI had to be tested in various
irradiation conditions and to be compared with other systems during joint irradiations in the
framework of the contract.

Furthermore, some calculations on neutron response (thanks to Monte-Carlo
computer code proposed by LEPOFI) and ¥ response (thanks to EGS4 code) had to be
performed for a comparison with experimental results.

Progress achieved including publications
1. 1 - Presentation of the device

Differential method is used thanks to the two channels defined in figure 1. One
diode is covered by a polyethylene converter implanted with boron and the other one is free of
converter.

The response Ry of a channel can be expressed as :

RT=San+SniHn+SH’Y+B 1)
where S, is the response per unit of neutron dosc equivalent due to converter from which
protons, & and Li are emitted.

S,; the response per unit of neutron dose equivalent due to neutron interactions on
Si and other materials around the detector.

S, the response per unit of vy dose equivalent due to the dosemeter taken as a whole.

B 'the background.

Each contribution can be modified by bias voltage, geometry of sensor and
surrounding materials, thickness and implantation of converter. The differential method leads
to a response which is the difference of the two channel responses which have been
simultanously studied in order to optimize the dosemeter.

2. Diode test and calibration of the device

We realized :
* a comparison of the two diodes through :
- measurements of the reverse current which give values about 10 nA and
show a good symmetry of the two diodes
- measurements of junction capacity as a function of bias voltage
* adjustements and linearity tests which lead to optimize the two channels.
The polyethylene thickness and boron implantation characteristics have been well
defined, and the small dissymmetries between the two diodes reduced through electronic
adjustements.

3. Experimental results

Some of these were obtained in collaboration with CEA-FAR. All the results lead to
intercomparisons between the staffs involved in the contract.
3 - I - Responses in various neutron fields
In order to determine the dosemeter response three kinds of neutron fields were
used:
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- monoenergetic neutron fields (from thermal neutrons to 14 MeV) : GSF
Munich ; Bruyeres-le-Chatel ; CEN Cadarache ;

- polyenergetic neutron fields (AmBe, PuC) ;

- realistic neutron fields at CEN Cadarache : 252Cf + D,0 ; 52Cf + D,0 +
Cd ; Canel (+) + Fe ; Canel (+) + Fe + H,0.

In each case we tried to point out the device characteristics and its limitations. An
example of pulse spectra is given on figure 2. Electronic background and "interfering
quantitites” (i.e. quantities to which the device is not intentionally sensitive : y contribution,
direct neutron interactions with silicon atoms of the diode ...) disturb spectra at low energies.
In these conditions an energy threshold must be introduced. For monoenergetic beams its
optimum value, determined from statistical studies and from the response curve plotted on
figure 3, is about 125 keV. For the realistic fields studied in which the Y component is much
higher,the threshold is as high as 550 keV. Table 1 summarizes the experimental results : for
diffgrent neutron fields it presents the values of energy threshold and response (pulses mSv-!
cm-2),

Table n® 1 : Summary of results obtained in various neutron ficlds by the electronic device

Beam Threshold Response
(keV) (pulses-mSv-1.cm-2)
570 keV 125 550
12 MeV 125 750
2,5 MeV 125 1075
53 MeV 500 1030
14,8 MeV 125 600
Thermal 600 1000
AmBe 350 750
PuC 350 660
252¢f (Dy0) 550 815
252Cf (Dy0 + Cd) 550 560
CANEL+ (Fe) 550 330
CANEL+ (Fe + Hy0) 550 170

For 570 keV, 1.2 MeV, 2.5 MeV the lower dose equivalent which can be registered
is about 50 uSv and for thermal neutrons the lower dose equivalent rate about 57 uSvh-1.
The relative angular response has also been studied (fig. 4).

3 -2 - What is the y contribution ?

In a first step, experiments in (n, ¥) fields have been realized. The Y component has
been measured using a G.M. counter. Our silicon detectors had been previously calibrated
with 60Co and 137Cs sources so that the number of pulses due to ¥ rays would be evaluated.
The expression (1) can be written :

where Snt =8§,+S,;. B canbeneglected. Ry can beexpressed as :
HY
RT=SY}Tan+San=(S‘Y+Sn)I-In

Table n° 2 clearly shows a decrease of the ratio S'/S, as the neutron energy increases.




Table n° 2 : Comparison between y response and neutron response

NEUTRON H, Ny Qulses)  Hy NSM* NSCH T HyH, NSON,
ENERGY (mSv) threshold at (mSv) (counts) (pulses) % "
(keV) channel 15 (mGy) threshold at S8,
channel 15
7 482.10-3 1036 42103 2311 2024 0,88 1,95
159 1678.10-3 1780 8.10-3 4400 3856 0,48 2,17
593 11247.10-3 9110 11.10-3 6009 5302 0,1 0,58
1270 11786.103 13224 7.1.10-3 3908 3422 0,06 0,26
2624 11680.103 19038 13.3.10-3 7269 6411 0,11 0,34
4. Calculations
4.1 1- ycontribution

The need of a threshod and the related sensitivity decrease is mainly due to ¥
contribution. In order to understand it, calculations were done using EGS4 computer code
with a sensor model composed of 15 different parts. In this way, the role of the depth of the
depleted zone, ¥ energy and angle of incidence, components of the sensor has been studied.
As an example, fig. n°® 5 shows the dosemeter response with and without any metallic part for
a given irradiation. From this result it clearly appears that the structure of the sensor must be
modified.

42 Neutron response

Using Monte-Carlo method, we developed a code (PNEDIOD) which takes into
account the interactions of neutrons in the converter, as well as in the silicon diode, and gives
the corresponding pulse spectra. The dosemeter model is the same as previously described.
The pulse spectra and response were calculated as a function of various parameters : neutron
energy (monoenergetic and AmBe), neutron angle of incidence, converter thickness, depth of
the depleted zone. Figure n° 6 gives an example of the results for 1.2 MeV neutron beam.

5. Conclusion

The 2 diodes system used for this contract allows a dosimetry of neutron beams but
an energy threshold is needed. For accelerator beams which have a low y component the
response is about 800 pulses mSv-! cm-2 with a 125 keV threshold. For neutron spectra in
which the y component is more important (simulated realistic spectra) the threshold must be
higher (550 keV for instance) and the response to neutrons decreases (170 pulses mSy-!
cm-2). For the future, the structure of the dosemeter must be modified in order to reduce or
discriminate as much as possible the yresponse. The new dosemeter will have to be tested and
the final characteristics to be determine thanks to on phantom irradiations.
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Figure 3: Response as a function of neutron energy, for various energy thresholds.

Figure 4: Relative response as a function of neutron incidence angle.
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Figure 5: Calculated modification of the °Co pulse spectrum by the metallic parts of the sensor.
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Figure 6: Comparison of experiments and calculations for 1.2 MeV neutron beams.
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Project 2
Head of Project: Dr. Tommasino

Objectives for the reporting period

The major mission goal of this project was the development of the new electrochemical
etching (hereafter referred to as NECE), which exploits the advantageous characteristics of
both the spark counter and the electrochemical etching for the scanning of large detector areas.
In the case of fission fragrement registration, successful results have been obtained.

In the second reporting period a systematic investigation has been undertaken to study the
NECE registration for alpha particles and neutron recoils.

Progress achieved including publications

The investigations of alpha particle registration in thin polycarbonate films by the NECE
processes has shown limited success, essentially because the alcohol-based etchant resulted in
poor self-healing characteristics.

For this reason, investigations have been limited to cellulose derivatives, such as celiulose
nitrate, cellulose acetobutyrate and cellulose triacetate. Among these three detectors, cellulose
nitrate has proved to be the most convenient specially for its relatively high sensitivity and fast
NECE processes required for track breakthrough.

Cellulose nitrate films with a thickness of 20 microns and no additives was custom-made by
Kodak.

When compared with LR-115, this tilm has a thickness greater than the etchable range of
alpha particles.

The NECE parameters used were the same of those used for thick film electrochemical
etching. In particular this 20-micron-thick cellulose nitrate film has been etched with 10%
NaOH in water by applying an electric field in the range from 20 to 30 kv/cm RMS at 2 kHz.
To improve the self-healing processes, the thin Al electrode was kept at the positive polarity
by superimposing to the AC field a DC bias of 40 volt.

Under these conditions, the spot formation is very rapid in the case of fission fragments tracks
in polycarbonate, where the Al spots can be seen by naked eye, while it is difficult to see the
etched-through tracks even at high magnification.

However the Al-spot formation in the case of alpha particles in cellulose nitrate is less rapid.
Furthermore the signal-to-noise ratio is no better than that which can be achieved by
conventional electrochemical etching.

Finally the registration of neutron-induced recoils in polycarbonate has been investigated
using the same NECE conditions described above.

Polycarbonate foils with thickness up to 30 microns have shown limited success respectively
because:

- the long time required for the track breakthrough and the formation of the Al-spot;

- the less preferential electrolyte breakthrough along the tracks.

With the experience accumulated to date it is possible to conclude that the NECE processes,
while very successful for fission fragment registration, appear less attractive for the
registration of alpha particles and neutron induced recoils.

Publications

L. Tommasino, G. Torri and M. Notaro (1991) - Unique characteristics of thin films electrochemical etching.
Nucl. Tracks Rad. Meas. 19, 223

L. Tommasino, - The importance of track detectors in radiation protection dosimetry, Proceedings of 16th Int.
Congr. on SSNTD, Beijing 7-11 nov. 1992,
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Project 3
Head of project: Dr. M. Zamani-Valassiadou

Objectives for the reporting period

The study of a CR-39 fast neutron detecting system based on (n-a) (n-p) converter. The
purpose was to study and choose optimum parameters like polyethylene moderator
thickness, etching development etc. in order to use this system as a fast neutron dosemeter.
The work includes tests of the response over wide range of neutron energy.

Calculations as well as measurements at 2.5 MeV neutrons have been made and a part of the
results is already published [1] [2}.

The linearity of the system is also studied. Finally the dosemeter response under special
neutron irradiation fields is discussed. Intercomparison with other neutron dosemeters is
made in the frame of a common work under this contract.

Progress achieved including publications

The use of a certain detection system as a neutron dosemeter requires special response
characteristics under a wide range of energy, various neutron doses, angles of neutron
incidence etc. Many experiments have been performed in the frame of Eurados-Cendos Joint
Irradiations [3] as well as during this project. The results we present here have been taken by
a combination of polyethylene neutron moderator of 0.5 cm in thickness and a thin layer of
SLiF (1-2 um) evaporated on the one surface of the CR-39 detector which is in contact with
the moderator. Chemical etching was performed at 70 °C in 20% NaOH solution for a time

interval of about 6h in order to develop proton recoils and alpha particles from 6Li(n, o)t
reaction. Details on the neutron dosemeter structure and preliminary results are given in refs
[2] and [3].

The neutron detecting systems used as neutron dosemeters have, in general, an optimum
response for a more or less wide range of neutron energy i.c. at thermal neutrons or a region
of fast neutrons [4]. The proposed system is an attempt to obtain continuous response from
thermal region up to 14.7 MeV. In fig. 1 we give the response for 0.144, 0.565, 1.2 MeV and
2.5 MeV!, The observed response has a continuous behaviour for all the range of energies
studied. The curve falls versus energy as it was expected from the cross section behaviour of

6Li (n, o)t reaction. Proton recoils give a constant level contribution in fast neutrons while
protonic equilibrium is achieved. The superposition of proton recoils component to that of
alpha particles helps the overall response behaviour versus energy, especially for neutron
energies above 1 MeV. The results satisfy the requirement for flatness versus energy, which
is valid for all types of neutron dosemeters. An other advantage of the system studied is that
below 500 KeV we obtain continuously high response, without special additional
combinations of other converters or development etc. which is the usual case of SSNTD
neutron dosemeters based on proton recoils.

Another point of interest is to test response angular dependence of the detecting system.
Preliminary results were obtained during irradiations at 2.5 MeV neutrons in the

v Iradiations were performed in Bruyeres le Chatel ......




Thessaloniki Nuclear Physics Laboratory [2]. The experiment was repeated for various
energies in the frame of Eurados-Cendos Joint Irradiation programme 1990. In Fig. 2 we
present results of this experiment. Irradiations were made at the same neutron dose of 2mSv.
The angular behaviour is expected to be flat if only alpha particles are counted (including a
part of tritons which are detectable also). The response angular dependence of all systems
based on proton recoils falls as the irradiation angle increases (relative to the neutron beam)
[5]. In Fig. 2 we can see that alpha particle behaviour dominates to that of proton recoils. We
obtain almost the same curve, independently on neutron energy, which is also an advantage
of the system studied.

Concerning the linearity of the system versus neutron dose, fig. 3 shows the results for 1.2
MeV neutrons. The system is linear versus dose [6]. The response, defined as the track
reading per unit dose, is founded to be depended on neutron energy.

However, the same result can be concluded from response behaviour versus energy (fig. 1).
Any other influence on linearity is not observed although low dose region must be examined
in more detail.

An important parameter is also the thickness of (n, o) converter as it is experimentally
improved [3]. The data of this experiment were obtained with 1jum layer of SLiF converter.

Finally, test of the detecting system under various neutron fields have been made? in a joint
irradiation programme in the frame of the present contract.

References - Publicati

m M. Zamani-Valassiadou, Progress Report (contract B170020C)
[2] E. Savvidis, M. Zamani, D. Sampsonidis and St. Charalambous, Nucl. Tracks and
Rad. Meas. 19 (1991) 527-530
[3] W.G. Alberts, Joint Neutron Irradiation Programme, Eurados Cendos Report, 1991
[4] E.Piechsh, S.A.Al-Najjar and K. Ninomiya, Rad. Prot. Dos. 27 (1989) 215-230
[51 M. Luszik-Bhadra, W.G. Alberts, S. Guldbakke and H. Kluge, Rad. Prot. Dos.
38 (1991) 271-277
[6] E. Savvidis, D. Sampsonidis and M. Zamani, Rad. Prot. Dos. (in Press)
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Project 4
Head of project: Dr. J. Barthe

Objectives for the reporting period

The main objectives, envisaged for the final reporting period, are the
performance of dosimetric tests of the double diode dosemeter with different
radiation fields. For these studies neutron reference sources, accelerator or reactor
facilities were used.

Progress achieved including publications

Principle

Many authors have studied the response of solid track detectors with neutron
radiations, using a hydrogeneous converter and/or a lithium borate converter.
Theoretical and experimental studies with CR39 performed by Makovica show a
guasi-linear proportionality between neutron dose equivalent and secondary charged
particle fluence within +30% of the normalised response for neutron energies
between the thermal region and 10 MeV neutron energy. Barelaud and coll.
replaced the solid track detector by a spectrometric diode detecting secondary
particles emitted from the converter. The main secondary particles detected are
recoil protons emitted from elastic scattering between fast neutrons and hydrogen
atoms, alpha particles produced in nuclear reactions between thermal neutrons and
boron-10 and electrons from interactions between gamma photons and the
surrounding materials. To obtain a response more independent of the gamma
component, a differential measurement is made using a second bare diode. The
structural materials close to the diodes can strongly modify the gamma response of
the detection system.

Experimental set-up

The double diode detector consists of two diodes from canberra having an
effective area of 1.5 square centimetres and a bulk resistivity of about 600 Q.cm.
Intertechnique preamplifiers and amplifiers are used; two PC compatible multichanel
analyser cards (2048 channels) from ortec are used with an amstrad PC compatible
computer (386/387 DX processor).

The neutron source used for general tests is an Am-Be source. Mixed fields
(neutrons and gammas) were obtained using at the same time an Am-Be source and
a complementary Cobalt-60 source. Monoenergetic neutrons, 0.144, 0.530, 1.44 and
2.5 MeV, were obtained from the Van de Graaf accelerator located at the Bruyére le
Chatel nuclear research centre. 14 MeV monoenergetic neutrons and realistic fields,



simulating those observed at different power plant locations, are obtained from the
canal+ facility, thermal energy neutrons from sigma thermalized source assembly;
these latter facilities are located in Cadarache nuclear research centre.

Measurements, in monoenergetic photon beams, have been performed to
determine the behaviour of the photon diode responses in a mixed neutron gamma
field. All experiments have been performed without the use of a phantom. In some
cases, an automatic device is used to orientate the detecting devices in the neutron
beam. Dosimetric references are defined by Chartier and coll. {4} from SDOS.

Experimental resuits

Three very important points have been studied for obtaining a correct
determination of the double diode dosemeter behaviour in mixed neutron gamma
fields:

1/ the sensitivity to neutron radiation in terms of counts per microsievert and
per square centimetre. Due to the small cross section of the reaction between
neutrons and hydrogen nuclei, this point seems to be one of the most important,

2/ the sensitivity to gamma radiations. All diode detectors are sensitive to
photon radiations. In the case of differential measurements, a good discrimination
between gamma and neutron radiations can only be obtained if the two diodes
present exactly the same sensitivity to photons. The difference in sensitivities ieads,
mainly for low energy neutrons, to an over-estimation of the neutron dose equivalent
if the most sensitive diode associated with the converter.

3/ the background noise signal. As described, unbalanced background signal
leads to a wrong determination of the real dose equivalent and an abnormal increase
in the detection threshold.

The response of both diodes is determined for two types of radiation: 60Co
photons of about 1 MeV for low energy loss and alpha particles of about 5 MeV from
an 241Am source for high energy loss.

In order to minimize the gamma contribution to neutron signal, the depleted
layer of the diodes is reduced to a few tenth of a micrometer. Under these
conditions, high energy particles traverse the depleted layer so that the diode does
not work as a spectrometer does. Spectra obtained with high energy recoil protons
show a peak corresponding to the maximum detectable energy.

Proton spectra for three neutron energies
with and without converter

1000 - 1-057 MeV With converler  3-1,2 MeV With converter  5- 2 5 MeV With converter
2-0 57 MeV Without converter 4- 1,2 MeV Withoul converter 6- 2 5 MeV Without converer
100 -

Counts per chanel

0 500 1000 1500 2000 2500
Energy (keV)

Figure 1. Spectra obtained for different neutron energies with and without convertor
0.57 - 12- 25 MeV, "CV" means with convertor
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Figure 4; Dosemeter energy response.

Figure 4 shows the dosemeter energy response for 3 dose equivalent rates,
0.5, 1 and 2 mSv. A decrease in response versus neutron energy is seen. This effect
is due to the reduction of the secondary proton emission which reaches the depleted
diode layer. Indeed the mean path iength of secondary protons decreases with initial
neutron energy and only protons produced from a thin layer close to the convertor
surface can be counted. For a 0.144 MeV neutron energy a ratio inversion between
the integrated counts of the 2 diode signals is observed. This effect is probably due
to the absorption of low energy electrons from metallic surroundings in this hydrogen
ous converter.

Conclusion

The double diode dosemeter has, in terms of counts, a low sensitivity for low
energy neutrons and a high sensitivity for photons. These two effects leads to an
increase in neutron detection threshold and limits the minimum energy detection
range for fast neutrons. Such a dosemeter does not record intermediate energy
neutrons between 10 keV (albedo effect and boron doping) and 200 keV.
Nevertheless, this dysfunction is not a redhibitory effect in realistic mixed field
dosimetry encountered in nuclear power plants.

References

J. BARTHE, M. MOURGUES, J.M. BORDY, B. BOUTRUCHE, T. LAHAYE,

P.SEGUR et G. PORTAL:
"Etude de compteurs miniatures pour la dosimétrie individuelle des neutrons”,
IRPAS, Montréal 18-22 mai, Compte-rendus Vol 1, pp 479 - 482 (1992),

J. BARTHE, T. LAHAYE, T. MOISEEV and G. PORTAL:

"Personal neutron diode dosemeter",

internationam Symposium on Solid State Dosimetry, Washington - USA,
July 13-17, (1992), to be publish in RPD.
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Project 5
Head of project: Prof. Francisco Ferndndez Moreno

Scientific staff: Dr. Francisco Ferndndez Moreno, Dr. Carlos Domingo Miralles, Dra.
Carmen Baixeras Divar

Objectives for the reporting period

- Development of the ECE dosemeter for automated measurements

- Simultaneous experiments in neutron fields

- Intercomparison with other groups

Progress achieved including publications

1. Development of the ECE meter for automa emen
The work carried out consists of three main points:

I  Optimisation of the electrochemical etching conditions and of the reading technique for
the CR-39 detector.

II Optimisation of a fast neutron dosemeter in the energy range 140 keV - 5 MeV using
polyethylene converter and Cr-39 detectors.

II Proposal of a new neutron dosemeter and calibration experiments taking into account
the results obtained.

I  Optimisation of the electrochemical etching conditions and of the reading technique for
the CR-39 detector.

In this stage, results already published by our group about proton irradiation of CR-39 at the
Strasbourg CRN 7MV Van-de-Graff accelerator at different angles and energies, have been
used for this optimisation.

"Radiation Protection Dosimety” Vol.23 N°1/4 175-178 (1988)

I Optimisation of a fast neutron dosemeter using a polyethylene converter and Cr-39
detectors (Monte-Carlo method)

We have simulated the passage of a fast neutron beam (monoenergetic or coming from a
neutron source) through an hydrogenated material at several incidence angles.

The dose equivalent response obtained from this estimation has been compared with the
values obtained in the last EURADOS - CENDOS irradiations.

The results obtained have been published in:

Seventh Symposium on neutron dosimetry. October 1991, Berlin
Eurados-Cendos Report: 1991

Radiation Protection Dosimetry (to be published)

VHI Congreso Nacional de Fisica Medica Sep. 1991, Sevilla

[ T |
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A good agreement between the measured and the calculated values, with exception of the
point at 14.8 MeV, has been obtained for the dose equivalent response, as shown in
Figure 1.
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Figure 1 - Dosemeter dose equivalent response estimated from Monte-Carlo method as a function of the
incident neutron energy for different incident angles. Also shown are our experimental results for
normal incidence

- The poor statistics for 30° and 60° does not allow to verify the Monte-Carlo method
estimation for these incidence angles

- The mean dose equivalent response values were:
341 £ 194 (cm-2.mSv-1) for 250 um samples
448 + 127 (cm2.mSv-!) for 600 pm samples

- The dose minimum detection limit were found to be:
136 uSv for 250pum samples
261 uSv for 600 samples

HOI Proposal of a new neutron dosemeter and its calibration

Taking into account the given results we suggest to study the following points with other

irradiations:

- Background reduction in order to improve the dose detection limits.

- Neutron irradiations at several incidence angles to verify the Monte-Carlo method
estimations.

- Extension of our dosemeter to the lower neutron energy regions.

2. Simul xperiments i 1

With this aim we have started the study of this points with irradiations in:
+  Bruyere-le-Chatel
¢ Cadarache
¢ Bruyere-le-Chatel irradiations
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CR-39, 500 um thick and 32 hours curing time, manufactured by Pershore Moulding in

November 1991 has been used for irradiations. 6x6 cm? samples have been assembled in 16
cards and irradiated in the 4 MV Van-de-Graaf accelerator at the CN, Bruyére-le-Chatel
(France) for several incidence angles, energies and doses. The dosemeter configuration was:

3 mm Polypropylene

300 um Makrofol

500 ym CR-39

—_ 5 mm Methacrylate

Each irradiated sample was cut in nine (2x2) cm? plates before etching. The plates have been
electrochemically etched in the routine cells with a 6N KOH aqueous solution at 60° and
(20£1)kVem-! for 5h at 50 Hz and 1h at 2 kHz, with 15 minutes post-etching. Tracks have
been counted with an image analizer in an area of about 0.69 cm?2.
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Figure 2 - Measured dose equivalent response as a function of neutron energy for normally incidence
neutrons

The use of a 300 pm thick Makrofol converter explains the slight reduction in response at
2.5 MeV in comparison to the one obtained when a polyethylene radiator is used. A flatter
dose equivalent response is observed in the considered energy range.

- Background values were similar for the different plates and its mean value was: 44 + 13
(tracks.cm-2)

- The mean dose equivalent response for normal incidence was: 274 £ 17 (cm-2.mSv-1)

- The dose minimum detection limit was found to be: 142 uSv

Our results are in reasonable agreement with those obtained by other authors.
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+ Cadarache irradiations

CR-39, 500 um thick and 32 hours curing time, manufactured by Pershore Moulding in
February 1992 has been used for irradiation. Samples of 6x6 cm?2 have been assembled in 12
cards and irradiated at the CN Cadarache (France) for several energies and doses.

We have used the same dosemeter configuration, etching conditions and track counting
system than those for the Bruyere-le-Chatel irradiation.

In Table I the main results are shown

Table I - Experiment: Cadarache

N° Experiment Reference Counts Background Net Dose Equivalent
of Dose Equivalent N'+SD! Counts Response
samples Code H* (mSv) N+SD! (cm2) N" + SDM (cm)| R + SDM (cmZ.mSv-1)
9 Canal plus 321 £ 001 [ 81 £103| 43 = 5 818 * 34 255 + 11
18 Canalplus + | 105 + 0.3 150 + 16 40 + 7 110 + 4 10 £ 1
15 Canal plus + 237 £ 0.05 76 £ 16 45 + 8 31+ 5 13 + 2
16 Californium 13 + 005 | 582 + 37| 28 * 4 554 + 9 426 + 7
25 Californium 13 005 | 473 £ 56| 39 = 6 434 + 11 334 + 9
13 Californium 132 + 005 | 409 + 921 65 + 7 344 + 26 261 + 19
15 Sigma 232 + 005 | 246 + 57] 54 + 9 192 + 15 83 + 6

Background values are very similar for the different irradiation situations and its mean value
was: 44 + 11 tracks.cm2, consistent with the Bruygre-le-Chatel results.

The dose equivalent response values of (255132) cm2.mSv-1 for CANAL + (14,7 MeV) and
(43019) cm™2.mSv-! for Californium source are in good agreement with those published by
our group in the EURADOS-CENDOS 1992 intercomparisons. These results show the
reproductibility of our electrochemical etching system.

The dose equivalent response decrease in the CANAL + and in the Californium exposures is
due to the production of thermal neutrons that our dosemeter configuration is not able to
detect, as expected.

The main component of the SIGMA exposure were thermal neutrons, but there was a small

component of 1.5 MeV neutrons. The dose equivalent response of (81£29) cm2.mSv-! is
consistent with this situation.

In view of these results we are at present optimizing, with our Monte-Carlo method, a
dosemeter configuration, including an air converter, that would allow to record neutrons
with energies between several keV and ~100 keV. Some irradiations, carried out in the PTB
laboratory, indicate the feasibility of this dosemeter.
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USE OF THE VARIANCE-COVARIANCE METHOD IN RADIATION
PROTECTION

Contract Bi7-025 - Sector A12

1) Kellerer, Univ, Miinchen - 2)Jessen , Univ. Aarhus Hospital
3) Lindborg , Nat. inst. of Rad. Protection

Summary of project global objectives and achievements

Microdosimetry was originally conceived as a fundamental tool of radiobiology to improve the
understanding of the primary mechanisms of radiation action. However its applications in
radiation protection and in clinical radiology are of increasing importance. Standards of
increased accuracy in raddiation protection dosimetry require the quantitative assessment of
radiation quality.

In radiation protection the quality factor is defined as a function of the linear energy transfer. If
the spectral distribution of the radiation field is known, the quality factor can be calculated. In
fields with incompletely known spectra,radiation quality needs to be determined by
measurement of the dose averaged lineal energy which is closely related to linear energy
transfer.

Microdosimetric measurements in single event technique are restricted to low dose rate fields;
they are time consuming or even impracticable, for instance, at installations for diagnostic
radiology. The common variance technique is applicable in high dose rate fields,but it requires
constant dose rate. Variance-covariance measurements however can be performed in high dose
rate fields as well as in time varying radiation fields. The potential of the variance-covariance
technique for the suppression of various disturbances is essential for instance in the vicinity of
accelerators where electric noise is a common problem.

The three groups in the coordinated project are cooperating towards the further development
of the variance-covariance technique, in the development of twin- proportional counters and
twin ionisation chambers and in the optimisation of signal processing. The applications have
been focused on the pulsed radiation fields of diagnostic x-ray installations and therapeutic
accelerators. There is a need for such applications,for example in radiological quality control,
and there is a lack of previous experimental data.
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Project 1
Head of project: Prof. Kellerer

Objectives for the reporting period

Within the framework of project 1, instrumentation and methods for microdosimetric
measurements with the variance-covariance method have been developed.

The inherent potential of the variance-covariance method for the suppression of various
interfering disturbances have been analyzed in theoretical evaluations and in computer
simulations

As a basis for the development and calibration of tissue equivalent proportional counters,
the first Townsend ionisation coefficient for methane based tissue equivalent gas has been
determined for a broad range of the reduced field strength.

Typical diagnostic x-ray fields and therapeutic electron beams have been assessed in terms
of microdosimetric measurements. In contrast to the single event measurement technique,
the variance-covariance measurements can be performed without technical manipulations
that are necessary to reduce the intensity of the radiation fields, furthermore the variance-
covariance measurements are substantially faster.

Progress achieved including publications

1. Development of instrumentation for microdosimetric measurements with the
variance-covariance method

A tissue equivalent twin-proportional counter has been developed. The cylindrical shaped
sensitive volume is defined by guard tubes; it is sized 20mm in height and 20mm in
diameter. The outer cylinder is made of A-150 plastic. To make precision measurements
possible, the twin detector is permanently connected to a gas flow system with
automatically operated control of gas flow and gas pressure. Methane based tissue
equivalent gas is used.

The outer cylinders of the detectors are connected to negative high voltage. The charges
collected at the central anode wire are integrated in the feedback capacitors of
electrometers; these are operational amplifiers which act as compensation circuits, clamping
the central wire to zero potential. In the most advanced version of the equipment, the
voltages at the integration capacitors are digitized simultaneously by high speed voltmeters.
The results are transmitted to a personal computer. Measurements with a repetition rate of
100 kHz and with a depth of 14 bit can be performed. This fast signal processing is a
prerequisit for measurements in high dose rate fields.
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2. Calibration of the measuring device and determination of the first Townsend

ionisation coefficient for methane based tissue equivalent gas

For calibration purposes an Am-241 a-spectrometer calibration source enclosed in a gas
tight capsule can be attached to the detector (see Fig.1). The a-particles enter the detector
as a narrow collimated beam directed towards the central wire. Before the calibration
measurements, the energy distribution of the a-particles emerging from the collimator and
their energy loss within the sensitive volume have been determined in their dependence on
gas pressure. The measurements were performed with a semiconductor spectrometer
positioned in a vessel that was connected to the gas flow system ( see Fig.2 ). The most
probable energy of the particles as a function of the path length in tissue equivalent gas is

given in Fig.3. The results of the measurements are indicated by points, whereas the solid
line represents the Bethe theory.

A-150 " Am-241 source s S: Am-241 source
7 l ¢ C: collimator
«— ‘_gas GAS._ﬁ C 3D .. D: detector
anode
77
insulator T ow [w - & aw ] pia |

Fig. 1. Diagram of the detector with

Fig. 2. Experimental set-up for measurement of
attached a-source.

the energy loss in hissue equivalent gas.

From the calibration measurements at various anode voltages and gas pressures the first
Townsend ionisation coefficient was evaluated for a broad range of the reduced field
strength. In Fig 4 the gas multiplication is given in its dependence on the inverse of the
reduced field strength. The deviations from the Townsend theory at high reduced field
strength are well known for other gas mixtures and are attributed by Segure to " non

equilibrium conditions". For methane based gas our findings are in line with results of
Waker.
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Fig. 3. Energy loss of the a-particles in

its dependence on path length
(solid line Bethe theory).

Fig. 4. Reduced gas multiplication in its
dependence on reduced field strength.
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3.

Suppression of disturbances in variance-covariance measurements

There are two types of disturbances affecting the signals of both detectors simultaneously,
i.e. in a correlated manner. The first type are disturbances which correspond to multiplying
the signals with a factor that varies in time. An example are variations of the gas gain caused
by variations of the high voltage; such variations can cause correlated disturbances if both
detectors are connected to the same high voltage supply. This type of disturbance is entirely
eliminated in variance-covariance measurements, in the same way as this method eliminates
any distortions due to varying dose rates.

A second type are additive disturbances, such as electronic pick-up of a signal in both
measuring channels. This kind of disturbance is not fully eliminated, but its influence is
substantially reduced by the variance-covariance method; at equal mean output of the two
channel the correction is precise. If there is a fixed ratio of the mean output, the correction
is also perfect provided the results are computed from a suitable adjusted form of the basic
equation that is symmetric relative to the two detectors.

The inherent possibilities of the variance-covariance technique for suppression of various
interfering disturbances facilitate microdosimetric measurements and enhances their
precision and accuracy.

Microdosimetric measurements in diagnostic X-ray fields

Microdosimetric measurements in diagnostic beams of x-rays have been performed. The
anode voltages were varied between 30 and 125 kV. In these pulsed radiation fields
microdosimetric measurements are possible only by application of the variance-covariance
technique. In such fields the variance method is not applicable, and measurements in single-
event technique are possible only if the dose rate is reduced greatly. However the
substantial reduction of the tube current or the increase of the source to detector distance
would change radiation quality. Furthermore measurements with the single-event technique
are impracticable in duration.

The dose averaged lineal energy at different anode voltages and at different diameters of the
simulated volume are given in Tab.1. All measurements were performed with a two-pulse
generator and with a filter equivalent to 2 mm of aluminum.

Tab. 1. The dose averaged lineal energy (keV/um) at different
anode voltages (kV) for two-pulse x-ray generator.

Voltage 02 um 0.5 pm I um 8 um

30 342+0.25 1.98 + 0.03
35 589 +£060 4.55+0.24 3.35+0.11 217012
42 1.84 + 0.07
48 537+054 430028 321 +009

51 1.50 + 0.02
60 598 +048 427 +025 3.19 £ 0.16 1.41 = 0.06
75 5.82+048 438+0.i3 294+ 005 1.46 + 0.06

90 5.86 = 0.10 4.36 = 0.19 297 +0.03 147 + 0.08
110 6.10 + 0.62 4.37 £ 0.27 294 = 0.04 1.47 = 0.09
125 5.93+0.44 4.38 = 0.35 299 £ 0.04 1.35 = 0.04
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(&)1 um, 75 kV; (o) 8um, 51 kV. The simulated diameter 1s 1 um.

Using the temporal information in the measured data, one can determine the dose averaged
lineal energy for any phase within the radiation pulse; for this purpose,one needs to extract
from the full series of measurements the subsegments tht correspond to the chosen phase
intervals. Examples of phase dependences are given in Fig.5 for a simulated volume of
diameter 1 pum and an anode voltage of 75 kV.

Data for the 6-pulse or 12-pulse generators that are commonly used today can be derived
from the measurements with a 2-pulse generator using once more the temporal information.
Values of the dose mean lineal energy, as a function of anode voltage, for different
generators are shown in Fig.6.

In further investigations variations of radiation quality with depth in the absorber have been
examined Different depths in tissue were simulated by the use of acrylic phantoms that
were sufficiently equivalent to tissue for the radiations in question. The measurements were
performed with anode voltages of 42 kV and 70 kV and with a filter that was

equivalent to 1 mm of aluminum. The dose averaged lineal energy decreases with depth, and
this is shown in Fig.7 for a site of 0.5 um. The decrease reflects the hardening of the
radiation field with increasing absorber thickness.

Micri i ic me: ments in the electron beam of a therapeutic linear accelator

The measurements in the electron beams that are used for radiation therapy have in the past
predominantly been performed in the conventional single-event technique. For these
measurements it was necessary to reduce the dose rate very substantially. The reduction can
only be achieved by technical manipulations that exclude measurements in clinic routine.
With the variance-covariance method, on the other hand measurements are possible at
appreciable dose rates of 0.1 Gy/min or even more. Although one may want to avoid the
high typical dose rates in radiation therapy of about 5 Gy/min moderate dose rate
reductions are sufficient that can usually be achieved without complications. The
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and computer simulanons).

measurements were performed in the beams of a therapeutic linear accelerator at
acceleration voltages between S MV and 20 MV . The dependence of dose averaged lineal
energy on the acceleration voltage is given in Fig. 8. The full dots give the mean values of
three measurements and the standard errors. The open squares show the results of computer
simulations In addition to the experimental investigations computer simulations have been
performed to assesss the influence of the detector wall thickness and that of the diameter of
the simulated site.

Publications
J. Chen, J. Breckow, H. Roos, and A.M. Kellerer, Further development of the
variance-covariance method. Radiat. Prot. Dosim. 31, 171-174 (1990).

J. Chen, Microdosimetry of time varying radiation fields; development of the
variance-covariance method. Thesis, University of Wiirzburg (1991).

J. Chen, H. Roos, and A. M. Kellerer, Microdosimetry of diagnostic x rays
Applications of the variance-covariance method. Radiat. Res. 132, 000-000 (1992).

J. Chen, K. Hahn, H. Roos, and A M. Kellerer, Microdosimetry of therapy

electron beams; measurements and Monte-Carlo simulations. To be published
in Radiat. Prot. Dosim. (1993).
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Project 2
Head of project: Dr. K.A. Jessen

Objectives for the reporting period

To modify and improve existing equipment used for variance-covariance measurements in
pulsed therapeutic radiation beams of high dose rate in order to extend the use of the method
to "continuous" radiation fields as fx. used in diagnostic radiology. Development and testing
of suitable detectors and the necessary electronics applicable for variance-covariance
measurements in such beams using the ionisation mode. Adjust and extend computer
programs for data processing in this mode and performe measurements of different beam
qualities.

Progress achieved

The variance-covariance method is a measuring technique designed especially for measure-
ments of the microdosimetric dose averaged lineal energy ¥, in fluctuating radiation beams.
The advantage of this technique is due to the employment of two detectors instead of only
one. In previous research equipment for the variance-covariance method has been developed.
Two commercially available detectors were used and results were obtained for pulsed
therapeutic x-ray and electron beams (H.B. Honoré et al, 1990). The situation in a continuous
beam is somewhat different. The measurements must be based on integration of the signal
from the detectors and this was not possible in the commercial detectors without radical
changes in their construction. To make a successful charge integration in the variance-
covariance-technique, integration of charge from both detectors in separate integrators in
simultaneous intervals must be possible.

A new detector-pair of cylindrical shape made of A-150 tissue-equivalent conductive plastic
has been produced with suitable guard electrodes and placed in a vacuum housing with
shielded wire connections at ground potential to prevent charge pile-up in the wires. The final
version was designed after experience gained from a cylindrical detector-pair made of solid-
water coated inside with Aquadac. In the recognition, that the spherical shape is not needed
because of the non-isotopic beams (the beams investigated have always a well defined beam-
direction) the cylindrical shape was chosen in preference to the spherical and in addition, the
cylindrical chambers are easier to manufacture, and are more suitable for module
construction. The experimental arrangement is shown in Figure 1.

The charges produced in the detectors are fed directly into two computer controlled
electrometers (Keithley 617 programmable). After appropriate amplification the analog signals
pass on to a multifunction data acquisition board with simultaneous sample - and - hold
capabilities (DATA TRANSLATION 2818). The values are digitised by an analog-digital-
converter on the acquisition board and transferred by Direct-Memory-Access (DMA) to the
computer for further data processing.

Measurements have been performed using the electrometers as A/D-converting instruments.

The integration time given by the A/D-conversion rate of the electrometers were fixed at the
highest level in order to obtain the highest possible resolution of the varying signals.
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Fig. 1 The experimental arrangement for measurements in continous radiation beams

Unfortunately this integration period is quite high (780 msec) resulting in a unrealisticly long
overall measuring time especially for diagnostic equipment if a stastically sufficient number
of datapairs is to be collected.

The method of measurements has to be changed to much shorter integration intervals in the
order of 5 msec giving smaller signals and shorter total data collecting time. Shortening the
integration time results in increasing noise on the data. The noise appears as "ripples”
overlaying the "real" variance of the consecutive sequences of data-pairs, and in fact shows
negative pulses indicating loss of charge. A computer program has been developed making
it possible to chose over a broader dynamic range of integration time and at the same time
collect very large samples of data-pairs. The negative datapulses can be eliminated either by
increasing the integration time adequately to an optimized level or by running a noise
reduction algorithm designed to identify and remove the noise pulses. The later approach is
very delicate because one must be able to distinguish between noise and "real" variance. The
former approach involving optimizing of integration time has improved the quality of the data
considerably, but has to be further optimized before final calibration. Measurements showing
the tendency in the beam quality range from 150 kV to 250 kV have been performed and the
results are shown in Fig. 2 (H.B. Honoré et al, 1992).
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Fig. 2 The dose mean lineal energy for conventional X-ray beams in arbitary units

Discussion: The experience gained by performing measurements in the proportional mode in
pulsed undisturbed radiation beams from a linear accelerator has been used to modify and
extend the variance-covariance microdosimetric measuring technique to the use of ionisation
mode in "continuous” therapeutic and diagnostic radiation beams. The fact that there seems
to be a narrow range for optimal operation has made the experimental method more difficult
than originally expected. The compromise between lowering the signal to decrease integration
time and increase the signal to obtain and acceptable variance has to be optimized very
carefully. It will probably still be necessary to operate a noise reduction algorithm in order
to eliminate negative data pair. Before that it is necessary to investigate the noise profile on

the signals very carefully. Essential parameters are also the charge collection in the detectors
and the determination of the collection volume. A final test of the method and the measured
dose mean lineal energy values of therapeutic and diagnostic radiation beams could be
measurements with detectors operating in the proportional mode. Development of less
sensitive detectors of smaller sizes has then to be performed.

H.B. Honoré, K.A. Jessen and H.H. Nielsen. Variance-Covariance measurements of the
Dose Mean Lineal Energy in Beams for Radiotherapy. Rad.Prot.Dosim., 31, 453-455 (1990).

H.B. Honoré, L.C. Jensen, K.A. Jessen and H.H. Nielsen. Variance-Covariance Measure-

ments in Therapeutic and Diagnostic Radiation Beams of different Qualities, Submitted to
Rad.Prot.Dosim. 1992.
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Project 3
Head of project: Dr. Lindborg

Objectives for the reporting period

The objects were :

-To compare the two different electrometer types ( capacitor and resistor feed-back
respectively) concerning there electronic noise characteristics.

- To investigate the dependence of ypy with radiation quality and with object size in X-ray
beams.

-To complete measurements in water with ionization chambers to be able to calculate the
absorbed dose both from a 60Co calibration and from calibration in X-rays.

-To simulate the measurements with Monte Carlo calculations.

Progress achieved

The construction of the electrometer amplifiers, i.e. an amplifier with very low input leakage
current, have been completed. For comparison two types were constructed: charge integrating
and current measuring amplifiers. For covariance measurements both channels were equipped
with electrometers of the same type.

The integrating amplifier (charge-to-voltage converter) had a feed-back capacitor as shown in
Figure 1. Samples were taken on the increasing output voltage at known time intervals, AT,
defining the integration time of a single measurement. The time intervals were normally set
between 0,1 and 10 seconds. The digital voltmeter had the ranges 20 V, 2 V or 200 mV full
scale with 4%, 5% or 6 digits, giving a resolution of 1 mV to 100 nV. With a feed-back
capacitor value of 100 pF this corresponds to a resolution of 100 fC to 10 aC per digit. A low
leakage reed relay was used to discharge the feed-back capacitor, to avoid amplifier saturation.
A special relay connection reduces the leakage current and virtually eliminates the stray
capacitance parallel to the feed-back capacitor.

Reset relay

data {to
computer}

DIGITAL
VOLTMETER

ELECTROMETER
AMPLIFIER

SIGNAL
CURRENT
GENERATOR

CLOCK
GENERATOR

Figure 1. Integrating amplifier
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The current amplifier (current-to-voltage converter) had a feed-back resistor as shown in
Figure 2. 1t is followed by a voltage-to-frequency converter (U/f-converter), which in practice
makes it integrating. The U/f-converter has one output for each voltage polarity. The scale
factor can be set to 10 V/MHz, 1 V/MHz, 100 mV/MHz or 10 mV/MHz. The zero crossing
error is low (less than 5 Hz). The feed-back resistor value is approx. 10 GQ. The combination
of electrometer and U/f-converter gives a total resolution adjustable from 1 fC per pulse (or

1 fA/Hz) to 1 aC per pulse (1 aA/Hz). The integration time intervals, defined by the gate time
for the counters, were chosen between 0,1 and 10 seconds. The counters had each eight
decimal digits (max. 108 pulses). For covariance measurement with the resistor feed-back
electrometers the stray capacitances parallel to the resistors had to be adjusted to get equal
time constants for the two channels (11 ms, i.e. much shorter than the integration time
intervals).

data (to
computer)
| 07 MH21 countER
#
1 |-t M2
—»{ COUNTER
H
SIGRAL  ELECTROMETER
CURRENT  AMPLIFIER
GENERATOR
TIME BASE
Figure 2. Current amplifier

The charge as well as the current amplifier has a MOS input operational amplifier, type
CA3420 (Harris) as input stage. It is supplied with a minimum allowable voltage (2,0 V single
supply) to assure low leakage current (10 fA). It is cascaded with a MC1436 (Motorola) as
output amplifier to give a wide output range (with +24 V supply voltage). Shielded separation
between the two stages gives virtually zero stray capacitance between input and output.

The main noise sources have been recognised as the following:
-Thermal resistor noise (for a 10 GQ resistor this gives a standard deviation in the current

equal to 1,26 fA/\/ ).

-Shot noise (due to the standard deviation of a limited number of electrons collectcd)
-Amplifier input voltage noise applied over the resistor at the input and over the input

capacitance (specified by the manufacturer).

-Resolution of the read-out instruments (volt meters and counters, respectively).

-Hum and disturbances from power supplies and other equipment.

Figure 3 and Figure 4 show the theoretical variance of the noise current for the different noise
sources and their sum (called total noise). In the figures the variance is plotted as a function of
the integration time in a single measurement. The figures also show the measured noise
variance (called leakage variance). The measurements were made with detectors connected to
the amplifiers but without irradiation. The cable length between the detector and the amplifier
were 3,3 m for the integrating and 0,7 m for the current amplifier. The measured current
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(leakage current) was about 20 fA and the theoretical value for the shot noise variance in
Figure 3 and 4 was calculated for this value. For the integrating amplifier a feed-back capacitor
of 100 pF was used. The resolution was 5 % digits and the range 0,1 V corresponding to 1 uV
in the last digit. The current amplifier was used with the range 10 mV corresponding to 1 aC
per pulse. In the figures it can be seen that the measured noise variance is a factor of 3 higher
than predicted by the theory for the current amplifier and a factor of 100 higher for the
%ntegrating amplifier and an integration time of 0,1 s. The difference is less with longer
integration time.
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Figure 3. Integrating amplifier

At this current and for the current amplifier the total noise variance is dominated by the
thermal noise (in the Figure 4 these two curves are overlapping). For the integrating amplifier
at this current the shot noise and the resolution is approximately the same. Comparing the two
amplifier techniques it can be seen that there is no significant difference in the measured noise
variance at the overlapping time interval. The difference between the measured and the
theoretical variance for the current amplifier seems to be acceptable. For the integrating
amplifier the large difference is not yet understood.

To investigate the possibility to measure ypy for small object sizes with the variance-covariance
method measurements were done with two spherical chambers. Model A4 has an inner
diameter of 38,1 mm and model A5 has an inner diameter of 57,2 mm. The wall of the
detectors were made of C-552 plastic. The detectors were placed in a cylindric plastic
container filled with air. The detectors were both placed on the central beam line, separated 50
mm, with the smallest detector closest to the X-ray tube. The measurements were made with
pressures from 0,015 kPa to 3 kPa corresponding to object diameter between 6 nm and 2 pm.
The preliminary results of the measurements are given in Figure S, where the results for both
chambers are plotted. The result marked A has not been corrected for the variance in the
leakage, while in the result marked B a leakage variance has been subtracted. The figure shows
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that down to around 20 nm the leakage variance is small, but becomes quickly dominating
below that point. The way to treat this correction is not yet fully understood.
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Figure 5. Dose mean lineal energy as function of the object size
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THE MEASUREMENT OF ENVIRONMENTAL GAMMA DOSES

Contract Bi7-027 - Sector A12

1) Bprter-Jensen , Risg National Laboratory - 2) Lauterbach , PTB
3) Delgado Martinez , CIEMAT

Summary of project global objectives and achievements

The aim of this project was mainly to determine and analyse the response of different
active doserate meters and passive integrating TL dosemeters for measuring the
environmental background photon radiation and to establish reference calibration pro-
cedures to enable an international intercomparison of measuring results. To ensure that
measurements can be made with sufficient accuracy, it is necessary to determine the
detector responses to cosmic and terrestrial radiations and to take into account the
inherent instrument/dosemeter background and linearity at low dose rates.

Studies of instrument/dosemeter calibration methods included free-field and shadow-shield
calibrations using certificated **’Cs, ®Co and *Ra gamma sources where the ground
albedo, air build-up and room scatter components for a variety of source-detector
geometries and surroundings were calculated by the Monte Carlo code MCNP. Calculated
doserate values compared very well with those obtained from field calibrations using a
variety of environmental dose rate meters. Field measurements were further performed
at Risg to determine the detector/dosemeter responses to terrestrial and cosmic radiation.

The determination of instrument/dosemeter linearity, angle- and temperature dependence
and inherent background were performed in the newly established low-level underground
measurement laboratory (PTB/UDO) at 925 m depth in the Asse saltmine facility where
the radiation background is less than 1 nGyh™. The photon energy responses were
determined using different gamma sources in addition to 6 MeV photons provided by an
accelerator installation at the PTB laboratories.

Environmental monitoring with integrating TL dosemeters were improved by introducing
a new-developed evaluation method based on numerical analysis of the glow curves which
especially has proved to be important for assessing the individual dosemeter background
for the initial dose readout. Glow curve analysis computer programmes were successfull
developed at CIEMAT both for linear and non-linear heating of TL dosemeters. The
Asse underground laboratory formed a unique basis for studies of self dose and
temperature effects of different TL dosemeter materials normally used for environmental
monitoring.

Special emphasis from all the participants was laid on studies of long term air-kerma rate
measurements around the Hinkley Point Nuclear Power Station (UK) to assess how
different detector types respond to small variations of the background due to the release
of “Ar plumes and the direct 6 MeV "N radiation. The integrated air kerma values
from each of the radiation components were evaluated from the measurements and
compared with those from TL dosemeters placed on each active detector.
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Four monitoring systems equipped with different types of detectors were used over the
period 6 November 1990 to 7 March 1991. The two systems from Physikalisch-Technische
Bundesanstalt (PTB) used a proportional counter and a plastic scintillation detector and
recorded the photon dose equivalent rate every 10 minutes. Both the monitors supplied
by Risg National Laboratory, which used a high pressure ionisation chamber (Reuter
Stokes RSS-111), and the Geiger-Miiller detector system from the GEC, UK recorded the
air-kerma rate every 5 minutes.

Over the period 6 November, 1990 to 7 March, 1991, the four detectors were located
approximately 200 metres S.W. of Hinkley Point, a Power Station which operates two
Magnox reactors. In addition to the kerma rate measurements, coincident records of the
wind speed, wid direction and reactor operation history were obtained. Over the four
month period of the measurements both the two reactors, R1 farthest from the measure-
ment location and R2 nearest to the detectors, operated at pawer levels in the range from
0 to 943 MW(t).

Over a shorter 2 month period 11th January to 7th March, 1991, TLD dosemeters
supplied by CIEMAT, Spain were also exposed at the same position as the active
detectors. Two types of TL dosemeters were used. A non-discriminating LiF TLD-100
dosemeter for dose measurements and a discriminating dosemeter based on the
Panasonic UD-802 combining Li,Bo,:Cu and CaSO,:Tm detectors under different plastic
and lead filters.

At the measurements location there are two contributions to the photon air-kerma rate
from the power station. The 1.29 MeV photons from the **Ar discharge plume, which is
present when the wind direction is from the station and the direct radiation predominately
due to the 6.13 MeV (approximately 68%) gamma ray emissions of the 7.13 second half-
live 1N isotope. This is produced in the Co, coolant gas via the *O (n,p) '*N reaction.

On the last day of the experiment the photon spectrum of this radiation was confirmed
by measurements made with a portable intrinsic Ge spectrometry system of the PTB.

At the measurement location the measured air kerma rate K, ,, of a detector at any
instant line is given by the following equation

Ko = [Ke (K) + &, (K) + ke (Kar) + Kgir Kai)] - Ry

where k,, k,, k,, and kg, are the response of the detectors to cosmic radiation, terrestrial
gamma radiation, “*Ar and the direct radiation from the power station respectively;

K, K, KAS and K, are the air kerma rates from cosmic radiation, terrestrial gamma
radiation, 'Ar and the direct radiation from the power station respectively. R, is the
contribution to the reading of the instrument from internal radioactive contamination
and/or electronic noise.

The measured, uncorrected variations in air kerma rate as measured by three of the four

active detector systems over the TL integration period 11th January to 7th March 992 are
shown in Fig. 1.
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Fig. 1. The measured, uncorrected variations in air kerma rate as
measured by three of the four active detector systems over the TL
integration period 11th January to 7th March 1992.
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A more detailed analysis was made of the results over the two month period that the
TLD’s were exposed. By comparing the power levels and the measured air kerma rates
for each system sample period it is possible to separate the responses of the instruments
to various components of the radiation field. From this information the integrated air
kerma over the 2 months for these radiation components were calculated for three of the
four active dose rate meters used (one system malfunctioned during the period) and the
TL dosemeters. These results are shown in Table 1.

Table 1 - Integrated Air Kerma in £Gy from the Different Radiation Components

Detector System Air Kerma (4Gy)
Background “ar Direct Totat
K, + K, (6 MeV)
Proportional Counter 1447 363 494.2 6752
High Pressure Jonisation Chamber 1174 314 3403 489.2
Geiger Miiller Counter 98.4 271 4098 5353
LiF TLD-100 - — —— 422
CaSOy : Tm — - — 408
Discriminating Dosemeter - — — 407

The results were corrected by response factors for the three detector systems and for the
TLD’s. The values of K, can be taken to be equal to the response to Co-60 radiation.
The values of K were determined from measurements of the cosmic radiation on the
Roskilde Fjord at Risg and the values of R, were determined in the Asse sait mine. The
values of K, can be assumed to be numerically equal to the response to **Ra for
detectors whose response varies significantly over the photon energy range 0.5 MeV to
1.25 MeV, whilst for those detectors whose response varies little over this range their
response to Cs-137 is used. The results corrected for these response values are shown in
Table 2.

Table 2 - Values of Air Kerma Corrected for the Detector’s Response

Detector Type Air Kerma (gGy)
K Cosmic Har Kgir Total
6MeV
Proportional Counter 66.1 4.4 289 3019 4413
High P lonisation Chamb 70.5 432 314 2825 427.6
Geiger Miiller Counter 58 43 264 2533 381
LiF TLD-100 68 438 28 259 403
CaSO, : Tm 67 51 29 256 403
Discriminating Dosemeter 377

There is a very good agreement of the estimations of the air kerma arising from the *!Ar
radiation, in spite of this being the smallest contribution to the total dose at the
measurement location. The different detetcors also give consistent estimations of the
highest dose component from the 6 MeV photon radiation.
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Project 1
Head of project: Dr. Bgtter-Jensen

Objectives for the reporting period

Al Monte Carlo calculations of the air kerma rates for different free-field calibration
geometries using certificated '¥’Cs, °Co and **Ra sources.

A2 Monte Carlo Calculations of the scattered air kerma radiation for different
shadow shield calibration geometries using certificated *’Cs, ““Co and **Ra
sources.

A3 Refinement of Monte Carlo calculations of free-field calibration geometries
where surrounding buildings and detector energy responses etc. were taken into
account.

A4 Free-field and shadow-shield calibrations of different detector types using
certificated ¥7Cs, %Co and Ra sources and the determination of detector
responses from terrestrial and cosmic radiations.

B.1 Long term measurement studies at Hinkley Point Nuclear Power Station of the
variation of the ambient radiation due to “’Ar plumes and the N 6 MeV
radiation.

B.2 Detailed analysis of the Hinkley Point long term measurements using precise
calibration data and detector response information obtained from free-field and
6 MeV (accelerator) calibrations.

Implementation of the CIEMAT glow curve analysis technique in Risg TL
environmental monitoring procedures (non-linear heating).

D Final report to be presented to the CEC and publications.

Progress achieved including publications

1. Studies of calibration methods and field measurements

Instrument/dosemeter calibration studies included free-field and shadow-shield geometries
where ground albedo, air build-up and room scatter components for a variety of source-
detector geometries were determined using Monte Carlo calculations (MCNP code). Field
experiments included the determination of the detector responses to terrestrial and
cosmic radiations.

1.1  Monte Carlo calculations of the air kerma rate for open free-field geometries

The MCNP code has been used to calculate the air kerma rate from sources of ¥°Cs,
9Co and ?Ra in different source-to-detector distances in a free-field geometry on a flat
ground (open field). The elemental comparison of soil, air and source material which are
needed for these calculations can be extended to more complex geometries including
surrounding buildings, trees etc.

At the detector point the air-kerma rate, K, has three components: the uncollided kerma
rate, K, ., from photons emerging from the source; the scattered kerma rate from the
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ground, K, Originating from photons leaving the ground surface into the detector
point after one or more scattering reactions in the air/ground media; and finally the
scattered kerma rate from air, K,;, originating from photons leaving the air into the
detector point after one or more scattering reactions in the air/ground media.

From special features in the MCNP code regarding photon importance and photon
energy distribution it is possible to separate these components:

K= Kuncol + ngound + Kaiz = Kuyncor + Kscattaz (1)

For a given radionuclide the energy distribution of the air kerma rate from scattered
photons at the detector point will depend on the measurement geometry, viz. the source-
to-detector distance and the distance of the source/detector above the ground. Such a
distribution is shown in Figure A.1.1. for a ¥’Cs source. The source-to-detector distance,
D, is here 3 metres and both source and detector are elevated 1 metre above ground. The
total scattered air kerma for this geometry has been calculated as: K, e, = 0.12 * K.
Consequently, the total air kerma rate, K, can be expressed by the uncollided air kerma
rate, K,

, ; ; , (2)
K= Kuncol * Kscatcez =1.12 . K

uncol

which implies that uncollided photons contribute with approximately 88% of the total air
kerma rate, K, and scattered photon with the remaining 12% for which the energy
distribution is shown in Figure A.1.1.
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Figure A.1.1. Energy distribution of the relative free-field air kerma rate from a >'Cs source at a distance of
3 maetres.
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If the response of a given detector as a function of the photon energy, E, is r(E), the
instrument response, R, to the total air kerma rate, K, having a spectral distribution, k(E),
as shown in Figure 1, can be calculated as:

n (3)
= Y K(E;): r(E))

=
where n is the number of photon energy intervals used in the spectral calculation.

In Figure A.1.2. the MCNP calculated ratios of total scattered to uncollided air kerma
rates are shown for the three sources *’Cs, ®Co and ?Ra as a function of the source-to-
detector distance (D) and with the source and detector elevated 1 metre above ground.

The material composition of the soil specified in the calculations is that for dry "Risg-soil":
0O (53.5%), Si (34.3%), Al (3.8%), Fe (1.8%), K (1.,7%), Ca (1. 65), Mg (1.4%) and
remainder (1.9%). The density of the soil is assumed to be 1.37 gem™.

The results shown in Figure A.1.2. of the scattered air kerma rates have been separated
in contributions from air and ground. The scattered photons from the source material
have been accounted for as unscattered photons. Detailed calculated values are published
elsewhere (see publication list) for source-to-detector dosemeters from 0.5 to 50 metres.
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0.4}
M GOCO
3
] » 22%Rg
g 0.3
~
-
3
g 0.2 ‘-—1—————“
et Source H=1 m Detector
/722 v
0.1
0.0
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Figure A.1.2. Relative scattered free-field air kerma rates from 137¢s 80Co and 26Ra sources as a function of
distance.
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1.2 Monte Carlo calculations of the air kerma rate for shadow-shield geometries

Relative values of the air kerma rates from scattered photons have been calculated for
the radionuclides **¥’Cs, ®Co and *Ra in a shadow-shield facility at Ris@ for source-to-
detector distances of 3, 4 and 5 metres. The actual calibration room is made of concrete
(walls, floor and ceiling) and the dimension are 12 x 6 x 2.2 m. The shield was of lead and
dimensions 16x16x10 cm. The relative scattered air kerma rates without the lead shield
contribute with 20-60% of the uncollided air kerma rate depending on distance and
nuclide.

1.3 Monte Carlo calculations of the air kerma rate for free-field geometries in an
enclosed garden environment

To see how buildings and other objects affect the scattered radiation, relative values of
the air kerma rate from scattered photons have been calculated for the nuclides *’Cs,
Co and *Ra in free-field calibration geometries inside an enclosed rectangular garden
environment (30 x 90 metres). The garden containing plants and trees is surrounded by
laboratory buildings on four sides.

On comparing the MCNP calculated values with measured values it is concluded that
surrounding buildings and trees, if not closer to'the source and detector than 10 - 15
metres, will have insignificant influence on the total air kerma rate, Details are published
elsewhere (see publication list).

1.4  Comparison of calculated and experimental results

The Monte Carlo calculated air kerma rate values have been compared with values
measured by a varity of environmental dose rate meters during previous CEC sjgonsored
intercomparison studies of free-field calibration experiments using certificated **’Cs, ®Co
and “#Ra sources.

The mean values of the ratios of measured to calculated total air kerma rates, K;../K.,
obtained in the free-field calibrations from three groups of environmental dose rate
meters that comprised 8 ionisation chambers, 5 plastic scintillators and 4 energy-compen-
sated GM and proportional detectors are presented in Table A.4. As can be seen from
the ratios in Table A.4 very good agreement was found between the calculated and
measured air kerma rates.

A paper containing detailed descriptions of the Monte Carlo calculated scattered
contributions to the total air kerma rates in different free-field and shadow-shield
calibration geometries has been submitted to Radiation Protection Dosimetry (by 14.
April 1992) for publication.
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Table A.4. Mean values of measured-to-MCNP-calculated ratios of total air kerma
rates, I.(m,a,/f(cu,, obtained for three different groups of environmental dose rate
meters in free—field calibration ezperiments at source-to-detector distances of 8, 5§
and 10 metres using certificated 37 Cs, ®°Co and **Ra gamma sources.

Mean values of measured-to-MCNP calculated total air kerma rates, K,,.,.,./f(cal
Free-field
No. of
Detector instruments
1370 8000 226,

Distance: 3 metres

Ion.chambers (mean) 8 1.004 £+ 0.024 1.001 & 0.021  0.982 £ 0.021

Plastic scint. (mean) 5 1.007 £ 0.009  0.993 &+ 0.060 0.961 & 0.054
" GM + prop. detec. (mean) 4 0.988 + 0.034  1.006 £ 0.027  0.994 £ 0.025

Total instruments (mean) 17 1.001 £0.023  1.000 +£0.036  0.979 + 0.035

Distance: 5 metres

Ion.chambers (mean) 8 1.000 + 0.013  0.995 £ 0.014  0.989 £ 0.018

Plastic scint. (mean) 5 1.020 £ 0.033  1.002 £ 0.069  0.969 £ 0.052

GM + prop. detec. (mean) 4 0.990 £ 0.022  1.002 + 0.014 0.978 + 0.042

Total instruments (mean) 17 1.004 £ 0.024  0.999 £ 0.036  0.981 £ 0.035

Distance: 10 metres

Ion.chambers (mean) 8 0.989 £ 0.016  0.991 £ 0.029  0.979 + 0.037

Plastic scint. (mean) 5 1.001 £ 0.042  0.987 £ 0.075  0.960 X 0.067

GM + prop. detec. (mean) 4 0.963 + 0.046  0.997 & 0.017  0.944 =+ 0.090

Total instruments (mean) 17 0.986 & 0.034  0.991 £ 0.043  0.965 % 0.059

2.1  Long term measurements at the Hinkley Point Power Station (UK)

Continuous measurements of the air kerma rate at the Hinkley Point Power Station were
successfully completed partly under a Risg subcontract with LM.G. Thompson (UK) using
four different designs of active monitoring systems in addition to passive integrating TL
dosemeters. Details are given in section I of this report and in a paper being submitted
for publication in Radiation Protection Dosimetry.

2.2 Analysis of the Hinkley Point Power measurements

Comparison of results from the four active detectors shows that though they all very
closely followed the variations in air kerma rate with time, they did not give agreement
on the magnitude of the different radiation components. Figure B.2 shows an example of
the air kerma rate variations for a period during January 1991 as measured by the high

pressure ionsation chamber as provided by Risg National Laboratory and by the UK GM
counter.
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Figure B.2. The air kerma rate variations at the Hinkley Point

Power Station in January 1991 as measured by a Reuter Stokes
high-pressure ionisation chamber (RS-system) and a GEC GM counter
(GM—-system) .
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The Hinkley Point experiments clearly demonstrated that accurate measurements of doses
in the environment. arising from a nuclear facility can only be obtained if continuous
measurements are made and the detectors response to the different natural and man
made radiation components at that location are accurately evaluated.

3. Implementation of glow curve analysis technique (CIEMAT) in the Risg TL

The Implementation of the glow curve analysis technique developed at CIEMAT into the
routine environmental TL monitoring at Risg was successfully completed under a
collaboration between RIS@ and CIEMAT by creating a new computer programme fitted
to a special non-linear hot gas heating system. The results are described in a paper
accepted for presentation at the 10th Solid State Dosimetry Conference in Washington
July 1992 (Proceedings to be published in Radiation Protection Dosimetry).

lication

Bgtter-Jensen, L and Hedemann Jensen P.

Determination of Scattered Gamma Radiation in the Calibration of Environmental Dose
Rate Meters. Submitted for publication (by 14 April 1992) in Radiation Protection
Dosimetry.

Gomez Ros, .M., Muifiz, J.L., Delgardo A., Botter-Jensen, L and Jgrgensen, F.

A Glow Curve Analysis Method for Non-Linear Heating Hot Gas Readers. Accepted for
presentation at the 10th Solid State Dosimetry Conference, Washington DC July 1992
(Proceedings to be published in Radiation Protection Dosimetry).

Thomson, LM.G., Batter-Jensen, L., Lauterbach, U., Pessara, W., Delgado, A. and Saez-
Vergara, J.C., The Assessment of External Photon Dose Rate in the Vicinity of Nuclear
Power Stations; An Intercomparison of Different Types of Monitoring Systems. To be
submitted to Radiation Protection Dosimetry.
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Project 2
Head of project: Dr. Lauterbach

Objectives for the reporting period

1.1  The measuring facilities in UDO
1.2 The 6 MeV calibration facility
2.1  Measurements in UDO
- Inherent background of the dose rate meters
- Linearity at low air kerma rates
- Angle dependence of the detector responses at low air kerma rates
- Energy dependence of the detector responses at low air kerma rates
2.2  Measurements at the 6 MeV facility

- Calibration measurements
- Build-up measurements

2.3  Analysis of Hinkley Point measurements

Progress achieved including publications

1. Facilities for the measurements
1.1  The new Asse low level laboratory "UDO" of the PTB

In 1991 the low level laboratory "UDO" of the Physikalisch-Technische Bundesanstalt (PTB)
was established in the Asse salt mine near Braunschweig.

The laboratory is made of a special construction material with a very low content of
radionuclides (below 1.5 Bq/kg) which consists of a resin coated laminated paper. The
temperature in this facility is controlled by an air condition system and is stabilized at a value
of 22.5°C.

Recent measurements using a proportional counter have shown a value of 0.6 nGy/h for the
background radiation level.

Measurements of the radon concentration inside the laboratory will be performed in the near
future.

A collimated beam irradiation facility produced photon fields from various radionuclides with
air kerma rate levels from 10 nGy/h up to 250 nGy/h. The radionuclides with the appertaining
air kerma rates at a distance of 1.79 m from the sources are given in Table 1.

The air kerma rates of the various sources are determined by a secondary standard ionisation
chamber of the PTB.
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The photon beam of this facility hits only the back wall of the calibration room thus avoiding
backscatter from the ceiling and the floor.

The background radiation level is further reduced by a factor of 10 in a lead shielded box in
this room which has the size 50 cm x 50 cm x 80 cm. This facility is mainly provided for the
determination of the inherent background of environmental dose rate meters.

A turntable is available for measurements of the dependence of the response on the angle of
the incident radiation. More details are given in [1].

Table 1
Air kerma rate
Radionuclide at a distance of
1.79 m*
nGy/h
137 Cs 9.99
137 Cs 19.1
137 Cs 46.3
137 Cs 89.8
137 Cs 178
241Am 88.5
57Co 145
137Cs 192
60Co 223

* related to 04.03.1992
1.2 6 Mev calibration facility at the PTB

High energy photons for the calibration of dose rate meters are produced by the reaction
19F (p, o ) 160 using accelerated protons with an energy Ej of 2.7 MeV irradiating a target
of CaFj. To reduce the contamination of the photon beam by electrons the target is shielded
by a cap made of perspex. The air kerma rates in this field are determined by the spectral
photon fluence measured by a Ge(Li) - spectrometer and by measurements with a 0.5 cm?
ionisation chamber with a total wall thickness of 2.5 g/cm3.

The energies of the photons lie mainly in the 6 - 7 meV range. The properties of this photon
field for calibration are described in detail elsewhere [2].

Dosimetric measurements of the air kerma rate in the 6 - 7 MeV photon field with build-up
caps for increasing the wall thickness of the detector have shown a decrease of the reading.
The reason for this effect is the contamination of the photon field by high energy electrons.
The source of the electrons is the decay of the first excited state of 160 which has the same
spin and parity as the ground state (O%), i.e. a photon transition is impossible. This state is
de-excited by means of pair production. The emitted electrons have an energy of about 2.5
MeV. There is no influence on the measured air kerma rate if sufficient thick build-up caps
with 2.5 g/cm? are used for these photon energies. The range of the electrons in the perspex is
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only in the order of 1.2 g/cm2.

The angular distribution of the air kerma rate is constant within 2% within an angle range of
+ 5° for an incident proton energy of 2.70 MeV.

This calibration facility for high energy photons is established in the low-scatter area of the
accelerator plant of the PTB[3].

2. Results

During this intercomparison four detector types for environmental dose rate meters were
involved:

- High pressure ionisation chamber (HPC)

- Scintillation detector (SCI)

- Proportional counter (PC)

- GM counter (GMC)

2.1  Measurements in "UDO"

The following properties of these detectors were determined during this intercomparison
programme:

- Inherent background for HPC, PC, GMC
- Linearity for PC

- Angle dependence for HPC and PC

- Energy dependence for PC

There were various technical problems to operate the "Funksonde"” with the scintillation
detector at very low air kerma rates especially due to the built-in software which was
developed for another purpose. Therefore not all measurements could be taken in the
laboratory "UDQ" with this instrument.

In Table 2 are presented values of the inherent background in nGy/h which were detemined in
the lead shielded box.

The measured value of the proportional counter FHZ 600 A corresponds very well with the
background reported by the manufacturer. It amounts about 15% of the normal natural
background. The indicated inherent background of the high pressure ionisation chamber
RSS-111 seems to be more than 12 times lower than those of the PC.

Inherent contamination of the construction material by radionuclides and leakage currents as
well as dark currents are the main sources of the indicated inherent background of these
instruments.

Table 2
HPC SCI PC GMC
1.0 <5 12.4 -

The linearity of the indication of the PC at low air kerma rates was investigated with the set of
137Cs sources producing radiation levels from 10 nGy/h up to 180 nGy/h. In Fig. 1 the
readings are presented versus the applied radiation fields. The offset with 13.4 nGy/h of the
linear relationship corresponds fairly good with the background reading of the PC with 13.2
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nGy/h in the calibration room. The slight difference may be caused by scattered radiation from
the back wall of the calibration room.

Figures 2 and 3 demonstrate the dependence of the response on the angle of the incident
radiation for the HPC and PC. Fig. 3 shows clearly that for the PC the dependence on the
angle is also dependent on the photon energy. In this case the preferred direction is
perpendicular to the axis of the cylindrical detector. As mentioned in [4] this must be also
taken into account for calibration measurements with the shadow shield method. The detector
must be irradiated in its preferred direction. Otherwise the calibration is in error.

The energy dependence of the response of the PC was investigated with the 4 photon energies

EY of the 241Am-, 57Co-, 137Cs- and 60Co- sources of Table 1. The dependence of the
response on the photon energy can be approximated by the third order polynom

E(By) = 1.398 [IgEY)]? - 9.767 [IgEY]2 + 22.35[IgEy)] - 15.74

using the 4 measured values. The comparison with the dependence measured by 12 different
photon energies yields a fairly good approximation by the polynom. This shows that the
energies of the 4 photon sources are sufficient to investigate the energy dependence of the
response of this kind of detectors.

2.2 Measurements at the 6 MeV calibration facility

- Calibration measurements
- Build-up measurements

The calibration measurements were performed at three different distances from the high

energy photon source: 2 m., 3 m. and 4 m. In Table 3 are presented the reference values and
readings of the dose rate meters in the calibration photon field.

Table 3

Dist. Ref. | HPC || Ref. SCI || Ref. PC Ref. | GMC
Val. Val. Val. Val.
m nGy/h § nGy/h |InGy/h | nGy/h |inGy/h | nGy/h ||nGy/h | nGy/h

2 665.2 786.4 - - 682.3 | 1202.6 - -
3 312.1 357.7 - - 3050 | 523.0 - -
4 176.2 196.5 || 171.7 | 162.8 |} 176.2 | 294.5 - -

Due to problems with the software only measurements at 4 m distance could be evaluated for
the "Funksonde" with a scintillation detector.

Table 4 shows the mean values of the responses for 3 of the 4 investigated detectors calculated
from the values at the three distances.
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Table 4

HPC SCI PC GMC

1.148 0.95 1.716 -

Build-up measurements were performed with the GMC and the PC. The GMC showed the
same behaviour as the measurements describerd in [2] a decreasing reading with increasing
wall thickness up to the point where all electrons are absorbed (up to 6 g/cm2).In the contrary
such effect could not be observed fot the measurements with the PC. Taking into account the
attenuation of the photons in the buid-up slabs of perspex (up to 6 g/cm?) no decrease of the
reading was found. Due to the construction of this detector the electrons are absorbed in its
wall.

2.3  Analysis of Hinkley Point measurements

A detailed analysis of the long term measurements at Hinkley Point nuclear power station was
performed under consideration of the calibration measurements, of the detector responses for
terrestrial-, cosmic- and high energy radiation and of the inherent background.

A common publication of all participants has been prepared [5].
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Figure 1 - Dependence of the readings of the PC FHZ 600 A on low air kerma rates
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Figure 2 - Angle dependence of the reading on the incident direction of photons for the HPC
RSS-111 presented as differences from the mean value of 147 nGy/h for 137Cs
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Figure 3- Angle dependence of the response on the incident direction of photons from
various radionuclides for the PC FHZ 600 A; 241Am —, 57Co - - -, 137Cs - - -,
60Co +———

-138 -




Project 3
Head of project: Dr. Delgado Martine:z

Objectives for the reporting period

a)

b)

c)

d)

e)

Refinement of computer programmes for the evaluation of glow
curves obtained with linear and non linear (hot gas) heating
methods. Determination of the TLD-100 operational performance
for low dose measurements (10-100uGy) (CIEMAT-RISO).

Study of the modifications experienced by LiF TLD-100 glow
peaks in severe ambient conditions. Characterization of
temperature effects during long exposure intervals. (CIEMAT).

Estimation of dose using several types of TL dosemeters at
Hinkley Point Power Station (RIS@-PTB-CIEMAT).

Determination of self-dose characteristics of TLD materials
(Asse Mine). Study of the influence of non-radiation induced
TL peaks.

Support with TL measurements to be carried out as part of the
common research project with RIS@ and PTB.

Progress achieved including publications

a)

The integrity of the CIEMAT Simplified Glow Curve Analysis
(SGCA) programme for LiF TL dosemeters was proved in field
conditions. Improvements in the reliability and operational
quality in the lower dose range for TLD-100 were appreciated,
extending the conventional lower detection 1limit. After
including some new programme utilities with the purpose of
facilitating its use, the SGCA is fully operative.

Further improvements have been introduced in the CIEMAT
analysis programmes resolving complex glow curves into
individual peaks. In particular, new and highly accurate
approximations for different kinetic orders together with an
elegant and rapid procedure for peak area calculation. The
purpose of this research line is to refine as much as posible
peak resolving type programmes, preparing them for future uses
in practical dosimetry.

A paper on this subject was published in Radiation Protection
Dosimetry in 1990. A review paper on TL glow curve analysis
was presented to the CEC seminar "Dosimetry in Diagnostic
Radiology" and will also be published in Radiation Protection
Dosimetry.
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b)

During the period now reported an intensive collaboration has
taken place between the CIEMAT and RIS® groups in order to
develop a new computer code for the analysis of the glow curve
produced by non-linear hot gas readers. This programme
applying the principles of the SGCA method is now operative.
‘A CIEMAT-RISP communication reporting the essential features
of this computer programme has been accepted for presentation
in the 10* Solid State Dosimetry Conference (10™ SSD)
(Washington, July 1992).

The study of the individual evolution of the TLD-100 glow
peaks during prolonged exposures at normal and elevated
ambient temperatures (20-70°C) has been completed. From this
study, it has been concluded that :Randall-Wilkins fading
(spontaneous leakage of trapped charges), cannot explain the
detected variations in the TL yield during ambient exposures.
These variations are due to changes in the trap structure and
to their distribution which occur in the material.
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Figure 1 shows the evolution of the TLD-100 peaks IV and V and
their sum with storage time at 45°C. Black dots represent the
evolution during storage of unirradiated dosemeters and white
dots the irradiated dosemeters. The unstable character of peak
IV should be noted, as should the fact that this peak is more
intense when storage follows irradiation relative to
irradiation following storage.

During 1990 and 1992 four papers have been published on
temperature effects or related topics in scientific journals
and two more were accepted for presentation at a scientific
symposium (Natural Radiation Environment, Salzburg 1991) and
conference (10™ SSD, Washington 1992).

It is to be noted that previous papers published on TL
temperature effects by the CIEMAT group are the cause gf an
active controversy on the peak evolution features. As a direct
consequence of the interest of the subject, the CIEMAT group
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c)

d)

e)

has been asked to co-organize (CIEMAT and TU Delft, Holland)
the First International Intercomparison of Glow Curve Analysis
Methods. The results will be presented during the 10% SSD
Conference.

CIEMAT provided TL dosemeters: which were exposed along with
active doserate meters from UK, RIS® and PTB, at a location.
near to the Hinkley Point Nuclear Power Station. The TLDs
where exposed during two months (January and February 1991)
and evaluated at CIEMAT after completion of the integration
period. Transit cantrol dosemeters were include together with
the set of field dosemeters.

Two types of dosemeter were used. A non-discriminating LiF
TLD-100 dosemeter faor dose measurements and a discriminating
dosemeter based on the Panasonic UD-802 combining Li,B,0,:Cu
and CaSO,:Tm detectors under different plastic and lead
filters.

The TL evaluation, using for the TLDR-100 detectors the SGCA
programme, produced consistent satisfactory results, the
measurements all agreeing within 3%. The discriminating
dosemeters showed the existence of high energy photon
radiation. The energy was estimated by the dose calculation
algorithm as being in the high limit of its range.

During 1991, the first set of selfdose measurements were
carried out in the UDO Laboratory (Asse salt mine, GSF
operated). The aim of this first experiment was to collect
basic data on the selfdose properties of the most common TL
phosphors. Four TL materials from Harshaw (LiF:Mg,Ti, CaF,:Dy,
CaF,:Mn, CaS0,:Dy) and two from Panasonic (Li,B,0,:Cu,Ag and
CasS0O,:Tm) were stored in different groups and conditions
inside the UDO Laboratory. Additional groups were irradiated
to known doses in the old gallery for calibration purposes.

With the considerable amount of information collected, a
preliminary report was written and a more detailed one is now
under preparation. The most striking results were the
abnormally high dose results obtained, after one month storage
in the virtually radiation free UDQ Laboratory from one batch
of UD-814 Panasonic badges, revealing a very important
selfdosing. This fact is even more significant considering
that this badge model was specifically developed for
environmental monitoring. The origin of this effect as
determined by Panasonic was due to contaminated lead filters
incorporated in the badges.

The results obtained from Harshaw and Panasonic TLDs, though

preliminary, are intersting enough and call for the continuity
of this line of work.

In order to facilitate the comparison between TLD and active
detectors obtained in the Hinkley Point experiment, several
activities were developed to establish the response of TLD
used to the different components found in the radiation field
(cosmic, terrestrial, *Ar plume and 6 MeV photons from N).
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Different TLD badges were exposed during three months in
Roskilde Fiord (wooden post in deep sea for cosmic, seaborder
for terrestrial, the same place for the free field calibration
celebrated in May 1991). This experiment has provided
correction factors for the response of the TL materials to the
cosmic and terrestrial components of the natural radiation
background.

Studies of the response of different TL materials to high
energy photons (6 MeV) were performed. TLD badges were
irradiated at the PTB accelerator facility, with different
plastic filtration (up to 4.0 cm PMMA). The study was
completed with gamma irradiations (¥'Cs and %°Co) at the
CIEMAT irradiation facility. Results and conclusions of this
experiment will be presented at the 10" SSD Conference
(Washington, July 1992).

Complete list of publications which have appeared or were
accepted during the reporting period.

1.

A simple method for glow curve analysis improving TLD-100
performance in the dose region below 100uGy". A. Delgado and
J.M. GObmez Ros. Radiation Protection Dosimetry 34, 357
(1990).

Evolution of TLD-100 glow peaks IV and V at elevated ambient
temperatures. A. Delgado and J.M. Gomez Ros. J. Phys. D: Appl.
Phys. 23, 571 (1990).

Modifications induced in the TLD-100 trap distribution during
exposures at different ambient temperatures. A. Delgado and
J.M. Gémez Ros. Radiation Protection Dosimetry 34, 233 (1990).

Glow Curve Analysis: a method for improving TLD performance.
A. Delgado and J.M. Gémez Ros. To be published in Radiation
Protection Dosimetry (1992). Proceedings of the CEC Seminar
on Dosimetry in Diagnostic Radiology.

A glow curve analysis method for non linear hot gas readers.
J.M. GOmez Ros, J.L. Mufiiz, A. Delgado, L. Bptter-Jensen and
F. Jgorgensen (CIEMAT-RISQ). Accepted for presentation in the
10" sSo0lid State Dosimetry Conference. Washington, July
(1992).

High ambient temperature effects in LiF TLD-100. A. Delgado,
J.M. Gémez Ros and J.L.Mufiiz. J. Phys. D: Appl. Phys. 24, 1126
(1991)

On the hole character of LiF TLD-100 peak IV. A. Delgado. J.
Phys. D: Appl. Phys. 25, 295 (1992).

Confirmation of the evolution of TLD-100 glow peaks 4 and 5
during storage at ambient temperatures. A. Delgado, J.M. Gomez
Ros, J.L. Mufiiz, A.J.J. Bos and T. Piters (CIEMAT-TU Delft).
Accepted for presentation in the 10™ Solid State Dosimetry

Conference. Washington, July (1992).
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9. Temperature effects in LiF TLD-100 based environmental
dosimetry. A. Delgado, J.M. Gbémez Ros and J.L. Mufiiz.
Presented in the Fifth International Symposium on the Natural
Radiation Environment. Salzburg, September (1991).

10.TL Response to high energy photons. J.C. Saez-Vergara, A.
Delgado and J.M. Gémez Ros. Accepted for presentation in the
10" Solid State Dosimetry Conference. Washington, July
(1992).
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DOSIMETRY OF BETA AND LOW-ENERGY PHOTON RADIATION USING
EXTRAPOLATION CHAMBERS AND THIN SOLID STATE DOSIMETERS

Contract Bi7-028 - Sector A12

1) Christensen , Risg National Laboratory - 2) Chartier, CEA-FAR
3) Herbaut , CEA-Grenoble - 4) Francis , NRPB

5) Gasiot , Univ. Sciences Technologiques du Languedoc

6) Scharmann , Justus-Liebig-Universitiit

Summary of project global objectives and achievements
Objectives

For accurate dosimetry of beta and low-energy photon radiations, a large number of specific
requirements on measurement techniques have to be defined and appropriate calibration facilities
realised because of the low penetrability of these radiations. This project has been aimed at identifying
such requirements and realising facilities and measurement methods for determining doses due to
weakly penetrating radiations with greater accuracy and consistency than has been possible previously.
A particular goal of the project has been to contribute to the achievement of beta calibration beams
with high dose rates and thereby satisfying an urgent requirement for calibration of dosemeters and
dose rate meters for radiation protection purposes.

The work of the contract has comprised the following main objectives:

- Establishment of a regimen for beta calibrations based on extended area sources that comply with
1SO Series 2 specifications.

- Study and refine the extrapolation chamber measurement techniques for beta dosimetry.
- Characterisation of beta radiation fields in terms of directional dose equivalent rate, I:I'(d;a").

- Development and characterisation of thin solid state dosemeters for weakly penetrating
radiations.

- Development of dosimetry of low-energy photon radiation.

Achievements
1. i nt of ibration faciliti

Beta calibration facilities using extended area sources capable of irradiating dosemeters and dose rate
meters at different irradiation angles and distances have been established in four laboratories of the
participants. Two types of sources have been used, namely the French CEA type (circular, 42
diameter, active area) and the type used at NRPB (square, 40 mm x 40 mm, active area). Results have
been obtained for 42 mm diameter '®Ru/!'*Rh, ®St/®Y, ®T1, and ’Pm sources and square, 40 mm
x 40 mm, ¥Sr/¥Y and “Pm sources. Furthermore measurements have been initiated to acquire data
from a 1-mm thick, 200 mm x 200 mm, sheet of perspex containing “C incorporated in the acrylic
material. Also the Biichler-PTB secondary standard *Sr/°Y, **TI, and ""Pm sources are available
for making intercomparisons between "point” sources and extended area sources. The sources have
been positioned in different holder constructions with different backing materials (aluminium, tufnol
and perspex).The type of backing material used for the source may have some influence on the beta-
energy spectrum of the radiation beam. Plans have been made for a further study of this influence.
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Results obtained for a few sources on dose rate homogeneity and residual beta energy of the radiation
beams indicate that the types of extended area sources applied are capable of providing appropriate
calibration fields that comply with specifications setup by the ISO for Series 2 beta calibration sources.
Improvement of the dose rate homogeneity can be obtained by using beam-flattening filters; however
this improvement is obtained at the expense of a decrease in dose rate. Thus the use of a beam-
flattening filter resulted in a reduction of the dose rate to about 60% of the value measured without
filter for the **T1 [1] source and 25% for the “'Pm source. Based on half life measurements and
gamma spectroscopy analyses combined with dose rate measurements it was found that the '“Ru/'®Rh
source contained a significant amount of a different beta radioisotope, and therefore this source can
not fulfil the ISO requirement of radiochemical purity. The problem has been addressed to the
producer of the source. If it is a general problem to obtain a pure “Ru/'®Rh source it should be
considered, also in view of the short half live (372 days) of ®Ru whether this source couid be
replaced by another high-energy beta source for the ISO Series 2 type sources.

In Table 1 typical dose rate values for the established beta calibration sources are presented.

Table 1. Typical dose rates, ]5&0.07;0"), in mGy.h" obtained for the established beta sources. Source-
detector distance, in cm, are indicated below each dose rate value.

1 '%Ru/**Rh OSr/*Y 2471 “Pm “c
Area sources 100 100-200 100 25 0.25
30 (30) 30) 20) (10)
"Point Sources” a) 10 1 1.5
(Biichler/PTB) b) 250 30 20)
(30)

a) "2mCi" source with beam-flattening filter
b) "50mCi" source without beam-flattening filter

2. f exf i T m ment m

The extrapolation chamber measurement method is the basic standard dosimetry measurement method
applied to beta dosimetry. As the method is tedious requiring a great number of operations to obtain
a single dose rate measurement considerable efforts has been put in the development and realisation
of fully computerised automated measurement procedures. Important parameters of the evaluation
procedures, e.g. the evaluation of extrapolation curves, depth-dose profiles and uncertainties, have
been extensively studied and procedures and computer programs have been developed to facilitate an
optimal and consistant evaluation of the measurement data [2,3]. Important design parametre of the
extrapolation chamber, e.g. the thickness of the entrance window, and dimension of electrode have
been studied. To obtain an accurate estimate of zero-depth dose rates, D,(0;a°), entrance windows with
a small thickness are required. Results obtained for electrodes with different diameters ranging from
10 mm to 40 mm indicate that there is some influence of size of electrode on the measurement result.
Important knowledge of the extrapolation chamber measurement method has been gained through
intercomparison exercises. These are seperately reported in sect. 6.

3. Characterisation of beta radiation fields
The beta radiation fields have been characterised in terms of absorbed dose rate to tissue, l')‘(d;o:"),

which can be considered to be numerical equal to the quantity used for radiation protection purposes,
namely the directional dose equivalent rate; H*(d;«"). From the measured depth-dose data, conversion
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factors G(d;0®) =Dy(d;a*)/D(d;0°) can be evaluated.

Analyses of the depth-dose data have shown that the initial parts of the absorption curves including
the electron scattering build-up phase with good accuracy can be represented by polynomial
expressions.

For dosimetry of weakly penetrating radiations there is a need for thin detectors with a sufficient low
mass per area to avoid a significant attenuation of the radiation during passage through the detector.
The low mass of such detectors necessitates the use of highly sensitive detector materials. The work
has been concerned with: development and study of tissue-equivalent (e.g., LiF) TL dosemeters,
development and study of TLD techniques and dosemeters based on laser heating and development
and study of tissue-equivalent TSEE dosemeters.

Results from measurements of beta-ray responses of 0.13 mm (28 mg.cm™) LiF teflon discs
showing responses for the measurement of H,(0.07) of 0.70 and 0.23 for exposure to beta rays from
T1 and *'Pm sources, respectively, emphasise the need for thin detectors. The LiF:Mg,Cu,P TL
material is an interesting material for this purpose because it combines a high sensitivity (about 25
times that of normal LiF:Mg,Ti) with good energy response characteristics for exposure to photons.
It should be noted that a dosemeter intended for the measurement of skin doses usually will be exposed
to both beta rays and strongly penetrating photons. Thin detectors have been prepared from different
products of LiF:Mg,Cu,P TL powders and their dosimetric characteristics have been studied. The
results show that the LiF:Mg,Cu,P TL material exhibits good characteristics for application as a thin
detector for individual monitoring for weakly penetrating radiations {4]. A disadvantage of the material
is that the sensitivity decreases when it is treated at temperatures above 240°C which complicates the
annealing procedure required for its re-use.

The laser heating TLD technique is interesting for dosimetry of weakly penetrating radiations because
it can operate with small detector thicknesses combined with a fast reading. Besides for individual
dosimetry purposes the TLD laser heating method is particular useful for scanning of radiation fields
[5}. A fully automated computer-controlled laser heated TLD reader has been designed and realised.
The reader allows dosemeter plates of sizes up to 200 mm x 200 mm to be scanned with an resolution
of about 100 microns. CaSO,:Dy TL dosemeters suited for laser heating have been developed and
tested, The reproducibility of measurement of a dose of 4 mGy from a ®Sr/®Y source for these
dosemeters is below 1%. Work is in progress of developing dosemeter constructions suitable for
individual monitoring, in particular for beta doses.

The TSEE dosimetry technique fully meets the requirement of thin detectors and high sensitivity for
individual monitoring for weakly penetrating radiations.Dosemeter constructions based on Beo thin
film detectors consisting of an oxidised 100 nm beryllium layer on a circular graphite substrate of 12.5
mm diameter have been analysed for energy and angular responses for exposure to photons and beta
rays. Due to the small thickness of the Beo detectors the responses are mainly determined from
scattered electrons from the surrounding materials. By ajusting holder design as well as filter materials
dosemeter constructions with nearly ideal responses have been achieved [6].

5. vel f dosim low-en hi

An X-ray facility operating at potentials ranging from 10 to 30 kV has been established. The facility
is provided with an extrapolation chamber for the measurement of absorbed dose rate to tissue and
a free air chamber for determining air kerma rate. Computer programs have been developed for
remote controling the various operations involved in the measurements procedure.

The facility is available for experimental determination of convertion coefficients, converting from air
kerma to absorbed dose to tissue and for studying responses of dosemeters and dose rate meters for
exposure to low-energy photons in the range from 5 to 15 keV.
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An intercomparison of the extrapolation chamber measurement methods in use at four laboratories of
the participants of the contract (NRPB, CEA-Fontenay-aux-Roses, CEA-Grenoble and RISO) has been
initiated with the main purpose of ensuring consistency of the standard beta dosimetry exercised by
the participants. Objectives of the intercomparison exercise were to cooperate in identifying and
solving problems involved with the extrapolation chamber measurement method and especially in
evaluating on the measurement uncertainty valid for the method. Parallel with this intercomparison
exercise the participants have taken part in a similar intercomparison using a different source
(*"Pm).That intercomparison was exercised in collaboration with PTB, Braunschweig and organised
under the regi of EURADOS [2].

Table 1. Main characteristics of the extrapolation chambers used for the intercomparison.

Laboratory Chamber Entr. window Electrode Electrom.
Type
Thickness Material Diam. | Material | Lower range
(mg.cm?) __(mm) (A)
RISG PTW 23392 2.6 Mylar 30 Perspex 10"
CEA/FAR PTW 23392 2.6 Mylar 30 Perspex 106
NRPB NRPB 0.85 Mylar ~32 MS20 1077
design
CEA, PTW 23391 7.05 Polythene 30 A.150 1077
Grenoble

An extended area **T1 source (active diameter 42 mm) was applied for the intercomparison. Two
holders were used for the source: the standard French CEA type [1] and a modified version of the
type used at NRPB (see the report by NRPB of this report). The essential dosimetric difference
between the two holders is the use of different backing materials (Al and "Tufnol",respectively) for
the source.

The measurement programme comprised the determination of the dose rates at distances of 15, 20 and
30 cm from the source and at the radiation angles 0° and 45°, The results should be given in terms
of D0.07;c) and furthermore depth-dose data should be acquired for the range from the thickness
of the entrance window of the extrapolation chamber and up to at least 10 mg.cm®. Uncertainties on
the reported dose rate values should be evaluated in accordance with procedures proposed by Chartier
[3]. It was agreed that a number of systematic uncertainties would essentially be equal for all systems
and could therefore be combined to a single value that could be used by all participants. The main
uncertainty componant to be assessed by each participant would be that related to the determination
of the slope of the extrapolation curve.
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Table 2. Measured dose rates, ].)t(0.07;a° , from the **Tl source at distances 15,20 and 30 ¢cm from
the source and at irradiation angles o= 0° and 45°. Estimated uncertainties(+1S.D.) are indicated
below each dose rate value.

Laboratory 13,(0.07;&") in mGy.h,
15 cm distance 20 ¢m distance 30 cm distance
a=0° a=45° a=0° a=45° a=0° a=45°
RISG 382 368 211 198 84.3 76.6
+2% +2% + 2% + 2% + 2% + 2%
CEA/FAR 383 398 207 207 87.9 81.6
+ 2.6% +2.2% +2.1% +2.7% + 1.9% +2.2%
NRPB 384.6 378.2 207.6 202.4 84.5 80.5
+2% + 2% + 2% + 2% +2% + 2%

*) Due to a delay of the intercomparison programme caused by unforeseen long periods of time used
for the transportation of the source between the laboratories of the participants results are sofar only
available from three of the four participants of the intercomparison.
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Figure 1. Results of measurement of depth-dose profiles for the **T1 source obtained at distances of
15, 20 and 30 cm from the source and for irradiation angles o:= (° and 45°. All data are normalised
to depth: 2.4 mg.cm™

The results of the intercomparison are generally in good agreement. Some of the differences of the
results shown in Table 2 may be due to the use of different holders for the source which will be
further studied.
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Project 1
Head of project: Dr. Christensen

Objectives for the reporting period

Risg National Laboratory contributes to the joint research project by establishment and characterisation
of standard beta calibration fields, analyses and refinement of the extrapolation chamber measurement
method and development and characterisation of thin solid state detectors for dosimetry of weakly
penetrating radiations.

More specific objectives for the working programme are:
- establishment of calibration facilities using extended '™Ru/"*Rh and “C sources.

- analyses and refinement of the extrapolation chamber measurement method, in particular, by
participating in intercomparison programmes carried out among the participants.

- characterisation of beta radiation fields in terms of él(d;w) with emphases put on '®Ru/**Rh and
1C sources.

- development and analyses of thermoluminescent materials for application as thin detectors for
individual dosimetry of weakly penetrating radiations.

Progress achieved including publications

L Establist f beta irradiation faciliti
1.1 Experimental set-up

The set-up established for beta irradiations and dose rate measurements has been described in the
199091 CEC progress report. It allows instruments and dosemeters (e.g. extrapolation chamber and
TL detectors) to be irradiated at different irradiation angles and distances from the source. The source
holder allows different source constructions to be used including the French CEA type, the NRPB type
and the Biichler/PTB secondary standard type.

Two sources have been acquired for this project, 2 '“Ru/'"®Rh source with a total diameter of 58 mm
and an active area of diameter of 42 mm , and a "*C source consisting of a 200 mm x 200 mm , I mm
thick perspex sheet containing “C incorporated in the acrylic material. The "“Ru/'*Rh activity is
positioned on silver material and covered by a 50 mg.cm? layer of silver. To facilitate the handling
of this source it has been fixed in a 60 mm diameter, Imm deep depression in a 100 mm x 100 mm
x 20 mm perspex block. The activity of the '®Ru/'®Rh source was stated by the producer (Amersham)
t0 3.7 x 10° Bq and that of the “C source to 18,5 MBq.g" perspex or 2x10*.s™.cm™ beta particles (27
geometry) emitted from the surface of the source. For the ““C source, ! mm thick perspex shields with
holes of different diameters have been constructed enabling different sizés of this type of source to be
studied.

-151-



12 Compliance with ISO specifications for series 2 sources

The radiation field from the '“Ru/'®Rh source was studied for dose rate homogeneity and residual
maximum beta particle energy and the results were compared with the ISO requirements for these
characteristics specified for Series 2 sources [1]. Furthermore results were obtained on the
radiochemical purity of the source.

Dose rate homogenei

The homogeneity of the radiation field was studied by irradiating 255 TL detectors placed on a
perspex plate in depressions equally distributed over an area of approximately 100 mm x 90 mm.
Measurements were made for the distances 20, 30 and 40 cm from the source. The measurements were
made with 0.9 mm thick, 0.5 mm diameter, TLD-700 LiF detectors from the Harshaw Chemical Co.
The response of these detectors is essentially constant for the range of angles from 0° to 15°{2] and
they can therefore be used for distances down to at least 20 cm. For smaller distances detectors with
a smaller thickness should be chosen.

The results of the measurements are shown in Figure 1. It can be seen that the ISO requirement of
+ 5% for the dose rate homogeneity is fuifilled for areas of 100 mm x 90 mm for all three distances.
The uncertainty of the measurements were approximately 1% (1 S.D.) and therefore the isolated peaks
observed in the figures can be explained by uncertainties of the measurement method.

Residual maximum beta particle energy.

Residual maximum beta particle energy, E,,, was determined at the calibration distances, 20, 30 and
40 cm by using the extrapolation chamber for the measurement of dose rates behind absorbers of
perspex sheets. The evaluation of E_, from the measured depth-dose data is described in Sect. 1.3 in
the report by NRPB of this report.

From the results presented in Table 1 it can be seen that the ISO requirement of E, = 2.80 MeV is
fulfilled for all three calibration distances.

Table 1. Measured residual maximum beta particle ranges and the values of residual maximum beta
particle energy evaluated from them for distances = 20, 30 and 30 cm.

Source to detector Residual maximum Residual maximum
distance beta range R , beta energy, E,,,
cm mg.cm? MeV
20 1500 3.1
30 1500 3.1
40 1470 3.0

Radiochemical puri

From dose rate measurements performed in May 1991, December 1991 and July 1992, respectively,
the half life of the "™Ru/'*Rh source was determined to 734 days for the decay during the first period

and 962 days for the second period which is not in agreement with the half life, 372.2 days, stated
for the '*Rh radionuclide {1]. It was found from analyses of the photon spectrum of the source that
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Figure 1. Results of measurement of dose rate homogeneities at three distances from the “Ru/'*Rh

source. The measurements were made with, 0.9 mm thick, Smm diameter, LiF TLD-700 TL
detectors.
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only photon energies belonging to the '“Rh radionuclide were present in the spectrum. On the basis
of the measured photon emission from the source the activity of the *Rh radionuclide could be
determined to approximately 6 x 107 Bq and using calculated data by Cross et. al. [3] for broad
normally incident beams of beta rays from '*Rh, the dose rate to tissue corresponding to this activity
at a distance of 30 cm from the source was determined to 6.5 mGy.h™. As the actual, measured dose
rate value was 39 mGy.h™ it can be concluded that only about 17% of the exposure from the source
can be referred to '®Rh. As the dose rate determined from measurements with 0.9 mm thick TL LiF
detectors is nearly equal to that measured with the extrapolation chamber, mainly high-energy beta
particles seem to be involved also in the remaining 83% of the exposure {2].

1t can be concluded that the source does not meet the ISO requirement of radiochemical purity. The
problem has been addressed to the producer of the source with the intension to acquire a new pure
1%6Ru/!®Rh source.

Experimental set-up,

Two PTW type 23392 extrapolation chambers with different thickness of the entrance window, i.e.
2.6 and 0.8 mg.cm? carbon-coated mylar foils, respectively, have been established. Work has
progressed in achieving fully automated, computer-controlled measurement and dose-rate evaluation
procedures.

Results

Results of intercomparison exercises, one concerned with an extended “'Pm area source and carried
out between three of the laboratories participating in this contract and PTB, Braunschweig [4], and
another one concerned with an extended **T1 area source and carried out as part of the work of this
contract, have been used to identify specific problems of the extrapolation chamber measurement
method and to work out standard evaluation procedures including the determination of uncertainties
of the method. Results of the intercomparison exercises are reported in section 6 of the general report
on the joint project.

Initial studies have been made of the possibilities of achieving ultra-thin entrance windows of
thicknesses in the range of 0.1 to 0.2 mg.cm™ using ultra-thin VYNS foils which have been prepared
at Risa for other purposes [5]. Ultra-thin entranee windows are of particular interest for dosimetry of
low-energy beta radiation, e.g. that of ©Ni and “C.

3. Characterisation of beta radiation fields in terms of Dy (d:a)
1%Ru/'*Rh source.

Depth-dose distributions have been measured for the '®Ru/'®Rh source at distances of 20, 30 and 40
cm from the source and at different irradiation angles up to 60°. Although the data are not
representative for a pure '“Ru/'®Rh source they may be of interest as an example of a source
containing a mixture of high-energy beta radionuclides. The measurements were carried out with an
extrapolation chamber with entrance window thickness 2.4 mg.cm? tissue-equivalent material. Mylar
foils and perspex sheets were used as absorbers and scaling factors given by Cross [6] were used for
converting to tissue-equivalent thickmesses.
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Results from some of the measured depth-dose profiles are presented in Figure 2. All experimental data
have been normatised to the thickness of the entrance window of the extrapolation chamber,i.e. 2.4
mg.cm? tissue. In addition to the experimental values also curve fits (lines) using a 3. degree
polynomium fit are shown. It can seen that for depths up to about 200 mg.cm™? the experimental data
can be represented by a 3. degree polynomium with good accuracy. From the measured depth dose
data, factors G(d;o")= D,(d;a°)/D(d;0°) can be obtained. Preliminary results indicate that also these
factors can be represented by a 3. degree polynomium with good accuracy for irradiation angles up
to 60°.
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Figure 2. Depth-dose profiles obtained for the '“Ru/'®Rh source for three distances from the source.
Symbols indicate experimental data normalised at 2.4 mg.cm? and lines the corresponding 3. degree
polynomium fits.

“C source,

Depth-dose data have been obtained for the “C source at distances of 10 and 15 cm from the source
and at different irradiation angles. The evaluation of the acquired data is in progress.

4, Development and study of thin TL detectors

An appropriate dosemeter for individual monitoring for weakly penetrating radiations can be achieved
from a simple dosemeter construction consisting of a thin tissue-equivalent TL detector covered with
a thin tissue-equivalent filter. The detector must be sufficiently thin (a few mg.cm? to avoid
significant attenuation of the radiation during the passage through the detector. The low mass of the
detector implies the need for a highly-sensitive tissue-equivalent detector material. The LiF:Mg,Cu,P
TL material is interesting because it combines a high sensitivity with good photon energy response
characteristics. The work has therefore been concentrated on this material.

Three commercial products of LiF:Mg,Cu,P TL powders (Solid Dosimetric Detector and Method
Laboratory, Beijing, China, Nemoto & Co., Tokyo, Japan and Moscow State University, Moscow,
Russia) were studied. The Chinese material is also available as thin detectors consisting of a layer of,
about 5 mg.cm?, TL powder fixed on a polyimid (kapton) tape [7]. Similar detectors were prepared
from the three powder materials.

A general problem of the LiF:Mg,Cu,P material is that the TL sensitivity decreases during heat
treatments at temperatures above 240 °C and that short-period annealings at temperatures below 240°C
are not satisfactory for removing the residual TL signal belonging to traps with glow peaks in the
temperature range from 260-300 °C. In Figure 3 glow curves are shown for the three materials given
different heat treatments before the irradiations. The Figure clearly illustrates that all three materials
are highly sensitive to heat treatments at temperatures in the range of 270-300 °C and also that
significant parts of the glow curves are located at temperatures above 240 °C. It can be seen that the
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Russian material is more resistant to annealings at 270 °C than the two other materials.

LiF:Mg,Cu,P- GR-200(China)  LiF:Mg,Cu,P- NTL-500(Japan) LiF:Mg,Cu,P (Russia)
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O o

‘ \ :

2 \
] L 15
W
2 I =
Vit /// N =\
9% 150 200 750 300 %0 9% 150 200 50 300 380 o0 150 200 250 300 30
TEMPERATURE {“C) TEMPERATURE ('C} TEMPERATURE {"C)

Figure 3. Glow curves from 10-mg samples of three LiF:Mg,Cu,P TL materials, pre-irradiation
annealed for 15 minutes at 240, 270 and 300 °C, respectively.

Various dosimetric properties of the thin detectors were investigated. The results have been reported
in ref. [8].-It can be concluded from this study that the LiF:Mg,Cu,P TL material shows good
dosimetric characteristics for application as thin detectors for individual monitoring for weakly
penetrating radiations. Considerable improvement of the material would be acheived if its resistance
to heat treatments could be improved.

References

1. ISO. Reference Beta Radiations for Calibrating Dosemeters and Doserate Meters and determining
their Response as a Function of Beta Radiation Energy. ISO 6980. First Revision 1990-11-01.

2. Christensen, P., B6hm J. and Francis, T.M. Measurement of Absorbed Dose to Tissue in a Slab
Phantom for Beta Radiation Incident at Various Angles. In: Fifth Information Seminar on the
Radiation Protection Dosemeter Intercomparison Programme, Bologna, 1987. Report EUR
11363, (Luxembourg:CEC) (1988).

3. Cross, W.G., Wong, P.Y. and Freedman, N.O. Dose Distributions for Electrons and Beta Rays
Incident Normally on Water. Radiat. Prot. Dosim. 35(2) 77-91 (1991).

4, Francis, T.M., B6hm, J., Chartier, J.L. and Christensen, P., Experience Gained on Extrapolation
Chamber Measurement Techniques from an Intercomparison Exercise Conducted with 2 “"Pm Source,
Radiat. Prot. Dosim. 39(1/3),109-114,(1991)

5. Chen, Q.J., and Nielsen, S.P. Preparation of Thin Alpha Sources-by Electrospraying for Efficiency
Calibration Purposes. J. Radioanal. Nucl. Chem.,Letters 135 (2) 117-123 (1989).

6. Cross, W.G., Variation of Beta Dose Attenuation in Different Media. Phys. Med. Biol.,13,611-618
(1968).

7. Wu Fang, Zha Ziying, Li Jian and Zhu Zhongmei, LiF:Mg,Cu,P, A New Material for
Thermoluminescence Dosimetry, Radiat. Prot. Dosim.,34, 331-334 (1990).

8. Christensen, P., Study of LiF:Mg,Cu,P TL Detectors for Individual Monitoring for Weakly
Penetrating Radiations, 10th Intern. Conf. on Solid State Dosimetry, Washington D.C. USA, July
13th-17th, 1992. (In press).

Publicati
1. Francis, T-M., Bohm, J., Chartier, J.L. and Christensen, P., Experience Gained on Extrapolation
Chamber Measurement Technigues from an Intercomparison Exercise Conducted with a ’Pm Source,
Radiat. Prot. Dosim. 39(1/3),109-114,(1991)

2. Christensen, P., Study of LiF:Mg,Cu,P TL Detectors for Individual Monitoring for Weakly
Penetrating Radiations, 10th Intern. Conf. on Solid State Dosimetry, Washington D.C. USA, July
13th-17th, 1992. (In press).

- 156 -




Project 2
Head of project: Dr. Chartier

Objectives for the reporting period

The achievement of the tasks of the CEA/IPSN/SDOS, in the frame of radiation
protection dosimetry, is directly dependent on the availability of radiation facilities
enabling to perform the study and the calibration of dosemeters and dose rate meters.
In the specific field of weakly penetrating radiations (beta and low energy photon radia-
tions), a complementary action has to be undertaken to establish dosimetric references
in CEA. On the basis of these general demands, the contribution of the CEA/SDOS deals
with:

a) the realisation and the characterisation of intense beta radiation fields and the
participation in the revision of the ISO Standard 6980.

b) the methodology for evaluating the measurement data obtained with extrapola-
tion chamber.

c) the realisation and the characterisation of low energy X-radiation beams (energy
range: 5-15 keV) for studying and type-testing dosimetric instruments.

d) the intercomparison of dosimetric references with those of other laboratories

involved in similar activities.

Progress achieved including publications

1.  Betaradiations

1.1  Experimental set-up

The experimental set-up has been extensively described in the 1990-1991 report,
in particular the computer-controlled operation of the extrapolation chamber. Modifica-
tions have been carried out on the initial version. In particular, the extrapolation curve
file [L;kI(1);s(T)] where 1 stands for the chamber depth, is automatically provided at the
end of the measurements for performing the fitting.
1.2 Computational procedures

The evaluation of results, both for extrapolation and depth-dose curves has been
performed through Fortran programs, namely XTCREGR.FOR and DDCREGR.FOR,
enabling a weighted least-squares fit to a polynomial function. Both programs have been
transmitted to other laboratories for being tested and applied. In addition, an estimation
of uncertainties on the calculated results is given by determining the standard deviations
on the fitting coefficients.
1.3  Evaluation of uncertainties

A detailed procedure for combining the uncertainties involved in extrapolation
chamber measurements has been proposed (1) and discussed. It is based on an extensive
analysis of uncertainties as developed in (2), applied to the guidelines and concepts
recommended in (3) and (4).
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The implementations for extrapolation and depth-dose curves are explicitly described up
to the final values of the overall uncertainties on the calculated quantities.
1.4  (204-T1) measurements

An extended area (204-T1) source (active diameter 42 mm) has been circulated
for calibration by the 4 contractors. The intercomparison results are discussed in the
general part of the report. But an extensive series of data, obtained by the SDOS
laboratory has been given in the 1990-1991 report, with associated uncertainties for both
configurations, with and without flattening filters. Different calibration distances, 15, 20
and 30 c¢m, and several incidence of angles, 0° 15°% 30° and 45°, have been considered,
enabling to derive the values of the conversion factors F(0.07;¢°).
1.5 (147-Pm) measurements

In a similar way, an extended area (147-Pm) source (active diameter 42 mm) has
been characterised for the following conditions: Calibration distances 15, 20 and 30 cm,
and incidence angles 0°, 15° 30° and 45°. Additional data with flattening filters are
available for 20 cm (ISO 6980). Nevertheless, the complete series of data will not be
included in this report because it has appeared that the analytical expression choosen for
fitting the depth-dose curves (DDC) modifies notably the calculated quantity, in particular
when the entrance window of the chamber is rather thick: 2.4 mg/cm® (PTW model). A
final decision is still under discussion. Such a question is clearly demonstrated by the
content of the following table in which the DDC is represented
- either by a exponential absorption law: LnD(x) = (u/p)px
- or by a composite law as : LnD(x) = LaDo + a,px +a; (px)?,
where D(x) is the dose at depth x.

Table 1. Results from measurements of dose rates from the (147-Pm) Source. Distance:
20 cm. Dose in uGy/s. Reference date: (01/01/92)

WITHOUT FILTERS WITH FILTERS
REGRES | REGRES | RATIO | REGRES | REGRES | RATIO
1 1+3 1/1+3 1 143 1/1+3
Dt (0) 26.72 24.39 1.09 6.69 6.46 1.04
Dt (0.02) 17.96 17.71 1.01 4.24 4.24 1.00
Dt (0.07) 6.65 7.21 0.92 1.36 1.40 0.97

Depending on the irradiation conditions, a difference of 8% is observed for the
ratio of D,(0.07;0°) values (without filters), whereas the increase is only 3% with filters.
This effect is due to the change in the energy spectrum when flattening filters are used.
But it has been stated that a (degree 1+3) polynomial gives generally a much better fit
of (147-Pm) DDC for depth ranging from 2 to 10 mg/cm? Furthermore, it appears that
the use of D,(0.00,c°) as a reference quantity should not be maintained.
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2. Low energy photon radiations

2.1  Measurement of photon dose with an extrapolation chamber

For photon radiations generated at potential between 5 and 30 kV, an extrapola-
tion chamber (EC) is a suitable reference instrument for the measurement of the
absorbed dose at a point in a medium (6). From the measurement of the ionisation in the
cavity of the chamber, the "exposure inside the phantom" (ICRU Report 19) J, can be
determined. Then the required absorbed dose D, can be derived by the relation:

W (Bed/P)m Al

a a
€ (Hed/p)air Am

Practically, from the extrapolation curve I (1), where 1 stands for the chamber depth, a
differentiated curve (AI/Al) is plotted and extrapolated to depth 0. The linear part of this
curve corresponds to the values of (Al/Am) for SEE condition in the air cavity, i.e. for
chamber depths larger than the maximum range of the electrons generated in the
entrance foil.
2.2 Experimental arrangement

The photon radiation beams of the initial project, fluorescence x-rays, have been
replaced by the filtered beams produced by an X-ray unit operating at potentials ranging
from 10 to 30 kV with additional filters (energetic resolution: 15 to 20%). A series of
diaphragms enables to master the beam cross-section and to irradiate only the collecting
electrode. A monitor chamber (transmission type PTW 7861) connected to a Keithley 617
electrometer provides an informatiorf to correct the -EC current for the photon flux
variations. The different actions will be remote-controlled by a 386 Compaq PC. A
specific program has been implemented and is currently tested.
2.3  Measurement procedures

The calibration quantity, D,,(0.07;e°) or H'(0.07;a°), derives from the measure-
ments achieved with the extrapolation chamber, the (s.,/p) ratio being averaged over the
calculated photon spectrum in the cavity. The determination of the kerma in air is
performed with a free air chamber placed at the same reference point.
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Project 3
Head of project: Dr. Herbaut

Objectives for the reporting period

- Establishment of beta radiation fields incorporating suitable extended circular 147Pm and
90sr + 90Y sources.

- Establishment of computer controlled automatized extrapolation chamber measurement
set up.

- Characterization of the radiation fields of the above beta sources in term of D (d, ) for

different values of d and « and evaluation of conversion factors G (0,07, a) for different
values of a and different calibration distances of the sources.

The measurement will be performed with and without use of beam flattening filters.

- Determination of conversion factors G(0,07, «) for different values of « for the above

sources and for point sources of 147Pm and 99Sr + 90Y from the PTB/Biichler
secondary standards using :

a) two different designs of extrapolation chamber (FWT and PTW type) with different
sizes of collecting electrodes ;

b) thin and ultra thin thermoluminescent dosemeters ;

¢) TSEE dosemeters based on BeO or LiF.

Progress achieved
1. Design and realization of calibration devices

At Grenoble, the Biichler facility for point sources and the CEA irradiation facility for beta
(147Pm and 90Sr + 90Y) extended circular sources (¢ = 42 mm) are in use.

Different rotating devices have been designed and built for the both facilities, for
extrapolation chambers and TL dosemeters.

2. Ex lation r

2.1  General description and characteristics

The reference detector is a PTW extrapolation chamber model 23391, whose cavity has a
thickness varying between 0,6 mm and 2,5 mm, with a variable spacing of 10 pm
increments. The collecting electrodes (10, 15, 20, 30, 40 mm in diameter) and the guard
ring are made of A 150 tissue equivalent plastic material. The entrance window is made of

polythene 7,05 mg.cm2 thick, corresponding to the thickness for the determination of the
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dose to the skin. The cavity of the chamber is filled with air.

The electric field for the PTW chamber is constant and equal to 50 V.mm!. The PTW
chamber is connected to a Keithley electrometer (model 642) with a measuring limit of
10174,

An on-line HP. Vectra ES 12 computer carries out the data acquisition (including ambient
parameters), the data processing and the computation of the dose and of its uncertainty.

2.2  Influence of collecting electrode areas

To study the influence of this parameter, we have determined the area of each collecting
electrode (Table 1) according to the Béhm's method /1/.

Table 1 - Collecting electrode areas

Nominal area | Experimental area | Standard deviation
cm? cm? %
(diameter)

0.785 (10 mm) 0.9 0.8

1.77 (15 mm) 1.89 03

3.14 (20 mm) 331 03

7.07 (30 mm) 7.4 0.15

2.57 (40 mm) 13.01 0.2

The results of this influence for the 147Pm and 90Sr + 90Y beta extended sources,
without filter are presented in Fig. iaand 1 b.

This influence seems to be the same for the two beta radionuclides and is only a function
of the electrode diameter.

We think that this effect is related to the homogeneity of the beam on the one hand /2/ and
on the value of the curvature of the entrance window on the other hand.

This effect will be studied more thoroughly.

Nevertheless, it has no influence on the determination of the G (0,07, a) conversion factor

but it has a great importance (4 % for the 30 mm diameter collecting electrode) in the
computation of the absorbed dose rate in tissue.
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Figures 1a and 1b present the values of absorbed dose rate in tissue normalized to the value obtained for the

smallest area of the collecting electrode (left scale), for the 147Pm source (1a) and 908 + 90Y source (1b) (+ o
=0°, % o+ 45°).

The limits of the uncertainties (2 ©) are noted (® for a = 0°,3 for o = 45°)

2.3 Characterization of beta ray beams in term of absorbed dose rate in tissue

The determination of the absorbed dose rate in tissue l%‘ (0,07, « =0) at the specified
depth of tissue of 0,07 mm is obtained by the classical method /1/.

The characteristics « of some beams and our corresponding expermental results

[f)‘ 0,07, a = 0)], compared with reference values [ﬁt (0,07, a = 0)), are presented in
Tables 2 and 3.
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Table 2 - Beams characteristics

Radionuclide Source Fiiter Irradiation Beam
Emax diameter yes or no Facility Number
(mm)
20471 42 no CEA 1
Emax = 0.763 MeV
90g; + 90y 42 no CEA 2
Emax = 2.274 MeV
90s; + 90y 8 no Biichler 3
Emax = 2.274 MeV

Table 3 - Experimental results (reference date : 01.01.1990) the uncertainties are given

for one standard deviation.

Beam Number

Absorbed dose rate (mGy.h-1)

Measured value

[By0,07, « = O)ly

Référence value

[Dy0,07, & = O)];

40,07, & = O)y

By0,07, « = 0));

1 46.9 + 1.00 47.8 £ 0.8 (a) 0.981 + 0.03

2 197 + 1.2 196 +2.1 () 1.005 + 0.02

3 226 + 13 228 +2 (o) 0.991 £ 0.01
(a) FWT.EIC 1 chamber /3/ - (b) LMRI value - (c) PTB value

In Table 3, our results are in good agreement with the reference values.

24 Conversion factors G(0,07, o)

0o
The conversion factors G(0,07, o) = Dy(0,07, a)/th(0,07, a = () have been determined

for 147Pm and 2Sr + 9°Y extended sources and 2MT] and %9Sr + %0Y point sources. The
results are presented for the 147Pm and %Sr + 0Y sources in Figure 2.
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Figure 2:  Conversion factors G(0,07, ) for different beta sources [+ 90Sr + 90Y Biichler point sources,
without filter, 30 cm.; 90Sr + 90Y extended circular source (42 mm in diameter without filter, 30
cm; » 147Pm extended circular source (42 mm in diameter without filter, 20 cm].

3. Themoluminescent dosemeters

The applicability of thermoluminescent (TL) detectors for the determination of the factors
G(0,07, a) for different beta particle fields was investigated.

TL detectors have the following main characteristics :
- geometry : disk

- material : LiF embedded in Teflon

- thickness : 0,13 mm

They are covered by a mylar foil corresponding to a tissue thickness of 0,07 mm and
positioned on a perspex slab (20 mm thickness) which can be tilted to measure G(0.07. a).
The results obtained for & = 0 are presented in Table 4 and Figures 3 and 4 show results
for different angles.

Table 4 - The 147Pm, 2041}, and 90gr + 90Y sources are point source from the irradiation
Biichler facility.R is the response par unit D,(0,07) normalised to that for 89Co radiation

Source R Standard deviation
%
60Co 1.0 /
90gr + 90y 0.95 4
20471 0.70 4,5
147py, 0.23 5
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Figure 3:  Represents the values of G(0.07, o) as a function of the angle o for 99Sr + 90Y point source
(Biichler) without filter, at a 30 cm distance,

¢ 0,13 mm LiF dosemeter (this work)
+ extrapolation chamber (this work)

A 0,4 mm LiF dosemeter (Christensen /4/).
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Figure4:  Represents the values of G(0.07, &) as a function of the angle & for 204T1 + 147Pm point sources
(Biichler) with filter.

* 0,13 mm LiF dosemeter for 204T1 at a 30 cm distance (this work)
A 0,4 mm LiF dosemeter for the same conditions (Christensen /4/)
+ 0,13mm LiF dosemeter for 147Pm at 20 cm distance (this work).

Measured values are smaller than those obtained with the extrapolation chamber and
similar to 0,4 mm LiF ones. Very thin detectors are needed ; we are working now on LiF
mixed with graphite TL detectors, manufactured by Vinten.
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4. Conclusion

The PTW 23391 extrapolation chamber available with several diameters of collecting
electrode allowed to show the influence of the diameter on the measurement of the

absorbed dose rate in tissue ; nevertheless this effect does not perturb the computation of
the G(0,07, o) conversion factor.

The results obtzined with 0,13 mm LiF detectors show marked difference from those
obtained with extrapolation chamber, but are in good agreement with those presented by
Christensen with 0,4 mm LiF dosemeters. Nevertheless the 0,13 mm dosemsters are not
thin enough and the results reinforce the view that very thin detectors are needed to
measure absorbed dose from low energy beta radiations.
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Project 4
Head of project: Mr. T.M. Francis

Objectives for the reporting period

1. Participation in intercomparison exercises conducted among the European
laboratories with a view to standardising extrapolation chamber
measurement techniques and establishing a protocol for such measurements.
2. Acquisition of an extended area 90Sr/90Y source that will conform to the
physical characteristics specified by the ISO(1) for a Series 2 secondary
standard source.

3. Design and construction of a holder for that source.

4. Measurements required for characterising this source in terms of the
metrological aspects of the above specification. This entails measurement
of beta radiation field from that source in terms of directional dose
equivalent rate, H’(d;a®) at the calibration distances of interest and
the determination of residual maximum beta particle energy of the spectrum
at those distances. In addition, measurement of depth-dose distribution in
tissue and determination of conversion factors from H’(0.07;0°) to
A’(0.07;x°) for several values of « at the calibration distances were
planned.

Progress achieved including publications

1. Methodology
1.1 Preliminary work

The results of an intercomparison(2) carried out between three of the
laboratories collaborating in the current contract and PTB, Braunschweig
were used for the standardisation of measurement procedures and evaluation,
techniques with extrapolation chambers. An extended area !47Pm source of
similar construction to the sources under development in this programme
(described in section 1.2 below) was used for this intercomparison. A
further intercomparison among the participants of the current contract
utilising a circular 204T1 foil source (being developed by CEA, France
under the current contract) was also carried out. A protocol based on the
principles agreed among all participants was established for the
measurements to be carried out in this programme.

1.2. Source and source holder

An extended area 90Sr/[90Y (Ep.x=2.27 MeV) source was acquired. The source
has the activity (nominally, 370 MBq) incorporated in a rolled silver
foil, the face thickness of the inactive silver layer covering the sources
being 0.5 + 0.1 kg.m-2; the uncertainty refers to one standard deviation.
The source (overall thickness = 0.3 mm) is square in shape (overall
dimension 60 mm x 60 mm) with the activity confined to a central area of
40 mm x 40 mm. A special holder was designed for the source. The holder is
made from a block of Dural measuring 75 mm x 75 mm x 28 mm thick with a
centrally placed recess 60 mm x 60 mm x 18 mm deep. A block of low atomic
number material (phenolic laminated °*Tufnol’ BS 2572: 1976) measuring 60
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mm x 60 mm x 17.7 mm thick was placed in the recess of the Dural block
over which the source foil was positioned. It is held in position on the
backing material by means of a 2.25 mm thick sheet of tufnol with a 40 mm
x 40 mm window through which the active area of the source is exposed. The
holder has a threaded stud on one of its sides into which a rod can be
screwed to enable positioning of the source in front of the extrapolation
chamber. Figure 1 shows a cross-section of the source holder. A shielded
container for use with storage or transportation was designed and
fabricated in brass.

D ‘Dural’
[—Source ‘Tufnol’

foil

(] s
3

7]

n

[H{E

Figure 1. Cross section of source holder

1.3, Measurements

The main features of the extrapoclation chamber that was used for these
measurements have been described previously(3). All measurements reported
here have been carried out in accordance with the procedures agreed among
the participants and have been outlined as recommendations in a previous
publication(2). Measurements of dose equivalent rate, H’(d;a), at source
to chamber distances of 0.2 and 0.3 m and for d = 0.008 and 0.07 kg.m-2
and ¢« = 0° ,15°, 30°, 45° and 60° have been completed. Each measurement
was repeated at least 25 times.

For the determination of depth-dose distributions the extrapolation
chamber was not operated in its normal mode. Instead, ionisation currents
were measured for different window thicknesses by adding layers of
absorber over the chamber window and maintaining a fixed chamber gap,
small enough (£ 1000 um) to be considered as a Bragg-Gray cavity, but
consistent with the sensitivity of the measuring equipment. Under these
conditions, ionisation current is proportional to absorbed dose rate and
the depth-ionisation current distribution so obtained will have the same
shape as the depth-dose distribution. The shallowest tissue depth at which
such a measurement could be carried out was 0.008 kg.m-2, this being the
tissue equivalent thickness of the entrance window of the chamber. For the
measurements under greater thicknesses, further layers of material were
added to the window. Up to a thickness of approximately 0.3 kg.m-2 sheets
of mylar (polyethylene terephthalate) were used. For thicknesses greater
than about 1 kg.m-2, sheets of perspex (polymethyl methacrylate) were
used. In both cases, the measured thicknesses were converted to their
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equivalent thicknesses in tissue using the scaling factors given by
Cross(4),

Residual maximum beta particle energy, E..s, was evaluated at the
calibration distances, 0.2 and 0.3 m, from the measurement of the residual
maximum beta particle range, Rpes, for those distances as recommended by
the IS0(1), For the measurement of R.es, the signal from a thin-window GM
detector (Philips ZP 1482) connected to a scaler ratemeter (type 6-90) was
determined as a function of absorber thickness. The detector was
positioned with the window facing the source at the appropriate
calibration distance. All surfaces of the GM detector except the window
were shielded with lead bricks to reduce scattered radiation reaching the
detector. Perspex absorbers of various thicknesses were placed directly
over the detector window measuring count rate with each thickness in
place. Count rates with several absorbers with thickness greater than the
maximum range of beta particles from 90Sr/9Y (=10 mm of perspex) were
measured to assess the residual photon background. A plot of the logarithm
of signal (count rate) versus absorber thickness in kg.m-2 was made. Ryes
is defined as the thickness corresponding to the intersection of the
extrapolated linear portion of the measured signal versus thickness graph
with the lower level signal due to the residual photon background. Eges
was then evaluated from the following relationship(l):

Eres = [{(0.91 X Rypes + 1)2 - 1}/22.43%

where E.s is in MeV and R,.s is the residual maximum beta particle range
in kg.m-2.

2. esults an usions

Table 1 gives measured values of directional dose equivalent rate,
E:I’(d;0°), at two tissue depths (0.008 and 0.07 kg.m-2) for the calibration
distances 0.2 and 0.3 m. This table also gives results for other angles
having normalised at «=0°. The dose rate available from this source is
approximately an order of magnitude greater than that delivered by the
largest of 90Sr/90Y sources from series 1 at the calibration distance (0.3
m). Table 2 gives values for percentage depth-dose distribution in tissue
at source to detector distances of 0.2 and 0.3 m. The depth-dose
distributions at 0.3 m are also graphically illustrated in Figure 2. The
shape of initial part of the depth-dose distribution obtained with the
extended area source is not very dissimilar to that obtained with a series
1 source previously(5). However, the magnitude of "build up" is somewhat
greater with this source than that obtained with series 1 source. This
could be due to the absence of the filter with this source.

Table 1: Directional dose equivalent rates at two tissue depths and for
two distances and their variation with orientation (normalised

at 0°).
Distance| Tissue [H’(d;0°) A’ (d;a)/fir (d;0°)
depth,d —
m kg/m2 mSv/h a=0° a=15° a=30° a=45° a=60°
0.008 224 1.00 1.02 1.06 1.13 1.20
0.2
0.07 239 1.00 1.02 1.06 1.12 1.12
0.008 98 1.00 1.02 1.05 1.11 1.16
0.3
0.07 104 1.00 1.02 1.07 1.09 1.08
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Percentage depth-dose

Table 2: Percentage depth-dose distribution in tissue at source to detector
distances = 0.2 and 0.3 m.

{A’(d;a)/H(0.008;a)}x100
Tissue

depth |Source to detector distance=0.2 m |[Source to detector distance=0.3 m

kg/m? | a=0° |a=15° |a=30° |@=45° |[a=60° | @=0° |a=15° |a=30° |a=45° |a=60°

0.008 100 100 100 100 100 100 100 100 100 100
0.024 102 102 102 102 101 102 102 103 102 101
0.039 105 104 104 104 101 103 103 103 102 101
0.055 106 106 105 105 101 105 104 104 104 100
0.071 107 107 106 105 100 105 105 104 104 100
0.087 107 108 106 106 99 105 106 105 104 99
0.118 107 110 106 106 97 107 105 105 104 95
0.150 108 110 106 105 94 108 107 105 104 93
0.181 109 111 107 104 92 109 107 104 101 90

0.212 109 110 107 101 88 109 107 104 101 88
0.244 109 110 107 100 86 108 106 104 100 85
0.275 109 110 107 99 84 109 107 103 98 82
0.307 108 109 106 98 81 109 106 102 97 79
1.085 91 90 81 64 39 93 89 81 63 39
1.651 16 73 62 45 25 77 72 62 44 25
1.753 73 70 60 42 23 74 70 59 41 23
2.365 57 52 43 28 14 56 52 42 27 14
3.215 36 32 25 15 6.6 35 32 24 14 6.5
3.442 32 29 22 13 5.5 31 28 21 12 5.4
4.009 22 20 14 8.0 3.3 22 19 14 7.7 3.6
4.111 18 15 11 6.2 2.4 20 19 12 7.2 2.9
4.859 12 10 7.2 3.7 1.3 11 10 6.8 3.4 1.2
5.573 7.1 5.7 3.8 1.8 0.6 6.2 5.3 3.5 1.6 0.5
6.468 3.0 2.4 1.5 0.6 2.7 2.3 1.4 0.6

6.615 2.5 2.0 1.3 2.3 1.9 1.2 0.5

7.692 0.6 0.5 0.3 0.5 0.5 0.3

120 ‘]

110 7

90 7
80

-

60

1

50

40
30 -
20 -

10

Tissue depth, kg m-2

Figure 2. Depth-dose distribution in tissue from a 90Sr/%Y extended area source
at a distance of 0.3 m for various incident angles (normalised to 100X
at 0.008 kg m-2 depth).
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The values obtained for the residual maximum beta particle energy, E....
at the calibration distances are given in table 3. The values obtained for
both the distances are in conformity with the specifications laid down by
the ISO(D).

Table 3: Measured residual maximum beta particle ranges and
the values of residual maximum beta particle energy
evaluated from them for distances = 0.2 and 0.3

m.

Source to detector| Residual maximum |-Residual maximum
distance beta range, Rres |beta energy, Eres
m kg/m? MeV
0.2 9.10 1.95
0.3 8.65 1.86
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Project 5§
Head of project: Prof. Gasiot

Objectives for the reporting period

The general objective is a contribution to the dose measurement
of weakly penetrating radiations using laser heating of a two dimensional
thin thermoluminescent solid state dosemeter. In the case of thin dosemeters,
laser heating can be effectively fast.and efficient because short reading times,
in the order of the millisecond,. are associated with high TL intensity [1,2].
The laser heating requirements. meet the general recommendations that for
beta radiation dosimetry the ideal dosemeter should be thin [3,4]. A schematic
view of the previous generation of reader is described in ref. [5].

The present work concentrates on:

- Building and testing a new high sensitivity laser heating TLD
reader adapted to beta dosimetry. This includes: a control of the experiment
(positioning the dosemeter; heating and laser power control; command of
various apparatus and remote configuration) and a data acquisition and
processing software.

- Developing and testing new dosemeters adapted to laser heating
and beta dosimetry. This includes adjusting the dosemeter-filter-support
assembly.

- Comparing the performances of the laser system with those of a
conventional reader.

Progress achieved including publications
1. Design and bujlding of a TLD reader

The new TLD reader is equipped with a RF 125 type laser. The
experimental set up is presented in fig. 1. The main improvements on the
reader features are;

-Electronic laser power control. We use an electronic control of

the laser power by varying the low frequency modulation of the R. F. laser
excitation.
The control of the laser outpout allows a stability of the laser power better
than 0.2%. This power stability should allow a reproductibility better than 2%
on the reading of the thermoluminescence of large plates.The signal
fluctuation is therefore manly dependent on the dosemeter preparation.

-Positioning the dosemeter is computer controled, ensuring that
the origin of the detector to be read is always in the same position.

-To improve the sensitivity, a new optical design has been
developed. The system is under test. This new system allows us to read with
the same sensitivity different TLD materials (CaSO4.Dy as well as AlgOg, for

instance), deposited on different supports, including glass, polyimides ...
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-Heating and control functions of the new reader have been
improved to assure a continuous heating on a line, in addition to the
traditional point by point reading. This set up allows us to read both, large
plates (200mmx200mm) and dosemeters as small as 20mmx20mm. The
resolution has been improved and is now of the order of 100 microns at the
minimum.

Data acquisition and software has been developed to insure the
following features:

-Aquisition of sample and irradiation characteristics.

- Determination of the experimental reading conditions, i.e.:

- Control and measurement of the laser parameters.

- Reading of a dosemeter with the associated data acquisition.

- Data processing.
The actual development has included several new features such as the
control, the visualisation and the analysis of the laser heating and of the TL
curve. The data processing system allows for transfer of the data to an ASCII
file.

2. Testing the reader

A comparative study of the performance of the laser reader and
that of a conventional reader has been performed with the team of Prof. F.
Fernandez (Servicio de Fisica de las Radiaciones, Universidad Autonoma de
Barcelona, Spain)[6]l. We have developed a facility to produce the large amount
of CaSO04:Dy powder required in the preparation and optimisation of the
dosemeter, using a method previously described [7]. Samples with
concentration of dopant ranging from 0.05 to 2.5 mole% Dy were prepared.
The samples were irradiated using a 50 kV X-ray source and a >9Sr/°Y
source. We studied the influence of the dopant concentration and the
pre-annealing temperature on: crystal size and shape prior to irradiaton;
intensity and position of the the low and high temperature peaks of the glow
curves; sensitivity and fading. We observed that the crystal size decreases
strongly with the dopant concentration (for dysprosium contents): above 1
mole% we observed clusters of very tiny thin crystals without any well defined
shape. Fig. 2 and 3 show the influence of the annealing temperature after
preparation (1 hour at 350°C plus 3.30 hours at 400°C) on the glow curves of
CaS04:Dy 0.1 mole%. Samples with annealing exhibit stronger intensity of
the high temperature peak leading to higher sensitivity. On the other hand
these samples showed a lower ageing than those which were not annealed.
Fig.4 and 5 show reproductibility of the TL output as a function of readings.

3. Developing new dosemeters adapted to laser heating and to beta dosimetry

Steps 3 are still in progress. The work is related to the
conception, the simulation and finally the test of dosemeters adapted to the
new TLD reader and for radiation metrology of low energy radiations. The
skills and the tools accumulated in this field during the past few years [8]
have been applied to develop dosemeters to measure doses, in particular,
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from beta rays (°°Sr/°°Y, '*7Pm, 2°4TI). Improvements of the dosemeters
have been achieved by varying the kind of support and the TL material.
Concerning the TL material, we have still some problems with respect to the
preparation and the reading of thin tissue equivalent sensitive materials.

The dosimeter response with respect to the filter-support-detector
arrangement has been investigated. Computational simulations allow for the
determination of the energy deposited in the TL material and around the
detector.

Actually the reproducibility of the reading of the
thermoluminescence of small plates (20mmx20mm) is better than 5%; for
large plates (200mmx200mm) typical values are within 5 to 10%.
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Figure 1: Configuration of the new Laser TLD reader
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Figure 2: Glow curves of CaSO4: Dy without annealing
Dose (mGy) = 1.5 (a); 3 (b); 6 (c); 9 (d)
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Figure 3: Glow curves of CaSO4: Dy with annealing
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Figure4:  Reproductibility test of TL dosemeter without annealing.

Trradiated to 4 mGy with a 99S1/20Y source.
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Project 6
Head of project: Prof. Scharmann

Objectives for the reporting period

The TSEE method is particularly suited for the dosimetry of weakly penetrating radiation because it
employs an extremely thin sensitive layer. In a co-operation between the CEA institute in Fontenay-
aux-Roses and the 1. Physikalisches Institut of the University of Giessen the capability of
exoelectron emitting BeO thin films dosemeters for the measurement of personal dose equivalent
Hp(0.07) in beta radiation fields was tested and optimized. Measurements were carried out with
respect to

- Improvement of the detector geometry

- Reproducibility of the dose response

- Optimization of covering foils

- Development of an optimised dosemeter badge

- Comparison with the results obtained by extrapolation chambers for different
beta radiation sources

- Determination of the ratio beta/gamma of the dosemeter sensitivity.

Progress achieved including publications

1. Experimental conditions

BeO thin film detectors produced by the Battelle Institute in Frankfurt were studied which consisted
of a2 100 nm BeO layer on a circular graphite substrate of 12.5 mm diameter. Irradiations were
performed with 60Co and the beta radiation sources of the Buchler secondary standard in Fontenay-
aux-Roses. In Giessen a 90Sr/9oY source of type F according to the notation by Christensen et al.
(1) was applied. For all exposures to beta radiation the detectors were placed on a Plexiglass slab
(polymethyl methacrylate) of a thickness > 10 mm. The experimental results are mean values from
4 - 8 detectors with standard variations between 2 - 8 %. Foils of 7.2 mg-cm'2 (50 pm) Hostaphan
(polyethylene terephtalate) and 8.4 mg-cm'2 (60 pm) Makrofol, a conducting black polycarbonate
materjal with soot additions were used as tissue equivalent cover materials. Makrofol was taken
because it protects against optical fading and avoids charging effects, however, foils of 7 mg-cm'2
were not available. The TSEE measurements were carried out with a proportional counter of
stabilized gas multiplication in Giessen (2) and a multi-needle counter in Fontenay-aux-Roses (3).

2. Energy dependence of the TSEE response

Detectors covered by 7.2 mg,-cm'2 Hostaphan had an almost correct response for normal radiation
incidence, independent of beta radiation energy (Table 1). The too thick Makrofol covers produced
a significant undersensitivity in the case of 147p jrradiations. In the future a very recently
developed black polypyrrole foil shall be used which is intrinsically conducting, Sheets of a thickness
of 7 mg-cm'2 were particularly produced for our needs.
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Table 1: Relative response of BeO thin film detectors covered by Hostaphan and Makrofol per unit
absorbed dose to tissue D,(0.07)

Relative response

Radionuciide | Mean energy
(MeV) 50 um Hostaphan | 60 gm Makrofol
60¢q 1.25 1.00 1.00
905,90y 0.8 1.05 1.10
2041y 0.28 1.04 0.97
1470y 0.06 0.96 0.77

3. Angular response

Corresponding to the factors F(0.07,¢), which have been established with extrapolation chambers (1)
a factor F’ = R(0.07,9)/R(0,0) can be definded where R denotes the TSEE response. The factors
F’(0.07,9) were determined for beta radiation from the sources of the Buchler standard. They were
in close agreement to the values of F(0.07,9) (Fig. 1).

In order to prevent the sensitive BeO layer of the detectors from mechanical contact with covering
materials it is evaporated into a 0.5 mm deep recess of the substrate. A comparison with flat
detectors of 19 mm substrate diameter showed that the side walls of 12.5 mm standard detectors
cause shading and decrease the TSEE response at angles > 60° of radiation incidence (Fig. 2). The
measured deviations were corresponding to the computed shadow area on the sensitive BeO layer.
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Figure 1. Angular response of Hostaphan covered BeO thin film detectors to 9OSr/90Y, and of
Makrofol covered detectors to 204T1 and to 147Pm in comparison to the factors F(0.07,p) (curves).

If the detectors are placed in a badge care has to be taken that the upper part of the badge does not
additionally affect the angular response. The badge formerly used in Giessen (4) raised the value of
F’(0.07,9) by more than 10 % due to scattering at angles of incidence 0° - 30°, while F(0.07,75°)
was only 0.4. For this reason a new badge was designed consisting of a holder of black perspex with
an extended window diameter. It produced the same results as in Fig. 2 for exposures to 90Sr/gOY.
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Figure 2. Angular response of uncovered detectors and detectors covered by 7.2 mg-cm'2
Hostaphan to 90Sr/gOY (source F, distance 30 cm) in comparison to the factors F(0,9) and
F(0.07,9) for two different detector geometries.

4, rminath EE

The dependence of the TSEE response of BeO thin film detectors exposed to 90Sr/90Y on the
thickness of covering Hostaphan foils was exactly in accordance with the transmission factors T(d)
for tissue in the Buchler calibration report (Fig. 3). Similar measurements were also carried out with
detectors covered by Makrofol, aluminjum, copper and gold. The results obtained with Makrofol
slightly deviated from those of Fig. 3 in a manner typical for a material of a too low atomic number.
These deviations are caused by the high concentration of soot additions to the polycarbonate base of
Makrofol.
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Fig. 3. Dependence of the TSEE response of detectors exposed to 90Sr/gOY (source F, distance
30 cm) on the thickness of covering Hostaphan foils in comparison to the transmission factors in
tissue (curve).

5. Infl f h ibility of N0,
It is known from previous measurements (5) that the dose response can increase by 10 - 15 % if
irradiated BeO thin film detectors are stored in water for several hours and subsequently dried in

air. In order to understand this effect such detectors and other insulating exoelectron emitters were
studied under vacuum conditions with TSEE excitation by a computer controlled scanning electron
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gun and exoelectron detection by a channeltron (6). Extremely strong surface charging of the
detectors could be achieved and modified by variation of primary electron energy and dose and the
exhaustion of secondary electrons. Water vapour was admitted through a leak valve to a partial
pressure of 4 hPa. This study showed that the increase of the TSEE response by humiditiy can be
attributed to surface neutralization which is caused by intense water adsorption on charged
insulating surfaces. Without neutralization emitted exoelectrons are partly deflected to adjacent
surface sites because of inhomogeneous charge distributions.

However, such effects could not be observed on BeO thin films which were in the usual manner
exposed to beta or gamma radiation in air and read-out with the counting tube equipment. A set of
48 dosemeters from different preparations by the Battelle Insitute in Frankfurt and the Staatliches
Materialpriifungsamt in Dortmund, was repetitively exposed to 90Sr/gOY (1 mSv) and prior to the
TSEE measurement either stored in saturated water vapour, vacuum or normal laboratory
atmosphere. The different storage conditions had no influence on the dose response. The standard
deviations for the detectors varied between 1 and 5 %.
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THE USE OF MICRODOSIMETRIC METHODS FOR THE DETERMINATION OF
DOSE EQUIVALENT QUANTITIES AND OF BASIC DATA FOR DOSIMETRY
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1) Grillmaier , Univ. Saarlandes - 2)Brede, PTB
3) Zoetelief , TNO-ITRI - 4) Schmitz , KFA Jiilich GmbH
5) Ségur , ADPA

Summary of project global objectives and achievements

1. Development of radiation protection dosemeters based on microdosimetric principles:

The project was aimed at the development of detectors using microdosimetric methods for
the measurement of dose equivalent in neutron-photon fields. The methods include low pressure
tissue-equivalent proportional counters (TEPC) and high pressure ionisation chambers (HIPC)
for area monitoring, and a semiconductor detector (SCD), as microdosimetric device, for
individual dosimetry. The objectives were to improve the performance of TEPCs and to study the
feasibility of HIPCs and SCDs with regard to their implementation for radiation protection
dosimetry.

The studies included the investigation of various technical problems, and the determination
of the dose response of the detectors and their properties as LET spectrometer. The work
included measurements in reference radiation fields. Depending on the stage of development
reached, some dosemeters could also be tested in environments of practical relevance for
radiation protection enabling the assessment of their effective capabilities in work conditions.
The investigations required theoretical studies using radiation transport and energy deposition
calculations. Furthermore the knowledge of basic characteristics of the detectors (swarm
parameters, gas gain, recombination, dead layer) were improved by using computer simulation.

The performance and specifications of the TEPC were improved and criteria for the
optimisation of their energy response and the required research work were identified. The
programme is intended to be continued with the aim to reduce the simulated diameter down to
several hundred nanometers and to determine the response of the TEPC in reference radiation
fields with realistic spectra.

The feasibility study of HIPCs revealed that large size detectors are required to meet
sufficient sensitivity implying to solve complex technical problems related to their electrical
design. The determination of their energy response requires more investigation.

To develop SCD dosemeters, buried charged coupled devices were first developed and
experimentally tested incomparison with random access memory chips. Based on these
preliminary investigations and using simulation calculations, the construction of chips with
suitable characteristics to be used as microdosimetric devices were started. First samples are

expected soon enabling prototypes to be developed and tested during the next period.

2. Basic data for dosimetry :
The work with microdosimetric devices on one hand requires but also provides basic
information for dosimetry. Different probiems were investigated including :
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2.1  Electron collision cross sections and related interaction quantities in gases :

The research on electrical discharge modelling in gas cavities is aimed at a better
understanding of charge collection processes in ionisation gas devices, in particular gas
amplification in low pressure proportional counters. This work has therefore within the frame of
the present project a direct impact for the development of operational dosemeters based on
TEPC techniques. In fact the study includes primarily the determination of the required electron
collision cross sections in the relevant organic vapours such as TE gas compounds. The methods
to determine these cross sections are indirect being based on deconvolution calculations using
gas gain modelling and experimental swarm parameters. During the contractual period, these
cross sections were determined for propane, isobutane and related TE mixtures of direct
relevance for microdosimetric-counters. A critical guestion remains the accuracy achievable in
gas gain calculations requiring to compare experimental and calculated gas gain data in well
defined conditions. Such work involves a larger collaboration and was initiated within Working
Group 10 of EURADOS. Within this cooperation, the application of these cross section tables to
derive W values in the gases of interest is investigated.

22 Neutron kerma factors :

Radiation protection dosimetry covers specific erivironments such as research accelerators,
space and civil aircrafts where high energy radiation, in particular high energy neutrons,
dominates. The investigations of high energy neutron fields were within the present project
directed toward (1) the determination of kerma factors in different materials and (2) providing
reference fields with well defined spectral characteristics for the calibration of radiation
protection dosemeters.

Within the present partnership, a long term collaboration existed to perform accurate
measurements of neutron kerma factor based on combined neutron spectral fluence and kerma
measurements. PCs are specially well suited for kerma measurements in fast neutron fields.
Fluence measuring techniques are well established below 20 MeV. During this period these
techniques were improved to be applied in the neutron energy range between 30 and 70 MeV. The
whole kerma measurements actually performed so provided a consistent set of experimental
kerma factors for A-150 plastic and carbon for neutron energies from 14 to 70 MeV. The current
work is continued to determine the corresponding data for oxygen material. These results are of
direct relevance for the improvement of nuclear models for the interaction of neutrons with light
nuclei.

The kerma experiments required accurate knowledge of neutron spectral fluence. To obtain
this information, spectrometry methods had to be substantially modified and improved for these
high neutron energies. The work allowed in turn to extend the reference fields available for
calibration of radiation protection dosemeters to the high energy range. No such facility existed
so far. Calibration experiments in collaboration with other contracts were performed at the PSI
in Switzerland. The characterisation of high energy fields with different characteristics is being
investigated also in Louvain-la-Neuve. High energy neutron dose equivalent conversion factors
were evaluated and the dose equivalent response of TEPCs was for the first time systematically
investigated at these high energies.
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2.3 Dose calculations in phantom :
Dose calculations in phantoms were investigated with two endpoints.

A correct interpretation of the dose equivalent response of the dosemeters requires to take
into account the influence of radiation scattered in the phantom and the definition of operational
quantities in radiation protection. For microdosimetric devices this investigation can be achieved
by combining radiation transport and energy deposition calculations. The calculations
performed also served to design the operational detectors and to investigate a reference
dosemeter based on TEPC as transfer device for the calibration of other instruments.

Dose calculations were also applied to derive organ dose in humanoid phantoms with the
aim to investigate the consequences of the new recommendations by the ICRP, in particular the
meaning of quality factors based on LET gompared with the new radiation weighting factors.
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Project 1
Head of project: Dr, Grillmaier
Scientific staff: S. Gerdung, A. Kunz, T. Lim, P. Pihet

Objectives for the reporting period

To improve the dose equivalent response of low pressure tissue-equivalent proportional
counters (TEPCs) for low and intermediate energy neutrons by optimising TEPC characteristics
(gas pressure and composition, wall thickness) by mean of calculations and experiments in
reference fields. To assess the influence of ambient temperature on the stability of gas gain to
improve the practical performance of TEPCs for radiation protection work.

To continue measurements at research facilities and radiation protection environments,
using in particular the HANDI survey meter (Homburg Area Neutron Dosimeter).

To complete in close collaboration with the PTB the determination of kerma factors in A-
150 and Carbon for neutrons from 14 to 70 MeV by using PCs to measure absolute kerma. To
investigate accuracy of PC measurements with regard to the calibration techniques used.

Progress achieved including publications

The development of the ambient dose equivalent meter HANDI based on a low pressure
tissue equivalent proportional counter (TEPC) was continued in collaboration with the Bundes
Minister fiir Umwelt Naturschutz und Reaktorsicherheit (2)(5). An operational version of the
HANDI system was produced in a limited series to be tested by expert institutes in order to assess
the capability of the instrument for radiation protection dosimetry. The instrument was namely
given to perform radiation protection measurements in civil aircrafts, the continuation of this
work being planned for the next period within the frame of another contract. Furthermore, it was
used successfully at different radiation protection environments, e.g. to measure the dose
equivalent distributions in intense neutron-photon fields around a cyclotron specially built for
radioisotope production and dedicated for clinical use (Fig. 1) (2)(3).
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Figure 1. TEPC measurements at different locations around a 3 MeV compact medical cyclotron made by
LB.A. Louvain-la-Neuve for P.E.T. The TEPC measurements served to characterise the radiation
fields close to the cyclotron in the absence of reliable spectrometry information. The spectra were
systematically measured inside and outside the concrete shielding providing detailed neutron-
photon dose equivalent mappings around the accelerator (2).

The work was focused on improving the performance of the TEPC for mixed fields
dosimetry, in particular the improvement of the dose equivalent response for neutrons with low
and intermediate energies. The reading of a TEPC for neutrons with energies below several
hundred keV is considerably lower than the ambient dose equivalent due to the combined effects
of short range particles in the cavity and neutron transport in the detector wall (1). An additional
experiment was performed in the 144 keV filtered neutron beam of the Research and
Measurement Reactor (FRMB) at the PTB to investigate more precisely the influence of these
effects (6). The results compared with those of earlier experiments confirmed that the solution
depends on a difficult compromise for the choice of the wall thickness, the gas pressure and the
gas composition, the main difficulty remaining to increase the response at neutrons energies
around 10-100 keV. To search for the optimum parameters, the experimental investigations were
completed by mean of computational methods. The MCNP 3B3 code was used at the PTB to
simulate neutron transport in the detector wall and combined with the Caswell and Coyne code to

calculate the energy deposition distribution in the cavity (Fig. 2).

Although the "ideal" energy independent curve was not found, a response in the order of
+/- 40 % seems feasible in an energy range already considerably larger than for conventional
radiation protection instruments. To reach this objective the best compromise would be to use :
(1) lower diameters than those commonly used to achieve a significant improvement in the
100 keV region; (2) detector wall thickness not exceeding I cm; and (3) 3He to enhance the
response to thermal neutrons however in very small amounts (<! %) due to the fast increase of the
response below 1 keV and at thermal energies. Adding 3He does not influence the determination
of the photon component and the response of the TEPC to fast neutrons.
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Figure 2. Dose equivalent response of a TEPC as a function of neutron energy as calculated by

varying the counter characteristics. Theoretical curves are compared with
experimental data (HANDI, 2.8 mm wall; KFA, 18 mm wall). The response of a rem-
meter using thick moderator is added for comparison. In the range from high energies
down to about 5 keV, the calculations show that an adequate response for the TEPC
can be achieved. At lower energies the decision for the best compromise depends on

the spectrometry information available for practical fields.

Other properties of TEPCs were investigated to increase their technical performance (6).
Namely, in practical environments, TEPCs must be used in ambient temperatures varying from
about 15 to 40 °C. The temperature dependence of gas amplification was studied by testing the
stability of the alpha source calibration peak for counters maintained in a thermostatically
controlled chamber. For various TEPCs filled with propane TE gas a decrease in gas gain of
0.7 %/°C was observed for temperature increasing from 10 to 50 °C. Furthermore, no significant
variation was observed for counters filled with pure isobutane leading to associate the effect of
temperature with the CO2 content. A counter with metal walls and filled with propane based TE
gas also did not show significant variation leading to assume the effect as due to the interaction of
A-150 plastic wall and CO2. Isobutane appears therefore a relevant alternative to propane based
TE gas. It also offers better gas gain properties enabling to operate the detector at lower voltage

and reduced gas pressure.

Possible improvements of the TEPC characteristics places the instrument as a relevant
alternative to conventional detectors using thick moderators. In particular, an adequate response
is feasible in the 10-500 keV and thermal regions which are the dominant neutron components in
reactor environments. This and the good performance of TEPCs in high energy fields motivated
the continuation of the programme to search for the solution of two remaining problems : (1)
what is, and how to improve, the operation of TEPCs at low pressures simulating volumes in the
order of 0.5 um, especially TEPCs with large sizes; and (2) what is the effective response of the
instrument in realistic fields similar to those encountered in radiation protection practice taking
into account the relative weight of the different energy components.
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2. Dosimetry research using PCs

Kerma measurements were performed using PCs made of carbon and A-150 plastic in
neutrons fields with energies from 30 to 70 MeV at the Paul Scherrer Institute (CH). These
experiments aimed at the determination of kerma factors for carbon and A-150 were performed in
collaboration with the PTB and the Université Catholique de Louvain to combine PC and
neutron fluence measurements. They completed similar experiments performed at the PTB in the
range from 14 to 20 MeV (7). The whole set of kerma experiments was revised by improving
calibration techniques with emphasis put on the basic physical data required and the influence of
experimental uncertainties (5). The overall uncertainty of the kerma measurements using a TEPC
and a CPC was found ranging from 4 to 7 % in the neutron energy range of 14 to 20 MeV, from 4
to 15 % in the range of 30 to 70 MeV (see Project 2 for publications).

Taking advantage of the combined TEPC and spectral fluence information available, the
TEPC measurements served as a preliminary investigation for the dose equivalent response of the
TEPC to high energy neutrons, of relevance in high energy radiation environments such as around
research accelerators, in space and civil aviation.

TEPCs were used at the research reactor Siléne within the frame of spectrometry
measurements around the bare and the shielded source to support a reference dosimetry for an
intercomparison of criticity accident dosemeters. Preliminary measurements were performed in
moderated neutron fields with "realistic" spectra simulated at Cadarache. Furthermore the
laboratory continued to support investigations of radiation quality at different facilities : (1)

comparison of two different irradiation geometries used for biological experiments at the research
reactor TAPIRO; (2) comparison of lineal energy distributions for 14 MeV neutron therapy
beams in fixed and moving beam configurations in Heidelberg; (3) comparison of y-distributions
for 80 MeV proton therapy beams in correlation with radiobiological experiments to assess the
use of biological weighting functions in microdosimetry.
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S. Gerdung, A. Kunz, T. Lim, P. Pihet
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Deutsches Krebforschungszentrum, DKFZ, Heidelberg (Dr. K.H. Hdver) (D)
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Project 2

Head of project: Dr. Brede
Scientific staff: R. Dangendorf, R. Nolte, U.J. Schrewe, H. Schuhmacher, BR L. Siebert

Objectives for the reporting period

Investigation of reference neutron fields between 20 MeV and 70 MeV

Determination of neutron kerma factors in A-150 plastic and carbon (20 MeV < E; <
70 MeV) combining low-pressure proportional counter measurements with time-of-flight
techniques and spectral neutron fluence determination with a scintillation detector and neutron
fluence measurements with a proton recoil telescope.

Development of a transfer device for dose equivalent quantities.

Progress achieved including publications

1. Invgstigation of reference neutron fields

The upper end of the neutron energy range previously at 20 MeV for various dosimetry
applications has shifted to higher energies as many radiation fields exist in which persons may
receive a significant fraction of dose from neutrons with energies above 20 MeV, e.g. at particle
accelerators, in aircraft and spacecraft.

The determination of the response of neutron dosemeters used in radiation protection in
this energy region is therefore essential. At E; < 20 MeV, adequate reference radiation fields are
available and calibration procedures for radiation protection instruments are well established.
Above 20 MeV neutron energy however, neither calibrated beams nor calibration protocols are
available (11). In order to establish a calibration facility for survey and personal dosemeters at
neutron energies higher than 20 MeV, reference neutron fields have been characterised and made
available at the Paul Scherrer Institute (PSI), Villigen, Switzerland.

Using the pulsed proton beam of the PSI cyclotron and a 2 mm thick Be target for the
neutron production, time-of-flight (TOF) spectrometry has been applied with NE213 scintillation
detectors. Fig. 1 shows five different neutron spectra which have been measured with TOF
techniques. The absolute neutron fluence in the high-energy peak has been measured with a recoil
proton telescope (PRT) (9).

The conmsistency of spectral neutron fluence determination with a liquid scintillation
detector using TOF techniques and fluence measurements with a proton recoil telescope (9) has
been investigated in the energy range between 20 MeV and 70 MeV. The inclusion of events due to
neutron reactions with carbon nuclei, in addition to n-p scattering events in the scintillator,
caused deviations of up to 15 % from measurements (2) with a PRT which is based purely on n-p
scattering. Fig. 2 shows the response of the NE213 scintillation detector to almost monoenergetic
neutrons of 60.6 MeV. Good agreement between calculations and measurements has been found
if only events due to the n-p scattering are used for the analysis of the scintillation detector.
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In order to monitor the neutron fluence of the collimated beam, the
107/109Ag(n,3/5n)105Ag reaction cross section for 20 MeV < Ep < 70 MeV has been determined
(5). Due to the neutron energy thresholds of approximately 18 MeV and 35 MeV, these reactions
are well suited to determine the total neutron fluence of high-energy neutrons without being
sensitive to the low-energy component of the beam.

Figure 1. Relative spectral neutron fluence ®g r.; as a function of neutron energy Ej for five
radiation fields at PSI produced with different proton energies Ep on a 2 mm thick Be
target.
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Figure 2. Response spectrum of the scintillation detector for incident neutrons with an energy
of (60.6 = 0.8) MeV. (a) experimental spectrum, (b) calculated with the modifted
SCINFUL code ! and normalised to (a) in the region indicated by the arrows.

1 Dickens, J.K., SCINFUL. A Monte Carlo Based Computer Program to Determine a Scintillator Full Energy
Response to Neutron Detection for Ep between 0.1 and 80 MeV: Prograrm Development anad Comparison of Program
Predictions with Experimental Data. Oak Ridge National Laboratory Report ORNL 6463 (1938)
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2. Determination of kerma factors

Kerma factors of A-150 plastic and carbon were determined for neutron energies between
20 MeV and 70 MeV. The neutron kerma were measured in the quasi-monoenergetic collimated
neutron beam at PSI, with low-pressure proportional counters with walls made of A-150 plastic
and carbon. The neutron fluence of the beams was determined with a PRT (9).
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Figure 3. Kerma factor k¢ for carbon (I) and A-150 plastic (I1) versus neutron energy E,. Data
points of Schrewe et al. (6,7), calculations of Brenner 2 solid line and of Wells 3 broken
line.

The experimentally determined kerma factors of A-150 plastic and carbon (6,7) are
compared with data obtained with models and calculations in Fig. 3. In the energy range between
40 MeV and 70 MeV the calculations of Brenner and Wells agreed best with our results.

3. Development of a transfer device

The calculational studies of a ’transfer instrument’ for ambient dose equivalent have been
continued. The device consists of a combination of a tissue-equivalent proportional counter
(TEPC) and a phantom. Preliminary results, already published (8) showed an energy dependence
of the system of less than + 20 % within the energy range between thermal and 20 MeV. Influenced
by the new ICRP 60 recommendation of a new relation-ship for the quality factor as a function of
linear energy transfer, the new fluence-to-ambient dose equivalent conversion factors were
calculated (12). The aim of the present calculations is the investigation of the dose equivalent
response of a TEPC in a spherical and a slab phantom with respect to the angular dependence of
the incoming irradiation.

2 Brenner, D.J.: Neutron Kerma Values above 15 MeV Calculated with a Nuclear Model Applicable to Light Nuclei.,
Phys.Med.Biol. 29 (1983) 437-441

3 Wells, A.H.: A Consistent Set of Kerma Vaiues for H, C, N and O for Neutrons of Energies from 10 to 80 MeV.
Radiat Res. 80(1979)1-9
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Project 3

Head of project: Dr. Zoetelief
Scientific staff: Dr. J.J. Broerse, F.S. Draaisma (until September 1991)

Objectives for the reporting period

To perform measurements with high-pressure ionisation chambers (HPIC) around a Van de
Graalff accelerator producing 15 MeV neutrons and neutrons of other energies and to analyse the
results in terms of cavity size effects and ion recombination theory. To use the Caswell and Coyne
code to perform calculations of energy deposition, ion yield and cavity size effects and compare
the results with the HPIC measurements. To study ion recombination theories to allow future
analysis in terms of columnar recombination (Jaffé theory) or cluster recombination (Kara-
Michailova-Lea theory).

Progress achieved including publications

1. Feasibili high for radiation ion dosim

High pressure ionisation chamber systems might provide an alternative to TEPC
instruments as dose equivalent meters in mixed fields. The experimental and signal processing
system is less complex and HPIC provide a better spatial resolution without loosing sensitivity.
Previous studies revealed that at elevated gas pressures an increased sensitivity is obtained for
various filling gases. The amount of initial recombination as well as the pressure dependence of
the reading at fixed voltages can be used to determine radiation quality.

In the present project emphasis was placed on developing a field instrument for
measurement of dose equivalent in mixed neutron-photon fields based on TE and Al HPIC using
Ar and methane as filling gases. Measurements were carried out at various positions around a
Van de Graaff generator producing 15 MeV neutrons and at the maze entrance of the neutron
generator hall to simulate irradiation conditions more relevant for radiation protection than used
in previous studies.

In our first progress report within the present contract it is indicated that the leakage
currents were too large, i.e., in the order of 10-13 A at a collecting potential of 600 V. The
contribution to the total current measured at 600 V for positions 2 m, 0° (i.e. 2 m distance from
the target on the axis of the ion beam) and 2 m, 45° varied from about 3 per cent to 50 per cent for
pressures varving from 8 MPa to 0.01 MPa. It can be seen from Table | that for positions in the
maze entrance the dose rate is reduced by factors ranging from about 18 to 500. Consequently, a
reduction in leakage current in the order of at least a factor of 100 should be achieved to allow
measurements at all positions at increased (about 1 MPa) pressures. In first instance, leakage was
reduced by drying the chambers inside an exsiccator, but this provided only a short term solution.
The chambers were therefore modified by replacing several insulators. This was particularly
difficult since the previous construction included insulators which appeared to have a worse
electrical resistance but good properties to provide gas tightness up to 10 MPa. Eventualily, the
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leakage currents were reduced to 10-15 A, which is of the same order of magnitude as that of
common ionisation chambers. Measurement at position A with the Al HPIC filled with Ar
(photon dosemeter) at 5 MPa and 600 V collecting potential are about 5 x 10-15 A. It has

therefore to be concluded that also in view of the recent ICRP recommendations the present
system will not be sensitive enough for practical radiation protection purposes. This might be
achieved by using chambers of larger dimensions.

Table | Relative absorbed doses for different positions in the primary field and maze entrance

for d(1)+T neutrons

measuring Dr DN DG H*
position (104 Gy/C) (104 Gy/C) (104 Gy/C) (104 Gy/C)
2m, 0° 9.1 £0.6 8.0 0.6 1.1 +0.1 120+ 10
2m, 45° 9.0 £0.6 7.9 0.6 1.1 £0.1 120+ 10
2m, 90° 4.2 0.3 3.5 £0.2 0.77+0.08 59+ 2
6 m, 45° 1.7 0.1 1.36 +0.09 0.34+0.03 25+ 1
posC 0.53+0.06 0.40+0.05 0.1320.02 7.203
pos B 0.17£0.05 0.13+£0.04 0.04+0.01 2.0 +£0.3
pos A ——- - .- 0.07+£0.01

* From Studsvik rem-counter

In Table 2 for 15 MeV neutrons a comparison is shown of the mean quality factor previously
obtained from measurements with proportional counters and a recombination parameter, i.e.,
the ratio of the readings at 500 V to the readings at 100 V at a gas pressure of about § MPa. The
recombination parameter of the measurements with the Al high pressure ionisation chamber is
not significantly different for the various measuring positions as expected since this chamber has
alowky value, i.e., about 6 per cent. The recombination parameters using methane as filling gas
are also not significantly different for the two chamber types, although the uncertainties in the
results obtained with the TE HPIC are large since these measurements were made with too high
leakage currents. The recombination in the HPIC with methane as filling gas are approximately a

factor of 10 lower than those obtained from proportional counter measurements. Measurements
at lower neutron energies will be performed to study whether this relationship is more generally
valid. As soon as the program for 15 MeV neutrons with the TE HPIC is completed measurements
will be made for d(2.3)+D neutrons at the same measurement positions.

The Caswell and Coyne code for calculation of energy deposition and ion yield has been
installed on a work station and can be used for calculations of the contributions from crossers
insiders, starters and stoppers. A comparison with experimental results with different wall and
gas compositions has not yet been performed.
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Table 2 Mean quality factor from microdosimetric measurements and recombination
parameters (relative reading R(500V)/R(100V) at 5 MPa gas pressure) from HPIC

measuring 9] TE HPIC AlHPIC

position methane methane Ar
2m, 0° 1.53+0.02 1.47£0.02 1.13£0.02
2m, 45° 15.2+0.8 1.47 £ 0.02 - 1.11£0.02
2m, 90° 15.2+0.8 1.8 +0.2 ---

6 m, 45° 15.8+0.8 1.9 £0.4 1.38+£0.05 1.16£0.05
pos C 15.0+0.8 -e- 1.4 0.1 1.15+0.05
pos B 14.2+0.8 --- 11.2 0. 1.18+0.05
pos A .- - - 1.3 £0.3

2. I ination in hi

The columnar recombination theory of Jaffé has been introduced into a computer program
and was used to fit ion recombination as a function of voltage at various pressures. The theory
requires various constants including ion pair density inside a column electron and ion mobilities,
recombination rate constants, diffusion parameters some of which are dependent on pressure.
Values of these parameters are generally not well known. The computer code has to be modified
for at least two reasons, i.e., the central facility at our institute obtained different types of
computers with differing operating systems and with the present program results at different
pressures can not be jointly fitted with the present version. It is promising that we recently
became aware of work of Hatano and colleagues from the Tokyo Institute of technology on free-
ion yields, electron mobilities and recombination rate constants in various gases including

methane and argon.

Scientific staff
Prof. Dr. J.J. Broerse, F.S. Draaisma (until September 1991).

T 1] in ivel

Institute of Atomic Energy, Swierk (Dr. N. Golnik), Poland.
U.S. Super Collider project (Dr. J.J. Coyne), U.S.A.
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spectra for low energy neutrons. Radiat. Prot. Dosim. 31, 217-221, 1990.
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Project 4
Head of project: Dr. Th. Schmitz

Scientific staff: D. Barthmann, L.E. Feinendegen, M. Kopec, Th. Schmitz, O. Schréder,
K. Morstin, (AGH Krakau)

Objectives for the reporting period

- Experimental investigations of semiconductor detector properties in neutron fields, using
SRAMS (static random access memory) chips as microdosimetric detector.

- Optimisation of the detector design with respect to the thickness of tissue equivalent layers
for neutron radiations.

- Investigation on the relation of microdosimetric spectra measured with semiconductor
detectors and tissue equivalent counters.

- Calculation of energy deposition spectra in organs for radiation fields of different
composition and with different geometrical properties.

- Collection of relevant biological data to enable an investigation on the correlation between
energy deposition spectra and biological effects.

Progress achieved including publications

The final design of a semiconductor detector, which is suited for the application as a
microdosimetric detector, was worked out in collaboration with the Institute for Semiconductor
Physics (IHP). Due to the short period of time available for the production of a first prototype, it
was decided to modify an existing buried channel charge coupled device structure (BCCD).

The advantage of a buried structure lies in a reduction of noise in connection with an
increase of detectable energy. The active layer of the chip will be sheltered by means of a
potential wall against signals which are created in the substrate of the semiconductor chip. The
dead layer on top will be reduced to an electrically necessary minimum (i. e. less than 100
nanometers).

With the help of simulation calculations, the operation of the designed chip was verified.
Thereafter, the production of the chips was started. First samples of the chips were expected at
the end of 1991, but due to technical delays, the chips will not be available before the end of June
1992. The delay offered the possibility to check the chip design completely and to introduce
improvements of the noise characteristics. Furtheron, all the necessary electrically data and
timing information is available, so that the preparation of the experimental set up for
measurements with the BCCD chip could be started.

In addition to the development of the BCCD chip experiments with static random access
memory (SRAM) chips with 4, 16 and 64 kByte of memory had been planned and built up. For the
experiments a collimated fast neutron beam is used, which is produced by the bombardment of a
thick Beryllium target by 14 MeV deuterons from the compact cyclotron at the KFA.

=200 -




The interpretation of these experiments is under way as well as the comparison to
microdosimetric dose distributions measured with a low pressure proportional counter in the
same neutron field.

The calibration procedure is based on the measurement of alpha particles from a 241Am
source within a vacuum chamber. The setup for these measurements was specially prepared for
the purpose of calibration. However, the measurements with the alpha source will also be used to
gain more information about the structure of the chips and consequently to help in the

interpretation of experiments.

2.

The work on biological response functions was continued. Within the framework of these
studies, advanced Monte Carlo transport calculations have been performed in the male phantom,
which has been developed on the basis of the ADAM phantom. The ADAM phantom was
modified in the sense that it contains all organs, for which weighting factors are given in the last
ICRP recommendations, i.e.: gonads, red bone marrow, colon, lung, stomach, bladder, liver,
oesophagus, thyroid, skin, bone surface, and remainder. The phantom is composed of 4 different
tissues: skin tissue, lung tissue, skeletal tissue, and soft tissue. The material composition
comprises the following elements: H, C, N, O, Na, Mg, P, S, Cl, K, Ca, Fe, Zr, and Pb.

The calculations have been performed with the code MCNP-3A The nuclear data required
for these calculations were taken from BMCCS, MCPL and TMCCS nuclear data libraries. Three
different irradiation geometries were investigated: anterior-posterior, posterior-anterior, and
lateral, for broad parallel beams of monoenergetic neutrons impinging from the front, back, and
a side of the phantom, respectively. In each case calculations have been done for 33 different
neutron energies, from thermal up to 20 MeV.

The results of these calculations have been used to study the consequences of the
recommendation of the ICRP, which were forwarded in its report No. 60. In this report, it is
suggested that the dose equivalent to a tissue or organ should be determined from the product of
the absorbed dose in that tissue and a radiation weighting factor, which is characteristic for the
radiation incident on the body. The concept of weighting factors is seen by the ICRP as a
simplification against the concept of using a LET dependent quality factor, which is
characteristic for the radiation at the location of the organ. The dose equivalent derived with the
new concept is named effective dose, E, whereas the quality factor based dose equivalent was
called effective dose equivalent, Hg.

The new quantity effective dose has been calculated and compared to the effective dose
equivalent, Hg. For the latter, the new formulation of the quality factor, also proposed in ICRP
report 60, has been used. The achieved results indicate that the simplified concept of assigning
radiation weighting factors to an undisturbed field, and thus of neglecting quality variations
within the human body, is highly incompatible with the LET-based quality factor concept. The
discrepancy between the effective dose equivalent and the effective dose depends on the energy of
the incident neutrons. For energies below 10 keV both quantities differ by a factor of 2, while
between 10 keV and 100 keV this factor changes between 7 and 2. Generally the new quantity
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gives the higher values, with exception of the region 2 to 4 MeV, where it is slightly lower than
Hg.

In the last months, additional modifications have been introduced to the phantom. They
follow suggestions of C.A.Lewis and R.E.Ellis and introduce two additional organs: trachea and
bronchi. In addition the location of the stomach has been changed. Furtheron, a female
phantom, which is based also on the GSF publication has been developed. The modifications
mentioned above have been introduced also in this case. This phantom is currently being tested,
and transport calculations are expected to start shortly.

Scientific staff
D. Barthmann, L.E. Feinendegen, M. Kopec, Th. Schmitz, O. Schréder
K. Morstin (AGH Krakau)
I h )| i ivel is proj
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Institut fiir Halbleiterphysik GmbH, Frankfurt/Oder
P. Olko, Institute of Nuclear Physics, Krakau Poland
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(2) Schmitz, Th., Morstin, K., Olko, P., Booz, J. The KFA Counter: A Dosimetry System for
Use in Radiation Protection. Radiat. Prot. Dosim 31, Nos. 1-4, pp. 371-375 1990.
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Spectra in Humanoidal Phantoms. 9-th International Congress of Radiation Research,
Toronto, 7-12 July 1991.

(8) Morstin, K., Kopec, M., Schmitz, Th. Equivalent Doses vs. Dose Equivalents for Neutrons
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Structure. Proceedings of the Workshop on Biophysical Modelling of Radiation Effects,
Chadwick, K., Menzel, H.G. (eds.), IOP Publishing Ltg, Bristol, England.
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Project §

Head of project: Dr. Ségur
Scientific staff: A. Alkaa, D. Blanc, A. Chouki, J. Y. Gosselin, C. Moutarde

Objectives for the reporting period

Our matn objective for the present period was the determination of electron-molecule collisions cross-
section in propane. Furthermore, some preliminary calculations were made of the electric field and the
corresponding gaseous gain in counters with complex geometries. Non-equilibrium behaviour of the ionisation
coefficient in low pressure cylindrical tissue equivalent proportional counter was also investigated.

Progress achieved including publications

The determination of electron-molecule cross-sections 1n organic vapours is of paramount 1mportance
not only for modelling the motion of electrons in proportional counters, but also for the determination of energy
losses and consequently the W values in particular gases of relevance for dosimetry and microdosimetry
techniques. Furthermore, the theoretical study of the slowing down of electrons from very high (a few MeV) to
very low (a few eV) energies cannot expected to be made without a good knowledge of the cross-sections for all
interaction processes involved in electrical discharge mechanisms (ionisation, excitation, vibration,
attachment), for the whole range of energies and for the gas of interest.

Unfortunately, knowledge of the cross-sections for organic vapours is actually very poor. The only gas
whose cross-sections are well known is methane (see our previous report, contract n° B16-A-292-F). But in the
case of propane and generally for most organic vapours, a little information is available. In the case of propane,
very few experimental determinations of these cross-sections have been made so far and no theoretical
determrnation is for the moment available. Furthermore. with respect to theoretical determination, a quantum
mechanical approach 1s still unable, at low electron energies (lower than 100 eV) to give valid data since the
interaction potential between electrons and these molecules is not well known due to the complex structure of

the molecule.

In our opinion, the only approach to determine these cross-sections at present is to use information from
the expenimental determination of swarm parameters (i.e. drift velocities. diffusion coefficients, ionisation
coefficients, etc..). All these data depend (in so-called equilibrium conditions) on the ratio of the electric field E
divided by the pressure P (E/P or E/N where N is the density of the background gas). The various swarm
parameters being defined by quadrature over the distribution function of electrons and the electron-molecule
cross-sections, it follows that the knowledge of the variation versus E/N of these parameters allows, through an
unfolding procedure, the energy variation of the cross-sections to be determined.

This unfolding procedure does not usually provide a unique set of cross-sections, but, if the number of
data derived from experimental determination of swarm parameters are large enough (determined in pure gas
and in several mixtures for example), the results obtained are at least as accurate as those from direct
measurements of the cross-sections due to the very high accuracy of measurements in swarm experiments
(experimental errors are less than 3% in most cases).

Figure 1 shows the electron-molecule cross-sections that we obtained using our unfolding procedure.
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Figure 1. Electron-molecule cross-sections in propane determined with our unfolding procedure.
1 Elastic momentum transfer cross-section;
24 Cross-sections for various vibrational levels;
5 Cross section for excitation of optical levels:
6 Total ionisation cross-section;
7 Attachment cross-section.

It is well known in the literature that the occurrence of a Ramsauer minimum in the elastic momentum
transfer cross-sections together with some vibrational cross-sections induces a very characteristic variation of
the drift velocity as a function of E/N. In thus case, the drift velocity, which is shown in figure 2 for propane
and some propane-argon mixtures, first increases and then decreases. The importance and the location of these
maxima and minima are strongly connected to the variation of elastic and vibrational cross-sections, and a
small change in these cross-sections induces a large variation in the drift velocity. In these conditions, if many
experimental data are available in propane and in mixtures of propane with some other gases (whose the cross-
sections are well known). these data may be used to determine elastic and vibrational cross-sections. The
experimental set of data shown in figure 2 was then used to unfold these cross-sections.
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Figure 2. Electron drift velocity in propane and in Figure 3. Ionisation coefficient in propane
propanc-argon mixtures. Propane: 1-7 (1-2 exper. data, 3 our cross-section)

experimental data, 8 our calculations; Propame-

argon mixtures: 90% C3Hg (9 exper. data (e.d.),

10 our calculations (0.c.)), 80% C3;Hg (11 ed,, 12

0., 50%C3Hg (13 e.d.,14 0.).20% C3Hg (15
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The use of drift velocity and characteristic energy to determine cross-sections is not sufficient to make
these cross-sections consistent with the ionisation coefficient. To do that, it is necessary to take into account,
during the unfolding procedure, experimental data of the ionisation coefficient together with ionisation cross-
sections. In figure 3, we show the ionisation coefficient in propane tissue equivalent mixtures for which few or
no data exist at the moment in the literature.

With these new electron cross-sections, it is easy to calculate many different parameters of great interest
in the field of dosimetry or microdosimetry. The first important data are the various swarm parameters (drift
velocity, characteristic energy, ionisation coefficient) in propane tissue equivalent mixtures for which few or no
data exist at the moment in the literature.

The variation as a function of E/N of these quantities is shown in figure 4 and 5 for ionisation
coefficients, drift velocity and characteristic energies.
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Figure 4. Electron ionisation coefficient in Figure 5. Swarm parameters in propane based
propane based . tissue-equivalent gas. 1 total tissue-equivalent gas. 1 Drift velocity, 2
jonisation coefficient, 2 C3Hg partial ionisation Transverse characteristic energy, 3 Longitudinal
coefficient, 3 Ny partial jonisation coefficient, 4 characteristic energy

CO; partial ionisation coefficient

No comparison with experimental results can be made for these calculations because no corresponding
experimental data is, for the moment, available. Comparisons were only possible with gas gain measurements
in cylindrical or spherical proportional counters.

To conclude, we may note that our propane electron-molecule cross-sections were determined for a large
range of energies, between thermal to 10 keV. For energies higher than the ionisation threshold, the unfolding
procedure based on swarm parameters can no longer be adopted. Fortunately quantum mechanical calculations
can now be used for elastic and jonisation cross-sections. However, a check of the validity of cross-sections at
high energies could be made by comparing experimental and calculated W values for propane or propane tissue

equivalent.
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DETERMINATION AND REALISATION OF CALIBRATION FIELDS FOR
NEUTRON PROTECTION DOSIMETRY AS DERIVED FROM SPECTRA
ENCOUNTERED IN ROUTINE SURVEILLANCE

Contract Bi7-031 - Sector A12

1) Klein , PTB-Braunschweig - 2) Thomas, NPL-Teddington
3) Chartier , CEA-Fontenay-aux-Roses - 4) Schroube , GSF-Neuherberg

Summary of project global objectives and achievements

The main objective of this collaborative project was to produce in the laboratory a few
well characterised neutron fields that replicate typical spectral neutron fluence distributions
encountered in radiation protection practice. These fields are needed for the calibration of
neutron area and personal dosemeters which generally do not have the energy response
required to determine dose-equivalent quantities. The project consists of four distinct parts,
namely
(1) the measurement of the spectral neutron fluence typically encountered in practice,

(2) the preparation of a catalogue of all measured spectra in an agreed format including the
calculation of relevant dose-equivalent quantities and the response of commonly used
neutron dosemeters

(3) the inspection of this catalogue in order to extract a few representative spectra and their
expansion in terms of the calibration spectra already available or, if necessary, newly
defined ones, and finally

(4) the computational prediction of configurations consisting of the usual neutron sources
(accelerator, reactor or radionuclide-based) and appropriate moderators in order to
produce these reference fields in the laboratory.

The spectrometric measurements were performed independently by each laboratory,
chiefly in the respective country, and are briefly described in their reports, which also
include improvements of the spectrometers, the calculation and experimental calibration of
the response functions.

A total of 17 recently measured or re-analysed previous data have been added to the
catalogue which was so far chiefly based on catalogues recently compiled. However, a set
of programs have been developed to set up and update the catalogue, to analyze and order
the spectra and to calculate relevant dosimetric quantities and detector responses. Details are
given in section 2. of this summary.

Although the catalogue has not yet been made use of to find a few basic spectra which
should then be replicated in the laboratory for calibration purposes, various moderator
assemblies have been simulated by means of the MCNP code for a 14 MeV neutron
generator. Among several available spectral configurations, one was selected which
associates features of neutron spectra encountered at nuclear facilities and additional
characteristics (a monoenergetic radiation at 14 MeV) to check the capabilities of the
spectrometric systems and unfolding procedures. This configuration was realized at the
CEA Cadarache facility and investigated in the frame of a small-scale intercomparison with
various spectrometers and dosemeters. The results are summarized in section 3.

The list of publications related to the project and printed or submitted in the reporting
period is added as part 4.
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1. A ggmpgtcr_librg_ry and a program package for the handling of neutron spectra

encoun in radiation protection tice

The problem of individual neutron dosimetry for external irradiation can be summarized
by the following two equations /1/:

H =I J' 40 dE, &5 (0,E,) hs(LE,) o
Q E,

and

M, =[ I d0 dE, 5 _(@,E,) Ry/(@,E,) @
Q E,

where H is the dose equivalent to be measured, $(Q},E,) is the neutron fluence distribution

in relation to direction and energy, M, is the value indicated by a dosemeter of kind r and

R¢(Q,E,) is the neutron fluence response of such a dosemeter. The term "of kind r" is used

for different components of one dosemeter, e.g. areas under different radiators in an etched

track dosemeter or combinations of dosemeters, such as etched track and albedo dosemeter.
The problem of dosimetry is then to determine a function f(M,,..Mp) such that

H = f(M,,..Myp) 3

There are one or more such functions for any neutron field and any set of R dosemeters.
Unfortunately, these functions generally depend on the neutron fluence distribution and on
the dose-equivalent quantity considered.

One possible approach is the search for an ideal dosemeter /1/, which is implicitly
defined by:

h‘l’(n’En) =L U, RQr (Q’En) (4)
r

Such an ideal dosemeter would indicate H in any neutron field. In practice, however,
ideal dosemeters do not exist.

Another possible approach is to use spectrometric methods. If the neutron fluence
distribution is known, then egs. (1) and (2) can be used to derive H and the set of M. For a
dosemeter with one component, eq. (3) is reduced to the standard calibration relation:

Hexp = (H/M,) Mexp ®

where the subscript "exp" indicates the actual use and the subscript "c" the derived values
under calibration conditions. This approach can be generalized for a dosemeter with many
components, i.e. R > 1/1/.

In practical neutron dosimetry neither the approach via eq. (4) nor via eq. (5) may be
possible and a combination of both methods is needed.

In trying to find an appropriate combination of these methods it is necessary:

a) to know the fluence response functions of dosemeters (dosemeter components) and
neutron fluence distributions encountered in radiation practice and in calibration fields,

b) to create algorithms to model relations as defined in eq. (3) or for specific applications
as in eqs.(4,5) and, see below, eq. (6) and, last but not least,

¢) to visualize (i.e. represent numerically and graphically) the results of such combined
methods.

In order to fulfill these three requirements a simple and portable FORTRAN program
package has been written, which will help to find optimal calibration procedures. The
package consists of a catalogue program to handle spectra, conversion and detector response
functions, and of additional programs for the analysis of the spectra in terms of dosimetry.
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In particular, the programs allow
- spectra and responses found in the literature or communicated privately to be put in a
standard form
the data base for dosimetric quantities, spectra and response functions to be generated
- groups of spectra to be selected using appropriate keywords
various dosimetric quantities and the reading of selected detectors to be computed
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Fig. 1: Examples of the application of the program package

1a) Three neutron spectra representative of fission environments are depicted as a
function of neutron energy. Their values for <hg>;, 9.68, 143 and
311 pSvem? for spectra 1, 2, and 3, respectively encompass the range met in
fission working fieids.

1b) The bare counter (B), a 7.62 cm (3") and either a 30.48 cm (12") (x) or a
22.86 cm (9") (+) sphere, are combined to act as a "nearly ideal dosemeter in
fission environments”. The solid line pertains to an ideal dosemeter and the
dashed lines indicate the true value multiplied or divided by 1.5, respectively.
The abscissa indicates the true mean neutron fluence to dose equivalent
conversion factor and the ordinate the value indicated by the dosemeters.
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- spectra to be ordered in terms of dosimetric quantities, e.g. mean energy or fluence to
dose equivalent conversion factors

- spectra to be analyzed differentially by defining energy regions and integrating in these
energy regions over products of fluence and dosimetric quantities

- least-squares methods to be used to compute optimal combinations of detectors for a
selected group of spectra or optimal linear combinations of calibration spectra in order to
closely approximate environmental spectra

- additional user-written subroutines to be easily implemented

All programs can communicate by standardized input and output and support all relevant
steps by on-line and off-line graphical display.

The catalogue contains at present 315 spectra and various detector response functions.
Most of the spectra have been taken from existing compendia /2,3,4/. Spectra measured
within this project have been included in addition.

In order to demonstrate the capabilities of the program package, the possibility of
determining dose equivalent in fission environments is examined. By this example a method
will be introduced, which combines the search for an ideal dosemeter with spectrometric
methods.

Using the keywords "fission" and "PWR" 64 spectra are found. The spectrum averaged
fluence to dose equivalent conversion factors, <hg>,, range from 9.65 to 340 pSvcm2,
Spectra with low and high values of <h3>, are shown in Fig. la. A set of n, Bonner
spheres /publ. 1.4.1/ is selected and the readings in all 64 spectra are computed. The results
together with the values of <hg>, are then sorted according to increasing values of
< hg>,. The sorted data are then used to try out possible combinations of Bonner spheres.
Finally, the following set of eq. (6) is solved by simple least squares methods:

nl'
M.
<h;>i,tgz W, T‘r (6)
r=1 i

1
where i indicates the spectra and, in this example runs from 1 through 64. The w, are the
weight factors and the M, the readings of the r-th Bonner sphere in the i-th spectrum.
Results are depicted in Fig. 1b, where the fitted values of <Ay > ( (right hand side of eq.
(6)) are plotted as a function of the true values of <hg>;,. Results obtained in this way are
subject to scrutiny and especially to statistical analysis not described here.

The same procedure can be used to study possible combinations of personal dosemeters.
This procedure can also be used to decompose environmental spectra in terms of calibration
spectra, or more generally, to study the similarity of groups of spectra with respect to their
dosimetric properties.

In summary, the program package developed within this project allows measured and
calculated results to be combined in order to optimize practical determinations of dosimetric
quantities.

2. The realistic neutron calibration field at the CEA Cadarache 14 MeV neutron facility

From measurements in nuclear power and fuel (re)processing plants it is well known that
the spectral neutron fluence encountered at working places can usually be represented by a
superposition of a thermal distribution (E, < 1 eV), an intermediate 1/E part and a fission
neutron distribution (E, > 10 keV) with the energy parameters depending on the shielding
material used.

The assembly composed of a neutron multiplier and shielding and moderating materials
surrounding a 14 MeV neutron source enables t0 produce several neutron fields. The
relative fraction of the basic distributions can to some extent be adjusted by varying the
shape, dimensions and the type of materials employed (publ. 1.4.8). This set-up was
simulated by means of the general Monte-Carlo Neutron Transport code MCNP-3A in
order to study the possible fluence distributions in a measurement area.
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Intercomparison measurements with different neutron spectrometers and various types of
area and personal dosemeters were performed in one of the available spectra. The criteria
which led to the choice of the intercomparison spectrum were to take into account the entire
energy range of realistic neutron spectra (10 to 15 MeV), to check the energy resolution
of the detectors used (narrov structures due to the iron shield) and the capability of the
unfolding codes to restitute a separate "monoenergetic” line (14 MeV leakage component).
This mixed field allowed also to operate the existing neutron-photon discrimination
techniques. All measurements had to be performed at the same point. Three detectors for
associated a-particles, symmetrically positioned at backward angles inside the beam tube,
served as monitors for normalization.
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Fig. 2:Spectral neutron fluence at the point of measurement in front of the moderator
assembly calculated with MCNP-3A (a) and measured ‘with spectrometers of CEA
(b), GSF (c) and PTB (d), all normalized for one a-monitor count.

Various neutron spectrometers from CEA, GSF and PTB were employed. Each
participating institute was asked to evaluate from its data only one neutron spectrum for
comparison. In Fig. 2 the calculated spectral fluence, normalized for one a-monitor count,
is shown together with experimental data obtained with
- a set of Bonner spheres with a small cylindrical 3He counter in combination with

spherical proton recoil proportional counters and an NE213 scintillation detector (CEA,

see publ. 1.4.10),

- a set of Bonner spheres with a Lil(Eu) detector (GSF, see publ. 1.4.5) and
- a set of Bonner spheres with a spherical 3He counter (PTB "C" -system, see publ. 1.4.5)

The unfolded spectral neutron fluences are in reasonable agreement with the calculated
distribution in shape and integral fluence. The arithmetic mean of the dose equivalent values
derived from the CEA and PTB spectra is in the following used for reference.
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Various area and personal dosemeters were employed for comparison. As shown in
Table 1 and Fig.3, the moderating-type area monitors (CRAMAL, STUDSVIK,
HARWELL and a Leake-type sphere used with the PTB spectrometer) generally
overestimate the corresponding dose equivalent reference value, while the TEPC systems
underestimate the dose equivalent. This behaviour can be explained by the imperfect dose-
equivalent response, particularly in the low energy region (E, < 200 keV). The low
fluence averaged mean energy <E > = 250keV of this field already indicates that
calibration factors obtained in the field of a D,O-moderated Cf source should be applied,
instead of bare Cf or Am-Be sources. The large overestimation by the DINEUTRON is not
as easily understandable because this dual sphere system was specially designed for
measurements in similar neutron fields.

Table 1:

Integral neutron fluence ®, fluence averaged mean energy <E, > and dose equivalent
quantities H and H* as determined by calculation (1), spectrometry (2-4) or by means of
various dosemeters (5-13). Hp is the arithmetic mean of the dose equivalent values
determined by CEA and PTB spectrometers and served as a reference.

N | Data Name | *°*2' | <En> | Htor | Hioe | A, [ H)
r (cm %) (keV) (nSv)| (nSv) Hr Hr
1 [MCNP-CALCUL| 199 217.8 12.6 14.5 0.93 0.91
2 {CEA-SPECTR. | 210 219.5 13.1 15.2 0.97 0.95
3 J|JPTB-BON-SP. | 222 329.4 14.0 16.7 1.03 1.05

2+312 SPECTROM | 216 <=REF=>| 274.5 13.55| 15.95| 1.00 1.00

4 |GSF-BON-SP.| 193 200.7 | 13.9 | 15.6 | 1.03 | 0.98
Org | Calibration
5a[[DINEUTRON CEA Am-Be + bCf | 27.6 — ] 2.04 | ——
5b | DINEUTRON CEA | Moder. 252Cf | 18.1 — ] 1.34 | ——
6 (|ICRAMAL CEA 2 MeV mono 16.7 —_—f 1.23 | ——
7 |STUDSVIK CEA Am-Be 12.5 — [ 0.92 | ——
8 |HARWELL-MON| PTB Am-Be 18.2 — [ 1.34 | ——
9a|LEAKE REM-C| PTB Bare 252Cf 20.0 — | 1.48 | ——
9b[|LEAKE REM-C| PTB | Moder. 252Cf | 14.3 — || 1.06 | ——
10 | TEPC GSF GSF Am-Be 11.9 ~— | 0.88 | ——
11a{ TEPC HANDI PTB 60Co-gamma _ 9.7 | —— | 0.61
11b| TEPC HANDI | PTB | Moder. 252Cf — | 13.6 | —— | 0.85
12 {TLD-ALBEDO | PTB Bare 252Cf — |1 10.9 | ——— | 0.68
13 ||TRACK-ETCH | PTB Bare 252Cf — | 12.4 | —— | 0.78

The results obtained with different personal dosemeters irradiated on a spherical phantom
(polyethylene, 30 cm in diameter) are in reasonable agreement with the reference value. In
addition, the simultaneous irradiation of four personal dosemeters at different positions of
the phantom confirmed that the neutron fluence is strongly directional. Also the rough
energy information (three intervals) deduced from the response of the PTB track-etch
goscmeter is in reasonable agreement with the theoretical predictions and the experimental

ata.
_ The results of these comprehensive investigations will be discussed in detail elsewhere,
including all spectrometric data, calculated and measured photon doses and estimates of the
uncertainties.
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Project 1

Head of project: Dr. H. Klein
Scientific staff: A.V. Alevra, Dr. K. Knauf, J. Wittstock, Dr. M. Luszik-Bhadra,
Dr. S. Jetzke, Dr. B.R L. Siebert, Dr. M. Weyrauch

Objectives of the reporting period

1. Development of computer programs to improve the calculation of response functions of
Bonner spheres and proton recoil proportional counters used for neutron spectrometry in
radiation protection practice.

2. Measurement of the spectral neutron fluence in "realistic" calibration fields and at
working places.

3. Development of computer programs to set up the catalogue of neutron spectra
encountered in radiation protection practice, to expand these spectra in terms of basic
spectra and to evaluate dosimetric quantities.

Progress achieved including publications

1.1  Experimental and calculated response of Bonner spheres

The fluence response matrix of the PTB "C” set of Bonner spheres presently in use was
obtained by fitting ANISN calculations (publ. 1.4.6) to experimental data for monoenergetic
neutrons (publ. 1.4.5) in the energy region from 1.2 keV to 14.8 MeV. The fit factors are
shown in Fig. 1. At lower energies a remarkable shape adjustment was necessary in order
to meet thermal calibration data. Very recently a complete set of MCNP calculations
became available (publ. 1.4.1) which fit in with the experimental data in the entire energy
region for the bare 3He detector and for all spheres with diameters larger than 12.7 cm
("5") as also shown in Fig. 1.

1.1
.;c.:a /+/_/+\\\ ANISN
- .
A l?*_\J_/j} 4":": i
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Fig. 1: Fit factors required to adjust the response of Bonner spheres calculated with the
ANISN and MCNP code to experimental data (see publ. 1.4.6, 1.4.1 and 1.4.7).
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Systematic deviations are obvious for the smaller spheres indicating that the simplified
model used in these calculations is not adequate. Indeed, more realistic simulations
confirmed the influence of the steel capsule and the stem (Fig. 2). While the capsule
reduces the response by about 5% independent of the neutron energy, the angle of incidence
and the sphere diameter, the stem causes a slight anisotropy of the response and reduces the
response for energies =1keV by up to 10% for the smallest sphere experimentally
investigated (3"). This influence is almost negligible for a 5 sphere. It can be concluded
that these details must be taken into account for reliable response calculations.

— — .—.
) w =~
T v

—_
-

Rel Response ——w=

>4
N3
T

0.8 i A i 1 n 1 L
108 0 0 10°? 10°
E, /MeV —=

Fig. 2: Response of a 3" Bonner sphere calculated with MCNP for a realistic detector
model including the steel capsule (dotted) and the stem of the 3He detector for
irradiation along the stem (L), perpendicular to it (A) and from the opposite side
(+) of the stem in comparison with the response obtained for the simplified model
(see also publ. 1.4.1).

1.2 Calculation of the response of spherical proton recoil proportional Counters

Because of its isotropic response a spherical proton recoil proportional counter is
especially suited for neutron spectrometry in fields of unknown directional distribution and
usually covers the energy region from 10 (50) keV to 1.5 MeV. In the ideal case the
response function has a rectangular shape, but two effects chiefly reduce the proton energy
really registered:

a) the wall effect which is considered in all algorithms used, and
b) the non-uniform gas amplification since the electric field in a spherical counter is not
constant along the wire.

The latter electric effect had to be accounted for by empirical corrections of the siope of
the trapezoidal distribution to fit experimental data. Both effects have recently been taken
into account in Monte Carlo simulations (publ. 1.4.2). The electric field was calculated
numerically using the method of virtual charges, and the gas amplification was then
obtained from classical Townsend theory. The caiculated and the measured response of the
144 keV neutrons of a Si-Ti-filtered reactor beam are in complete agreement (pubi. 1.4.2).
Hence, the calculated response matrix was used for the absolute determination of the
spectral neutron fluence applying unfolding procedures if necessary (publ. 1.4.14).

2. Neutron spectrometry in the field
Various neutron fields have been investigated covering a dynamic range of dose
equivalent from a few nSv/h to some mSv/h (publ. 1.4.7). The measurement of the natural
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neutron background induced by cosmic rays demonstrated the stability of the 3He detector
system. The determination of the spectral neutron fluence corresponding with a dose
equivalent rate of as low as 3 nSv/h took a measurement time of about 8 wecks.

Furtheron, three different calibration fields have been investigated. A rather soft neutron
spectrum similarly encountered in radiation protection practice was produced at the neutron
facility in Cadarache and served for an intercomparison exercise (see section 1.3). A very
similar neutron field (Fig. 3) can be achieved if a Cf source and the point of measurement
are situated in opposite corners of a bunker room used at the Nuclear Research Center in
Karlsruhe for the calibration of personal dosemeters, in particular the official German
Albedo dosemeter.

E-®.(cm2-s1)

0 [P R S IS B RV TIPES ISP S S

1073 107! 10! 103 10% 107

Neutron Energy (eV )

Fig. 3: Special neutron fluence measured with a bare Cf source and the Bonner spheres
situated in opposite corners of the KfK bunker room

Different calibration fields were obtained in the PTB bunker if only the room return
neutrons of a bare or a D,O-moderated Cf source were considered (Fig. 4). The Bonner
spheres were completely shielded from direct neutrons by appropriate shadow cones. The
unfolded neutron spectra are in reasonable agreement with the MCNP simulations, also at
absolute scale, except for the thermal energy region, indicating that the albedo of neutrons
thermalized in the concrete is clearly underestimated in the calculation.

3. Thecatalogue of neutron spectra
All measured and calculated neutron spectra are included in the new catalogue. The

programs developed for updating, ordering and inspecting this computer library are
described in section 1.2.

Publications: see summary, page 214.
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Fig. 4: Spectra of room return neutrons of a bare(a) and a D,0O-moderated (b) Cf source
situated in the centre of the PTB bunker. The experimental spectra (smooth lines)
measured with Bonner spheres behind appropriate shadow cones and MCNP
calculations (histograms) are compared at absolute scale
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Project 2

Head of project: Dr. D.J. Thomas
Scientific staff: A.G. Bardell, G.C. Taylor, O.F. Naismith

Objectives for the reporting period

The main objective was to identify and characterise the types of neutron fields to which
radiation workers are exposed. It involved establishing a data base of such fields using all
gvallablq, experimental and caiculated data, from all sources worldwide, and presenting this
in a unified representation. NPL was actively involved in preparing the data base by
gathering the spectra and developing the handling routines necessary to manipulate the
spectra and extract the rectluired information. All the collaborators, including NPL, are
engaged in the business of neutron field spectrometry and part of the objective was to
pertform additional measurements in relevant sites, and also to improve the spectrometry
systems.

Progress achieved

1. Spectrometer developments

NPL has a Bonner sphere (BS) spectrometry system, and this provides spectral
information over the full neutron energy range of interest in most field measurements i.e.
thermal to about 20 MeV. Work has continued on improving the sphere response
functions!3), most recently by employing MCNP calculations to supplement the earlier
ANISN calculations, particularly in the low energy region where MCNP provides much
better agreement with experiment. The computer code STAY'SL was used to optimize the
response functions, and provide uncertainty estimates, by incorporating all the available
data, both experimental and calculational, in a consistent way.

A BS system will only provide low resolution, and this fact is of greatest consequence
for the region above about 10 keV where the majority of the dose occurs for most spectra,
and where the fluence to dose equivalent conversion factors vary most markedly with
energy thus making calculation of the total dose from a measured spectrum dependent on
the spectral details. To provide improved resolution in the high energy region (about 0.5 to
20 MeV) a new NE-213 scintillator spectrometer has been built and is now available for

Two different size scintillators are available, both right cylinders, of diameters 2 and
5 cm respectively. To separate the photon and neutron signals from the detector, a dual-
parameter system is used to analyze the rise time and energy signals from the
photomultiplier using a technique first suggested by Owen4. The data acquisition and
analysis system is based on a personal computer, and with this it is possible to perform a
preliminary spectrum unfolding at the measurement site. This provides an invaluable check
of the measurements at a time before the equipment is dismantled and when repeat
measurements can still be made if problems are identified. The NE-213 has already been
used successfully for field measurements.

2.  Field measurements
2.1  Source fabrication plant

A set of measurements was performed at a radionuclide neutron source fabrication plant.
The BS spectrometer was used to measure the neutron fields in the vicinity of four different
types of sources and the spectra have been incorporated in the data base for the catalogue.
Measurements of the dose equivalent were also made at the same locations using two area
survey instruments, the Harwell model 0949 and the Dineutron, see Table 1 for an
intercomparison, and, for three of the locations, using a microdosimetric counter.
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Agreement between the BS system and the microdosimetric system was good for the
quantity dose equivalent, although there was a discrepancy for the quality factor.

Data for the three locations where microdosimetric measurements were made have
already been reported®. At the fourth location the source was 24!Am incorporated in a
ceramic. The total activity was of the order of 7 TBq, and the spectrum is shown in
figure 1. This was measured at a distance of 50 cm from the source in an area where
scattering of the neutrons was not negligible. The results are therefore a reasonable
representation of the spectrum which would be seen by a person handling such a material in
a working environment,

Table 1. Comparison of neutron dose equivalent rates (uSv h-!) measured around four
different sources located in working environments.
Bonner sphere system Harwell
Source * Dineutron
MADE" ICRPSIT  wagnerd | 0949
AmO, 4.41 4.29 4.40 4.65 3.46
244Cm 20.5 20.9 21.1 22.1 16.8
Am-Be 28.8 28.2 29.1 29.1 -
Am ceramic 15.4 15.9 16.0 16.6 17.7

* fluence to dose equivalent conversion factors from ICRP 21.

+ fluence to dose equivalent conversion factors from ICRP 51.

§ fluence to dose equivalent conversion factors from Wagner et al. Radiat.
Prot.Dosim. 12 231-235 (1985).
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Fig. 1 Neutron spectrum at 50 cm from a source of approximately 7 TBq of 4iAm
incorporated in a ceramic material.
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2.2 Research reactor

In 1993 an intercomparison of criticality accident dosimetry systems will be undertaken,
with CEC support, at the Silene reactor housed on the CEA site at Valduc, France. To
provide the reference dosimetry for this exercise, teams from CEA, AEA Technology
Harwell, and NPL performed measurements for the two configurations which will be used
in the intercomparison. These are: the reactor shielded by 10 cm of lead, and the bare
reactor. Neutron spectrum measurements were made by the Harwell and NPL teams. The
results provide an extremely useful benchmark for comparing with calculations, e.g. those
of Ing and Makra®. The calculations provide estimates of the free field spectra ie with no
scatter or room return. The measurements will give insights into the extent to which these
scatter effects modify the spectra and the extent to which the calculated spectra can be
relied upon as true estimates of the types of field to which workers might be exposed.

The normal measurement technique with BSs is to use a single central detector and to
irradiate one sphere at a time. Because of access restrictions at Silene this was not possible,
and the measurements were performed with five spheres at a time relying on the cylindrical
symmetry of the field to ensure that all spheres were exposed to the same spectrum,

A report of the lead shielded reactor measurements has been prepared and submitted to
the CEC (DG XI and DG XII), however, neither of the measured spectra can be made
available publicly until after the criticality accident dosimetry intercomparison, planned for
June 1993, has taken place. This is because, in the first instance, it is intended that
participants in this exercise should analyze their dosemeter readings without knowledge of
the neutron spectrum. Immediately the exercise is complete the results can be included in
the data base for the catalogue.

3. The data base and catalogue

A large amount of data is available for both measured and calculated neutron spectra; not
all of it is directly relevant to radiation protection situations, and critical judgement is
necessary to derive conclusions from it about the performance of dosemeters used in
protection level measurements. There exist two good compendia of spectra, that by Ing and
Makra®), which contains only calculated data, and that by Griffith, Palfalvi, and
Madhvanath”? which contains both calculated and measured spectra. The most recently
available data are not, however, included (none since about 1982). This is important since
improvements in spectrometer design etc. give the more recent data greater reliability. The
dosimetric quantities used in the above documents have also been superseded by more
recent recommendations from the ICRP and the ICRU.

Although the above documents are very useful, there is also a need to be able to access
the data easily, to be able to search through it for related data, and to be able to calculate
any dosimetric quantity or detector response of interest. This is best achieved by having the
spectra in a computer data base with programs to access the data and extract the required
information.

A suite of computer codes has been developed at PTB and these have been investigated
and used at NPL who have provided feedback to develop and improve the codes.

Spectra from the two compendia described above have been included in the data base
and, in order to extend it, a questionnaire was prepared and circulated to all groups known
to be involved in neutron spectroscopy. About 30 questionnaires were distributed by NPL
worldwide, in addition to those distributed by PTB and CEA in Germany and France, and
replies are continuing to be received. This data has been, and will continue to be,
incorporated into the data base. All data measured by the four participants in the present
contract have been included.
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Project 3

Head of project: Dr. J. L. Chartier
Scientifc staff: F. Posny, J. Kurdjian, G. Pelcot, G. Audoin, C. Itié

Objectives for the reporting period

1. Measurements of neutron fluence distributions encountered in practical situations with
proton recoil (PR) detectors in association with a multisphere (MS) system.

2. Improvement of the spectrometric system.

3. Production of neutron fields which could replicate typical radiation protection spectra:
computational predictions using the MCNP-3A code and realisation of the assembly at
CEA Cadarache.

4. Participation in the CEA Cadarache intercomparison exercise.

Progress achieved including publications

1. New daty for the neutron spectra catalogue

The measurements campaigns in French nuclear installations have been performed at
work-places where neutron hazards are present. The multisphere system and proton-recoil
spectrometry unit have both been used:

- at Fontenay-aux-Roses (CEA) in front of a glove-box in which Am-Be neutron
sources are manufactured. The spectrum shown in figure 1 presents the general
shape of an Am-Be source modified at low energies by the neutrons scattered due to
the walls of the glove-box and to the local environment,
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Figure 1: Neutron spectrum at an AM-Be source manufactoring work station: CEA Fontenay-aux-Roses.

- at the processing plant of La Hague (COGEMA) near a transportation container of
irradiated fuel. In figure 2 the spectrum obtained shows structures in the MeV
energy region, probably due to the shielding materials inside the container (steel,
lead, wood, resin ...),
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Figure 2: Neutron spectrum near a transportation container of irradiated fuel: Cogema La Hague.

- at Valduc (CEA-DAM) in a Pu chemistry laboratory. The measured point was
located in front of a glove-box in which PuF, is handled. The spectrum presented in
figure 3 shows neutrons from the PuF, mixed with traces of PuO, moderated and
scattered by the various surrounding materials.
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Figure 3: Neutron spectrum at a Pu chemistry work station: CEA Valduc.

In the last two cases and in the intercomparison exercise, additional measurements were
performed at the same locations with three radiation protection devices: Cramal, Dineutron
and Studsvik. The results are reported in section 3. The discrepancies with respect to the
spectrometric results clearly show that the dose-equivalent response of such devices strongly
depgnds on the fluence distributions and therefore on the field in which they have been
calibrated.

2. Association of MS and PR techniques

Up to 1991 the MS and PR complementary techniques had consisted in two independent
evaluations of data, showing a systematic discrepancy between the two results in the
common energy range. The overevaluation by PR detectors was attributed to the
oversimplified unfolding of the NE213 detector data and to the underestimated efficiency of
the SP2 counters.

The previous unfolding code has been replaced by the codle MATXUFCORR, which
takes into consideration the shape of the experimental response functions before applying
the mathematical process recommended by JOHNSON (folding product). This new code
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was used to unfold the spectra measured in the reference fields (ISO 8529) of calibrated
Am-Be and 252Cf sources. Good agreement was found for the shape as well as for the
fluence value (Fig. 4 and 5). If the measured spectrum shows a component at the 14.6 MeV
neutron energy, a particular data processing is applied to subtract the parasitic contributions
due mainly to the C(n,n")a and C(n,n')3a reactions and the edge effects.

The characteristics of the PR detectors between 120 keV and 3 MeV were determined
with monoenergetic neutrons at the research center of Bruyeres-le-Chétel (Van de Graaff
4 MeV): response functions (shape and energy calibration), energetic resolution and
efficiency variation versus the neutron energy. In order to estimate the absolute efficiency
value for each counter, a measurement was performed with the same 232Cf reference source
(Fig. 5). The PR and MS systems are now in good agreement in terms of fluence, and the
link between them is made by a simple juxtaposition of the two parts:
0.01 eV - 100 keV (MS) and 100 keV - 20 MeV (PR).

3. Computational predictions of neutron spectra

An irradiation facility composed of the following elements: [14.6 MeV neutrons] +
[238U converter] + [Fe shield] + [polyethylene duct] + [shields (optional)] is expected to
be able to replicate several spectral shapes similar to those measured. In order to optimize
the numerous parameters of such an assembly, Monte Carlo calculations were performed by
using  the 3D general code MCNP to calculate the neutron and photon spectra in a
"calibration zone".
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Figure 4: Neutron spectrum of an Am-Be source. The two spectra have been normalized to the maximum
value.
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Figure 5:  Neutron spectrum of a 52Cf. The percentages indicate the contribution to the total fluence
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Several modifications of the MCNP input file were considered: the use of ENDFBV
library data, angular and energetic distributions of the emission neutron spectrum,
absorption and scattering of "14 MeV" neutrons in the copper target backing, in the cooling
water flow, in the aluminium target assembly container and in the environment of the beam
line, and the influence of thermal treatment S(a,8) for H in the polyethylene of the duct.

In addition, the photon component was caiculated in order to obtain information on its
relative contribution in the calibration zone: 21.4% and 1.8% respectively of the total
fluence and dose equivalent.

Another set of results has been obtained by changing the primary neutron energy from
14.6 MeV to 2.8 MeV. These neutron energies which are produced by (D,T) and (D,D)
reactions with small accelerators (HV < 400 kV) seem to be rather easier to use than
intense neutron sources. In addition, with 2.8 MeV neutrons, the drawback of the leakage
of a residual 14.6 MeV component and the hazards inherent in the handling of Ti(T) targets
are avoided. The calculations have given a first evaluation of possible realistic spectra and
associated dose rates (publ. 4.8).

4. The intercomparison exercise

The first element of the assembly is a 150 kV accelerator which produces the 14.6 MeV
neutron field via the (D,T) reaction. In order to compare the measurements performed
during the two weeks of the exercise, special care was taken with the monitoring system.
By means of the associated particle technique, three semiconductor detectors recorded the a
particles emitted backwards (176°). Between the measurements, a series of periodic checks
was carried out with a movable 241Am source: the pulse distribution of each diode and its
energetic resolution checked that the detectors were operating correctly and the recorded
counting showed a reproducibility better than 1%. During the measurements, the mean
value of the three count rates was taken as the monitoring reading. The fluctuations of the
ratios of each count rate with resepct to the mean value indicated good stability. In addition,
the purity of the Ti(T) target was controlled by the check of the recorded pulse
distributions.

The results of the measurements are presented in section 3 together with the MCNP-
calculation.

Publications: see summary, page 214.
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Project 4

Head of project: Dr. H. Schraube
Scientific staff: J. Jakes, G. Leuthold, V. Mares, G. Schraube

Objectives for the reporting period

1. Calculation of the response matrix of a Bonner sphere spectrometer set with spherical
3He-counter as the basis for unfolding of Bonner sphere data which had been experimen-
tally determined at working places.

2. Collating and sifting of published data for their aptitude of being included into the en-
visaged spectra catalogue.

3. Calculation of the operational dose equivalent quantity h*(10)

4. Adaption of the calculated response matrix to a BS system with 6LiI(Eu) detector

5. Unfolding of own experimental data as measured at working places. Completion of the
spectra catalogue with these data and data from literature examinations.

Progress achieved including publications

1. Calculation of Bonner sphere matrix

During the calculation of the Bonner sphere matrix three items were studied: i) the pressure
dependence of response, when the gas pressure of the 3He counter is varied, ii) the influ-
ence of the polyethylene density of the spheres to the response, and iii) the possibility of re-
presenting of the whole matrix in the sphere diameter domain by a log-normal distribution
(Zaborowski-technique).

The Monte Carlo calculations of BSS response were performed for a commercially avail-
able 3He spherical proportional counter with a diameter of 3.2 ¢cm and a reference pressure
of 172kPa placed in the center of the polyethylene moderating spheres with different dia-
meters in the range of 2 inch to 15 inch.
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Figure 1 Energy response of BSS for MCNP calculated spheres (data
points). The lines connect the responses at the 49 energies of the final matrix.
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The response data obtained from the MCNP calculation were then interpolated to gencrate
the response matrix with 49 energy points in log-equidistant intcrvals (i.c. 5 per decade)
from 0.01 eV to 30 MeV for spheres from 2 to 15 inch in diameter steps of 0.5 inch. The
responses for the additional Bonner spheres were interpolated in the sphere diameter domain
for each respective neutron energy using the cubic spline interpolation method which
smoothes out the estimated statistical uncertainties at the same time. The same method was
then used for the interpolation in the (logarithmic) energy domain for all response data ob-
tained both from MCNP calculation and from the sphere diameter interpolation.

2. Spectra catalogue
An extensive collection of nearly 90 neutron spectra in Russian language was translated and
all Bonner sphere data extracted and transfered into the format of the new catalogue.

3. Ambient dose equivalent conversion function h*(10)

The basic operational quantitity to be determined in realistic radiation fields is the ambient
dose equivalent which is defined at 1cm depth of the ICRU sphere for parallel incident radi-
ation field. As the LET dependence of the quiatity factor was recently changed by the
ICRP, this quantitiy had to be recalculated in the frame of this project. The MCNP Monte
Carlo programme was employed for this purpose, too. The chemical binding energy of the
molecules in water was taken into account to simulate the conditions as encountered in
tissue equivalent material, and the respective cross sections applied. The resulting conver-
sion function h*(10) is shown in figure 2 together with a fitted analytical expression for
practical applications.

ambient dose equivalent h*(10)
calculated with Q(L) after ICRP 60 (1991)

1000
log (h*(10))=
a + d + h
. 1+(b+clog E)? 1+exp{l-glogE) 1+exp(-kiogE) /  _........
[ - em eeeecas. B PR
g 100 ¢
(}>) (Leuthold, Mares, and Schraube, 1992)
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Figure 2 Fluence-to-ambient dose equivalent conversion function h*(10) for
the ICRP60 revised quality factors, and the components of the analytical
representation (a=1.210, b=3.035 10™, ¢=0.1830, d=2.218, f=10.85,
g=2.281, h=0.1751, j=100, k=13.75).

4, Bonner sphere responses for the SLil(Eu)-system

For the BS spectrometer with spherical 3He counter an excellent agreement between the
calculations (Mares et al., 1991) and the experimental data (Alevra et al., 1992) has been
achicved. Therefore, it was tried to extend the experiences to a BS spectrometer with
6Lil(Eu) scintillator, as it was used to study the radiation fields in working environments,
and as it is still a widely used device. The system was modelled with a simplified arrange-
ment of the scintillator and the surrounding constructive materials, and again calculated by
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the aid of the MCNP programme as done already successfully with the 3He system. It
appeared that the results still differ to the latest available ANISN calculations for this sys-
tem of Hertel and Davidson (1984) as well as to the experimental data. It may be concluded
{hat there are physical conditions which are not jet taken properly into account in the calcu-
ations.

5. Neutron spectra at survey ficlds

Measurements with the BS spectrometer with SLil(Eu) scintillator were analyzed to receive
the neutron spectra and the essential integral data. All data were evaluated by using i) the
original Hertel and Davidson matrix and ii) the improved matrix taking into account the
experimental results of Alevra et al. (1992).

Several guess spectra were used as start data in the iterative unfolding process which is
described by Alevra et al.(1990). It was generally observed that the improvement of the res-
ponse matrix had a much larger effect to the results than the application of different guess
spectra (see figure 3). As the largest correction in the matrix had to be applied to the largest
spheres, the high energy part of the spectrum was affected largest by the change in the res-
ponse matrix. The inverse of the correction factor to the 12" sphere corresponds approxi-
mately with the increase of the integral dose equivalent.

Cadarache facility. The spectrum at the Cadarache facility was studied in the frame of the
joint interlaboratory exercise. In a first step, the original H&D matrix and three starting
spectra were used which consisted of two components with 3 different relative contribu-
tions: an 1/E slowing down part, and a fast Maxwellian. The energies where the two
contributions were equal was chosen at E"=0.2, 0.5 and 1MeV (guess spectra #1 to 3),
respectively. In a second step the improved matrix was used. As starting spectra one of the
above mentioned spectra was used (#2), further one with a thermal Maxwellian distribution
(see figure 2c in the summary chapter 1.3) and finally the spectrum from the MC-calcula-
tion of Chartier et al.(1992) for the actual irradiation arrangement._While the integral data
differ only little with the change of the start spectra, the resulting unfolded spectra do show
the more details the more a-priori information is used in the start spectra, e.g. the
knowledge of 14MeV source term, 24keV iron-resonance, etc..

Neutron spectra at working environments. At several places in the nuclear power circle,
i.e. during handling of MOX elements, inside two PWR reactors, and inside the
containment of a BWR were unfolded in the same way as above. The data are provided for
the spectra catalogue.
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CALCULATION AND MEASUREMENT OF DOSES FROM PARTICULATE
RADIOACTIVE SOURCE

Contract Bi7-021 - Sector A13

1) Charles, Nuclear Electric - 2) Herbaut, CEA - Grenoble
3) Patau, Univ. Toulouse III

Summary of project global objectives and achievements

The evaluation of the hazard posed to the skin by very small radioactive sources (diameter
< 1 mm) has become popularly known as the 'hot particle’ problem. The ‘problem’ arises
from the difficulty of calculating or measuring the magnitude of the spatially non-uniform
exposure and the difficulty of evaluating the potential biological response. Concern regarding
the hazard of hot particles on the skin and in the lungs has been raised in consideration of the
environmental impact and plant clean-up problems following the Chernobyl reactor accident.
They are also an operating problem on US PWR reactors. Recent NCRP and ICRP reports
have provided criteria for skin dose limitation including recommendations for limiting effects
from 'hot particles'. The NCRP criteria is however a factor of 10 more relaxed than the ICRP
recommendation of a dose limit of 0.5 Sv over an area of 1 cm? at a depth of 70 um. As well
as this continuing controversy regarding the limitation of hot particle risks both committees
point out that more dosimetry and radiobiology data are necessary for poorly penetrating low
energy radiations such as beta radiation from Co-60 (an important constituent of radioactive
contamination in nuclear power reactors). The objectives of this project are to develop and
validate methods for the measurement and calculation of doses from radioactive particulates.
This is being done by producing a range of standardised 'hot particle' radiation sources so
that measurements can be directly compared with calculations for well characterised
radioactive sources. The project also involves the development and use of novel dosimetry
techniques for dose evaluation (scanning small electrode extrapolation chamber and
radiochromic dye films) and the development of a dedicated Monte-Carlo code for 'hot-
particle' dose calculations for various source sizes and geometries.

The production and dosimetry of radioactive particles (particularly Co-60) has proved to be
far more difficult than envisaged. Radiochromic dye film has been developed as a new and
successful technique for hot particle dosimetry. Problems of using the extrapolation chamber
have been found to be due to non-uniform chamber exposure and this has been overcome by
mathematical modelling and fitting data using non-linear regression analysis. Final agreement
between dosimetry techniques is good. A Monte-Carlo code has been successfully developed
for Co-60 and Tm-170 sources and there appears to be reasonable agreement between this and
the widely used semi-empirical computer code VARSKIN. However the measured doses are
about a factor of 2 greater than calculated. This is thought to be due to self absorption in the
source and deviations from ideal source design. This will be rectified and studied further in
the next extended contract period.
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Project 1
Head of project: Dr. Charles

Objectives for the reporting period

A comparison will be made of dose measurements using radiochromic dye fiim and
extrapolation chamber methods for standard 'hot particle' sources of Co-60 and Tm-170.
Doses are to be measured over various areas from 1 - 100 mm?2 and at various depths between
20-150 pum, to facilitate comparison with recommendations of the ICRP and for use in related
animal experiment studies. The measured doses will be compared with calculated doses using
Monte-Carlo code and semi-empirical methods. If necessary revisions will be made to source
construction and calculation methodologies to provide a valid comparison of measurements
and calculations. Advice will be formulated on the most appropriate methods for dose
calculation and measurement for 'hot particles'.

Progress achieved including publications

This contract commenced on 1 October 1990. A report of progress was provided in April
1991 and several papers related to the project were presented at a EURADOS skin dosimetry
workshop held in Dublin in May 1991 and these have recently been published(1-4). At that
time dosimetry studies of a 1 mm diameter S1/Y-90 beta source had been carried out using a
scanning small-electrode extrapolation chamber and radiochromic dye films. It was found that
the extrapolation chamber response was actually non-linear and the use of linear fitting
routines tended to under-estimate doses to small areas by a factor in excess of two compared
to radiochromic dye films. A theoretical model was developed to explain the non-linear
response. The use of non-linear regression analysis for the evaluation of the extrapolation
chamber data provided good agreement between the two techniques. Radiochromic dye film
measurements were carried out at Berkeley using manual and image analysis densitometry.
This compared favourably with a more sophisticated and rapid method of laser scanning
densitometry used by Dr Soares at the National Institute of Standards and Technology in
Washington DC. These measurements have since been extended to neutron activated Co-60
particles produced, after some early difficulties, at the high flux reactor in Petten. The initial
Monte-Carlo codes produced by Dr. Patau at University of Tolouse, as part of this contract,
have proved to be user-friendly and reasonably fast and have produced dose estimates over
various averaging areas for spherical Co-60 test sources. These have been compared with
semi-empirical calculations of beta dose utilised in a recently developed American code
VARSKIN 2. The doses calculated by various methods, over areas from 1 mm? to 1 cm?2, are
in reasonable agreement but are lower by a factor of 2 than measurements (Figure 1).
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The difference between the measured and calculated doses for Co-60 is currently under
investigation. The difference may be due to small deviations from an ideal geometry in the test
sources (schematically illustrated in figure 1). The aim was to produce an ideal parallel
geometry with a spherical source sandwiched between parallel aluminium foils, with a unit
density glue between the sandwich. If the foil is actually curved around the sphere, rather than
tangential to it, then the reduced absorption through the material overlying the source may
give rise to the discrepancy. Modifications to the calculational models have been made in an
attempt to mimic the reduced beta absorption. The results support this possibility in that they
predict significantly higher doses than the ideal geometry. Figure 1 indicates results of
calculations and measurement. The calculations using a VARSKIN 2 model are for a source
(200 um diameter, 20 pCi) sandwiched between an aluminium base and aluminium foil
window with air as the medium between the sandwich. The Monte-Carlo code calculation
assumes a low density (0.1 g cm-3) glue. Both of these models to some extent simulate the
more likely curved geometry which gives a smaller absorption of beta radiation in the
surrounding material.

Doses have been measured using various methods:

1. An automated scanning extrapolation chamber with various electrode diameters down to
1 mm. Contact doses were measured.

2. Radiochromic dye film, measuring the change in optical density with a scanning laser
read-out system (Dr. Soares, NIST, Washington DC). Contact doses were measured.

3. A larger area (0.9 cm2) extrapolation chamber at a short distance from the source has
been carried out by Dr. Herbaut in Grenoble as part of this contract.

In order to further investigate the discrepancy between measurements and calculations various

changes are being made to the protocol which is the subject of an extended contract. We have
produced a modified design of Co-60 source with a more rigidly defined planar geometry.
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Neutron activation is to take place at Brookhaven National Laboratory high flux reactor in
early 1993. Dose measurements will be repeated using radiochromic dye and extrapolation
chamber methods. We are also making measurements and calculations for a rather higher
energy beta emitter where self absorption is not so pronounced (Tm-170; E,, ~ 1 MeV) and
the source construction will not be so critical. The Monte-Carlo code has been modified to
include this additional beta source and to accomodate its cylindrical geometry. The Monte-
Carlo code will also be extended to simulate the extrapolation chamber geometry of the
Grenoble group. The use of thermoluminescence (TL) dosimetry is also planned. This will
utilise a scanning laser heating system at Montpelier as part of an extended contract.

Progress on this project has been slow due to difficulties of obtaining high flux neutron
exposures and because of the unforseen necessity to tightly specify the Co-60 source design.
Overcoming these problems however has led to a greater understanding of the important
factors in hot particle dosimetry and has led to useful links with American laboratories who
are now assisting with neutron irradiations and are involved in dosimetry comparison studies.
As aresult of these inter comparisons it should be possible to recommend methods for the
measurement of hot-particle doses using various techniques, including extrapolation chamber,
radiochromic dye films and TL. It should also be possible to provide advice on the range of
applicability and precision of both Monte-Carlo and semi-empirical methods of dose
calculation.
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Project 2
Head of project: Dr. Herbaut

Objective for the reporting period

Experimental measurements of the tissue dose rate in the proximity of a 0Co "hot particle"
source will be made by means of a PTW extrapolation chamber (electrode surface area of 100
mm?) and thermoluminescent lithium fluoride dosemeters charged with graphite, The results
will be compared with dose rates obtained by Monte-Carlo codes and other semi-empirical
methods.

Progress achieved including publications

This contract commenced in October 1990. An interim progress report was provided in May
1991111, The first spherical °Co source was supplied by Dr. Charles in May 1991, which
explains why the experimental work to determine absorbed doses from this source is still in
progress at the present day. Consequently, only part of the results are provided in this report.

1. Measurements using an extrapolation chamber

The use of a tissue-equivalent extrapolation chamber is a standard method for measuring dose
rates from beta-emitting sources. An in-depth study of the characteristics of a PTW model
23391 extrapolation chamber was performed. This ionisation chamber was equipped with
electrode diameters of 10, 15, 20, 30 and 40 mm of A150 tissue-equivalent material. The
chamber entrance window was of 7.05 mg.cm2 polythene, which corresponds with the
recommended thickness for skin dose measurements. The collecting surfaces of the electrodes
were determined using the method presented by J. Bshm(2],

Beam measurements were made for sources of 147Pm, 204T1, 90Sr+90Y calibrated by PTB
and LMRI in order to verify the methodology used to determine absorbed tissue doses. The
results compared well.

The extrapolation chamber was used to determine tissue dose rates from a spherical $°Co
source (diameter 175 um, with an activity of 8.5x105 Bq on 1.10.91) supplied by Dr.
Charles. The chamber was fitted with an electrode of diameter 10.7 mm (surface area 90

mm?2), and dose rates were taken at a tissue depth of 7 mg.cm2, and at various distances
(0.5, 1. 2 and 3 mm) from the source.

The table below gives the total dose rates due to 8 and yrays (153+7) normalised to 1 Bg. An

assessment of the ratio of dose rates Dy / D, has also been performed.

B+y
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Distance from Digsy) Standard
the source (mm) nGy.s-1.Bq-! deviation (%)
0.5 3.13x 102 23

3.04 x 102 12
244 x 102
3 1.92 x 102

The above results, associated with measurements currently in progress at a distance of 0.2
mm, should make it possible to assess the dose rate upon contact with the source, and
compare this value with the one given by the Monte-Carlo code of Dr. Patau 3],

2. M 0| i rmolumi n

Thermoluminescent Lithium Fluoride VINTEN dosemeters mixed with graphite (disc
diameter of 12.7 mm) were placed on a perspex support and covered by a layer of mylar of
thickness 7 mg.cm2. These dosemeters were used to determine the absorbed dose rate of the
80Co source. An in-depth study of their dosimetric characteristics (linearity, energy-response
function) under the reference B-ray beams of the Biichler irradiator (147Pm, 204T1, 90Sr+90Y)
showed that the dosemeters were well adapted for measuring weakly penetrating rays, and
consequently those emitted by $0Co (Egmax = 318 keV).

Measurements of the absorbed dose rates at a distance of 2 mm from the $0Co source, and a
study of the variation in the dose as a function of tissue depth (7 - 100 mg.cm-2) are currently
in progress.

3. mparison wi

Our experimental results (extrapolation chamber) show a satisfactory agreement with the
results obtained using the VARSKIN 2 model 4! (supplied by Dr. Charles). See Figure 1.

References

1. Contract Bi.7.021. Progress report (25/4/91)

2. Bohm, J., PTB-DOS 13 (1986)

3. Patau, J.P., Radiat. Prot. Dosim. 39, 71-74 (1991)

4, Durham, J.S., Radiat. prot. Dosim. 39, 75-78 (1991).
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Project 3
Head of project: Dr. Patau

Objectives for the reporting period

In order to evaluate biological risks to the skin irradiated by hot particles a package of
computer programmes was to be developed in our laboratory. The problems were to tackle by
Monte-Carlo simulations of particle transport. These methods are perfectly suited to feature
with good resolution the spatial distributions of high gradient energy deposition in the vicinity
of such small radioactive sources. Moreover these methods are able to exactly take into
account all particles releasing energy, all effects of geometrical configuration as well as the
chemical composition of the system irradiated whatever its complexity. We had to deal with
configurations such as those which are used for dose measurements by the other contracting
parties.

Progress achieved
Processing:

We were interested in beta radiations emitted from 69Co and 170Tm radionuclides because
experiments have to be performed with them. Injuries caused by such sources laid on the skin
are almost exclusively due to beta ray slowing down. The first configuration looks like the one
which was previously taken (Patau, Radiat. Prot. Dos. 39, 1/3, 71-74, 1991), but the pure
cobalt spherical sources and the pure aluminium support were replaced by actual blended
materials. In the second configuration the sources were pure thulium discs. In both cases
energy spectra were calculated according to Fermi's beta decay theory for allowed (5°Co) or
first-forbidden (170Tm) transitions. For the 6°Co, only the first beta transition (Emax = 317.9
keV) was taken into account, while for 17°Tm both beta transitions were considered according
to their relative intensity. Depth distributions of absorbed energy are calculated in a
polystyrene cylinder with a resolution of 0.001 cm for the 69Co sources and 0.0036 cm for
the 170Tm sources. Experimental measurements with extrapolation chambers are assumed to
be made inside the same polystyrene cylinder. In the case of $°Co irradiation the contribution
of gamma rays to energy deposition can be simply evaluated to less than 0.01% in each slice.
In the case of 170Tm the other emissions, particularly 73.8 and 81.8 keV electrons, may very
lightly influence depth energy curves, in the first slice. A specific programme considering
these electrons allowed to estimate their contribution to less than 0.5%. In the second slice
their contribution is practically non-existent. However, these electrons could have a less
negligible influence in the first slices if a finer resolution is taken. It may be the same if a hot
particle is directly on the skin. The energy deposited in the first slice by all low energy
photons emitted from 170Tm is roughly estimated to less than 5.10-5 times the energy
deposited by beta rays.

Programmes were executed for a given set of cobalt sphere and thulium disc diameters (Co:

122, 143, 175, 190, 193 um. Tm: 400, 650, 1200, 2000 pm); Thulium discs are 100 um
thick; a 4 mg.cm-2 thick aluminium foil is overlaying the sources. All geometrical parameters
are adjustable on user's requirement. While waiting for experimental results we have
compared our results for the Tm sources with those obtained for the same configuration by
EGS4 programme. The latter uses Moliere multiple scattering angle distribution instead of
Goudsmit and Saunderson’s. Coulomb energy loss is described by restricted stopping power
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between two ionisations considered as discrete interactions. These are simulated with Moller
scattering cross section, while we use Landau's pathlength energy straggling distributions.

Results

In any case our programmes simulated 200,000 primary electron histories and their
secondaries while EGS4 was run for 50,000 histories.

Depth distributions of energy deposition are shown on figure 1 in semi-logarithmic scale for
60Co sphere sources, on figure 2 for 170Tm disc sources. In the latter case results given by
EGS4 on figure 3 can be seen very close to ours.

Energy spectra of electrons leaving the source and entering the cylinder of polystyrene are
calculated (fig. 4) as well as the number of primary or secondary electrons entering the
polystyrene cylinder (named "useful electrons").

Conclusion

The distributions of energy deposition vary appreciably with the diameter of the sources
whatever their shape. So, one must be fully aware that little inaccuracy on dimensions,
composition or density of each part of the configurations could give rise to discrepancies
between calculations and experiments. The accuracy of fittings that can be made in scattering
distributions is conditioned by the preciseness of all experimental parameters. The present
programmes can easily be executed for other dosemeters such as TLD instead of extrapolation
chambers.
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INHALATION AND INGESTION OF RADIONUCLIDES (NRPB ASSOCIATION)

Contract Bi6-347b - Sector Al4

1) Bailey , NRPB - 2)Kendall, NRPB - 3) Stahlhofen , GSF Frankfurt
4) Roy , CEA-FAR - 5) Patrick, MRC Radiobiological Unit
6) Kaul , Bundesamt fiir Strahlenschutz - 7) Taylor , KfK Karlsruhe

Summary of project global objectives and achievements

This co-ordinated project was formed from three proposals submitted to the CEC
Radiation Protection Programme: 890029 "Modelling and experimental studies of inhaled
radionuclides in the human respiratory tract” involving NRPB (Bailey); GSF; CEA and
MRC; 890082 "The calculation of doses from intakes of radionuclides by inhalation and
ingestion" involving NRPB (Kendall) and BfS, and 890333 "Calculations on committed
dose equivalents for internal exposures: Consequences of new ICRP recommendations"
(KfK/IGT).

The project is thus concerned with the development and implementation of models
for evaluating doses from intakes of radionuclides, by both inhalation and ingestion. For
the inhalation route it also includes experimental studies designed to provide data required
to improve models. Much of the work is linked to the development of ICRP models and
recommendations relating to the dosimetry of internally deposited radionuclides. This is a
particularly active area at present and will continue to be for the next several years, with
the revision of the respiratory tract model, reference man, biokinetic models for individual
elements (in conjunction with age-dependent models), and possible new models for bone
and GI Tract. These are expected to lead to a full revision of ICRP Publication 30.
Several of the participants are members of the relevant Task Groups of ICRP Committee
2:

. Human Respiratory Tract Models for Radiological Protection (Bailey, Roy,

Stahlhofen);

. Age-Dependent Dosimetry and Dose per Unit Intake for Members of the Public,

AGDOS, (Nosske, Bailey, Kendall);

. Dose Calculations (Kendall, Nosske);

Reference Man (Roy);

Professor Taylor, as a member of ICRP Committee 2 itself, contributed to all of these, but
especially AGDOS.

Following the dissemination in 1990 of proposed changes to the ICRP
recommendations, the implications for doses per unit intake and ALIs were explored: ie.,
changes in tissue weighting factors, wy, and in the limit on committed effective dose.
Consideration was given to whether there was a continuing need for additional limits on
individual organ doses. Subsequently, the NRPB’s compendium of dose per unit intake
factors was updated to take account of the new w;s in ICRP Publication 60, and other
recent information, particularly the NEA review of gastro-intestinal absorption fractions (f;
values). A detailed investigation of the effect of the new ICRP w;s, for intakes of over 300
radionuclides in various chemical forms, was produced. On average, committed effective
doses (CED) are higher than committed effective dose equivalents (CEDE) by 7% and
20% for intakes by inhalation and ingestion, respectively, but with considerable variation.
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Uniformly distributed radionuclides have almost identical CEDs and CEDEs. The greatest
reductions are for long-lived bone seekers because of the reduction in bone surface wy, and
the greatest increases are for short-lived ingested nuclides.

A report prepared by the ICRP Task Group on Age-Dependent Dosimetry
(AGDOS), covering biokinetic models for a further 13 elements was accepted by ICRP.
Age-dependent biokinetic models were implemented for a number of important
radionuclides, and results compared between BfS, NRPB and Oak Ridge. A general
review of f, values was also completed and in some cases revised values proposed. The
updating of literature reviews on the biokinetics of those elements not being considered by
AGDOS continued, with particular attention to the alkali metals. Work began on the
development of generic biokinetic models for those actinides and lanthanides for which
little or no direct human information is available.

Uncertainties in dose resulting from variability in biokinetic parameters are being
determined. To establish a database and evaluate published biokinetics studies, an
application program, based on a fulltext retrieval system, was developed at BfS. A detailed
review of biokinetic data relating to cobalt was carried out, with emphasis on factors
causing inter-subject differences. Intersubject variations in doses from cobalt intakes were
then evaluated. The biokinetic database was modified, following addition of data on
thorium.

Consideration was given to developments in computer programs needed to take
account of: the proposed new respiratory tract model; radioactive decay products with
biokinetic behaviour different from the parent; and age-dependent parameters. Effort was
applied to developing methods for calculating doses to the fetus from maternal intakes;
implementing models that take account of exchange between blood and organs of
deposition (recycling); and providing organ doses as functions of time after intake.

Considerable effort went towards the work of the ICRP Task Group on Human
Respiratory Tract Models for Radiological Protection. Extensive reviews were carried out
of information relating to respiratory tract physiology, and to particle deposition and
clearance. Models were developed to predict aerosol deposition in each respiratory tract
region, and particle clearance kinetics. Reference values were recommended and
consideration given to associated uncertainties and intersubject variations. A
microcomputer program was developed to examine the practical application and
radiological implications of the proposed model. A draft report was reviewed by ICRP
Committee 2 and the Main Commission in 1991. Revisions were subsequently made to the
model, its supporting documents and software, to take account of their comments, and to
incorporate new information.

The ICRP Task Group has identified the bronchial epithelium as being of
particularly high sensitivity to radiation among the respiratory tract tissues. It has
traditionally been assumed that particles were cleared from this region within a few hours,
but recent studies, notably at GSF and MRC, have indicated that a large fraction, of the
order of 10%, may be cleared much more slowly. This has been included in the proposed
new ICRP model, and calculations have shown that it can be the dominant factor in the
contribution to effective dose from irradiation of the respiratory tract from long-lived
a-emitters. However, it is acknowledged that there are major uncertainties associated with
this phenomenon.




Further human studies to investigate this were conducted at GSF. Subjects inhaled
radiolabelled particles as a small bolus at the end of a breath. Gamma camera images
following inhalation of *™Tc-labelled Fe,O, particles suggested that the deposit was mainly
central, and only about 50% of the deposited activity cleared within a day. After inhalation
of sub-micron "'In-oxide the fraction cleared rapidly was even less. Measurements of the
dispersion and recovery of inhaled boluses also supported the view that the phenomenon is
due to slow bronchial clearance rather than penetration of the bolus to alveoli.

Complementary animal studies were conducted at MRC to address the problem.
The use of animals enables the amounts of activity associated with the trachea to be
determined directly. Lung clearance and retention were followed, after inhalation of ¥Co-
labelled fused aluminosilicate particles by rats. The amounts of activity on the surface of
the trachea and first bifurcation were greater than expected if all clearance from these areas
were rapid. The amounts sequestered in the walls of these airways were similar to earlier
findings at MRC. The important question of the extent of delayed bronchial clearance of
particles cleared from alveoli was addressed by determining the distribution of particles
deposited directly into the sub-pleural alveoli of rats. Results suggest that under these
conditions intra-pulmonary airway retention is predominantly peribronchial, mediated by
lymphatic drainage, with smaller components resulting from particles remaining on the
epithelial surface and possibly from others crossing the airway epithelium into the
connective tissue beneath. The histological and image analysis procedures needed for a
study to determine the proportion of the airway epithelium covered by ciliated cells were
developed. Results of measurements on rat trachea indicate that approximately 50% of the
surface is non-ciliated.

Human experimental studies were also carried out to measure:

. Breathing patterns and respiratory parameters, at rest and during exercise, in adults
and children.
. Total respiratory tract and nasal deposition of particles in the size range 0.7 - 3 pm

inhaled by healthy adults and children, and by two groups of adults with respiratory
disease (restrictive and obstructive). Deposition was compared for spontaneous and
controlled breathing.

. Total and regional deposition, using sub-micron, monodisperse "'In-labelled indium
oxide.

. Long-term (300 d) lung retention of monodisperse Fe,O, particles by
magnetopneumography. In six healthy non-smokers, lung retention was
characterised by a half-time of 110 days, in agreement with data in the literature.

. Aerosol bolus dispersion and pulmonary function in smokers and non-smokers.
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Meetings of participants

A full meeting of the Project Scientific Co-ordinating Committee was held at NRPB
Chilton on 22 October, 1990. In 1991, meetings were held in conjunction with the
Seventh International Symposium on Inhaled Particles, (Edinburgh, UK, 16-20 September)
for those involved in inhalation studies; and the Workshop on Age-Dependent Factors in
the Biokinetics and Dosimetry of Radionuclides (Schloss Elmau, FRG, 5-8 November), for
those involved in internal dosimetry. Participants also met during meetings of the
EULEP-EURADOS Task Group on Deposition and Clearance of Inhaled Particles in the
Human Respiratory Tract, and the ICRP Task Groups on Human Respiratory Tract Models
for Radiological Protection (Richland, WA., USA 10-15 May, 1990) and on
Age-Dependent Dosimetry and Dose per Unit Intake for Members of the Public
(Hungerford, UK, 22-26 April, 1991);

The participants submitted a joint proposal to the CEC Nuclear Fission Safety
Programme 1991-1994 "Radiation Protection Research Action 1992-1993", to extend and
develop the work carried out under this Contract. All submissions were proposed for
funding, but two projects will be formed: one concentrating on inhalation studies, and the
other on development and implementation of internal dosimetry models in general.
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Project 1
Head of project: Dr. Bailey

Objectives for the reporting period

@ To develop models for respiratory tract clearance and dosimetry of inhaled
radionuclides, focussing on the development and implementation of the proposed
new ICRP lung model.

(i)  To carry out experimental studies to characterise the clearance of inhaled particles
from the human nasal passage.

Progress achieved including publications

1. Model devel n

As a contribution to the work of the ICRP Task Group on Human Respiratory Tract
Models for Radiological Protection, an extensive review of the literature relating to particle
clearance from the human respiratory tract was carried out. Documents were completed on:
justification of the approach and assumptions in the proposed clearance model; particle
clearance from the extrathoracic airways; particle clearance from the tracheo-bronchial
region; particle clearance from the alveolar-interstitial region; and particle retention in the
thoracic lymph nodes. These documents formed the basis of the Particle Clearance Annex
to the ICRP Task Group Report.

While there have been numerous measurements of mucociliary clearance in the posterior
nasal passage, from which inter-subject variation and the effects of various factors can be
quantified, data on clearance from the anterior nasal passage are sparse. There is thus a
clear need for further experimental studies.

Many studies have been reported on particle clearance from the tracheo-bronchial region.
The mucociliary transport rate has been measured in the trachea, but rates in the remaining
airways have to be predicted from model calculations. The effects of many factors on lung
mucociliary clearance have been investigated: physiological factors (eg. age, sleep);
diseases; pharmacological agents; pollutants. However, evalunation and comparison of the
effects is complicated by interactions, the inhomogeneity of the organ, and the wide variety
of end-points measured by different researchers. Experiments have suggested that a
significant fraction of material deposited in these airways is not cleared rapidly by
mucociliary transport, but there remains great uncertainty about the extent and duration of
delayed clearance from the bronchi, and also about whether delayed clearance affects
material in transit from more distal airways (See Projects No. 3 and 5). Recent experiments
at GSF Frankfurt have indicated that the slow-cleared fraction depends on physical particle
size, and model parameters have been set so that this fraction decreases from 50% at 2 pm
and below, to a few percent at 7 pm.
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Alveolar clearance has been quantified in experimental studies up to a year after inhalation.
Measurements following accidental intakes are difficult to interpret, but suggest a
component of much longer retention in the lung than assumed in the ICRP Publication 30
model. Similarly, autopsy measurements indicate some very long term (tens of years) lung
retention in man.

Reference values for the model parameters describing particle transport from each region
of the respiratory tract were specified. Estimates were made of inter-subject variation and
uncertainties in the reference model parameter values. Where information was available,
modifying factors were recommended for specific population groups. For bronchial and
bronchiolar clearance, the ratio of clearance rate in the study group to that in controls was
obtained for a number of important factors including sleep, several lung diseases, drugs,
and cigarette smoking. For alveolar clearance, it was considered that at present only
cigarette smoking had a significant effect that could be quantified.

A revised draft of the Task Group Report has been prepared and will be re-submitted to
the ICRP Main Commission in late 1992. The model proposed by the Task Group is more
comprehensive than that used in ICRP Publication 30, and is intended for both dosimetry
and bioassay calculations. The most fundamental difference is that target cells have been
identified in each respiratory tract region, and the doses to these are evaluated directly,
instead of simply the mean lung dose. These factors in turn require deposition, clearance
and dosimetry to be treated in more detail than in the ICRP Publication 30 model. The
new model also relates intake (Bq) to exposure (concentration x time), according to the age
and level of physical activity of the subject (See Project No. 4), and taking account of the
size-dependent difference between the concentration in the ambient air and that entering
the respiratory tract, caused by inertial effects at aerodynamic diameters greater than about
5 pm. In order to examine the practical application and radiological implications of the
proposed model, a microcomputer program, LUDEP (Lung Dose Evaluation Program), has
been developed. It is a user-friendly menu-driven program which runs on IBM-compatible
personal computers. It calculates doses to each region of the respiratory tract; doses to all
other specified body organs; and excretion rates and retention curves for bioassay purposes.

The program was used to investigate the implications of the proposed new ICRP model for
a range of radionuclides. Doses arising from inhalation of *Pu in the form of a 1 pm
AMAD aerosol in either a relatively insoluble form (eg. oxide) or in a moderately soluble
form (eg. nitrate) were determined. An important finding was that an important
contribution to the effective dose from irradiation of the respiratory tract arises from the
dose to the bronchial epithelium. This results from (i) the assumption that a large fraction
of the material (about 50% for a 1 pm AMAD aerosol) deposited in the bronchial region is
cleared slowly (t,, about 20 d); and (ii) the relatively high sensitivity, and hence weighting,
attributed to the bronchial epithelium. Doses to other organs are similar to those calculated
with the ICRP Publication 30 model for **Pu-nitrate, because a similar fraction of the
inhaled activity eventually reaches the blood, but are lower for 2°Pu-oxide, because of
lower deposition in the alveolar region.

Sintilar calculations were performed for several other radionuclides with a range of half-
lives and decay emissions. For alpha-emitters, 2°Po, U, Py, *'Am, #2Cm and %**Cm
were used; and for beta-gamma emitters, P, *Fe, SCo, ®°Co, %Ru-%Rh, “Ba-“La and
1*4Ce-"*Pr. These doses were compared with the corresponding doses calculated using the
ICRP Publication 30 lung model, and the results were incorporated into the Task Group
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report.

Model parameters describing absorption into blood for a number of compounds of
radiologically significant radionuclides were derived from the time-dependent absorption
rates determined by the NCRP Task Group on Respiratory Tract Dosimetry Modeling.
However, these were for a limited range of elements and drew only on data obtained in
man or large animal species. A clear need was identified to extend this work to utilise the
extensive information available from rodent studies.

2. Experimental studies

Because of unforeseen commitments in other work areas, substantially less effort than
anticipated could be allocated to experimental studies of the clearance of inhaled particles
from the human nasal passage. Nevertheless, some progress has been made. Methods for
generation of monodisperse aerosols have been developed further. A vibrating orifice
aerosol generator is used to generate the larger (> 5 pm) particles required by the study,
while a spinning disc aerosol generator is used to generate smaller particles. Equipment has
been set up for the calibration of the sodium iodide detector array which will be used for
in vivo measurements of initial deposition of the aerosol in the inhalation laboratory. Work
has also continued on upgrading the low background in vivo measurement facilities, with
the commissioning of a new array of high resolution germanium detectors, and replacement
of the data acquisition and analysis system. Although development of these low
background facilities was not carried out under this contract, they will be used for the
inhalation studies, and for future human biokinetics experiments.

Publications

Bailey, M.R., Birchall, A., Cuddihy, R.G., James, A.C. and Roy, M. Compartment models
for the mechanical clearance of particles from the respiratory tract of humans and
laboratory animals (abstract). Proceedings of the Symposium on Particle-Lung Interactions:
"Overload” Related Phenomena, Rochester, New York, May 17-18, 1990. J. Aerosol
Medicine. 3, 68 (1990).

Bailey, ML.R., Birchall, A., Cuddihy, R.G., James, A.C. and Roy, M. Respiratory tract
clearance model for dosimetry and bioassay of inhaled radionuclides. IN Proceedings of
the Third International Workshop on Respiratory Tract Dosimetry, Albuquerque NM, July
1-3, 1990. Radiat. Prot. Dosim. 38, 153-158 (1991).

Birchall, A., Bailey, M.R. and James, A.C. LUDEP: A lung dose evaluation program. ibid.
38, 167-174.

James, A.C., Gehr, P., Masse, R., Cuddihy, R.G., Cross, F.T., Birchall, A., Durham, J.S.
and Briant, J.K. Dosimetry model for bronchial and extrathoracic tissues of the respiratory
tract. ibid. 37, 221-230.

Bailey, M.R. and Birchall, A. New ICRP dosimetric model for the respiratory tract: A
progress report. Radiol. Prot. Bull. No. 119, February 1991, 13-20.
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James, A.C. and Birchall, A. Implications of the ICRP Task Group’s proposed lung model
for internal dose assessments in the mineral sands industry. Proceedings of an International
Conference on Occupational Health and Safety in the Minerals Industry, Perth, Western
Australia, September 10-14, 1990. Perth Chamber of Mines and Energy of Western
Australia pp 201-222 (1991).

Bailey, M.R. and Birchall, A. The ICRP Task Group respiratory tract model - an
age-dependent dosimetric model for general application. Proceedings of the Workshop on
Age-Dependent Factors in the Biokinetics and Dosimetry of Radionuclides, Schloss Elmau,
FRG, 5-8 November, 1991. Radiat. Prot. Dosim. 41, 99-100 (1992).

Stahlhofen, W. Scheuch, G. and Bailey, M.R. Measurement of the tracheobronchial
clearance of particles after aerosol bolus inhalation. Proceedings of the Seventh BOHS
International Symposium on Inhaled Particles, Edinburgh, 16-20 September 1991 (in
press).

-250 -




Project 2
Head of project: Dr. Kendall

Objectives for the reporting period

Validate the RAPID database of dose per unit intake factors. Conduct an
intercomparison of dose per unit intake factors derived at NRPB with those derived at BfS
(Bundesamt fiir Strahlenschutz).

Provide caiculations and comments during the development of ICRP tissue
weighting factors for ICRP 60. Explore the consequences for internal dosimetry of the
final recommendations.

Assist in dose calculations for forthcoming parts of ICRP 56 on age-dependent and
fetal dosimetry. Continue quality assurance on previously published results.

Progress achieved including publications

An intercomparison of dose per unit intake factors was carried out between NRPB
and BfS. Agreement for adult values was generally very good (97% of nuclides agreeing
to within 10%). No serious disagreements were found for important nuclides and
differences could usually be traced to specific features of the modelling. For children,
agreement was still good, though the differences were larger than for adults. This is, in
part, due to the use of different growth functions and different ways of dealing with the
age dependence of Specific Effective Energies. A number of discrepancies were found,
many of which could be traced to different assumptions in the modelling.

A good deal of work was carried out to explore the implications for internal
dosimetry of the draft recommendations of the ICRP (NRPB-M242). The proposals of
February 1990 led to a number of difficulties, most of which were overcome in the final
version. However, the low weighting factor recommended for bone surfaces still allows a
dose of 1 Sv to this tissue from one year’s intake of certain nuclides. However, this is
unlikely to be a serious problem in practice:

a) The old organ dose limit was designed to protect against non-stochastic
(deterministic) effects. Many of the nuclides involved are ¢ emitters for which a radiation
weighting factor of twenty has been used. This is the value recommended for stochastic
effects; for deterministic effects a lower value may be more appropriate.

b) Many of the nuclides are fairly uncommon (eg. **Zr) and, in practical
situations they are likely to be encountered in mixtures with other materials which do not
preferentially irradiate bone surfaces.

c) We considered committed doses, ie. doses received in the fifty years after

intake. If a material has a long physical and biological half life then a substantial fraction
of the dose may be incurred decades after exposure and, perhaps, not within the lifespan of
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the individual.

A detailed investigation of the effect of the final ICRP tissue weighting factors, wy,
was published (NRPB-R245 and others). In this the new quantity, committed effective
dose, was compared with the old committed effective dose equivalent, based on the old
tissue weighting factors of ICRP Publication 26, for intakes by inhalation and ingestion of
over 300 radionuclides in various chemical forms.

It was found that, on average, committed effective doses were higher than
committed effective dose equivalents by 7% for intakes by inhalation and by 20% for
intakes by inhalation. The former increase is due largely to the fact that the 10% rule is
not applied to the calculation of the new quantity. The larger increase for intakes by
ingestion is because of the extra weight now given to organs of the GI tract (stomach and
lower large intestine) whose tissue weighting has effectively doubled.

There are, of course, considerable differences between different radionuclides.
Those which are uniformly distributed throughout the body give values for committed
effective dose almost identical to those for committed effective dose equivalent (eg. °H, *C
and **'Cs), since the sums of the two sets of w, values are equal to one. The most notable
reduction in tissue weighting factor is for bone surfaces and for long-lived bone seekers
there is a reduction in effective dose, although by less than the reduction in bone surface
weighting factor, because there is a contribution to effective dose from the dose to the red
bone marrow. As is well known, actinides are bone surface seekers, and for several
nuclides of practical importance (eg. some chemical forms of **Pu and *'Am) committed
effective dose is lower than committed effective dose equivalent by a factor approaching
two. A similar reduction is seen for #°Po because of the reduced weighting now given to
the remainder organs, kidney and spleen, and for 2*U where bone surfaces and kidneys
receive the highest doses.

Iodine isotopes, and nuclides with jodine daughters, show an increase of about 60%
as a result of the increase in the thyroid weighting factor. The greatest increases in
committed effective dose are seen for ingestion of nuclides which preferentially irradiate
the gastrointestinal tract, particularly those which are short lived. In these cases the
increase can almost match the change in weighting factor for stomach, a factor of about
two (eg. '®Ru). A similar increase is seen for **Tc which gives high doses to both gut and
thyroid.

A program for deriving retention expressions for recycling compartmental models
was successfully ported from the VAX cluster and further developed on a 486 Personal
Computer. This enables us to reduce recycling models to a form which is compatible with
our existing internal dosimetry programs. It also provides some degree of quality
assurance by giving a second means of calculating integrated activities. Using this
program the recycling bone model for actinides proposed in ICRP Publication 56 has been
incorporated into PEDAL2, the NRPB’s established program for calculating doses per unit
intake. Initial comparisons with doses published in ICRP Publication 56 are very
encouraging. Some discrepancies were found, but these are attributable to known
differences in input parameters.

A generalised method for calculating doses to the fetus based on maternal intakes
both during gestation and in previous years was developed. Dose to the fetus from activity
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in maternal tissues is approximated by the dose to the maternal uterus. Doses resulting
from activity in the fetus are estimated using a placental discrimination factor derived from
experimental work. This work is included in the first draft of ICRP Publication 56, Part 4.

Software has been written which gives a breakdown of internal doses by year from
a series of acute intakes of a mixture of radionuclides. Amongst other things, this enables
age dependent risk factors to be applied.

A program for calculating radiation detriment (SPIDER) has been written by
another group at the Board. A large set of internal dose data has now been generated so
that the detriment associated with external and internal exposures can be assessed using the
same measures of risk.
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Project 3
Head of project: Dr. H. Stahlhofen

Objectives for the reporting period

@ Investigations of the effect of convective dispersion and cardiogenic mixing on bolus
recovery and Effective Airway Diameter measurements.

()  Investigation of human tracheobronchial clearance by measuring lung retention of
radio-labelled particles inhaled as a bolus.

(iii) Measurements of total and regional deposition of ultrafine (<0.1pm) particles.

(iv)  Development of an improved statistical and algebraic model of regional deposition in
the human respiratory tract: Mathematical formulation of the variability of regional
deposition data, and of mass deposition of polydisperse aerosols.

(2] Magnetometric measurements of long-term retention, macrophage activity and
intracellular viscosity.

Progress achieved including publications

@ With a newly developed inhalation device it was possible to generate smatl volumes
of aerosol (boluses) which could be inhaled by human volunteers during a controlled
inhalation of clean air. The inhaled and exhaled aerosol distribution and particle number
concentration could be measured. In humans, the effects of breath hold periods (t,) up to 1
minute on aerosol dispersion and particle recovery have been studied. With boluses applied
to volumetric lung depths >50 cm®, there was a marked increase, followed by a subsequent
decrease, in dispersion of the exhaled bolus with increasing t,. By conducting experiments at
increased heart rate it was shown that this effect is a result of cardiogenic mixing of aerosol
particles in human airways. The increase in dispersion led also to increased deposition of
inhaled particles in inhalation studies with higher heart rates and smaller aerosol particles. This
effect of cardiogenic mixing was observed for aerosol particles having aecrodynamic diameters
(d,)) <2-3 pm. Particles with smaller d,, are transported to greater lung depths than larger ones
during breath holding periods. Similarly the results of sedimentation-derived Effective Airway
Diameter (EAD) measurements were found to depend on particle size. By comparing bolus
recovery data to model calculations, assuming three different lung models, and both still and
stirred settling, it could be shown that aerosol boluses inhaled to lung depths <50 cm® do not
reach alveolar structures during inhalation.

Aerosol bolus dispersion was measured in smokers and non-smokers after in- and
exhalation. No significant differences were found between non-smokers and healthy young
smokers (aged between 20 and 30 years). In smokers aged between 40 and 60 years bolus
dispersion was significantly greater when boluses were inhaled into volumetric lung depths
> about 400 cm’. No differences between the smokers and non-smokers were found in
parameters of conventional pulmonary function tests.

(ii)  The retention of "'In-labelled iron oxide and fused aluminosilicate (FAP) aerosol

particles deposited from small boluses in the conducting airways has been measured for
particles of different d,,. The slowly-cleared fraction was found to decrease from about 60%
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for 1.6 ym particles to about 25% for 6 pm d,, particles. Fe,O, particles were produced
labelled with *™Tc with sufficient activity to obtain gamma camera images after inhalation
of small aerosol boluses. These images showed very central deposition patterns when the
boluses were inhaled at the very end of an inhalation. Measuring lung retention with these
particles gave similar results to those with the ''In-labelled aerosols: only about 50% of 3.5
pm particles cleared within one day.

(iii)) A method was developed to produce monodisperse submicron radioactive particles.
Particles of "!In-labelled indium chelate obtained from controlled condensation of APDC
vapour are degraded to stable indium oxide particles in a high temperature furnace. This
aerosol has been used for human inhalation studies. Regional deposition of the particles was
studied in three subjects by measuring clearance from the lungs by scintillation counting. The
results showed a very small fraction of rapidly cleared particles (about 5%). The fast-cleared
fraction was lower than predicted tracheobronchiolar deposition, and the slow-cleared fraction
was higher than predicted alveolar deposition. This indicates that a slow-cleared component
of tracheo-bronchiolar clearance also exists for submicron particles.

(iv) The algebraic regional deposition model was based on a statistical analysis of the
available data. For extrathoracic and nasal aecrodynamic deposition the model could be
completely based on experimental results. For tracheo-bronchial and alveolar deposition,
theoretical results have also been used. The model was extended to include dependence on
age and sex, and natural biological variability. Deposition is expressed as a function of semi-
empirical parameters which reflect particle transport and the respiratory data of the subject
group considered. Scaling factors account for the dependence on sex, age and for natural
biological variability. The mean, and the upper and lower 95% confidence limits, are obtained
with the same function. Mass deposition of polydisperse aerosols was included in the model
by numerical integration of the model functions. As a result, mass deposition of lognormaily
distributed aerosols is given explicitly as a function of the geometric standard deviation and
mass median diameter.

As a contribution to the work of the ICRP Task Group on Human Respiratory Tract
Models for Radiological Protection, a review of the literature on particle deposition in the
human respiratory tract was carried out. A deposition model was developed and reference
values for the model parameters specified. Following review of the Task Group Report by
ICRP Committee 2 and the Main Commission, the model and its supporting documents were
revised.

(v)  An improved spinning top aerosol generator was used to produce spherical
monodisperse Fe,O, particles. These particles have remanent magnetic properties, and can be
detected with a SQUID system. Using these particles and the SQUID, the intracellular
viscosity and the cell activity of lung macrophages were studied in vivo. The macrophage
activity has been characterized as a randomization process with a randomization energy of 6.7

x 10" J. Thermal energy can be neglected in studying the particle behaviour since it is about
three orders of magnitude lower. Viscosity measurements using secondary magnetisation
showed a non-Newtonian behaviour of the cytoplasmic viscosity. At shear rates of 0.01 s? an
apparent viscosity of 130 Pa s was measured, which rose to above 1000 Pa s at a shear rate
of 0.001 s™. In a study of the lung retention of these iron oxide particles with 6 healthy non-
smokers using the magnetopneumographic method over 300 days, the half-time of long-term
retention was determined as about 110 d.
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The in vivo magnetopneumographic investigations with magnetic Fe,O,-particles were
extended to in vitro studies, with mouse peritoneal macrophages (cancer cell-line J774) or
lavaged pulmonary macrophages. Magnetic micro-particles were added to the cells, prepared
as adhered monolayers in standard medium. After one day, more than 80% of the particles
were phagocytized by the cells. Relaxation, cell motility and intracellular viscoelastic
properties were measured and showed results comparable with our in vivo studies. This allows
us to have an in vitro model for the macrophages, where cell function can be influenced by
chemical agents and drugs, in order to obtain a deeper understanding of cellular function.
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Project 4
Head of project: Dr. Roy

Objectives for the reporting period

The development of dosimetric modelling of respiratory tract is under revision by
the Intermational Commission for Radiological Protection. The revised model will use
recent knowledge in deposition and retention of inhaled aerosols, and should apply to ail
members of the population, therefore considering the dependence of parameters upon age
and influence of desease. As a contribution to such work, the aims of this project were :

Experimental study of total and nasal deposition of inhaled inert particles :

-Nasal deposition of particles in the size range 0.5-10um, inhaled through the
nose by healthy adults and patients suffering from rhinitis.

-Total deposition of particles in the size range 0.8-3.3 um, inhaled through the
mouth by healthy adults, healthy children and two groups of patients with airway
obstruction and lung volume restriction, as determined by both clinical examination and
respiratory function explored by spirometry : vital capacity (VC),forced expired volume in
one second (FEV1) and by plethysmography : residual volume (RV), total lung capacity
(TLC) and functional residual capacity (FRC). All these subjects were asked to inhale at the
same breathing rate, to better point out the effects of age and disease upon deposition data.
These studies were performed in volunteers, with the approval of the Ethical Committee of
the hospital Pitié-Salpétriere Paris.

Data collecting for the choice of recommended values concerning lung volumes,
ventilation rates and time budgets of population categories, according to their age, gender
and occupation, all parameters that determine the amount of gases and particles inhaled and
deposited in the airways.

Progress achieved including publications

1. Experimental deposition studies

An aerosol exposure device with a constant flowrate allowed on-line inspiration,
expiration and measurement by laser velocimetry of aerosols concentrations; monitoring of
flowrates by a single Fleisch tube and integration of tidal volumes over the breathing period
controlled the required ventilation parameters. Particle deposition was calculated from the
variations of aerosol concentrations and flowrates downstream the subjects.This
methodology improved the data reliability by avoiding sedimentation and impaction during
inhaled and expired aerosol storage as was possible in our previous studies.

1/.Total deposition of an aerosol containing four sizes of monodisperse particles: 0.8,
1.2, 2.3, and 3.3 um aerodynamic diameter, (Dae), inhaled through the mouth was
measured, with the same required ventilation rate, tidal volume = 0.5 litre, inspiratory time
= 1.5 to 2 second in all the subjects :.

-15 healthy children from 6 to 15 years old;

- 20 healthy adults, men and women;

-15 adults suffering from interstitial lung disease, with restrictive lung function;

-15 adults suffering from chronic obstructive pulmonary disease, with obstructive lung
function..
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Deposition data were found higher, in children than in aduits: the mean values were
respectively in children and in adults: 36.7 ( 0=13.4 ) and 26.7 ( 6=13.2 ) for 0.8 um;
20.6 (6=18.9 ) and 25.1 (©6=12.5) for 1.2 um; 47 (©6=13.8 ) and 33.6 ( 6=10.5 ) for
2.3 pm; 60.3 (6=10.6 ) and 44 (6=9.4 ) for 3.3um and significantly different by the
nonparametric Wilcoxon test, except for 1.2um. The smaller particle, ( 0.8 to 2.3 um)
deposition correlated with FRC.

In patients with both diseases the mean values were all found significantly, higher than
the normal subjects’, except for the 0.8 and 3.3 um particles in obstructive patients.

This increase in total deposition in children as well as in restrictive patients indicated an
effect of the lung volume dimensions smaller in both cases than the healthy adults'. This
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was less clear for deposition in obstructives, with reduced airway calibers.

2 / Nasal deposition of a polydisperse aerosol (0.5 < Dae < 10 pm) inhaled through
the nose was measured in 22 healthy subjects and 21 suffering from infectious rhinitis.
Anterior thinomanometry was measured in each subject. Percent mass deposition, measured
by comparing inhaled and expired aerosol concentrations, once by nose, once by mouth
controlled breathing, was found higher in subjects with rhinitis, than in the healthy ones.
The mean values were respectively in rhinitis and in healthy subjects: 54.5 ( 6= 13.4 ) and
44.7 ( 0=12.2 ) for the total mass; 40.8 ( 6=13.4 ) and 27.3 ( ©6=9.9 ) for the
0.5 < Dae < 3 um, mass fraction; 77.3 ( 0=13.7 ) and 71.7 ( o=14.4 ) for the
3 < Dae <6 um mass fraction; they were significantly different, except for the 3 to 6 um
fraction.

Eight subjects who were studied twice: while healthy and while suffering from the
disease, showed constantly clear differences in nasal resistances, pressure drop and aerosol
deposition, before and during rhinitis; their data were less scattered than the ones observed
in the two latter groups, suggesting that nose deposition during disease shows individual
variability but is rather constant in one subject.
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2. Data for use in respiratory tract modelling

1/ Reference values for the most relevant physiological parameters to be included in
model calculations were reviewed and choices were made for adults and children
( newborn, 3 months, 1, 5, 10, 15 years) concerning:

-lung volumes: TLC, VC, FRC, and dead space (Vp)

-ventilation rates:tidal volume (TV) and respiratory fequency (Fg) at rest, at light and at
heavy exercise;

-time-budgets and residences of population groups, according to their age, gender and
exercise level.

Reference values were thus recommended for lung modelling in several ethnic groups
for whom there was sufficient information: Caucasians, Chinese, Japanese, Africans,
Afro-Americans, Native Americans, etc...

2/Measurement in healthy adults and children of breathing parameters for use in
respiratory tract modelling :

Breathing cycle at rest and at light exercise: inspiratory and expiratory times and pauses
values, as a function of age.

Comparison of oral and nasal peakflow in children of various ages.
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Project 5
Head of project: Dr. Patrick

Objectives for the reporting period

@) By means of animal studies, to elucidate the physiological basis of the stow (delayed)
clearance of inhaled particles from the conducting airways of the respiratory tract.

(i)  To investigate aspects of the functional morphology of the airway epithelium, in order
to explore further the possible reason for the slow clearance of particles.

Progress achieved including publications

1. Particle clearance studies

Two lines of investigation have been followed to study the mechanism of the slow clearance
of particles from the large airways of rats.

In the first place particles were administered by inhalation: Fischer rats were exposed to an
aerosol of fused alumino-silicate particles labelled with 57Co. From 3 days after inhalation the
animals were regularly monitored in a small animal whole body counter. Animals were
sacrificed at 1, 7, 28 and 112 days after inhalation, measurements of 5’Co excretion having
been made during 3-7 days before killing. A measured length of trachea was defined in sifu,
then removed from the carcass and washed repeatedly with saline. The region of the first
bifurcation was similarly removed and washed. The 5’Co content in the washings and the
airway wall were determined by scintillation counting.

From this data the retention of particles in the trachea was analysed into three functional
compartments: T = material being rapidly cleared by the muco-ciliary mechanism; Tg = slow-
moving or stationary material remaining on the surface of the epithelium for an extended
period; and T, = particles sequestered in the airway wall. Expressed as a fraction of the
whole-body retention at 1 day after inhalation, multiplied by 10° and normalised to a
measured tracheal length of 20 mm, T decreased from 22 at 7 days to 0.6 after 112 days.
Such a large decrease was to be expected for rapid muco-ciliary clearance. In contrast, T was
39 at 7 days but only fell to 37 by 28 days and to 7.0 by 112 days. T, remained between 10
and 15 throughout the experiment. Thus the fraction of the inhaled particles estimated to be
slow-moving or to remain stationary on the epithelial surface was the largest of the three
compartments at 7 and 28 days after inhalation, and was approximately an order of magnitude
greater than the rapidly cleared component at 28 and 112 days. The fraction of particles
sequestered in the tracheal wall was similar to earlier findings in this laboratory. The tracheal
washings were examined as autoradiographs of cytospin preparations. At the later times it
was found that nearly all the ¥7Co was within macrophages.

This study in the rat has demonstrated that long-term retention of inhaled particles on the

surface of large airways is possible, and suggests that such retention involves macrophages
which are resident there.
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In the second line of investigation particles were deposited in sub-pleural alveoli by
microinjection. Of special interest was the extent to which radioactive particles deposited
specifically in the alveolar region of the lung could be retained long-term at sites close to the
epithelium of the conducting airways.

Approx. 0.05 ul 95Au-labelled gold colloid was administered by microinjection into the
subpleural alveoli of the left lung of 32 rats. The fate of this material was studied for up to 15
months with serial sacrifices at 1, 7, 30, 112, 280 and 462 days. 2-mm slices of fixed lung
were prepared and assayed for 1%SAu. The slice containing the most radioactivity, which was
therefore presumed to include the deposition site, was dissected into 2-mm cubes and these
were also radio-assayed. Autoradiographs of lung sections were prepared from these and
from adjacent slices.

The distribution of %’ Au at sacrifice showed that nearly all the gold colloid was which was
retained in the body was within the respiratory tract. Radioassay of the 2-mm slices indicated
that the particles were not appreciably redistributed throughout the lung volume, so that most
of the material not cleared from the lung remained close to the deposition site. At the later
times after microinjection much of the gold colloid was associated with thickened pleura and
adjoining septac. Autoradiography revealed small amounts of Au on the surface of the
bronchiolar epithelium at all times up to 462 days after microinjection. No penetration to the
interstitium was seen by 1 day after microinjection, by which time practically all the particles
had been phagocytosed by alveolar macrophages. At all times from 7 to 462 days the largest
amounts of **Au were to be found at peribronchiolar sites. 1*Au was also sometimes seen in
the connective tissue immediately beneath the airway epithelium. Particles were observed in
the vicinity of the hilum after 7-112 days, both in lymphoid as well as in peribronchial tissue.

An approximate estimate has been derived of the amount of colloidal gold associated with the
intra- and extra-pulmonary airways after deposition in peripheral alveoli: relative to the
contemporary content of the whole respiratory tract this increased to 5% by 30 days and then
decreased to 2% up to 462 days. At the same time the thoracic lymph node content increased
steadily to 8%. The amount of gold colloid in the extrapulmonary bronchi and the trachea
never exceeded 0.2%.

It is suggested that for particles deposited in alveoli, retention associated with airways is
predominantly peribronchial, mediated by lymphatic drainage; less retention results from
particles either remaining on the epithelial surface or crossing the epithelium into the
connective tissue beneath. The significant levels of retention on the surface of the airway
epithelium after inhalation, as was seen in the first investigation reported here, would of
course include the retention of particles deposited directly on the airways.

2. Functional morphology

A study of the functional morphology of the large airways has commenced to explore the
possible basis for the delayed bronchial clearance of particles. Histological and image
analysis procedures were established for a quantitative study of the proportion of epithelium
in the conducting airways which is not covered with cilia.

Measurements have been made on the trachea of 12 Fischer rats. The circumference of the

epithelial surface in transverse sections was determined, together with the sum of the segments
of the circumference which are devoid of cilia. Sections from each animal were taken from
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proximal, middle and distal trachea. For comparison, each section was divided into 4
quadrants: dorsal, ventral and two lateral.

Analysis of the data revealed a statistically significant variation among the 12 animals studied.
For the 4 quadrants of the proximal trachea, the mean * standard deviation for the percentage
of epithelium that is non-ciliated were: dorsal = 45 + 13%, right-lateral = 51 * 8%, ventral =
53 + 5%, left-lateral = 56 * 11%. These differences were not statistically significant, which
was perhaps surprising in view of the generally different anatomical appearance of the ventral
segment. Taking all 4 quadrants together, the percentages for the three regions of trachea
were: proximal = 52 + 7%, middle = 60 * 6%, distal = 51 + 8%. Again these differences were
not statistically significant. The studies will be continued to compare different animal strains
and species.

Publications

Patrick G & Stirling C (1992) The transport of particles of colloidal gold within and from rat
lung following local deposition by alveolar microinjection, Environmental Health
Perspectives 97, 47-51.

Patrick G & Stirling C (in press) The redistribution of colloidal gold particles in rat lung
following locai deposition by alveolar microinjection, Annals of Occupational Hygiene.
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Project 6
Head of project: Dr. Kaul

Objectives for the reporting period

1. Beginning of the development of a computer code to calculate dose coefficients using
very general biokinetic compartment models.

2. Development of a fulltext retrieval system to evaluate literature on biokinetics.

3. Study of the uncertainty in doses for isotopes of cobalt due to the variability of
biokinetic parameters published in the literature.

4. Study of the effect of the dose limitation system of ICRP Publication 60 on the ALIs
of the German Radiation Protection Ordinance.

Progress achieved

1. Development of a computer code to calculate dose coefficients

Work has started to develop a computer code to calculate dose coefficients, the
activity content of several organs or tissues and the excretion ratios using very general
biokinetic compartment models with an exponential retention function. At present the number
of nuclear transformations of the mother nuclide in the various compartments can be calcu-
lated if there is no recycling of activity between the compartments.

2. Development of a fulltext retrieval system to evaluate literature on biokinetics

To evaluate literature studies in biokinetics, especially to evaluate uncertainties in dose
resulting from the variability in biokinetic parameters published in the literature, an applica-
tion program based on a fulltext retrieval system has been developed.

For each analyzed element (evaluation of the element thorium with this fulltext
retrieval system has been started) two specific databases have been developed, describing the
analysis of the activity distribution within the body, and the proposed biokinetic models for
systemic activity (including the gastro-intestinal absorption) and their parameters.

For each of the two databases the first part, which consists of three sections, is
identical:

- Section 1: Bibliography
names of authors, title, year and type of publication, keywords, etc.

- Section 2: Survey
information such as name and chemical form of the analyzed element, type of study,
analyzed species, paths and frequency/duration of exposure, methods of analysis and
detection.
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- Section 3: Specifications
all the information for each analyzed chemical form of the element and each kind of
individual studied (sex and age group, status of health and nutrition), incorporated
activity, etc.

After this common part there is a part specific to each of these data bases:

- Analysis data base:
number of samples, activity in various tissues, statistical values, etc.

- Biokinetic data base:
the f; value, half-times for the blood, uptake factors and names of compartments to
which activity leaving blood is transferred, biological half-times in these compart-
ments and uptake factors and names of the following compartments; the same infor-
mation is stored for these following compartments.

The structure of the biokinetics data base will be similar to that of the input file to our
computer code. It is planned to write a transformation routine to get input files from entries
to these data bases.

3. Analysis of the biokinetics of cobalt

The biokinetics of cobalt, an element with some radioactive isotopes important for
radiation protection purposes due to their production by activation of neutrons in nuclear
power plants, have been investigated.

It is known that in some species cobalt incorporated in its pure inorganic form can
also become an organic compound, e.g. by synthesis of vitamin B12. In this form, the
retention period of cobalt in the organism is far longer than that of the inorganic form. For
this reason, ways to model the biokinetics of cobalt in its organic or inorganic forms have
been examined.

In the present report, the f;-value was re-evaluated. In ICRP Publication 30, the f;-
value of cobalt was recommended to be 0.3, but this value is only valid for reference man,
a healthy male caucasian of 70 kg. According to literature studies it was found, however, that
the gastro-intestinal absorption of cobalt depends on many parameters, e.g. on sex, age and
the state of health of the person. One example is the increased uptake of cobalt by persons
with iron deficiency. Due to the antagonism of cobalt and iron, such populations (anemic
patients, children, women during menses) take up more cobalt than others. For this reason it
is recommended, not to consider only one f;-value applicable to all groups of the population,
but more individual values. In this approach, both the qualitative and quantitative differences
of radioactive cobalt, and the individual preconditions of the respective persons should be
considered.

The uptake of cobalt is also increased when vitamin C or cobalt in the organic form
are involved. The f;-value may then rise to 1.

Most of the studies in this field were made through animal experiments. Unfortunately,

because the results are very variable and the metabolism is different from one species to
another it is very difficult to make analogies from animals to humans.
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The influence of more individual biokinetic parameters, developed as described above,
on doses has been studied.

4, Effect of ICRP Publication 60 on the ALIs of the German Radiation Protection
Ordinance

The effect of the new dose limitation system recommended by ICRP Publication 60
on the annual limits on intake (ALI) of the German Radiation Protection Ordinance has been
studied. Because of the lower organ or tissue limits on which the ALIs of the German
Radiation Protection Ordinance were based, these limits in almost all cases were determined
by organ or tissue doses rather than the effective dose equivalent. For this reason these ALIs
were often smaller than those recommended by ICRP Publication 30.

The examination showed that for the most restrictive ALI of each radionuclide and
each path of intake the quotient of the German ALI and the ALI according to ICRP Publica-
tion 61 which is based on ICRP Publication 60 was in the range between 0.2 and 4, with
geometric means of 1.26 for inhalation and 1.13 for ingestion, i.c. on average the German
ALIs were larger than the ALIs of ICRP Publication 61. This effect was greatest in those
cases where the German ALIs were already based on the effective dose equivalent limit.
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Project 7
Head of project: Dr. Taylor

Objectives for the reporting period

a. To review the ICRP biokinetic models for the uptake and retention of elements in
the human body with reference to recently published information.

b. To consider the published information on biokinetic parameters for the elements
within well-defined chemical families in the light of the chemical and biochemical
properties of the elements in order to provide a sound scientific basis for the
prediction of relevant parameters for those elements for which such biokinetic
information is not available.

c. The formulation of revised and improved biokinetic models for adults which will be
used in the revision of ICRP Publication 30 which is now necessary in the light of
the 1990 Recommendations of the ICRP.

Progress achieved including publications

In the period since this contract began on 1 April 1991, work has continued, in
collaboration with the ICRP Task Group on Age-Dependent Dosimetry, on the review of
the biokinetic models for the elements sulphur, cobalt, nickel, zinc, strontium,
molybdenum, technetium, silver, tellurium, barium, lead, polonium and radium. A report
containing revised and age-dependent biokinetic models for these elements, together with
calculations of dose per unit intake following ingestion of their most important
radionuclides has been adopted for Publication as ICRP Publication 56 Part 2.

In collaboration with Dr J D Harrison of NRPB, the absorption of all elements,
except nitrogen, oxygen and the noble gases, from the human gastrointestinal tract has
been completed. The previously recommended values for transfer from gastrointestinal
tract to blood f; have been re-assessed and, in a number of instances, revised estimates
have been proposed. This work, which provides the most comprehensive survey available
of the information on the absorption of elements from the human gastrointestinal tract, is
intended to form a chapter in the new edition of the ICRP publication on reference man.

Work has begun on the development of generic models to predict and describe the
biokinetics of members of families of chemically closely-related elements for which little
or no direct human information is available. The initial work has been concerned with the
actinide and lanthanide series and part of this work will be published in Part 2 of ICRP
Publication 56.

In an attempt to identify chemical parameters which could be helpful in the
prediction of biokinetic parameters for those elements for which human or animal data are
not available, the chemistry, biochemistry and biokinetics of the alkali metal series have
been reviewed and compared. The ionic polarizability of the four metals shows an
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approximately linear relationship to the longest term component of their biological
retention in man. Using only the comparative data on the retention of ®Rb and '¥'Cs
measured in human subjects by Lloyd et al (Lloyd et al., Radiation Research 54, 463-478,
1973) a linear regression line with a slope of 0.031 + 0.007 is obtained which yields
predicted values for the half-times of retention of sodium and potassium of 7-11 days and
29-37 days, respectively; these values are in good agreement with those currently assumed
by ICRP for the latter two metals. This preliminary study suggests that carefully selected
chemical parameters may be helpful in predicting half-times of retention of elements in the
human body when direct information is not available, or cannot ethically be obtained.

Pyblications
International Commission on Radiological Protection (1993) Age-dependent Doses to
Members of the Public from Intakes of Radionuclides. Part 2. Annals of the ICRP in

press.

Taylor, D M (1992). Why is age-dependent dosimetry important? Radiation Protection
Dosimetry 41, 51-54.

Taylor, D M and Bligh, P H (1992). The transfer of “*Ca, #Sr and "*Ba from mother to
newborn in rats. Radiation Protection Dosimetry 41, 143-145,
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ASSESSMENT OF INTERNAL DOSE FROM RADIONUCLIDES USING STABLE
ISOTOPE TRACER TECHNIQUES IN MAN

Contract Bi7-029 - Sector Al4

1) Roth, GSF Frankfurt - 2) Molho, Universitd degli Studi di Milano
3) Hislop, AEA Technology Harwell Laboratory
4) Taylor, KfK Karlsruhe - 5) Henrichs, GSF Neuherberg

Summary of project global objectives and achievements

1. lobal objectives of the proj

The global objective of this project was to evaluate the use of stable isotopes as
tracers in metabolic investigations in humans to meet the accepted and continuing
need for more realistic biokinetic data of radionuclides of relevance in radiation
protection. The transfer of some relevant radionuclides into the human body via the
food chain was to be investigated by experimental studies in man, with particular
attention to the reliability and variability of transfer parameters under realistic con-
ditions. Additional investigations on the internal distribution and excretion patterns
should improve the metabolic and dosimetric models and consequently the dose
assessments of internal exposure.

Elements identified as being of interest were strontium, tellurium, ruthenium, barium,
plutonium and other actinides.

Human metabolic data are generally obtained either from measurements after accidental
exposure or from experimental studies where radioactive isotopes are used as tracers.
Human studies with radioactive tracers, however, whilst very valuable, are becoming
increasingly difficult to perform, particularly when healthy persons or especially when
children are involved. A promising possibility for metabolic studies in man seems to
be the use of isotopically enriched stable elements as tracers.

The metabolic behaviour of strontium, tellurium, ruthenium and barium can be studied
by substituting the radioactive isotopes by stable isotopes of the same element as
tracers. For plutonium and other highly toxic radioelements, where no stable isotopes
exist, stable analogues can be used in metabolic studies. Selected elements of the
lanthanide series seem to be promising candidates as actinide analogues in stable
element tracer studies, since they show similar chemical properties as the actinides.
Therefore, this approach can provide valuable information which is not otherwise
obtainable by planned systematic investigations.

2. Tasks involved in the proj

The proposed work involved four major tasks:
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1. Development and validation of methods.

- Development of techniques for determination of stable isotopes in biological
samples.

- Exchange of biological samples for the optimisation of analytical methods and
of samples from in vivo studies to evaluate the reliability of biokinetic
parameters as determined by different measuring techniques.

- Validation of the use of lanthanide series elements as surrogates for plutonium
and other actinides.

2. Metabolic investigations.

- For the elements under study, intestinal uptake, internal kinetics and excretion
patterns should be investigated in animals and man. Before stable analogues
for the actinides can be applied to humans, it has to be shown that they exhibit
essentially the same biokinetics as the actinides they are to model.

3. Improvement of metabolic models.
- The biokinetic data obtained should help to improve the metabolic and
dosimetric models for some of the elements investigated.

4. Dose assessments.
- On the basis of the obtained data and models, new calculations of internal
dose was to be performed for these elements.

This project was not intended to complete all these tasks for all of the elements under
study because of the short period of this contract (two years) and the limited
ressources. Especially for stable actinide analogues, much basic research work is
necessary, whereas the state of knowledge and the development of techniques is
more advanced for the other elements of interest. However, the expected achievements
during this period should provide a valuable basis for further projects in this field.

The goals of this project required the close collaboration of several laboratories to

contribute with their special expertise and experience in the different aspects’

involved. The work of each of the laboratories requires the results obtained by the
other ones.

3. f iev n
3.1 Tellurium

Analytical methods for the determination of tellurium and specific tellurium isotopes
in solutions and biological materials were successfully developed and applied {Project
1 and Project 2). The occurence of tellurium in dietary constituents was evaluated and
a daily intake between 1 and 10 ug estimated. The feasibility of stable tellurium
isotopes for biokinetic investigations was verified by intra-individual comparison with
standard radioactive tracer methods in animal experiments (Project 1 and Project 2).
Organ distribution of tellurium after oral and intravenous administration was also
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evaluated in animal experiments (Project 1). It could be shown that different chemical
forms of tellurium (tellurite, tellurate} have significantly different biokinetics in
animals. Therefore, although the structure of the metabolic model for tellurium may
be the same for different chemical forms, the parameter values are definitely not
(Project 1 and Project 2). These differences were also shown in in vitro studies with
human blood cells (Project 1). Oral administration of teliurium in different forms
(tellurite, tellurate, metallic colloid, intrisically bound in cress) to human volunteers
showed significant differences in the excretion patterns and in the f, values (Project
1). Since the main chemical form of tellurium in fission products is TeO,, we propose
from the results of these investigations a f, value of 0.3 for radiation protection
considerations. This value is somewhat higher than the f, value of 0.2 proposed by
the ICRP.

In summary: the observations described here verify the ICRP dosimetric model for
tellurium isotopes but also show a considerable variability of intestinal absorption and
excretion rates in man which should be taken into account in the context of monitoring
occupationally exposed persons.

3.2  Ruthenium

Proton nuclear activation analysis (PNA) was successfully developed as a suitable
analytical method for determination of stable ruthenium isotopes ?°Ru and '°'Ru
(Project 2). It was proven in animal experiments that the amount of stable ruthenium
used in tracer experiments does not perturb significantly the metabolic processes to
be evaluated (Project 2).

3.3  Strontium

Mass spectrometric methods have been shown to be suitable for the determination of
strontium in biological material. Inductively couples plasma - mass spectrometry
(Project 3) or thermal ionization mass spectrometry (Project 1) can be used to measure
isotope concentrations and isotope ratios. ICP-MS was applied to estimate the range
of strontium and calcium intake from infant formulae (Project 3). A volunteer study
was carried out to investigate the uptake and excretion kinetics of strontium in six
male and six female volunteers (Project 3). The uptake pattern between men and
women was found to be significantly different. The f, values were found ta be greater
than the value of 0.3 currently used by ICRP. To evaluate strontium metabolism
following the uptake of contaminated materials, strontium in different forms (aqueous
solution, in milk, in cress, intrinsically or extrinsically labelled) was administered to
human volunteers (Project 1). The f, values obtained show considerable variations
with the form and amount of strontium administered but are generally higher than the
ICRP- values, in agreement with the findings of Project 3.

The experiments reported here reveal a strong dependence of the intestinal absorption
from the amount administered. The results derived show that for activities which are
realistic for the possible case of environmental pollutions, the intestinal absorption is
possibly substantially higher than assumed by ICRP. This means that the corresponding
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dose coefficients for ingested strontium isotopes may be higher by a factor of up to
three as compared to the ICRP values (Project 5).

3.4 Lanthanides (as analogues for actinides)

The validity of the use of europium and gadolinium as surrogates for americium and
curium was assessed by comparison of their binding to plasma proteins in vivo and in
vitro (Project 4). The results obtained so far suggest that europium and gadolinium, like
americium and curium, bind to transferrin in vivo and in vitro, although the binding is
weak and it seems unlikely that transferrin is the major transport species for any of
these four metals in vivo. The tissue distribution of europium and gadolinium following
injection into rats was compared with previously published data for americium and
curium (Project 4). The observed differences between lanthanides and actinides in the
uptake and retention patterns do not seem to be significant. The tissue distribution
of europium and gadolinium is essentially identical (Project 4). On the basis of these
results, europium and gadolinium appear to be acceptable surrogates for americium
and curium, at least for studies of the overall biokinetics of these elements in humans.

ICP-MS was successfully used to measure all lanthanide series elements simultaneously
in a single sample. Investigations in human volunteers on the daily intake, urinary and
faecal excretion of the lanthanide elements showed a close similarity in the form of
the abundance curve and the intake and excretion curves, indicating that little or no
differentiation is seen between each of the elements across the rare earth group
(Project 3). The results showed that the uptake of actinides and lanthanides may be
greater than hitherto supposed. In a volunteer study, several lanthanide elements were
used as analogues for the behaviour of actinide series elements, and barium as a
chemical analogue for radium. For barium, fractional absorption was greater than the
recommended ICRP f, value of 0.1. For the lanthanide elements, a number of results
are in excess of the f, value of 3 10+ reported by ICRP (Project 3).

The results obtained so far from these investigations indicate that possibly a severe
revision of the current biokinetic and dosimetric models may be necessary. Until now
the data only allow the derivation of upper limits. Further investigations are necessary
to provide the data for precise dose calculations..

4.  Conclusions

The results of this joint research project, funded partly by the CEC Radiation Protection
Research Programme, are very encouraging. A close and fruitful collaboration has been
established among the participating laboratories from Germany, the United Kingdom
and ltaly. It was this cooperation that enabled the progress achieved which in turn
provides the basis for the continuation and extension of these studies.
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Project 1
Head of project: Dr. P. Roth

Objectives for the reporting period

1. Development of analytical methods for measurements of tellurium in biological
materials.

2. Investigations on tellurium biokinetics in animals as a prerequisite for human
studies.

3. Evaluation of the variability in the intestinal absorption and excretion of
tellurium in man.

4. Measurement of strontium uptake following intake of contaminated biological
materials and variation with strontium doses.

Progress achieved

1. Tellurium

1.1 General

Tellurium is a rare non-essential element with a natural abundance in the earth's
crust of a few micrograms per kilogram [1]. Tellurium can enter the environment of
man either due to its increasing use in industry {2] or as radioactive isotopes after
a potential nuclear event [3]. Particularly, '*?Te and its daughter nuclide '3
contribute up to 8% to the activity release in the first 2 weeks following a slow
neutron fission event [4]. This has been proven after the reactor accident at
Chernobyl [5,6]. Therefore, a better understanding of the biokinetics of tellurium is
required for risk assessment.

Few data are available on the metabolism of tellurium in man. Most of the knowledge
of the biokinetics of tellurium has been obtained from animal experiments or from
a few accidents with tellurium incorporation in man [7]. Studies on tellurium in
humans are therefore highly desirable. In the past, the biokinetics of trace elements
has commonly been derived from experiments involving radicactive tracers. Due to
the increasing restrictions limiting the in vivo use of radioactive substances in human
studies there is a need for methods based on the application of stable isotopes as
tracers.

1.2  Analytical

Analytical methods for the determination of tellurium in solutions and in biological
materials were successfully developed. Tellurium concentrations in solutions were
measured by means of atomic absorption spectrometry {AAS) using the hydride
generation technique (spectrometer PE 2380 with hollow cathode lamp and hydride
generation system MHS 20; all Perkin Elmer}. Tellurium concentrations in biological
materials were measured by means of graphite furnace atomic absorption
was extracted with MIBK. The reproducibility was +=20% and detection limits of
10 pg/kg of Te wet weight for cress and 0.2 ug/l of Te for urine was achieved. The
details of this method are decribed in Publication 1. The method was successfully
applied for the determination of tellurium in blood plasma of rabbits (Publication 2).
An analytical method for the measurement of particular stable tellurium isotopes
was developed using Secondary lon Mass Spectrometrey (SIMS). The SIMS
measurements were carried out by using the dual-beam raster scanning ion
microprobe DORAMIS (Doppelstrahl-Rasterionenmikrosonde}, an improved version
of the DIDA ion microprobe described elsewhere [8]. Details of the optimization
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procedure of sample preparation for SIMS analysis are given in Publication 1. About
10 ng of '%*Te and '%*Te contained in 1 ml of blood plasma are well detectable under
these conditions. Analysis of stable tellurium isotopes by proton nuclear activation
(PNA} was developed by the University of Milan (See Project 2).

1.3 Tellurium ingestion with foodstuffs

The occurence of tellurium in various foodstuffs and beverages was investigated.
A detailed table of the results obtained is given in Publication 3. The measured
tellurium concentrations in vegetables, lettuce, and fruits (i.e. edible plants) is of the
order of 1 ug/kg or below. Only some root vegetables have significantly higher
concentrations. This value is about 2 orders of magnitude lower than previously
published data [9]. From the ICRP estimates of food supplies for different geographical
regions [10], a daily intake of tellurium between 1 and 10 ug can be estimated. This
again is at least a factor of 10 lower than previous estimates [11,12]. The main
uptake of tellurium occurs with the consumption of edible roots, while beverages
do not contribute significantly.

Tellurium concentrations were also measured in body fluids (whole blood, ery-
throcytes, blood plasma, saliva, urine), hair and fingernails of 8 healthy human
volunteers. These values are in broad agreement with previously published data. A
detailed table is given in Publication 3.

1.4  Animal experiments

The feasibility of stable tellurium isotopes for biokinetic investigations was verified
by an intra-individual comparison with standard radioactive tracer methods in
rabbits. Tracer solutions containing enriched '*Te and '?5Te {stable) and radioactive
tellurium tracers ('2'™Te or '2*"Te) were administered simultaneously by gavage and/
or intravenously. Blood samples were drawn during the first 2 days after application.
The activity of the separated blood plasma was measured by standard gamma ray
spectroscopy. After wet ashing and solvent extraction with MIBK the samples were
analyzed for stable tellurium by GFAAS and SIMS. The results obtained by applying
stable isotopes were found to be in good agreement with the data aquired by using
radioactive tracers. These results clearly proved that tellurium metabolism can be
investigated applying stable isotpes as tracers. {see Publication 1).

in order to investigate the organ distribution of tellurium after its application, Te was
administered orally and intravenously to three swine. These investigations, which
were performed in collaboration with GSF Neuherberg (Project 5), served also as a
preliminary step before studies in humans. (Publication 4).

The metabolic and dosimetric models for tellurium proposed so far [11] do not
assume different biokinetic parameters for different chemical forms of tellurium.
This, however, seems to be important, since the toxicity of different chemical forms
of tellurium varies considerably. For example, tellurites have been shown to be about
10 times as toxic as tellurates in rats [13]. In an animal experiment with rabbits,
stable tellurium was applied as tracer to evaluate the biokinetics of tellurite and
tellurate. Tellurium was administered intravenously to four rabbits as sodium
tellurite (Na,TeO,) or sodium tellurate (Na,TeO,}. Two rabbits received an additional
dose of tellurium perorally. For validation of the methods applied, the intravenous
tellurium dose and the oral tellurium dose were labelled with radioactive tellurium
isotopes ('2™Te and '2'"Te respectively). Details of the study are givenin Publication
5. The time courses of Te in plasma are shown in Figure 1a and 1b, illustrating the
different kinetics of the two chemical forms. The time course of the ratios of Te in
plasma and red blood cells (Figure 2} also shows that the valency state of Te seems
to be an important factor that determines the passage of Te through cell membranes.
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metabolic madel shown in Figure 3 with the madel parameters given in Table 1.
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From the tracer data, the compartmenta! model shown in Figure 3 was postulated
and the model parameters as shown in Table 1 were derived. Details of the study
are presented in Publication 5.

Adminisiraiton

1
, 2t 32 \ =
Compariment | Compartment 2 Compariment 3
trensfer ‘exchang2 sterage
12 123

Excration

Fiqure 3  Compartmental model for the metabohsm of tellunium.

Table 1 Volumes of the transfer compartment and fractional transfer coefficients
for the metabolic mode! of tellunum as shown in Figure 3

Ammal ? Rabbit 1 Rabbir 2 Raobit 3 Rabbit 4

Chemical ferm of N2,TeQ, Na,TeO, Na,TeO, N2,TeO,
admmsiered Te

Volume of transfer 50 850 i0%0 1940
comparnert (M)

Fracucnl aqansfer
coztficzents (mun ')

£ (1= 2) 2302 252 20E2 2303
fa(2—1) 30E3 1013 4412 22E3
fa(2 - 3) 4906 95E6 17ES Q1L
fa (1= 13E3 2953 33E3 GGE S

Additional animal experiments were performed in collaboration with the University
of Milan to evaluate intestinal tellurium absorption (See Project 2).

1.5  In vitro studies

To aid in extrapolating the results of animal experiments to humans, in vifro studies
with human blood cells were performed. In two experiments, 16 and 20 blood
samples from healthy human volunteers were incubated with tellurium as sodium
tellurite or tellurate labelled with '2*™Te. These incubation studies showed a similar
cellular uptake pattern as found in vivoin the rabbits, with tellurite being much faster
incorporated into cells than tellurate. (For details see Publication5).

1.6  Volunteer studies

To evaluate the metabolic behaviour of tellurium in man, tellurium in different forms
was administered peroraily to healthy male volunteers.

A total of 12 investigations were performed in 5 subjects. Te was given as sodium
tellurate, sodium tellurite, metallic colloid, and intrinsically bound in cress. For the
latter, cress was cuitivated with tellurium-containing water in order to provide Te
for ingestion in a form which is more equivalent to foodstuffs. (Details are given in
Publication 6).

The excretion patterns for these experiments are presented in figure 4, showing that
hexavalent Te is more readily excreted than the tetravalent form. Table 2 gives the
fractions of Te which were excreted in urine during the first three days after
administration.
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Table 2 Results of 12 experiments performed 1on 5 healthy male volunteers with the peroral
adrmunistration of tellunum m different forms.

NO volunteer Doy s adminsieied e 3dav cverenon wiesunab
absonption®

(he} {ug)' lorm {4 of dose ) (")
1 A 63 Mx2 17 1735
2 A 67 i1zl 88 IS0
3 Is 63 N NayleO, 141 Mt
4 C 76 61 N1, TO, 252 S
5 A [ 1521 Nas 1O, 79+23 s
6 A 66 =3 Temetal [EX1}
7 [0 65 Wx2 Temetal 10
8 I ) 36+ 3 femetal 60
9 A 67 + leeress is 75
10 B ) 3 leaess 133 153
1 C 76 3 Teaaess 138 21n
12 A 63 AN Teeresssatad 3lzto is

! the 1ange of unccitamts gnen relleets mamly the reproducibabity of the sample prepaation and of the A AS tellunum deermin iton
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Table 2 also shows the values for the intestinal absorption (f,-values). For tellurate
the mean percentage absorption was 23% with a standard deviation of 9%. This
inter-individual variation is larger than the variation expected from the analytical
method. The intestinal absorption of tetravalent tellurium was found to be 21.5%.
There seems to be no substantial difference in the fractional absorption of the two
tellurium saits. For metallic tellurium the absorbed fraction was 10% =4%.The
excretion of tellurium after ingestion of Te in cress is delayed as compared to
tellurate, indicating afso a delayed intestinal uptake. The f,-values for Te in cress
are also lowered (14.5% * 7%). Addition of a salat dressing to the cress in one
volunteer decreased the absorption from 7.5% to 5.5%.

Since the main chemical form of tellurium in fission products is TeO,, we propose
from the results of these investigations a f,-value of 0.3 for radiation protection
considerations. This value is somewhat higher than the f,-value of 0.2 proposed by
the ICRP (11).

2. Strontium
2.1 Analytical

At GSF laboratory in Frankfurt, graphite furnace atomic absorption spectrometry
(GFAAS) has been used to measure strontium concentrations in biological materials.
For the determination of particular stable isotopes of strontium, thermal ionization
mass spectrometry was applied. This method provides the most accurate and
precise values of isotope ratios. However, as the element to be analyzed has to be
present in the sample in a very pure form, usually a very extensive sample
preparation procedure is required, especially to remove interfering alkaline metals.
Considerable work capacity had to be used for the development of optimum sample
work-up procedures. After wet ashing under pressure and precipitation with
ammonium oxalate, no reproducible concentration measurements with GFAAS were
achievable. Therefore, a special extraction chromatographic material (Sr-Spec,
EiIChrom, Darien, |L60559, prepacked columns) for the selective sorption of Sr from
acidic media was used. Sr-Spec is specific for strontium and is free from interferences
by most other metal ions. Biological samples containing Sr to be analyzed (1 mi of
urine or 0.2 to 1.0 ml of blood plasma) were dried in a teflon container and wet ashed
in a pressure bomb system with 0.8 ml of concentrated nitric acid. To the ashed
solution about 2 ml of H,0 were added to obtain 3-molar HNO,. This acidic solution
was then loaded to the column. Then the column was rinsed three times with 3-
molar HNO,, and Sr is eluted with up to 6 fractions of 1 ml of H,0. To avoid
contamination with natural Sr, HNO, was purified by subboiling distillation and
deionized water {Millipore) was used for all the preparatory steps. The whole sample
preparation procedure was carried out in a clean bench. Strontium concentrations
are determined in each eluted fraction to provide the total Sr amount in the sample.
Those fractions with the highest Sr content (usually No.2 to 4) were then mixed to-
gether and dried. For mass spectrometric measurements, this residue was redisolved
with 5 m! of H,0 and 2 pl of this samples were prepared on the evaporation filaments
in the thermal ion source. The analytical recovery of the separation for GFAAS
measurements was verified using radioactive ®Sr and was found to be 99.9%.
2.2  Volunteer studies '

To evaluate strontium metabolism following the uptake of contaminated materials,
strontium in different forms was administered to human volunteers. Oral admini-
stration of strontium was either in aqueous solution, in milk, or with cress. Cress
was labelled with strontium either extrinsically or intrinsically. For the latter, cress
. was cultivated with strontium-containing water. The intrinsic labelling provides
strontium for ingestion in a form which is more equivalent to foodstuffs. Details of
the experimental design are shown in Table 3.
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Table 3 - Expenimental design of the volunteer studies.

Number of Quantity
| F
subjects sotope {rg) orm Route
1 Sr-84 270 Carnier free Injection
S¢-86 1000 In 100 mi of milk Oral
in aequeous solution
2 Si-86 1000 (100 ml) Oral
In aequeous solution
2 Sr-86 100 (100 ml) Oral
$r-84 300 yg in cress
3 600 (as intrinsic marker) Ocal
Sr-86 300 pg in cress Oral
(as extrinsic marker}

Urine was collected for up to 7 days after administration. Blood drawings were
performed at different times. After 24 hours, 11.1% of the injected strontium is
excreted via urine. In patients, who received radioactive °Sr for diagnostic
purposes, the mean value for 24-hour excretion in urine was 11.8%. The results of
this study are presented in Table 4.

Table 4 - Variations of f1-values for strontium in man with the form and amount of strontium administered

OU(Z?)”Y ad«:gnr:trgiion fy- value
1000 In 100 ml of mitk 0.27
1000 aeclzrll;o?g ?c!lgfnon 052

0.37
100 aeézgo?g gglgtfron 1.00
300 In cress (intrinsic) 0.68
0.74
0.49
300 In cress {extrinsic) 0.47
063
0.51

The f,-values reported here are higher than those currently accepted by the ICRP
[11) but are in agreement with those obtained by another analytical approach in
Harwell Laboratory as part of this project (See Project 3).

Publigation

[11 Kron, T., Wittmaack, K., Hansen, Ch., Werner, E.: Stable Isotopes for
Determining Biokinetic Parameters of Tellurium in Rabbits. Ana/ Chem 63,
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Welz). Uberlingen: Perkin-Elmer GmbH, 809-814 (1990).
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Project 2
Head of project: Prof. N. Molho

Objectives for the reporting period

The main objective for our group was the development of analytical techniques for
the quantitative measurement of trace stable isotopes (Ce, Ru, Zr, Te) in biological
tissues and the subsequent application to biokinetic studies.

To this aim the project and construction of a new facility for the proton activation
of isotopes producing short living radionuclei was foreseen and the optimization of
the irradiation parameters for the isotopes of interest was planned. Moreover some
biokinetic studies on animals were taken into consideration.

Unfortunately, in consequence of the reduced funding obtained for the project we
were in the need to reduce the proposed program; in this view we chose to pay
attention predominantly to Te and Ru.

Progress achieved

The mechanical construction of the irradiation chamber has been completed
together with the computer controlled driving system. A specific program has been
written for the driving system in order to allow a very flexible use of the irradation
setup.

Up to 40 samples can be mounted in the irradation chamber and every sample can
have different and specifically programmed irradation times. Moreover every sample
can be dismounted by means of a mechanism activated from the control room: in
this way it is possible to take out the samples from the irradation room without any
direct intervention.

1. imizati f parameters for le i mination

With the old irradation facility the optimization of the proton activation methodology
for the specific determination of stable tellurium and of stable ruthenium isotopes
in plasma samples has been performed.

A preliminary study of the possible nuclear reactions induced by protons on the
stable Te isotopes included in the natural isotopic mixture shows that '2*Te and '%Te
are the most suitable isotopes to be used as tracers. In fact, via (p,n) reactions they
produce radioactive nuclei with half lives (4.18 d and 13.02 d) that allow an off-
line detection and a significant reduction of the matrix background. Moreover the
decay characteristics of these radionuclei are suitable for the detecting system.

In order to optimize the measurement conditions, the yields of the induced reactions
were measured. The data obtained allow to choose the best incident proton energy
of 11.2 MeV. Moreover the same data show that at this energy there is no cross
interference in the production of the two radionuclides. Interfering nuclear reactions
on nuclei of the plasma matrix which can produce the same radioisotopes as those
of interest were investigated.
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Another important test was performed to check the linear relationship between the
intensities of the specific gamma rays and the amounts of '%Te and '2°Te present
in the samples. The measured '?*Te and '2°Te content values in samples doped with
different known amounts of the isotopes show a very good correspondence with the
added values. This fact implies that all the procedure ist not affected by hidden
systematic errors and in particular there are no problems of volatilization of
radioactive products from the sample.

To check the presence of interferences with the gamma transitions of interest the
half lives were measured by means of the same lines. The values so determined
(4.35 + 0.3 D and 13.04 £ 0.2 D respectively for '** and '?°l) are in very good
agreement with the values reported in literature (4.18 D and 13.20 D).

To determine the detection limits of PNA for '*Te and '%Te, plasma samples
enriched with known amounts of these isotopes have been analyzed. Assuming as
minimum detectable quantity the amount corresponding to a peak area equal to
three times the subtended background statistical fluctuation, we obtained as
minimum measurable concentration in plasma the values of 4 ng/ml for '*Te and
6 ng/ml for 25Te,

On the basis of the natural isotopic composition of Ru, of the possible nuclear
reactions induced by proton on the Ru stable isotopes and of the decay characteristics
of the radioactive isotopes obtainable from such reactions, °°*Ru and '°'Ru are
convenient for our purpose.

In fact the obtained radioisotopes, °°*Rh and '°*Rh have gamma decay transitions
with energy and intensity (353 keV 31.6 %, 544.8 keV 40.1 % relative intensity)
suitable for detection and half lives (16 D, 4.34 D) sufficiently long to allow an off-
line detection and a significant reduction of the biological matrix background.
Vanadium was chosen as reference element for quantitative analysis.

In order to optimize the condition of measurement the proton energy corresponding
to the maximum yield of the chosen reactions was determined. To this aim a stack
of thin identical targets enriched with the isotope of interest, separated by
aluminium foils of appropriate thickness, was irradiated. The ®°Ru enriched targets
and likewise the '°'Ru enriched targets were prepared adding a ®*Ru or '°'Ru enriched
solution to a gel substance to obtain, after drying, a thin layer of the order of 2 mg/
cm? with a concentration of Ru isotope of 2 yg/mg. The energy of the incident proton
beam was 20.5 MeV and the energy incident on each succesive target was
calculated. The data obtained allow us to choose the best incident proton energy
of 13 MeV; moreover the same data show that no cross interference in the
production of the two radionuclides is induced at this energy.

In order to check the response linearity of the method a series of measurements on
samples doped with known quantities of °'Ru and °®Ru were performed. The
correlation coefficient obtained were r = 0.9997 and r = 0.9999 respectively.

To determine the detection limits in plasma of PNA for °*Ru and '°'Ru, plasma

samples enriched with known amounts of these isotopes were analyzed. The minium
detectable concentration in plasma is 2 ng/mi for **Ru and 4 ng/ml for '°'Ru.

2. iokineti i

A study concerning tellurium intestinal absorption was accomplished. The
experiments have been performed in animals by stable tracer administration, using
the double tracer technique.
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Rabbit 1 was given 167 ug of '%Te intravenously and 1.39 mg of '*Te orally and
rabbit 2 was given 169 g of '?*Te intravenously and 1.16 mg of '2Te orally. Eleven
blood samples were drawn from each rabbit within 480 minutes after the injection.

The concentrations of the tracers '2*Te and '?°Te in plasma samples withdrawn at
different times after administration were determined by PNA analysis. Fig.t1 shows
the concentrations of the injected and of the orally given tracer in plasma for one
rabbit.

By double tracer method, which involves the measurement of the concentrations in
plasma of both tracers, the fractional tellurium intestinal absorption of (4.7 + 0.4)%
and (4.0 = 0.3)% respectively for the two rabbits was determined.

With the aim to test in animals the feasibility of ruthenium metabolism studies by
double tracer technique we needed experimental evidence that the amount of stable
tracers involved in the procedure does not perturb significantly the mechanism
investigated. The most critical point seems to be the intravenous injection. We
carried out experiments on rabbits in order to study the Ru disappearance in plasma
after intravenous injection of different amounts of natural Ru in comparison with the
Ru disappearance after intravenous injection of radioactive '°°Ru.

Four male rabbits were given an intravenous injection of 1 uCi of radioactive '°°Ru
and about 120 minutes later, except rabbit 1, the three remaining rabbits were given
another intravenous injection. The second administration was the following: 2 uCi
of '%Ru to rabbit 2, 50 yg of natural Ru to rabbit 3 and 250 ug to rabbit 4.

Fig. 2 shows, as a function of time from the first injection, the specific activity of
195Ru expressed as percent of the administered activity and moreover for rabbits 3
and 4 the figure shows the concentration of natural Ru expressed as percent of the
administered quantity.

From the behaviour of the data we can see that injected tracer has a clearing pattern
that cannot be reproduced by a single exponential: it is possible to assume that a
least two single clearing mechanism with different velocities are active in the time
interval considered.

A comparison of the '°Ru clearance obtained for rabbits 3 and 4 with the '"°°Ru

clearance in rabbit 1 show that the administration of a large amount of stable Ru
does not introduce any appreciable change in the clearance process.
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given ('2*Te) tracer in plasma of one rabbit.
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Project 3
Head of project: Dr. J. Hislop

Objectives for the reporting period

1. Development of measurement procedures for barium and lanthanide series
elements in human excretion samples.

2. Uptake and excretion of lanthanide series elements and barium following oral
and intravenous administration to humans.

3. Kinetics of excretion of strontium by oral and faecal routes following oral and
intravenous administration.

1. Proj kgroun K

The principal objectives of this work in the UK stem from the recommendations of
the report by Sir Douglas Black on “Investigation of the possible increased incidence
of cancer in West Cumbria” particularly with respect to increased leukaemia and
lymphoma diagnosed in young people. This was centred principally around the areas
of the UK’s nuclear fuel reprocessing plants. Included under the heading of health
implications of radioactive discharges were recommendations that more work
should be carried out on :

a) the gut transfer factors at present used, especially for children, with special
attention being paid to radionuclides, where this factor is believed to be low,
and to organic forms of radionuclides.

b)  the metabolic differences between adults and children with a view toimproving
the models used.

The lanthanide series of elements are of interest as they show similar chemical
properties to the actinide series. Relative retention in bone and liver has been shown
to be related to ionic radius for the actinide and lanthanide series of elements (from
the data of PW Durbin, in Uranium Plutonium Transplutonic Elements, HC Hodge et
al., Eds., Springer-Verlag, Berlin (1973)). Thus, the lanthanides offer potential for
use as actinide analogues, to better quantify model source terms.

A number of lanthanide materials have been evaluated for use as actinide analogues
in both animals and man, with this work concentrating on the measurement of
fractional absorption following oral and intravenous administration, as well as
information on relative routes and rates of excretion. This has been carried out for
neodymium and dysprosium, each of which has two suitable isotopes. The uptake
of samarium, gadolinium and europium has been measured following oral adminis-
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tration alone. In addition, work has been carried out using strontium and barium,
which are also of significance in environmental radiological protection, especially in
critical population groups such as children and pregnant women.

Progress achleved

1. Analyticat
1.1 General

Inductively coupled plasma - mass spectrometry {ICP-MS) has been used for
measurement of biological samples, with measurement of isotope concentrations
and isotope ratios possible down to sub- part per billion {(ppb) levels with minimal
sample pre-treatment. Preparation typically involves ashing of the samples to
remove organic matter, followed by dissolution in a mixture of hydrochloric, nitric
and hydrofluoric acid, with silica removed as H,SiF,. Although this has proven
adequate for strontium and barium sample preparation, the lanthanide series
elements require further separation and pre-concentration on ion-exchange columns,
prior to ICP-MS analysis. Analytical recoveries using these ion exchange procedures
have been verified using '52Eu, a y-emitting lanthanide radiotracer.

Having developed the analytical methods required for studies of uptake and meta-
bolism of these elements of interest, a series of studies were carried out to produce
relevant background knowledge of the natural occurence of these elements before
proceeding to studies in volunteers.

1.2 Natural occurence of lanthanides in the diet

A series of measurements were carried out on total excretion samples from a group
of six male subjects, and on samples from a Total Diet {excluding beverages). The
data obtained in this study are shown in Table 1 and summarised in Figure 1, which
shows the rare earth abundance levels {(g/tonne crust), intake (mean of 6 whole diet
samples in mg), faecal excretion (mean of 6 individuals in mg) and urinary excretion
{mean of 6 individuals in mg).

The absolute data in Figure 1 are similar to data in a recent publication (Minoia et
al, Sci. Total Environ. 95 (1990) 89-105), which {ends support to the validity of the
analytical approach adopted. Data from the current study by ICP-MS for urine are
shown compared in Table 2 with data from Minoia ef a/, by neutron activation or
atomic absorption analysis, where values are available.

Three conclusions are apparent from Figure 1; the close similarity in the form of the
abundance curve and the intake and excretion curves shows that little or no
differentiation is seen between each of the elements across the rare earth group.
This confirms that the human uptake and excretion mechanisms are likely to be
insensitive to the slight chemical differences across the rare earth group of ele-
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ments, and therefore possibly, to the small differences between the rare earths and
the actinides, their intended analogues. Secondly, absolute faecal excretion levels
are very similar to those found in the standard diet samples. The final point which
emerges is that the urinary excretion is about 10% of the intake and faecal excretion
levels, implying that the uptake of actinides and lanthanides may be greater than

hitherto supposed.

Table 1 - Lanthanide excretion and estimated daily intake

Element Daily Intake Urine Excretion Faecal Excretion
(wg) (wg / 24h) (wg / 24h)
La 4.7 1.9 0.36 5.2
Ce 8.6 + 3.6 1.21 9.5
Pr 0.91 + 0.34 0.09 1.3
Nd 29 +1.0 0.53 5.3
Sm 0.51 & 0.19 0.03 0.7
Eu* - 0.11 0.4
Gd 0.72 + 0.32 0.07 1.1
Tb 0.08 + 0.03 0.01 0.1
Dy 0.45 + 0.16 <0.04 0.8
Ho 0.09 + 0.03 0.01 0.2
Er 0.26 = 0.10 0.04 0.5
Tm 0.03 + 0.01 0.004 0.1
Yb 0.28 + 0.11 0.04 0.7
Lu 0.04 + 0.02 <0.01 0.1

* No value given for Eu intake as added '52Eu used as recovery standard

Table 2 - Lanthanides - urine excretion

Urine {ng / 24h) Urine (ng /)
Element Harwell 1) Minoia et al. 2
ICP - MS NAA/ICP-AES/GFAAS
Eu 126 + 128 110 + 80
Gd 75 + 23 < 1000
La 400 + 149 730 = 55
Lu <9 50 £ 40
Nd 540 + 87 3840 + 190
Sm 30 + 13 55 + 38
Yb 37 £ 11 28 + 20
Notes

1) Mean of six replicates (four subjects), plus or minus one standard deviation.
2) Mean of six to twenty eight subjects, plus or minus one standard deviation.
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Abundance, Intake and Excretion of RE’s
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Figure 1 Abundance in g/tonne, and human intake and excretion levels in
pgl/day absolute, measured by inductively coupled plasma mass
spectrometry, following chemical separation and preconcentration
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13 Elemental intake from infant formulae

It has already been noted that critical groups, such as children are likely to be at
greater risk from environmental radioactivity, especially bone-seeking radionuclides,
due to rapid growth. itis hoped that stable isotope tracer studies can be extended
to these groups with supplemental doses of enriched calcium and strontium stable
isotopes. It would be more scientifically valid if oral intakes to children can be
maintained within their normal levels of intake, and hence measurements have been
carried out of a number of different milk based infant formulae to estimate the range
of strontium and calcium intake which can be found. Al formulations were pur-
chased from a retail source. The results are based on a 30 fluid ounce daily intake,
with the formulation prepared as per the manufacturers’ instructions. The results
obtained are shown in Tab'e 3 :

Table 3 - Estimated Ca and Sr intake in 2 month infant

Product Ca Inta(l;]eg;))er day Sr Intal(;:ag;wr day
Wysoy 595 402
SMA Gold 457 134
Cow & Gate Premium 576 359
Cow & Gate Soya 452 367
Cow & Gate Plus 676 234
SMA White 517 105
Ostermilk 2 489 131
Local Water (840 ml) 70 347

It can be seen that for milk based infant formulae, daily calcium intake ranges
between 450 and 680 mg and that daily strontium intake ranges between 100 and
400 ug. In addition, known variation in water hardness across the UK will yield at
least a factor of 5 in variations of calcium and strontium intake from water. This is
borne out by a UK nationwide survey of the strontium content of milk teeth removed
for orthodontic reasons, being carried out currently by the Harwell Laboratory.
Preliminary results have shown strontium content to vary by as much as a factor
of four (unpublished data). This preliminary study has also looked at total daily
excretion of calcium and strontium from two infants, with values found to be
consistent with the calculated intakes.

Thus, supplementary doses of enriched Ca and Sr can be proposed within this
natural variation in intake. The proposed use of calcium and strontium chiorides
matches the form in which they are already found as ingredients in the infant
formulae.
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A protocol for the study of calcium and strontium uptake in neonates has been
agreed with the paediatricians at the Institute of Child Health, St. Georges Hospital,
London and been approved by the hospital ethical committee.

2. Volunteer i

241 Strontium uptake in male and female volunteers

In order to demonstrate the use of stable isotope techniques, a volunteer study was
carried out to investigate the uptake and excretion kinetics of strontium in six male
and six female volunteers. Each subject was given a 2 mg oral dose of enriched ®¢Sr
with blood and urine samples taken over the next 30 days.

The uptake pattern between men and women was found to be significantly
different; three days after the oral ingestion, mean levels of the ®Sr tracer in
plasma were 5.8 times higher in the female volunteers compared with the male
volunteers, and urinary excretion was found to be 2.2 times that for the males. In
both cases, the subsequent rate of loss of Sr from the blood and excretion via the
urine, showed the same biological half-time of wash-out as would be expected. In
blood plasma, the mean excess level of the ®°Sr tracer was 0.33 £ 0.11 ng'ml' for
men, and 1.93 + 1.47 ngml-' for women on Day 3. In urine, the mean excess
urinary excretion of the 8¢Sr tracer on Day 3 was 18.6 = 7.5 ngml"' for men, and
41.3 + 34.9 ngml' for women. Salivary levels of 8Sr were also measured and
showed the same trend as for plasma Sr, but with higher relative error.

2.2 Isotope uptake in volunteers (dual administration studies)

An experiment was carried out with two volunteers to determine the fractional gut
absorption, and relative urinary and faecal excretion and their kinetics, of stable
isotope tracers of lanthanide series elements and barium following dual administration
by ingestion and injection. A number of lanthanide elements were used to determine
whether problems exist for specific isotopes, with a view to designing a larger study
in men and women. Dual isotope administrations of strontium and barium were also
carried out at the same time. Quantities of isotopes administered in each case were
consistent with levels found in the body for the injection, and consistent with normal
daily intakes for ingestion. Details of isotopes administered are given in Table 4.
Concentrations of all elements were measured pre-administration by inductively
coupled plasma - optical emission spectrometry (ICP-OES). Results for this feasibility
study suggested that Nd was the most approprite lanthanide to measure, and thus
Nd and Ba were subsequently administered to a group of 4 men and 4 women, with
intakes again shown in Table 4. The main study involved two administrations; one
following an overnight fast, the other following a standard breakfast.
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Table 4 - Isotopes administered - Feasibility and main studies

Natural | Enriched Intake Intake
Element Isotope | Abundan | Abundan Route {ug) (vg)
(%) (%) (Feas) {Main)
Strontium Sr-84 0.56 80.86 Injection 110 25
Sr-86 9.86 95.80 Oral 1800 1830
Barium Ba-135 6.59 60.7 Injection 19 12
Ba-134 2.42 86.22 Oral 69 165
Neodymium | Nd-145 8.30 80.64 Injection 1 9
Nd-143 12.18 91.06 Oral 19 150
Dysprosium | Dy-160 2.34 69.49 Injection 1 -
Dy-163 24.9 94.1 Oral 7 -
Samarium Sm-147 15.0 96.5 Oral 13 -
Europium Eu-151 47.8 98.91 Oral 12 -
Gadolinium | Gd-157 15.65 99.70 Oral 6 -

Pre-intake samples of blood, urine (24hour) and faeces (24hour) were collected from
each volunteer. Following an overnight fast of 12 hours, the volunteers ingested a
mixture of enriched stable isotopes as listed above, added to a 300 m! glass of
water. At the same time, they were injected with a further mixture of enriched stable
isotopes, also listed above, dissolved in 10 ml isotonic saline. The fast was then
continued for a further four hours. The volunteers then gave 24 hour collections of
urine and faeces for the next 7 days, with further blood samples 24, 72 and 168
hours after isotope administration.

221 Faeces

Twenty four hour samples were bulked and wet weight recorded. Samples were
then ashed to dryness and dry weights recorded. 1g of ash was further oxidised with
a mixture of HNO, and HF, and ashed to dryness, prior to resuspension with HCI.
Samples for lanthanide measurement were then transferred to an ion-exchange
column for separation, prior to analysis by ICP-MS.
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2.2.2 Urine

Twenty four hour urine samples were bulked and volumes noted. 250 ml aliquots
were removed prior to the remainder being boiled down, oxidised and ashed. 1g of
ash was further oxidised with a mixture of HNO, and HF, and ashed to dryness, prior
to resuspension with HCIl. Samples for lanthanide measurement were then transferred
to an ion-exchange column for separation.

The fractional uptakes of strontium from the gut of the five male volunteers are
shown in Table 5. The f, data following an overnight fast are greater than those
reported by Spencer et al (Metabolism, 9, 916-925 (1960)) and Fujita (1963) who
reported fractional uptake figures of 0.22 and 0.14 using radioactive ®Sr in elderly
patients following standard diets. The f, data are also significantly higher than the
adopted ICRP value of 0.3, and in broad agreement with results from GSF Frankfurt.
The relative excretion to faeces and urine from the injected dose is given as a F/U
ratio, with significant excretion via both routes. The proportion of the injected dose
retained in the body after 7 days has also been shown to remain high.

Table 5 - Strontium uptake

Subject f, F/U Retention
A Fasted 0.72 1.26 0.58
B Fasted 0.52 1.98 -

C Fasted 0.58 0.20 0.57

D Fasted 0.38 0.47 0.562

E Fed 0.11 1.13 0.78
Spencer (1960} Fed Patients 0.22
Fujita (1963) Fed Patients 0.14
ICRP 0.30

Fractional absorption data for barium are shown in Table 6a for men and Table 6b
for women. Again, under fasting conditions, the fractional absorptions are greater
than the adopted ICRP f, value of 0.1, although those following a standard meal are
consistent with the ICRP value. The ratios of faecal / urine excretion for the two
subjects were in general agreement with data reported by Newton et al (Health
Physics, 61, 191-201 (1991)), who reported ratios of 5-16 following injection of
radioactive '3*Ba. A greater degree of variation is observed for the data reported
from this study. In most cases, the proportion of the injected dose retained in the
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body after 7 days remains high. However, some of the female subjects show rapid
excretion of the barium dose. This may be related to gender differences in calcium
metabolism, which is known to be affected in women prescribed the contraceptive
pill or undergoing Hormone Replacement Therapy, and this merits further investi-
gation.

Table 6a - Barium uptake (Male)

Subject f, F/U Retention
A Fasted 0.20 0.0 0.99
B Fasted 0.43 16.5 0.17
o Fasted 0.29 2.6 0.86
D Fasted 0.41 1.3 0.86
A Fed 0.04 3.2 0.86
B Fed - - -
c Fed 0.01 6.7 0.72
D Fed 0.08 6.3 0.67

ICRP 30 0.10

Newton (1991) 4-16

Table 6b - Barium uptake (Female)

Subject f, F/U Retention
A Fasted 0.55 1.6 0.70
iB Fasted - - -
c Fasted 0.36 200 0
D Fasted 0.10 4.8 0.35
A Fed 0.65 8.8 0.23
B Fed - - -
Cc Fed 0.03 25 0
D Fed 0.13 29 0
ICRP 30 0.10
Newton (1991) 4-16
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For the lanthanides, all showed rapid excretion to urine rather than faeces which is
consistent with data from Evans {1990), Biochemistry of the Lanthanides. In the
feasibility study, isotopes of Nd and Dy were administered by both routes, but results
were inconclusive for Dy due to analytical interferences. Single isotopes of Sm, Gd
and Eu were ingested only. A number of f, results for Nd in the main study are shown
in Table 7. It can be seen that a number of results for the fasted state are in excess
of the f, value of 3x10* adopted by ICRP, although again, results for administration
following a standard meal are consistent with the ICRP value.

Table 7 - Neodymium uptake

Subject fq F/U Retention
c Fasted 1.7x104 3.3x102 0.85
D Fasted 2.2x10°7° 2.8x10°3 0.86
E Fasted 5.7x10* 8.0x 1073 0.92
G Fasted 4.0x10°3 1.6x 102 0.93
c Fed <6x1073 5.6x10" 0.95
H Fed 59x10* | 275x1072 0.90
ICRP 3.0x10%

In conclusion, preliminary results suggest that fractional absorption of strontium,
barium and neodymium can be enhanced when the metals are taken in the fasted
state, which may have significant implications for population radiological protection
from environmental radionuclide exposure.

Dalgarno BG, Brown RM and Pickford CJ

Strontium metabolism - A study of uptake using the stable isotope ®°Sr
as a tracer

Journal of Trace Elements in Experimental Medicine (in press)
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Project 4
Head of project: Prof. D.M. Taylor

Objectives for the reporting period

To assess the validity of the use of europium and gadolinium as surrogates for
americium and curium by comparison of their binding to plasma proteins in vivo and
in vitro, and of the tissue distribution of europium and gadolinium following injection
into rats in comparison with previously published data for americium and curium.

Progress achieved

In the first stage of the work gel chromatographic studies, using Sephacryl S-300,
DEAE-Sepharose and Blue Sepharose, established that both '52Eu and '53Gd were
bound to the iron transport protein transferrin in rat serum. The binding pattern was
identical following the labelling of serum either in vivo, by intravenous injection of
the metal-citrate complexes, or in vitro by addition of the radionuclides, as the
nitrilotriacetate complexes, to rat serum. The separation of the '*2Eu- and '*Gd-
transferrin complexes on the ion-exchange medium DEAE-Sepharose suggested that
the complexes dissociated on the gel, however, affinity chromatography on Blue
Sepharose CL-6B established that about 20% of the total serum radioactivity was
associated with transferrin after both in vivo and in vitro labelling. This latter finding
is in good agreement with observations of Cooper and Gowing [1] with americium
and curium.

Spectroscopic studies of lanthanide binding to human transferrin using UV-difference
spectroscopy, with either nitrilotriacetic acid or, better, iminodiacetic acid as carrier
chelator, showed that for both europium and gadolinium a maximum of two atoms
of the metal could be bound to each molecule of transferrin. Other studies in which
the binding of '52Eu and '53Gd to human transferrin in vitro was studied by centrifugal
ultrafiltration, using Millipore Ulfrafree MC filters to separate protein-bound from
non-protein-bound metal, also established that a maximum of two lanthanide atoms
could be bound per transferrin molecule. Saturation of 'S2Eu- or '53Gd-labelled
transferrin with non-radioactive iron resulted in the release of the bound lanthanide.
All these results suggest that the iron binding sites on the transferrin molecule are
probably involved in binding the lanthanides.

The data from the spectroscopic and ultrafiltration studies were used together with
the computer speciation programmes PHREEQE and GOALSEEK to derive values for
the conditional stability constants for the Eu- and Gd-transferrin complexes. The
calculations yielded the following values for the overall stability constants:

fl

Europium-transferrin log 3 9.10 + 0.09 (n=9)

Gadolinium-transferrin log B 9.37 £ 0.10 (n=9)
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These constants are somewhat greater than the log K, values of 6.8 for the Gd-,
6.3+0.7 for the Am- and 6.5+0.8 for the Cm-transferrin complexes which were
calculated by Harris [2]. More work is needed to refine the calculations of the
stabilities of the Eu- and Gd-transferrin complexes, but the present data do suggest
that the binding of the trivalent lanthanides and actinides to transferrin is much
weaker than that of Fe(lll}) or Pu{lV), for which values of log B = 22 have recently
beed derived using similar methods [3]. The relatively weak binding of Eu(llf), Gd({lil},
Am(lIl) and Cm(lil) to transferrin suggests that this protein is probably not the major
carrier for any of the four metals in vivo.

In a small scale animal study, "5?Eu and '*Gd were administered simultaneously as
the chlorides to 4 to 6 months old female Sprague-Dawley rats by intravenous
injection. Groups of three animals were sacrificed at 1, 2, 4, 8, 16, 32 and 64 days
post injection and the content of the two radionuclides in the various organs was
determined using differential y-ray spectroscopy. The results for the uptake and
retention in liver and skeleton are listed in Table 1 which also presents similar data
for 'Am and 2**Cm, taken from unpublished studies carried out in male August-
Marshall hybrid rats of approximately the same age [Taylor, D. M., unpublished data
1960-1975].

Table 1

The distribution of europium, gadolinium, americium and curium
in the liver and skeleton of rats

Liver Skeleton

[E‘a’;‘:] Eu | Gd | Am | Cm | Eu | Gd | Am | cm
1 17.0 13.2 | 40.3 | 32.2 | 59.6 { 61.8 | 48.2 | 36.3

2 16.6 12.0 62.7 | 65.4
4 10.8 10.8 17.4 22.9 61.6 61.6 47.8 40.8
7-8 6.9 4.4 22.9 58.4 | 60.4 | 48.6 32.0
16 3.2 2.1 54.1 57.0 28.8
28-32 1.0 0.7 3.6 3.6 53.5 | 55.0 | 51.4 | 34.8
64 0.4 0.3 1.7 2.5 45.4 | 49.2 44.9 35.8

Errors are not shown but were generally <10% of the mean value

The data in Table 1 show that for all four metals the total deposition in liver and
skeleton was 70-80% of the activity entering the blood. Retention of europium and
gadolinium in the skeleton was virtually constant over the whole period of
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observation, a finding which is consistent with the half-times of = 1600-1700 days
previously reported for the retention of americium and curium in the skeleton of
August-Marshall rats [4]. The initial deposition of americium and curium in the liver
was higher than that of europium or gadolinium, but these variations probably reflect
differences in the age, gender and strain of the rats used. Similarly the deposition
of americium and curium in the skeleton appears to be lower than that of the two
lantanides. However, despite the differences in the organ uptake, the retention
pattern of the four elements studied is essentially similar.

Gel chromatographic analysis, on Sephacry! S-300 of the distribution of *S2Eu and
153Gd amongst the proteins of the liver cytosol, at 2 days after intravenous injection
of the radionuclides, showed that the vast majority of the radioactivity was
associated with ferritin, an observation in full accord with those made previously for
27Am and 2*4Cm [5].

On the basis of the information gained from this study, europium and gadolinium
appear to be acceptable surrogates for americium and curium, at least for studies
of the overall biokinetics in humans. The more detailed studies of the mechanisms
of binding in cells and tissues and of the speciation of the trivalent actinides and
lanthanides in the body fluids and tissues, which will form the extension of this
contract, should identify any areas of difference which might lead to serious
difficulties in using lanthanides as surrogates to predict the detailed biochemical and
biokinetic behaviour of the trivalend lantanides within specific organs or tissues.
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Project 5
Head of project: Dr. K. Henrichs

Objectives for the reporting period

- Review of the available data base for the elements relevant for the project
(Sr, Te, Ce, Ru, Pu and higher actinides).

- Preparatory investigations for the calculation of age dependent dose coefficients
on the basis of the newly measured data.

- Evaluation of the measured data aiming to improve the biokinetic data base
(models) suitable for dosimetric purposes.

- Calculate dose conversion factors for the radionuclides of interest, taking into
account dependencies on age and on chemical characteristics as well as
influences of the nutritional composition as far as investigated experimentally.

Progress achieved

By means of a literature review the scientific basis for the biokinetic models and data
of all radionuclides tabled in ICRP Publication 30 was checked. Based on the results of
this review and on the results of the German Reactor Safety Study (Phase B), those
elements were identified which are of importance for the protection of the general
public (in case of an accident in nuclear facilities) but for which relevant dosimetric data
and their variabilities are not sufficiently well known. These elements were strontium,
cerium, barium, ruthenium, teliurium, zirconium, plutonium and higher actinides.:

1. Strontium

Although many data have been published on the biokinetics of Sr in man, the
importance of Sr isotopes in the context of possible reactor accidents makes it
necessary to quantify the variability of biokinetic parameters with regard to the
dosimetry with special emphasis on children;

2. irconi n ri

One of the mast important parameters, the fractional uptake (f,) of ingssted activity
from the gastro-intestinal tract to the blood, is very uncertain for those elements;

3. Ruthenium an lluri

The biokinetic data available are only taken from a few animal experiments, and




excretion patterns in humans are completely unknown. For the interpretation of
monitoring data reliable biokinetic information 1s urgently needed;

4, Transuranium elements

Their high dose factors, their importance in nuclear industry, and the public concern of
these elements urge the need to improve the comparatively poor data base for the
assessment of monitoring data as well as for the calculation of dose coefficients for
various ages. Especially, the influence of uptakes with food on the fractional absorption
into blood are nearly unknown.

Based on these results, the most important parameters to be investigated within this
project were identified as the f -factors for the nuclides mentioned as functions of age
taking into account the influences of food constituents.

In cooperation with another CEC funded project (coordinated by the University of Lund,
Sweden) and as a preparation for the future calculations of dose coefficients for
children, radiation transport simulations were performed on the basis of a phantom
representing a 5-week old baby. This baby phantom was developed by means of
computer tomography pictures of a real child; so this phantom gives a better description
of the anatomy for this individual. The results of the simulations however, do not
deviate significantly from those derived by using a standard anthopomorphic
mathematical phantom, which simplifies the real anatomy substantially. This result is
to be confirmed by another similar calculation for a 7 year old child.

The evaluation of the biokinetic data derived from the experiments of this project mainly
consists in the improvement of existing biokinetic models and data bases. In this
context, a sesitivity analysis of the dosimetric models is needed, requiring very high
computer power. Therefore, a specially designed computer code was developed,
optimized for the solution of very complex and rather stiff systems of differential
equations. This code was implemented on a parallel computer system (consisting of 32
high speed processors) thus enabling the very fast calculation of retention functions.

The first evaluation of the bickinetic data derived until now from the experiments
described before, gave the following results:

5.  Tellurium

® The f,-values measured in humans in this project show a considerable variability
but agree sufficiently well with the value adopted by the ICRP.

® Although the ICRP assumptions for the dosimetric model are mainly based on few
animal studies, the excretion rates which may be derived from the ICRP model
agree well with the observations made for humans in this project.

® Further metabolic investigations in humans are necessary to quantify the doses of
incorporated tellurium 1sotopes to the skeleton.
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® [n summary: the observations described here verify the ICRP dosimetric model for
tellurium 1sotopes but also show a considerable variability of intestinal absorption
and excretion rates in man which should be taken into account in the context of
monitoring occupationally exposed persons.

6.  Strontium

The experiments reported here revealed a strong dependence of the intestinal absorption
from the amount administered. The results derived show that for activities which are
realistic for the possible case of environmental pollutions, the intestinal absorption is
possibly substantially higher than assumed by ICRP. This means that the corresponding
dose coefficients for ingested strontium isotopes may be higher by a factor of up to
three as compared to the ICRP values.

7. Lanthanides

The experiments do not yet give a clear picture, but the preliminary results indicate that
possibly a severe revision of the current dosimetric model may be necessary. Until now
the data only allow the derivation of upper limits; for a useful dosimetric calculation
more precise information is needed.
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Transfer and behaviour of radionuclides
in the environment






PROMOTION OF FORMATION AND EXCHANGE OF INFORMATION IN
RADIOECOLOGY (INTERNATIONAL UNION OF RADIOLOGISTS)

Contract Bi6-052 - Section A21

1) Myttenaere, Univ. Cathol. Louvain-la-Neuve

Summary of project global objectives and achievements

1

2)

3)

4

Cooperation and exchange of information between radioecologists, in particular those
from countries outside the European community, in order to stimulate interactions that
would increase our understanding of problems in radioecology.

Missions:
a) USSR, 5 IUR representatives - 10 days (7-17 May 1990)
b) W-Europe, 9 IUR Soviet members - 10 days (October 1990)

Co-organization of Seminars, with financial assistance by JUR
Kiev 27 April - 4 May 1991 on "Radioecology and Countermeasures”, organized by
TUR Soviet Branch; 68 participants (18 non -Soviet)

Cooperation to International Projects
International Chernobyl Project. 1 IUR representative participated to task 3 mission 2 -
USSR 12-25 August 1990 TUR Working Group Meetings

a) "Plant-to-Animal Transfer" W.G. Neuherberg (GSF), 23-25 April 1990; 22
participants from 15 Res. Inst. + CEC and IAEA representatives

b) "Soil-to-Plant Transfer" W.G. Uppsala, 27-29 September 1990, 20 contributions

¢) "Environmental Assessment Modelling” W.G., 6 March 1991,Vienna 36 participants
from 17 countries + CEC and IAEA

d) WG Meeting of MARECQO, in the framework of RADSTOMP 91, Norwich (UK) 9-
14 September 1991

¢) WG Meeting of "Plant- to- Animal Transfer" on Countermeasures, Uppsala (Sweden)
16-19 September 1991

Training of young scientists. This will remain a major objective, the best practical means
being the organization of summerschools at regular intervals of time.

Organization of a summerschool : Mol 8-20 July 1990.

Development of a curriculum for a Radioecology Textbook, contacts are in progress with
the Publishers Chapman and Hall.

Co-organization of international scientific seminars

a) Luxembourg 1-5 October 1990 on "Seminar on Comparative Assessment on the

Environmental Impact of Radionuclides released during three Major Nuclear
Accidents: Kyshtym, Windscale, Chernobyl" 200 participants (46 Soviet Scientists)
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5)

b) Cadarache 7-11 October 1991, CEC-IUR Seminar on "Intervention Levels and

Countermeasures”
¢) Znojmo 12-16 October 1992, CEC-IUR-SCSR Seminar on "Chemical Speciation -

Hot Particles".

Cooperation with other international organizations (i.e. IAEA, SCOPE, FAO/IAEA,
TUPAC) in order to introduce the [UR expertise to their respective projects

a) SCOPE-RADPATH Lancaster Mtg. 26-30 March 1990, financial support to 10 IUR
members
- Colchester Edit: Mtg. 12-20 April 1991, financial support to 3 TUR members

b) VAMP Mtg. 1 IUR representative, Vienna Dec 1990, March1991, plus grants

¢) BIOMOVS Mtg. Stockholm 8-12 October 1990, plus grants
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Project 1
Head of project: C. Myttenaere

Objectives for the reporting period

1) Cooperation and the exchange of information between radioecologists in particular Sovijet
Scientists and those from countries outside EC and from countries which are not
associated with the Radiation Protection Research Programme, in order to stimulate
interactions that would increase our understanding of Radioecology problems;

2) Training of young scientists will be emphasized in the IUR new programme, in particular
through organization of summer schools;

3) TUR will develop a curriculum for a basic course in radioecology;
4) Furthermore IUR will play various roles in the field of informing the Public, i.e.,

"Information packages" and individual experience of [UR members previously involved in
this difficult area.

Progress achieved including publications

1. Promotion of the formation of young scientists

The first Summer School on Radioecology was organized in Mol from the 8th to the 20th of
July 1990 by the International Union of Radioecologists.

The realisation of such a project was made possible thanks to the financial support of the
European Communities (DG XI and DG XII) and the Belgian Nuclear Research Centre Mol.

The course was designed to fulfil the need of qualified scientists in the environmental
radioactive protection areas of research centers, universities and industry.

Twenty-nine people having different classes of age have participated assiduously to the lecture
given by 23 different eminent lecturers.

The lectures and an evaluation Report were sent previously to Dr. G. Gerber.

2. Development of Cooperation with the Soviet Scientists

The creation of a Soviet Branch of IUR increased tremendously the contacts and was one of
the main reasons of the success of the Seminar on "Comparative Assessment of an
Environmental Impact of Radionuclides released during the major accidents: Kyshtym,
Windscale and Chernobyl" held in Luxembourg 1-5 October 1990 and organized by CCE (DG
X1T, DG XII) and IUR with the cooperation of SCOPE-RADPATH.

The Seminar was attended by about 200 participants of whom 46 were Soviet Scientists.
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At the Soviet invitation, 5 IUR representatives (A. Aarkrog, C. Myttenaere, M. Frissel, L.
Foulquier and H. Dahlgaard) spent 10 days (7-17 May 1990) in USSR. A Mission Report has
been attached to the previous Progress Report.

In the framework of the "Mutual Agreement” 9 Soviet Scientists visited various
radioecological laboratories (Belgium, France, United Kingdom, Denmark) in October 1990.

A Seminar on "Radioecology and Countermeasures”, organized by IUR Soviet Branch, was
held in Kiev 27 April - 4 May 1991. 68 scientists attended this scientific meeting. The
publication of the proceedings is in progress.

3. Contribution of IUR to International Programmes
- SCOPE RADPATH:

a) The first case study Meeting, which comprised a technical workshop (focusing
particularly on Sellafield discharges and Soviet radionuclide releases) was held from 26-
30 March 1990 at University of Lancaster, U.K. In total 43 participants from some twelve
nations, were present at the meeting. IUR supported the participation of 10 IUR members
as IUR officially cooperates to the SCOPE-RADPATH programme.

b) An editorial Meeting took place in Colchester (U.K.) from 12 to 20 April 1991. IUR
supported financially three participants.

- BIOMOVS:

The IUR "Environmental Assessment Modelling Working Group" has provided partial
support for the attendance of several [IUR members to the BIOMOVS final meeting in
Stockholm (8-12 October 1990). A young scientist received a grant wich allowed his
attendance.

- VAMP (IAEA):

The IUR supported the attendance of members to two VAMP meetings in Vienna as IUR is
formally involved in the IAEA/CEC Environmental Model Validation Study. (Dec. 1990 and
March 1991).

- IAEA - IUR:

CRP set up in order to produce a Handbook of Transfer Parameter Values to Tropical and
Sub-Tropical Environments. M. Frissel, [UR Representative, attended a two days meeting
organized in Vienna, May 1990.

4., Working Groups Activities (in brief)

In the new CEC Radiation Protection programme, the cooperation between the European
Countries is very important. But it is also important to assure contacts and exchange of
information between those groups of European Laboratories and other European and
especially non-European Scientists in the same fields.

The WG under IUR can act as an international forum for such contacts.

a) The WG "Radioecology of Continental Waters" (Leader: L. Foulquier) has continued the
inventary and the updating of information in this field. A Report "Synthese des travaux
relatifs & 1'impact de Tchernobyl sur écosystémes aquatiques” has been issued and
distributed during the CEC-IUR Luxembourg Seminar (Contract with CEC-DG XI).
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b) WG "Marine Radioecology” (MARECO) Leader H. Dahlgaard, has represented
MARECO at the second research coordination meeting of the CRP on "Sources of
Radioactivity in the Marine Environment and this relative Contributions to Overall Dose
Assessment from Marine Radioactivity" organized under JAEA in Risg 28 May - 1 June
1990.

The next MARECO Meeting will be held in Norwich (UK) 9-14 September 1991, in the
framework of RADSTOMP 91.

¢) WG "Soil-to-Plant Transfer" (Leader: M. Frissel)

The WG organized a Workshop in Uppsala (27-29 September 1990) on "The
contamination of crops because of Soil Adhesion". About 20 contributions were presented
(see Annex 1).

The WG's Data Bank received somewhat less data than last year, a relatively large fraction
of them contained in so-called "Post-Chernobyl data on the uptake of Cs and Sr".
Kecently also TF values from the Chernobyl area were received from IUR Soviet
members.

d) WG "Plant-to-Animal Transfer" (Leader: J. Van den Hoek)
The 3rd meeting of the WG took place at the Institut fiir Strahlenhygiene, Bundesamt fiir
Stralenschutz ( Neuherberg, FRG) from 24-26 April 1990.
Twenty-two scientists from 15 Research Institutes, a representative of CEC (DG XII) and
from IAEA, participated to this meeting. Furthermore 6 young scientists from four
countries were invited to participate and to make a contribution.
The summaries of the contribution as well as the discussions and the areas of future
research are given in the Report of this WG meeting (see Annex 2).
It must be also mentioned that there WG members have contributed to the Summer School
on Radioecology (Mol, July 1990).
The next WG Meeting, to be held in Uppsala (Sweden) 16-19 September 1991, will deal
with the Countermeaures in Plant-to-Animal Transfer.

e¢) WG "IUR Environmental Modelling” (Leader: G. Linsley)
Activities 1989-90.
One of the main objectives of this Working Group has been to contribute to the validation
of environmental assessment models. To this end it was proposed that IUR be one of the
co-sponsoring organizations for the international BIOMOVS study.
This was accepted and IUR has had this role since 1986. Similarly, the IUR is formally
involved in the IAEA/CEC Environmental Model Validation Study (VAMP) and sends
delegates to the Research Coordination Meetings of that study. The IUR has been
represented at all meetings of the two international model validation studies.

The environmental Assessment Modelling Working Group has provided partial support for the
attendance of several IUR members to meetings of both BIOMOVS and VAMP. In the period
1989-90 the IUR supported the attendance of members to the VAMP meeting in Vienna
(December 1989) and to the BIOMOVS final meeting in Stockholm (1990).

In 1989/90 there were no formal meetings of the Working Group, but many of the members
are in regular contact through their involvement in the BIOMOVS and VAMP studies.

In April 1990, the leader of the Environmental Assessment Modelling attended an international
seminar of the new recommendations of the International Commission on Radiological
Protection (ICRP) organized by CEC in Luxembourg and offered comments on the
recommendations from the standpoint of environmental protection.

On 6 March 1991, a WG Meeting was held in Vienna in which 36 scientists from 17 countries
+ CEC and IAEA took part (see Annex 3).
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5.

Exchange of Information

An Information Bulletin is issued periodically, the last issue (N° 12) is attached as Annex 4.
It must be also mentioned that a Newsletter will be issued on a quarterly basis, the first one is
given in Annex 5.

List of relevant publications

a)
b)

<)

d
€)

)

IX IUR Annual Meeting, Madrid Sept: 15-19, 1986. Seminar CEC-JEN, Chernoby],
Posters session, extended Summaries.

XTI TUR Annual Meeting, Luxembourg October 1-5, 1990.

Seminar CEC-IUR on comparative Assessment of the Environmental impact of
Radionuclides released during Three Major Nuclear Accidents: Kyshtym, Windscale,
Chernobyl-Proceedings EUR 13574 (vol LII), 1991.

I TUR Soviet Branch Meeting, Kiev 27 April - 2 May, 1991.

Proceedings of Seminar on Radioecology and Countermeasures DOC UIR 1992.
Kirchmann, R. Radioecological aspects of the Chernobyl accident.

Ann. Ass. Belge Rad. Vol 16, n° 2, 65-95, 1991 (in French).

Myttenaere, C., Consequences of the Kyshtym nuclear accident on Man and his
environment.

Ann. Ass. Belge Rad. Vol 16, n° 2, 97-110, 1991 (in French).

Kirchmann, R. and Demin, V.F., Agricultural Countermeasures taken in the Chernobyl
Region and Evaluation of the Results. In Radiation Research, A Twentieth Century
Perspective-Proc. 9th ICRR Toronto, Academic Press, inc., vol. II, 449-453, 1991,

XIV IUR Annual Meeting, Cadarache October 7-11, 1991.

Intern. Seminar CEC-CEA-IUR on Intervention Levels and Countermeasures. Proc. in
Press.
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MODELLING THE TRANSPORT OF RADIONUCLIDES THROUGH THE
FRESHWATER ENVIRONMENT

Contract Bi7-008 - Sector A21

1) Hiiton , NERC - 2) Galvdo , LNETI

3) Cremers , Univ/ Leuven (KUL) - 4) Foulquier , CEA - Cadarache

5) Pieri, Univ. Nantes - 6) Belli, ENEA

7) Vanderborght , Univ. Antwerpen - 8) Serrano, Univ. Malaga

9) Hambuckers-Berhin , Univ. Liege - 10) Comans , Netherlands Energy Research Found

Summary of project global objectives and achievements

The programme was designed to identify areas of our understanding of the transport
of radionuclides through aquatic environments and uptake by fish which limit the general
applicability of the present generation of mathematical models. The initial programme
concentrated on four areas:

1) Chemical processes underlying adsorption onto particles.

2) The processes involved in the enhanced transport of radiocaesium from some catchments.
3) Processes of remobilisation in sediments and at the seawater/ freshwater interface.

4) Effects of water chemistry and the ecology of aquatic organisms on the uptake, storage and
excretion of radionuclides.

During the initial stages of the programme, studies at Univ. Li¢ge and ECN, the Netherlands
were included within the original programme by the CGC.

Significant advances have been made in all areas:

1) Chemical processes underlying adsorption onto particles.

Measurements suggest that a maximum fo 1% of the radiocaesium in sediment samples
is in regular ion-exchange sites and that almost all the simple ion exchange sites of Cs are on
organic matter. K, values can be predicted, within a factor of 2, from a knowledge of [K;m,],
[Kymy] and the potassium and ammonium concentration in the water. As a result in can be
inferred that Ca and Mg have no direct effect on the adsorption properties of sediment
particles.

A new methodology has been devised to study desorption behaviour. Using this
technique it can be shown that desorption efficiency decreases with increasing contact time
between the solid and the radiocaesium and that the desorption behaviour is not related to the
initial sorption characteristics. This suggests that there are structural differences in exchange
pools between the different sediments. The presence of higher levels of Ca and Mg during
adsorption decrease the desorption recovery efficiency. Both sorption and desorption kinetics
can be modelled by a three component system (frayed edge sites, high affinity sites; liquid
phase). However it is not possible to predict the fitting parameters from more fundamental
properties at the present.

2) The processes involved in the enhanced transport of radiocaesium from some catchments.

Field measurement have shown that peat bogs in a lake catchment will continue to
supply radiocaesium to the lake at a rate of about 3% of the initial catchment inventory per
annum. This maintains the lake water at higher activities than would be predicted by normal
models where long term losses of 0.01-0.1% per annum are typical. The rate of tranport is a
function of flow in the streams leaving the peat bogs and reduces with time. Loss rates for a
number of streams in the catchment of a single lake could be modelled by an equation of the
form  Activity = C_. exp(-kt).flow. where C,, a and k are constants. C, could be predicted
from the proportion of the catchment consisting of peat bog and the initial deposotion of
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radiocaesium. The universality of this equition is unknown. However the work suggests that
lakes and reservoirs containing peat bogs will be more susceptible to radiocaesium
remobilisation than formerly expected.

3) Processes of remobilisation in sediments and at the seawater/ freshwater interface.

A field study has shown that, within the saline wedge, the quantity of small particles
increases as the salinity increases and that the K; of small (0.1-5um) particles is a factor of
2 higher than the K, of larger (5-100um) particles. The total, weighted mean, K, reduced by
an order of magnitude from 1.17x10° to 0.13x10° for an order of magnitude change in
conductivity.

4) Effects of water chemistry and the ecology of aquatic organisms on the uptake, storage and
excretion of radionuclides.

Kinetic parameters have been measured for the uptake of Co-60 through a water-
algae- zooplankton- fish pathway and for Ag-110m for a more complex pathway of algae-
daphnia, gammerus, chironomid- carp, trout. Ecological constraints were included in the Ag-
110m model such as the seasonal cycles of food source availability and fish growth patterns.
Model runs for a Chernobyl type contamination were carried out.

Analysis of data collected after the Chernobyl deposition showed that about 54% of
the variability in the activity of individual perch and trout were caused by differences in size.
The mechanism of this effect is not known but some data suggest that differences in food
sources of different size fish are not the cause. Introduced fish showed very low accumulation
of radiocaesium for a given size suggesting that food is the major uptake pathway.

Using molecular biological methods it has been possible to show that radiocaesium
shows ionic behavior in the cytostolic fraction of the liver and diffuses to the muscle.
Americium, on the other hand, is linked to proteins in the cytosol of the liver and is probably
eliminated rather than diffusing to the muscle. Since cadmium, and probably metal inductors
of metallothioneins can inhibit the linking of Americium to Cytostolic proteins, the external,
environmental conditions become more important in determining americium’s effect on the
food chain. Models of radionuclide trasfer will have to take this into account.

In a model system Co uptake was determined by the concentration of free ion in
solution and the hydrogen ion concnetration. Uptake of Co increased with decreasing H'
concentration. In addition the uptake of Co by brine shrimp reduced with increasing salinity.
Bowever acclimation to increasing salinity prior to each experiment resulted in increased
uptake of Co. The uptake also increases with temperature of exposure but decreases with an
increase in the temperature of acclimation. These results indicate the importance of both
chemical and biological processes in controlling the uptake of radioactive Co by the brine
shrimp. The basic understanding concerning these mechanisms provides a preliminary
framework for the development of conceptual models of radionuclide uptake.

Uptake by plants of inorganic ions, including radionuclides, is achieved by the passage
of the ions through the cell wall via channels. An understanding of the way in which the
channels operate for the radionuclide of interest and/ or any other comparable ions would
improve the models of radioactivity accumulation in algae and vascular plants. The flow of
ions is a function of the potential difference across the membrane and the amount of time the
channel is open. The former is controlled by the external pH, temperature and the
concentration ratio of the stable isotope inside and outside the cell. Whereas the opening and
closing of the channel is a function of the external concentration of related ions e.g K* in the
case of Cs*, and the external concentration of a trigger ion, e.g. Ca®* controls the K* channel.
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In addition the observed concentration factor is a function of the amount of growth, which is
controlled by light, temperature and nutrient concentrations. More detailed understanding of
these properties would lead to a conceptual model which would introduce a normalised
parameter, equivalent to the concentration factor, which would show much less variability
between sites and between species.

A laboratory study of radionuclide uptake by bacterial communities showed that they
could sorb or incorporate significant quantities of radiocobalt and radiocaesium within a 24
hour period. This uptake could be modelled by a Michelis -Menten type model. At 20°C
radionuclide loss showed two kinetic rates; the first described by a half life of the order of a
minute and the second of the order hours to days. At 13°C no loss was observed. Radionuclide
loss at 20°C was faster at pH 8 and reduced at higher or lower pHs. Given that the mean
temperature in the river Meuse is 13°C with a pH of 8, bacteria are likely to act as
radionuclide sinks for much of the time but, when the temperature increases in summer they
could act as sources.

Laboratory and modelling work by ECN has shown that there is a strong
interrelationship between the kinetics of radiocaesium sorption and the reversibility of the
process. A slow uptake process is believed to represent a migration of radiocaesium to illitic
interlayer sites from which the radionuclide is not easily released. The rate of this migration
depends strongly on the major competing cation in the ion exchange process and is very
relevant for the evaluation of the risk of radiocaesium remobilisation from contaminated
sediments. In-situ studies in sediments of lake Esthwaite (ECN/IFE) and laboratory diffusion
tube experiments have indicated that virtually all Chernobyl radiocaesium is sorbed on the
sediments with in-situ K,’s of the order of 10*-10° mL/g and that probably only a minor
fraction is exchangeable (i.c. available for remobilisation in the short term). It is suggested that
research should be directed towards determination of the reverse rates of radiocaesium uptake
in order to determine the potential for remobilisation on the longer (months-years) time scales.
Moreover, a distinction is needed between Ky’s for total and exchangeable radiocaesium in
order to accurately model radiocaesium transport in sediments and to follow changes in the
in-situ exchangeability of the radionuclide.

The studies in this programme have demonstrated that many of the processes involved
in the transport of radionuclides through aquatic systems are controlled by definable,
underlying principles. A deeper understanding of these principles will lead to mathematical
descriptions which can be incorporated into the present generation of models to reduce the
between site and between species variability of the present descriptive parameters.
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Project 1
Head of project: Dr. Hilton

Objectives for the reporting period

The programme of work has been split into two main parts a) transport processes from
catchments to water bodies and the processes of transport within water bodies; b) uptake of
radionuclides by fish, in particular the incorporation of ecological knowledge into improved
mathematical models.

a) Catchment losses and transport processes.

1) to elucidate the causes of, and processes driving the large releases of radiocaesium observed
in some upland catchments.

2) to study the variation with time of the adsorption properties of particles settling in a
eutrophic lake.

b) radionuclide uptake by fish.
Dto incorporate emerging results on the effects of biochemical and ecological processes on
the uptake of radionuclides (particularly radiocaesium) by fish into mathematical models.

Progress achieved including publications

Significant progress has been made on sections al and bl. Practical sampling problems
have limited progress on section a2.

a) Catchment losses and transport processes.
1) to elucidate the causes of, and processes driving the large releases of radiocaesium observed
in some upland catchments.

Radiocaesium activity was measured in 26 lakes (figure 1) in the English Lake District
(north west England) in 1988 and in 1990. Contrary to observations made in most lakes,
several lakes in our study showed measurable Cs activity at these times, 2 years and 4 years
respectively after the Chernobyl accident. Calculation showed that even if the only loss
process operating was hydraulic flushing then radiocaesium levels should have been below the
limit of detection in all, except two lakes by 1988, Analysis of ancillary data showed that the
residual activity was not caused by inhomogeneous deposition of radioactivity and that it was
unlikely to be caused by remobilisation from the sediments. A simple correlation analysis
showed that the lakes which retained the highest levels had very low levels of clay minerals,
particularly illite and chlorite, in their sediments. Conversely, lakes which showed no
significant retention of radiocaesium in the water column had very high levels of clay
minerals in their sediments. However, between these two extremes there was no apparent
correlation between retained radiocaesium in the water column and sediment clay content.
Because there were no intemal sources of supply within the lakes the retained
radiocaesium must have been released by the catchment. However, the lack of correlation
between sediment clay mineral content (as an integrator of catchment soil properties) and
radiocaesium retention showed that the relationship was not simple. A study of the lakes with
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the highest retention showed that catchment loss rates were very high, at about 2-3% of the
total catchment inventory per annum. The lack of relationship between soil types (as indicated
by the sediment properties) and residual radiocaesium could be explained if only a part of the
catchment were loosing radiocaesium to the lake at these high rates, ie only one, specific soil
type experienced these losses.

In order to elucidate more detail on the processes involved, a catchment which had
retained a high activity level in the lake water was studied in depth. Seven streams flow into
Devoke Water (figure 1). Changes in activity with time in six of these streams are shown in
figure 2 for the three years following the Chernobyl deposition. Activity levels in streams 1
and 2 were consistently higher than in the lake, whereas streams 3, 4 and 6 were consistently
lower. In addition, the sampie to sample variation was much greater in streams 1 and 2 than
in either the lake or the other streams and was considerably larger than observable, systematic
variations with time.

A multiple regression analysis showed that data for streams 1-4 was well fitted by the
relationship:

log A =-0.001064 t + 0.302003 log F + copstant

where A is the activity in each stream (nBg/l); t is the time in days since the deposition and
F is the stream flow in cumecs (m%s). Streams 5, and 6 obey the same equation but the effect
of flow is reduced so that the second coefficient equals zero. The constant can be estimated
from a regression with the area of fibrous peat (peat bog) in the sub-catchment of each stream
as the independent variable.

constant = 0.0473 %fibrous peat + 4.383

Using these equations it was possible to estimate the cumulative loss from the different sub-
catchments. Sub-catchments of streams 1 and 2, which contained the largest fibrous peat (peat
bog) areas maintained loss rates between 3 and 4% of the inventory per annum, whereas the
other catchments showed loss rates of typically less than 1% per annum. The latter are
consistent with long term losses reported for other catchments but the former, higher values
are exceptional and are consistent with the rates of loss observed in the large survey of lakes
reported earlier. In Devoke Water the radiocaesium is lost in quantity only from the peat bog
areas. This is consistent with the previous survey, where the lakes with the highest
radiocaesium residuals are almost completely surrounded by peat bogs, whereas peat bogs are
absent from the low residual lakes. Intermediate lakes have partial cover of the catchments by
peat bogs. These findings suggest that water supply reservoirs containing peat bogs within
their catchments are at a greater risk from radiocaesium deposition than was previously
realised.

The previous studies highlighted the importance of peat bogs in maintaining high
residual radiocaesijum in lakes after a deposition event. However no indication of the processes
involved in the release were obtained. In order to shed more light on the situation a study was
made of the changes in radiocaesium levels in two streams in the Devoke Water catchment
which occurred during a rain storm.

Three processes have been proposed as possible mechanisms of Cs release from
flooded peat catchments. One possibility is that these soils contain no clay minerals so that
the Cs is bound by simple ion exchange to the organic material.
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A second is suggested by analogy with the observations of Comans (1990), Cremers
(1989), Evans (1983) and others. Illite has sites around its mineral grains which are specially
size selective for Cs. Cremers (1989) has shown that these sites are about 100 times more
selective for Cs than for K. If very small amounts of illite are present in the soils then they
could selectively sorb the Cs, concentrating it at the illite frayed-edge sites (FES) rather than
on ordinary ion exchange sites where open competition with other metal ions would take
place. It is possible that, even though the FES constitute a very small component of the soil
matrix, they could dominate the chemistry of Cs release because of their selectivity. Comans
(1990) has shown that, in lake sediments, the K, of Cs reduces significantly in the presence
of ammonia. This is due to the similarity in size of the non-hydrated Cs and NH, ions. As a
result they compete on equal terms for the Cs selective adsorption sites in the frayed edges
of illite mineral grains (Cremers,1989) and Cs is released into solution in the presence of
ammonia in solution.

A third possibility has been proposed by Hasanen and Meittinen (1963) and Carlsson
and Liden (1978) who suggested that in humus rich catchments Cs could be kept in solution
by chelation to dissolved or colloidal humic substances.

Dominance of the release process by simple ion exchange would suggest a relationship
between the major competitive ion exchanger and dissolved Cs; dominance of the illite
mechanism would suggest a relationship with ammonia concentrations and dominance by the
chelation of Cs by humic materials would suggest a relationship with dissolved organic
carbon. Neither ammonia nor DOC concentration changes bore any relationship to dissolved
Cs-137 in either stream. However a strong relationship was observed between calcium (and
alkalinity and pH) and dissolved Cs in the stream emanating from the peat bog, although no
relationship was found in the other stream. The data suggest that, in peat bogs, radiocaesium
is sorbed by simple ion exchange and that high concentrations of other cations will induce
desorption and subsequent wash-out of the radiocaesium. This raises the possibility that in
other situations where simple ion exchange is the dominant sorption mechanism, e.g. silica
sand soils, remobilisation from the catchment could be a significant means of maintaining high
radiocaesium levels in the water column.

2) to study the variation with time of the adsorption properties of particles settling in a
eutrophic lake.

The properties of settling particles in eutrophic lakes change with time during the year,
from mainly catchment derived material in the winter to mainly algal particles in the growing
season. This suggests that the K, of the larger settling particles may change significantly
throughout the year. (As smaller particles remain in suspension semi- permanently,
measurement of the suspended population of particles by simple filtration may provide a
biased estimate of K, for use in transport models.) In conjunction with KUL a field sampling
programme was devised to obtain samples of settling solids from a well studied lake. As the
programme developed from a desk study to a reality it became clear that very large samples
(2-5g dry solid) would be required to carry out the analyses. In order to obtain quantitative
flux estimates a large volume sediment trap (0.3m diameter, 2.1m high) was designed and
built. The design worked well and one or two samples were collected in early spring.
However, when summer anoxia developed, oxidation of the hypolimnetic water during the
separation of the particles from the 10 | of water retained in the bottom of the trap created
large quantities of ferric oxide which would have significantly altered the particle sorption
properties. After trying many technical solutions, all of which failed, the simple expedient of
relocating the trap in the epilimnion solved the problem. However, as a result there was no

time left to make the measurements over an annual cycle. It is hoped to carry out these
measurements at a later date,
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b) radionuclide uptake by fish.
Ito incorporate emerging results on the effects of biochemical and ecological processes on
the uptake of radionuclides (particularly radiocaesium) by fish.

Data on the activity of radiocaesium in fish (perch, trout and pike) after the Chernobyl
accident showed enormous variability. A detailed study of the data sets from two lakes was
made in order to define the sources of this variability.

Detailed notes taken at the time of sampling identified several individuals as stocked
trout by their colour. The activity levels in this group were much lower than in native
fish. Levels ranged from 10 to 200 Bq/kg in this group compared to 100 to 2000 Bq/kg in the
total trout sample. This is consistent with other data which show that farmed trout are less
susceptible to the effects of radiocaesium and that food is the most important vector in the
uptake of radiocaesium. Removal of these data points reduced the variability considerably but,
at the upper end of the stocked trout activity level the activities overlapped with the trout
which were not identified by colour as stocked. In order to identify stocked fish more
quantitatively in the future, stable carbon ratios were measured on the fish flesh. Preliminary
results suggest that stocked fish, baving been fed on food derived from marine fish, show
higher *C: C ratios than native or semi-wild fish (ie fish released a long time ago).

The remaining data points for trout and perch, in one lake, and trout only in a second
lake showed a power relationship with fish size (figure 3 and 4). The variability due to size
accounted for 53% of the variability in individual trout. Analysis of a subsample of these fish
showed that there was no difference between the gut contents of fish of different size.
Although this suggests that different food sources are not the cause of observed variations with
size, it may be an artifact from the sampling methods used.

Removal of the variation between sizes by normalisation to a common size produced
the time series plots shown in figure 5 for trout in the two lakes. Trout in Loweswater lost
radiocaseium at a much faster rate (t,,=103 days) than fish in Devoke Water (T,,= 825 days).
This was due to the continuing inputs from the catchment which occurred in Devoke water
but not in Loweswater. As a result the biological half life observed in Loweswater was close
to the typical value of 100 days observed in laboratory studies whereas the decay rate in
Devoke Water was controlled by the reduction of radioactivity in the water column and was
thus better termed an ecological half-life.

This study highlighted the relationship between radioactivity levels and fish size. This
appears to be a phenomenon which is associated with the dynamic nature of the Chernobyl
release. Other studies, post Chernobyl have now been reported which show this same
relationships. However similar effects were not observed from the pseudo-steady state
deposition of weapons fallout. A full understanding of this dynamic effect will be required
before models of transfer into fish can be improved significantly.
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e sampling sites

Figure 1: Location of the sampling sites. Ordenance Survey grid references in brackets.

1) Mockerin Tarn (NY083231); 2) Mirehouse (NX980150); 3) Meadley Reservoir (NY050145); 4) Longlands Lake
(NYO013127); 5) Cogra Moss (NY095196); 6) Ennerdale Water (NY110150); 7) Crummock Water (NY160180); 8)
Buttermere (NY180160); 9) Braystones (NY005060); 10)Wastwater (NY145002); 11) Parkgate Tarn (NY118006); 12)
Eskdale Green (NY145002); 13) Devoke Water (NY160970); 14 Eel Tarn (NY189019); 15) Stoney Tarn (NY195024),
16) Gricecroft (Baystone Bank) Reservorr (NY172859); 17) Knottalow Tarn (NY272802); 18) Harlock Reservoir
(NY247792); 19) Pennington Reservoir (NY257788); 20) Urswick Tarn (NY270745); 21) Seathwaite Tarn
(NY253987); 22) Levers Water (NY280993); 23) Blea Tarn (Langdale), (NY293044); 24) Harrop Tarn (NY312137);
25) Brotherswater (NY402128); 26) Windermere (north basin) (NY382010); 27) Esthwaite Water (NY360970).
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Devoke Water
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Figure 2: Plots of concentration against time for lake water and (a) streams 1, 3 and 4;
(b) streams 2, 5 and 6.
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Figure 3: Relationship between muscle radioactivity (R Bq kg'!) and wet weight (Wg) for individual brown
trout (+) and perch (o) from Devoke Water; regression lines: brown trout, logyo R = 122+0 68
log;o W(n = 140, 72 = 0-525, P < 0 001), values for 18 stocked trout and two pre-Chernobyl trout
omitted from analysis (points enclosed by broken lines); perch, log;o R = 180 + 0-57log;q W
(n=104,r% = 0508, P < 0-001).
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Figure 4:  Relationship between muscle radioactivity (R Bq kg') and wet weight (Wg) for:

(a) individual brown trout from Loweswater; regression line: log;o R = -1-28+1-40 log;o W(n =
143, 2 = 0495, P < 0001), values for two pre-Chernobyl (Pre-Ch) trout omitted from analysis
(points enclosed by broken line);

(b) individual perch () and pike (x) from Loweswater; regression lines: perch, log;o R =273 +
012 log;o W (n = 34, 12 = 0020, P > 005, NS); pike, log;o R =235 + 013 log;o W (n = 29,
2 =0029, P > 005, NS); horizontal lines are geomefric means of 988 8 Bq kg! for perch and
5676 Bq kg! for pike.
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Muscle radioactivity (GM Bq kg™")

Figure 5:
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Relationship between Geometric Mean (GM) radioactivity in brown trout (GM Bq kg'!) or in
water (GM m Bq litre!) and time (¢ months from May 1986) for (a) Devoke Water, (b)
Loweswater; broken lines simply show trends, solid lines are exponential curves given by:

(a) Devoke Water trout, GM = 862 8 exp(-00252s) (n = 18, r* = 0605, P<0-01); water, GM =
2292 exp(-007251) (n = 18, r = 0662, P<0 01);

(b) Loweswater trout, GM = 55966 exp(-0202¢) (n =9, r2 = 0976, P<0001); water, GM =
2120 exp(-0173) (n = 20, r2 = 0810, P<001).

(Each GM for trout is for values that were first scaled to a standard fish weight: 167 g for
Devoke, 597 g for Loweswater; these values being GM wet weight for all trout in the samples).
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Project 2
Head of project: Dr. Galvio

Sub-project 1: Physico-chemical behaviour of
radionuclides in freshwater sediments

1. Introduction

In what concerns the physico-chemical behaviour of radiocesium in
Tejo River sediments (Fratel dam), a study was developed to
guantify the sediments properties, keeping in view the

radiocesium sorption. In particular, sediments were characterized
in terms of specific sltes numbere and selectivity pattern of
cesium towards potassium and ammonium ions.

The radiocesium sorption behaviour might be predicted since it 1is
well known that radiocesium is very selectively adsorbed on
cediments and the sorption processes are essentially governed by
the 1liquid phase concentrations of the poorly hydrataed cationa
potassium and ammonium. However, in order to asseas the long term
effects, it 1s Important to quantify the ceslium processes of
desorption and remobilization, once , with longer equilibrium
times, a redistribution of cesium towards the most selective
sites occurs, making it less and less extractable.

On this ©basis new methodologles were applied to Tejo /River
sediments, which allow radiocesium transfer rate measurements
from &a sediment to an lon exchange resin, wunder a quite mild
liquid phase concentration, 10°M, which is representative of
natural conditions. The contact time or aging time effect on
radiocesium desorption was quantified.

2. Methods

The methods used for the characterization of Tejo River sediments
(T1<63um and T2<5004m) are described in Madruga and Cremers,
Progress Report 1390.

Radiocesium ' desorption yield determinations with potassium and
ammonium salt solutions and the study of aging time effects,

were carried out using the experimental procedures described in
Madruga and Cremers, Progress Report 1991,

3. Results

The sediments characterization data, cationic exchange capacity
(CECY, frayed edges sites (FES) numbers and selectivity
coefficients K-(Cs/K> and K-(Cs/NH.) are presented in Table 2.1.
Kam. as well as Kgomnna plotted versus different K and NHg
concentrations are shown in Figures 2.1 and 2.2 respectively.
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Table 2.2 presents the simulation parameters of the Cs/K
selectivity pattern in the FES, using a simulation model with
three different sites of increasing Cs selectivity.

Some examples of the aging time effect on +the radiocesium
desorption yields, for T1 sediment, using the experimental
protoccl (B) (see Madruga and Cremers, Progress Report 1891), are
presented in Figures 2.3 and 2.4.

4. Discussion

Figures 2.1 and 2.2 show that from 0.008 to 0.01 meq/ml, at
high potassium and ammonium concentrations, the Kg.me. and Ka. e
products are constant, what means that the frayed edge sites
(FES) are homonionically saturated in these ions. The selectivity
coefficients (NH4/K> in the specific sites, calculated from the
ratio Kag.nu/Ka. e Bpax., are higher than 1 (Table 2.1,
therefore ammonium ions are more selective than potassium ions in
the FES.

For carrier-free conditions, knowing field values of m,. and
evaluated FES, '"in situ" Ka predictions can be made. Therefore,
from '"zero" cesium loading K- (164), FES value (Table 2.1) and
m.=0.1 meq/l, the "in situ" K, prediction 1is approximately
9x10~¥ ml/g for T2<500um sediment {(considered as total sediment).
However, this wvalue is higher than “in situ" K4 obtained from
Cs-137 concentration in Tejo sediments and water (=3/5x10=
ml/g>, due to the effect of other competitive cations, such as
NH4*.

From the simulation parameters presented in Table 2.2, it can be
seen that the FES can be divided into exchange sites exhibiting
very high Cs/K selectivity (sites I and II), and exchange sites
with Cs/K selectivity not substantially differing from planar
exchange sites (site III, 1ln Ko®2).

All the results presented in Tables 2.1 and 2.2 are imn good
agreement with those found for other substrata by several
authors.

In what concerns the aging time effects on the radiocesium
desorption, Figures 2.3 and 2.4 show that desorption yields
decrease as aging times increase, and after a short contact
time (3 days)>, a very pronounced fraction, about 50% of adsorbed,
is 1irreversibly bound to the sediment. The rate of such rapid
fixation process, must be more related to structural differences
between specific site groups, than to a diffusion into the
sediment crystal lattice.

The cesium desorption values for shortest contact times, indicate

a higher decontamination efficiency of ammonium relatively to
potassiunm.
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Sub-Project 2: Co-60 transfer in a freshwater ecosystem

1. Intr ion

Fratel Dam, in Tejo River, was the subject of an anterior study
concerning the radiocesium transfer in a freshwater trophic chain
of that ecosystem (Contract CEC n@ BI6-0245-P>, and is agaln the
objective of the present Contract CEC n2BI7-0008, due to Iits
particular characteristics. Actually, Tejo River, has origimn in
Spain, and the first dam in the river, for hydroelectric power
generation, is at Fratel, a few kilometers from the border. In
the Spanish sector of Tejo River there are three Nuclear Power
Plants (NPP), one at Zorita upstream and NE of Madrid, another
one far upstream (Trillod, and the third at Almaraz about 120 km
from the border. Therefore, we have a strong interest on studying
the radiocecology of the Fratel dam, because, in spite of perlodic
water discharges, there is a certain retention time and therefore
the artificial radionuclides released by Almaraz NPP may
eventually be accumulated in the dam.

Co-60 was never detected in the portuguese sector of the river,
however its amount in the liquid effluents of NPP's 1is not
negligible. From a biclogical standpoint, cobalt's importance is
dve to the fact of being a component of the vitamin Bl2
molecule, which is essential for all mammals including man.

In the present report, the results of the modalitiées of
contamination and elimination in a simplified freshwater +trophic
chain, including sediments, are shown.

2. Methodg

The characterization of the dam from the physico-chemical,
biological, and radiological points of view was already
done, however the main characteristics of Fratel dam water are

still being determined, for instance, Ca®+, K+, Na*, Mg=+.

Based on the main metal elements data nmeasured in water,
sediments and blota, during the period 1987-1989 (Carreiro, to be
published), - stable cobalt average values are available for the
compartments of the ecosystem studied, Table 2. 3.

The experimental study was performed considering the following

trophic chain: Selenastirun capricornutum Printz {(cl.
Chlorophyceae), Daphnia magna Straus <(cl. Crustacea? and
Chandrostoma Steindachner (cl. Osteichtyes ,

polylepis
fam. Cyprinidae ) in Fratel dam water, always previously filtered
through 0.45um membranes. Temperature was kept at about 20 °C.

The experiments concerning the water-sediments interaction, were
carried out with sediments and water from Fratel dam.
Co-60 was used under the form of CoCls and during the

experiments 1its physico-chemical forms were determined.
The detection system consiets on a well-type Nal (Tl) detector

connected to a multichannel analyser. The detector size is 4'"x4"
and the well is 14 diameter and 2¥ deep.
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3. Results
3.1 First trophic level: Selenastrum capricornutum

3.1.1 Accumulation

The nuptake experiments were carried out in a confined medium,
with a Co-60 concentration of about 20 Bqg ml—*!. Three replicates

of the experiment in water from Fratel dam were done: iIn one of
them cell concentration was constant, during the 7 days of the
experiment, and in the other two there was an increase of cell

concentration towards an equilibrium situation.

The concentration factor <(Bgq kg~* of dry algae / Bg kg—* of
water) obtained was CF = (2.3 * 0.6 10%.

3.1.2 Retention

The decontamination was carried out 1in a confined medium:
following the contamination period, after the microalgae
resuspension in non radiocactive Fratel water, seven factions were
prepared to be measured, one by one, at different time intervals,
5m, 1h, 4h, 1d, 24, 44, and 7d. Four replicates of the experiment
were done, being the retention (in percentage) expressed by the
function:

Re=42 e ®-7%* + 58 e~©-F=3%t (1 in days)

The ©biological half-lives are Tbi=6h and The=2 days.

3.2 Second trophic level: Daphnia magna
3.2.1 Accumulation
3.2.1.1 Contamination through the water pathway

Transfer of Co-60 from water to Daphnia magna was studied during
a period of 28 days. The experiment was started with 200
ovigerous females weighing 3.2 mg indiv.~* (w.w), in 2 liters of
Fratel water with an initial radioactivity of 39 Bg ml—*.

During the first three days of the experiment, eclosions have
ocurred. At the 4*" day, neonates weighed 0.14 mg indiv.~* (w.w)
and at the 28*" day the weight was 0.38 mg indiv.—*.

Concentration factor in neonates has shown a maximum CF = 148 at
the 7*" day, then started to decrease to stabilization. At the
equilibrium, the arithmetical mean of all measures taken between
the 11*" and the 28*" day was:

CFaq = 53.1 t 6.2 (W W)
3.2.1.2 Contamination through water and food pathways

A short experiment was undertaken, in order to evaluate the
trophic transfer factor (TTF) and the relative contribution of
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water and food (microaldae Selenastrum) on the contamination of
D. magpa with Co-60.

Two-hundred mature females wheighing 3.0 mg indiv.~? (w.w) were
introduced into flask A, with 2 liters of Co-60 labelled Fratel
water, with an initial radioactivity of 22 Bg ml—*. Daphnids
received no nutrients. A similar group of crustaceans was
introduced 1into flask B, with 2 liters of Fratel water and
unicelular microalgae Selenasirum capricoraputunm. Initialy, algal
biomass was 54.3 mg 17* (dry weight) and its radioactivity was
65903.5 Bqg g~* (d.w.). Radloactivity in water was 19 Bg ml—*.

After three days, daphnids in flask B have reached a
concentration factor CF = 88 (w.w.). According to this value, the
relative contribution of water on the contamination of daphnids
in flask A was 85% , the remaining 15% being attributed to the
transfer of Co-60 from microalgae. Trophic transfer factor
reached a very low value:

TTFza = 4.4x10™2

3.2.2 Retention

Retention of Co-60 by Daphnia magna was studied following:
1> wuptake from water and 1ii) uptake from water and foaod

(Selenastrum capricorputum).

One hundred daphnids contaminated through the water, weighing
2.7 mg indiv.~! (w.w.) and whose radioactivity was 1418 Bq g—*,
were kept in 500 ml of non radiocactive Fratel water, flask C.
Another group of 100 individuals contaminated by water and food,
weighing 3.6 mg indiv.—? (w.w.) and whose radiocactivity was
1586 Bq g~*, was set up into flask D, in similar conditions.

Water was changed every 24h during the first 8 days and then 5
times a week, till the end of the experiment, 20 days. After 3
days microalgae were added to the water, to serve as nutrient.

During this experiment neonates have ecloded and deaths have
ocurred among the initial individuals. For measuring purposes
only the latest were considered.

In flask C, 38 individuals weighing 4.5 mg indiv.~-* (w.w.) have
remained after 19 days, while in flask D, only 17 individuals
weighing 7.0 mg indiv.~* (w.w.) remained after 21 days. In both
cases retention has followed a three - compartmental kinetics
expressed (in percentage) respectively by:

R = 43' 2 e——(:) = HLOTt + 54. 4 e—O.&.7“_‘:t + 2' 4 e—O PR=rd- N (c)

R 18.6 e™®7-7* + 65,9 e~ 42t + 15,5 g=®-080t (D>
with t referred to days, and the following biological periods:

Tb, = 18.2 h, Tbz = 1.03 d and Tb= = 8.9 d [(o))

Tby = 0.44 h, Tbe 1.6 d and Tbx = 8.7 d [90)]
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3.3 Third trophic level: Chondrostoma polylepis polylepis
3.3.1 Accumulation
3.3.1.1 Contamination through the water pathway

Transfer of Co-60 from water to fish has been performed during a
period of 64 days, with 9 specimens initialy weighing 3.1 g
indiv.~* (w.w.). Fishes were kept in 40 liters of Fratel water,
having an initial radicactivity of 24.5 Bq ml—*. They were put
inside suspended Dbaskets, so they could not reach the bottom of
the aquarium and eat their own feccal pellets.

Frozen daphnids and fish dry food were given to the specimens, in
a different batch into which they were daily transferred (except
during the weekend) for a short period of time (2-3 hours).

The concentration factor reached a maximum value, CF = 7.1 * 4.3,
at the 8*" day and then decreased and stabilized at the 40t" day.
Arithmetical mean of all the values verified at the equilibrium
was:

CFaa = 3.6 t 0.4

3.3.1.2 Contamination through the food pathway

Co-60 trophic transfer from Daphnia magna to Ch. p. polylepils was
performed during 6 weeks. A group of 6 fishes, weighing initially
2.2 g indiv.~* (w.w.), recelved a total amount of 9.8 kBg/8.3 g
(w.w.) of Co-60 labelled frozen daphnids. Fishes were maintained
together in the same aguarium, with 6 liters of water, which was
changed 5 times a week and a radiocactive meal was furnished 4
times a week. A complementary diet was guaranteed by adding fish
dry food, in order to maintain a daily diet representing 5% of
total initial fish weight.

After 10 days in which fishes received 7 radioactive meals, the
trophic transfer factor (TTF)> has reached the equilibriunm.
Kinetics is expressed by the function:

TTFe = 0.0464 (1 - eg~°-1=58%) 1 in days?

While TTF was in equilibrium, the retention factor, meaning the
ratio between total radiocactivity in fish and total radiocactivity
of all ingested meals, has shown a tendency for decreasing.
Maximun value during the growth phase of TTF kinetics was
2.3x10-*. At the end of the experiment, the retention factor was
7.3x10—=.

3.3.2 Retention

The retention experiment following the contamination through the
water revealed only one bilological half-life, Tb = 64 days. the
retention expression (in percentage) being:

Rces> = 100 e=©-9197t (¢ in days?

Following the contamination through the food pathway, the
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retention showed two biological half-lives, Tb; = 3.6 and Tbz =
= 54 days. The retention (in percentage) is expressed by:

Reer, = 9.5 e~©-2%% + §0.5 e~©-1%¢

3.4 Water - sediments interaction

3.4.1 Effect of sediment concentration on the distribution
coefficient (kd)

All the experiments were carried out with dry river sediments
from Fratel Reservoir (grain size <500 umd, the sediment
concentrations ranging from 500 to 2000 mg 1%, An inverse
relatioship between the kd and the sediment concentration was
found, described by the equation:

kg = 2211 - 2001 1In Cs

being C. the sediment concentration (r®=0.973 for p<0.05),
Fig. 2.5.

3.4.2 Kinetic analysis of Co-60 uptake and release by

sediments
Uptake
The uptake study with a sediment concentration of 1g 1-*, was

carried out following the radioactivity decrease in water. The
numerical analysis leads to the following relashionship:

Ce = 49.4 e~©-S84t 4+ 46.3 e~©-°214* (in percentage) (1)
showing two components and two periods, 1.2 and 50 days.

Release
The desorption experiments showed no variation with different
sediment concentrations, in an open system (with water renewal).
The radicactivity retained in the sediments in function of time
is expressed by the following exponential:

Ce = 17 @ =-98=t + B3 e~°-°*=%t ({n percentage) (2>

There are two components and the corresponding half-lives are 5 h
and 45 days.

4. Discussion
4.1 Trophic chain

In what concerns the experiments with the microalgae Selenastrum
capricorputum it is noticed that there is a very fast and high
initial accumulation, which, in spite of being different in all
replicates, +tends to an equilibrium at 7 days. The CF = (2.3 ¢
+ 0.6>10% obtained is within the range of reported values in the
literature for microalgae Chlorophyceae.

The retention study showing two biological half-lives suggests
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that, besides the surface adsorption,there is an active metabolic
process.

In relation to the planktonic crustacean Dapnhia magna, from the
accumulation experiments carried out ~ direct contamination
through the water and contamination through water and food -, the
relative contributions of water and food on the contamination of
D. wmagna are respectively 85% and 15%.

The retention study. following both kinds of accumulation
experiments, shows three biological balf-lives, therefore three
compartments, although it remains difficult to specify them with
accuracy. The elimination of the radioisotope, goes along with
molting and eclosions, both ocurring with high frequency during
the first week. Surface desorption is recognised by the presence
of Co-60 in solution, with strongest intensity after the first 24
hours and becoming negligible .after 4 - & days. Retention after
contamination through water and food, shows an 1initial rapid
decrease (Tb, = 0.44 h), which must be attributed to the renewal
of the digestive tract.

The CF and the TTF evaluated to the fish Chondronstoma polylepis
, lead to the conclusion, that the relative

contributions of water and food tc the contamination of the fish,
are respectively 59% and 41%, although the food retention factor
is 7.3x10—=,

The study of the Co-60 retention shows only one biological half-

~-life, 64 days, in the case of contamination through the water,
and two, about 4 days and 54 days, when the contamination pathway
is the food. In this case the compartment of higher retention,

might correspond to the incorporated Co-60, Jjust as in the first
case.

All these values concerning fish experiments are in good
agreement with other ones found in the literature.

The CF evaluated through the stable cobalt values, Table 2.4, is
1.7x10=, i1.e., two orders of magnitude higher than the
experimental one. The explanation for this low CF might be a
certain isotopic competion, not studied in this work, ©but it
should be noticed as well, that the stable cobalt concentrations
in water and in fish are in natural equilibrium.

4.2 Sediments

The inverse relatlionship between the distribution coefficient and
the concentration of adsorbing sclids has been found by several
authors, and may be attributed to either a solid-solid
interaction which mediates the adsorption process,the dissolution
of the sediment and water soluble organic matter, or the
progressive blocking of sorption sites of +the agglomerating
granular sediments.

The K4 is a function of sediment properties, but also of the
physico-chemical water properties. Fratel Reservoir sediments
have a high percentage of large grain size particle, a BET
surface area of 4.1 m® g-* and low cationic exchange capacity,
characteristics that might explain the low Co-60 K4 values.
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Haowever, In gitu, the Ko value evaluated through the stable
cobalt in natural equilibrium in water and sediments, Table 2.4,
is 3.3x104.

Comparing the equations (1) and (2) we observe two components
which might correspond to different Co-60 sorption mechanisms in
the sediments: +the first faster component might involve the
exchange of ions between the bulk solution and the chemisorbed
layer, while the lower one might involve the exchange between
this layer and the solid surface; the longer T¥, actually very
similar, are respectively 50 and 45 days.

5. nclusion

The concluelons are aummarized in Figure 2.6, representing the
main radloecological parameters evaluated for the simplified
ecosystem studied.

Table 2.1 - Characterization of sediments in terms of FES numbers

and cesium selectivity pattern to potassium and ammonium ions

Sed. CEC FES [Kd.mK] Ln Kc  [Kd.mNH,] In Ke Kc
(Cs/K) (Cs/NH,) (NH,/K)
req/g ueq/g meq/g req/g
T1 143 6.7 1.42 5.4 0.36 4.0 3.9
T2 75 5.5 0.60 4.7 0.19 3.5 3.2

Table 2.2 - Simulation parameters of the Cs/K selectivity pattern
in the FES

Sediments SITE I SITE ITI SITE IIi
Ke Ln Kc Kc In Kc Kc In Kc
T1 107559 11.6 6021 8.7 9.5 2.3
(0.2%) (1.04%) (98.8%)
T2 91062 11.4 3428 8.1 5.4 1.7
(0.14%) (0.9%) (98.9%)

-337-



Table 2.3 - Stable Cobalt concentration in several compartiments

of Fratel Dam ecosystem

Year Water Sediments Hydrop@¥tes Fish

mg 1 ng kg mg kg Cypri?idae

(dry) (dry) mg kg ~(wet)

1987 (1.5£0.7)E-4 (2.1%0.1)E+0 (8.122.2)E+0 (8.3%3.0)E-3
1988 (1.0£0.2)E-4 (4.4%0.2)E+0 (3.7£0.6)E+0 (4.4%0.5)E-2
1989  (1.2¢0.1)E-4  (7.8t3.1)E+0  (7.1%3.5)E+0  (3.5%1.5)E-2
Average
of all (1.2x0.3)E-4 (3.9%1.2)E+0 (6.420.2)E+0 (2.0x0.9)E~-2
results
Table 2.4 - Comparison of CFs and Ks for stable cobalt (in situ)

and for radiocobalt (experiments)

Element CF(fish, w.w.) Kd(sediments, d.w.)
Stable Co 1.7 10° 3.3 10*
Co-60 3.6 2.0 10%*

* experiments with a sediment concentration of 1g 17t
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Project 3
Head of project: Prof. Cremers

Objectives for the reporting period

1. Characterization of sediments in terms of parameters relevant for the short-term prediction
of solid/liquid partitioning of radiocaesium.

2. The study of the long-term behaviour of radiocaesium in sediments in terms of
remobilization potential and the effect of aging fixation.

3. The study of the kinetics of sorption and desorption of radiocaesium in sediments.

Progress achieved
1. iment ch rization

A broad range (eighteen samples) of fresh water and estuarine sediments originating from
various locations were considered in the program. The study includes sets of samples from
the Lake District, UK (Loweswater, Wastwater, Devoke, Esthwaite, Windermere), the
Ravenglass estuary (UK), the Chernobyl area, Tejo river (P) Hollands Diep and Ketelmeer
(NL). All samples were characterized in terms of overall cation exchange capacity (CEC),
organic matter content (OM), the number of micaceous frayed edge sites (FES) responsible
for the specific sorption of radiocaesium, [Kym,] and (Kymy) values. These quantities are
defined as the radiocaesium specific sorption potentials in a K and NH, scenario respectively
and correspond to the product of FES capacity and the trace Cs-to-K and Cs-to-NH, selectivity
cocfficient, respectvely, in the specific sites. All parameters relevant to the specific sorption
of radiocaesium (FES,Kymy, Kym,) were measured by making use of the silver thiourea
masking technique, described in earlier reports. CEC values cover a range of 7.1 to 31
mE/100g and O.M. contents vary in the range of 4 to 33% OM is nearly exclusively
responsible for the reversible ion exchange sorption properties of the sediments studied. This
is evidenced from normalizing the sediment CEC values w.r.t. OM content. The average
result is 1.49 (+.45) mE/g, a value which is typical for OM in sediments.

FES capacities cover a range 3-40 uE/g representing on average 7%(+3) of overall CEC
values. This value is significantly higher than for soils, a result which is not unexpected and
can be explained by the fact that it is predominantly the fine fractions which are not being
deposited. [Kp.mg] values cover a wide range of 0.4 to 5 mE/g whereas [Ky.m,] values cover
a range of 0.12 o 1 mE/g. The ratio of these two quantities varies in the range of about 4
to 6.5 and corresponds to the NH, to K selectivity coefficient in the specific sites. Such ratio
has also been found for reference micaceous clays and demonstrates the action of such
minerals in these systems.

On the basis of these results, some important conclusions can be drawn. The first one relates

to the partitioning of radiocaesium between the FES and the regular CEC pool. Such
partitioning can be calculated on the basis of a omparison of {Kymy] values and the
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radiocaesium interception potential of the CEC pool. This quantity corresponds to the product
[CEC] Zx.K (Cs/K) in which Z refers to the K occupancy in and K(Cs/K) to the Cs-K
selectivity for exchange complex.

In general,Z, < .05 and K, = 1 of OM. Caiculations show that (taking Z, = .05) for all
sediments studied, at most 1% (0.53 *+.25%) of radiocaesium can be expected to bc present
in the regular ion exchange sites. These estimates were backed up experimentally by the
finding that bulky ions (such as bisquaternary ammonium) showing very high selectivity for
regular exchange sites are not able to displace radiocaesium from sediments.

As a consequence, it would appear that sorption K, values should be solely describable in
terms of [K,.mK] and [K,.my] values and water composition (i.e. K and NH,). On the basis
of the range of [K, my] values reported above a range of 4000 to 40000 (using K=0.1 mE/L
can be predicted for freshwater scenarios. Including a NH, at a concentration of 0.1 mE/L
would reduce these values by a factor of about 5. Experimental studies on various sediments
have shown that, with rare exceptions, sorption K, values can be predicted within a factor of
about 2 using the equation

[Kym,]
KD=———-—-——
me+m K (N/K)

Such result shows that, as far as the water composition is concerned, Ca and Mg have no
direct effect on radiocaesium sorption in the sediment.

2. ng term eff radi 1 ion

The characterizations presented in section 1 are of limited relevance to long-term effects and
to the potential of a sediment to act as a future source term for radiocaesium release upon a
change in geochemical scenario (e.g. in anoxic sediments and lake destratification). The key
issues in this process are radiocaesium desorption capability and the effect of aging thereon.

The kinetic limitations inherent to the use of concentrated solutions of K or NH, for
measuring desorption led us to develop a new methodology based upon an "infinite bath"
scenario. In short, the method is as follows: a Cs-contaminated sediment is dialyticaily
equilibrated with an ion exchanger showing significantly higher Cs-sorption properties as
compared to the sediment. As a result, the sediment-solution equilibrium is disrupted, thus
generating a radiocaesium desorption flux into a liquid phase with virtually zero levels in
radiocaesium (hence the term infinite bath). Such equilibration is usually carried out in a 10°
M NH, (or K concentration). After 24 hours the ion exchanger is replaced by a fresh sample
and the procedure may be continued any desired number of times until a well-defined
desorption plateau is obtained. Usually a one week desorption period is sufficient although
in some cases, longer desorption periods are used. The process is monitored by counting the
activity collected on the ion exchanger and the residual activity left in the sediment at the end
of the experiment. The amount of ion exchanger to be used is critical. To establish proper
boundary conditions it is required that Ky'm®> 10K,'m* (m referring to mass, e to ion
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exchanger, s to sediment). In general the ratio of the two quantities is 50 to 100. Various
options can be used for the ion exchanger. In the early phases, either illitic clay or suphonic
acid resins were used as caesium sorbents. More recently, use was made of cyanoferrates
exhibiting exceedingly high Cs-K, values (5.10* ml/g). The method is now developed into
a routine procedure and has been scaled up for application to field-contaminated samples
opening new perspectives for studying long-term aging effects.

Figure 1 shows some typical examples of radiocaesium desorption plots, characterized by
well-defined plateau values. All sediments have been submitted to such desorption tests.
Desorption levels for short aging times (days) may vary anywhere between about 50 to 90%
This finding is similar to what was found for soils (10-90%). Most significant however is the
finding that the desorption behaviour bears absolutely no relationship whatever to sorption
characteristics of the systems. It would therefore appear that we have to accept some
structural differences within the FES pools of different sediments.

For all sediments, tests were carried out in which desorption yields were monitored as a
function of aging time. In all cases aging effects could be demonstrated corresponding to a
decrease in desorption yields, ranging from 10-40% for aging times of about 11 weeks.
Again, no link could be made with specific sorption properties of the system.

The coherence of radiocaesium sorption behaviour in the various sediments is in sharp contrast
with their ematic fixation behaviour. So far we have adopted the view that the FES pool
represents some structural entity quite similar in the various systems but which is unrelated
to the water composition. Recent findings have however demonstrated some significant
effects. Three systems (illite, Po and Loire sediment) were allowed to age for several months
in three different ionic scenarios:1mM K, 1mM K + 100mM Mg and 1 mM K + 100mM Ca.
They were then labelled with Cs-137 and allowed to age for 1 and 24 days. Desorption yields
were measured using the infinite bath methodology. The results are shown in table 1. All
values are averages of two measurements differing by 2% at most.

It is scen that for one day aging time , nearly quantitative desorption (93-98) can be
accomplished. After 24 days desorption yields drop by some 10-15% in the homoionic
potassium scenario. In contrast, desorption yields in the K-Mg and K-Ca scenarios are some
20-45% lower than in the K scenario. It thus appears that strongly hydrated ions may
influence some structural property of the FES, leading to an accelerated fixation process.

Exactly similar results were obtained in soils at much lower ionic strengths and it appear that
the key factor is the Potassium Adsorption Ratio (PAR) of the water:

My g

Consequently, depending on water composition of lakes (low or high K levels) significant
differences in long-term behaviour may be expected. These aspects need utmost attention in
future studies.
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Table 1 Radiocaesium desorption yields (%) obtained in three ionic scenarios

aging K K+Mg K+Ca
Po 1day 97 95 9
24 days 82 61 49
Loire 1 day 97 98 97
24 days 88 66 65
Tilite 1 day 97 95 93
24 days 84 44 39

3. Adsorption kinetics

A kinetic three box model for describing the solid-liquid sorption dynamics has been
developed using only three parameters. The boxes are: the liquid phase (L), the regular frayed
edge sites (FES) and the high affinity sites (HAS). The model postulates a direct initial
adsorption on the FES and a relatively slow and revesible redistribution process of
radiocaesium from those FES towards the HAS, hereby passing through the liquid phase (L).
Interaction between L and FES is characterized by an equilibrium constant K,; partitioning
of radiocaesium between L and HAS is assumed to be govemed by two first-order rate
constant k, and k,. The model is defined by the following two equations:

dCs(HAS)At = k, x Cs(L) - k,, x Cs(HAS)

and a mass balance.

Analytical solutions for the changing partitioning of radiocaesium between L, FES and HAS
with time have been obtained using Laplace transformations.

The adsorption process was experimentally followed by monitoring the radiocaesium activity
in the liquid phase for two Po sediments, three Loire sediments, four Tejo river sediments and
suspended material from the Meuse, in two solutions of 10°M and 10*M potassium chloride
respectively.

The experimental data could adequately be described using our kinetic model. The half-life
for the adsorption processes ranges between half a day and four days for a S/L ratio of 1/1000
and is, for each substrate, longer in a 10°M KCl solution compared to a 10*M KClI solution.
This is in qualitative agreement with the decreasing desorption yields for adsorption in KCl
solutions of decreasing concentrations: the longer the half-life the slower the translocation
from the easily accessible FES to the kinetically controlled HAS and the higher the apparent
desorption yield.

The partitioning of radiocaesium between FES and HAS at equilibrium is highly dependent
on the substrate under study and varies between 35 and 75 percent.
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4,  Desorption kinetics

The study of desorption kinetics in a finite volume of solution is always hampered by the by
the build-up of radiocaesium levels in the liquid phase causing the desorption to slow down
and stop very quickly - depending on the S/L ratio making it very difficult to obtain
statistically significant fittings of the kinetic parameters. An ’infinite: bath’ scenario seemed
more adequate to give a kinetic explanation of the experimental desorption patterns.

Essentially the model was not altered: only the boundary conditions changed, since the level
of radiocaesium in solution L is kept near zero during the whole desorption run. Although
the three boxes remained, one of the parameters changed: the upgoing rate constant k, from
L to HAS disappeared and the fraction of the total amount of radiocaesium on the sediment
associated with the HAS at the start of the desorption, fracC™S, had to be taken into
consideration.

Desorption patterns as a function of desorption time could be fitted very well for the five
substrates under study: two lake sediments (Devoke and Esthwaite) from Cumbria, UK, one
estuarine sediment from Ravenglass,UK one river sediment (Hollands Diep) and one reservoir
sediment (Ketelmeer) from the Netherlands. Desorption experiments were carried out for
three different adsorption times: 2, 36 and 76 days. An example of the desorption data and
matching simulations on Hollands Diep for the three aging times is given in figure 2.

Since the desorption of radiocaesium continues, although very slowly even after three wecks
of desorption, a true desorption plateau is never reached. The differences in apparent
desorption yield for the three aging times can entirely be explained on the basis of our
reversible kinetic model. Only one of the simulation parameters varies with adsorption time:
fracCs"*S, For the simulations in figure 2, fracCs™S raises from 20% after 2 days over 25%
after 36 days to 45% after 76 days of adsorption. Since the desorption out these HAS is
kinetically controlled - with half-lives varying between 10 and 70 days, the apparent
desorption plateaus decrease with aging time.

When comparing the backward rate constants k, for the different sediments, the relatively
narrow range wherein they vary is striking and leads us to the hypothesis that important
differences in desorption behaviour between sediments is mainly due to different adsorption
rates k,. These rates cannot be deduced directly from ’infinite bath’ desorptions. Further
desorption experiments for a broader range of aging times - and accordingly more values for
fracCs"™® as a function of time - should enable us to get a hold on the rate of the apparent
fixation process.
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Project 4
Head of project: Dr. Foulquier

L A com iv f the i h ne River of liquid effl fe
in i fallout fr hernobyl acci i W auel

Because of the density of nuclear plants installed along its banks, the Rhone is a
particularly valuable terrain for investigation. Over 300 km, 17 power stations and three fuel
cycle plants are installed along this river (Figure 1). These nuclear plants discharge after
treatment liquid effluents according to the national legislation.

Our laboratory studies the radioecology of the Rhone river, collecting, both upstream
and downstream of nuclear installations samples of water, sediment, aquatic vegetation and
fish which are treated before making measurements of radioactivity by gamma spectrometer
or by radiochemical methods for alpha and beta emmiters. The results of these measurements
are stored in a computer data base.

Natural radioactivity (due to K 40, Be 7, and to elements of the uranium and thorium
families) is constant over the whole river with mean values given in table 1.

From Creys-Malville to Marcoule, 12 artificial radionuclides were observed before may
1986 when the Chernobyl accident occured (table 2).

Aquatic vegetation is a good indicator of radioactivity, particularty moss which responds
quickly to fluctuations of radioactivity in the water. Levels of radioactivity in fish, although
lower in concentration, still reflect the composition of the power station effluent.

Atrtificial radioactivity (mainly tritium) in compartments of the Rhone are 10 to 50 times
lower than natural radioactivity levels. They are characterized by the presence of fission
products (13¢.13Cs_ %Sr) and products from either activation or corrosion of materials within
the reactors (%9Co, 110mAg 5Mn, %Zn, %Zr...).

Downstream from the fuel reprocessing plant of Marcoule, new radionuclides appear
and those that existed upstream increase mainly (table 3).

After 30 years of the fuel reprocessing plant operation, the artificial radioactivity of the
river compartments is inferior or equal to their natural radioactivity.

The accident of Chernobyl occured on 26 April 1986. The radioactive plume passed
over the east of France during the first week of May 1986. The radionuclides were deposited
essentially as wet deposition, either during rain or by the washing out of aerosols. 19
radionuclides have been detected in the fallout but only 5 (after the rapid disappearance of 131
andlmTe) were observed to be significant in the compartments of the Rhone during May
(table 4).

The impact of Chernobyl was more important in the upper part of the Rhone river where

no nuclear liquid effluent existed. From Creys to Marcoule the radioactivity from the
Chernoby! fallout added up with this from liquid effluents. Downstream from Marcoule the
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impact of Chernobyl was less obvious because the liquid effluent from the reprocessing plant
had the highest radioactivity.

After May 1986, a decrease in the radioactivity was observed in all the compartments
of the river. The speed of the reduction depended of the effective half-life of the radionuclide.
By the end of 1988 the levels of radioactivity were the same order of magnitude as those
measured before the accident.

2. Mechanisms of transfer of WmAg in a simplified aquatic food chain (J. Garnier-
Laplace, J.P. Baudin)

L P

Radioecological field studies showed the presence of 1% Ag in the principal compartments
of freshwater ecosystems receiving liquid effluents from nuclear installations. The presence
of this radionuclide in the natural environment results principally from liquid effluents from
pressurised water reactors under normal operation. Since May 1986, the frequency of detection
has increased as a result of the atmospheric fallout following the Chernobyl accident. As a
result of these two source terms, on the river Rhone for example, 1'*»Ag was measured in a
number of field samples, particularly in sediments and fish (table 5). In all cases, field studies
have shown that the sediments integrate "% Ag pollution, forming in the ecosystem the most
concentrated physical reservoir which represents a source of secondary contamination for food
chains.

Series of laboratory experiments were enterprised under simplified ecological conditions

in order to understand and interprete the values of 1'%Ag concentration collected in the Rhéne
river and other aquatic ecosystems.
The purpose of such experimental study was to quantify each radionuclide transfer between
one compartment to the other and to measure the exchange kinetics. The final objective was
to create a mathematical model simulating the 11%Ag distribution in a trophic chain after a
chronical or acute contamination.

The trophic chain was constituted with 4 levels:

- a primary productor which was the alga Scenedesmus chosen according to its ecological
importance, its universal repartition and its easy culture conditions in laboratory.

- Ist order consummers: Daphnia which is a pelagic crayfish, Gammarus which is a
pelagic crayfish and the Chironomus larva which is a limnic insect larva. They are natural
preys for omnivorous fish.

- 2nd order consummer: the carp (Cyprinus carpio) was chosen for its presence in all
the french rivers and its pelagic way of life linked to sediment.

- 3rd order consummer: the trout (Salmo trusta) was chosen for its carnivorous diet (with
the presence of small fish), its universal repartition and its consumption by man.

In this experimental ecosystem, every possible transfer of '®Ag from a compartment
to the other was studied, direct transfers from water or sediment, trophic transfers from food
to consummer.

Each transfer was divided in two steps:

- the accumulation phase where the organism was in relation with the radionuclide,

- the depuration phase where the organism was taken off from the radioactive environment
and put in an inactive medium.

Each transfer was quantified by an equation based on the compartmental models theory.

Figure 2 give the maximum values of the radioecological parameters obtained in this
experimental ecosystem.
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From these parameters, it was interesting to elaborate a mathematical tool giving a
synthetic view of the different radioactivity exchanges.

The model was built around the 4 biotic units and 2 abiotic units. It was based on a
mathematical formulation of these radioactive exchange flows between the different units. It
was writen in Turbo-Pascal with a separate unit for every trophic level in order to compute
the quantity or radionuclide transfered from each possible accumulation vector (water,
sediment, food). The radioactive quantities were computed from the equation defining the
accumulation and excretion phasis. The ecological parameters were taken in consideration in
the computing units. The ecological hypothesis were those defined by seasonal cycles:

-phytoplancton was present only during the plancton bloom in spring,

-daphnids were present in spring and summer,

-both gammarids and midge larvac were present in spring, summer and autumn,

For fish a weight growing curve was defined in order to compute the daily growth rate,
taking in account the winter stop for carp, winter and summer stop for trout.

Figure 3a shows an example of a chronical contamination during spring time. The
concentration of 11omAg was fixed to 1 mBq.I' in water and 10 Bq.kg-'WW in sediment (values
from the Rhone river). For carp, the model shows large seasonnal fluctuations with a clear
accumulation phase during spring and summer when all the food species were present, then
a slowing down when daphnid consumption stoped. During spring, summer and autumn the
trophic way was 92% of total contamination for 0+ year old carps. It was lower for older
fish that eat relatively less food according to their own weight. During winter the decrease
of radioactivity was in relation with absence of food, and physical and biological decrease of
the absorbed silver. The contamination from water and sediment was not able to compensate
the decrease. The next year the phenomenon was the same with a lower radioactivity level.

For trout the seasonal impact was less important according to the absence of
decontamination phenomenon. The curve was increasing when the fish was eating (spring
and summer). The trophic way was 99% of total contamination for 3+ years old fish. There
was a decreasing period when consumption was stoped.

The validation of the model with Rhéne data was rather good when we measured silver
concentrations between 0 and 3 Bq.kgt WW in fish.

Figure 3b shows an example of an acute contamination in spring (which was the Chernobyl
accident conditions). The radioactivity was fixed at 50 mBq.l! in the water. The simulation
was done for a two years period. For carp, a rapid contamination occured from the water
during the fallout peniod then, afterward, from food until the radioactivity of the preys became
negligible. The decrease in autumn was due to the disparition of daphnids.

For trouts the accumulation kinetics was slower, coming from water during the fallout
period then from food. The radioactive peak was much more shifted on the right than the
trophic level was higher.

In both fish, the decrease of radioactivity was in relation with the biologic dilution, the
copsg‘rjnption of preys which were less contaminated and the elimination processes when they
existed.

) The simulation of an accident, like Chernobyl, during the winter time shows that its
impact should have been less important for fish in relation with the absence of plancton and
1st order consummers.

In conclusion, we see that such a modelisation brings interesting informations about the
exchange flows in an aquatic ecosystem. However, one must be carefull when trying to make
an extrapolation to natural ecosystems having more living species and more ecological
parameters. So, validation with field data is always indispensable to give to the model an
explication and predictive quality.
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Table 1. Natural radioactivity of differe
nt compartments of the Rhéne river (1977-1991).

water 0.8+0.2 Bq.I? (124)*
sediment 1990 + 124 Bq.kgt DW (196)
aquatic vegetation 18324353 Bq.kg' DW (214)
aquatic moss 22254602 Bq.kg' DW (75)
fish 115+ 11 Bq.kg! WW (1524)

* Mean + 95% confidence intervals obtained from significant values (number of values)

Table 2. Antificial radioactivity of different compartments of the Rhone river, from
Creys-Malville to Marcoule, before the Chernobyl accident (1977-1986).

Nuclides water sediment aquatic high plants aquatic moss fish
Bq.l? Bq.kg''DW Bq kg'! DW Bq kg'DW Bq.kg'WW
HomA o 3+1.8 (6)* 35() 0.1-0.8 (4)
5Co 8.5+19 (6) 0.1-0.4 (2)
%Co <0.004 (2) 5.4+4(5) 1651207 (24) 48-296 (2) 16+15 (35)
“Co <0.007 (2) 4.1+2.9(13) 35 7+41.9 (23) 1622 (2) 2.3+1.9(57)
14Cs 1611 (5) 1.7(1) 8.8 (1) 0.4+0.1 (78)
BICs <0.008 (2) 15246.7 (16) 5.1+£2(25) 5.843.7(6) 1141326
“Mn 42+49 (14) 10-15(2) 242 (19)
105Ru+Rh 42-95%* (2) 71 (1) 1-8(3).
Zn 0.4-20 (13)
sZr 10-63** (3) 0.1-1 (3)
2S¢ <0.04 (2) 54+5.3(4) 1.6+0.5 (45)
*H (Bq.I'' in 5960 +3400 85476 (4) 20-1320 (12)
water of (11
combustion) ]

* Mean + 95% confidence intervals obtained from significant values (number of values)
** Minimum to maximum observed

Table 3. Artificial radioactivity of different compartments of the Rhone river, downstream
from Marcoule, before the Chernobyl accident (1977-1986).

Nuclides water sediment aquatic high plants fish
Bq.I" Bq kg DW Bgq.kg! DW Bq.kg'WW
HomAg 7.242.3 (14)* 53429 (9 0.28 (1)
AM 14947 (11) 5.1+3(5) 01()
“Ce+pr 05+1(12) 139428 (16) 77419 (23) 0.3-5.7(4)
Co 1(1) 0.3-14 (6)
%Co 00140 003(43) 5.7+1.5 (8) 139486 (27) 0.06-0.4 (2)
“Co 0.01+0.003(39) 6.8+1.6(17) 51432 (30) 1.943.4 (18)
134Cs 0.01+0 003(63) 58+16 (19) 47417 (29) 2.3104(97)
BICs 00310 06(100) 403+114 (20) 245418 (31) 11.5+2.2 (136)
“Mn 0 0110 003(43) 34412 (15 204485 (31) 1.9+2.1(21)
1%Ru +Rh 0410.09 (100) 3681100 (18) 7654211 (30) 1.54.8 (2)
1558b 13.246.1(12) 13.8+7.6 (16)
SZn 45(D)
*Zr 7(1) 4 2-59** (3)
%Sr 0.0410.007 (11) 7.6+1.2(11) 1.5£0 3 (55)
126 £47 (8)
3H (Bq.I1 in water 19.3+2.8(20) 5960 +3400 2474190 (8) 148-24 (21)
of combustion) (11)

* Mean + 95% confidence intervals obtained from significant values (number of values).
** minimum to maximum observed
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Table 4. Artificial radioactivity of different compartments of the Rhone river, downstream
from Marcoule, before the Chernobyl accident (1977-1986).

zone Nuclides sediment aquatic vegetation fish
Bq kg DW Bq.kg' DW Bq.kg'WW
Upstream 134Cs 122 (1)* 192 (1) 4.2+1.6 (14)
Creys- 137Cs 240 (1) 389 (1) 8.8+3.2(14)
Malville 18Ry 160 (1) 594 (1) 2.11£1.4(6)
1%Ru+Rh 120 (1) 385(1)
From Creys HomA 6,1+4.2 (7 1711 (D) 1.1£3.4(3)
to 134Cs 90468 (7) 122430 (7) 4.2+1.1 (44)
Marcoule BCs 1784132 (7) 3631221 (7) 9.32+2.4 (44)
18Ry 2574229 (7) 1964 +671 (7) 3+1.2(44)
1%Ru+Rh 1524133 () 11544355 (7)
downstream TmA g 14 (1) 10 (1)
Marcoule 14Cs 195 (1) 179 (1) 3.11+0.8 (6)
WICs 520 (1) 386 (1) 21.4+8.1(6)
18Ry 610 (1) 983 (1) 6.7 (1)
1%Ru+Rh 520 (1) 702 (1) 11.1 (1)

* Mean + 95% confidence intervals obtained from significant values (number of values).

Table 5. Concentration of 1!1™"Ag in sediment (Bq.kg'DW) and in fish (Bq.kg'WW) of the
Rhéne river berween Creys-Malville and Marcoule.

Years Sediments Fish
1984 O/11)* (0/15)
1985 3.2+1.6 (7/17) (0/82)
1986 6.213.9 (19/22) 0.8+1.6 (5/97)
1987 4.1+2.7 (13/13) 0.9+0.7 (4/178)
1988 9.8+7.9 (16/17) 0.240.1 (4/164)
1989 3.3+1.8(5/14) 0.8+0.8 (9/140)

* Mean + 95% confidence intervals obtained from significant values (number of significant values/ number of samples).
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SCENEDESMUS

4,5-12 0,2 , Sl
CHIRONOMUS LARV A =T xZ 7770 777, //7’/'/7/////‘ SEDIMENT

~———

U,y Exchange Factor= [to=Ag] (Bq.l') / [M=Ag] ..., (Bq.kg' W.W.)
=¥ Conceniration Factor= {110=Ag]_____ (Bq.kg! W.W.) / {1o=Ag], _ (Bq.l")

= Transfer Factor= [1'o=Ag], ... (Bq.kg' W.W.)/["e=Ag] .. (Ba.kg! W.W.)

m Trophic Transfer Factor= [M®=Ag] . ___ (Bq.kg! W.W.)/{1mAg]  (Bq.kg!' W.W.)

b—} long biological period characteristic of the depuration phase (days)

Figure 2: Maximum values of radioecological parameters obtained in the experimental ecosystem
(equilibrium value only if it is reached in a time compatible with life span of the organism).
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Figure 3:  Results of numerical simulations obtained by application of the model under chronic
contamination conditions (a) and acute ones (b)
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Project §
Head of project: Prof. Pieri

Objectives for the reporting period

Transfer of caesium-137 in ecl. This freshwater fish is studied for its economic impact (food).
Our goal was to study the chemical behaviour of this radioelement at the molecular level in
an edible animal.

Examination of the diffusion of this radionuclide in the edible parts of the animal and
connection to the global decontamination time of the animal.

Comparison with the behaviour of other radionuclides (Am-241, Tc-99) in aquatic animals.
Influence of other metals on the behaviour of radionuclide and inhibition if any.

Chemical modifications of the nuclides according to the link with ionic groups at the working
pH.

Progress achieved including publications

Towards the understanding of the transfer of radionucldies in to higher food
organisms, one step may be of particular interest: the chemical or molecular behaviour of the
radionuclides inside the fish to predict its storage or its elimination. This behaviour depends
on the speciation of the element and of the chemical environment. A first approach of this
problem is the location and identification of radionuclide-protein complexes in vivo. this may
be followed by kinetics of molecular decontamination and analysis of the nature of the link
between the nuclide and its ligand.

One knows now that radiocaesium shows an cationic behaviour in the environment.

The subcellular fractionation has been done on the liver and muscle of the eel
according to the method used preceedingly: (Galey et al., 1986; Goudard et al., 1991). the
caesium activity is found principally in the cytosol: 87% for the liver and 79% for the muscle.

the cromatographic fractionation of the cytosol is obtained on Sephacryl S300:
fig. 5.1 and 5.2.
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Fig. 5.1 and 5.2 - Gel filtration chromatography (Sephacryl S300) of the cytosol of liver
(fig-5.1) and muscle (fig.5.2) cells of the ecl contaminated by caesium-137.
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Figures 5.3 and 5.4 show cytosol chromatograms contaminated by Am-241 and Tc-95m.

We can see that:

1) Caesium is localised with the small moiecules in the V; showing a diffusion of the
radionuclide in all the animal organism.

2) The activity for the two radioclements (Am and Tc) is situated between the V, and the V;
where the molecules show a partition coefficient. Detection of absorption has been done at 280
nm and 250 nm.

3) Am-241 is bound in every sample to ferritin. We note a very sharp peak of activity due to
Tc-95m in the molecular weight zone of 10000 (metallothionenes). In this zone, the activity
curve of Am-241 shows a through enhanced by a metallothionein induction determined by a
cadmium-109 injection (fig.5.5, 5.6 and 5.7) (Pieri et al., 1992).

All this shows that americium is in competition at the metabolic level with the
inducing metal. A competition is noticed too between Tc and Cu or Cd. The affinity of Tc for
the proteins at 10,000 M.W. is 20 times lower with copper injections and 1.5 lower with
cadmium injections. On the other hand, no influence of the cadmium prescence is noticed on
the chemical or molecular behaviour of caesium.

In a contaminated lobster, after 70 days, 12% of the Americium and 29% of
the technecium remains in the muscle. However, after 70 days, 75% of the caesium in the eel
remains in the muscle. The biological half life is long, over 300 days. The cytosolic
chromatogram for caesium corresponds to the radionuclide diffusion in the organ.

- 360 -




wdo ¢|yz-wy

udo ‘|{yz-uy

o
o]
Ny

1100

wdo ‘60L-P0

1000

5

b

-z TN

»

T T g A W e o s W AUE
A G S

PN Y N T T T LT, ST T s

OIS

100

1

o

Elution volume,

. 5.5, 5.6 and 5.7 - Am-241 activity patterns in cytosolic fraction without (fig 5.5) and with
.7 shows the localisation of cadmium.

(fig. 5.6) cadmium injection. Fig 5

fig

-361 -



The cytosolic chromatogram for caesium corresponds to the radionuclide
diffusion in the organism. Anyway we have noticed the elimination of americium on the
chromatographic pattem of the cytosol, 48 hours after contamination in the liver: fig 5.8 and
5.9.
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Fig. 5.8 and 5.9 - Chromatographic patterns of Am-241 at 4 hours (fig.5.8) and 48 hours
(fig.5.9) after contamination.
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It is difficult to know how the chemical form of a radionuclide inside an
oraginism. The case of caesium is relatively simple. Its jonic behaviour exists in the cytosol
of the eel.

Concerning americium, we have analysed the primary structure of the 10000
MW proteins which bind this element. The result shows that the aspartic, seric glutamic and
histidinic residues represent respectively 10, 14, 15 and 9%. Seric, aspartic and glutamic acids
represent 40% of the amino acids entering these protein chains. The pK values for the ionized
groupe of these residues are respectively 2.09, 2.21 and 2.17. These groups are ionised in the
work conditions and probably in the natural conditions (pH 8 and 7). At these pH, we know
that americium is on three forms: Am***, Am(OH)"™ and Am(OH),". These forms could exist
in the cytosol.

1 - Finally we can conclude that the contamination by caesium shows an ionic behaviour of
the nuclide in the cytosolic fraction of the liver but a diffusion to the muscle.

2 - Although americium is linked to proteins of the cytosol in the liver, it is probably
eliminated and diffuse less than caesium; it is not linked to the muscle. Moreover, according
to the state of ionisation of the lateral groups of proteins, americium, hydroxolated or not,
would be fixed to these anionic groups.

3 - Am uptake by some cytosolic protiens is inhibited by cadmium and probably by metal
inductors of metallothioneins. This can increase the importance of the external conditions in
the food chains. Models of radionuclide transfer would have to take into account the chemical
external environment to explain the accumulation of some radionuclides.
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Project 6
Head of project: Dr. Belli

Objectives for the reporting period

The main aim of this study was the assessment of the effect of salinity variation of water
body, on radiocaesium dissolved in water and that associated with suspended materials.

The research was carried out in the estuary of the Stella river influenced by the salinity
variation due to tidal cycle coming from Marano and Grado lagoons (north-eastern part of
Italy).

Radiocaesium Ky values for different grain size of suspended material collected along the
water column profile have been assessed.

Progress achieved including publications
1. Materials and methods

To define the sampling points in the Stella river, every hour, during the complete tidal cycle
(from 8am to 8pm), the water salinity and temperature were measured at different depths
along the water profile in four transects located in the terminal part of the river.

The results showed that the saline wedge coming from the lagoons influences the Stelia river
up to 5 km from the mouth.

In this area, measurements along the water column showed that in the first 2 meters of the
superficial layers of the river, there was no influence of the saline wedge during the tidal
cycle. The effect of the saline wedge is evident only in the deeper part of the river (from 2
meters to the bottom). On this basis 2 sampling points were selected (near the estuary of the
river into the lagoons and outside of the area effected by the saline wedge, 7 km from the
mouth of the lagoons).

In these sampling points, water and suspended solids were collected in May and October
1991 along the water column, using two devices capable of performing size fractionation of
suspended solids and with a set of columns containing ion-exchange resins to fix Cs-137
dissolved in the water. The sampling system permitted to gather different fractions of
suspended particles (from 100 to 20 pm, from 20 to 5 um and from 5 to 0.1 um). The
system was equipped with resin columns to determine radiocaesium dissolved in the water.
During the sampling events the conductivity and pH of the water have been measured.

2. Results and discussions

The following tables report the data collected along the Stella river during the sampling
events of May and October 1991.
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Table

May 1991 Suspended materials grain size class (Lm)
1 2 3 1 2 3 1 2 3 1 2 3

Suspended
materials 1.7 122 )07 64 |32 | 05 )59 ]| 21/ 07 ) 66| 21 ] 07
(mg/1)

Cs-137 on
suspended | 0.09 | 0.10 | 0.22 | 0.06 | 0.09 | 025 ] 0.06 | 0.11 | 0.17 | 0.08 | 0.07 | 0.14
materials

(Ba/g)

Cs-137
dissolved
in water

(Ba/1)

0.55x 102 2.57x103 0.63 x 103 1.09 x 1073

Fresh water Salt water Fresh water Fresh water
Estuary 7 km from the estuary

Table

October Suspended materials grain size class (um)
1991

1 2 3 1 2 3 1 2 3 1 2 3

Suspended
materials 20 | 22 0.8 49 38 08 | 38 1.2 0.1 36 1.7 04

(mg/1)

Cs-137 on
suspended | 0.06 | 0.08 | 0.11 [ 0.06 | 0.09 | 0.09 } 0.10 | 0.11 | 052 | 0.11 | 0.10 | 0.22
materials
(Ba/g)

Cs-137
dissolved
in water
(Ba/1)

0.81x 103 3.10x 103 1.05x 1073 0.85x 103

Fresh water Salt water Fresh water Fresh water
Estuary 7 km from the estuary

1=100+20 pm
2= 20+5 um
3= 5+ 0.1 pm

During all the tidal cycle, the salinity was about 2 g 1-1 in the superficial layer of Stella river
estuary and 30 g 1-! at the depth of 2.5 m, in the period neighborhood of the maximun of the
tidal excursion.

The deeper layer is richer of particles with size ranging from 100 to 5 um, while fresh

water, in the top layer of the river, is characterized by suspended materials with size ranging
from 20 t0 0.1 pm.
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In the following table are reported the mean values of the distribution coefficient (kq)
measured for the different grain size in fresh and in salt water.

kg values is defined as the ratio between Cs-137 concentration per gram of suspended
material and Cs-137 concentration per milliliter of water.

Table
Grain size class Distribution coefficient
(em) (mlgt)
Fresh water 100 - 20 1.00 105 + 3.7 104
(Superficial layer) 20 -5 1.12 105 + 4.3 104
5-01 247 105 + 1.4 105
Salt water 100 - 20 231 104 + 4.8 103
(Deeper layer) 20 -5 2.81 104 + 8.1 103
5-01 6.42 104 + 2.8 104

These data show that radiocaesium is mainly associated with the finest suspended particles
and the dissolved fraction of radiocaesium is lower in fresh water than in salt water.

K4 evaluated from the different grain size of suspended particles show higher values for the
grain size ranging from 5 t0 0.1 um and are lower in salt water than in fresh water.

The high standard deviation values found for the distribution coefficient of the finest
materials could be attributable to their different composition (organic matter and mineral
content) during the different sampling periods.

Total kq values for fresh and salt water, collected in the sampling points along Stella river,
have been assessed considering the Cs-137 concentrations in the different fractions of
suspended particles as follows:

ZCI'I

Total k, = cz

‘water

Where C; is the CS-137 concentration in suspended particles with size class i; a; is the
concentration of this class of particles in water and Cyaer represents the Cs-137 dissolved in
water.

The following figure reports the total kg values versus conductivity and shows that the

salinity of the water body influences highly the distribution of radiocaesium between water
and suspended materials.

- 366 -




mi/g (x 100000)

2.0 H

1.5

1.0 +

= Y=-2 890.7X+116 600

References

Ventura, G. , Belli, M., Sansone, U., Nicolai, P., Spezzano, P., Papucci, C., Marinaro, M.,
Mattassi, G., (1988).

"Radioecological research in northen Adriatic lagoons: activities and first results".
Proceedings of the international conference on environmental radioactivity in the
Mediterranean area, 467-478, Barcellona 10-13 May 1988.

September 1989, Elsevier Applied Science, 1989, 382-386.

Belli, M., Blasi, M., De Guarrini, F., Franchi, M., Giacomelli, R., Marinaro, M., Mattassi,
G., Nocente, M., Sansone, U., Spezzano, P., Ventura, G., (1989), "Risultati di due anni di
indagini radioecologiche nelle lagune di Marano e Grado"., ENEA, Sicurezza e
protezione, 21/89, 77-88.

Poggi, M., 1989, "Unitd modulare per il campionamento delle acque e del particolato in
sospensione”, Sicurezza e protezione, supp. al Notiziario ENEA, 21, 1989, 77-88.

Belli, M., Sansone, U., (1992)., Distribution of radiocaesium between dissolved and
particulates phases, (in preparation).

-367 -



Project 7
Head of project: Prof. Vanderborght

Objectives for the reporting period

Theoretical developments:

1) Development of a mathematical model for the physical and chemical speciation of
radionuclides in salt- and freshwater environments.

2) Development of a mathematical model for the biological availability of radionuclides in
salt- and freshwater environments.

Experimental developments:

1) Uptake of radionuclides in brine shrimp over time in physically and chemically defined
conditions with emphasis on the role of biological acclimation processes on radionuclide
availability.

2) Uptake of radionuclides in brine shrimp over time in physically and chemically defined
conditions with emphasis on the role of chemical speciation processes on radionuclide
availability.

Progress achieved including publications

The physical and chemical conditions in aquatic environments such as lake, river, estuarine
and sea areas are rather different. This does not only influence the speciation of the
radionuclides, but also the physiological organisation and condition of the organisms which
live in these environments. The most important steps in radionuclide uptake are: 1) the
translocation of the radionuclide across the solution-body interface and 2) the transport from
the exchange surfaces to the blood. The intracellular environment of the exchange structures
has a high metal binding capacity and acts as a free metal ion buffer. Therefore it is
anticipated that the effects of changes in the speciation of the radionuclide with changes in
the environmental conditions do not extent beyond the solution-body interface. However,
changes in environmental conditions such as the hydrogen ion concentration, the salinity and
the temperature are likely to influence the uptake of the metal by altering the organisation of
the interface and modulating the activity of the transport systems involved. To obtain a basic
understanding of the mechanisms controlling radionuclide availability, it is necessary to study
the separate and combined effects of changes in the chemical speciation and other
environmental factors on the uptake of radionuclides in different types of organisms. To
contribute to this goal we have studied the uptake of radioactive cobait, by a crustacean with
a very high capacity to adapt to different conditions, the brine shrimp, Artemia franciscana.
During these experiments the translocation of the metal across the solution-body interface was
followed by measuring uptake over a short period of time in animals exposed and/or
acclimated to different conditions (e.g. different hydrogen ion concentrations, salinities and
temperatures).
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We have developed a model that considers the speciation of an element in a particular
aqueous environment as the result of a variety of both physical and chemical processes which
act in concert. Acid-base, oxidation-reduction, association-dissociation, adsorption-desorption
and precipitation-dissolution processes are the regulatory factors which control the speciation
of an element in an aqueous solution. Based upon the concepts of chemical kinetics and
equilibrium a theoretical construction has been built that describes the principal physical and
chemical processes that take place in such a system.

The model uses the ion-association concept which invokes the existence of molecular species
like the free metal ion and metal-ligand complexes. A semi-empirical relation is used to
describe the conditional stability of each complex species formed with ionic strength. The
major problem in the building of such a speciation model is the compilation of a data base
that includes the information needed for a quantitative description of the processes considered.
In aqueous systems the number of interactions and species that have to be considered can be
considerable depending on the complexity of the system. Although a large number of
protonation constants, complex stability constants and solubility products have been measured,
independent measurements for the same reaction may vary considerably. Our compilation of
the information shows that in the best of all cases, measured values can be considered accurate
to about one-tenth of a log unit, but values for constants of the same reaction that differ over
an order of magnitude are also found. For many complexes formation constants have not been
measured and estimates must be made by comparison with values obtained for other metal
ions with the same ligand, or similar ligands with the same metal ion. The selection of the
values for the constants that describe the reactions which are considered is the most critical
step in the development of a speciation model. Although the methods we have developed for
the compilation of a reactions data base has considerably improved the model it is not error
free. The most important source of error are the inaccuracies in the values of the constants
which describe the reactions. To measure the effect of these errors on the results the model
considers these variations in its analysis. The result of the speciation model are the activities
or concentration of the different species considered in the model including uncertainty limits
determined by the errors in the values of the constants used. The model has been used to
model the speciation of radionuclides in defined sysiems of different composition. It has
proved of great value in the design and analysis of experiments concerning the availability and
uptake of radionuclides in defined salt-and freshwater systems.

2. Biological availability of radionuclides in salt- and freshwater environments

The process of radionuclide uptake by aquatic organisms is rather complex and involves
different steps which up to now have not been integrated into one single model. Briefly, the
first step involves the fixation of the element on the cellular surface of the solution-body
interface. This initial phase of metal uptake is assumed to be a simple adsorption process, with
the cell walls of the living cells perceived as providing surface sites for physical and chemical
adsorption. The second step involves the translocation of the metals across the solution-body
interface into the cells. This process appears to be a passive facilitated diffusion process driven
by the electrochemical gradient existing across the solution-body interface. The third step
involves the transfer of the radionuclide to the blood and other body compartments.

The aim of our experimental work concerning the biological availability of radionuclides is
to determine the quantitative role of these different steps. Within this framework it is
important to know to what extent chemical speciation and biological acclimation processes are
important in determining the availability of the radionuclides to the organisms. Studies carried
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out with radioactive cobalt have indeed shown that the availability of the radionuclide to the
brine shrimp is largely controlled by these two processes.

Cobalt uptake by the brine shrimp from solutions containing different inorganic or organic
ligands showed that complexation invariably decreases the availability of the radionuclide to
the brine shrimp. Generally, there is reasonable agreement between the free cobalt ion activity
in the solution and the availability of the metal to the brine shrimp. The effect of
complexation on metal availability is independent of the thermodynamic stability of the
metal-complexes formed. However, cobalt uptake is not a sole function of the free cobalt ion
activity in the solution.

Cobalt uptake by the brine shrimp increases with decreasing hydrogen ion concentrations.
Animals have been acclimated to different hydrogen ion concentrations and exposed to cobalt
in solutions of differing pH. Within and among the acclimation groups the uptake of cobalt
increases with decreasing hydrogen ion concentration. A simple non-linear model that
combines the effect of hydrogen ions on the transport of the metal across the solution-body
interface and the effect of hydrogen ions on the speciation of the metal, explained most of the
variation observed in the availability of cobalt to the brine shrimp with changes in pH.

Cobalt uptake by the brine shrimp decreases with increasing salinity. Animals have been
acclimated to different salinities and exposed to cobalt in solutions of differing salinity and
composition. Within each acclimation group the uptake of cobalt decreased with increasing
salinity. Among the acclimation groups uptake of cobalt increased with increasing salinity of
acclimation. Within each acclimation group uptake increased with increasing activity of the
free metal jon. The uptake of cobalt was not altered by changing the concentration of any of
the major cations. A simple non-linear model that combines the effects of the salinity of
exposure and acclimation on the transport of the metal across the solution-body interface and
the effect of the salinity of exposure on changes in the speciation of the metal, explained most
of the variation in the availability of cobalt to the brine shrimp with salinity.

Cobalt uptake by the brine shrimp increases with increasing temperature. Temperature
exposure and acclimation have different effects on the uptake of cobalt by the brine shrimp.
Uptake of cobalt by the brine shrimp increases with the temperature of exposure. The
temperature quotient for cobalt uptake is closer to one then to two which indicates that metal
uptake is a simple physical process, resembling free diffusion. Cobalt uptake decreases with
the temperature of acclimation. This in such a way that exposure to the temperature of
acclimation has no effect on metal uptake, but in the lowest temperature where uptake is
minimal. This indicates that temperature acclimation invokes a reorganisation of the metal
uptake system that compensates for the intrinsic effects of temperature on transport rates. A
simple non-linear model that combines the effect of the temperature of exposure and
acclimation on the transport of the metal across the solution-body interface and the effect of
the temperature of exposure on changes in the diffusion rate of the free metal ion, explained
most of the variation in the availability of cobalt to the brine shrimp with salinity.

The results of this study have clearly indicated the importance of both chemical and biological
processes in controlling the uptake of radioactive cobait by the brine shrimp, Ariemia
franciscana. The results obtained for radioactive cobalt have been confirmed by similar
experiments on the availability of copper and cadmium to the brine shrimp. Taken into
consideration the different effects of the environment on the speciation of the metal and the
flux of the metal across the solution-body interface, most of the variation in metal availability
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can be explained. The basic understanding concerning the mechanisms controlling metal ion
availability to the brine shrimp, provides a preliminary framework for the development of
conceptual models. These models can than be used to predict the fate and effects of metals
in the aquatic environment.

Publications for the reporting period:
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Project 8
Head of project: Prof. Serrano

Obijectives for the reporting period

The goal of our Group in the contract was to give a satisfactory interpretation on the degree
of variation existing in the present data on radionuclide accumulation by freshwater plants.
The data were collected so far for monitoring purposes without a reasonable control of the
main variables affecting to the accumulation processes, especially from a physiological point
of view. So in order to define which were the main variables influencing the accumulation
process, the first step was to build up a conceptual model on the accumulation processes from
at least two approaches. Firstly defining the processes at membrane level, and secondly to
whole organism level. These approaches are useful because it is possible to restrict the
framework in order to deal only with the main variables implied in the transfer of
radionuclides between the medium and the plant ceil.

Progress achieved including publications
1. hanisms of radi li nsfer mulation in pl. 11

1.1  Membrane level
There are two mechanisms that account for the accumulation of radionuclides in plant cells:

1-Adsorption, the accumulation of radionuclides to the external part of the cell, including the
periplasmic space by binding to the hydroxyl groups of cellulose, and in certain cases by
binding to the negatively charged headgroups placed in the outer part of the plasmalemma.
2-Absorption, the accumulation of radionuclides inside the cell. Most of radionuclides go into
the cell through channels for other naturally occurring ions. From the point of view of
radionuclide accumulation, the more important channels are those existing in the plasmalemma
for potassium and for calcium. Channels are pores with only two states: opened and closed.
The state of the channel depends mainly on the electrical potential difference across the
plasmalemma and internal and external activities of some ions. The best known are the
potassium channels, they are permeable to monovalent cations in a permeability order being
K*'>Rb*>NH,*>Na*>Li*>Cs*. This kind of channel is the pore used by Cs* radioisotopes to
enter the cell. Using "patch clamp" it is possible to define the activity as well as the amount
of current that those channels may transport from one side to the another in the plasmalemma,
in the figure 1a it is shown the open and close state of K* channels in the vacuole of Chara
corallina (R &, 1990). Note that the amount of current passing through the membrane increases
as the potential difference across the membrane increases, furthermore the amount of current
is zero when the potential difference is zero. So the amount of current (I) is proportional over
a certain range to the voltage. This relationship, is usually presented as the classical I/V curves
(see figure 1b), often in the bibliography after Neher & Sakman (1976).
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Another way to investigate the relative permeability of plant membranes for different ions is
with classical electrophysiology. The diffusion potential in most plants is highly dependent on
external potassium concentration. Increasing concentrations of potassium in the external
medium, produce successive depolarizations of the diffusion potential according with the
Nernst equation (Hope, 1971). Under controlled conditions it is possible substitute potassium
ions by sodium ions, recording simulataneously the diffusion potential, as we have done for
Riccia fluitans (figure 2). It is possible to compute the relative permeability of cesium with
respect to potassium from the difference between the degree of depolarization with the
external ionic concentration for cesium compared with potassium.
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Figure 1: a) Original recording from the current crossing the potassium channels in the vacuole of Chara
corallina;
b) amount of current vs voltage in the same organule and the same species.
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Figure 2: Continous recording of the membrane potential at the plasmalemma of Riccia fluitans under
different external potassium and cessium concentrations in the presence of 0.1 mM CN-.
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Figure 3: Degree of depolarization of the plasmalemma of Riccia fluitans under different external

concentrations of potassium (closed circles) and cesium (open circles).

Figure 3 is the plot of the degree of depolarization of the plasmalemma when the external
concentration of potassium or cesium are added. The relative permeability of cesium with
respect to potassium is accounted for the difference in the initial slope of the curves. This
experiment may be performed with others monovalent ions that enter the plant cell
through the same channel, an it is also possible to write a permeability secuence as in the
first page of this report.
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The physical driving force moving the ions into the cell through the channels is the
electrochemical gradient for each one, according with the equation,

Ap;/F=z(Em-EN') Eqn I

where Ay, / F is the electrochemical driving force for the "i" ion (being F the Faraday §

constant), z the charge of "i", Em the membrane potential and ENi is the Nernst potential
for "i". The Nernst potential for "i" is computed by the Nernst equation,

EN! = RT/zF In Clp/Cl;  Eqn. 2

where R is the gas constant, T is the absolute temperature, and CiO and Cii are the amount
of radioisotope in equilibrium with its natural existing form, outside and inside the cell
respectively. Note that, in the equilibrium CiO/Cii is an equivalent expression of the
inverse of the concentration factor for "i" (1/CF).

After a pulse in the concentration of a radioisotope in the medium, the ion will distribute
between both sides of the membrane according with Em and the external concentration
until Ag; / F be zero.

Once into the cell, another redistribution will take place between the cytoplasm and the
vacuole according with, as in the case of the plasmalemma, the electrochemical gradient
and the relative amount in the two cellular compartments.

1.2 Whole organism level

The main assumption made in the model of radionuclide accumulation at membrane level
is that adsorption take place several orders of magnitude faster than growth rate.

Growth is the increase of biomass with time, but there is a concomitant increase of water
and non-metabolizable elements, 1.e. ions involved turgor regulation and coenzymes that
are not included in the biomass sensu stricto. Most radionuclides are in this category,
specially those that are close to potassium (being cesium the most important) and calcium
(being strontium the most important). In plants, under constant conditions, growth is
dependent of net photosynthesis, that is the difference between gross photosynthesis and
respiration.

In fast growing species growth is probably the main variable controlling the radionuclide
accumulation processes. Here will be useful some experiments with unicellular algae
cultured in chemostats. This culture method permits, by changing the dilution rate,
manipulate the growth rate as well.

1.3  Main variables implied in radionuclide accumulation

At membrane level the variables that control the radionuclide accumulation are those
controlling the electrochemical gradient and those affecting the operation of the channels.
Variables related to the electrochemical gradient.

1.- pH.

Since freshwater plants have a proton pump as primary pump, Em (the membrane
potential) will be in those plants highly dependent on pH.

2.- Temperature.

The membrane potential depends on the amount of cytosolic ATP. It has a respiratory
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origin in its most part, so temperature controls the electrochemical gradient by controlling
the respiration rate. Furthermore temperature has influence on the Nernst potential for the
ion under consideration.

3.- Internal-external ratio of the natural form of the radioisotope.

This ratio determine in part the electrochemical gradient, by affecting to the total Nernst
potential of the ion (radioactive part included).

Variables related to the operation of the channels.

1.- External concentration of related ions.

lons competing for the same pore that the radioisotope. Assuming the permeability order

given in the first page, K*¥ >Rb+ >NH4+ >Nat > Li* will decrease the accumulation

of 134Cs ¥ depending on the external concentration, corrected by the relative permeability

with respect to Cst.

2.- External concentration of controlling ions.

In most plants there are channels for potassium controlled by calcium. So the external
concentration of calcium may control the degree of accumulation of a certain ion entering
the cell through the potassium channels.

At whole organism level the variables that control the radionuclide accumulation, are those
related with growth regulation. Assuming that growth is related to net photosynthesis, the
variables controlling these processes, probably will exert some kind of influence on
radionuclide accumulation.

1.- Light.

Because photosynthesis (that means growth in autotrophic organisms) use light as well as
COy as the main substrata.

2.- Temperature.

Because it has influence on both respiration and photosynthesis rates.

3.- Nutrients.

Especially the nutrients known as limiting nutrients, because under a certain limit the
concentration of one of those nutrients limits growth.

2. ludin k

From a physiological point of view, according to the model described above, the variables
that control the accumulation of a positively charged monovalent radioisotope in plant
cells are, in principle: pH, Temperature. external concentration of its natural occurring
form, external concentration of K and Ca™*, light (daily mean irradiance) and
nutrients (nitrogen and phosphorus). These variables are essentially the same for the rest
of radionuclides but considering that the channel used for entering the cell, and the ions
competing for the channel are different.
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Project 9
Head of project: Dr. Hambuckers - Berhin

Objectives for the reporting period

- choice of a bacterial population to model the radionuclide transfers in the river ecosystem
- study of ®Co and 'Cs uptake by bacteria in the water column

- study of ®Co and "Cs desorption by bacteria in relation to environmental parameters such
as temperature and hydrogen ion activity

Progress achieved including publications
1. Introduction

In the aquatic environment, bacteria are involved in the radionuclide cycle at two levels.
Firstly, they are vectors of radionuclide carriage because they are able to uptake, store and
release radionuclides. Secondly, bacteria contribute by biodegradation to the release of
radionuclides sequestered in the organic matter. Indeed, it was observed that bacterial yield
ranges from 0.1 to 0.3 (Servais et al., 1987), i.e.90 % to 70 % of the organic matter is
hydrolyzed with parallel release of trapped radionuclides.

Living organisms (including bacteria) trap radioeclements. When these organisms die, they are
transformed into organic particules by the bacteria either in the water column or in the
sediment. Then, the radionuclides are released in several ways: (i) the radionuclides are
transferred to the aqueous phase (ii) the radiocontaminated organic matter could either remain
suspended in the water column or settle to the bottom of the river where bacteria again
contribute to hydrolyse the radiocontaminated organic particles. Thus, the radionuclides are
transfered to bacteria, to the interstitial water and still to the mineral particules. In addition,
the radioactivity could be transfered to the water column. The same transfers could occur in
the suspended organic matter of the water column.

Therefore, it is obvious that a whole model of the radionuclide cycling in aquatic environment
needs to include the role of bacteria.

2. Resul i ion

1) One of the first questions which arises when studying the role of bacteria in the
radionuclide transfer is the choice of the bacterial population. For this purpose, the aerobic
bacterial communities colonizing the sediment and the water column of the Meuse river were
compared on the ground of the biochemical features of the strains. The strain similarities were
estimated by the matching coefficients of Sokal and Michener SM (1958) and of Jaccard SJ
(Sneath and Sokal, 1973). Cluster analysis was carried out using the average linkage method
(SAS, 1985).

The cluster (Fig.1) shows that all the 50 strains were recovered in two main clusters. Cluster
1 which joined at 70 %of all the strains, is composed of 63 % of water column strains and
37% of sediment strains. Cluster 2, forms at 30% of all the strains with 1

strain of the water column and 14 strains of the sediments. The strains clustered in this
group were different from the strains of cluster 1 by the ability to use some carbohydrates

as mannitol, sorbitol, rhamnose and sacch_arose. ) o )
The cluster analysis shows that the aerobic bacterial community isolated from the sediment
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was constituted of two groups : one group presenting the same biochemical features as the
aerobic bacterial community isolated from the water column, and an other goup, more
extent , composed of strains only present in the sediments.

Thus, in our study on the role of bacteria in the radionuclide transfers in aquatic ecosystem,
we use the aerobic bacterial community isolated from the sediment and we consider that we
have the responses of all the aerobic bacterial communities of the river.

2) The uptake of 60Co and 134Cs by the bacterial communities collected from the Mguse

river was investigated in presence of increasing radiocontamination (up to 2000 Bq ml™") in

a medium-based Meuse water.

The data were plotted according to the reciprocal form of the Michaelis-Menten f:quqtion:

UV = (1/Vyax) + Kp/Vigax)- (1/IS]) where V was the rate of uptake (Bq.g™".h™"), [S]

was the activity of medium &q.ml'l), Vmax Was the maximal rate and K, was the

Michaelis consiant.

The uptake of ®VCo could be described bly two kinetics depending on the rapge of the water

contamination, from 24 to 90 Bq.ml™' and from 90 to 2000 Bq.mi™". These levels

determined respectively the maximal rates V4.1 and V..o and the Michaelis constants

K1 and Kqpo (table 1).

Tgé level of radiocontamination respectively explained 58% and 98% of the variation of the

contamination rates.

The "2%Cs uptake only showed one kinetic. 73% of the variation of the contamination rate

were explained by the level of radiocontamination of the water column.

During the radiocontamination, 33% and 24% of the variations of the concentration factor

could be explained by the contacgﬂduratiorl betwefig the biomass and the radioltgnflides fYr

the “YCo (from 22 to 2000 Bq “YCo.ml™') and 4Cs (from 16 to 300 Bq 14Cs.mi’])

respectively.

At the end of the uptake experiment (24 h; bacterial biomass: 500 mg d.w./l) , the activity

remaini%in the water column ranked between 25% and 40% of the initial activity in the

Tgs of “YCo (initial activity: O to ZOqO Bq.ml™ ') and between 45 and 95% in the case of
Cs (initial activity: O to 300&)q.m1‘ ).

Thus, an important part of “YCo and 134Cs can be kept by the aerobic bacterial

communities which constitute therefore, a pool of radionuclides in the river ecosystem.

3) The decontamination of the bacterial community loaded with 60Co and 134Cs was
investigated in relation to two environmental parameters, the temperature and the pH.

When the temperature of the water column was maintained at 20 C, the kinetic of the
decontamination of the bacterial community was described by a double negative exponentiel
model with four parameters. It was fitted using the procedure NLIN of SAS (1985)
following the DUD method of Raltson an%dennric111§1979) :

y = m e 3 + nePX where y was the ®VCo or 4Cs content of bacteria (Bq.g'1 d.w.)
and x was the time (h); a and b were parameters depending on the desorption rate and are
considered as an estimation of the biological half-lives Tby and Thy respectively.

For both radionuclides, the biological half-lives Tby were found to be extremely low, of the
order of few68ec0nds to few minutes whelrﬁs the biological half-lives Tby were higher (15h
to 461h for ®YCo and 39h to 8,976h for Cs).

Examples of data with adjusted curve were given folr 60co (Fig.2) and 134¢g (Fig.3).
Except for a high value of Tby observed with 34cs (367 d) and a very small value
observed with ®VCo(0.6 d) - botﬁ corresponding with the weakest radiocontamination level
of the medium during the radiocontamination of the bacteria communities - the values of
biological half-lives were of the same magnitude given for Scenedesmus (Nucho and
Baudin, 1986; Sombré, 1987).

In some cases, the desorption kinetics was not describe by a biphasique process being fitted
by a double negative exponential model. .

When the temperature of the water column was maintained at 13 C (average temperature of
the Meuse river), the results showed that radionuclides fixed by bacteria were not released.
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At 20°C, the decontamination of the bacterial community was followed as the pH increased
from 6.5 to 9. The chosen criteria was the increase of radioactivity in the water column.
The data were fitted by ﬂl) e following mathematlc% relation:

y = m(l-e®) + n(1-¢P%), where y was the ®YCo or the 134Cs content of the water
column (Bq.ml” 1) and x was the time (h); a and b parameters were the %B)loglcal f lives.
Two values of the water column pH were critical for the release of ®YCo and 4Cs by
bacterial community; the rate of desorption was the lowest at pH 8.0 and the highest at pH
7.0 (i.e. Fig.4).

These results shown that, when the average temperature and pH of the Meuse river (pH
8.0, 13°C) were changed, a loss of the radionuclides immobilized by the bacterial biomass
occured and more radioactivity was consequently recovered in the water column.

4) Whole bacterial communities were used in the above experiments because this approach
took into account the interspecific links and appeared to be the most ecological. However
several practical problems occured and the reproductibility of the results was sometimes
questionable. It’s the reason why it was decided to perform the next experiments with a
well defined strain, Alcaligenes eutrophus CH34. This wild strain was currently
investigated in laboratory and it was isolated from an oligotrophic freshwater ecosystem. It
was examinated for its main morphological and biochemical features and was compared
with the aerobic bacterial communities of the Meuse river by cluster analyses. The cluster
proves that Alcaligenes eutropohus CH34 belongs to the main cluster (clusterl, Fig.1)
which joined all the water column strains and a large part of the sediment strains.

Therefore it could be concluded that Alcaligenes eutrophus CH34 was an appropriate
bacterial model of the aerobic bacterial communities of the Meuse river on the basis of its
biochemical features.

3. nclusion

This study dealt with the radionuclide fluxes in aquatic ecosystem between the bacteria and
the water (water column and interstitial water).

The comparison of the aerobic bacterial communities colonising the sediment and the water
column on the basis of biochemical features yielded results indicating that the aerobic
bacterial community isolated from the sediment and the strain Alcaligenes eutropohus CH34
constituted an approp e bacteri odel of all aerobic bacterial communities of the river.
An important part of Co and Cs can be immobilized by the bacterial biomass which
constitutes therefore a pool of radionuclides capable of being transfered to the water column
depending on the v1r0nmenl 1 conditions.

The uptake of Co and 134Cs by bacteria was followed in function of increasing
radionuclide levels in the environment and described by a Michaelis - Menten model.

The kinetic of the decontamination of bacteria was described by a double negative
exponential relation.

The influence of environmental parameters shows that in the Meuse river, with a mean
temperature of 13°C and a pH of 8, radionuclide elimination rates are very low so that the
elements are effectively trapped by bacterial biomass. When the conditions change, the loss
of the radionuclides immobilized by the bacterial biomass occurs and radioactivity
consequently increases in the water column.

It appears that the environmental parameters play a great role in the radionuclide transfers
mediated by bacteria and are to be more deeply investigated in the further.

Other research groups collaborating,

J. Hilton (1. F. E.,U. K)):

A. Cremers (K. U. L. Belgium):

A. Lambrechts (C. E. A. Cadarache, France):

Active participation at the meetings of Rome (May 90), Nantes (May 91) and Malaga
(January 92).
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Figure 2: Desorption of Co by the bacterial community. Observed and predicted values.
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Figure 3: Desorption of 13Cs by the bacterial community. Observed and predicted values.
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Figure 4: Half-lives (Tb1) for the Co desorption of the bacterial community as a function of the water
column pH.
Table 1: Kinetics of 6°Co and 134Cs uptake by bacterial community.
(comments in the text)
s8] Km/Vmax 1/Vmax r Vmax Kn
Cob0 24->90 23.8.10°3  0.4.10°3 0.7595 2500 63.70
90->2000  61.3-10-3 53.5.10°3  0.9924 18692  1145.79
csi34 22->295 186.7-10-3 o0.8.10°3  0.8570 1286 240
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Project 10
Head of project: Dr. R.N.J. Comans

Objectives for the reporting period

The project has the following objectives:

- to study the mechanisms of radiocaesium mobility in freshwater sediments using a combined
laboratory and field approach

- to optimize a procedure to measure in-situ Kp-values for radiocaesium

- to relate in-situ Kyvalues for radiocaesium in sediments, and their variation with pore-water
concentrations of competing ions, to sorption mechanisms of radiocaesium studied in the laboratory
at the microscopic level

Progress achieved including publications

1. Introduction

Since the Chernobyl accident, the interaction of caesium with soils and sediments has been given
renewed attention Although significant progress has been made in laboratory studies of radiocaesium
mobility, in-situ studies in the environment are hampered by the very low activities in aqueous
compartments soon after the accident. Because it is our ulimate goal to predict the transport of
radiocaesium through the environment, in-sifu measurements of this radionuclide and its mobility
controlling parameters are necessary to verify our predictions and to indicate additional factors affecting
radiocaesium transport that should be considered in our models.

The present study focuses on the solid/liquid distribution coefficient, or K , of radiocaesium. This
parameter quantifies the interaction of the radionuclide with the solid compartment in sediments and
soils and controls, therefore, its mobility. The Ky-value for radiocaesium varies not only between
different sediments and soils, which has been attributed by Cremers et al. (1988) to the availabilty of
ilitic frayed edges, but is also subject to chemical changes within these environments. Post-
depositional changes in the pore water chemistry of freshwater sediments may, therefore, resuit in a
partial remobilization of sediment-bound radiocaesium (Comans et al, 1989). The extent of such a
possible remobilization depends on the reversibility of the caesium-sediment interaction and is of great
importance for the establishment of the radiological consequences of nuclear accidents. This study
includes, therefore, an in-situ investigation of radiocaesium mobility in freshwater sediments, as well as
an investigation of the mechanisms affecting caesium sorption reversibility.

2. Measurements of in-situ Kp'

In collaboration with the Institute of Freshwater Ecology (Windermere, UK) and the University of
Utrecht, Dept. of Geochemistry (The Netherlands), 9 cores of 7 cm diameter were collected from the
sediment of lake Esthwaite in the English Lake District. The cores were shiced in a glove box under a
nitrogen atmosphere at 1-2 cm intervals over the top 17 cm of the core and at one 4 cm interval from
17-21 cm. The pore water was separated from the individual slices, using a filtration procedure, in a
separate glove box under a high purity nitrogen atmosphere (O, < 0.003%) to prevent any oxidation of
the anaerobic samples The pore water from each three cores was combined and analyzed for major
elements and nutrients. As the pore water chemistry showed no major differences between identical
intervals in the three subsets, the remainder of the pore water from each depth-interval was combined
to a volume of approximately 200 mL. After preconcentration on ammoniummolybdophosphate (AMP),
dissolved ™’Cs was measured using an ultra-low-background anti-coincidence y-counting facility.
Counting times vared from three to ten days per sample. Both '*Cs and "’Cs were measured in the
sediment. /n-situ Ky's for "37Cs were calculated from the activity in the solid and the pore water from
each sediment slice.
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The sediment profile for ***Cs and '*’Cs is shown in Figure 1. The distinct maximum for both
isotopes at a depth of 3-4 cm is related to the Chernobyl accident. The '**Cs/"’Cs ratios of
approximately 0.5 are characteristic for the Chernobyl fallout (0 5-0.6) A second and broader signature
with a maximum around 7-8 cm and "3*Cs/"¥’Cs ratios far below 0.5 is probably related to the nuclear
weapons tests in the 1950s and 1960s. The levels of "*'Cs in pore water appeared to be extremely low,
~3-30 mBg/L, and could only be measured with a very large uncertainty, despite the counting times of
up to 10 days per sample. In-situ Ky's calculated from these values are of the order of 10*10° UKg.
No significant relationship was observed with sediment depth. Pore-water concentrations of ions
competing with caesium for illitic exchange sites were very low (K*= 30-50 umoles/L; NH4* = 60-
190 pmoles/L) and changed only slightly with depth. These conditions and the relatively high clay
mineral content of the sediments (concentration of illitic frayed edge sites ~ 20 peq/g, as determined
by Cremers and coworkers) cause the observed very high Kp-values and, as a result, fow dissoived

radiocaesium levels.

Figure 2 shows the relationship between the total in-situ Ky for radiocaesium and the pore-water
ammonium concentrations in sediments from three European freshwater systems; Ketelmeer
(Comans et al.,1989) Hollands Diep (Comans, in prep.) and Esthwaite. The concentrations of illitic
frayed edge sites in the sediments from these lakes, as measured by Cremers and coworkers, are fairly
similar. The negative slope in Fig. 2 reflects the competition of ammonium and caesium for the same
exchange sites. The slope of = -1 is consistent with ion-exchange theory, if ammonium controls the
radiocaesium Kgp in these anoxis sediments.

Esthwaite sediment

activity [Bq/Kg]
0 200 400 600

—&— Cs137

o Cs-134

depth [cm]

Figure 1. Sediment profiles of ¥'Cs and '**Cs in Lake
Esthwaite (Cumbria, UK). Activities are decay-corrected to April
1986.
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Figure 2. Relationship between '*'Cs in-situ Ky and pore-water
NH4+ concentration in sediments from Ketelmeer , Hollands Diep
(Comans, in prep.) and Esthwaite.

3. iffusion- i}

It is well known that Kp-values for trace elements are dependent on the liquid/solid conditions (or
particle concentration; see e.g. overview by Honeyman & Santschi, 1988). It is generally observed
that Kp's decrease strongly with increasing particle concentration. Kp-values obtained from batch
laboratory experiments, using particle concentrations far below those in sediments, are therefore
difficult to relate directly to values measured in-situ. As an alternative to batch experiments, a
radiotracer diffusion-tube procedure is being used and further developed at ECN to study
contaminant partitioning under liquid/solid conditions similar to those in sediments or soils. The
procedure is briefly outlined in Figure 3. One half of a small tube (typically a few centimetres) is packed
with sediment which has been thoroughly mixed with a radiotracer spike. Subsequently, the second
half of the tube is carefully packed with the same sediment, but without radiotracer spike. The ends of
the tube are sealed and the system is left to equilibrate. For anoxic sediments, all handling is done in a
glove box under a nitrogen atmosphere. The radiotracer diffuses slowly from the labelled into the non-
labelled segment. After an appropriate equilibration time, the tube is sliced in small segments which
are y or B-counted to construct the diffusion profile. The effective diffusion coefficient of a sorbing
trace metal, such as caesium, in sediments or soils is reduced relative to its aquaeous diffusion
coefficient by a physical (Tortuosity) and a chemical retardation factor. Tortuosity is calculated from a
similar diffusion tube experiment with 3H,0, which shows no chemical interaction with the solids. The
Kp is then calculated from the chemical retardation factor.

Figure 4 shows a typical diffusion profile for radiocaesium in Esthwaite sediments. Experiments
were done with sediment samples from different depths (i.e. different ammonium concentrations), but
the effective diffusion coefficients were not significantly different, probably as a result of the low pore-
water NH,* levels. The Kp-values calculated from the diffusion experiments were about 100 L/Kg, and
hence more than two orders of magnitude lower than the values measured in-situ. This difference may
appear surprising, but will be further discussed below.
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Figure 4. Diffusion profile of freshly added radiocaesium in
Esthwaite sediment. The sediment on the left hand side of the

tube was labelled with "¥'Cs.
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" Mechani fectl . i il

When studying radiocaesium mobility and the potential risk of remobilization from contaminated
sediments, knowledge of the underlying mechanisms of caesium sorption on sediments is a
prerequisite. Especially the reversibility of the process, which reflects the ability of sediment-bound
radiocaesium to be released to the aqueous phase by changing conditions, is pertinent to the
question of remobilization.

Since it is now well accepted that interaction whit the frayed edges of illitic clay minerals largely
controls the mobility of radiocaesium in mineral sediments and soils, it is reasonable to assume that the
reversibility of this process largely determines the overall ability of the radioisotope to be released from
the solids. Comans et al. (1991) have shown that the reversibility of caesium sorption on ilite was
strongly affected by slow sorption processes and by the nature of the major competing cation (i.e.
calcium or potassium). In a calcium environment, caesium sorption was observed to proceed
significantly faster and to reach much higher Ky values than in an environment dominated by
potassium. The apparent reversibility of the process was shown to be controlled by the continuing
siow sorption processes, but was substantially less in an environment dominated by calcium. Comans
et al. (1991) have postulated that a fraction of caesium migrates slowly to highly selective interlayer
sites within the clay mineral from it is not easily released. Caesium apparently moves faster through the
expanded edge-intelayers in the calcium-dominated system than through the collapsed edges in the
potassium system.

The importance of the kinetics of caesium sorption on illite for modelling the mobility and potential
remobilization of sediment-bound radiocaesium made it necessary to develop, partly within the
framework of the present project, a kinetic model to fully describe caesium sorption and to evaluate the
development of reversibly and irreversibly sorbed caesium fractions over time. A three-box model was
developed, which includes fast reversible sorption on sites which are partly rapidly accessible and in
instantaneous equilibrium, and partly kinetically controlled. The equilibrium condition of the reversible
reaction is described by a Freundlich isotherm. Rapid reversible sorption is followed in series by a slow,
wreversible first-order process. The model is consistent with the above mechanistic hypothesis and
describes the data of Comans et al. (1991) at different caesium concentrations, and a new data set at
two different particle concentrations, adequately. The rate constant for the slow irreversible process is
0.0038 d”' for caesium sorption on potassium-saturated illite and 0.020 d™ for calcium-saturated iliite.
Further details of the kinetic modelling can be found in Comans & Hockley (1992). At the macroscopic
level (Fig. 5), the kinetic model predicts that reversible sorption is important over time scales of a few
days and less and may, therefore, affect radiocaesium transport in the water column. [rreversible
sorption becomes important over time scales of weeks to months and is, therefore, of greatest
importance for radiocaesium in sediments. The latter process is especially relevant for estimations of
the potential amount of sediment-bound radiocaesium that may be mobilized under anoxic conditions.
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Kinetics of reversible and irreversible Cs sorption on illite
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Figure 5. Time evolution of reversibly and irreversibly sorbed Cs, as predicted by the three-box
model (Comans & Hockley, 1992), for 5 pg/L total Cs and a particle (jllite) concentration of 100
mg/L.

As Figure 5 clearly indicates, the reversibility of radiocaesium decreases substantially with time. The
above laboratory and modelling results suggest that radiocaesium is slowly immobilized by the
hypothesized migration into the illitic interlayers. There is, however, evidence that stil a few percent of
sediment-bound radiocaesium can be remobilized by enhanced NH," levels in anoxic pore waters, even
after many years of contact (Evans et al.,, 1983; Comans et al., 1989). The necessary backwards
reaction is possibly too slow to be noticed in laboratory experiments of a few weeks, but may become
important over longer time periods. Combined field work and long-term laboratory sorption experiments
are necessary to determine the possible reverse rate.

Irreversibly sorbed radiocaesium contributes to the overall (in-situ) K, and may not, or only after long
periods of time, respond to high levels of dissolved competing ions. It is, therefore, important to
establish the fractions of the overall (in-situ) K, related to the (rapidly) exchangeable and to the
apparently non-exchangeable radioisotope. In additio