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INTRODUCTION

Nineteen hundred ninety-nine: a breaking point in the scientific program of (SCK'CEN), the Belgian

Nuclear Research Centre.

ost probably, history will not notice such a sharp evolution. However in 1999, SCK»CEN embarked

' in the field of societal issues in nuclear research. Reflection groups started around "expert deontology"

and on "ethical choices in radiation protection". Research programs are initiated on "sustainable; development

initiatives in the nuclear field", on "intergenerational effects in radioactive waste management", on "law

aspects of nuclear liability" and on "relevant factors in risk perception, information flow and communication

interaction in radiological emergency".

Our historic fame on radiation protection is injected into a growing number of medical applications of ionis-

ing radiation e.g. on the optimisation of medical exposures and on the development of Re-188 labelled radio-

pharmaceuticals.

The bulk of our research, however, is still related to selected topics in the vast domain of nuclear production

of electricity as witnessed by the list of contents of this report and the organisation of SCK'CEN with four

scientific divisions:

a Radiation protection grouping the departments decision strategy research, safeguards and physical meas-

urements, radiation protection research and low-level radioactivity measurements:

2« Radioactive waste and cleanup, grouping the departments waste and disposal, site restoration and nuclear

chemistry

B Reactor safety grouping the departments reactorphysics and MYRRHA, reactor materials research and

instrumentation

e BR2 reactor grouping the departments BR2 operation and reactor experiments.

Marketing, finances and administration, and general technical support are organised by specific divisions.

Common support and control services such as scientific co-ordination, contract management, quality assur-

ance operational safety, and medical services are joined directly to the general management
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Preservation of know-how and experience is guar-

anteed by the daily management of our heavy nuclear

infrastructure and the design of a 25 MW multipur-

pose neutron source, called MYRRHA.

MYRRHA is an accelerated driven system (ADS)

providing protons and neutrons for various R&D

topics. Envisaged applications can be grouped in

three blocks:

Enhancement and triggering of new R&D activi-

ties involving existing SCK'CEN competencies

such as in waste transmutation and in ADS tech-

nology;

Initiation of new competencies at SCK'CEN such

as research on environmental medicine and proton

and neutron beam applications for fundamental

and applied physics;

E Continuation and later on expansion of the ongo-

ing SCK-CEN R&D programmes in the field of

reactor materials, fuel and reactor physics research

SCK'CEN actively participates in creative discus-

sions to host a postgraduate curriculum in nuclear

engineering with a European dimension. We contin-

ue our program where young scientists are granted to

prepare at SCK'CEN premises a doctoral theses or to

deliver a post-doctoral work.

1999 selection in the SCK'CEN program where

young scientists are granted to prepare a doctoral

thesis or to deliver a post-doctoral work.

Registered schooling, education and training of

SCK'CEN staff amounts to 3% of the working time

and 5% of the turnover, almost twice as previous

years.

Registered output shows a slow but s:eady increase

in publications in International Journals. Conference

participation, as compared to previous years, is at

normal pace. The rise in Contract Reports might be

contributed to the end of the fourth European R&D

program. The doctorate theses are the straight conse-

quence of the strategic decision on the young scien-

tist program. The downward trend in university final

year theses is confirmed. It coincides with a declin-

ing interest in science and engineering.

Name
PhD candidates

Postdoctoral
researchers

Gregory Delecaut

Eric Laes

Jan Ronsyn

Gert
Van den Eynde

Raffi Benotmane

Michel Bovy

Gustaaf C.
Cornelis

Jun Liu

Temenouga
Petrova

Ludo Vermeeren

Research topic
The behaviour of uranium in the Boom Clay

Nuclear energy and sustainable development

Modelling of the behaviour of radium in a small stream

Development and experimental validation of a 3-D code for the kinetic
treatment of a subcritical system with external neutron source with application
on ADS systems such as MYRRHA
Role of transcription factors in radiation-induced DNA repair, cell cycle G2 arrest,
apoptosis and cancer

Implications and communication support in the organisation of emergency plans

A philosophical contribution within the framework of the project
"intergenerational ethics related to the disposal of long-lived radioactive waste"

Development of a Fuzzy-Neural-based Intelligent software for Safeguards
applications

Preparation of parameterised cross-sections libraries for different types of
assemblies used in BR2

Evaluation of signals from in-pile monitoring devices with application to the BR2
reactor and parasitic effects of neutron and gamma fluxes in instrumentation
chains
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Scientific output

Publications

Conferences

Reports

(Parts of) books

Patents

Theses

Participation in
expert groups

Training courses

Miscellaneous output

international journals
national journals
proceedings

international presentations
national presentations
international posters

contract reports
SCK'CEN reports (restricted)
SCK'CEN reports (public)

doctorate theses
final-year theses (university)
final-year projects (college)

1992

11
4
13

39
5
7

83
11
11

5

1

0
10
6

8

7

13

1993

19
3
11

79
7
19

82
27
11

2

1

1
11
20

5

10

3

1994

17
2
14

94
14
17

116
28
9

1

5

1
18
16

18

9

5

1995

31
4
33

101
13
17

118
31
19

4

3

1
15
17

7

6

9

1996

34
5
56

153
36
45

82
10
19

12

4

2
19
18

7

3

14

1997

43
6

46

104
17
28

61
14
38

7

2

2
5
10

8

13

11

1998

42
9
55

82
6
23

62
11
16

6

1

4
2
17

3

12

6

1999

50
2
60

119
17
38

98
5

24

8

1

5
3
13

9

10

10

Registered output shows a slow but steady increase in publications in International Journals. Conference

participation, as compared to previous years, is at normal pace. The rise in Contract Reports might be con-

tributed to the end of the fourth European R&D program. The doctorate theses are the straight conse-

quence of the strategic decision on the young scientist program. The downward trend in university final

year theses is confirmed. It coincides with a declining interest in science and engineering.

External advisory committees continuously evaluate the scientific programmes of SCK*CEN. Their members

are selected by the board of directors among the academic world and among senior actors of the nuclear com-

munity.
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PAUL DEJONGHE - ADVISOR
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DIDIER HAAS

Radiation Protection

CHRIS HUYSKENS - CHAIRMAN

FELIX LUYKX
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PATRICK SMEESTERS

AUGUSTIJN JANSSENS

ANDRE WAMBERSIE

AUGUST PIRON
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Background

The development of technology was a major driver

of the 20th century, resulting in progress for society

and growing perspectives for health. However, the

initial optimism, prosperity and progress due to the

introduction of various technologies on a very large

scale, often diminished, or at least changed into con-

cern or environmental problems. This clearly also

happened in the case of nuclear technology. Its mili-

tary use, the demonstration of its global pollution

capacity and the nuclear waste challenges have over-

shadowed its development. As radiation is a cancero-

gen, science and technology have taken care by set-

ting up a stochastic risk philosophy.

Nuclear research could successfully develop numer-

ous technologies for medicine and energy but did not

address some human factors nor resolve some prob-

lems for society in due time. Several aspects of the

inter-action with man in a democratic society were

overlooked. The nuclear industry - similarly to many

other new technologies - was late aware of the chal-

lenges of global economic competitiveness and

evolving sustainability criteria.

Until now, the nuclear expert is struggling with soci-

etal interaction and media. The nuclear industrial cul-

ture, often contaminated in the past by secrecy, made

mistakes in the evolution towards an information

society. Acceptability became the core problem

needing an in-depth study.

A nuclear research institute such as SCK'CEN has

experience with multi-disciplinarity in exact sciences

and technology. It is noticed however that man

became a very active component in the nuclear hap-

pening and moreover a concerned actor. It was con-

cluded that the study of nuclear complexity should be

extended to social science and society. After prelim-

inary collaborations within the fields of Law or

Economics, and on the initiative of the president of

the board, a topical day was organised early 1999,

making an inventory of demands in SCK»CEN and

of interested potential supply by university teams in

social sciences and humanities.

SCK'CEN's strategic plan stimulates a transdiscipli-

nary approach in a planned and co-ordinated way.

Objectives

To improve the nuclear research approach by inte-

grating social sciences - where needed - to solve

complex problems in interaction with society.

To stimulate university collaboration with social dis-

ciplines in a learning process towards transdiscipli-

narity and improved societal responsibility.

To improve the training of nuclear experts of

SCK'CEN by gaining insight in their expert culture

and implicit ethical choices.

To develop projects and an original transdisciplinary

program and project management by involving

young and senior scientists, a variety of university

opinions and relevant actors from industry and soci-

ety.

To participate to national and international networks

such as the Technology Watch function of JRC

Sevilla or future missions of FANC (Federal Agency

for Nuclear Control) and NIRAS/ONDRAF (the

Belgian waste handling authority).

Achievements
General

3 4 projects were defined starting from expressed

interests within SCK'CEN, shaped by a working

group chaired by the general manager:

• Sustainability and nuclear development;

• Transgenerational ethics related to the disposal

of long-lived radwaste;

• Legal aspects and liability;

• Emergency communication and risk perception.

Two reflection groups (see: separate contributions

on this topic) were created in order to deepen

insight while creating exchange of disciplinary

approaches of the committed SCK'CEN

researchers and social scientists:

• Expert culture;

• Ethical choices.

Collaboration with a variety of universities, cul-

tures and disciplines was realised.

Young doctorate and post-doctorate researchers

and university promoters with experience in inter-

action processes of technology with society partic-

ipate and work in team.

s Steering committees with actors and external

experts were set up for each project.

Sustainability and nuclear development
(SuND)

The project 'Sustainability & Nuclear Development'

(SuND) aims at performing transdisciplinary

research on the technological aspects of nuclear sci-

ence & technology in interaction with human sci-

Nuclear Research and Society



ences (economics, philosophy, social sciences,
ethics, law) in view of sustainability.

In practice, four (parallel) research tracks have been
developed, relating sustainable development and
transdisciplinarity; technology assessment; energy
policies and nuclear energy. It is elaborating on the
following criteria for sustainable development:

Impact on the environment during normal opera-
tion (focus on high level waste);

Efficient use of resources;

Safety (reliability, robustness, 'catastrophe free');

Economical aspects (competitiveness);

Proliferation;

The project started in September 1999. A detailed
planning was set up for a PhD (Eric Laes, in collab-
oration with KULeuven) mainly concentrating on the
nuclear energy issue and with focus on nuclear
waste. Contacts with universities and the Belgian
Federal Planning Office were made to form a SuND
Steering Committee. Staff members were involved in
conferences and activities related to sustainable
development in nuclear and non nuclear fields: EC
SINTER workshop, co-ordination of European
Nuclear Society activities and meetings within the
United Nations Framework Convention on Climate
Change, sessions of the European Parliament,
Global99 Conference (Wyoming, US), European
Nuclear Society Topseal99 (Antwerp).

protection and passive safety, the latter meaning pre-
cisely that a level of protection can be reached, inde-
pendently of active measures to be taken by future
generations. Principles like precautionary, burden,
relative responsibility and sustainable development
will be analyzed in this context. This requires philo-
sophical reflection in view of the transgenerational
context (completeness, cultural determination, and
stability) but also the study of the interrelationship
between these different dimensions.

Actions will be first oriented to the impact of the
time scale to be considered from an ethical as well as
from a technical point of view. After some biblio-
graphical work and the clarification of the terminol-
ogy to be used, a questionnaire will be elaborated to
get some input from the "experts" and the other rep-
resentatives of the public on the proposed topic.

The principle of precaution will be first discussed in
the frame of the project and the implications of crite-
ria like the retrievability in the disposal context will
be analysed.

A post-doc research candidate (Gustaaf Cornelis, in
collaboration with VUB) has been engaged, and a
steering committee has been created in order to fol-
low up and to some extent guide the work that will
be performed. Beside some SCK'CEN representa-
tives and the promoter, this committee is composed
of representatives of the Waste Management
Authority NIRAS/ONDRAF and of the Swedish
Nuclear Fuel and Waste Management Co, SKB.

Transgenerational Ethics related to the
disposal of long-lived radwaste

Long-lived radioactive waste from nuclear energy
production raises specific problems. Different strate-
gies and policies, from geological disposal of
reprocessed waste to direct disposal of spent fuel, are
proposed. Within this research programme, we
intend:

To explore ethical aspects when dealing with the
time scales considered in the High Level Waste dis-
posal program;

To initiate a sensitisation program in order to stimu-
late answers to the ethical questions raised;

To gather the philosophical, sociological and histori-
cal dimensions of the problem with a view to set up
objective criteria for handling the problem further.

This project will refer to the disposal option where
the whole system is designed to provide both active

Legal Aspects and Liability

Nuclear law can be categorised as a technocratic and
international, even supranational law system. For
some years already, the SCK'CEN acknowledge the
need to examine the specific character of the nuclear
law, as a way forward in explaining the interactions
between the nuclear sector, the decision-makers and
the public.

Besides the need for a better compensation regime
for large nuclear accidents via the international
treaties, it became clear that also the broader uses of
nuclear technology represent a distinctive character
and necessitate appropriate legal research.

At present, two topics are studied in detail:

Technical rules and standards in the nuclear field,
and the role they play in legal terms, from the regu-
lator to the courts. Also the effect of regulation on
safety is being examined.

Nuclear Research and Society



The liability for the use of radioisotopes and ionising
radiation in the medical field.

This has led to an active participation to internation-
al discussions in Working Group No. 6 of the
International Nuclear Law Association, INLA. The
overall theme is the role of the law in the high-tech-
nical fields and the place of technical standards and
safety and Quality Assurance and Control principles
in the law system.

Furthermore, a PhD thesis (Steven Lierman, in col-
laboration with the University of Antwerp) on the lia-
bility for medical uses has formally been in progress
since October 1, 1998. The European "Medical
Exposure Directive" has increased the interest in
quality assurance. Many technical quality rules and
quality procedures are even though not compiled in a
law. The acceptability by the public and the methods
of drafting this semi-legislation ('soft law') need to
be examined. Besides it is interesting to know
whether the violation of such non-mandatory rules
can be sanctioned.

During the first year of this new project, a break-
through could be realised in the awareness that the
so-called "other-nuclear uses" needed more research
and that a set of rules was not enough to enhance
safety or to prevent from accidents (which are most-
ly seen as a result of high-risk activities, where man
has little control).

A first initiative has been to prepare a collaboration
with the Universite de Liege, concerning an analysis
of (mainly the written) press communications after
the Tokai-mura accident that took place on
September 30, 1999. The media coverage in
Belgium, France, the USA and Japan (the English
and French part of the media) will be studied exten-
sively. It will include an analysis of the facts; the
deformation of the facts; the significance given to the
event; the direction of the bias. This programme will
be finished by half of June 2000.

The largest project defined so far is directly related to
the role of communication and exchange of informa-
tion in the context of nuclear emergencies, in collab-
oration with the Universite de Liege. During the first
year, an analysis will be made of the communication
networks playing a role in nuclear emergencies,
including both the on-site communications, the infor-
mation to the authorities, the information to emer-
gency workers and to the general public. Focus will
be laid upon the credibility of this information and
the trespassing of the frontiers existing between the
many parties involved. In the second year, we will
attempt to use the lessons learnt from this first part to
other contexts (e.g. the ALARA - principle and its
application in crisis situations; press communica-
tions in a non-emergency nuclear context).

Emergency Communication and
Risk Perception

The study of the risk perception in the situation of a
nuclear incident or accident and its relation with
communication strategies and flows of information
is a very important topic. The topic is important
wether an accident occurs or not. The behaviour of
the decision makers themselves - but also of the
emergency workers and of the general public - and
the link with the flow, the credibility of information,
etc. have hardly been studied so far. Analogously,
minor incidents without off-site consequences but
involving one or a few workers also have received
little attention, and especially the incident situations
with a mixed nuclear and non-nuclear risk have hard-
ly been dealt with so far. Therefore, we will focus on
the link between the information and communication
streams and risk perception, both at the on-site and
off-site levels (including the aspects related to credi-
bility of information), and on the perception by
workers in case of on-site incidents with a mixed risk
(nuclear and non-nuclear).

General
SCK'CEN Topical Day, "Nucleair onderzoek en

maatschappij: een uitdagende wisselwerking", Mol,

January 20, 37 p., BLG-800.

(Contributions by Paul Govaerts, Mark Loos, Guy Collard,

Bernard Neerdael, Gaston Meskens, Ludo Veuchelen,

Gilbert Eggermont)

G. EGGERMONT, P. COVENS, M. SONCK, S. TAKACS, A.

HERMANNE, "Optimisation of Nuclear Hospital Waste

Management", Intern. Conf. on Medical Physics, Nov. 6-9,

1998, New Delhi, Editor M.M. Rehani, Jaypee Brothers,

Medical Publishers Ltd., 1999, New Delhi.

85Kr, Proceedings of a workshop, SCK'CEN, editors G.

Eggermont and A. Poffijn, BLG-835, dec. 99, Mol, 96 p.

Sustainability and nuclear development
(SuND)
E. LAES, "Visions on Global Environmental Issues:

World3-Model Dynamic Simulations", unpublished thesis,

KULeuven (1999), (VDK Bank Price for Studies on

Sustainable Development: honourable mention)
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A. HERMANNE, G. EGOERMONT et al., "Contract Report for

EC DG Environment, Evaluation of the Radiological and

Economical Consequences of Decommissioning Particle

Accelerators", EUR 19151 EN, Brussels, 1999.

Legal Aspects and Liability
S. LIERMAN, "Enkele bedenkingen naar aanleiding van een

studiedag omtrent de aanpassing van de Belgische regle-

mentering ioniserende stralingen aan de Europese

Richtlijnen", T.Gez./ Rev.Dr.S. 1998-1999, jan.-febr.

S. LIERMAN, "Liber Amicorum Hubert Claassens.

Verzekering: theorie en praktijk. Assurance: theorie et pra-

tique", book review, T.Gez./ Rev.Dr.S. 1998-1999, p. 329.

S. LIERMAN, "De richtlijnen en het koninklijk besluit

medische hulpmiddelen en de gevolgen van technische

voorschriften op de aansprakelijkheid van de fabrikant en

het ziekenhuis", T. Gez./ Rev.Dr.S. 1998-1999, p. 360-376.

S. LIERMAN, Verslag symposium "Recente topics inzake

aansprakelijkheid", Provinciale Raad Antwerpen van de

Order der Geneesheren", T.Gez./ Rev.Dr.S. 1999-2000.

G. EGGERMONT, S. LIERMAN A. POFFIN, W. KUSTERS,

"Aanpassing van de Belgische reglementering ioniserende

stralingen aan de Europese richtlijnen", Belgische

Vereniging voor Stralingsbescherming, Verslag van de

studiedag van 27 oktober 1998, Newsletter 82, april-mei-

juni 1999, p. 22-31.

S. LIERMAN, "European Product Liability for the Use of

Radioisotopes and Ionising Radiation in Hospitals and the

Legal Value of Technical and QA Standards", Proceedings

Nuclear Inter Jura 1999 Biennial Congress, October 24-29,

1999, Washington DC, USA, p. 401-415.

S. LIERMAN, "Geoorloofdheid en aansprakelijkheid bij het

gebruik van stralingsbronnen in de geneeskunde, noot

onder Antwerpen", 30juni 1997, T.Gez./Rev.Dr.S. 1999-

2000, nr. 3, p. 207-211.

L. VEUCHELEN, K. BOUSTANY, J. DEPRIMOZ,

"Radioisotopes, Report of Working Group N° 6",

Proceedings Nuclear Inter Jura 1999 Biennial Congress,

October 24-29, 1999, Washington DC, USA, p. 347-373.

L. VEUCHELEN, "Cursus Energierecht, Het nucleaire recht

en de nucleaire aansprakelijkheid", RUG, 21 februari

2000.
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MICHEL BOVY (FUL),

GUNTHER BOMBAERTS

(UC)

Supporting Staff

DOMINIQUE

GLINNE-TREPAGNE

Background

Radiation Protection (RP) is confronted daily with

implicit value judgements at work, in medicine and

in the environment. Complex interactions occur in

the regulation of nuclear technology in society. RP is

a rather new transdisciplinary approach of justifica-

tion, optimisation and implementation of limits. It is

with its relatively well developed risk knowledge

and concepts an illustrative learning process for man-

aging other environmental and health risks in socie-

ty-

The RP research is problem and client oriented with

an increasing demand for transparency in the quan-

tification of risk and in the development of solutions

and alternatives. RP approaches can be considered

from different points of view and disciplines. A dia-

logue between relevant actors and between the

involved disciplines such as law, economy, safety,

epidemiology, a.o. is not evident. A common scien-

tific understanding needs to be better organised and

developed.

In order to be more effective, the RP specialist needs

to be conscious of the constraints related to expert

culture and societal interaction.

Objectives

Interdisciplinary brainstorming on crucial issues

of radiation protection.

Creation of a discussion forum with a variety of

researchers of SCK'CEN and external experts

having particular experience in non-technical

aspects.

Making value judgements and open questions in

RP explicit.

- Creation of an output for a topical day or work-

shop by editing a "Carrier" of contributed articles

and discussion reports.

- Complement the output of the SCK'CEN contri-

bution in international ALARA workshops.

Programme

A reflection group is created with a selection of inter-

nal actors and researchers and external experts. A

programme of workgroup discussions was set up

with bimonthly frequency and has started with two

meetings in 1999.

A selection of themes and cases has been made:

- Analysis of RP expert attitudes, role and culture.

Li ALARA options (equity vs. efficiency, health vs.

economy and individual vs. collective options).

£ Precautionary principle - stochastic risk philoso-

phy.

Low dose effect, linearity, genetic susceptibility

and professional disease.

Exemption and clearance of nuclear materials.

Human experiments.

Liability also in medical radiation practices.

Anfhropocentrism vs. ecocentrism in Environ-

mental Impact Assessment.

Reports are made collectively by the young social

scientists recruited under direction of university pro-

moters for related projects. They are co-ordinated by

a programme manager.

Achievements

After a series of preliminary discussions calling for

interest in the universities and in SCK'CEN in 1999,

a reflection group was composed. A first contribution

on In search of the Reasonable by Paul Govaerts,

general manager of SCK'CEN and ALARA special-

ist was considering epidemiological, ethical and

socio-economic presumptions and perspectives of

the ALARA principle in win-win situations and

trade-offs.

The ALARA practice was discussed by Pascal

Deboodt, Head Operational Safety of SCK'CEN,

"Vivre et faire vivre le principe ALARA, recit d'une

histoire vecue". It led to in depth discussion on the a-

value concept, its use and indications. In this context

a doctorate thesis was finalised by Noel Pauwels

extending radiological concern in emergency plan-

ning to broad industrial safety and economic consid-

eration in decision making (cf. Policy Support).

Value judgements in risk analysis and ALARA was

characterised for a master thesis in ethics (Gunther

Bombaerts, UG), relating psychological approaches

on attitudes and philosophical approaches on world-

views to practices in nuclear energy and ALARA.

Finally the expert culture in radiological protection

was analysed from a medical and philosophical point

of view by dr. Patrick Smeesters. It clarified the role

of the expert considering the limit of his mandate and

questioned its role and objectivity, stressing the need

for transparency and specification of uncertainties.

Working documents summarising the contributions

by the speakers and the subsequent discussions have

been prepared; they now serve as a basis for further
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reflection and discussions; in future, they will be
converted into reports suitable for scientific output.

Perspectives

The present trends in risk knowledge of ionising
radiation and its consequences for regulatory prac-
tice will be discussed. The precautionary principle
will be studied in all aspects and compared with non-
nuclear problems such as dioxins. The options in
SCK'CEN as well as in international networks, such
as the International Commission on Radiological
Protection concerning optimisation (a-values, clear-
ance, dose criteria) will be analysed and situated in a
framework allowing to make value judgements more
explicit.

Reflection Group on "Ethical Choices in Radiation Protection"
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DOMINIQUE

GLINNE-TREPAGNE

Background

There was once the myth of the expert. In the nuclear
energy field in particular the role of the expert has
been questioned in public debate. Nuclear scientists
are confronted with a (mis)use of their expertise and
opinions. Clients are specifying constraining condi-
tions. Is objectivity to a certain extent an illusion? Is
there only one truth? How clear and accessible
should the message be for the public? What is the
limitation in mandate for the expert and in own value
judgements? Society is challenging their responsibil-
ity. To give a critical view on the use of nuclear tech-
nology is no longer evident when media and green
action groups question your future. Divergence in
expert opinion is amplified by media, creating com-
munication dilemmas between clarity and nuance.

In complex interactions with laymen, society and the
environment, experts are needing a broader than dis-
ciplinary insight in their role. New skills are required
to be effective in communication and public partici-
pation. Ethical guidance is sometimes requested.

Objectives
' Clarify the role of SCK'CEN expert.

- Clarify the new role of expertise in the evolving
context of risk society

Confront external views and internal SCK'CEN
experiences on expert culture.

Improve trustbuilding of experts and credibility of
SCK'CEN as nuclear actor in society.

Develop a draft for a deontological code.

Integrate the approach in training on assertivity
and communication.

E Creation of an output for a topical day on the sub-
ject of expert culture for February 2001, by edit-
ing a Cahier of contributed articles and discussion
reports.

Programme

A reflection group was created with a selection of
external experiences from universities following a
call for interest and preliminary discussions.
Researchers of different age and coming from differ-
ent SCK'CEN divisions were associated in order to
consider different aspects.

The reflection group started at the end of the year
with an analytical contribution from dr. Patrick
Smeesters (UCL-FANC) highlighting the role of the
expert in complex radiological situations involving

decision making on societal aspects. Who is an
expert, how broad can his mandate be in the increas-
ing complexity and fragmentation of knowledge?
Who is certifying him, why and what is his freedom
of expression?

His message should be clearly understandable and
his jargon accessible, implicit value judgements and
uncertainties should he specified and elucidated.

Prof. E. Zaccai, ULB, was analysing the require-
ments of the expert in environmental issues and in
the context of sustainable development. The relation
science-society and knowledge-power has changed.
Interests and ethics have to be clarified. The mission
of the expert, the scope of his expertise should be
specified.

Finally Prof. J. Braeckman, RUG, Department of
Philosophy introduced the discussion of dilemmas in
relation to attitudes and worldviews with particular
attention for cognitive dissonance theory, explaining
the loss of criticism of an expert when his field is
offended.

Achievements

The reflection group as such is part of a learning
process, an attempt in transdisciplinary dialogue.
Discussion reports were prepared by the authors and
by collective efforts of the social scientists recruited
in the SCK'CEN projects on social science integra-
tion. A working document giving a summary of the
contributions made by the various speakers, but also
of the subsequent discussions, has been prepared. It
serves as an "aide-memoire" in order to keep track of
the important aspects dealt with during the meeting,
and it will in future be the basis of reports aimed for
scientific output, but also of the deontological code
for the experts of SCK'CEN. A first overview, struc-
turing the expert culture was made in the planning
for 2000.

Perspectives

The dilemma issues will be focussed and cognitive
dissonance studied in nuclear expertise, particularly
in relation to nuclear waste. A deontological code
and communication approach will be developed by
analysing different aspects of expert culture, such as:

The experts role in evolving environmental poli-
cies.

i3 Implication of the risk society on public and expert
attitudes
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Analysis of communication in an actual case, the
Tokaimura accident.

Risk perception factors and communication

Experiments in participation and particularly the
consensus conference experiences

Ethical choices made.

Reflection Group on "Expert Culture"
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Background

Nuclear energy has to cope with critical topics to
resolve the economical question of increasing energy
demand and, in particular, the public acceptability
demands:

"i increasing the absolute safety of the installations

Si; managing more efficiently the nuclear waste

In that respect, the development of a new type of
nuclear installation coping with above constraints of
technological as well as socio-economical nature
may be of high importance for the future of sustain-
able energy provision. An Accelerator Driven
Systemor, in short ADS, - a subcritical core operated
as a nuclear amplifier fed with primary neutrons by a
spallation source - has the potential to cope with
above constraints and to pave the way to a more
environmentally safe and acceptable nuclear energy
production. Fundamental and applied R&D are cru-
cial in the development of these technologies and
demand the availability of appropriate prototype
installations. These prototype installations have to
enable and have to deal with these R&D-issues relat-
ed to accelerator driven system development.

The continuation of nuclear science and engineering
demands the availability of research installations, i.e.
research reactors, and those are currently subject to
constraints related to ageing, high operational costs,
deep refurbishment or even replacement. A new,
inherently safe, and economically viable system is
called for that could be used in a modular way for
dedicated applications, to extend known research
domains and explore new ones.

Programme

In answer to the demands for the availability of an
appropriate prototype installation and to the need to
update its current irradiation potential, SCK'CEN,
the Belgian Nuclear Research Centre, has launched
the MYRRHA Project in partnership with IBA, Ion
Beam Application s.a., the world's leading cyclotron
manufacturer for the medical industry. In the begin-
ning of 1999, the partners have started a joint con-
ceptual design phase of roughly to years after which
a final decision on the Project would be taken. The
MYRRHA Project aims to investigate the design,
development and realisation of a versatile neutron
source based on ADS. It focuses on the conception of
a modular and flexible radiation source and irradia-
tion facility equally matched to both, regional R&D
needs and internationally research programmes in

the field of waste transmutation and ADS develop-
ment. It could therefore serve as an important step
towards a European ADS demonstrator since
MYRRHA needs to deals with and master a high
fraction of R&D issues whose solutions are essential
for the development of the ADS technology.

More generally, MYRRHA is intended as versatile
proton and neutron source for various R&D topics.
In this way, it could be a Material Testing Facility
(MTF). The applications being considered, can be
grouped in three complexes:

£ enhancement and triggering of new R&D activi-
ties where competencies are existing at
SCK'CEN, such as in waste transmutation, in
ADS technology and in liquid metal embrittlement
studies;

K initiation of new competencies at SCK'CEN, such
as medical applications (proton therapy, develop-
ment of new neutron-based isotopes) and neutron
beam applications;

E continuation and later on, expansion towards ADS
of the ongoing R&D programs at SCK'CEN in the
fields of reactor materials, fuel and reactor physics
research.

The research topics for the use of a MYRRHA facil-

ity considered in the present design are:

a waste transmutation studies of Minor Actinides

(MA) and Long Lived Fission Products (LLFP);

a ADS technological demonstration;

c structural material studies for PWR, Fusion and

ADS;

n nuclear fuel behaviour studies for PWR, BWR and

ADS;

?_! radioisotope production for medical and industrial

applications;

£ neutron and proton beam applications and neutron
and proton therapy.

Currently the study and preliminary conceptual
design of the MYRRHA system is going on, the
basic engineering has started and a conclusion of this
phase is being envisaged for the end of 2000.

Achievements

In 1999, based on a set of applications considered as
of primary importance for the SCK'CEN activities
and for the MYRRHA project, the project team
focused its effort towards optimising a high-perform-
ance device with a maximum neutron flux for MA
irradiation experiments of 1.1015 n/cm2.s with neu-
tron energies exceeding 0.75 MeV and about 3.1015
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n/cm2.s for all energies. The total output power of
this research device was to be kept at a minimum and
for the keff of the subcritical core a value of 0.95 is
aimed at, the maximum value of a radio-active fuel
storage thus demonstrating the inherent safety of this
concept. Although the final concept was not yet con-
cluded at the end of the year the choice of the above
parameters drove the concept to adopt a very com-
pact core of dimensions 500 mm active height and
560 mm diameter with relatively high radial gradi-
ents in neutron flux as well as thermal power, a MOX
fuel with radially taylored Pu enrichment of up to
30% and linear powers of up to 500 W/cm. The total
power could be limited to about 25 MW. However, it
was necessary to increase the parameters of the
cyclotron accelerator to nominally 350 MeV / 5 mA
whereby a trade-off of higher voltage against lower
current is still being considered. This results in a
point source of slightly exceeding 10" s-1 of primary
spallation neutrons.

Design proposals are being worked on for the
MYRRHA ADS components as described in more
detail in the following.

The Accelerator

IB A is conducting design studies on the accelerator
required for MYRRHA. The negative ion cyclotron
technology that IBA pioneered was dropped for the
higher energies required for MYRRHA. The choice
was made to use positive ion, i.e. proton acceleration
in a separate sector cyclotron. The design and the
preliminary calculations were conducted for 80 MeV
injector cyclotron followed by a six sectors booster
cyclotron, able to accelerate 2 mA of proton beam at
350 MeV. This design will now be checked for
upgrading to 5 mA. The booster cyclotron would
require an injector cyclotron with energy of at least
40 MeV. However, the alternative possibility of
accelerating from low energy (e.g. 2 MeV) up to 350
MeV with a single cyclotron is attractive from a sim-
plicity, reliability and cost viewpoint. The first com-
puter modelling indicates that a design with four
straight sectors of 45° would be able to accelerate
protons up to 390 MeV before reaching the beam sta-
bility limits. Beam reliability will be the most strin-
gent technical parameter that will dominate the final
choice.

The Spallation Source

As the use of relatively low-energy protons is fore-
seen and as the design of a window is a high-risk

engineering task - particularly because of the high
current density implied by the very compact design
and the unknown embrittlement effects- a window-
less design has been selected for the spallation target.
The project team has identified three main risk areas
to be assessed for the chosen design.

Basic spallation cross
section data

The flux characteristics in an ADS are driven by the
spallation neutron source intensity and there is a lack
of experimental spallation data in the range of con-
sidered proton energies. Therefore, SCK'CEN has
decided to assess in collaboration with PSI (CH) and
NRC Soreq (Is) the basic data of the spallation reac-
tion when bombarding a thick Pb-Bi target with pro-
tons at energies close to values which are considered
for MYRRHA (Ep = 350 to 590 MeV). The experi-
mental program - conducted by a joint team from the
three institutes at the PSI proton irradiation facility
(PIF) - started in December 1998 and is due to finish
by May 2000. The irradiation has been carried out
and the expected data under evaluation from this pro-
gram are:

the neutron yield or the amount of sipallation neu-

trons per incident proton (n/p yield);

the spallation neutron energy spectrum;

the spallation neutron angular distribution;

the spallation products created in the Pb-Bi target.

Feasibility
of the windowless design

The design of this windowless target is very chal-
lenging: a stable free surface, controllable in vertical
position, needs to be formed in the tight space avail-
able within the fast core (outer 0 130 mm for the
nozzle arrangement, 72 mm 0 for the target tube).
This free surface will be bombarded with protons,
giving rise to a concentrated heat deposition dis-
persed over 15 cm starting from the surface (for a
proton energy of 350 MeV). The heat - a large frac-
tion of the 1.75 MW of the beam - needs to be con-
vectively removed away from the free surface to
avoid overheating and possible evaporation of the
liquid metal.

To gain confidence and expertise in the possibility of
creating a stable free surface, SCK'CEN has start-
ed in June 1999 an R&D program in collaboration
with the thermal-hydraulics department of the
Universite Catholique Louvain-la-Neuve (UCL,
Belgium). Within this R&D program, water experi-
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ments on a one-to-one scale are performed. Water is

used because of its good fluid-dynamic similarity

with Pb-Bi. The experiments have shown the possi-

bility of creation and control of a stable free surface

in the previous MYRRHA configuration. Currently,

the design of the spallation target is being fine-tuned

and adapted to the latest geometrical constraints

imposed by the neutronics of the fast core.

As the spallation target design is a crucial point for

the MYRRHA project, confirmation experiments

must be performed with the real fluid, Pb-Bi, at the

actual temperatures. In view of this, a collaboration

with Forzungszentrum Karlsruhe (FZK, Germany) is

being set up for inserting the MYRRHA spallation

target head in the KALLA Pb-Bi-loop which has a

working temperature of about 250°C. These experi-

ments are foreseen during the second half of 2000,

depending on the commissioning of the KALLA

loop.

In parallel with the experiments, numerical simula-

tions using Computational Fluid Dynamics Codes

are performed, aimed both at reproducing the exist-

ing experimental results and giving input for opti-

mising the head geometry in the experiments. The

CFD calculations will also be used to investigate the

flow pattern and temperature profile in the presence

of the proton beam, which cannot be simulated

experimentally at this stage. At SCK-CEN the CFD

modelling is performed with the FLOW-3D code

which is specialised in free surface and low Prandtl

number flow. This effort is being backed-up at UCL

using the FLUENT code. Moreover, a collaboration

agreement with NRG (Nl) is set up for more CFD

calculation with the Star-CD code.

Compatibility of the windowless
free surface with the proton
beam line vacuum

As the free surface of the liquid metal of the spalla-

tion source will be in contact with the vacuum of the

proton beam line, there is concern about the quanti-

tative assessment of emanations from the liquid

metal. These can lead to the initial release of volatile

products, Pb and Bi vapours, and of spallation or

activation products like Hg or Po. The radioactive

and heavy metal vapours can contaminate the proton

beam line and finally the accelerator, making the

maintenance of the machine very difficult, or at least

very demanding in terms of manpower exposure.

In order to assess the feasibility of the coupling

between the liquid metal of the target and the vacu-

um of the beam line and to assess the type and quan-

tities of emanations, SCK'CEN is preparing the

experiment VICE (Vacuum Interface Compatibility

Experiment). VICE will permit to study the coupling

of a pool containing more than 100 kg of Pb-Bi

eutectic, heated to temperatures up to 500°C, with a

vacuum tube under high-vacuum conditions prefer-

ably down to 10"6 mbar simulating the proton beam

line, both combined in a UHV stainless-steel vessel.

A mass spectrometer will measure the initial and

final outgassing of light gasses and the metal vapour

migration. To prevent the vessel from liquid metal

corrosion, the possibility of Mo or W coating is cur-

rently being investigated. The full experiment is in a

preparation stage and its first phase is intended to be

carried out during the third quarter of 2000.

The Subcritical core
To develop an ADS such as MYRRHA, neutronic

calculation methods have to be applied to demon-

strate the feasibility, to optimise the design con-

figuration and to support the engineering layout.

SCK'CEN is completing an optimisation effort of

the subcritical core taking into account the

requirements and constraints concerning:

the use of fuel technology existing in Europe:

oxyde fuel with Pu contents ranging between 20 to

35% for the fast zone and PWR type fuel for the

thermal zone;

the use of existing technology for the coolant: Pb

or Pb-Bi for the fast zone and H2O or solid matrix

(Be, C, "B4C) for the thermal zone;

the achievement of the neutron flux levels

required by the different applications considered:

®>o.75Mev = 1015 n/cm2.s for MA transmutation at

the locations close to the spallation source, O^ MeV

= 1013 to 1014 n/cm2.s at the locations for structur-

al material and fuel irradiation, $ l h = 2-3.1015

n/cm2.s at locations for LLFP transmutation or

radioisotope production;

the operation of the fuel in sound and safe condi-

tions: the average fuel pin linear power should not

exceed 500 W/cm;

the maximum of total power of the subcritical

core: ranging from 20 to 30 MW;

the inherent safety from the point of view of sub-

criticality and for this to keep the keff < 0.95 under

all conditions;

'.". the performances of the required spallation source

and thus the performances of the accelerator, lead-

ing under above conditions to required 350 MeV

and 5 mA;
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the central hole for the feeder head of the win-
dowless spallation target that cannot be larger than
about 130 mm outer diameter under the above
conditions;

the optimisation the fuel assemblies to be able to
create supplementary irradiation channels by
removing a fuel assembly;
the assessment of the impact on safety of the
whole system by considering a thermal zone sur-
rounding fully the fast zone or by considering
islands of thermal zones at the periphery of the fast
zone.

The calculation tools and computer programs adopt-
ed at SCK'CEN are sketched in the following: The
calculations are split into two main steps: the high-
energy spallation neutron source calculations and the
low-energy ones. High and medium energy (> 20
MeV) neutron transport calculations are made using
the HETC-KFA2 module in the HERMES code sys-
tem. Neutronic calculations below 20 MeV are car-
ried out using either Monte Carlo codes (MCNP4B
or TRIPOLI 3.4) or deterministic codes (DORT,
TORT). The present preliminary calculations had
been performed using the DORT3.2 code with multi-
group cross-sections prepared from a library based
on ENDF/B-V using the SCALE-4.4 code package.

The present core configuration resulting from these
calculations (cf. table below), at this moment being
limited to the fast zone only, matches almost the

above items list. This core configuraticn will be sup-
plemented by thermal zone islands at the periphery to
see whether one can fulfil all the remaining duties,
with minor implications to the fast core. Once these
tasks are completed, we foresee in the first half of
2000 the study of dynamic and kinetic behaviour of
the subcritical core. The assessment will concern the
operational point of view - operational cycle length,
core management policy, impact of burn-up on core
performances - and the safety point of view - reac-
tivity insertions, maximum accident to be considered
for licensing etc.

Engineering and Safety Studies
for MYRRHA

Configurational studies using the Pro/ENGINEER
CAD system have been started to develop mechani-
cal design specifications and to study the remote han-
dling requirements of fuel management and systems
maintenance. These studies have been complement-
ed by thermo-hydraulic calculations of core cooling
under normal operations and emergencies. From the
latter ones it appears that in the chosen configuration
linear power densities of up to 800 W/cm can be
safely handled and that the up to 10 % of nominal
power after beam switch-off can be coped with by
free convection provided an emergency heat
exchanger can maintain a minimum cooling require-
ment.

Spallation Source parameters

Source intensity (E<20 MeV) (x 1016 n/s)

er
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+J

g
es
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U

MF = 1 / (1 - K )
K

Thermal Power (MW)

Avg Power density (W/cm)
Peak linear Power (W/cm)

Max Flux >0 .75 MeV (x 1014)
# fuel pins (MOX 30% & 15%)

MOX-30%- zone ID (cm)
MOX-15%- zone ID (cm)

Fast Core OD (cm)

En =
p

Ip=2 mA
4,9

19,15
0,948

10,0
87

191

4,5

2646
12,8
34,2

55,5

350 MeV

Ip= 5 mA
12,3

19,15
0,948

25,0

218

477

11,2

2646
12,8
35,2

55,5
MYRRHA Spallation Source parameters
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3-D Design Study ofMYRRHA

The overall configuration adopted is that of a pool in

which the subcritical core and most subsystems are

submerged in the Pb-Bi eutectic, with the beam

entering from above and being guided by a beam

tube to the spallation source in the center of the core.

On the way to establish a safety assessment report

(SAR) for MYRRHA, the project team is working to

evaluate among other problems three items of pri-

mary importance for the entire project:

si the maximum keff-value one can accept for keep-

ing the MYRRHA system inherently safe in all

circumstances;

s the maximum accident scenario that should be

considered for the licensing of the MYRRHA sys-

tem;

s the range in quality and duration of proton beam

trips that can be accepted without harm for the

core and the vessel internal structures and that can

be tolerated without being obliged to shut down

the system. Particularly this item will be of gener-

al importance for all future ADSs.

Collaborations

Existing collaborations:
8 NRC Soreq (Is): basic spallation data;

s PSI (CH): basic spallation data;

s ENEA (I): spallation source thermal-hydraulics,

core dynamics;

s UCL (B): spallation source design and simulation

experiments with water;

s FZR (D): measurement of spallation target flow

properties.

Collaboration agreements are in prepa-
ration with:
s FZK (D): spallation source testing with Pb-Bi;

E RIGA (Lv): spallation source testing with Hg;

s NRG (NL): CFD modelling and system safety

assessment;

ss CEA (F): subcritical core design, alternative win-

dow design for the spallation target, system stud-

ies, and MUSE experiments;

ss AEKI (H): neutron beam design and use.

Contacts in view of collaborations exist
with:
a Sweden : participation in MYRRHA;

s ISTC Project 559: Pb-Bi target design for LANL;

ss USA : ATW roadmap international collaboration;

:8i BELGATOM (B) : core design and fuel loading

policy and fuel procurement; B confinement build-

ing and auxiliary systems.

K. Van Tichelen, J-L Bellefontaine, E. Malambu, H.

Ait Abderrahim, "MYRRHA Project, a windowless

ADS Design", Proceedings of the 3rd International

Conference on Accelerator Driven Transmutation

Technologies and Applications (ADTTA '99), edited

by Hron M., Lelek V., Mikisek M., Sinor M., Uher J.,

Zeman J., Praha, Czech Republic (1999).

H. Ait Abderrahim, K. Van Tichelen, Ch. De Raedt,

E. Malambu, P. Kupschus, "MYRRHA, A

Multipurpose Accelerator Driven System (ADS) for

R&D: Potential Use for Fission Studies", Seminar on

Fission, Pont d'Oye (Belgium), October 6-8, 1999.

H. Ait Abderrahim, "Belgian Activities in the Field

of ADS: MYRRHA Project, a Multipurpose ADS for

R&D", IAEA, AGM to review National ADS

Programs

Taejon, Republic of Korea, November 1-4, 1999.
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MARK LOOS

INTRODUCTION

BE0100036

CK'CEN considers it as a national responsibility

to maintain an active state-of-the-art expertise on

each aspect of radiation protection from complex

health physics measurements, dosimetry, safeguards,

low level radioactivity measurements, radiological

assessment and optimisation, radioecology, radiobi-

ology and epidemiology to decision strategy

research. This expertise is currently being applied in

interdisciplinary actions in the field of nuclear emer-

gency management, for the remediation of radioac-

tively contaminated sites and for the study of the

effects of low doses of ionising radiation. The

research is extended to social and other non-techni-

cal aspects of radiation protection, such as economic

impact, risk perception, communication in emer-

gency situations and ethical and legal issues. To

improve interactions between researchers with vari-

ous expertises, they were grouped in four depart-

ments as indicated below. All research projects are

strongly linked with international programmes.

Decision Strategy Research

Decisions to be taken in emergency situations are

based on the advice of complex groups of experts.

We want to help these groups to shape, analyse and

understand their decisions. For that purpose, we

focus on the analysis of group decisions, tools for

decision aiding and adequate use of information

technology. The research and support programme in

the field of nuclear emergency planning and

response, aims at an adequate support to the authori-

ties by improvement of the co-operation between all

concerned disciplines.

SCK'CEN proposed to conclude a formal agreement

with the Ministry of Internal Affairs, guaranteeing a

more structured and adequate support for emergency

preparedness and in the case of nuclear emergencies.

Negotiations are continuing.

Safeguards and Physics
Measurements

The Safeguards and Physics Measurements groups

develop, perform and interpret nuclear measure-

ments related to (i) radiation protection of people and

the environment, in normal and emergency condi-

tions and to (ii) the verification of special nuclear

material. Their expertise is founded on in-depth

research programmes and daily experience with rou-

tine and complex measurements. The main areas for

research and development are neutron dosimetry,

neutron activation analysis, whole body measure-

ments, safeguards information handling and non-

destructive assay techniques. The know-how and

measurement capability is offered as a service to

government and industry and is also used in many

other research projects.

Radiation Protection research

Radiological optimisation is one of the basic princi-

ples in radiation protection. Research and develop-

ment at SCK'CEN are mainly focussed on strategies,

methods and tools to assess and optimise the protec-

tion of human beings against the effects of ionising

radiation of various origin, including the effect of

Radon. The development of a transport model for

small rivers contaminated with enhanced concentra-

tions of naturally occurring radioactive material will

complement our biosphere models.

The knowledge of the behaviour of radionuclides in

the environment (air, water, soil, plants and animals)

is important. It enables the radiological assessment

of the consequences of radioactive releases due to

routine operation or due to nuclear accidents. It gives

also the possibility to suggest countermeasures to

reduce the transfer of radionuclides through the food

chain. The research programmes focus on the inves-

tigation of all parameters needed for the calculation

models, including economic and social aspects. The

programmes are being supported by means of labo-

ratory, greenhouse and field experiments. These

methods, tools and knowledge are used to give

advice to decision-makers on practical cases of envi-

ronmental remediation.

Radiation epidemiology and radiobiology are key

scientific disciplines that are required to understand

the effects of low doses of ionising radiation. A ret-

rospective epidemiological study has been undertak-

en to determine cancer mortality for workers in the

nuclear sector in Belgium. The data are combined in

an international multi centre programme with partic-

ipation of 14 countries. The radiobiological research

programmes focus primarily on the radio sensitivity

of the developing mammalian organism.

Low-level Radioactivity measure-
ments

To obtain the very low detection limits, needed for

the measurement of alpha and beta emitting radionu-

clides in environmental and biological samples, we

continue to improve the necessary chemical separa-

tion and measurement techniques. The research pro-

grammes focus on the assessment of the internal dose

from occupational intakes (mainly inhalation) of

radionuclides for workers of the nuclear industry and

on harmonisation of internal dose monitoring pro-

grammes on a European scale.
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DECISION STRATEGY RESEARCH: SYSTEM ANALYSIS

BE0100037

Background

Complex decisions are often made by groups of
experts in a non-structured and non-transparent way.
These complex decisions also imply the assessment
of non-radiological or non-technical factors in the
decision processes. Moreover, computers and com-
puter networks are more and more used by nuclear
experts and professionals as supporting tools in the
decision making process. Study, knowledge and use
of decision support theory, group processes and con-
sensus models are therefore very relevant.

Our research has two components:

S The study of the use of information and knowl-
edge transfer in group decision processes, and
more specific studying important factors when
computers are used as information source and
communication tool.

.. The study of preference modelling individually
and during group decision processes.

Objectives
I To develop theory, methods and software tools

which help decision makers shape, analyse and
understand their decisions

- To study group processes in decision making, and
to develop theory, methods and software tools
which help the groups of decision makers shape,
analyse and understand their decisions

' To apply these theories, methods and tools in a
context related to nuclear emergency preparedness
and more generally to policy support in a context
dealing with ionising radiation.

a To increase the knowledge of SCK'CEN-staff on
general emergency preparedness and to introduce
the SCK'CEN-Staff to computer supported deci-
sion techniques

Programme

The 1999 programme was based on the Cohesion
project. This project started June 1st 1999 and will
continue for 2 years. SCK'CEN is the research part-
ner in an ITA-II financed software development proj-
ect (Vlaams Actieprogramma Informatietechnologie
- II). The goal of the cohesion project is to investi-
gate and create an adaptive, integrated framework for
collaborative learning and working, based on open
systems.

Our group within this project addresses three main
research activities. The first research activity concen-
trates on two crucial aspects of group decision mod-

elling: (i) individual and group preference modelling,
and (ii) group consensus reaching. The second
research activity deals with information exchange
and social influence throughout the decision process.
We here focus on the introduction of dynamic and
conflicting information in the decision, process of a
decision-making group. We moreover investigate the
applicability of a well-known social interaction
sequence model with respect to groups using
Cohesion. The third and final research activity relates
to adaptive guidance research, in which we look at
issues such as collaborative filtering and information
granulation.

Achievements

The main reason for establishing decision making
groups usually is that groups as a whole can access,
search through, and process a larger amount of infor-
mation than any individual member on its own is
able to do. Previous research has revealed however
that decision-making groups, meeting face-to-face,
do not effectively pool information that is unshared
between the members of the group.

In a first experiment, set up with members of the
SCK«CEN-staff early in 1999, we focussed on the
information exchange during a group decision
process. In this experiment, we studied the relation
between the use of a formal decision model and
information sharing in small groups meeting face-to-
face. The experiment indicates that groups using a
decision model are able to reach a decision more
thoughtfully, as more information held by individual
members was disclosed during discussion in these
groups. Moreover, we found strong indications that
groups having a pre-discussion majority on the rank
order of a decision alternative were more likely to
adopt this rank as the group's final rank when the
decision technique was used.

In the cohesion project, we plan to expand this exper-
imental research during 2000 for groups using a
CMCS (computer mediated communication system)
to support the group decision making, and later to
focus on decision making in emergency situations.
Therefor we defined pilot studies to be held with
SCK'CEN-staff using the cohesion software.

The cohesion research work in 1999 focussed on
three work packages

53 Work package 5A: Decision models for individual
and group preferences

:"' Work package 5B: Group Consensus Building

Scientific Staff

Benny CARLE,

Frank HARDEMAN,

Bartel VAN DE WALLE,

Joris VAN POUCKE,

Fernand VERMEERSCH

Supporting Staff

Leen HANNES
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i" Work package 7A: Information granulation, clas-

sification and explain functions

For all three workpackages, comprehensive reports

were written. The objective of the Cohesion work

package 5A, decision models for individual and

group preferences, was to provide the cohesion soft-

ware environment with a number of basic multi-cri-

teria decision models, and to clearly indicate the

operational constraints related to the use of these

models. We provide these models to individuals and

simultaneously to the group as a whole, and guaran-

tee a flexible transition between both types of use.

Multi-criteria decision models are commonly used

mathematical tools to aid the decision process and to

improve the decision quality for decision-making

individuals and groups. The use of these models

however is almost uniquely on an individual basis.

Indeed, decision-making groups often call for a facil-

itator who is familiar with the decision model and is

able to guide the group in the application and devel-

opment of the decision model. This however

requires that all group members communicate their

common preferences to the facilitator and hence act

as one, individual decision-maker. To our knowl-

edge, no computer-supported collaborative approach

to date accommodates for a more flexible use, allow-

ing a decision maker to easily change focus between

his or her personal preferences and the decision

model used by the group.

Achieving consensus about the decision to be taken

often is a key objective of group discussion.

Consensus ideally means that all members take part

in shaping the decision and, most important, that all

members are committed to the decision. The central

issue we address here is the influence of the decision

model on reaching consensus. In particular, we make

use of a well-known consensus model, widely used

in Group Support Systems research (Spillman et al.

1980). We apply this consensus model to the decision

models developed in the previous work package, and

investigate what the influence of these models is on

the process of reaching consensus. We pay attention

to some basic but important characteristics of indi-

vidual interaction with group consensus information,

e.g., an adequate visualisation of group consensus

information.

We extend the Spillman consensus model with

respect to the decision models. This involves new

interpretations of the preference relations to make the

consensus approach compliant with the four decision

models, and the definition of new measures of con-

sensus. We defined the specifications for a practical

preference modelling case in order to test and vali-

date the consensus model as used in the decision

models. In particular, we want to investigate what the

impact is of the consensus model on the on-going

group decision process, based on the measures we

have defined. The case will be evaluated in Pilot

Study 1 during 2000.

In traditional database systems, information is organ-

ised in tables and records, and the structure of the

information is defined in a data model. In most appli-

cations, hard-coded interfaces give the user access to

the information in a pre-defined manner, based on a

process or workflow analysis. By its specific nature,

however, knowledge work is unpredictable in its

information needs, and hence it is impossible to

analyse all the information a knowledge worker

needs beforehand and to build a traditional informa-

tion system that would satisfy these needs.

Cohesion therefore dynamically generates interfaces

to the information and, while recognising the infor-

mation as rich objects, automatically adds specific

functions based on the context of this information.

While generating interfaces to information stored in

relational database tables e.g., the generator has also

access to meta information, namely database defini-

tions, table layouts and relations, so the user inter-

faces can easily be enriched with automatically gen-

erated hyperlinks, which are presented to the user as

relations and explain functions. Moreover, a knowl-

edge worker will need access to more than only rela-

tional database records: a lot of useful information is

stored in documents and presentations, or, in general,

in unstructured multimedia files.

To capture the context of non-relational database

information, we use the concept of information gran-

ulation to identify "granules of information". In work

package 7A, information granulation and classifica-

tion, we develop a typology of information granules,

with attribute sets and relations for each information

type, based on Guilford's model of the human intel-

lect. As the granulation itself, and some of the infor-

mation context captured in attributes and relations,

may have an imprecise character, soft computing

techniques such as fuzzy logic can be used for calcu-

lating the hyperlinks.

Perspectives

During 1999, we prepared the first Cohesion pilot

study to be held early in 2000, which addresses the

interaction between decision and consensus models;

later pilot studies will supplement this interaction
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with the introduction of dynamic or opposing infor-
mation and will bring together all components for
investigating social interaction sequences.

In this first Pilot Study, we investigate the interac-
tions between individual and group preference build-
ing and group consensus reaching. In particular, we
address the following research questions:
' ' The interaction between individual and group

preference building, using decision models, by
establishing how individual preferences are
reflected in the group preference building process,
or how the group preference influences the indi-
vidual's preferences;

El The integration of individual and group decision
models, such that an easy transition from one
mode to the other is possible for the decision
group members;

S3 The influence of decision models on group com-
munication, e.g., does the use of a decision model
guarantee a more complete consideration of all
arguments mentioned during the discussion, or
does it at the contrary tends to focus only on a lim-
ited set of arguments in more depth.

The Cohesion project continues during 2000 and
2001. After the first Pilot Study the research will
focus on more dynamical aspects during the group
process. This includes focus on:

The dynamical behaviour of information during
the group processes;

" On the dynamics of preferences and the social

interactions during the group processes;
1 And on how feedback from both the individual

user and the group can be used to create flexible
and adaptive interfaces to the information space
using dynamically generated hyperlinks.

Sponsors

IWT, Vlaams Actieprogramma Informatietechnologie II,

Projectnummer 980301

Partners

AP&P, Advanced Projects & Products NV.

Publications

B. VAN DE WALLE, B. CARLE, F. VERMEERSCH, F.

HARDEMAN, "The Exchange of Information in Emergency

Response Expert Groups using Decision Models and

Computer Mediated Communication Technology",

Proceedings of the 7th Topical Meeting on Emergency

Preparedness and Response, Santa Fe, N.M., U.S.A

(September 1999).

Topical Day

B. CARLE, "Digitality of information and communication

will improve the information sharing in emergency situa-

tions", Topical Day on Emergency Planning and Response,

SCK>CEN Mol, Belgium, September 29; abstracts pub-

lished in report BLG-830

B. VAN DE WALLE, "Information exchang; and decision

making in groups", Topical Day on Emergency Planning

and Response, SCK'CEN Mol, Belgium, September 29;

abstracts published in report BLG-830
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DECISION STRATEGY RESEARCH:

RADIOLOGICAL EVALUATIONS: A IR
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Supporting staff
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Background

A coherent and effective off-site emergency manage-
ment is essential for nuclear fission safety. The main
aim is to take optimised decisions regarding the pro-
tection of the population and the environment in case
of necessity during a nuclear emergency.

A number of issues will have to be tackled: the
assessment of the potential (i.e. without countermea-
sures) risks and impact of the emergency situation,
the definition of the most sensible intervention
scheme which is acceptable to the society, the deci-
sion itself and finally its implementation. Besides the
purely radiological aspects, less tangible but never-
theless important factors such as economical, psy-
chological, sociological and political aspects will
influence the decision making process. As a conse-
quence, a lot of research is being performed on the
development and use of integrated decision support
systems.

Objectives
:t: To improve methods to assess in real time the radi-

ological impact to the population and the environ-
ment during a nuclear emergency.

... To support and advise the Belgian authorities on
specific problems concerning existing and poten-
tial hazards from exposure to ionising radiation in
normal and accidental situations.

;~ To organise training courses on off-site emergency
response to nuclear accidents.

Programme

Within the framework of the fourth EC Radiation
Protection Research Programme (DGXII),
SCK'CEN participated to the development of
RODOS (Real-time On-line DecisiOn Support sys-
tem), a comprehensive decision-support system for
nuclear accidents in Europe.

RODOS aims at the continuous assimilation and
analysis of data and information (e.g. plant data,
meteorological data, monitoring data) during the pro-
gression of an accident. RODOS will predict the
actual and future environmental contamination
fields. It establishes a ranked list of feasible counter-
measures, based on pre-selected criteria. RODOS
indicates the advantages and drawbacks of each
countermeasure, as guidance for decision advisors
and decision makers to optimise their decision. The
specific contribution of SCK'CEN is related to the
real-time assessment of the radiological situation in
the environment during the early phase.

On behalf of Belgian nuclear operators and in con-
sultancy with the responsible authorities for the
National Emergency Plan, SCK'CEN is continuous-
ly involved in the definition of improved methodolo-
gies and new software tools to assess the radiological
consequences in case of accidental releases.

Achievements

Real-time assessments

During the first part of this framework of the EC
RODOS project, a global investigation was done
regarding the possibilities to assimilate early envi-
ronmental data and related information in order to
assess in real-time the main environmental contami-
nation fields following a release at a nuclear power
plant. As a result a generic stand-alone source term
estimation module OSSTerm (Off-Site Source Term
module) based on standard least squares fitting tech-
niques applied to data from near-site gamma dose
rate monitors was developed, using the RODOS
atmospheric model ATSTEP. This year the module
has been implemented into the RODOS UNIX envi-
ronment with appropriate interfaces to the meteoro-
logical and radiological real-time data.

Because of the inherent difficulties of the subject,
further research activities and development work are
still necessary before this methodology reaches the
status of operational applicability. Hence, it was
decided to make this module available for the
RODOS prototype version PRTY 4.0 for distribution
to the scientific community, and not for the pilot ver-
sion RODOS PV 4.0 for distribution to a larger pub-
lic.

Nuclear emergency plan

Within the framework of the Belgian nuclear emer-
gency plan SCK'CEN has finalised its development
of the PC model "Noodplan Doel VI.03" on behalf
of the Doel Nuclear Power Plant. The model assess-
es the radiological impact of a radioactive release
using real-time stack monitoring and meteorological
data. It is also linked to a database of pre-calculated
accident scenarios to allow an immediate global
assessment of the radiological consequences of these
scenarios with the prevailing weather conditions. A
lot of flexibility has been included to cope with the
needs of the Belgian authorities involved in nuclear
emergency response. Some attention has been given
to be able to differentiate between the total dose
expected from the release and the dose still avertable
by the application of forthcoming countermeasures.
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Screen dump for the total effective dose for a fictitious release at the Doel nuclear power plant.

As an example a screen dump is provided for the
total effective dose for a fictitious release at the Doel
nuclear power plant. Doses are given with respect to
a set of intervention levels, which are user-adaptable.

Perspectives

SCK'CEN has submitted a R&D proposal for the
fifth Framework to co-ordinate further research relat-
ed to the practical improvement in RODOS by devel-
oping and integrating a common data assimilation
capabilities for off-site nuclear emergency manage-
ment.

SCK'CEN has also applied to the fifth Framework to
elaborate a coherent structure for an international
(European) training course on emergency planning
and response, and subsequently to hold it in 2000 in
Mol.

UoM University of Manchester (Manchester,
United Kingdom)

UoW University of Warwick (Warwick, United
Kingdom)

ECN KEMA KEMA Nuclear (Arnhem, The Nederlands)

CEPN Centre d'Etudes sur l'Evaluation de la
Protection dans le Domaine Nucleaire
(Fontenay-aux-Roses, France)

SPA Typhoon Scientific Production Association Typhoon
(Obninsk, Russia)

JRC Joint Research Centre (Ispra, Italy)

NNC NNC Limited (Knutsford, United Kingdom)

LLNL Lawrence Livermore Nations! Laboratory

STUK Finnish Centre for Radiation and Nuclear
Safety

Sponsors

EC European Commission, Research

Directorate-General (formerly DGXII)

Customers

Scientific partners Electrabel (Brussels, Belgium)

FZK Forschungszentrum Karlsruhe (Karlsruhe,
Germany) . ~ ~

NRPB National Radiological Protection Board
(Didcot, United Kingdom) Presentations

Ris0 National Laboratories (Roskilde, C. ROJAS-PALMA, A. SOHIER, C. SMEDLEY, E. GRINDON,

Denmark) D. CLARKE AND M. DUTTON, "An off-site source term esti-
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mation during nuclear emergencies", 7th Topical Meeting

on Nuclear Emergency Response of the American Nuclear

Society, Santa Fe, N.M., U.S.A (September 1999).

C. ROJAS-PALMA, "A complete decision support system at

European level: RODOS", Topical Day on Emergency

Planning and Response, SCK'CEN Mol, Belgium

(September 1999).

A. SOHIER, "Methodology for radiological consequence

assessment during the early phase", Topical Day on

Emergency Planning and Response, SCK'CEN Mol,

Belgium (September 1999).

A. SOHIER, "Experience et evaluation des codes de calcul

de doses actuels utilises en temps de crise nucleaire",

Joumee d'etude conjointe de 1'Association beige de radio-

protection - Societe franchise de radioprotection, Brussels,

Belgium (November 1999)

Publications and reports

C. ROJAS-PALMA, A. SOHIER, "OSSTerm: An Off-site

Source Term Estimation Module for RODOS", Contract

report RODOS(WG5)-TN(98)-05, E.C. Contract FI4C-

CT96-0006 (Customisation and further development of

RODOS for operational use) - SCK'CEN contract KNT 90

95 645, SCK'CEN Mol, Belgium (1999).

J. F.A. VAN HIENEN, J. B. GRUPA, A. SOHIER, "RODOS-PV-

3.0 demonstration and exercise on intermediate phase pro-

tective actions in the Netherlands", Contractreport RODOS

(WG7)-TN (98)-06, Contract with NRG (ECN KEMA) -

SCK'CEN contract KNT 90 98 1068, Petten, The

Netherlands (1999).

J. BARTZIS, J. EHRHARDT, S. FRENCH, J. LOCHARD, M.

MORREY, K.N. PAPAMICHAIL, K. SINKKO, A. SOHIER,

"RODOS: Decision Support for Nuclear Emergencies", 5th

International Conference of the Decision Science Institute,

Athens, Greece (July, 1999).

A. SOHIER, J. RUTS AND L. MAES, "Noodplan Kerncentrale

Doel V1.03: Programma voor de evaluatie van radiologis-

che gevolgen tijdens noodsituaties in de regio Doel",

Software development under contract with Electrabel -

SCK'CEN contract KNT 90 96 830.
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DECISION STRATEGY RESEARCH: POLICY SUPPORT
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Background

The SCK'CEN plays an important role as support
and as advisor to the Belgian authorities for all issues
related to guaranteeing a safe exploitation of nuclear
installations. Our contribution is mainly related to
the radiological surveillance of the Belgian territory
on the one hand, and to nuclear emergency prepared-
ness on the other hand. However, the use of our
know-how, infrastructure and skills is also available
to the authorities in other fields of interest. It is also
our ambition to perform research in domains that
have virtually not been studied before, despite of
their potential impact. In 1999, a research project on
the modelling and assessment of the economic con-
sequences of an emergency shutdown of the Antwerp
harbour region was concluded.

Objectives
m To support and advise the Belgian authorities on

specific problems concerning existing and poten-
tial hazards from exposure to ionising radiation,
both in normal and emergency situations.
To perform research on relevant topics that might
have an important impact on decision making
related to nuclear applications, including social
and economic sciences.

Programme

The 1999 programme was based on three important
activities:

1. continuation of our contribution to the radiological
surveillance of the Belgian territory, financed by
the Service for the Protection against Ionising
Radiation (DBIS/SPRI);

2. efforts linked to the Belgian emergency organisa-
tion;

3. research related to the economic consequences of
an emergency shut-down in the Antwerp harbour
region.

Achievements

The programme of environmental sampling, fol-
lowed by sample preparation and subsequent analy-
sis in one of the measurement laboratories of
SCK'CEN has been continued as in the previous
years. SCK'CEN covers mainly the northern part of
Belgium (close to the Mol/Dessel and Doel sites),
but we also collect samples close to the site of
Chooz, and we analyse fish caught in the North Sea.

Samples include: rain water, ground water, dust in
the air, river sediments, aquatic plants, mosses,
shrimps, fish, milk etc.; analyses include gamma-
spectrometry, global alpha and alpha spectrometry,
global beta measurements, specific determinations of
tritium, 226Ra, 90Sr, "'1.

Also for DBIS/SPRI, SCK'CEN gave advice and
comments related to legislation. The main contribu-
tion was related to the implementation into Belgian
legislation of the EC directive 96/29/Euratom, but
also comments were given on the technical annexes
of a new European Directive related to drinking
water (Directive 98/83/CE).

Within the context of emergency planning,
SCK'CEN has contributed to the information cam-
paign of the Ministry of Internal Affairs. It was
organised on the occasion of the distribution of sta-
ble iodine tablets (Kl-tablets) to the population in the
neighbourhood of the main Belgian nuclear sites or
of the foreign sites adjacent to the Belgian border.
SCK'CEN contributed to the spread of information
to medical and pharmaceutical staff, emergency
workers, local authorities etc., and has supported the
call centre organised for the general population.

SCK'CEN participated in the emergency exercises
that were organised on the national level, and we
supported both the evaluation and the measurement
cells. We also took part in joint meetings between the
DBIS/SPRI, the Belgian Forces, IRE £.nd SCK'CEN
related to potential collaboration within the frame-
work of aerial gamma ray surveys in Belgium.

SCK'CEN, in collaboration with IRE and AVN, pro-
posed to conclude agreements with the Ministry of
Internal Affairs for guaranteeing a better emergency
preparedness and an adequate support in the case of
nuclear emergencies. With the IRE, SCK'CEN pro-
posed to contribute to the maintenance and exploita-
tion of the Telerad automatic measurement network.
In both cases, negotiations are continuing.

SCK'CEN organised a "Topical Day on Emergency
Planning and Response: Nuclear Emergency
Preparedness for Urgent Countermeasures". There
were contributions by a variety of speakers repre-
senting the nuclear industry, nuclear research centres
and public authorities from Belgium and the neigh-
bouring countries. It was apparent that every country
shares the basic principles for radiological protection
(justification, optimisation, avoiding deterministic
effects); however, the conversion into their policy is
very different. There is a lot of variation indeed in the
emergency reference levels used, the emergency

Scientific Staff

FRANK HARDEMAN, MAY VAN

HEES, CHRISTIAN HURTGEN,

FREDDY VERREZEN, PAUL

GOVAERTS, PASCAL DEBOODT,

PHILIPPE ANTOINE, MARK

Loos, ALAIN SOHIER, CARLOS

ROJAS-PALMA, GASTON

MESKENS, BARTEL VAN DE

WALLE, BENNY CARLE, NOEL

PAUWELS

Supporting Staff

ELS TESSENS, PAUL BENS, JEF

SANNEN, EMIEL VAN BOGAERT,

RENE VERKOYEN, BENNY

BOUWENS, BETTY RUTS
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planning zones applied, the dispersion models used

etc. Moreover, the responsible authorities for the

implementation of countermeasures are placed at a

different level in various countries.

The analysis (in collaboration with UFSIA) of the

economic consequences of a precautionary emer-

gency shut- down was concluded in 1999. The theo-

retic framework based on options theory, and the

practical data obtained and reported in 1998 within 9

industrial companies in the Antwerp harbour area,

were combined. For a number of scenarios, based on

the PWR-classification of WASH-1400, the conse-

quences of a shutdown were studied, and the impact

of the use of options theory versus a myopic

approach neglecting the possible value of subsequent

information was compared. It showed that the appli-

cation of this options theory is important for moder-

ate accidents, while for the scenarios with very small

or very large consequences, the application is not

needed. This corresponds with intuition: if conse-

quences are very small, no actions are taken anyhow;

if consequences are very dramatic, actions are taken

anyway; in the intermediate case, explicitly taking

into account the industrial activities shows to be very

relevant. Furthermore, it was shown that delays of

several hours also might have very important conse-

quences, mainly for the severe and moderate acci-

dents.

As management implications, it was shown that:

V: it might be useful to implement a better informa-

tion and communication network with the indus-

try, avoiding losses of time in the decision process;

5 it would be useful to have an economic advisory

cell (parallel with the evaluation cell) to evaluate

the specific aspects of the industrial entities;

::; it would be useful to set-up a management infor-

mation system, in close collaboration with the

industrial entities, the representatives of the eco-

nomic advisory cell and the local authorities, to

have all relevant operational parameters available

in case a serious accident would happen;

r: one must explicitly take into account non-radio-

logical hazards that might be created by too sud-

den interventions in this industrial area; it is clear

that one should optimise the decision process not

only taking into account radiological safety, but

also industrial safety.

In the course of 1999, an agreement was concluded

between NIRAS/ONDRAF and SCK«CEN/IRE to

perform a study on the present values of radioactivi-

ty in the regions of Mol-Dessel and Fleurus. This

study encompasses a summary of historic studies and

data available, but also a measurement campaign in

those regions. This study is currently in progress, and

will be finished in 2000. An agreement between

SCK'CEN and IRE was concluded in order to stim-

ulate collaboration in the field of Radiation

Protection, and a joint syndicate was created

("SYRAD").

Perspectives

In future, SCK'CEN will certainly continue its

efforts related to the radiological surveillance of the

Belgian territory. Its expertise related to nuclear

emergency management or related to radiological

protection in general certainly remains available to

the authorities. In the emergency context, we envis-

age extending our knowledge and experience related

to agricultural countermeasures; SCK'CEN will col-

laborate (together with DBIS/SPRI) to the interna-

tional network called FARMING that will be set-up

within the 5th Framework programme of the

European Commission. The purpose is to construct a

grid of stakeholders in Belgium, France, Greece, UK

and Finland, and to evaluate the practical feasibility

and public acceptability of agricultural countermea-

sures in case of nuclear emergencies; it will include:

public authorities, research centres, agricultural

industrial companies, laboratories etc.

Sponsors

DBIS/SPRI, Service for the protection of the population

against the dangers of Ionising Radiation, Ministry of

Public Health, Brussels

NIRAS/ONDRAF, Nationale Instelling voor Radioactief

Afval en Verrijkte Splijtstoffen, Brussels, Belgium

Partners

IRE Institut National des Radio-elements, Fleurus,

Belgium

AVN Association Vincotte Nucleaire, Brussels,

Belgium

UFSIA Universitaire Faculteiten Sint-Ignatius

Antwerpen, Belgium
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Publications

N. PAUWELS, F. HARDEMAN, K. SOUDAN, "Preventieve

Interventiebeslissingen in Nucleaire Alarmsituaties: Een

optiebenadering", in: Van Wouwe, M. (ed.), Wiskundig

bekeken.... Liber Araicorum Roger De Groot, Mys &

Breesch, pp. 223-247 (1999).

N. PAUWELS, F. HARDEMAN, K. SOUDAN, "Radiological

Protective Measures in Highly Industrialised Areas. Do the

Existing Intervention Levels Apply?", Health Physics 77,

pp. 646 - 653

N. PAUWELS, T. VAN WOENSEL, "Alternatieve

Nutstheorieen ter Ondersteuning van Risicovolle

Beslissingen. Een Overzicht", Economisch en Sociaal

Tijdschrift 53, pp. 223 - 249.

F. HARDEMAN, N. PAUWELS, K. SOUDAN, "Nuclear

Emergency Planning and Response in Industrial Areas: a

Qualitative Study in the Antwerp Harbour Region",

Proceedings of the 9th Annual Conference on Risk

Analysis: Facing the New Millennium, SRA-Europe, TU

Delft, pp 474 - 477 (1999).

F. HARDEMAN, N. PAUWELS, C. ROJAS-PALMA, B. VAN DE

WALLE, "The Role of Experts in Decision Making upon

Urgent Countermeasures in Nuclear Emergency

Situations", Proceedings of the 1998 Annual Conference of

the Society for Risk Analysis Europe "Risk Analysis:

Opening the Process", SRA-Europe, IPSN, Vol. 2, pp 1069

- 1079 (1999).

Topical Day

Topical Day on Emergency Planning and Response:

Nuclear Emergency Preparedness for Urgent

Countermeasures, September 29,1999; abstracts published

in report BLG-830
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FILIP VANHAVERE

SAFEGUARDS AND PHYSICS MEASUREMENTS:

NEUTRON DOSIMETRY

BE0100040

Scientific staff

Filip VANHAVERE,

Michele COECK

Background

The ICRP 60 publication introduced new and
increased quality factors and lowered the annual dose
limits for radiation workers. In radiation protection,
neutron dosimetry is still a hot issue because of the
difficulty of the measuring process. Present neutron
personal dosimeters still perform very poorly in view
of these new demands.

Objectives
~ To improve the determination of neutron doses by

studying neutron spectra, neutron dosimeters and
shielding adaptations.

3 To investigate the characteristics of bubble detec-
tors in order to be able to use them as direct-read-
ing neutron dosimeters.

Programme

Our programme foresees

5 to further investigate the bubble detectors type
BD-PND and BDT, with respect to their sensitivi-
ty and temperature dependence

a to update the SCK'CEN criticality dosimeter

u to investigate the characteristics of new thermolu-
minescent (TL) materials for their use in neutron
dosimetry

Achievements

We continued the tests on the BDT bubble detector,
which is specifically sensitive for thermal neutrons.
The temperature dependence of these detectors is
still not fully understood, nor is the evolution in time
of the temperature compensation known. By system-
atically checking the temperature behaviour for ther-
mal neutrons (irradiation at the BR1 reactor) this
effect is investigated. The first results show a much
larger rise of sensitivity for thermal neutrons at high
temperatures (factor 3 at 36°C), than is the case with
fast neutrons (factor 1.5 at 36°C). Meanwhile the
BD-PND bubble detector has been used for 1 year as
official neutron personal dosimeter at the SCK'CEN.
These detectors allow the determination of personal
doses with a very low threshold (a few [iSv), and give
the personnel the opportunity to visualise their neu-
tron doses at workplaces.

The criticality dosimeter of SCK'CEN is used at
Belgonucleaire and FBFC International to give the
neutron doses in case of a criticality accident. The
dosimeter consists of gold and sulphur samples that
will be activated by the neutrons. A study is done to

recalculate the reconstruction of the neutron dose out
of the activation results. We also investigated
whether other activation materials should be neces-
sary in the dosimeter to get a better estimate of the
dose.

A validation study was done of the different tech-
niques to correct for neutron scattering as described
by the ISO 8529 standard. Especially in case of non-
symmetric set-up of the neutron source, these meth-
ods must be treated with care and only the shadow
cone method remains valid. We performed measure-
ments at the Laboratory for Nuclear Calibrations by
moving one of the 252Cf neutron sources in different
positions. The situation was also calculated with
MCNP and Tripoli Monte Carlo codes and both
results were compared.

Newly developed crystals are being tested for their
thermoluminescent (TL) characteristics. These mate-
rials are being synthesised in Russia and the different
dopant materials are chosen for their neutron cross
section (e.g. Gd). The usefulness as a TL-material
depends among others on the sensitivity, the fading
characteristics and the position of the glow curve
peak. These topics are investigated for materials with
different concentrations of different dopants.

Perspectives

The experiments with the bubble detectors will be
continued, and so will the tests on the new TL mate-
rials. A further comparison will be made between the
MCNP and Tripoli Monte Carlo codes. MCNP cal-
culations will also be done to design a neutron mon-
itor for personnel dosimetry. Participation as a sub-
contractor is foreseen in the FP5 project of MAR-
WEL (Monitoring and Assessment of Radiation-
Worker Exposure Levels). Our part would be the
organisation of neutron dosimetry and spectrometry
measurements at the VENUS reactor and
Belgonucleaire.

Scientific partners

Universiteit Gent, Standaard Dosimetrie Laboratorium

(UG, Gent, Belgium), Belgonucleaire (BN, Dessel,

Belgium), Institute of General and Inorganic Chemistry

(Moscow, Russia), Aristotle University of Thessaloniki

(Greece), University of Pisa, European Radiation

Dosimetry Group (EURADOS).
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Publications

F. VANHAVERE, M. LOOS, H. THIERENS," The Life Span of

the BD-PND Bubble Detector", Rad. Prot. Dosim., Vol 85

(1-4), 27-30 (1999).

R. OLAERTS, P. KOCKEROLS, A. RENARD, W. ROSENSTOCK,

T. KOBLE, F. VANHAVERE, "Determination of Neutron

Spectra in a MOX Plant for the Qualification of the BD-

PND Bubble Detector", Health Physics, Vol. 77 (2), 200-

206 (

Presentations

F. VANHAVERE, "Neutron Dosimetry using Bubble

Detectors", 6th International Conference on Applications

of Nuclear Techniques, Crete, Greece, 20-26 June 1999.

M. COECK, "Procedures for Neutron Scattering Corrections

in a Calibration Facility with a Non-symmetric Set-up",

6th International Conference on Applications of Nuclear

Techniques, Crete.

F. VANHAVERE, "Personal Dosimetry at the SCK'CEN",

Lunchtalk SCK-CEN, 24-09-1999
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BE0100041
STEFAAN POMME

SAFEGUARDS AND PHYSICS MEASUREMENTS: NEUTRON

ACTIVATION ANALYSIS WITH KO-STANDARDISATION

Scientific staff

Stefaan POMME,

Frank HARDEMAN

Supporting staff

Jean-Pierre ALZETTA,

Paul WlLLEBORTS

Background

Neutron Activation Analysis (NAA) is a sensitive

and accurate tool for element analysis, complemen-

tary to non-nuclear analytical techniques. The com-

bination of our gamma spectrometry laboratory and

the neutron irradiation facilities at the BR1 reactor

constitutes an excellent framework for the applica-

tion of NAA.

Objectives

:.; to further develop the ko-standardisation method

for NAA, in close collaboration with scientific

partners;

~ to fully exploit the inherent qualities of NAA such

as accuracy, traceability and multi-element capa-

bility, to ensure its position as a competitive rou-

tine chemical analysis technique;

~ to acquire technical spin-off to our nuclear meas-

urements services, enhanced support possibilities

to other internal projects and be a stimulus for pro-

fessional contacts with the international scientific

community.

Programme
~ to improve the standardisation method and the

neutron field characterisation

r, to improve the statistical control on neutron acti-

vation analysis

tion efficiency of a High Purity Germanium (HPGe)

y-ray detector set-up for cylindrical geometries.

Fundamental research was done on nuclear counting

statistics, which deviate from Poisson distributions in

the presence of significant count loss in the spec-

trometer. From renewal process theory, new counting

uncertainty formulas were derived for the basic types

of count loss: extending dead time, pulse pileup and

non-extending dead time. Separate expressions are

presented, valid before and after count-loss compen-

sation respectively. Also the particular case of

Wilkinson ADC's is scrutinised, taking into account

the channel dependence of the characteristic dead

time. Particular attention was paid to the statistical

properties of "loss-free counting" and the "Gedcke-

Hale live-time correction method", which are two

important pulse-loss correction methods for nuclear

spectrometry. Finally, statistical control was

achieved for most of the commonly applied y-ray

spectrometry techniques in neutron activation analy-

Scientific Partners

Institute for Reference Materials and Measurements

(IRMM), Universiteit Gent (UG), Atomic Energy Research

Institute of the Hungarian Academy of Sciences (KFKI),

DSM Research BV, National Institute of Standards and

Technology (NIST), Ecole Polytechnique Montreal.

Achievements

In ko-NAA, the normalisation of the analytical result

is based on so-called ko-factors associated with each

gamma line in the activation spectrum, and the neu-

tron flux characterisation is usually based on the Au-

Zr triple bare monitor method. An original method

has been presented to determine Au-burn up effects

by g-ray spectrometry of the l98Au and 199Au decay

lines, hence allowing the utility of gold as a flux

monitor at high neutron fluxes. SCK'CEN con-

tributed, in international collaboration, to a re-deter-

mination of the ko-parameters associated with the

activation of Zr and also Rh, the first being an impor-

tant monitor for epithermal flux, the latter presenting

an interesting but complex activation scheme leading

to short-lived isotopes. By participating to the

EUROMET project 428 on "Transfer of Ge detectors

efficiency calibration from point source geometry to

other geometries", some evaluation was done of the

semi-empirical method used to calculate the detec-

Thesis

S. Pomme, "On the applicability of k -̂NAA in extreme

conditions", PhD Chemistry, University of Gent,

Analytical Chemistry Lab, (1999),270 pages

Publications

F. De Corte, S. Van Lierde, A. Simonits, D. Bossus, R. van

Sluijs, S. Pomme, "A re-evaluation of k0 and related

nuclear data for the 555.8 keV gamma-line emitted by the

K»">Rh-K»Rh mother-daughter pair", Appl. Rad. Isot. 51

(1999), 701-706

C. Ingelbrecht, J. Ambeck-Madsen, K. Teipel, P. Robouch,

G. Arana, S. Pomme, "Electrodeposited l49Sm targets for

(n,a) studies", Nucl. Instr. and Meth. A438 (1999), 36-39

S. Pomme, J-P Alzetta, J. Uyttenhove, B. Denecke, G.

Arana, P. Robouch, "Accuracy and Precision of Loss-Free

Counting in y-ray Spectrometry", Nucl. Instr. and

Meth.A422 (1999), 388-394
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S. POMME, B. DENECKE, J-P ALZETTA, "Influence of pileup

rejection on nuclear counting, viewed from the time-

domain perspective", Nucl. Instr. and Meth. A 426 (1999),

564-582

S. POMME, "HOW pileup rejection affects the precision of

loss-free counting", Nucl. Instr. and Meth. A 432 (1999),

456-470

S. POMME, "Time-interval distributions and counting statis-

tics with a non-paralysable spectrometer", Nucl. Instr. and

Meth.A437, (1999), 481-489

S. VAN LIERDE, F. DE CORTE, D. BOSSUS, R. VAN SLUIJS, S.

POMME, "Determination of kO and related nuclear data for

short-lived radionuclides to be used in KAYZERO-NAA at

DSM Research", Nucl. Instr. and Meth. A422, (1999) 874-

879

S. POMME, "IS loss-free counting under statistical control?",

Biol. Trace Element Res. 71-72 (1999), 415-422.

Reports

S. POMME, P. WILLEBORTS, "Neutron Activation Analysis of

Al-Au alloy for certification", SCK'CEN External contract

report, IRMM order 90127 CCR 290357, 1999, pp.8.

P. ROBOUCH, G. ARANA, S. POMME, "AS, Br, Cl, Cd, Cr and

Hg in CRM-680 and 681: the kO-NAA contribution to the

PERM certification", Internal Report IRMM,

GE/R/RM/04/99, 1999, pp.8.

P. ROBOUCH, G. ARANA, M. EGUSKIZA, S. POMME, "k,,-NAA

and Bronzes: the IMMACO certification", Internal Report

IRMM, GE/R/RM/05/99, 1999, pp.17.

P. ROBOUCH, M. EOUSKIZA, M.I. MAGUREGUI, S. POMME,

"CRM-600 and ko-NAA: Homogeneity, Stability and

Certification analysis", Internal Report IRMM,

GE/R/RM/06/99, 1999, pp.13.

Presentations

M.C. LEPY, T. ALZITZOGLOU, D. ARNOLD, F. BRONSON, R.

CAPOTE NOY, M. DECOMBAZ, F. DE CORTE, R. EDELMAIER,

S. KLEMOLA, M. KORUN, H. NEDER, T. NOVOTNY, S.

POMME, 0. SIMA, F. UGLETVEIT, L. VAN VELZEN,

"Efficiency transfer software intercomparison", 12th

International Conference on Radionuclide Metrology and

its Application, ICRM'99, Prague, Czech Republic, June 7-

11, 1999

S. POMME, A. SIMONITS, R. LINDSTROM, F. DE CORTE, P.

ROBOUCH, "Determination of burnup effects in

"7Au(n,g)l98Au prior to reactor neutron field characterisa-

tion", MTAA-10: Modern Trends in Activation Analysis,

Bethesda, Maryland, USA, April 19-23, 1999.

S. POMME, P. ROBOUCH, G. ARANA, M. EGUSKIZA, M.I.

MAGUREGUI, "IS it safe to use Poisson Statistics in Nuclear

Spectrometry?", MTAA-10: Modern Trends in Activation

Analysis, Bethesda, Maryland, USA, April 19-23, 1999.

S. POMME, G. KENNEDY, "Pulse loss and counting statistics

with a digital spectrometer"

12th International Conference on Radionuclide Metrology

and its Application, ICRM'99, Prague, Czech Republic,

June 7-11, 1999.

P. ROBOUCH, G. ARANA, M. EGUSKIZA, S. POMME, N.

ETXEBARRIA, "Uncertainty budgets for kO-NAA", MTAA-

10: Modern Trends in Activation Analysis, Bethesda,

Maryland, USA, April 19-23, 1999.

A. SIMONITS, F. DE CORTE, S. VAN LIERDE, S. POMME, "THE

kd and Qo values for the Zr-isotopes: a re-investigation",

MTAA-10: Modern Trends in Activation Analysis,

Bethesda, Maryland, USA, April 19-23,1999.
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JEAN LOUIS GENICOT
BE0100042

SAFEGUARDS AND PHYSICS MEASUREMENTS:

WHOLE BODY MEASUREMENTS

Scientific staff

Jean-Pierre ALZETTA,

Jean Louis GEMCOT,

Paul WlLLEBORTS

Supporting staff

August DAMEN,

Ingrid GEBOERS

Background

The ICRP 60 publication introduced new recommen-

dations and lowered the annual dose limits for radia-

tion workers. This requires the development of new

techniques for the assessment of internal contamina-

tion. Another purpose of the R&D projects is to

improve the accuracy of the measurements of the

internal contamination by direct methods.

3. In the framework of a thesis for industrial engi-

neer, developments also have been performed for

the assessment of 232/2287̂  in the lungs with a dou-

ble High Purity Germanium (HPGe) detector and

of "mTc in the knee with CdZnTe diodes. The

technique developed for the quantification of tho-

rium in the lungs is based on the detection of pho-

tons emitted by 22sAc. The improvement of the

accuracy has been performed with this method.

Objectives
2 to extend the use of planar germanium detectors

a to further develop the use of room temperature

diodes

2 to improve the accuracy of the measurements

2 to reduce the background in case of measurements

requiring very low detection limits.

Achievements

In vivo measurements are subject to developments

because new techniques are available allowing the

direct assessment of radioactive body burden emit-

ting low energy photon, which could not be detected

with the previous techniques. Next to the Nal(Tl)

scintillators, which are still very fruitful in this field,

the planar germanium detectors are used more exten-

sively in the low energy photon measurements. After

the 24JAm lung burden, the 23m28jh lung burden

assessment can now be performed.

The study of room temperature diodes for in vivo

measurements has been extensively pursued. The sil-

icon and the CdZnTe are now used for the measure-

ment of local internal contamination (organ, wound,

metabolism studies). Clinical studies with these

diodes are now prepared and planned.

A knee phantom, developed by the University of

Cincinnati, has been used for the calibration of a pla-

nar germanium detector and of a CdZnTe diode.

These techniques were dealt with in different activi-

ties.

1. They have been the objects of a PhD thesis.

2. In May 1999, an international workshop "In Vivo

Monitoring for Internal Contamination: New

Techniques for new Needs" was organised, during

which 88 specialists from different countries

joined to discuss about the measurements of inter-

nal contamination by the direct methods.

Proceedings of this workshop will be published in

Radiation Protection Dosimetry.

Theses

J.L. GENICOT, "Anthroporadiametry of Low Energy X- and

Gamma Photons: Development of a New Technique Based

on Room-Temperature Semiconductor Detectors", PhD

Thesis presented at the Universite Catholique de Louvain

(Natural Applied Sciences), Louvain-la-Neuve, March 24,

1999.

C. DECLERCQ, "Directe Meting van Th-Longbesmetting

met Ge-detectoren", final-year project, Industrial Engineer

(Hogeschool Limburg), June 1999.

Publications

J.L. GENICOT, S. POMME "Attenuation Calculation of Low

Energy Photons: Application to In-Vivo Spectrometry

Using Multi-Diode Systems." Radiation Protection

Dosimetry. Vol. 81, No. 2, pp.113-122, February 1999.

J.L. GENICOT, S. POMME, J-P ALZETTA. "In Vivo

Measurement of Low Energy Photon Emitters: Room-

Temperature Semiconductor Diodes vs. Large Scintillators

and Germanium Crystals. Health Physics Volume 76

Number 3, pp 288-299, March 1999.

International Conferences

J.L. GENICOT "In Vivo 99: In Vivo Monitoring for Internal

Contamination: New Techniques for new needs" an

International Workshop organised with European

Commission (DGXI) and CEA-IPSN (Fontenay-aux-

Roses, France), May 25-28, 1999, Mol Belgium

J.L. GENICOT "IRPA Council and delegate Meetings" - A

meeting organised to prepare the IRPA-10 meeting of

Hiroshima and where the Belgian Association for

Radioprotection (ABR-BVS) is involved, June 12-14,

1999

Presentations

J.L. GENICOT "The In Vivo Detection of Low Energy

Photon Emitters in Radiation Protection and in Nuclear

Medicine. A New Philosophy for New Needs in In Vivo
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Counting". Presented at the International Workshop "In

Vivo 99: In Vivo Monitoring for Internal Contamination:

New Techniques for new needs", May 25-28, 1999, Mol -

Belgium.

J.L. GENICOT "Internal contaminations: Conclusions after

the IN VIVO 99 International Workshop." Lunch talk

SCK-CEN, November 26, 1999.

J.L. GENICOT "Whole Body Counting: Measurement of

Radioactive Body Burden by the Direct Method. New

Techniques for New Needs" at the K.U. Leuven, Belgium,

March 5,1999.

J.L. GENICOT "Anthroporadiametrie: Mesure de la contam-

ination interne par les methodes directes " at the U.C.L.

Woluwe, April 27, 1999.
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ROLAND CARCHON

SAFEGUARDS AND PHYSICS MEASUREMENTS:

SAFEGUARDS AND NON-DESTRUCTIVE ASSAY

Scientific staff

Peter BAETEN,

Michel BRUGGEMAN,

Roland CARCHON1,

Wim DE BOECK,

Jozef GERITS,

Jan PAEPEN

Supporting staff

Nadine VERSTRAELEN

Background

Safeguards means the ensemble of measures that are

taken within the context of international treaties to

assure that nuclear materials are not diverted from

peaceful nuclear activities to the manufacture of

nuclear weapons.

Non-destructive assay (NDA) techniques are used

throughout the nuclear fuel cycle for the verification

of special nuclear material in addition to process con-

trol. The non-destructive assay techniques are essen-

tially based on the detection of the radiation emitted

by the radioisotopes.

Objectives
;: to contribute to a prevention of the proliferation of

nuclear materials by

• maintaining an up-to-date expertise in the field

of safeguards;

• providing consultancy, guidance, and scientific

and technical support to the Belgian Authorities

and nuclear industries.

c to improve the qualification and quantification of

nuclear materials via non-destructive assay.

Achievements

Safeguards related topics

Within the framework of a contract with Synatom on

the safeguard aspects of a spent fuel conditioning

plant, a critical evaluation was made on the concept.

This conditioning is a first phase in the complete

process of the final disposal of the spent fuel in an

underground geological disposal.

The safeguard evaluation was applied on the general

layout and process description. The safeguards ele-

ments considered were design information verifica-

tion, nuclear materials accountancy, containment and

surveillance, and non-destructive assay techniques.

A proposal was made for the implantation in the

plant of the equipment estimated to be necessary for

current safeguards implementation. Recommend-

ations were made to have the inspectors involved in

the early discussions, and to have a follow-up of the

evolving legislation and technological develop-

ments.

Following a request by the Belgian Authorities, an

overview was made of the different actions that have

been undertaken by the IAEA in the field of the

direct disposal of spent nuclear fuel. The sources of

information are threefold: consultants and advisory

group meetings, the joint undertaking of several sup-

port programmes (called Sagor), and the individual

action within the German support programme. An

overview document was made, and the main conclu-

sions for the different actions were reported.

One of the basic elements in establishing a safe-

guards approach for an installation is a careful analy-

sis of diversion paths. This is also true for the direct

disposal of spent fuel, with inherent facilities as con-

ditioning plant, open and closed geological reposito-

ries. Diversion paths in these facilities were identi-

fied, and linguistic descriptions, rather than numbers

expressed the relative importance of each diversion

possibility. Bellman and Zadeh's original fuzzy deci-

sion model was employed for the final evaluation.

Then a different weight was assigned to the different

criteria and Yager's procedure was considered for the

choice of alternatives when multiple objectives coex-

ist to be suitable for the comprehensive evaluation of

the safeguards approach in this particular case but

also in general. Evaluation criteria such as techno-

logical complexity, economic cost, safety risk, effi-

ciency of the diversion (i.e. the quantity of material

per diversion) and detection probability, that can play

a role in the final determination of a safeguards strat-

egy were used. Each of the criteria is given a weigh-

ing factor. By using this example, we get a systemat-

ic evaluation model while taking into account multi-

ple criteria in a decision support environment in the

safeguards domain.

Non-destructive assay of fissile material
and waste

We developed the prototype hardware and software

for a high count-rate neutron (several Mpulses/s)

Time Interval Correlation Spectroscopy analyser

(TICS). The TICS analyser directly measures auto-

correlation functions between detected neutron pairs

or neutron triplets known as Rossi-alpha distribu-

tions. The TICS analyser is a general-purpose neu-

tron correlation analyser applicable in non-destruc-

tive assay of fissile materials and for reactor param-

eter studies.

The TICS analyser is build using Embedded

Programmable Logic Devices (EPLD) that contain

the necessary software to implement the coincidence

counting circuits. The TICS technology is aimed to

replace coincidence counters based on conventional

shift registers in high-count rate applications for

safeguards verification such as neutron based verifi-

cation measurements of MOX fuel assemblies. The
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main advantages of TICS are the on-line visualisa-

tion of the time correlation spectra offering a more

accurate determination of certain parameters, a con-

tinuous diagnosis of the counting measurement, sim-

plicity and transparency of the theory for TICS com-

pared to conventional neutron counting algorithms.

Three EC-projects in the field of NDA of nuclear

waste ended in 1999:

(1) "Improvement of Passive and Active Neutron

Assay Techniques for the Characterisation of

Radioactive Waste Packages"

(2) "Optimisation of Gamma Assay Techniques for

the Quality Checking of Radioactive Waste

Packages"

(3) "Round Robin Test for Non Destructive Assays

of 200 litres Radioactive Waste Packages"

Our contributions to the respective final reports were

prepared. The main scientific contribution in each of

the projects is briefly summarised hereafter.

1. We developed an algorithm for the optimisation of

the measurement accuracy in passive neutron

assay of waste packages based on the analysis of

count rate distributions using models that describe

the neutron transport and their detection.

2. We developed software (Solidang) for the simula-

tion of the gamma detector response in high-reso-

lution gamma spectroscopy for the assay of waste

packages. Meanwhile we also developed a graph-

ical user interface for Solidang. It allows a more

user-friendly set up of the input data for this code

and should minimise the risk for errors in the input

geometry description.

3. We participated with 3 NDA systems in the Round

Robin Test. However, for statistical reasons, a sig-

nificant comparison was only possible for the

Segmented Gamma Scanner. The data show that

within the uncertainty of the measurements, a bias

comparable to that of other waste quality checking

laboratories was obtained with our system.

To cope with future demands for non-destructive

assay of waste packages, mainly from the disman-

tling of BR3, we designed and developed a new

gamma scanner (the 3Ax-scanner). The electro-

mechanical construction of the 3Ax scanner was

completed in 1999 (see figure'1). The 3Ax scanner

is designed for assay of low level waste contained in

2001 or 4001 drums in light or heavy weight matrices.

The scanner allows to accurately position a collimat-

ed high-resolution gamma detector in three dimen-

sions with respect to the waste drum. The waste

drum can be continuously rotated or positioned in a

predefined orientation. The sophisticated detector

positioning of the scanner will be used for advanced

assay in which bias caused by the activity distribu-

tion in the drum will be minimised. A transmission

source, mechanically coupled to the position of the

detector will be used to measure the transmission at

various positions in the drum to minimise also bias

caused by matrix effects.

Perspectives

Two project proposals have been defined for the EC

5th framework programme.

One proposal deals with the development of a soft-

ware tool for improving and optimising quality

checking of waste packages. The proposed software

tool aims at improving confidence building and error

estimation by a case by case simulation of the system

response and using information from different analy-

sis methods commonly used in waste assay such as

digital radiography, count rate distribution measure-

ments etc.

The other proposal deals with the improvement of

non-destructive gamma/neutron measurement sys-

tems for the assay of spent fuel assemblies. The aim

is to maximise the number of parameters that can be

assessed in gamma and neutron measurements on

spent fuel and to use redundancy to improve the con-

fidence in the results produced by the fuel burn-up

models.

The 3Ax scanner, designed for assay of low level
waste contained in 2001 or 4001 drums
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Dosimetry

The dosimetry service is in charge of the personal
dosimetry of more than 4500 workers in different
companies and hospitals, of which about 800 are for
internal SCK'CEN use. We also supply extremity
and ambient dosimeters. All these dosimeters operate
on the thermoluminescence principle (TL).

A QA-system was implemented for the environmen-
tal dosimetry service. This system beholds a com-
plete set of operator instructions, periodical quality
control measurements and a validation of the per-
formance of the system and its uncertainties. This
service was audited and approved by its major client,
KC Doel. The preparations of a QA system for the
personal and extremity dosimetry were started (qual-
ity control already implemented).

A study was done on the fading of the thermolumin-
scent dosimetry system at the SCK'CEN. The
results of this study are now used in the quality con-
trol programs. Also a comparison was done between
the electronic dosimeters results routinely used at the
SCK-CEN and the official TL dosimeters. The
results agree reasonably well.

SCK'CEN participated actively in the EURADOS
action group concerned with the "Harmonisation and
Dosimetric Quality Assurance in Individual
Monitoring for External Radiation". The final report
will be published in Radiation Protection and
Dosimetry and will be discussed during a workshop
in 2000.

Calibration

The calibration service calibrates all radiation detec-
tors at SCK'CEN. It also calibrates neutron moni-
tors, gamma monitors and electronic personal
dosimeters for customers outside SCK'CEN. A
strong effort was made to obtain an accreditation of
the "Belgische Kalibratie Organisatie" (BKO) for the
calibration services. The external audit took place at
the end of 1999, so that the accreditation is expected
in the beginning of 2000. As a first part the calibra-
tions with 252Cf neutrons and the calibrations of the
Siemens Electronic Personal Dosimeters were in the
scope of accreditation.

Instrumentation

The instrumentation service is responsible for the
maintenance of all the electronic measuring devices
used in radiation protection at SCK'CEN. Also all
the radiation and meteorological survey stations

located near SCK'CEN are maintained by the instru-
mentation service.

Gamma Spectrometry

In the course of 1999, the gamma spectrometry lab-
oratory continued its analyses on a large variety of
samples with low to moderate activity levels. Close
to 2000 analyses were performed, both for internal
projects of SCK'CEN (mainly related to safety pur-
poses, but also for the Waste Department or for
research projects like Radio-ecology), and for exter-
nal clients (within the framework of the radiological
surveillance of the Belgian territory, but also for
industrial companies).

We updated the hard- and software for gamma-spec-
trum acquisition and analysis, without any interrup-
tion in availability for the clients. The laboratory
switched to the Genie-2000 system (Canberra
Industries), which included a renewal of the efficien-
cy calibration of our Germanium detector systems,
using aqueous solutions standards with a variety of
radionuclides. Furthermore, the number of standard
geometries was drastically increased to 16. Sample
sizes range from 0.7 ml vials to 2.5 1 Marinelli
beakers.

Another innovation was the replacement of the
detector chain used for X-ray measurements (mainly
Fe-55). The previous Si(Li)-detector was replaced by
a low energy Germanium detector. This set-up has
been calibrated for the quantification of Fe-55 in a
fixed geometry (stainless steel disks) using a stan-
dard solution from the National Physical Laboratory
(NPL- U.K.). The reproducibility showed to be of the
order of 15 %, if one takes into account self-absorp-
tion in the source in case the solutions contain too
much stable iron or salt, and the spread of the liquid
on the disks.

The 47t By - detection system used for the standardi-
sation of radioactive solutions has been completely
checked and the essential parts of the proportional
counter were renewed. A new collaborator with
chemical background was engaged, in order to be
able to continue this kind of activities.

Some of the samples were also counted with the
large Nal(Tl) detector. The simple usage of these
detectors make them excellent for an easy quantita-
tive determination of several radioactive burden in
samples (l37Cs, 13Cs, '"Co, ^K,...).
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Whole Body Counter

The laboratory for Whole Body Counting performed

on routine basis 1135 in vivo measurements.

The very large Nal(Tl) scintillators (30 cm and 20

cm) were used for routine and special measurement

of fission products, activation products, but also for

uranium, thorium and other high or medium energy

photon emitters. The measurements of 24lAm in the

lungs (with the aid of the low energy germanium

detectors) are now performed with the tilted chair

technique.

These in vivo measurements were performed to con-

trol SCK'CEN workers and external clients as well

as persons involved in incidents with the possibility

of internal contamination. The germanium detectors

(coaxial and planar) are also used for special meas-

urements (12.VI25I, wmTc, 103/iTOpd, i«mpt...). The sili-

con and CdZnTe room temperature diodes are also

now available for measurement of contaminated

wounds and for metabolism studies. The laboratory

is accredited by Beltest for the measurement of
241 Am and 2-»Pu in the lungs.

Safeguards

SCK'CEN installations were subject to routine

inspections and to physical inventory verifications

within the regular verification activities of Euratom

and the IAEA. Nuclear materials accountancy

(NMA) was made for the different material balance

areas to comply with the non-proliferation commit-

ment.

In order to cope with evolving software evolution,

new software for NMA was developed that will be

implemented as an application available on the inter-

nal network. Depending on the users, more or less

functionality will be made available.

The database of the new program is based on SQL

Server 7.0, which is designed to ensure access to cer-

tain information for a limited number of users. A

security clause prevents access to other users.

The software itself is based on Visual Basic 6.0. The

reporting function is written in Crystal Reports 7.0.

These reports integrate perfectly in the Visual Basic

environment.

We have given support to Euratom's verification of

spent fuel and of fresh MOX fuel in reactor storage

ponds. We assured maintenance, repair, test and

upgrading of the existing Fork detectors for PWR

and BWR fuel assemblies and for fresh PWR type

MOX fuel, in order to increase performance and reli-

ability of the detectors.

Laboratory for non-destructive
analysis

The NDA systems of the laboratory are used to iden-

tify and quantify the radionuclides in the nuclear

wastes of SCK'CEN and to perform measurements

for third parties. We moved the Low Level Waste

Assay System Q2 from the Chemistry building to the

NDA room of SCK'CEN's central temporary waste

storage building. We developed new measurement

and analysis software for the Q2 with the aim to har-

monise the measurement software of all our NDA

systems, and to allow a flexible and easy integration

of new measurement options in the future, and to

guarantee a maximum of traceability. With each rou-

tine measurement or control measurement a com-

plete set of parameters describing the state of the sys-

tem and the measurement performed is written to a

database. Some 250 waste drums and 26 absolute fil-

ters have been measured with the Q2 System.

New acquisition and analysis software has been

developed for the passive neutron counter. Previous

software was a prototype and worked under DOS.

The new version is based on National Instruments

Labview and has an enhanced user interface.

Partners
Institut pour la Protection et la Surete Nucleaire

(C.E.A./I.P.S.N.) Fontenay-aux-Roses, France, KulLeuven,

UCL (Universite Catliolique de Louvain).

Sponsors

European Commission (DGXI) Luxembourg

Customers

Preconex n.v., Willebioek, Belgium

Prayon Rupel, Engis, Belgium

SGS Van Bree, Antwerp, Zelzate, Belgium

AVN, Brussels

Electrabel, Doel

Belgoprocess, Mol

Transnubel, Mol

IRMM, Geel

Belgonucleaire, Dessel

Armee Beige - Belgisch Leger, Liege

Watco Industrial Cleaning, Yvoz-Ramay

Prayon Rupel

Philips, Turahout

Sylvania, Tienen

Euratom, Luxembourg.
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Background

Radiological assessments constitute an important
discipline in radiological protection. The observance
of the basic principles of radiation protection (justifi-
cation, optimisation and limitation of individual
dose) requires that the radiological doses from prac-
tices or dose savings from countermeasures be
assessed.

Important domains where radiological assessments
have a large importance and raise specific needs are
radioactive waste disposal and remediation of
radioactively contaminated environments. This proj-
ect is addressing radiological optimisation in those
domains in general and issues related to radiological
assessment in particular.

Objectives
~ to elaborate and improve methods and guidelines

for the evaluation of restoration options for
radioactively contaminated sites;

EI to develop, test and improve biosphere models for
the performance assessment of radioactive waste
disposal in near-surface or deep geological repos-
itories;

3 to assess the impact of releases from nuclear or
industrial installations.

Programme

Within the framework of the fourth EC Radiation
Protection Research Programme (DGXII),
SCK'CEN has co-ordinated the project RESTRAT
(REstoration STRATegies for radioactively contami-
nated sites and their close surroundings).

RESTRAT aimed at the development of a generic
methodology for ranking restoration techniques as a
function of site characteristics in a radiological opti-
misation framework. It involved the collaboration of
Westlakes S.C. (U.K.), Studsvik Ecosafe (Sweden),
Risoe N.L. (Denmark), FZ Rossendorf (Germany)
and SCK'CEN as co-ordinator. Five contaminated
sites served as example cases to demonstrate the
methodology: the Drigg disposal site (U.K.), the
Ravenglass estuary (U.K.), the Ranstad tailing site
(Sweden), the lake Tranebarssjon at Ranstad
(Sweden) and the river Molse Nete (Belgium).

In the field of impact assessment of radioactive con-
taminations or releases of radioactive substances in
the environment, our department is in charge of opti-
mising models for evaluating biospheric concentra-
tions and doses to humans. To keep in touch with the

international developments in that field and to
upgrade our assessment models, we are participating
in international validation studies. We are currently
participating in the IAEA programme BIOMASS
(Biosphere Modelling and Assessment methods),
providing an international focal point in biospheric
assessment modelling. The two major themes in
BIOMASS are radioactive waste disposal and envi-
ronmental releases; the latter further divided into
dose reconstruction and remediation assessment. An
additional theme concerns biosphere processes. In
the first theme (radioactive waste disposal) and in the
third theme (biosphere processes) we are participat-
ing on behalf of NIRAS/ONDRAF in the framework
of our radiological impact assessments for radioac-
tive waste disposal. In the second theme we are lead-
ing the working group on remediation assessment
with a test scenario about the site of Olen, around the
Bankloop brook.

Radiological impact assessment and optimisation
studies in the frame of restoration of radioactively
contaminated sites and land disposal of radioactive
waste, are performed as a support to the policy of the
competent authorities and for other clients.

A PhD thesis started this year, aiming at the develop-
ment of a transport model for small rivers of the
Nete-basin, contaminated with NORM (naturally
occurring radioactive material), in particular 226Ra.

Achievements

Restoration Strategies - RESTRAT

In the framework of RESTRAT, SCK'CEN has co-
ordinated the tasks in the various working packages:

example case studies;

.. physicochemical phenomena governing the

behaviour of radioactive substances;

" documentation on restoration techniques;

' elaboration of a risk assessment model;

selection of restoration options;

elaboration of a manual.

In addition, we have been mostly involved in docu-
menting physical restoration techniques and describ-
ing and characterising the example case of the river
Molse Nete, the reports of which have been written.

As the projects under the fourth EC Radiation
Protection Research Programme reached their end
this year, the final report of RESTRAT has been
drawn up. Moreover as foreseen, a manual explain-
ing the methodology and applying it to the example
cases has also been elaborated.
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International validation studies -
BIOMASS

In BIOMASS Theme 1, Radioactive waste disposal,
we participate in three task groups, TG 1, TG 2 and
TG6.

TGI, dealing with guidance on the definition of
exposed groups and TG2, providing guidance on the
application of data to assessment models nearly
achieved their aims. Only the final reports still need
to be finished. TG6 (Model developments) deals
with the elaboration of models for example reference
biospheres. Four supplementary example reference
biospheres were considered and worked out:

is a reference biosphere consisting of a water well
for drinking water and irrigation purposes;

ffi a reference biosphere with natural migration of
contaminated groundwater;

is two reference biospheres with changes in time and
applied to two example sites: Harwell (England)
and Aspo (Sweden).

In BIOMASS Theme 2, Environmental releases, the
working group on remediation assessment, of which
SCK'CEN is WG leader, has achieved the task rela-
tive to the first approach, related with the assessment
of the influence of a remedial action Darried out in
the past (deep ploughing). The report about this task
has been made available. In the second approach
which is related to the assessment of the effective-
ness of potential remedial actions (removal of con-
taminated soil and capping), deterministic model cal-
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culations have been carried out (see figure below).

The uncertainty and sensitivity analyses have been

prepared, determining the confidence intervals of the

uncertain parameter values.

In BIOMASS Theme 3, Biosphere processes, we

participate in the working group on fruit modelling.

In this working group the literature review on trans-

fers of radionuclides to fruit has been discussed and

adapted. A conceptual model for transfer of radionu-

clides to fruit has been presented and discussed. Two

testing scenarios were set up (after modification of

the initial scenario). They concern the contamination

of soil, fruit and leaves of strawberries, apples and

black currents due to a spike release and a continu-

ous release of " 'Cs, «>Sr, 129I.

Modelling of the transport of radium in small rivers

The PhD thesis concerning the modelling of the fate

and transport of NORM, in particular radium, in

small rivers, started in September 1999. During the

first months a literature review was set up.

Radiological impact assessment with respect to

waste disposal

The scenario study with respect to the safety analysis

of the UM. (Union Miniere) radium storage facility

has been finished and the final report drawn up.

Subsequently UM ordered an impact assessment

study, considering the scenarios selected. This will

be carried out in the year 2000.

Perspectives

As BIOMASS will end in the year 2000, the work

has to be finished in that year. This means that for

theme 2, remediation assessment WG, where we

have the lead, the results of the deterministic and of

the probabilistic modelling of the Olen Scenario B

are to be analysed and a final draft version of the

IAEA-TECDOC report is to be produced. With

respect to theme 1, we intend to apply the reference

biosphere methodology to the Mol site, through an

international or own R&D project.

With respect to theme 3, we intend to introduce a

fruit module into our biosphere models, as well in the

dynamic DOSDIM model as in the equilibrium

BIOSPHERE model.

The work for the PhD thesis on the transport of radi-

um in small rivers during the year 2000 will consist

mainly of an extensive sampling and measurement

campaign in the river Grote Laak, next to the contin-

uation of the literature search.

An impact assessment study of the radium storage

facility in the Olen plant of Union Miniere will be

carried out in the year 2000, with support of the

department of Waste and Disposal.

A contract has also been obtained from EdF (co-ordi-

nator ANTEA) for a radiological impact assessment

of liquid Na-22 discharges into the Rhone, at Creys

Malville.

Support will be provided to the R&D project on envi-

ronmental restoration (4 year programme) initiated

by the section of radioecology. The dynamic bios-

phere model (DOSDIM) will have to be applied and

a new vegetation model to be developed.
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Medioambientales y Technologicas

ENRESA: Empresa Nacional de Residuos Radioactivos

SA

VTT Technical Research Centre of Finland

GSF: Gesellschaft fiir Strahlen- und Umwelforschung

Sponsors

EC: European Commission, Radiation Protection

Programme, DGXI and DGXII

Customers

NIRAS/ONDRAF: Nationale Instelling voor Radioactief

Afval en Verrijkte Splijtstoffen/
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Organisme National des Dechets Radioactifs et des

matieres Fissiles enrichies (Brussels, Belgium)

UM: Union Miniere (Olen, Belgium)
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Background

If epidemiological studies concerning radon related

health risks, amongst the general public are to have a

chance of success, they will stringently need reliable

life-span radon data on the investigated subjects.

Therefore a continuing effort in improving retrospec-

tive radon measuring techniques is essential.

There is a growing concern amongst the population

about the quality of their living environment. One

important aspect of this is the occurrence of

enhanced levels of natural radioactive isotopes such

as radium. Mapping such contamination, evaluating

the seriousness and proposing possible and feasible

solutions is becoming an important aspect of health

physics measurements.

Objectives
to apply new techniques for retrospective radon

measurements in real field conditions and to

assess radon decay product exposure by combin-

ing these techniques.

_; to increase our capabilities in mapping and sur-

veying sites possibly or likely contaminated with

enhanced levels of natural radiation

Programme

The results obtained in the large retrospective radon

sampling campaign, carried out in the frame of the

Radiation Protection Research Programme of the

EC, by taking part in one cost shared action and two

concerted actions have to be further evaluated. The

next step is to compare our results to those obtained

by our partners using different retrospective tech-

niques. This will lead to increased recognition of our

technique as a valuable support tool for epidemio-

logical studies.

A major mapping campaign of the historical contam-

ination of the riverbanks of the Grote Laak with radi-

um, as a result of the phosphate industry in

Tessenderlo was carried out. The programme fore-

sees a continuing evaluation of the situation, includ-

ing follow up studies where necessary, in collabora-

tion with the local authorities.

Achievements

As a result of the large field campaigns carried out in

the retrospective radon research programme, a sub-

stantial database of retrospective radon data in

dwellings was constructed. It contains data of over

300 volume trap samples taken in dwellings in

Sweden, Norway, Germany and Yugoslavia. First

comparison with other techniques has shown to be

promising, and the volume trap has shown to be a

valuable asset for assessing long term radon expo-

sures. New ideas for searching for a combined vol-

ume - surface trap have arisen, and will be pursued.

The technique itself was refined and lots of experi-

ence in gathering and applying the volume trap tech-

nique in the field for assessing retrospective radon

exposures was acquired.

The measuring campaign along the Grote Laak was

successfully completed. In nine days, with a team of

6 persons each day, over 18 km of river and about

140 ha of flooding zone were scanned for 226Ra con-

tamination, 150 soil samples were taken and half of

them where analysed for 226Ra contents. This study

was carried out on demand of AMINAL, an agency

of the Flemish government, in collaboration with

Soresma, who analysed the soil samples for other

chemical contaminants. All results where published

in a report for AMINAL. The main conclusions are

that the 226Ra contamination is mainly due to dredg-

ing and subsequent sludge depositing on mainly the

right riverbank. The contamination is therefore most-

ly confined to a narrow zone of about 10 m perpen-

dicular to the river. However, within this zone values

sometimes reach between 20 and 40 times the natu-

ral background. The soil samples contained on aver-

age between 2000 and 4000 Bq/kg of 22f>Ra, over one

hundred times the natural background to be expected

in the Campine region. Figure 1 shows an overview

of the contamination of a part of the Grote Laak. The

situation is not too serious in the present conditions

of land use. There are hardly any buildings on top of

the contamination; therefore the radon hazard is min-

imal at present. There are no crops for direct human

consumption present on the contamination either,

which avoids largely the internal exposure through

the food chain. However care should be taken in the

future, not to convert the area into a residential zone,

since this would undo the present favourable situa-

tion. Follow up studies were ordered on behalf of the

local authorities, for controlling possible future

building areas, and for measuring radon concentra-

tions in some suspect houses.
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Scientific partners

The following organisations contribute to the project:

• University of Gent (UG)

• University of Lund

• Swedish Radiation Protection Institute(SSI)

• University College of Dublin

• Commissariat a 1'energie Atomique (CEA)

• Norwegian Radiation Protection Authority (NRPA)

• Vinca Institute of Nuclear Sciences

Sponsors
• European Commission, Radiation Protection

Programme, Nuclear Fission Safety, DGXII

• Gemeentebestuur Laakdal

• AMINAL, Ministerie Vlaamse Gemeenschap
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Radioactive Measurement Techniques", SCK'CEN, NPL,
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mental contamination of the Olen radium facility", IAEA

conference: "Restoration of Environments with

Radioactive Residues", Arlington (Washington),
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Reports

H.VANMARCKE, J.PARIDAENS, "Onderzoek naar de radi-

umbesmetting van de Grote Laak", BLG 8D2, Mol, 01/99,

for: AMINAL afdeling Water, Ministerie Vlaamse gemeen-

schap, Dept. Leefmilieu en Infrastructuur
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Last seven kilometers of the Laak, straightened for

convenience. It can be seen that the contamination is

mostly confined to a narrow zone along the Laak.

Normal background levels here would be between

SO and lOOnSv/h
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Background

Radioactive contamination of the environment
results from the application of nuclear energy for
electricity production and military use, the applica-
tion of radionuclides in medicine, industry and
research and the extraction and processing of ores
that contain naturally occurring radionuclides.
Accidents and routine releases from these different
sources, including waste disposal, may result in
health problems. To reliably assess the radiological
exposure to the population, the fate of radionuclides
in the bio-geosphere is to be known. In a second step,
remediation options should be proposed and opti-
mised in order to keep the dose as low as reasonably
achievable.

ObjectivesTo reliably assess the radiological expo-
sure to the population and keep the dose as low as
reasonably achievable, we need to:

•" Evaluate, by means of laboratory and field exper-
iments, the mechanisms and dynamics (fluxes) of
radionuclide transfers in the biosphere, consider-
ing all factors affecting the transfer parameters and
their variability.

Develop and optimise models to predict the fate of
radionuclides in the bio-geosphere

Suggest the most appropriate countermeasures and
remediation options to reduce the public exposure
to artificial and man-enhanced natural radioactivi-
ty and evaluate their feasibility, short- and long-
term cost-effectiveness and sustainability

n Provide the national and international authorities
with adequate information, enabling them to reli-
ably assess the consequences of past, present and
potential, routine and accidental releases for popu-
lations, and to select the most adequate mitigating
actions.

Programme

The Radioecology research team is involved in sev-
eral international collaboration projects supported by
EC contracts. These programmes deal with the fate
of radionuclides and/or evaluate the most effective
countermeasures or remediation options in agricul-
tural or forest ecosystems.

The PEACE (Programme for Evaluating the impact
of Accidents Contaminating the Environment") proj-
ect studies the soil-plant processes governing the
transfer of radiocaesium and radiostrontium to food
crops after an accidental deposition of radioactive
aerosols.

REDUP (REDuction of '"Cs and *>Sr UPtake by
grasses in natural meadows) aims at proposing tech-
nically and economically suitable countermeasures
to be applied in meadow ecosystems, in order to
decrease the mobility and transfer of 137Cs and 90Sr.

The RECOVER-project (RElevancy of COpse
VEgetation for the Remediation of contaminated
sites) evaluates the short rotation coppice (SRC) con-
cept for energy production as alternative land use for
the rehabilitation of radioactively contaminated
farmland.

The PHYTOR Inco-Copernicus project (Evaluation
of willow plantations for the PHYTORehabilitation
of contaminated arable land and flood plain areas)
studies the feasibility of different application of wil-
low SRC for the re-valuation and remediation of con-
taminated areas in the CIS.

W00DM0DE is a bilateral project between
SCK»CEN and PSI in which the radiocaesium and
radiostrontium accumulation in timber wood of pine
forest-trees are studied and modelled.

We collaborate in two INTAS programmes. BIO-
MES investigates the liabilities from past bomb test-
ing on the Semipalatinsk test site (STS) in
Kazakhstan and aims at evaluating the radiological
situation near Murzhyk, located on the Western bor-
der of the test polygon. The second project, ERO-
SION, makes use of the Chernobyl contamination by
radiocaesium to estimate the intensity of soil erosion
processes.

The phytoextraction technology for decontamination
of low-level radiocaesium and uranium contaminat-
ed soil is evaluated on request of two Belgian nuclear
companies.

Finally, the group gains more in-depth knowledge of
the fate of radionuclides in the environment and
develops expertise in the application and effective-
ness of countermeasures through internal R&D pro-
grammes (Doc's and Post-doc's). Our expertise is
made available to students and professionals from
related fields through lectures and training courses.

Achievements

Management of contaminated land.

When dealing with large-scale environmental
(radioactive) contamination, a sustainable remedia-
tion strategy should be advocated, which should con-
sist of a combination of measures adapted to the site-
specific situation. It goes without saying that differ-
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ent approaches are required in case of contaminated

of arable land, meadows or forest ecosystems.

One possible remediation option in case of contami-

nation of arable land is a change in land use such that

the products are radiologically acceptable and there

is still an economic return from the land. Under the

RECOVER project emphasis is on the evaluation of

short rotation coppice (SRC) for energy purposes as

a bioalternative for the re-valuation of contaminated

farm land, on radiological, technico-agricultural and

economic grounds. In the SRC concept, fast growing

trees like willow are managed for biomass produc-

tion in a 3 to 5 year cutting cycles and 22 to 25 years'

crop duration. BIOMASS is converted into heat or

electricity. Two regions are studied under RECOV-

ER: Belarus with a severe contamination due to the

Chernobyl accident and W. Europe, with limited con-

tamination and favourable to the cultivation of ener-

gy crops.

Fluxes of radiocaesium were studied to obtain infor-

mation on the radionuclide levels in the wood

(exploitable plant part) and in the ashes after com-

bustion. An in-depth study was performed at the

experimental plots of SCK'CEN for the first entire

cutting cycle of the willow SRC. Net annual uptake

of radiocaesium by the aboveground biomass (maxi-

mal content year x minus content year x-1 in wood

and branches) increased from 16 MBq ha-1 for the

first year to 28 MBq ha-1 for the third year. 60 to 70

% of the amount taken up was incorporated in the

leaves. In autumn, a large fraction of the leaf radio-

caesium was retranslocated to the stems and further

to the roots. Immobilisation in the stems only

accounted for about 25 % of the annual uptake

(Figure 1). Return of radiocaesium to the soil

through litter depended strongly on the weather con-

ditions during the growing season. A dry hot summer

resulted in a leaf fall with limited retranslocation

possibilities (only 14 % of uptake) and elevated

radiocaesium returns to the soil (53 %). In a wet sum-

mer, retranslocation was high (54 %) and small

amounts of radiocaesium returned to the soil by litter

(16 %). Contribution of through-fall to radiocaesium

return to the soil increased from year to year (10 to

55 %).

At the end of the cutting cycle, 41.2 MBq was incor-

porated in the plant material (stems + roots), which is

only 0.05 % of the radiocaesium inventory of the

soil. Wood radiocaesium concentrations depended

strongly on the potassium concentration in the soil

solution. A decrease of soil solution K concentration

with a factor 1.5 during the last year of the cutting

13 teacbed

Glitter

Q leaves

IS branches

£3 wood
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Radiocaesium contents in different plant
compartments parts of the willow SRC during
the first cutting cycle

cycle resulted in a significant increase in the radio-

caesium concentration factor (CF, ratio of radiocae-

sium concentration in the stem and in the soil solu-

tion) in the stems (factor 3) (Figure 1).

SRC stands of different maturity, established on a

variety of soil types were sampled in Sweden. No

effect of stand maturity or clone on the transfer fac-

tor (TF, Bq kg-1 biomass/Bq nv2 soil) could be

derived. Generally we can say that for light-textured

soils with a low radiocaesium interception potential

(RIP) and low K, the TF to wood varies between 0.5

10-3 and 2 10-3 m2 kg-1 and for soils with a medium to

high RIP between 0.2 10-5 and 5 10-5 m2 kg-i. If the

latter conditions prevail, SRC can be cultivated with-

out any concern even at high deposition levels

(> 10000 kBq m-2). For soils poor in clay and K and

respecting the exemption limit for radiocaesium in

the wood (740 Bq kg-1), only regions v/ith rather low

deposition (< 370 kBq mr2) can be considered for

SRC cultivation given the high TF (~2 10-3 m i kg-i).

Estimates for the radiocaesium concentration in the

willow wood from soil properties are not yet ade-

quate. Soil solution potassium clearly affects cae-

sium uptake but not unequivocally. K-fertilisation on

K-deficient soil will certainly decrease the radiocae-

sium.

For assessing the dose to people handling the con-

taminated biomass or ashes, knowledge on the radio-

caesium content in the wood and on the influencing

factors is important. Broadly it could be concluded

that only in case contamination levels in wood were

elevated (3000 Bq kg-1) doses at ash collectors in the

combustion unit and at the ash deposits may exceed

the dose limit to the public (i.e. >1 mSv a-' if 2000 h

a-1 at close distance). Contributions from other possi-

ble exposure pathways (external exposure during

culturing and transport, inhalation dose in the plant

and to the public following wood burning) are negli-

gible.
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Crop requirements and yield are also important fac-

tors for economic viability. Yield estimates on a

sandy soil in Belarus are only 50 % of the yield on a

soil with adequate water reserve. For soils without

water limitations and nutrient limitations, potential

yield estimates are about 10 % lower under the con-

tinental Belarus climate than in W. Europe. Overall,

SRC is little demanding in terms of pesticides and

fertilisation and can grow on a wide variety of soils.

Economic profitability of cultivation and conversion

of SRC was evaluated for W. Europe and Belarus.

Different scales/modes of production and conversion

were studied. In W. Europe, electricity production

from SRC is currently only viable with both produc-

tion incentives and electricity price support at the

conversion side.

For Belarus, profitability at the production side large-

ly depends on crop yield and price of the delivered

bio-fuel. Potential yield is high and production is

profitable for appropriate soil conditions. However,

most of the territory consists of sandy soil, with too

low yield estimates for profitability. Large-scale heat

production systems are generally profitable. For

smaller scale units, conditions should be optimal for

system viability. Electricity routes are in general

unprofitable. Disposal costs of contaminated ashes

only account for a few percent of the revenue.

The research initiated under the RECOVER project is

partially contented under the PHYTOR-project,

which purpose is to evaluate (i) the use of willow

plantations for energy production as an agricultural

alternative crop and (ii) the application of willow

vegetation systems for vertical migration and erosion

control and pond (sediment) reclamation in the

Pripyat river flood plane.

Given the low biomass production of the indigenous

willows in the flood plane area and concomitant low

evapotranspiration and immobilisation potential, it is

improbable that this type of vegetation system will

affect the vertical migration of radionuclides. The

suitability of willow mats (SALIMAT) for the stabil-

isation of wet sediments to limit erosion will be test-

ed. This is important in context of the stabilisation of

the Chernobyl NPP cooling pond sediments.

The study of willow trials established under the

RECOVER-project is continued and new plots are

established on 3 major soil types in the contaminated

area of Polessie, Ukraine. The information collated

on transfer factors and yield potential in willow veg-

etation systems and forests established on contami-

nated former agricultural land will be implemented

in a GIS database. This information will also serve as

input for the WOODMODE project.

The primarily objective of the WOODMODE project

is to develop a tool to predict the evolution of the
137Cs distribution and accumulation in forest wood

with time. An original approach is developed to pre-

dict i37Cs levels in future produced wood.

Management of contaminated forests cannot be opti-

mised without this knowledge. Geographic

Information Systems (GIS) will in a second step by

used to organise the management of contaminated

wood stocks at the territory level. As reference area

the Polessie' district was chosen. 137Cs bioavailability

of the forest soils and its accumulation in trunk wood

in a chronosequence of contaminated pine will be

Soil type Soil texture
(i ̂ classified) & hydrology

Soil effect study :
hydro-toposequence

Forest production
tables

Age efleet study :

'* Vcaetation / ^ o r e s t ^>'Pe' a ° e ) *• chronosequence

declassified)'

7Cs level

Standards for wood utilization

Firewood/industry : < 750 Bq/kg
Industry only : < 3700 Bq/kg
No use (waste): > 3700 Bq/kg

20y 60y lOOy

Stock o f 37Cs in wood
Wood utilization(s)
Management strategies

GIS framework for optimised land management at the territory level in Polessie
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measured in the representative soil-tree associations
of Polessie. Considering soil and age effects, various
management scenarios will be tested and compared
with the Ukrainian standards for wood utilisation.
The integrated analysis of the Polessie district will be
completed by a feasibility study of energy crops
growing on contaminated agricultural lands (Figure
2).

Within the land-use mosaic of the contaminated
zone, meadow ecosystems are cornerstones in the
agricultural and community productivity system and
are, therefore, among the most important contribu-
tors to both external and internal dose. This stresses
the need for the development of optimal restoration
strategies for meadows. The global aim of the
REDUP project is to propose technically and eco-
nomically suitable countermeasures to be applied at
field scale in meadow ecosystems. Our contribution
was to test a series of amendments and to suggest
herbage species so that the radiological risk is min-
imised (lowest contamination level) while guarantee-
ing a sufficiently high biomass production for cattle
feeding.

Factors affecting radionuclide availabili-

ty

In order to predict the contamination level in
exploitable plant parts, an understanding of the
important biological and physico-chemical processes
governing the flux of radionuclides (Cs and Sr) in
agricultural and forestry ecosystems is important.
This knowledge will also enable us to propose coun-
termeasures directed to. limit radionuclide availabili-
ty and uptake.

Under the PEACE project we aimed at a better quan-
tification of the effect of soil moisture, soil physico-
chemistry and agricultural practices (fertiliser addi-
tion) on the transfer of radionuclides to food crops.
Results point to the central role of the soil solution
composition when attempting to assess radionuclide
fluxes in soil-plant systems.

We are further engaged in own R&D on soil factors
affecting Cs-availabUity. A methodology was
worked out to estimate 137Cs and K in soil solution by
a CaCl2 extraction method resulting in a predictabil-
ity of the in situ soil-soil solution distribution coeffi-
cients (KD) within a factor 1.4. A model is developed
to assess the actual K (and Cs) in the rooting zone in
order to better estimate the Cs uptake.

Complementary experiments were set up to study the
effect of rhizosphere processes on caesi um availabil-
ity. Fast growing willows (Salix viminalis L.) were
grown in columns filled with a quartz-clay-mineral
mixture. It was demonstrated that K depletion
induced mobilisation of both radiocaesium and K in
the rhizosphere which was associated with the
weathering of the mica due to structural K release
leading to a partial opening of micaceous interlayers.
When the silicate was the only K source for plant
growth, up to 2 % of the structural K £.nd up to 8 %
of the 'fixed' radiocaesium were mobilised. The
external potassium supply affects the interlayer
radiocaesium and K release. Only at an external K-
concentration below a certain value (0.4 mM or
lower for phlogopite) the 'fixed' interkyer radiocae-
sium and potassium is mobilised.

The importance of the soil K-status and the soil
radiocaesium fixation potential on Cs-soil-to-plant
TF was also shown in R&D work on bentonites car-
ried out by SCK'CEN and KULeuven. It was
demonstrated that on the basis of soil chemical char-
acterisation and soil-to-plant transfer data, the appli-
cation of 0.5-2 % dose of K-bentonite (Wyoming) to
a sandy soil leads to a tenfold decrease in radiocae-
sium availability. The study was extended to cover a
broad series of both bentonites and soils. The addi-
tion of K-bentonite to a soil and subsequent wetting
drying (WD) leads to a considerable increase in the
soil radiocaesium interception potential (RIP) and
fixation levels of up to 90 % were observed. In case
of surface contamination of a soil, only 2 ton ha-1 of
a bentonite of medium RIP performance will resort
in a tenfold decrease in the transfer factor. The effect
of the addition of selected modified bsntonites will
be tested in potted soil experiments and under field
conditions.

Radiation effects on the environment

The INTAS project RADIATION BIOMES was
started following the observation of an increased
occurrence of certain cancer types in the Murzhyk
region (West of STS). So far, no studies were per-
formed to evaluate if there is a sanitary problem in
this region related to the nuclear explosions on the
test polygon. Several campaigns were organised in
the Murzhyk region and control areas to perform
radiometric measurements and collect soil, sediment
and biological samples.

Soil analysis revealed that the average contamination
by »7Cs, 90Sr and mwopu did not significantly differ
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from the worldwide contamination by the global fall-

out. Background exposure was around 0.15 mGy h-

1. Certain regions, however, have undoubtedly been

affected by local fallout, especially Aktas located on

the trace of the fallout from atmospheric tests on

Ground Zero. Soil contamination by artificial

radionuclides is significantly increased. Our partners

are studying biological effects.

Phytoextraction

On behalf of Belgoprocess the phytoextraction

option to clean-up low level l37Cs (~ 5 Bq g-1) con-

taminated sandy soil was evaluated. The proposed

exemption level is ~ 1 Bq g-i. Ryegrass, lupine and

rice were selected for the screening tests and the

effect of increased ammonium levels was evaluated.

Perennial ryegrass was shown to be the better candi-

date for the phytoextraction approach. Ammonium

addition increased the phytoextraction potential both

by increasing the TF and biomass production. Given

the desired factor five reduction and under optimal

conditions (TF =0.8, yield 201 ha-1 a-1), it would take

at least 50 years to phytodecontaminate the soil.

Perspectives to phytodecontaminate U-contaminated

soil are less optimistic since the soil-to-plant TFs for

U are generally a factor 10-100 lower than for radio-

caesium and amendment to increase U availability

are indispensable. A pot experiment was set-up to

screen the phytoextraction approach for U-contami-

nated sandy soil and citric acid was applied to

increase U-availability.

Perspectives

Our efforts will continue in the domain of the identi-

fication and quantification of parameters, which

affect the soil-to-plant transfer of radionuclides. In

the following year we will put extra emphasis on the

study of rhizosphere processes affecting radionuclide

uptake and on the study and modelling of radionu-

clide cycling in perennial vegetation systems. Beside

radiocaesium and radiostrontium, on which major

emphasis was put after the Chernobyl accident,

future efforts will concentrate more on the natural

radionuclides uranium and radium.

As already mentioned, our endeavours are focussed

on a better understanding of the fate of radionuclides

in the bio-geosphere, indispensable for assessing the

radiation exposure resulting from a contamination

and for the proposal of efficient remediation options.

Radioecology is thus an important cornerstone in

environmental remediation related issues.

SCK»CEN wants to further strengthen its compe-

tence as advisory body in environmental impact

assessment and environmental rehabilitation and to

be a competitive actor on the European market of site

restoration. Therefore, a 3-year R&D programme

will start in April 2000, along following lines: (1)

Development of a procedure for site characterisation

Dose model (DOSDIM)

Vegetation model

Soil model

Geochemical model

Speciation model
Type and concentration of,
chemicals in soil water

t '•
Type and concentration of chemicals in soil .

t '
Water flow and chemical transport

~ $
Uptake of water and chemicals

Coupling and integration of the different assessment models
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and monitoring; (2) development of tools for (i)

assessment of the dose to men owing to the disper-

sion of radionuclides present in contaminated sites

and for (ii) predicting the impact of a restoration

technique on this dose; (3) characterisation of the

key-processes of radionuclide behaviour in the soil

(and other substrates) and the soil-plant environment

by performing a number of laboratory scale tests and

in-situ measurements; (4) Test and improvement of

predictive capacities of the integrated assessment

models by using the data from the laboratory tests.

Different research groups of SCK'CEN

(Radioecology, Radiological Evaluations,

Performance Assessment and Geological Disposal)

will collaborate in this multidisciplinary project. A

scheme of our view on the coupling and integration

of the different assessment models is presented in

Figure 3.
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Background

Understanding the effects of low doses of ionising
radiation requires the interaction between two key
scientific disciplines, radiation epidemiology and
radiation biology.

A retrospective epidemiological study (1953-1994)
has been undertaken at SCK'CEN , in order to deter-
mine the cancer risks in workers from five Belgian
nuclear facilities (SCK'CEN, Belgonucleaire,
Belgoprocess, and the power plants of Doel and
Tihange). This work is part of an international multi-
centre programme, co-ordinated by the International
Agency for Research on Cancer (IARC/WHO, Dr. E.
Cardis) in Lyon. It combines data on nuclear workers
from 14 countries. The aim of such a large-scale
study on radiation workers is to extrapolate the can-
cer risk in populations with long-term exposure to
low doses of ionising radiation.

Radiobiology contributes significantly to public
health by providing the necessary scientific back-
ground for radiation protection, radiotherapy and
nuclear medicine. In the field of radiation protection,
radiobiological research aims at evaluating the
potential risks of low doses of ionising radiation
delivered to the organism. Several crucial problems
remain to be solved; in particular those related to
radiation-induced developmental defects and genetic
damage in the child in utero and soon after birth. Our
research programmes focus primarily on the
radiosensitivity of the developing mammalian organ-
ism.

Our activities, carried out in close collaboration with
the Belgian and European scientific community, are
essential for maintaining, at the SCK'CEN, the sci-
entific know-how needed to provide national and
European authorities with advice concerning poten-
tial hazards from exposure to ionising radiation in
normal and accidental situations.

Objectives

For epidemiology, we intend
:: to study cancer mortality and morbidity in nuclear

workers in Belgium

::: to document the feasibility of retrospective cohort

studies in Belgium

-: to participate in the IARC study.

For radiobiology, we intend

::: to elucidate the molecular mechanisms of the

effects of ionising radiation in the mammalian

embryo during the early phases of its develop-
ment;

K to assess the genetic risks of maternal exposure to
ionising radiation;

a to elucidate the cellular mechanisms leading to
brain damage after prenatal irradiation;

a to advise authorities and to provide the general
population with adequate information concerning
the health risks arising from radiation exposure.

Programme

Cancer risks among nuclear workers in
Belgium

We set up a retrospective cohort study (1953-1994)
in 5 nuclear facilities in Belgium: SCK'CEN,
Belgonucleaire, Belgoprocess and the power plants
of Doel and of Tihange.

The main activities of 1999 were completion of
causes of death and further data control in the five
participating facilities. A first set of data was sent to
IARC for validation. The Belgian nuclear workers
study participates also in a joint proposal of the
IARC and 4 European countries "Studies of Cancer
Risk among Radiation Workers in the Nuclear
Industry" (Nuclear Fission and Safety Programme of
the EC/Concerted Action). The European collabora-
tors are Belgium, France, Germany and the UK. A
collaboration has been set up with the UCL (Prof. A.
Wambersie, Unite de Radiobiologie et de
Radioprotection) for data analysis and final report-
ing.

The procedure to get access to the National
Population Registry is progressing. A Royal Decree
(proposal) has been sent to the Privacy Protection
Commission for comment.

Effects of ionising radiation on the
mammalian embryo.

Cell cycle is a tightly regulated process during which
a cell first replicates its genetic material (DNA repli-
cation), and subsequently evenly partitions it among
the two future daughter cells (mitosis). Ionising radi-
ation can block progression of the cell cycle, either
before the cell replicates its DNA (Gl arrest), or
before entry into mitosis (G2 arrest). Both Gl and
G2 arrests are considered as active cellular respons-
es to irradiation, in order to allow time for repair of
damaged DNA or chromosomes. Recent progress in
elucidation of cell cycle control has shed new
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insights into the mechanisms of radiation-induced
G2 arrest. Research in this area at SCK'CEN is inte-
grated in a co-operative EC programme with five
European institutes. The aim of this concerted
research is to determine the role of radiation-induced
feedback control of the cell cycle on the transmission
of initial DNA damage to permanent cellular modifi-
cations. Our laboratory participates to this project by
analysing cell cycle-related DNA and chromosome
damage in irradiated mouse pre-implantation
embryos. The studies were performed in three mouse
strains showing differential radiation sensitivity
characterised by an extended (Heiligenberger,
BALB/c) or very short (C57BL) G2-arrest in
embryos irradiated at the 1 -cell stage.

Progression of the cell cycle from the G2 to the M
phase is known to be regulated by the kinase activity
of the cyclin B/cdkl complex. During the previous
years, we have studied the effects of ionising radia-
tion on the state of phosphorylation of the cyclin
B/cdkl complex as well as on histone HI kinase
activity (a biochemical indicator of the kinase activ-
ity of cyclin B/cdkl) in embryos of the three mouse
strains. We showed that the phosphorylated form of
the cdkl, coupled to a low histone HI kinase activi-
ty, was present during the whole period of the G2-
arrest in embryos irradiated at the 1 -cell stage.
Finally, we showed that histone HI kinase activity
present in irradiated 1-cell mouse embryos dividing
after G2-arrest was correlated to the radiation sensi-
tivity of the strain.

The study of DNA damage and repair in early
embryos was continued in 1999, in collaboration
with our partners from Essen (Dr. Miiller). The first
results of the comet assay showed that repair of the
DNA damage did not seem to differ statistically in 2-
cell embryos of the three strains investigated.
Moreover, repair was extraordinarily fast, all damage
being repaired between 30 minutes and 1 hour after
irradiation.

Premature chromosome condensation (PCC) is an
attractive method, alternative to metaphases, to visu-
alise the genomic material in cells. Because the
method is independent of the cell cycle, chromo-
somes can be condensed and visualised in any phase
of the cycle. Results obtained in 1999 confirmed that
the PCC technique developed in our laboratory can
be successfully used to analyse chromosome damage
in 1-cell embryos undergoing a G2-arrest after irra-
diation. It consists in fusing embryos with oocytes in
the first meiotic division. The fusion brings the fac-
tors required to initiate mitosis, forcing the embryos

to condense their chromosomes. With this technique,
we observed that a very low proportion of embryos
analysed at the beginning of the G2-arrest showed no
aberrations at all. They could represent embryos that
would have been dividing without any significant
delay. All irradiated embryos that were analysed 3
hours after irradiation contained 1 or more chromo-
some aberrations. Chromosome fragments constitut-
ed the great majority of these aberrations, which
could suggest that DNA damage leading to such
aberrations constitutes the main cause of the 1-cell
block and that 1-cell embryos of the BALB/c strain
are unable to repair this type of damsige. Embryos
examined at later times during the G2-arrest revealed
difficult to analyse. To overcome this problem, we
tried to chemically induce premature condensation of
the embryonic chromosomes, using the potent phos-
phatase inhibitors okadaic acid or calyculin A. These
compounds have recently been shown to be able to
induce PCC in various cell systems. We tested the
feasibility of induction of PCC by calyculin A in G2-
arrested 1-cell embryos. Calyculin A was able to
induce 100 % NEBD (nuclear envelope breakdown)
when irradiated embryos were exposed to this com-
pound at the beginning of G2-arrest. Moreover, the
results were quite similar to those obtained with the
fusion method, and the quality of the preparations
was at least equivalent. The usefulness of chemical-
ly induced PCC for a better assessment of remaining
chromosome damage in irradiated embryos in late
G2-arrest is under way.

BALB/c embryos undergoing a permanent block die
after a few days following irradiation, while those
dividing after a G2 block generally arrest develop-
ment at the 2-cell or 4-cell stage. A study was initi-
ated in order to determine whether apoptosis (or
"programmed cell death") is responsible for this radi-
ation-induced early embryonic death. The indicators
of apoptosis that are currently investigated include
cell and nuclear morphology, cell membrane integri-
ty, DNA fragmentation and caspase activity.

Extracellular stimuli can transduce intracellular sig-
nals and activate a cascade of kinases (MAPKs or
Mitogen Activated Protein Kinases) leading to the
transcription of certain factors. Data on signal trans-
duction pathways in early embryos anc the possible
effects of radiation on them are completely lacking.
Therefore, collaboration was initiated in 1998 with
our colleagues of Villingen (Dr. R. Jaussi) in order to
clarify the role of different MAPKs in the radiation-
induced G2-arrest of 1-cell embryos. The activities
of JNK (c-Jun N-Terminal Kirase), ERK
(Extracellular signal-Regulated kinase) and p38
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kinase were evaluated in oocytes and early embryos
by measuring their abilities to phosphorylate their
respective substrates. In control oocytes and
embryos, p38 kinase activity appeared to be higher
during meiotic (MI and Mil) and mitotic divisions
than during interphase (oocytes at the GV stage,
embryos at the 1-, 2-, 4-, 8-, 16- and 32-cell stages).
ERK kinase activity increased during oocyte matura-
tion (MI and Mil) and decreased to very low values
during all stages of early embryonic development.
JNK kinase activity was high in GV oocytes and
remained so during their meiotic divisions (MI and
Mil). Very low values of activity were found in
embryos, except during mitosis and from the morala
stage. The activities of the 3 MAPKs did not differ
significantly in embryos irradiated with 2.5 Gy as
compared to control embryos, whatever the stage and
the strain considered. Since the activation of signal
transduction pathways can be very transitory, inves-
tigations dealing with a possible activation of those
directly after X-irradiation are under progress.

Collaboration was established in 1998 with Drs. E.
Hidvegi and G. Safrany (Budapest), in order to
define the relation existing between genomic insta-
bility and radiation sensitivity in early mouse
embryos of different strains. Control and irradiated
foetuses were collected for analysis 1 day before
delivery. A high incidence of spontaneous mutation
rates in micro-satellite markers was found in control
foetuses of the BALB/c strain. Interestingly, the
mutations concerned essentially DNA inherited from
the mothers (80% of the cases). BALB/c foetuses
that had been X-irradiated with 0.5 Gy at the 1-cell
stage showed no increase of the mutation rate in
comparison with control foetuses (18.75% mutations
versus 17%). The studies are being extended to high-
er doses of X-irradiation and to embryos of the less
radiosensitive C57BL strain.

Genetic risks of maternal exposure to
ionising radiation

Our laboratory has submitted to EdF a new project,
dealing with the potential existence of an adaptive
response in female germ cells exposed to very low
doses of ionising radiation. This project will be dis-
cussed with the "Conseil Scientifique de
Radioprotection" of EdF in early 2000. Cogema has
also manifested interest for this type of research.

Effects of ionising radiation on the cen-
tral nervous system

Brain damage induced by prenatal irradiation is a
major concern and an important issue in

Radioprotection. How exposure to ionising radiation
acts to impair brain function is still unknown and
possible targets such as the non-dividing but still
immature neuronal cells, are to be considered.

Increases in intracellular Ca2+ levels have been
demonstrated in association with both apoptosis
(programmed cell death) and neurotransmitter
release. A subclass of glutamate-gated ion channels,
the NMDA (N-methyl D-aspartate) receptors, can be
selectively activated by the artificial glutamate ana-
logue NMDA, which allows the entry of Ca2+ into the
neuronal cell.

We have shown that block of glutamatergic neuro-
transmission by non-competitive NMDA receptor
antagonist confers significant protection against
brain damage caused by ionising radiation when
administered subsequent to exposure. We therefore
investigated the in vivo radiation-induced apoptosis
and evaluated the possible role of the NMDA recep-
tors in the onset of the programmed cell death. For
this purpose we used Dizocilpine, a non-competitive
NMDA receptor antagonist which blocks Ca2+ neu-
ronal influx. We showed that a 0.60 Gy exposure
leads to a clear apoptotic response in foetal rat brains
exposed at the 15lh day of their embryonic life. This
apoptotic response did not appear in the foetal brains
of unexposed animals used as control. Injecting the
animals with Dizocilpine 20 minutes after exposure
could prevent the apoptotic response induced in the
brains of irradiated foetal rats. This might indicate an
apoptotic induction mediated through NMDA recep-
tors and effected via Ca2+ dependent proteolysis acti-
vation. Calpain is a first indicated candidate for such
action. We tested therefore the protective effect of
calpain inhibitor on irradiated foetal brains. Our
results indicate that injection of calpain inhibitor in
irradiated pregnant rats prevent apoptosis in foetal
brains and support the hypothesis of a calpain-medi-
ated effect.

Apoptosis, which is an essential event in the normal
development of the brain for eliminating excess cells
during development, is a highly controlled process
that allows the survival of only the healthy and right-
ly migrated and connected neural cells. An enlarged
apoptotic process caused by radiation and not under
the normal development scheme control might elim-
inate post-mitotic but immature neuronal cells and
deeply impair the settlement of the neuronal cell net-
work inducing subsequent brain pathologies.
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CHRISTIAN HURTGEN

RADIATION PROTECTION RESEARCH: LOW-LEVEL

RADIOACTIVITY MEASUREMENTS

BE0100049

Background

The low-level radioactivity measurements service

performs measurements of alpha or beta emitters on

various type of low-radioactivity samples (biological

and environmental) from internal and external

clients.

Objectives
£1 to maintain and develop techniques concerning the

measurements of low-level radioactivity of alpha

and beta emitting radionuclides in environmental

and biological samples;

IS to measure these samples by means of low-back-

ground counters (liquid scintillators, proportional

counters, ZnS counters and alpha-spectrometers)

B to support and advise the nuclear and non-nuclear

industry on problems of radioactive contamination

and or low-level radioactivity measurement;
r to maintain the quality assurance (QA) system

according to the EN45001 standard for which the

Beltest accreditation has been obtained in 1998

and to expand this QA system to all our routine

measurements;

.1 to assess the internal dose from occupational

intakes of radionuclides for workers of the nuclear

industry.

Programme

We participate in the EULEP-EURADOS Action

Group on "Derivation of parameter values for appli-

cation in the new model of the human respiratory

tract for occupational exposure". The aim is to under-

take a review of the behaviour of inhaled radionu-

clides in physico-chemical forms currently encoun-

tered at workplaces in the European Union (EU).

This Action Group formed part of the Joint

Concerted Action carried out during the period 1997-

1999 between EULEP (European Late Effects

Project Group), EURADOS (European Radiation

Dosimetry Group) and IUR (International Union of

Radioecologists) under the Fourth Framework

Programme of the European Commission.

Our laboratories propose low-level radioactivity

measurements of:

'_' total alpha and beta activity with proportional and

ZnS counters

:: 3H, 14C and other low energy beta emitters by liq-

uid scintillation

;-, 9o/89Sr and 131I activity measurements with propor-

tional counters

,'j 226Ra and 222Rn by the emanation method

. natural uranium by fluorimetry

• polonium, thorium, uranium, plutordum americi-

um and curium by alpha spectrometry

These measurements are performed on biological

and environment samples.

Achievements

In the frame of the EULEP-EURADOS Action

Group, we took part in two of the main tasks:

B the development of a database to collate informa-

tion on: (i) important physico-chemical forms of

radionuclides encountered or likely to occur in

workplaces in EU member states anc. (ii) measure-

ments after inadvertent intakes which provide

information about the biokinetics of inhaled

radionuclides, or that can be used to check model

predictions based on animal experimental data, or

that might provide examples for future intercom-

parison exercises (EURADOS). Our laboratory

was in charge of the development of this database

and the final report will be published in 2000.

D The organisation of an inter-laboratory exercise on

the assessment of intakes and doses from monitor-

ing data (EURADOS): the Third European

Intercomparison Exercise on Internal Dose

Assessment. Seven cases of internal contamina-

tion were proposed: 3H, 9°Sr/9<>Y, I25I, 137Cs,

enhanced natural radioactivity and two 239Pu

intakes. Our laboratory, together with some 49

institutes from 23 countries, submitted results, was

co-organiser and contributed to the Einalysis of the

submitted results. The final report will be pub-

lished in 2000.

In 1999, the Low-level Radioactivity laboratories

have measured more than 8000 samples. These serv-

ices were provided for two third to the SCK'CEN

and one third to external firms.

Some 2810 biologic samples have been analysed

(351 Nose-blow, 22 faeces and 2437 urine). These

analyses were requested for 87% by external firms.

Daily airborne dust samples collected on SCK'CEN1

site at Mol, were measured for total alpha and beta

activities. Weekly rainwater samples collected at

SCK'CEN were also measured for alpha and beta

activities. The results obtained in 1999 were similar

to those measured previously.

Numerous environmental samples collected at or

around SCK'CEN or nuclear facilities were meas-

ured for alpha and beta global activity and for tri-
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tium, «°Sr, I311,226Ra, uranium, plutonium and ameri-
cium. These samples consisted of surface water, river
water, soil, sediment, fish and milk.

Our measurement capabilities have also been made
available to the reactors and associated facilities of
SCK'CEN for control purpose and also to
researcher's group of our institution.

As an ongoing process, we continued documenting
our routine analysis methods according to EN45001
regulation and the overall QA procedures of
SCK'CEN in view to expand our accreditation to all
our analytical procedures. In 1999, our accreditation
was confirmed and expanded to the 90Sr analytical
procedure. As part of the QA system to control the
quality of our analyses, our laboratories participated
successfully in the yearly intercomparison exercises
organised by PROCORAD.

In October 1999 at Mol, we organised in collabora-
tion with NPL under the auspices of ICRM, the
"Conference on Low Level Radioactivity
Measurement Techniques". 121 scientists from 21
countries attended this conference and presented 53
oral papers and 24 posters.

Perspectives

Beside the routine measurement of low-level
radioactivity in biological and environmental sam-
ples, our main goal for the future year is to continue
documenting our routine analysis methods according
to EN45001 regulation and the overall QA proce-
dures of SCK'CEN to extend our accreditation to all
our analytical procedures.

Our laboratory will take part in the 5th Framework
Programme of the EC with the project OMINEX:
Optimisation of monitoring for Internal Exposure.
The aim of this project is to develop practical meth-
ods that could be used to optimise the design and
implementation of internal exposure monitoring pro-
grammes for specific exposure situations. The out-
come of the project should be a common, har-
monised approach to the design and implementation
of internal dose monitoring programmes throughout
the EU.
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EULEP-EURADOS Action group with AEAT, AERI,

Cardiff University, CEA, EdF, ENEA, FZK, GSF, IPSN,

NRPB, Umea University Hospital

ICRM International Committee for Radionuclide

Metrology: Institutions from 34 countries

NPL, National Physical Laboratory, UK.

PROCORAD Association pour la Promotion du Controle

de qualite des analyses de biologie medicale en radiotoxi-

cologie in 1999 57 laboratories from 17 different countries.
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IRMM: Institute for Reference Materials and
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PIERRE D'HONDT

INTRODUCTION

BE0100050

afe operation of nuclear power plants is one of
. the major concerns of Reactor Safety division. It

focuses its programme on the development of expert-
ise on materials behaviour under irradiation with
emphasis on phenomena in the core of light water
reactors. Its programme is driven by the Belgian
nuclear situation for using its nuclear power plants
up to 40 years or longer if safety is guaranteed and to
extend the burn-up of the used fuel for economical
reasons.

The general objective is the better understanding of
the phenomena, which do undergo structural materi-
als and fuel under irradiation conditions. More
specifically the behaviour of fuel at high burn-up,
pressure vessel steel embrittlement and corrosion of
in-core materials under irradiation and coolant inter-
action are studied. In conducting this research
SCK'CEN makes use of its extensive and complex
infrastructure more precisely BR2 and LHMA.

Our competences in materials behaviour are further
extended through our collaboration to the co-ordinat-
ed fusion research programme of the European
Commission. The SCK'CEN focuses its fusion par-
ticipation on material characterisation under irradia-
tion and coolant interaction: structural material for
the vessel modules, as well as material used for the
diagnostics and maintenance instrumentation.

As instrumentation technology has undergone spec-
tacular advances in the last decennial, SCK'CEN has
set-up a project, which aims at evaluating the poten-
tials of new instrumentation technologies under the
severe constraints of a nuclear application. It focuses
on the tolerance of sensors to high radiation doses,
including optical fibre sensors, and on the related
intelligent data processing needed to cope with the
nuclear constraints.

In understanding the behaviour of structural material
for fission and/or fusion reactors, fuel and advanced
instrumentation, the knowledge of the exact irradia-
tion condition is a condition sine qua non. Therefore
the division further continues its efforts in the
domain of reactor physics, more precisely in the
domain of neutron and gamma calculations support-
ed for calibration through neutron and gamma
dosimetry and benchmarking in SCK'CEN installa-
tions BR1, BR2 and VENUS.

The division continues activities in the domain of
probabilistic and deterministic reactor safety analy-
sis. The latter aims at acquiring expertise in severe
accident modelling, particularly in the field of core
reactor degradation. It further continues selected

activities related to FLINS (Fuzzy logic and
Intelligent Technologies in Nuclear Science).

As nuclear energy has to cope with critical topics to
resolve the public acceptability demands such as
increasing the absolute safety and the efficient man-
agement of the produced nuclear waste, SCK'CEN
launched the MYRRHA project, an accelerator driv-
en sub-critical system which might have the potential
to cope with the above mentioned constraints and
which could pave the way to a more environmental-
ly safe and acceptable energy production.
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BAUDOUIN ARIEN

REACTOR SAFETY ANALYSIS

BE0100051

Background

Risk assessments of nuclear installations require

more and more accurate safety and reliability analy-

ses to estimate the consequences of accidental events

and their probabilities of occurrence.

Objective

to develop expertise in probabilistic and determinis-

tic reactor safety analysis

Programme

The research programme relates to two main activi-

ties:

2 developing a software for reliability analysis of

large systems,

•a participating in the international PHEBUS-FP pro-

gramme for severe accidents.

Achievements

Development of CAMERA

CAMERA is a software for computed-aided reliabil-

ity analyses of large systems by means of two option-

al techniques, the Markovian approach and the

Monte Carlo simulation, both allowing to treat much

more general systems than the classical fault-tree

method. The software is developed in collaboration

by SCK'CEN and ULB.

Owing to a strong reduction of the resources devoted

to further developments in CAMERA, no significant

progress has been achieved in 1999. The software,

which was operational under MS-Windows 3.1, has

been converted into an MS-Windows 95/NT applica-

tion.

Severe accidents

SCK'CEN aims at acquiring expertise in severe acci-

dent modelling and more particularly in the field of

core degradation. For that purpose it participates in

the international PHEBUS-FP programme since sev-

eral years by detaching one scientist to CEN

Cadarache for the phenomenological understanding

of the degradation, notably by post-test examina-

tions.

At CEN Cadarache the participation to the PHE-

BUS-FP programme included:

S material expertise in support to the preparation of

the next tests (study of the consequences of the

injection of boric acid and the presence of iron Scientific staff

oxide, on the behaviour of the fuel and of the tho- Baudouin ARIEN,

ria and zirconia shroud of FPT2; study of the influ- Anne DE BREMAECKER,

ence of B4C and its oxidation products on the fuel Simone HEUSDAIM,

and the crucible materials of FPT3) Dominique LAMY

» contribution to the understanding of fuel degrada-

tion and relocation in the FPT1 test through FPT-1

Post-Irradiation Examination (PIE) completion

(participation to the follow-up of the FPT-1 PIE).

Moreover, a proposal was prepared in the frame of

the 5th Framework Programme of EURATOM

(1998-2000; call of June 1999) and approved. The

contract, named ENTHALPY was then prepared and

signed end December 1999. Its objective is the vali-

dation of one unique corium thermodynamic data-

base for in- and ex-vessel applications and the devel-

opment of coupling methodologies to severe acci-

dent codes. 12 participants from 6 European coun-

tries, are participating incl. SCK'CEN(LHMA),

ULB and UCL. The organisation in charge of the co-

ordination is IPSN but the person in charge of this

co-ordination belongs to SCK'CEN.

SCK'CEN undertakes also modelling activities with

the SCDAP/RELAP5 code in agreement with

Tractebel and in collaboration with FZK. The work

performed in 1999 essentially consisted in sensivity

studies with respect to:

- the refinement of the fuel modelling: the fuel rods

in the PHEBUS-FP test sections have; been discre-

tised in 4 groups instead of 2 groups as it is usually

done in most of the studies;

- the influence of the radiation view factors within

the fuel bundle.

In parallel with these modelling activities,

SCK'CEN collaborates to the development of the

SCDAPSIM code (user-friendly version of

SCDAP/RELAP5 available on PCs) by using a beta

version of this tool.

Perspectives

As ULB intends to continue new developments in

the Monte Carlo simulation technique, it is foreseen

to adapt the pre-processor of CAMERA to the future

processor using this methodology.

The participation in the PHEBUS-FP programme

will continue, in particular with the PIE of the FPT-4

test (degradation of a UO2irr/ZrO2 debris bed and

release of U, Pu and low-volatile FPs) run in July

1999, and the preparation of the so-called FPT-2 test
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(degradation of a bundle of 20 UO2iIT pins with a

central AglnCd absorber rod under steam starvation)

foreseen in the course of the year. Post-calculations

and pre-calculations with RELAP5/SCDAP respec-

tively on the FPT-1 and FPT-2 experiments will be

carried on.

The other activities will be related to the

ENTHALPY project.

Scientific partners

ULB Universite Libre de Bruxelles (Brussels, Belgium)

UCL Universite Catholique de Louvain (Louvain-la-

Neuve, Belgium)

Tractebel Energy Engineering (Brussels, Belgium)

CEU Commission of the European Union

IPSN (France)

Innovative Systems Software, LCC (Idaho, USA)
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DA RUAN

FUZZY LOGIC AND INTELLIGENT TECHNOLOGIES IN

NUCLEAR SCIENCE (FLINS)

BE0100052

Background

FLINS, an acronym for Fuzzy Logic and Intelligent
Technologies in Nuclear Science, launched in line
with SCK'CEN's objective to give young talented
people the opportunity to carry out future-oriented
research. FLINS was initially built within one of the
postdoctoral research projects at SCK'CEN in 1994.

Specific prototyping of fuzzy logic control (FLC) of
the BR1 research reactor has been chosen as FLINS'
first priority. With permission from the licensing
body to perform the real FLC experiment on-line at
BR1 for a limited time period (from September 1998
to September 1999), we succeeded all on-line exper-
iments with FLC at the steady-state operation of
BR1.

Objective

This R&D project for controlling the power level of
the BR1 reactor started in 1995 and aims at investi-
gating the added value of FLC for both the safety and
economic aspects for a nuclear reactor control oper-
ation.

adaptive fuzzy logic control. In this type of control,
the controller judges its performance and tries to
improve it based on these performance results at each
time step. However, our hardware could not handle
this type of control due to its fixed structure, we were
forced to write additional software on a PC.

First of all, we simulated the hydraulic behaviour of
the demo model using ordinary differential equa-
tions. Using this simulation we could implement and
test this control scheme. When these tests proved
successful, we connected the real demo model to the
PC and used the same control software. These enable
us to easily adapt the control loop in a more flexible
programming language than PLC code;. In addition,
when run on a modern PC, the simulations are a lot
faster than the physical system, so it is easier to
examine the influence of different parameters in the
control loop. Our current research on the demo
model can be widely used for educational purposes
for those who are interested in intelligent systems
with practical applications. Especially, any new con-
trol algorithm can be tested with this demo model.
On the other hand, results from new algorithms can
better serve for a real reactor control in the future.

Programme

Fuzzy-logic control techniques are very mature in
today's most engineering areas, but not in nuclear
engineering. The main reason is that it is impossible
to do experiments in nuclear engineering as easily as
in other industrial areas. In the current project, we
find that although there are already many fuzzy con-
trol applications, it is difficult for us to select the
most suitable method for experiments at BR1 and to
compare with some other algorithms. Moreover, due
to the safety regulations of the nuclear reactor, it is
not realistic to perform many experiments at BR1. In
this situation, we have to conduct part of the pre-pro-
cessing experiments outside the reactor, e.g., com-
parisons of different methods and the preliminary
choices of the parameters. One solution is to make a
simulation programme in a computer, but this has the
disadvantage that the real time property cannot be
well reflected. Therefore we adopted another strate-
gy, that is, we designed and made a water-level con-
trol system, referred to as the demo model, which is
suitable for our testing and experiments. In particu-
lar, this demo model (also see scientific report 1996,
1997, 1998) and is designed to simulate the power
control principle of BR1.

To improve the existing system, we decided to go
one step further in the use of fuzzy logic control:

Achievements
All FLC on-line experiments at BR1 were suc-
cessful within the period of obtained permission
from AVN.

Additional adaptive fuzzy control algorithm is
implemented in a PC for the demo model and for
the future BR1 fuzzy control.

S Part of the project results is in the progress of a
European patent application.

Perspectives

Based on this successful project, we will extend our
know-how on fuzzy logic expertise to some EU proj-
ect proposals. We will start a new research project on
development of intelligent systems for safeguards
application at SCK'CEN.

UG, Universiteit Gent (Gent, Belgium)
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MARC DECRETON

FUSION REACTOR MATERIALS

BE0100053

Background

Fusion Research in Europe is one of the largest co-

ordinated programmes of the European Commission.

SCK»CEN focuses its fusion participation on materi-

al characterisation under radiation and coolant inter-

action: structural material for the vessel modules, as

well as material used for the diagnostics and mainte-

nance instrumentation. This last aspect is presented

in the contribution "Advanced Instrumentation and

Teleoperation" of the present report. The aspects

related to waste management and decommissioning

strategies are also a new field where SCK'CEN val-

orises its expertise into the fusion reactor issues.

Objective

To contribute to the knowledge on the behaviour,

during and after irradiation, of the fusion-reactor

materials and components.

Programme

ss Study of the mechanical behaviour of structural

materials under neutron irradiation: steels,

inconel, molybdenum, chromium, involving ten-

sile and compact tension tests, microstructural

evaluation and corrosion measurement;

88 Modelisation of the characteristics of irradiated

first wall material such as beryllium: swelling,

fracture behaviour, reactivity with air and steam.

S Detection of abrupt electrical degradation of insu-

lating ceramics under high temperature and neu-

tron radiation;

Study of dismantling and waste disposal strategy

for fusion reactors;

Feasibility study for the testing of blanket mod-

ules under neutron radiation.

Achievements

Stainless Steel: Low cycle fatigue of
irradiated AISI 316L(IG)

AISI 316L stainless steel has been selected as the

main structural material for the International

Thermonuclear Experimental Reactor (ITER) fusion

device. Although this steel was extensively investi-

gated, most results concern irradiation temperatures

above 300°C. Here, tensile and fatigue specimens of

plate and TIG (Tungsten Inert Gas) weld materials

were irradiated in the BR2 reactor at 42°C up to a

neutron fluence corresponding to 5.4 dpa. Low-cycle

fatigue tests were performed at room temperature

according to the prevailing standards. By comparing

our results with published data on the same AISI

316L reference plate, we observed that fatigue life

was almost not affected by irradiation and testing

conditions (Fig. 1). The same conclusion applied to

the TIG welds. It should be noticed that, by contrast,

the tensile properties are very much affected by irra-

diation. The main difference between unirradiated

and irradiated tests lies in the way the applied total

strain is distributed into a specimen in :erms of elas-

tic and plastic strains. The unirradiated specimens

exhibit a permanent deformation, while irradiated

ones are loaded in the elastic regime. Comparing low

cycle fatigue life results, one should not only look to

the total strain, but also to its elastic and plastic parts.
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AISI 316L-fatigue life is
not affected by irradia-
tion. SCK'CEN data are
in good agreement with
STUDVIK, ECNand CEA
data although experimen-
tal and irradiation condi-
tions are very different
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Reduced activation ferritic-martensitic
(RAFM) steels

A first study, mostly bibliographical in 1999, started
on a new reference industrial RAFM steel called
EUROFER'97. Its chemical composition and
improved properties reflect the results of previous
characterisation tests, including irradiation assess-
ments. Future irradiation tests in collaboration with
other European partners have been prepared. The
study was also extended to ODS (Oxide Dispersion
Strengthened) RAFM steels. Information on the most
effective production routes of commercially avail-
able alloys has been gathered. A literature review
was carried out for instance on the effect of Cr con-
tent on the mechanical properties. This study used
also the past experience at SCK'CEN on ODS alloys
production for fast breeder application.

Corrosion of stainless steels: Detection
of crack-initiation and crack-growth

Irradiation assisted stress corrosion cracking
(IASCC) is considered as an important issue for
cooling channels made out of austenitic stainless
steel. In order to assess IASCC under fusion relevant
parameters, instruments have to be developed for the
on-line monitoring of crack-initiation and crack-
propagation. By measuring the spontaneous current
or voltage fluctuations (electrochemical noise)
between a reference electrode and a test sample (e.g.
a pressure tube), one can follow what happens at the
surface of the electrode. The sensor used in the pres-
ent study consists of two Pt wires, placed for instance

at two diametrically opposite positions on the pres-
sure tube, connected to each other but insulated from
the pressure tube. The pressure inside the tube is
gradually increased above the material yield
strength, thereby creating micro-cracks on the sur-
face. Spikes appearing on the measured potential
indicated the initiation of each crack. Electron
microscope examination confirmed the observation
after the test. Another technique, called acoustic
emission, has also been studied for the on-line detec-
tion of cracks. Whenever they appear, mechanical
elastic energy is released in the form of a transient
high frequency acoustic pulse. We studied how to
guide this acoustic signal from the strained sample,
inside the autoclave, to the outside by means of a
metal bar (acoustic waveguide), where the detection
can be performed by commercially available sensors.
The measurements were performed in a static auto-
clave, equipped with a slow strain rate test unit. They
showed clear signatures of crack initiation and prop-
agation, long before the actual breaking of the sam-
pie.

Inconel: In-reactor radiation induced
creep

The ITER shield modules will be attached to the
backplate by four radial supports, and connected to it
by a pair of electrical straps, all of which fixed by
Inconel 718 bolts. They are exposed to a moderate
neutron fluence (less than 1 dpa) at elevated temper-
ature (300 to 350 °C). To deal with operational loads,
these bolts are pre-stressed during assembly.

Relation between the
internal pressure and the
resulting stress strain
state in the pressurised
tube. applied internal pressure (bar)
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However, during operation, the bolts lose part of the
pre-load due to stress relaxation, mostly as a result of
radiation induced creep. Almost no data are found in
the literature on the dimensional stability of Inconel
718 under neutron irradiation. An experimental
assessment in BR2 was therefore started, with mate-
rial irradiated under the typical loading conditions of
the future ITER bolts. The tests were performed at
300°C up to 0.5 dpa, the specimens being pre-
stressed to around 80 % of their yield strength. A
pressurised thin-walled tube geometry was selected
as the most adequate sample geometry . The tubes
were first laser-welded to end plugs and then filled
with argon at liquid nitrogen temperature. The vol-
ume of argon is selected in such a way that the
desired pressure is reached at the operation tempera-
ture of 300°C. The figure below shows the relation
between the stress-strain state and the applied inter-
nal pressure in the tube. The increase in tube diame-
ter is used to determine the irradiation creep induced
stress relaxation.

After completing all pre-irradiation characterisations
(precipitation hardened heat treatment, tensile prop-
erties, hardness, optical and transmission electron
microscopy), the samples were irradiated up to 0.52
dpa. Un-irradiated pressurised tubes were also aged
at 300 °C for a period equivalent to the period spent
in the reactor. No significant change of dimensions
could be detected. Post-irradiation measurements
will be performed early 2000.

Molybdenum: Analysis of tensile and
fracture toughness on irradiated alloys

Plasma facing components will be submitted to high
heat and radiation fluxes and disruptive loading.
Material choice is dictated, among other criteria, by
tritium permeation, plasma - wall interactions, ero-
sion resistance, thermally induced fatigue, swelling
and embrittlement, creep properties, thermal ageing,
neutron activation, biological hazards, fabrication
capabilities and cost. Although the interest of molyb-
denum has recently decreased in the fusion commu-
nity, this material remains interesting for its high
melting point, its high mechanical resistance at ele-
vated temperatures, its low thermal expansion coeffi-
cient and its good thermal conductivity, which results
in an excellent dimensional stability and a good
resistance to thermal shocks. The tensile properties
for candidate divertor armour Mo-alloys are now
well established. However, the assessment of the
radiation damage on the tensile, fracture toughness
and fatigue properties still requires a large effort. In

this context, tensile and toughness properties of two
Mo-alloys (TZM and Mo-5%Re) wen; investigated
at SCK'CEN. Specimens have been irradiated in the
previous years at 40°C and 450°C, up to approxi-
mately 0.2 dpa. The selected alloys show good ten-
sile strength and ductility in the baseline condition,
but a drastic loss of ductility after irradiation. The
lower irradiation temperature induces a higher reduc-
tion of ductility. Fracture toughness tests were also
performed on pre-cracked and notched specimens. In
baseline condition, the fracture toughness increases
with temperature and the fracture mode is cleavage.
Although a drastic diminution of ductility is
observed on tensile test results due to neutron irradi-
ation, the fracture toughness decreases only slightly
for the two temperature conditions. This low irradia-
tion embrittlement observation is very interesting,
but an extrapolation of this behaviour to higher flu-
ence values would require additional validation.

Chromium: Characterisation under neu-
tron radiation

Chromium is another potential candidate for plasma
facing components. Although the material is known
for being quite brittle, tests were performed for par-
ticular alloys with potentially improved characteris-
tics. A mechanical characterisation of two different
Chromium alloys, called DUCROPUR and
DUCROLLOY was performed, looking to the influ-
ence of heat treatment and neutron radiation, up to
0.5 dpa. The following tests have been performed
and analysed on unirradiated and irradiated samples:
tensile tests, impact tests up to 1100 °C (on sub-size
and full-size Charpy-V specimens); static notch
toughness tests up to 500 °C (on sub-size Charpy-V
specimens). The results were compared with litera-
ture data and with complementary experiments per-
formed at ESI in Austria.

Beryllium: Integrity test and swelling
assessment after annealing.

Severe beryllium embrittlement has been reported
after high heat loading. It was therefore needed to
further investigate the integrity of irradiated berylli-
um when exposed to high heat fluxes. Three types of
irradiated beryllium were available at different total
fluences (two irradiated at 230 °C up to 600 appm
He, the third at 50 °C up to 3900 appm He). They dif-
fer by the BeO content (0.6 %, 1.2 % and 1.9 %
respectively). The samples were submitted to a ther-
mal shock at 600 °C and 700 °C (heated up in vacu-
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um within 30 minutes, keeping the temperature for 5,

27 and 100 hours). Fortunately, no sign of disinte-

gration was observed on any sample. A visual exam-

ination revealed all beryllium samples showing the

same solid geometry. Even drop tests didn't produce

any fracture. The corresponding swelling was also

assessed, using density measurements before and

after annealing. More significant swelling was

observed at 700 °C than at 600 °C, and higher BeO

content tends to give lower swelling. On the other

hand, annealing time has a negligible effect on the

swelling.

Beryllium: Fracture behaviour

Few experimental data on the fracture toughness

behaviour of beryllium are available, especially for

irradiated condition. Although tensile tests are easy

to perform and widely used for investigating the radi-

ation effects on materials, there is a need for further

study to correlate the tensile properties with the frac-

ture toughness. During previous years, tensile and

fracture toughness data were produced for four

fusion-grade beryllium alloys. They were irradiated

in the BR2 reactor at various temperature and neu-

tron fluence conditions. Tests were performed in a

large temperature range from brittle to ductile frac-

ture. Such a large data set offered a good opportuni-

ty to investigate the above-mentioned correlation.

The focus was put on the S65 VHP alloy, being seen

as the reference ITER material now. Compact ten-

sion specimens were systematically investigated

with scanning electron microscopy (SEM). In the

baseline condition, two fracture mechanisms were

identified: cleavage when tested below 300°C, duc-

tile above 300 °C. In the irradiated condition, all

samples fail in a brittle manner, with a tendency to

intergranular fracture for specimens irradiated at

600°C. The basic idea of micro-mechanical model-

ling is to take into account the fracture micro-mech-

anisms of fracture in association with the stress and

the strain history during the whole loading process.

The most popular model used to predict cleavage

fracture toughness is the Ritchie-Knott-Rice model

(1968). It considers that fracture occurs when the

maximum principal stress reaches a critical micro-

cleavage stress value over a critical distance ahead of

the crack tip. The figure below shows a typical frac-

ture surface and how one locates the fracture initia-

tion site on a SEM micrograph. Using finite element

calculations, it is possible to derive the local maxi-

mum principal stress at the initiation site.

For ductile fracture, the Rice and Tracey void growth

model is used. As for cleavage fracture, two parame-

ters are required: the critical void growth rate and

again the characteristic distance. The critical void

growth was approximately evaluated from the tensile

tests. The characteristic distance, derived from the

finite element calculations, is found equal to -140

[un. Within experimental and numerical uncertain-

ties, both models accurately predict the fracture

toughness in cleavage as well as ductile fracture

mode

For both cleavage and
ductile initiation, both
micromechanical models
predict well the fracture
toughness. SEM micro-
graphs showing the frac-
ture surface of two sam-
ples that failed in cleavage
and ductile modes are
also included.

125 ® cleavage fracture: [650 MPa; 85 um]
* ductile initiation: [140 \xm\

25 50 75 100 125
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Beryllium: Interaction with air and
steam

A safety study was conducted concerning the use of
beryllium in a fusion reactor. For the assessment of
accidental scenarios such as a loss of vacuum acci-
dent or a loss of cooling accident, kinetic data are
needed on the beryllium/air and beryllium/steam
reaction respectively. We studied these reactions with
combined thermo-gravimetry and differential ther-
mal analysis. Three different materials were studied:
unirradiated S-200F, the same material irradiated up
to 300 appm He, and S-200E (higher BeO content)
irradiated up to 21000 appm He. In air, all beryllium
types exhibited parabolic oxidation kinetics at 600cC
within the duration of the experiments (six hours). At
800°C and 1000°C, the reaction accelerated and
became linear until the specimen was depleted of
unreacted beryllium. At 700°C, the dense samples
(unirradiated and low fluence irradiated) showed
parabolic behaviour while the reaction accelerated
for the high fluence irradiated porous samples. The
irradiated samples showed a higher oxidation rate in
air than the unirradiated specimens, except at 600°C.
There was no pronounced influence of porosity on
the reaction rate, but this is probably due to the rela-
tively high theoretical density of the irradiated
porous Be samples. In steam, kinetics was parabolic
for all tested beryllium types at 600°C. At 700°C,
kinetics was parabolic for unirradiated Be and irradi-
ated dense Be, and accelerating/linear for irradiated
porous material. At 800°C, all samples showed
accelerating/linear behaviour. There was no influ-
ence of porosity on the reaction rate of beryllium in
steam, except at 700°C, where the reaction rate for
the irradiated porous samples is an order of magni-
tude higher than for the irradiated dense material.
This can be attributed to the different kinetic regimes
for the two beryllium types at 700°C. No pronounced
influence of irradiation on the reactivity of beryllium
in steam was observed.

Ceramics: A neutron benchmark to
detect Radiation Induced Electrical
Degradation (RIED) Effect

Ceramic insulators will be used in the fusion reactor
vessel wall as part of the heating, current drives and
diagnostics systems. These insulators will be subject
to neutron fluxes and high temperatures. It is thought
that the electrical characteristics of most insulators
could then undergo a two-step degradation process.
After a slow decrease in insulating resistance, a sharp
breakdown (RIED) is observed when a given dpa

damage is reached. Such a sudden degradation must
be avoided during reactor operation. At present state,
only fragmentary results are available, in terms of
neutron fluence, energy and flux, as well as temper-
ature and sample material. The objective of the work
is to perform a neutron benchmark experiment to
obtain more reliable values of the RIED threshold,
under representative fusion conditions. A rig has
been specially designed to work under vacuum, and
the BR2 reactor will be operated at reduced power
(5%). Irradiation conditions will be as follow: a neu-
tron flux of 10+!2 n/cnfts (E>0.1MeV), a gamma
heating of 100 Gy/s, temperatures of 350 °C, 400°C
and 450°C. The rig is mainly composed of modules,
centred in a pressure tube to be introduced in the
reactor and connected to a control panel for vacuum
circuit, heating regulation, measurements and data
acquisition. Electrical resistance measurement is par-
ticularly delicate, due to the very high resistivity of
the ceramic samples and the high voltages involved.
The rig is designed to be reloadable, using new mod-
ules and new samples, in case of future similar tests.
The experimental device is presently under construc-
tion. Irradiation and data analysis is foreseen in the
mid of 2000.

Waste strategy: Dismantling options

Present-day design of nuclear installations includes a
careful planning of the decommissioning steps. This
is now requested by national regulation bodies. It
covers not only technical capabilities, but also finan-
cial analysis. In order to cover the nuclear liabilities,
a cost estimate for the decontamination/dismantling
phase is calculated, and suitable provisions are made
during the lifetime of the facility. This should apply
also to a fusion reactor. It is therefore useful to com-
pare the impact of different decommissioning strate-
gies on the management of activated and contami-
nated fusion materials. A detailed analysis of the
decontamination/dismantling strategies and technical
alternatives applied to a fission reactor was carried
out. First, we identified the different techniques, the
important tasks and procedures involved in a typical
decommissioning operation in general. It was great-
ly inspired by the experience gained during the on-
going dismantling of the BR3 reactor in Mol.
Specific features relevant to the fusion reactors and
the major differences with fission reactors were
pointed out, allowing to further focus the attention on
these topics for further evaluation. The presence of
tritium and the high-energy neutron activation,
including concrete activation, were some of the most
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important specific topics identified, but the manage-
ment of the important radioactive waste flow repre-
sents also a challenging aspect. Fusion decommis-
sioning planning, specific materials and waste
routes, waste characterisation and handling will gain
from the experience gathered on present fission plant
decommissioning projects.

Waste strategy: Analysis of human
intrusion scenarios into a fusion reposi-
tory site

Safety and performance analyses of a deep reposito-
ry for the disposal of radioactive waste resulting
from the operation of a fusion reactor had already
been carried out by various European partners. A
complementary study was performed here focusing
on the analysis of future human intrusions into such
a repository. We considered the case of the most
active waste type that should result from the opera-
tion of a fusion plant for which low-activation
martensitic steel is used as the main structural mate-
rial. The repository was assumed to be located in the
Boom Clay layer at the Mol site. The scenario analy-
sis indicates that in the case of deep disposal, three
variants of a borehole-drilling scenario can be con-
sidered: core inspection, residence and unsealed
borehole. The analysis of the most drastic human
intrusion scenario, i.e. the core inspection scenario,
was highlighted. The maximum resulting dose is cal-
culated for a beryllium coating. In the case of a rou-
tine inspection the dose to a geological worker is
always under 0.5 Sv. This value, under which serious
deterministic health effects are unlikely, can be con-
sidered as a dose limit for acute exposure. In the case
of a close inspection, a maximum dose of 2 S v is cal-
culated if the intrusion occurs already 200 years after
the disposal. The dose drops to under 0.5 Sv after
1,300 years. It should be noticed that the close
inspection scenario can be considered as strongly
conservative and somewhat contradictory, because it
assumes on the one hand that advanced drilling tech-
niques are available and on the other hand that the
involved geological worker are not aware of the pres-
ence of radioactive materials in the core. Finally, a
comparison with fission waste shows that in the case
of disposal of spent fuel from a fission reactor, it
should take one million years before the same sce-
nario gives doses under this 0.5 Sv level.

Testing breeding blanket module com-
ponents under radiation

Water Cooled Lithium-Lead (WCLL) is a candidate
concept for the tritium generating blanket of future
fusion reactors. In this concept, tritium is generated
in a 17Li-Pb liquid metal bed, cooled by pressurised
water circulating in Double-Wall Tubes (DWT). The
permeation of tritium to water is limited by Tritium
Permeation Barriers (TPB), which are a coating
applied at the outer surface of the DWT. The DWT
and the TPB constitute critical elements of the
WCLL concept. Therefore, two experiments have
been proposed to test the TPB performance and the
DWT behaviour in realistic conditions. The experi-
ment would help confirming the general behaviour
of the components and in particular the tritium per-
meation rate into the adjacent structure. A decision
on the possible realisation of these experiments is
still to be taken. The preparation work was also used
to design a multipurpose irradiation rig for testing
fusion material (MISTRAL rig). It has as objective to
allow the irradiation of metal samples (e.g. tensile
and Charpy specimens) in the temperature range of
200 - 350 °C. The experiment is to be installed in the
central hole of a BR2 fuel element, allowing fast dpa
accumulation rate to be achieved. The rig proposal
uses a single wall water capsule, with an electrical
heater for temperature control.

CIEMAT Centro Investigaciones Energeticas,

Medioambientales y Tecnologicas (Madrid,

Spain)

FZK Forschungszentrum Karlsruhe (Karlsruhe,

Germany)

ULB Universite Libre de Bruxelles (Physique

Statistique et Plasmas) (Brussels, Belgium)

VITO Vlaamse Instelling voor Technologisch

Onderzoek (Mol, Belgium))

ESI Erich Schmid Institute of Material Science

(Leoben, Austria)

EC European Commission through its European

Fusion Development Agreement (EFDA) and

its Underlying Technology Programme

(Brussels, Belgium)
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Background

Instrumentation technology has undergone spectacu-
lar advances. Smart sensors with distributed process-
ing intelligence, high-speed optical communication
and sensing have found rapid applications in many
industrial sectors. For nuclear environments, howev-
er, safety constraints impose careful assessment pro-
cedures when adopting such new systems.
Continuous assessment is needed, not only to benefit
from the increase in performance of new technology,
but also to avoid working with obsolete equipment.
The latter may become hard to find and very expen-
sive.

There is a clear need for advanced state-of-the-art
instrumentation in remote handling operations and
in monitoring networks. New, more challenging
remote handling tasks are quickly appearing due to
the ageing of nuclear installations: these installations
need more maintenance and repair interventions, and
eventually have to be dismantled. All these opera-
tions were not foreseen at design time, and hence
more sensors are needed on the remote handling
equipment to deal with uncertainty. Also waste man-
agement becomes ever more important. Monitoring
networks are needed to continuously examine the
state of waste sites. Their long-term reliability needs
set unprecedented requirements on the measuring
networks.

Objectives

The project aims at evaluating the potentials of new
instrumentation technologies under the severe con-
straints of a nuclear application. It focuses on the tol-
erance of sensors to high radiation doses, including
optical fibre sensors, and on the related intelligent
data processing needed to cope with the nuclear con-
straints.

Programme

The project involves the assessment of a representa-
tive set of sensitive measurement systems used under
radiation environment. Evaluation of design
upgrades as well as the conduct of extensive tests
under radiation, using the gamma and neutron irradi-
ation facilities of SCK'CEN, are the important parts
of the work. Particular attention is devoted to the
assessment of optical fibre components and their
adaptability to radiation environments. This work
involves also developments on specific data analysis
strategies and man-machine intelligent interfacing to

compensate for the limitations of the more simple,
but robust, radiation-hardened transducers, and allow
for more reliable process perception in spite of sparse
data. The research is partly covered by several con-
tracts with Electrabel, the European Commission
(Fusion Technology), ESA (space applications) and
INTAS (collaboration with Russia). One doctoral
research work is also on going on this subject.

Achievements

Photonics for the nuclear environment

Nuclear infrastructure, including power plants, waste
disposals, reprocessing plants and thermonuclear
fusion reactor installations can benefit from the
unique advantages of fibre-optic communication and
sensing systems. The deployment of such systems in
nuclear environments has been limited up to now,
mainly due to reliability and safety constraints. In
particular, the influence of ionising radiation on pho-
tonic devices is a main source of concern. In that
respect, and in a continuing efforts to assess novel
technologies in nuclear environments, we investigat-
ed the radiation response of state-of-the-art fibre
optic devices such as optical fibre sensors, fibre
Bragg gratings, vertical cavity surface emitting lasers
(VCSELs), light emitting diodes (LEDs), photodi-
odes and special types of telecommunication optical
fibres.

When considering optical communication links, one
traditionally combines an optical source, such as a
laser diode, an optical fibre and an optical detector,
such as a photodiode. Under radiation, laser diodes
suffer from a decreased output power. Ionising radi-
ation produces an increase of the attenuation in opti-
cal fibres and photodiodes might show a decreased
sensitivity and an increased dark current. Fig. 1
shows the loss contribution to a 100-meter long link
from these individual elements as a function of total
dose, when exposed to a dose rate of 3 kGy-h-1. The
fibre is an ultra-low radiation-induced-loss pure-sili-
ca-core single-mode fibre. The photodiode loss is
expressed in terms of photocurrent loss at a given
optical input power. We evidenced that the optical
loss of the laser diode is mainly due to the lens on the
laser diode package. The photodiode still remains the
weakest element in the optical link. Unlike the other
components, it stops functioning properly at a total
dose of 1 MGy.

The in-pile application of optical fibres also remains
a challenge with a wide perspective, for instance for
plasma diagnostics in fusion applications, etc. Our
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experiments show that for dedicated fibre types, the

resulting attenuation after 200 hours of reactor oper-

ation at a gamma dose-rate of 6.1 MGy/h and a ther-

mal neutron flux of 1.6-1014 n/cm2/s can be lower

than 1 dB/m (Fig. 2).

The use of optical fibres is also seriously considered

for radiation dose measurements in nuclear power

plant facilities. The methodology relies on two dis-

tinct approaches. The first one considers a robust

modelling of the behaviour of standard optical fibres

to account for combined total dose, dose rate and

temperature effects on the optical power budget. We

showed that it is possible to reconstruct the dose

from radiation induced attenuation data at a standard

fibre-optic wavelength of 1310 nm. This work is per-

formed in collaboration with CEA. The second

approach makes use of specially doped optical fibres,

with a response tailored to account only for a total

dose effect, minimising the influence of dose rate

and/or temperature variations. Doped optical fibres

were investigated in collaboration with the Fibre

Optics Research Centre of Moscow. Current efforts

aim at optimising the fabrication process of these

fibres and finding the correct measurement wave-

lengths. Both approaches are now applied for the

development of distributed fibre-optic dose monitor-

ing, dedicated to cable ageing management systems,

in collaboration with Tractebel-Electrabel.

Optical fibre Bragg-gratings (FBGs) have a rapidly

growing area of application, as filter elements in

Wavelength Division Multiplexing systems and as

temperature and strain sensors. An essential charac-

teristic of such gratings is their Bragg resonance

wavelength Xs, which is defined by the grating peri-

od A and the effective refractive index neff : %$ =

2-A-neff. Radiation can influence the performance of

the grating via a change of X and neff. However, the

sensitivity of XB to radiation should depend on the

fibre chemical composition, drawing conditions, and

the FBG parameters and writing conditions. We

showed that it is possible to optimise the FBG's

response to radiation and that the temperature sensi-

tivity coefficient is not affected by radiation. Using

such FBGs, we have constructed, for the first time, a

multicomponent force sensor. The FBGs replace the

classical strain gauges on the sensor body. Eight of

such FBGs are multiplexed on a single fibre, which

allows a considerable simplification of the sensor

construction. Fig. 3 shows the eight multiplexed sig-

nals returned by these FBGs, with the sensor body

construction in the inset.
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Fig. 1. Optical fibre link loss at a wavelength of 1310 nm as a function of total ion-
ising radiation dose. Fig. 2. Induced loss at 850 nm in an aluminium coated
optical fibre during in-pile irradiation.
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force sensor body (in the inset).
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Radiation effects on glasses for space
applications

Our know-how in radiation effects on optical devices
allows us also to participate in other research pro-
grammes such as evaluating the influence of space
radiation on spaceborne optical systems. We started a
research programme funded by the European Space
Agency (ESA), in collaboration with Matra Marconi
Space (France) and the Cyclotron department of the
VUB. The goal of this research is to define an ade-
quate methodology to assess the effects of space
radiation on glasses used in optical satellite payloads.
So far one assumed that to avoid space radiation
effects, conventional glass types could simply be
replaced by their cerium doped counterparts, which
show a significantly lower radiation induced absorp-
tion. However, these cerium-doped glasses now
prove to show much larger radiation induced refrac-
tive index changes.

Radiation tolerance of remote sensing
systems

Components of remote sensing systems, mainly
designed for sensor-based control of remote manipu-
lators, have been further assessed and tested in rep-
resentative gamma and neutron environments under
high dose-rate backgrounds. Several irradiation cam-
paigns were conducted in the BR2 and BR3 gamma
irradiation facilities (RITA, BRIGITTE and
GEUSE), as well as in the BRl reactor. Most of these
irradiation tests were related to fusion reactor rele-
vant conditions during maintenance shutdown (typi-
cal total doses of 1 to 100 MGy).

Particular attention was put on the assessment of pro-
totype multiplexing circuits based on the COTS
(Custom Off The Shelf) approach, ultrasonic dis-
tance sensors (under neutron irradiation) and cable
insulating materials.

The management of umbilical links to remote sys-
tems is often a major source of unreliability.
Multiplexing techniques can reduce the number of
cables and improved insulation allows for cables to
keep their electrical and mechanical characteristics
for a longer period. Basic parts of multiplexing cir-
cuits (a comparator and a JK flip-flop) have been
designed. The design is done in such a way that even
with heavily degraded transistors (90% drop in gain
value) the circuit still remains functional. The degra-
dation of the transistors has been modelled in SPICE,
based on irradiation tests performed in the past. The
circuits have been simulated and prototypes tested up

to a total gamma dose of 22 MGy to validate the sim-
ulated results have been done. The obtained results
show that the circuits do not undergo any significant
degradation in performance, and that their output
values stay well within the limits of standard logical
values

Accelerometers are useful tools to increase the safe-
ty of remote handling. They are widely used for
vibration analysis and thus allow for early failure
detection and timely corrective actions in case of
emerging malfunctions of the machines such as
stalling or jerking of the motors. A series of
accelerometers, manufactured by Bruel & Kjaer,
have previously been assessed under gamma radia-
tion up to 100 MGy. The same type of sensors have
been irradiated under fast neutron flux as well up to
a total fluence of 1.15 *10" n/cirf. The results show
a decrease of about 20% of the power spectrum of
the accelerometers.

A study for the improvement of cable insulation has
been started in collaboration with Kabelwerk-Eupen,
focusing on halogen free materials. In 1999, suitable
candidate materials for cable insulating material
have been identified and tested. The objective if to
produce a prototype hybrid cable. This hybrid cable
should contain instrumentation wires, power lines
and optical fibre lines

Our collected know-how on radiation tolerance has
been confirmed by the continuation of our co-ordi-
nation work within the European Fusion Programme
and is used furthermore to answer an increasing
number of consultancy requests, coming from the
fusion programme community, the different
SCK'CEN projects and the industry.

Sensor based control strategies

The performance of radiation-tolerant sensors is lim-
ited compared to industrial state-of-the-art sensors,
in terms of quality and quantity of the data returned.
Therefore, the objective of this part of the
Instrumentation department's work is to compensate
for these limitations with software algorithms that
assist the human operator in using these sensors and
in interpreting the returned data.

In the past, we have developed a number of statisti-
cal algorithms for the consistent reasoning with
uncertain and incomplete sensor data. The first is an
algorithm for active, task-directed sensing, i.e. an
algorithm that determines what information is miss-
ing to complete the current task, and how to get this
information with the available sensors. The second is

78 Reactor Safety



an algorithm for data fusion. This algorithm recur-

sively fits a model through the sensor data, taking

into account the uncertainty on each of the measure-

ments. The third algorithm is an algorithm for model

selection. This algorithm lists all possible models

that can explain the measurements, and determines

how well each one fits the data.

This year, we have applied those algorithms to the

geometric modelling of a (part of) a fusion reactor,

using only the measurements of a touch probe

installed on a robot. Estimations of the intensity of

the radiation field show that cameras will not survive

for longer than a few minutes to half an hour inside

the reactor torus. Therefore, we introduced the blind

man's approach to geometric environment model-

ling. Rather than showing the operator of a remotely

controlled robot live camera images, our approach is

to show life synthetic 3D images of a model of the

reactor, while ensuring that this model is consistent

with reality. Since the reactor torus is a well-known

environment, to achieve this, it suffices to verify

and/or update this model with a few carefully chosen

measurements of the probe on the robot. This is very

similar to the blind with their white cane who deter-

mines their position in an internal model using a few

well-chosen explorations.

The bulk of this development is completed this year

as an EC project in the nuclear fusion programme. A

demonstration of the system is planned on the mock-

up of the ITER Divertor Test Platform operated at

ENEA Brasimone by the end of 2000.
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3355,June 1999.

S. COENEN, "ITER T252 - Radiation Assessment of

Standard Components - Final Report on Accelerometers",

R-3356, June 1999.
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Objectives

The Reactor Physics & MYRRHA Research

Department gathers expertise in different reactor

physics fields namely: neutronics calculations, reac-

tor dosimetry, reactor operation, reactor control, and

non-destructive analysis on reactor fuel. This expert-

ise is applied within the Reactor Physics &

MYRRHA Research Department own research proj-

ects in the VENUS critical facility dealing presently

with MOX fuel core physics, in the BR1 reactor

dealing with neutron dosimetry calibration, ex-core

neutron transport and shielding problems for qualifi-

cation and validation purposes within an internation-

al partnership, or for MYRRHA project aiming at

developing a pre-design of an Accelerator Driven

System. This expertise is also used in programmes

external to the department, such as the pressure ves-

sel steel programme, the BR2 dosimetry, the irradia-

tion experiments preparation and interpretation in the

BR2 material testing reactor. The Reactor Physics

programme aims at developing, improving and

maintaining the experimental and theoretical expert-

ise of the department in this domain. In the following

sections we are reporting on these activities.

Investigation of Military Plutonium

The dismantling of nuclear warheads in the USA and

Russia creates a stockpile of weapon-grade plutoni-

um that should be made inaccessible for future use in

nuclear weapons. One of the proposed solutions to

diminish these stockpiles is to use the plutonium in

commercial power reactors. The envisaged stockpile

in the US alone represents an amount about 50

tonnes of weapon-grade plutonium equal to an ener-

gy quantity of 10 300 GWde, which can be used for

peaceful purposes, or the year production of 33

power plants of 1000 MWe.

Since the neutronic behaviour of weapon-grade plu-

tonium is different from that of civil MOX, it is con-

sidered necessary to investigate this neutronic behav-

iour for the validation of neutron codes.

In the past some experiments have been performed at

the VENUS reactor with MOX having a Pu-vector of

96% 23'Pu, 4% 240Pu. Based on this experience a UO2

reference configuration has been loaded in the

VENUS in the course of November/December 1999

to investigate the validity of the previous experiment

with modern measurement methods and to perform

the experiment in a lattice representative for modern

PWR's. Neutron-physical parameters will be calcu-

lated and compared with the experimental results.

The aim of the programme is to provide data for val-

idating neutron physics codes for weapon-grade plu-

tonium. Basic data for such a validation are in gener-

al keff and local fission rate distribution measure-

ments. Additional data are e.g. spectrum index and

delayed neutron fraction beff measurements.

The amount of available rods with 0.7/4.3 weapon-

grade plutonium (0.7% 235U, 4.3% weapon-grade

plutonium) is very limited (25 rods of 50 cm length).

This means that especially a keff validation is very

hard to obtain with these rods, since the difference in

keff is only in the order of several 10's to maximum

100 pcm, while the average neutron code calculates

keff with an uncertainty of about 500 pcm.

However, there are also about 400 MOX rods avail-

able with 3/1 weapon-grade plutonium. A major

drawback of these rods is that they contain only 1%

Pu, but due to the large available quantity these rods

can provide a valuable benchmark for keff calcula-

tions. They have less value for fission rate distribu-

tion measurements.

More space-dependent parameters like the local fis-

sion rate distribution can be determined more easily

with the 0.7/4.3 rods. Calculations on different con-

figurations [1] have shown that differences in local

fission rate distributions between uranium and

weapon-grade plutonium are large enough to be use-

ful for code validation. Other calculations have

shown that the fission rate distribution measured at

midplane of partial* fuel is not significantly different

from homogeneously loaded fuel.

Two experimental configurations have been investi-

gated in 1999 and one other will be investigated in

2000, as shown in figures la, lb and lc. Figure la

shows the reference UO2 configuration, figure lb

shows a configuration with a central 24 rod weapon-

grade MOX zone, an intermediate zone of 376 3/1

MOX fuel and a UO2 driver zone, figure lc shows a

partial 52 rod weapon-grade zone and a UO2 driver

zone.

For the UO2 reference configuration both critical

height, fission rate distribution and spectrum indices

F5/F9, C8/F9 and F8/F9 have been determined,

where F stands for fission, C for capture, 5 for 235U,

8 for 23»U and 9 for ̂ P u . For the 3/1 configuration

depicted in figure lb only the critical height has been

measured.

* partial mens that the central part of the fuel column is
filled with 0.7/4.3 MOX fuel pellets (weapon-grade Pu),
while the upper and lower partis is filled with 2/3.06MOX
fuel pellets (civil Pu).
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fig. 7. Typical configura-
tion investigated in the
IMP programme

The 52 rod partial weapon-grade MOX configuration
is loaded with the purpose to have a benchmark for
validating fission rate distribution calculations. This
configuration gives in its centre a better approxima-
tion of the asymptotic behaviour of the weapon-
grade MOX rods compared to the 5x5 configuration.
The same is true for spectrum index validation.

The measurements of the first two configurations are
in the process of evaluation. A preliminary evalua-
tion of the critical height of the reference UO2 con-
figuration and the configuration with the central 24
rod weapon-grade MOX zone showed that weapon-
grade MOX has a significant influence on the criti-
cality, taken into account that the fissile plutonium
content is the same as the 235U content in the refer-
ence configuration. The measured reactivity effect
was in the order of 800 pcm.

This programme has also been used in the frame-
work of ISTC programme 371.2 to give a practical
course on measurement techniques in a critical facil-
ity to Russian scientists from IPPE at Obninsk,
Russia.

Present criticality safety calculations of irradiated
fuel still have to model the fuel as fresh, since no pre-
cise experimental confirmation exists of the decrease
of reactivity due to accumulated burn-up. The fact
that this so-called "burn-up credit" cannot be taken
into account has serious economical implications for
transport and storage of irradiated fuel.

An international programme for the investigation of
the burn-up credit has been initiated (REBUS). The
programme aims to establish a neutronic benchmark
for reactor physics codes. This benchmark would
qualify the codes to perform calculations of the burn-
up credit.

The benchmark exercise will investigate the follow-

ing fuel types with associated burn-up:

r Reference absorber test bundle

-~ Fresh PWR UO2 fuel

r Irradiated PWR UO2 fuel (50 GWd'tM)

s Fresh PWR MOX fuel

St Irradiated PWR MOX fuel (20 GWd/tM)

Reactivity effects will be measured in the critical
facility VENUS. The accumulated burn-up of all
rods will be measured non-destructively by gamma-
spectrometry. Some rods will be analysed destruc-
tively with respect to accumulated burn-up, actinides
content and TOP-18 fission products (i.e. those fis-
sion products that have most implications on the
reactivity).

The experimental implementation of the programme
will start in 2000.

Neutron and Gamma Calculations
Performed for BR2

In order to determine, as in the past, the nuclear char-
acteristics of irradiations projected for, or actually
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carried out in BR2, neutron and gamma calculations
were performed by the Reactor Physics and Myrrha
computional team. As most of the irradiation devices
are introduced into channels in strongly eccentric
positions in the BR2 core (e.g. at the fuel-reflector
interface or in the peripheral large H channels), most
calculations were performed in two-dimensional
geometry with the DORT3.1 multigroup neutron and
gamma particle transport (SN) code. The irradiations
in channels inside the BR2 core, i.e. near to the reac-
tor main axis were generally treated with the one-
dimensional neutron and gamma particle transport
(SN) code DTF-TV. During the last months of the
year, and for the first time, the Monte Carlo code
MCNP (version 4B) was applied for the complete
detailed modelling of BR2.

The main irradiation devices studied were:

a devices irradiated in the CALLISTO loop for fol-
lowing programmes:

• BACCHANAL, in which nine water-cooled
fuel rods (in a square lattice) are irradiated
under PWR conditions. In 1999, no BACCHA-
NAL irradiations were carried out in BR2 due to
technological problems, but neutron calcula-
tions (with the DORT3.1 code) were made to
check some previous work and in preparation of
the first cycle 2000. The method used to derive
the linear power in each of the nine fuel rods
from the experimental thermal balance of the
loop, combined with calculated distributions of
the fission and gamma heating over the rods,
was described and presented at the RRFM'99
meeting;

• CHIVAS, in which nine steel samples are irradi-
ated. DORT3.1 calculations were carried out in
order to determine the fast fluences and the dpa
values obtained;

• THOMOX, in which nine water-cooled fuel
rods (in a square lattice) are irradiated under
PWR conditions. The rods are of very different
types: UO2, (U,Pu)O2 and (Th,Pu)O2, with vari-
ous grain sizes and are fabricated according to
various methods (sol-gel, MIMAS...). DORT3.1
calculations were started in 1999 in order to
determine the irradiation conditions to be
expected, as a function of the composition of the
fuel rods, of the geometry of some loop compo-
nents and of the BR2 loading around the irradi-
ation channel;

E loops devised for the irradiation of water-cooled
lithium-lead (WCLL) fusion-reactor blanket
components in standard channels of BR2: tritium-

permeation barrier experiments and double-wall
tube experiments. The in-pile irradiation devices
and their main performances were presented at
the 5 th International Symposium on Fusion
Nuclear Technology at Rome and indicate prom-
ising results (from the neutronic point of view,
only one-dimensional survey calculations were
performed).

53 devices for the irradiation of steel samples in
order to obtain the highest possible fast flux and
dpa values (MISTRAL programme). The study
consisted mainly in investigating the incidence of
the type of coolant (NaK or H2O) on the fast flux
and dpa levels. For the rigs studied, these levels
decrease by 8 to 10% when water is substituted
for NaK.

Another study concerned the refinement of a method
to determine the fuel rod fission power based on the
derivation by calculation of this fuel rod fission
power from the fast and/or thermal flux measured
with a dosimeter in a position close to the fuel rod. At
the present stage, the calculations were performed in
one dimension with DTF-IV, investigating in detail
the influence of a whole series of measurement and
calculation uncertainties on the results. A presenta-
tion of the work carried out was made at the Tenth
International Symposium on Reactor Dosimetry,
Osaka (Japan), Sept. 12 -17, 1999.

The effect of neutron and gamma ray spectra on the
sensitivity of beta and prompt self-powered neutron
detectors (SPNDs) was analysed in the framework of
the DOLMEN project of the technology department.
Neutron and gamma spectra in typical BR2 channels
were considered.

An important irradiation programme started towards
the end of 1999, in which novel MTR fuel plates
with very high-density meat are being irradiated in
BR2. The first irradiation took place in cycle 5/99.
The purpose of the irradiations is to investigate the
behaviour of these fuel plates under severe reactor
operation conditions. The novel fuel plates are insert-
ed in two standard six-tube BR2 fuel elements in the
locations normally occupied by the standard outer
fuel plates. The irradiation in BR2 was prepared by
carrying out detailed neutron Monte Carlo calcula-
tions (with the MCNP-4B code) of the whole BR2
core containing the two experimental fuel elements
for various positions in the reactor and for various
azimuthal orientations of the fuel elements.
Comparing the thus determined fission density levels
and azimuthal profiles in the new MTR fuel plates
irradiated in the various channels allowed the exper-
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imenters to choose the most appropriate BR2 chan-
nel and the most appropriate fuel element orienta-
tion. This was the first time that a Monte Carlo mod-
elling of BR2 was performed. The results of one test
case were compared with those of a two-dimension-
al calculation carried out with the D0RT3.1 2-D neu-
tron transport code in (R,0) geometry. The results
were in good agreement. Various publications will be
made in 2000.

Neutron and Gamma Calculations
Performed for Other Reactors

A very detailed 3-D MCNP-4B Monte Carlo model
of the VENUS reactor was developed in order to
replace 2-D deterministic transport calculation meth-
ods used up to now for the determination of the
design of new experiments and the evaluation of irra-
diation conditions. The 3-D geometrical model is a
nearly exact reproduction of the VENUS facility. In
particular, each fuel rod was modelled separately.
ENDFB-VI continuous energy cross-section sets
were used throughout. Comparisons with reference
configurations give a difference of 1% between
measured and calculated k-eff values.

Deterministic 1-D transport calculations were per-
formed for the OVERMOX1 (OVER-moderated
MOX) project. This project studies the feasibility of
an extension of the VENUS VIP programme to a full
MOX core loading. For this purpose, a modification
of the VENUS lattice pitch was envisaged and calcu-
lations of the k-eff and of the moderator temperature
reactivity coefficient as a function of the pitch were
performed. This allows the determination of the pitch
range of stability of the reactor with respect to the
moderator temperature variation.

Updating of Neutron and Gamma Cross-
section Libraries

The cross-section processing code system NJOY97
version 95 has been installed and tested on a SUN©
Enterprise 2000 multiprocessor machine. In the
course of the testing and data processing additional
updates, from A. Trkov, US, Ljubliana, Slovenia,

D.W. Muir, IAEA, Vienna, Austria and H. Wienke,
SCK'CEN, were included. Cross-section libraries
have been prepared from Jef-2.2 (170 nuclides) and
ENDF/B-6.5 data (150 nuclides). The libraries are in
Vitamin-B6 multigroup structure (199 neutron and
42 photon groups) as well as in the ACE format,
compatible with the N-Particle Monte-Carlo trans-
port code system MCNP-4B. Preliminary results of
calculations of the OECD/NEA benchmark for an
Accelerator-Driven Minor Actinide Burner2, per-
formed using MCNP-4B and the JEF-2.2 ACE
library showed good agreement with those from
other participating groups.

The multigroup data were in the NJOY/GENDF and
/MATXS formats. The MATXS data are to be post-
processed using the LANL post-processing codes
TRANSX-2.15 and BBC3, which have been installed
and tested as well.

A procedure has been established for preparing
AMPX master libraries from multigroup data in
NJOY/GENDF format4. Post-processing of these
libraries turned out not to be possible with the Scale-
4.4 code system, due to a bug in the latter as came out
afterwards, but was possible with Scale-4.3.

Implementation of Reactor Codes and
Management of the Unix Workstations

The production of results, from calculations to con-
clusions, is performed on different dedicated UNIX
systems at the Reactor Physics and Myrrha depart-
ment. A complete system administration is provided
to all the computational team members. This service
consists in both software and hardware management.
Software means all the applications running on the
workstations: the operating systems, a wide range of
tools and the computer codes. Hardware means the
systems used to compute (called servers) and those
used to access the servers (called clients). The oper-
ating system kernels are configured in order to give
high performance computing power.

Before being used, the codes and the nuclear data
libraries need to be installed and tested. Most of them
need to be recompiled and/or adapted to take as

1. D. Marloye, "Etude de la Faisabilite d'un Programme Experimental sur les Cceurs Surmoderes Full-Pu au Reacteur
VENUS", Technical Note SCK'CEN SPL-512/95-05, SCK'CEN, 1995.

2. Report NEA/NSC/DOC(99)13
3. R.E. MacFarlane,, "TRANSX 2: A code for interfacing MATXS cross section libraries to nuclear transport codes", LA-

9863-MS
4. P. de Leege, "NSLINK-4.2, Code for Preparation ofAMPX Master Libraries from NJOY/GENDEF Data", 1RI, Delft,

Netherlands, unpublished.
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much as possible advantage of the different system
architectures and improve the overall performances.
Codes or libraries such as BUGLE-96, DOORS 3.2,
MCNP-4B (patched), NJOY 97, TRANSX-2, ORI-
GEN 2.1, SCALE 4.4, SCAMPI, VITAMIN-B6,
WIMSD-5B were installed and/or upgraded. After
successful optimised (re)compilations, the codes
must be tested to verify their numerical stability.
Minor modifications in the code sources can be made
concerning mainly the input/output (I/O) sequences.
Performance and tuning are then the main themes in
the daily system administration.

Also, nobody ignores that 1999 was a key year for
the computer world. Our systems had to be prepared
to be "Y2K compliant". Hardware and software parts
were carefully checked and all bugs discovered were
eliminated.

Fuel Cycle Studies

In the framework of the study "Supporting Nuclear
Data for Advanced MOX Fuels", which constitutes
part of the specific programme on Nuclear Fission
Safety of the Framework Programme for the
European Atomic Energy Community (1994-1998),
the neutron calculations, started in 1997 in order to
validate the actinide evolution computational meth-
ods available, in particular for MOX fuel irradiations
in thermal reactors, were rounded off. The main con-
clusions of the study were already given in the
Annual Scientific Report 1998. The final European
Atomic Energy Commission report will be published
in 2000.

In the framework of the study "Evaluation of
Possible Partitioning and Transmutation Strategies
and of the Means for Implementing Them", which
also constitutes part of the specific programme on
Nuclear Fission Safety of the Framework
Programme for the European Atomic Energy
Community (1994-1998), actinide and fission prod-
uct evolution calculations of U02-PWR and MOX-
PWR fuel rods were performed with the codes ORI-
GEN-2 and S AS2H (which is part of the SCALE4.3
computing system). The results were compared with
those from calculations performed by CEA with the
CESAR code. For the UO2 fuel, rather large differ-
ences were observed for many nuclides (both
between ORIGEN-2 and CESAR and between
SAS2H and CESAR); for the MOX fuel, the ORI-
GEN-2 and the SAS2H results were in general clos-
er to the CESAR results. The final European Atomic
Energy Commission report will be published in
2000.

Two papers, related to advanced fuel cycle, were pre-
sented at the International Conference on Future
Nuclear Systems GLOBAL'99. The first paper dis-
cusses scenarios with LWR-U02 reactors, LWR-
MOX reactors, FRs and ADS systems. The second
paper compares FR-MOX and ADS-MOX irradia-
tions as to the consumption of minor actinides
(MAs).

A report concerning possible fuel cycles in Belgium
was elaborated in the framework of a study in prepa-
ration of a national energy debate.

SCK'CEN participated in various CAPRA/CADRA
meetings and determined together with CEA the con-
ditions for joining the CAPRA/CADRA project as a
full-part member.

Presentations

E. MALAMBU, CH. DE RAEDT, M. WEBER, "Assessment of

the Linear Power Level in Fuel Rods Irradiated in the

CALLISTO Loop in the High Flux Materials Testing

Reactor BR2", presented at the 3rd International Topical

Meeting "Research Reactor Fuel Management (RRFM)",

Bruges, March 28-30, 1999.

L. BAETSLE, CH. DE RAEDT, G. VOLCKAERT, "Impact of

Advanced Fuel Cycle and Irradiation Scenarios on Final

Disposal Issues", presented at the International Conference

on Future Nuclear Systems, GLOBAL'99, Jackson Hole

(Wyo.), August 30-September 2, 1999.

CH. DE RAEDT, L. BAETSLE, E. MALAMBU, H. AIT

ABDERRAHIM, "Comparative Calculation of FR-MOX and

ADS-MOX Irradiations", presented at the International

Conference on Future Nuclear Systems, GLOBAL'99,

Jackson Hole (Wyo.) August 30-September 2, 1999.

N. MARKINA, V. TSIKANOV, S. ZARITSKY , H. AIT

ABDERRAHIM, "Benchmark Experiments on the KORPUS

Facility," presented at the Tenth International Symposium

on Reactor Dosimetry, Osaka (Japan), September 12-17,

1999.

A. HAGHIGAT, H. AIT ABDERRAHIM, G.E. SJODEN,

"VENUS-3 Modeling with PENTRAN," presented at the

Tenth International Symposium on Reactor Dosimetry,

Osaka (Japan) September 12-17, 1999.

H. AIT ABDERRAHIM, O. PICAVET, P. BARBRAULT, "Analysis

of the In- and Ex-Vessel Dosimetry of SLB-1 Using the

LEPRICON system," presented at the Tenth International

Symposium on Reactor Dosimetry, Osaka (Japan)

September 12-17, 1999.

G. BORODKIN, H. AIT ABDERRAHIM, J. HOGEL, E. POLKE, W.

SCHWEIGHOFER, T. SEREN, I. STEPHAN, W. VOORBRAAK, I.

PENEV, L. KINOVA, E. GRIGORIEV, V. TROSHIN,
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"93Nb(n,n')93mNb: Intercomparison of Foil Activity

Measurements in Application to the VVER-1000 Ex-

Vessel Experiment," presented at the Tenth International

Symposium on Reactor Dosimetry, Osaka (Japan)

September 12-17, 1999.

K.VAN DER MEER, P. D'HONDT, "Qualifying C8/F9 and

F8/F9 Spectrum Index Measurements by Using Standard

Neutron Fields," presented at the Tenth International

Symposium on Reactor Dosimetry, Osaka (Japan)

September 12-17, 1999.

M-J MARTINEZ, M. HULT, M. KOHLER, H. AIT ABDERRAHIM,

D. MARLOYE, "Metal Discs As Very Low Neutron Flux

Monitors in Reactor Environment," presented at the Tenth

International Symposium on Reactor Dosimetry, Osaka

(Japan) September 12-17, 1999.

CH. DE RAEDT, E. MALAMBU, S. BODART, "Assessment of

the Fission Power Level in Fuel Rods Irradiated in the

High Flux Materials Testing Reactor BR2 with the Aid of

Fluence Dosimetry. Comparison with Other Methods",

presented at the Tenth International Symposium on

Reactor Dosimetry, Osaka (Japan) September 12-17,1999.

PH. BENOIT, CH. DE RAEDT, M. DECRETON, "In-Pile Testing

of WCLL Double Wall Tubes", presented at the 5th

International Symposium on Fusion Nuclear Technology,

Rome, September 19-24, 1999.

J. BASSELIER, TH. MALDAGUE, A. RENARD

(Belgonucleaire), H. AIT ABDERRAHIM, S. BODART, PIERRE

D'HONDT, K. VAN DER MEER (SCK-CEN), V. RYPAR, C.

SVOBODA, I. VASA (Nri), "Critical Experiment with Spent

Fuel for Burn-Up Credit Validation (Rebus International

Programme," presented at the Sixth International

Conference on Nuclear Criticality Safety (ICNC'99),

Palais des Congres, Versailles, France, September 20-24,

1999.

K. VAN DER MEER, B. VERBOOMEN, D. MARLOYE, P.

D'HONDT (SCK-CEN), TH. MALDAGUE, J. BASSELIER

(Belgonucleaire), "Neutron Code Validation for MOX Fuel

with the VENUS Critical Facility", presented at the Sixth

International Conference on Nuclear Criticality Safety

(ICNC'99), Palais des Congres, Versailles, France,

September 20-24, 1999.

H. AIT ABDERRAHIM et al., "MYRRHA Project, a

Multipurpose ADS for R&D: Potential Applications for

Fission", Seminar on Fission, Pont d 'Oye (Belgium),

October 6-8, 1999.

H. AIT ABDERRAHIM, "Belgian Activities in the Field of

ADS: MYRRHA Project, a Multipurpose ADS for R&D",

IAEA, AGM to review National ADS Programmes

Taejon, Republic of Korea, November 1-4, 1999.

Publications
B. VERBOOMEN, " Influence du Rapport de Moderation sur

le Facteur de Multiplication d'un Reseau Infini VENUS

Constitue de Cellules H-MOX-Comparaison avec un

reseau UO2", Technical Note SCK-CEN SPL BV/bv-

D048000-512/98-23-25/01/1999.

CH. DE RAEDT, E. MALAMBU, "DOLMEN. Neutron and

Gamma Spectra in typical BR2 Channels", Technical Note

SCK-CEN ChDR/chdr-34/DOLMEN. D084030/260/99-

02, April 20, 1999.

CH. DE RAEDT, L. BAETSLE, P. D'HONDT, "Mogelijke

Splijtstofcycli in Belgie". BLG 772, April ?.0, 1999.

CH. DE RAEDT, "Fast Fluxes and dpa Values in Steel

Samples Irradiated in A or B Channels of BR2 (MISTRAL

Programme)", Technical Note SCK'CEN ChDR/chdr-

34/F042040/451/99, November 10, 1999.

H. AIT ABEDRRAHIM, P. VAN UFFELEN, M. VERWERFT, "Fuel

research program at Belgium's SCK«CEN nuclear center,"

publication in New, Nuclear Europe Worldscan, N°ll-12,

p.60, November-December 1999.
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Background

Safe operation of nuclear power plants relies prima-
rily on the integrity of the reactor pressure vessel.
Neutron exposure induces temperature dependent
embrittlement of the vessel and alters the mechanical
properties of the vessel materials. It is, therefore, of
prime importance to monitor the material degrada-
tion by surveillance programs. On the other hand,
integrity analysis is based on regulatory concepts that
were mostly established on an empirical basis.
During the last decade, a major milestone was
reached by acknowledging the possibility to measure
fracture toughness with small specimens and by the
use of the master curve approach to account for spec-
imen size effects. Reconstitution technology is used
to remanufacture specimens from archive and sur-
veillance specimens in order to directly measure
fracture toughness of the material.

In 1999, the convention Electrabel-SCK'CEN was
renewed for 4 years. The EN45001 accreditation for
the treatment and analysis of Nuclear Power Plant
(NPP) surveillance capsules and for the use of the
reconstitution technique was confirmed for 1999 and
2000.

Objectives

In support of Reactor Pressure Vessel (RPV) integri-
ty assessment the general objectives are

To complete the fracture toughness data bank of
various reactor pressure vessel steels by using
precracked Charpy specimens that were tested
statically as well as dynamically;

S To implement the enhanced surveillance
approach in a user friendly software;

H To improve the existing reconstitution technology
by reducing the input energy (short cycle weld-
ing) and modifying the stud geometry;

To investigate the use of sub size specimens
(3x4x27 mm-PCCv and 04x27 mm-CRB) for frac-
ture toughness testing.

In 1999, the fracture toughness databank was
enlarged and emphasis was put on examining RPV
steels with particular behaviour. One of the major
corner stones of the Enhanced Surveillance Strategy
is the use of reconstitution technology to manufac-
ture Charpy specimens for the determination of stat-
ic, as well as, dynamic initiation fracture toughness
in the transition range. The Charpy geometry is also
used for measuring the crack resistance behaviour
of RPV steels at upper shelf temperatures (up to
300 °C).

Fracture Toughness Characterisation
using small size samples (PCCv)

A reactor pressure vessel steel (20MnMoNi55), char-
acterised with various types of cleavage initiators in
the ductile-to-brittle transition regime by GKSS, has
been studied both experimentally and analytically.
Fracture toughness tests on precracked Charpy spec-
imens have been performed in the transition region,
and the applicability of the Master Curve analysis
has been verified using:

£ • the conventional Master Curve methodology;

" the Generalised Maximum Likelihood (GML)
method;

S3 the Monte Carlo method.

Based on the investigations performed, it was found
that the Master Curve methodology is fully applica-
ble to the 20MnMoNi55 steel, even in the presence
of different cleavage triggering mechanisms.

Toughness tests on Pre-Cracked Charpy-v (PCCv)
and 0.5T-CT specimens have been performed on an
RPV low upper shelf A533B steel. The aim was to
assess whether PCCv specimens yield significantly
unconservative results with respect to 0.5T-CT sam-
ples of this material: the results, which have been
analysed taking also into account the uncertainty of
the measured parameters, show that the non-conser-
vatism of PCCv samples is consistent although the
deviation remains within the statistical uncertainties.
This difference, which in terms of reference temper-
ature amounts to 10 to 15 °C, is in line with the tech-
nical literature on the subject.

Reconstitution technology

Reconstitution technology is being successfully used
at SCK'CEN for a decade. However, improvement
of this technology becomes necessary to reduce the
machining time, radioactive material transport
between hot cells (In view of the use of the new
machining equipment in BR2 hot cells, the radioac-
tive material transportation will be optimised), waste
and costs. The temperature control inside the insert
material has also received more attention. Three
main aspects were investigated in 1999:

33 short cycle welding: This procedure allows a sig-
nificant reduction of the temperature in the insert
material without altering the overall resistance of
the welds. Preliminary tests gave satisfactory
results.
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S dual reconstitution: The equipment was modified
to allow welding of both studs before any
machining is done. It is found that the tempera-
ture distribution remains unaffected by this pro-
cedure with a good quality of the welds.

3 optimisation of the stud configuration: In order to
minimise the machining time and the waste
production, the use of a squared cross section
11x11 mm2 stud is investigated. Preliminary tests
gave satisfactory results. The temperature will be
affected by the use of short cycle welding.

The combination of the three modifications, namely
dual reconstitution with square studs with short cycle
welding is the ultimate goal.

Miniaturisation

The reliability of fracture toughness measurements
in the ductile-to-brittle transition region using two
types of miniature specimens, the sub-size pre-
cracked Charpy specimen (dimensions 3x4x27 mm)
and the miniaturised Cracked Round Bar (dimen-
sions 04x27 mm) has been assessed. Comparison
with reference data obtained on larger and conven-
tional-type specimens was performed for two reactor
pressure vessel steels. The data have been found to
be in good agreement (Figure 1), but for miniature
specimens the loss of constraint considerations can
force to test at very low temperatures, approaching
lower shelf conditions. The situation is, however,
more favourable for the mini Cracked Round Bar, for
which an analytical loss of constraint correction is
readily available.

A simple tool for selecting the optimal test tempera-
ture has been proposed and has been checked against
experimental results.

Qualification of forces measured with
an instrumented striker

Forces measured during instrumented impact tests
are used for different purposes, including the assess-
ment of irradiation effects using the "Enhanced
Surveillance Approach". Thus, confidence in the cal-
ibration procedure to convert tup strain-gage output
into force applied on the test specimen must be veri-
fied. In order to establish the best way to proceed, the
following three different strategies have been com-
pared and assessed:

static calibration on a flat surface;

static calibration on a "grooved" support;

dynamic force calibration (based on the equiva-
lence of the energy values given by the pendulum
encoder and calculated from the test record).

The assessment was based on the: comparison
between maximum forces obtained in quasi-static
and dynamic (impact) tests, using an Aluminum
alloy that is quasi strain-rate insensitive. The results
obtained show that the dynamic force calibration is
the most reliable way to evaluate forces during an
instrumented impact test.

400 r
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size samples for the
20MnMoNi55 steel.
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Dynamic tensile testing

The reliability of a novel technique for dynamic ten-

sile testing, by means of a gripping device used in

conjunction with an instrumented pendulum, has

been assessed using three different materials (two

steels and an Aluminum alloy). For each material, the

strain rate dependence of the tensile properties had

been previously assessed by means of conventional

tensile tests performed with various crosshead dis-

placement rates or using data available from interna-

tional Round-Robin activities.

The results have shown that the innovative technique

is very sensitive to the influence of friction and extra-

neous bending components, as well as heavily

depending on the quality of the instrumented striker

calibration. On the other hand, it has been demon-

strated that strain rates equivalent to those of con-

ventional Charpy tests can be easily achieved using a

servohydraulic machine, without having to resort to

the use of this pendulum adapter.

Crack Resistance (J-Da) Measurement
using Precracked Charpy Specimens

The objective of this work is to assess the use of

small specimens to determine the initiation tough-

ness and the crack resistance behaviour of reactor

pressure vessel steels. The multiple specimen test

technique (MST) and the single specimen test tech-

nique using the unloading compliance technique

(UCT) are compared. The JRQ IAEA monitor RPV

steel was selected for this investigation at upper shelf

temperature (200 °C). The one-inch compact tension

(CT) geometry is selected because of its validity

according to prevailing standards (ASTM E1737).

Precracked Charpy V-notch (PCCv) specimens were

tested using the unloading compliance test technique.

Some of the specimens were tested without unload-

ing to be used for a multiple specimen analysis. The

results show an overall good agreement between the

different sizes and the two techniques. However, the

MST exhibits less scatter in comparison to the UCT.

gle parameter for ferritic steels in the transition

range, the reference temperature To.

Nevertheless, published literature shows that the

PCCv specimen, analysed using ASTM 1921-97,

generally shows a 10 °C lower reference temperature

than standard specimens. According to the inherent

scatter in the transition regime, this difference is

small but systematic. The reasons of this 10°C dif-

ference can be:

a non adequate formulation to derive the fracture

toughness from the load displacement record;

a different level of constraint in single edge notch

bend SE(B) and C(T) geometry's;

a different level of constraint due to side groov-

ing;

a different level of constraint due to the width-to-

thickness ratio (W/B) which is equal to 1 for

PCCv and 2 for Compact Tension (CT);

an inadequate size limit defined to avoid loss of

constraint (M=30 according to E1921-97);

a lower reference temperature for lower test tem-

perature, as PCCv specimens are generally tested

at lower temperatures than large specimens to

increase-number of valid data.

The formulation and constraint issues can be

addressed through 3-dimension finite element calcu-

lations of a fracture toughness test in the transition

region.

In a first step, an adequate mesh, boundary condi-

tions and finite element modelling of a PCCv were

selected and evaluated. After this preliminary study,

the results of the PCCv calculations will be used to

analyse:

the relation between the load point displacement

and the crack mouth opening displacement;

the h-factor formulation;

the size effect;

the loss of constraint and the possible corrections;

the effect of side grooving.

3D Finite Element Modelling of
Precracked Charpy for Loss of Constraint
Analysis

Fracture toughness testing in the transition regime

was recently standardised by American Society for

Testing and Materials (ASTM E1921-97). This stan-

dard proposes a normalised way to analyse test

results of standard specimens and to determine a sin-

Microstructure Research: Internal
Friction

Internal friction research was carried out within the

frame of a Ph.D. project, which has been brought to

conclusion. Its main findings are the following:

the interstitial content of a C-Mn pressure vessel

steel can be determined and the effect of irradia-

tion and/or ageing investigated;
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'- a wide range of dislocation-and/or-defect type
mechanisms has been proposed to explain the
observations after cyclic deformation; the effect
of irradiation, thermal ageing and post-irradiation
annealing is to influence the dislocation mobility
and/or dislocation segment length;

an important quantity, the yield stress of the mate-
rial, can be determined on the basis of amplitude-
dependent (non-linear) internal friction. The
results are in excellent agreement with measure-
ments of the yield stress from static tensile tests
and with a model of the yield stress taking into
account short- and long-range dislocation defect
interactions including those proposed to explain
the results after cyclic deformation.

In summary, the research has shown the microstruc-
tural internal friction technique to be a non-destruc-
tive brother to tensile testing in the realm of phe-
nomena of yielding. The technique is furthermore
highly sensitive to dislocation-and/or-defect interac-
tions and has the potential of both qualifying and
quantifying the processes involved thereby con-
tributing greatly to damage modelling.

Radiation Effects on RPV steels irradiat-
ed in Chivas

This work was performed to support the understand-
ing and modelling of damage mechanisms induced
by irradiation. The Chivas irradiation programs in
the BR2 reactor created the opportunity to irradiate a
large number of reactor pressure vessel steels under
well-controlled conditions. Among them were the
BR3 vessel plate and the Yankee Rowe coarse grain
surrogate materials, YA1 and YA9. Two specially
dedicated irradiations were carried out: Chivas-2 and
Chivas-3. The irradiation temperature is 260°C -the
operation temperature of BR3 and Yankee Rowe
reactors- while the fast neutron fluence is about 4.4
1019 and 8.8 10" n/crtf for Chivas-2 and Chivas-3,
respectively. Our data were compared to those of the
Yankee Atomic Electric Company (YAEC) test pro-
grams on YA1 and YA9 steels. The main results can
be summarised as:

The recovery of the BR3 vessel after wet-anneal-
ing at 343°C/1 week was found to be inefficient;

The Ni-content does not seem to have the effect
attributed to this element according to regulatory
evaluation;

The Chivas results on coarse grain YA1 and YA9
surrogate material are in line with those of YAEC
results.

BAS - SCK»CEN Agreement

The co-operation agreement between SCK'CEN and
the Bulgarian Academy of Science (BAS), sponsored
by the Belgian Office for Scientific, Technical and
Cultural Affairs (OSTC) was extended by financially
supporting a Bulgarian visiting scientist, through
OSTC, working in the field of laser reconstitution
technology. Part of the work on reconstitution was
performed within this framework. Together with
IMS (the Bulgarian Institute for Material Science) on
irradiation of a mock-up surveillance capsule in
Koslodui 6 is in preparation. The aim is to look at the
temperature and fluence distribution at the surveil-
lance position.

EU R&D Programs: TAGS

The development of advanced methods for the eval-
uation of irradiation embrittlemen: of WWER
1000/320 type (a consortium gathering Belgatom,
EdF, Rossendorf and Siemens KWU). The role of
SCK'CEN is concentrated on fracture toughness
testing evaluation, dosimetry and temperature moni-
toring.

EU R&D Programs: REFEREE

The degradation of reactor pressure vessel steels is
indicated by material hardening (increase of the yield
stress) and an increase of the ductile-to-brittle transi-
tion temperature (DBTT). The change of DBTT is
usually monitored by Charpy impact testing. It is
assumed that the shift of the Charpy impact transition
curve is equal to the shift of fracture toughness.
However, this is not always the case. To address this
issue, this project aims to obtain an in-depth compar-
ison of dynamic Charpy-V shifts, dynamic fracture
toughness shifts and quasi-static fracture toughness
shifts. Moreover, the basic understanding of the rela-
tion between the different measures of DBTT and in
particular the materials-specific differences was
investigated. The SCK'CEN part of the program was
finalised and submitted to the co-ordirator.

EU R&D Programs: RESQUE

The EC international Reconstitution Techniques
Qualification and Evaluation to study Ageing
Phenomena of Nuclear Pressure Vessel (RESQUE)
project aims at optimising and normalising reconsti-
tution techniques and was in its final phase. In 1999,
all work packages were finalised and a presentation
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was given to the FISA '99 symposium. The overall
information is being recapitulated in a "Proposal for
Code of Practice for Reconstitution of Irradiated
Charpy-type Specimens", to be issued early 2000.

EU R&D Programs: PLAN

The activity within PLAN (Plant Life Assessment
Network) has continued in 1999 with two meetings,
held respectively in Leeds (April) and Lisbon
(September). Within the Cluster Task 1 (Innovative
Test Techniques), a draft version of the Compendium
of Innovative Test Techniques has been produced and
circulated, including reviews for the different groups.
SCK'CEN provided the review for the group of tech-
niques related to the Measurement of Mechanical
Properties.

IAEA CRP-IV

Within the IAEA CRP-IV programme on "Assuring
Structural Integrity of Reactor Pressure Vessels", the
test results were compared to the CRP-III data. This
comparison clearly shows that while the material
strengthening as measured by the tensile properties
are similar, the Charpy impact data are more degrad-
ed in the Doel-IV capsule than in Material Test
Reactor (MTR) capsule (Chivas-6). By contrast, the
fracture toughness in the Chivas-6 irradiation is sig-
nificantly larger than in the Doel-IV capsule. These
data support the idea that irradiation damage is very
much dependent on the irradiation conditions and
that strengthening-embrittlement relationship is not a
one-to-one correlation.

IAEA - VVER-440

The "Round Robin Exercise on WWER 440 RPV
Weld Material Irradiation, Annealing and Re-embrit-
tlement", was almost finalised. The objective of
SCK'CEN to contribute to this round robin on
WWER-440 weld material is twofold:

- to gain experience in the field of WWER-440
steels;

i-' to analyse the Round Robin data according to the
models used and developed at SCK'CEN in order
to check their validity and applicability.

The VVER-440 weld was successfully irradiated (I),
irradiated-annealed (IA) and irradiated-annealed-
reirradiated (IAR) in the BR2 reactor under well-
controlled conditions (CHIVAS-7 and 8).

The embrittlement of this material is assessed
through different mechanical tests: the Charpy and
mini Charpy V-notch impact tests, tensile tests and
fracture toughness tests using precracked Charpy
specimens. The weld is characterised in four condi-
tions: un-irradiated, irradiated (I), irradiated and
annealed (IA) and irradiated annealed and re-irradi-
ated (IAR).

The testing program, which contains about 240 spec-
imens, was completed at 90% in 1999. A complete
recovery of the transition temperature shift and an
over-recovery of the upper shelf are observed. The
re-irradiation embrittlement kinetics is very similar
to the first irradiation behaviour. Therefore, a simple
lateral shift model describes accurately this material.
The test results are being reported and will be pre-
sented in 2000.
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Background

In 1999, the fundamental nuclear fuel research was

intensified in order to consolidate the scientific base

for the applied research in this field. In the foregoing

years, a growing need for basic materials research on

nuclear fuel was felt. Only through a combination of

both applied and fundamental research, the compe-

tencies to respond to rapid evolving demands in

advanced research, can be developed. The reorgani-

sation and concentration of several ongoing activities

result in a more efficient use of the available

resources. The fundamental research will focus on

solid state research of nuclear fuel, on modelling of

fuel behaviour and on the definition, technical prepa-

ration and execution of in-pile instrumented irradia-

tion experiments. Applied research essentially

remains market-driven, but with a strong incentive to

develop activities that parallel more fundamental

aspects and that have a long-term objective. From the

year 1999, we will remember the organisation of a

two day workshop on the "Impact of fuel chemistry

on fission product behaviour" held June 16-17 at

Mol, the set-up of a small thermochemistry laborato-

ry, the finalisation of an important upgrade of the

electron microprobe and a growing interest in spent

fuel research.

Applied Nuclear Fuel Research

Contractual research on behalf of the international

nuclear industry focussed in 1999 on the characteri-

sation of fresh fuel and the effects of prolonged inter-

mediate storage on spent nuclear fuel.

We developed an electron microprobe (EPMA)

based methodology to analyse a polydispersed bina-

ry system and applied it successfully to several char-

acterisation campaigns of un-irradiated MOX (on

behalf of Belgonucleaire and COGEMA). The

method has proven to provide excellent quantitative

reliability in combination with a spatial resolution of

lum.

The density of several batches of fresh MOX fuel

pellets, as measured with a mercurx' pycnometer,

confirmed within 0.2 % the density obtained on the

basis of dimensional measurements of the pellets at

the fabrication stage.

In the frame of spent fuel research, the influence of

prolonged storage on the fuel morphology was eval-

uated. This year, we focussed on the evolution of

spent MOX fuel after long term storage in ambient

temperature and stored either under inert atmosphere

or air. The elapsed time since end of life was 25 years

for the analysed samples, and the fuel morphology

aspects shortly after unloading and today were com-

pared. Grain boundary alteration did occur in the air-

exposed fuel samples (Fig. 1).

Fundamental Nuclear Fuel
Research

Thermochemical fuel research

In 1998, we started a systematic investigation into

the role of the grain boundaries in UO2, particularly

in relation to the transport mechanisms of fission

products. Experimental studies of the chemical and
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physical characteristics of these grain boundaries

were continued in 1999. The grain boundary charac-

terisation in terms of uranium valence and uranate

formation mechanisms was pursued further along the

same lines.

The X-ray photoelectron spectroscopy (XPS) study

of uranium valencies in bulk cesium uranates was

concluded in 1999. This study showed the necessity

for re-investigating the uranium 4f core level shift

and peak broadening of simple uranium oxides

(UO2+S; 0<x<0.1). Bulk samples of these uranium

oxides with known stoichiometries were prepared in

the furnace that was installed in 1999. The precise

control of the gas atmosphere in the furnace allowed

us to fix the stoichiometries. The subsequent XPS

measurements have shown interesting effects on the

peak parameters in the low hyperstoichiometries: a

difference may be visible between the initial forma-

tion of oxygen defects (Willis clusters) and the sub-

sequent crystallographic restructuring when higher

oxides start to form.

The system of the cesium uranates was further inves-

tigated to develop knowledge on the fundamental

interplay of cesium and UO2. These interactions were

studied using thin layers of cesium deposited on UO2

as well as films consisting of co-deposited uranium

and cesium oxide. The possibility (found at the ITU

(Institute for Trans-Uranium), Karlsruhe) to produce

these samples in-situ (i.e. in UHV (ultra-high vacu-

um)) and subsequently analyse them with XPS with-

out air exposure, provides us with clues on the grain

boundary behaviour of cesium in irradiated fuel. This

systematic comparison of the bulk and thin layer

behaviour shall be continued in 2000.

Using the high-temperature furnace and gas atmos-

phere controller, we were able to produce UO2 pellets

containing reasonable amounts of cesium after sin-

tering. Using these as model systems, we will try to

deduce the mechanisms that govern cesium grain

boundary migration in nuclear fuel by further XPS

measurements.

The local chemical information provided by XPS

turns out to be a vital piece of information still miss-

ing in the knowledge and understanding of the fuel -

fission products system. The additional possibilities

for model system engineering using the furnace sys-

tem in combination with a future X-ray diffractome-

ter with its proper possibilities for in-situ analysis,

form a good start for building a more scientific

understanding of the chemical and physical phenom-

ena that govern the fission product behaviour in

many different circumstances (i.e. in normal operat-

ing fuel, in incidental/accidental fuel and in spent

fuel).

Modelling fission-gas release in Light
Water Reactor (LWR) fuel

Since 1994 we are developing a new mechanistic

model for fission gas release in LWR fuel. At pres-

ent, the model embodies a large number of the under-

lying basic mechanisms of fission gas release and it

couples the kinetics of the intra- and intergranular

behaviour of the gas atoms. The microscopic module

treats the behaviour of the fission gas atoms in spher-

ical grains with a distribution of grain sizes. This

module considers single atom diffusion, trapping and

fission induced re-solution of gas atoms associated

The effect of the hydro-
static pressure on the cen-
tral temperature for 1%
average fission gas release
versus burnup during
irradiation at constant lin-
ear heat rate.
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with intragranular bubbles, and re-solution from the
grain boundary into a few layers adjacent to the grain
face. The macroscopic module considers the trans-
port of the fission gas atoms along the grain bound-
aries. Three mechanisms are incorporated as well:
diffusion controlled precipitation of gas atoms into
bubbles, re-solution of gas atoms into the adjacent
grains and gas flow through open porosity when
grain boundary bubbles are interconnected. The
interconnection of the intergranular bubbles is affect-
ed both by the fraction of the grain face occupied by
the cavities and by the balance between the bubble
internal pressure and the local hydrostatic stress
component.

The effect of the hydrostatic pressure on the central
temperature for 1% average fission gas release ver-
sus burnup during irradiation at constant linear heat
rate.

The model is under validation. To this end, the fis-
sion gas release model has first been coupled with
the FTEMP2 code of the Halden Reactor Project for
the temperature distribution in the pellets. We have
simulated the empirical Halden criterion for fission
gas release, relating fuel central temperature to bur-
nup at which 1 % release can be exceeded. The gen-
eral tendency of the fission gas release model is sat-
isfactory

Integral experiments

In 1999, the fundamental decision on installing a
refabrication/instramentation facility was taken. The
final goal will be to be capable to segment commer-
cial length fuel rods of 4.5m into smaller segments
and to equip these segments with thermocouple and
pressure transducers. In this way, the non-instru-
mented base irradiation can be performed under rig-
orously representative conditions in power reactors
avoiding lengthy (and costly) base irradiation cam-
paigns in a materials testing reactor. The final instru-
mented test irradiation can then be performed in the
materials test reactor taking full advantage of its
capacity to perform experimental irradiation experi-
ments of great variety and flexibility. In 1999, the
laboratory made a first and important step in the real-
isation of a refabrication capacity in hot-cell. A com-
pact, remote controllable and operable TIG welding
set-up was designed and realised. Testing of the
equipment will continue in the first half of the year
2000 and it will later be installed in hot-cell.
Furthermore, SCK'CEN and the Halden Reactor
Project formally agreed to realise the instrumentation
equipment in our hot-cells.
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REACTOR STRUCTURE MATERIALS: CORROSION OF

REACTOR CORE INTERNALS

BE0100058

Background

The long-term irradiation of reactor core internals
leads to changes in the microstructure and properties
of the materials. Due to these changes, the originally
corrosion resistant alloys, typically stainless steels
and nickel based alloys, may become sensitive to
stress corrosion cracking. The assessment of the
Irradiation Assisted Stress Corrosion Cracking
(IASCC) phenomenon has become an integral art of
plant life management. The IASCC phenomenon
results from an interaction between irradiation dam-
age in the material, water chemistry changes and
component stress. The interaction between these
parameters calls for a multidisciplinary scientific
approach, while also providing answers to the needs
of industrial partners. The SCK'CEN research pro-
gram on IASCC is embedded in the SCK'CEN
research on reactor materials and interacts with sev-
eral international organisations.

Objectives
- to gain mechanistic insight into the IASCC phe-

nomenon by studying the influence of separate
parameters in well controlled experiments;

?s to develop and validate a predictive capability on
IASCC by model description; this model should
assist the extrapolation of laboratory results to
industrial practice;

!ss to define and validate countermeasures and mon-
itoring techniques for application in reactors;
these sensors should have a long life time under
the reactor conditions and work in a non-destruc-
tive way.

Programme

The IASCC research programme is
focussed on four fields:

S Gaining mechanistic insight into the IASCC phe-
nomenon by modelling the interaction between
environment, stress, material and irradiation.
Theoretical and experimental insights will be
integrated in a model, which should lead to pre-
diction of IASCC in PWR components.

- Generate a well-documented set of relevant
experimental data. Experimental data will be pro-
duced for validation of the modelling results and
for comparison with literature data. Although
many data are available today, comparison
between data sets is difficult due to incomplete
characterisation or lack of independent variation
of key variables.

Develop a set of instruments to monitor the cor-
rosion process on-line in a reactor. These instru-
ments are required to capture data during the irra-
diation experiments and should help to evaluate
the countermeasures resulting from the mitigation
strategy developed within this project.

-: Define and test effective countermeasures for
IASCC: mitigation of IASCC is envisaged for
existing components by coating or water chem-
istry changes, while for new components, more
resistant materials should be developed.

Achievements

Modelling

During 1999 the numerical simulation of corrosion
has advanced with the further development and
application of a computational electrochemistry
code, ELEMD, in collaboration with the TW-ETEC
department of VUB, Elsyca N.V. and Von Karmann
Institute

The ELEMD code was extended for the calculation
of corrosion systems containing homogeneous reac-
tions. Implementation and verification have been
completed and preliminary calculations for the polar-
isation behaviour of a metal in an aqueous solution
including homogeneous reactions have been per-
formed.

The calculation of the polarisation behaviour of a
metal in an aqueous solution using the dilute solution
model. The corrosion system consisted of three par-
allel reactions (oxygen reduction, hydrogen evolu-
tion and metal dissolution), taking place in the centre
at the surface of a rotating disc electrode (RDE). The
analytical and numerical calculations were in excel-
lent agreement. The influence of the speed of the
RDE and of the bulk dissolved oxygen and hydrogen
ion concentrations on the polarisation behaviour
have been calculated. In the computational approach
migration was taken into account and no prior
assumption on the diffusion layer thickness was
made. This diffusion layer thickness was calculated,
with good agreement between numerical and analyt-
ical calculation. The computational approach is more
general and flexible. This application is but a first
step towards the numerical simulation of stress cor-
rosion cracking.

The calculation of the current density distribution
and the potential around the tip of a flow-through ref-
erence electrode, to support the development of this
new type of reference electrode (see below).
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Calculations to support the experimentally identified
influence of conducting walls on electrochemical
measurements.

Experiments

The irradiation of the CORIOLIS (Corrosion
Irradiation Off-Line for assessment of IASCC
Susceptibility) experiment was finished and the
experiment was retrieved from the BR2 reactor at the
end of 1999. The design of the CORONA experiment
(Corrosion Research Online Assembly) was
finalised; it will enter the reactor in 2000. The
CORONA experiment is instrumented, so on-line
monitoring of the corrosion process by electrochem-
ical noise will be possible. This technique was
demonstrated in the cold laboratory (see instru-
ments).

A number of SSRT (slow strain rate tensile) tests has
been performed on steam generator alloys in repre-
sentative secondary water chemistry conditions.
These tests support the replacement of alloy 600 by
alloy 650 in several aggressive environments.

Instruments

To monitor the corrosion processes at Pressurised
Water Reactor (PWR) relevant conditions, several
instruments have been developed within SCK'CEN:

£ Development of a high temperature reference
electrode: the corrosion process of a metal in an
aqueous environment is reflected by its corrosion
potential i.e. the corrosion potential can distin-
guish between active, passive or localised corro-
sion (like for example stress corrosion cracking).
Such corrosion potential measurements require a
reference electrode with a stable and reproducible
potential. At high temperatures and high pres-
sures problems occur with the lifetime and stabil-
ity of the reference electrode. Under PWR-condi-
tions additional complications arise with material
stability due to irradiation. This research is
focused on the development of a reference elec-
trode that could be used under PWR conditions.
Three types were investigated: the cathodically
charged palladium reference electrode, the exter-
nal pressure balanced silver/silver chloride refer-
ence electrode (EPBRE), and a new type of flow-
through reference electrode (FTRE). Results to
date show that the EPBRE and the FTRE can be
used successfully under laboratory conditions.

2 A flow through reference electrode has been
developed which can work under PWR condi-

tions with an accuracy of ± 15 mV. The FTRE has
a number of clear advantages: 1) simple robust
design 2) no maintenance 3) good accuracy 4) no
leakage of harmful substances (e.g. KC1) into the
loop water. Due to its small and flexible design,
the tip of the FTRE can be positioned very close
to the sample under investigation. One could even
perform very local measurements near the crack
region of a compact tension specimen. The FTRE
could also be used for measurements on radioac-
tive specimen in a hot cell, provided the tube with
the heat-shrinkable PTFE (which is radiation sen-
sitive) is replaced every few months.

Stress Corrosion Cracking (SCC) detection with
Electrochemical Impedance Spectroscopy (EIS):
this in-situ electrochemical test method is, in
principle, able to detect stress corrosion cracks. A
specific advantage of this technique is that a ref-
erence electrode is not required to perform the
measurements. Results with an experimental test
set-up, where stress corrosion cracks were gener-
ated in sensitised stainless steel 304 in a Slow
Strain Rate Test, showed that with EIS stress cor-
rosion cracks can be monitored. Further research
is dedicated to the detection of stress corrosion
cracks in aqueous systems at high temperatures
and pressures.

Electrochemical noise measurements under PWR
conditions: the feasibility of Electro Chemical
noise (ECN) to detect cracking in PWR environ-
ment has been demonstrated in the cold lab with
sensitised stainless steel samples, loaded above
their yield strength to accelerate cracking. Sharp
ECN spikes are clearly discernible, but up till
now, no direct link between a specific crack and a
specific ECN signal can be made (it may be pos-
sible to obtain spatial resolution with ECN, but
the more complex sensors and data analysis
would be necessary). It should be noted, howev-
er, that the design of the ECN sensor is very
important, in order to achieve a sufficiently short
response time in order to detect the short spikes
(order of 1 second).

Crack growth measurements by the DC reversing
potential drop method on CT specimen: the
method has been optimised for use in autoclave
conditions.

Acoustic emission (AE) detection of stress corro-
sion cracking in high-temperature water: This
technique is applied for example during SSRT
tests, where the pull rod of the installation is used
as a waveguide, so no instrumentation is needed
inside the SSRT autoclave. In principle, AE
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measurements are also possible directly on the

sample, but this requires the use of special heat-

resistant sensors (e.g. strontium niobate) and sig-

nal cable transmission through the autoclave. The

main difficulty, as in the case of ECN, is to relate

the signals to physical events such as plastic

deformation, crack initiation and propagation and

general corrosion. The use of complementary

techniques may be required to obtain a relation-

ship between a certain signal pattern and the

physical phenomena involved. Indeed, by com-

bining AE and EIS it was possible to identify

acoustic emission events as crack initiation

events. Several measures (enhanced filtering

techniques, better grounding, etc..) have been

taken to enhance the sensitivity and reliability of

the AE measurements and routine laboratory

measurements with AE can now be performed on

samples with various geometries (cylindrical,

compact tension, etc.).

Mitigation

The study of the application of dielectric zirconia

coatings as a countermeasure for IASCC was contin-

ued in 1999. The feasibility study of the in-situ appli-

cation of thin zirconia layers on reactor components

was completed with promising results. In order to

elucidate the mechanism of mitigation, the electro-

chemical response of zirconia coatings on stainless

steel in high temperature water was further exam-

ined. Slow strain rate testing and constant load test-

ing of coated specimens was prepared and will be the

subject of continuing work.
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INTRODUCTION
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uclear production of energy production has
been, is, and will remain associated with the

production of radioactive waste and with nuclear
installations to be decontaminated and decommis-
sioned. In some cases, the nuclear industry is also
associated with the contamination of well-delimited
sites and of settlements. Since radioactive waste and
contaminated infrastructures and settlements already
exist, as a result of past and current activities, our
generation has to manage them in such a way as to
keep potential future impact at a level that is accept-
able both ethically and in terms of safety.

The Radioactive Waste and Clean-up Division stud-
ies and develops strategies, techniques, and tech-
nologies to achieve intrageneration equity.
Nevertheless, the concept of "intrageneration equity"
has been changing during the last decade and the
principle "solve your problems and do not transfer
them to next generations "becomes "do not place
undue burdens on future generations". This could be
due to different factors a short-term economic fac-
tors, political factors, and lack of confidence of the
"public" in immediately implemented solutions.
These factors send to favour delaying the implemen-
tation of solutions such as final disposal, or the start-
up of remediation actions as the decommissioning of
nuclear power plants immediately after their closure.
Therefore we have now to combine the austerity of
scientific performance and safety analysis with a
presentation of the conclusions that can really be
understood by the plural publics being concerned by
nuclear waste management issues. This is a chal-
lenge that will be pursued during the next years. In
this view we lifted up the pressure vessel of BR3 in
August and we presented this operations "life" on the
WEB while applying the QA and ALARA principles
which routinely guide our decommissioning opera-
tions.. We completed this demonstration with a pub-
lic presentation of the project, including a press
release.

Concerning our programme related with final dis-
posal of waste, we consolidated our team with an
expert in ethics and the SCK'CEN is building a team
of specialists in public perception to help us to make
the results of the safety and performance assessments
more accessible. While experimental and demon-
strations works are going on, we prepare a second
safety-assessment report (SAFIR II) which will be
completed in 2000 and presented by NIRAS, The
Belgian official body for radioactive waste manage-
ment to the authorities. We also pursue an extended
experimental program in order to reduce the produc-

tion of waste in all three phases of the life cycle and
any nuclear installations: design, operation and
decommissioning. SCK'CEN develops new
processes and technologies to reduce the production
of radioactive waste. A particular attention is being
paid to the particle applicability of the processes.
Safety, economics and technical attractiveness are of
primary concern.

Because our responsibility towards the safety of
present and future generations regarding the existing
waste and radioactive-contaminated settlements and
environments and their negative influence on the
health of people and environment is not geographi-
cally limited, we still extended our participation in
international organisations and programmes dealing
with these problems. Among others, we consolidat-
ed our participation in project dealing with safety
assessment of deep injection of radioactive liquid
waste in Russia, decommissioning and remediation
in Central and Eastern Europe, etc.

Participation in international strategy:

Euradwaste 99, Luxemburg, November 15-18. 1999:
Closure Panel: "Research for Disposal: Between
demonstration and implementation".

IAEA Co-ordinated Project on Site Characterisation
Techniques used in Environmental Restoration
Activities, Research co-ordination Meeting, Rio de
Janeiro, April 12-16, 1999, TECDOC to be pub-
lished.

OECD-NEA, Co-operative Programme for the
exchange of scientific and technical information con-
cerning nuclear installations decommissioning proj-
ects, 18th meeting of the Liaison Committee,
October 19-20, 1999.
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Introduction

The primary mission of the Waste Disposal pro-
gramme is to propose, develop, and assess solutions
for a safe and acceptable disposal of radioactive
waste. Geological disposal is considered a realistic
solution for the final disposal of high and long-lived
radioactive waste, whereas, for the disposal of low-
level radioactive waste, as well shallow-land burial
facilities as deep repositories are examined. In
Belgium, deep geological burial in clay is the pri-
mary option for the disposal of high-level waste
(HLW) and spent fuel. The Boom Clay formation at
the Mol site is the reference site for which the inves-
tigations started already in 1975, within the Belgian
waste management programme
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JAN MARIVOET

WASTE DISPOSAL: LONG-TERM PERFORMANCE STUDIES

FOR RADIOACTIVE WASTE DISPOSAL AND

HYDROGEOLOGICAL MODELLING

Background

Geological disposal into clay formations is consid-

ered a realistic solution for the final disposal of high-

level and long-lived radioactive waste. For low-level

radioactive waste the Belgian waste management

programme examines the possibilities to dispose of

the waste in shallow land burial facilities or in clay

formations. Performance assessment studies evaluate

the long-term safety of the designed geological or

shallow disposal systems by identifying possible sce-

narios that might lead to the exposure of man to

radioactivity or toxic substances, by analysing the

consequences of the most relevant scenarios, and

finally by comparing the estimated concentrations,

doses and risk with appropriate safety criteria. Since

aquifers are essential components of deep and shal-

low repository systems for the disposal of radioactive

waste, accurate hydrogeological modelling is a criti-

cal element for assessing the long-term safety of a

repository.

Objectives
; j to develop a methodology and associated tools

for assessing the long-term safety of geological

disposal of all types of radioactive waste in clay

layers and of the shallow-land burial of low-level

waste;

: to assess the performance and to identify the most

influential elements of integrated repository sys-

tems for the disposal of radioactive waste;

"- to collect geological, piezometric and hydraulic

data required for studying the hydrogeological

system in north-eastern Belgium;

i; to develop a regional aquifer model for north-

eastern Belgium and to apply it in the perform-

ance assessments for the Mol site;

-• to test, verify and improve computer codes used

in the performance assessment calculations of

waste disposal concepts and contaminated sites;

the computer codes simulate water flow and

transport of radionuclides in engineered barriers,

aquifers and contaminated sites.

Programme

Our performance assessments are elaborated in the

framework of the following contracts and research

agreements with NIRAS/ONDRAF and the EC:

" a multi-year research programme for elaborating

the performance assessment of the potential geo-

logical disposal of radioactive waste in the Boom

Clay layer at the Mol site;

the SPA (Spent Fuel Assessment) project: a per-

formance assessment of the direct disposal of

spent fuel at the Mol site;

complementary assessments of concepts for shal-

low-land or deep burial of low-level wastes in

gium;

n performance assessments of a designed reposito-

ry in hard rock for the disposal of low-level and

medium-level waste in the Murmansk area (NW

Russia) and at Uveghuta (Hungary).

The hydrogeological studies sponsored by

NIRAS/ONDRAF are piezometric measurements in

the boreholes of SCK'CEN's regional hydrogeologi-

cal network and the elaboration of a data acquisition

campaign aiming at the collection of data needed for

the further development of the multi-layer regional

aquifer model of north-eastern Belgium. The data-

acquisition campaign is complemented by an internal

R&D project in which the spatial variability of the

hydraulic conductivity of the Boom Clay is investi-

gated. In the PHYMOL (palaeohydrogeology of the

Mol site) project, sponsored by the EC, we look for

indications in geochemical and isotope distributions

measured in groundwater samples on the groundwa-

ter flow in the Mol region during a glaciation.

Achievements

A detailed performance assessment for the Mol site is

elaborated. The first step of the assessment consisted

of a systematic scenario study. All phenomena that

are about certain to occur are treated within the nor-

mal evolution scenario. Eight altered evolution sce-

narios were identified. In 1999 we updated the con-

sequence analyses of the disposal of vitrified high-

level waste and of hulls conditioned in a concrete

matrix, in the case of the normal evolution scenario.

The use of data collection forms ensures the trace-

ability between the parameter values used in the

assessments and the large number of- available

research reports.

The transport of radionuclides released from the host

clay layer through the Neogene aquifer into the bios-

phere is simulated with the MT3D code, which is

integrated in the GMS (Groundwater Modelling

System) package. Radionuclide concentrations in the

ground water and fluxes discharged into the rivers

have been calculated. The calculations show that

about 95 % of the radionuclides released from the

host clay layer will reach the rivers Witte and Kleine

Nete. The maximum dose that might result after a
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few tens of thousands of years from the use of water

from these rivers as drinking and irrigation water is

many orders of magnitude lower than the dose due

background radiation.

For the SPA project we performed deterministic con-

sequence analysis for the following altered evolution

scenarios: poor sealing of the galleries and access

shaft, exploitation (i.e. deep well), and exploration

(i.e. geological examination of a core containing

remnants of the disposed spent fuel). The repository

configuration considered in the analysis of the poor

sealing scenario is given in Fig. 1. The consequences

calculated for the poor sealing scenario are compara-

ble with those obtained for the normal evolution sce-

nario because only very small amounts of water pen-

etrate into the galleries as a consequence of the very

low hydraulic conductivity of the Boom Clay.

Stochastic calculations were carried out for the case

of the normal evolution scenario to perform uncer-

tainty and sensitivity analyses. The latter show that

the effective thickness of the Boom Clay barrier and

the diffusion parameters of the main radionuclides

are the most influential parameters.

In the framework of the safety studies dealing with

the disposal of low-level waste in Belgium, we pre-

pared documents that describe all relevant data

required to perform safety-assessment studies. The

data includes parameters used to characterise the

waste forms and to simulate water flow and solute

transport in engineered barriers and aquifers. In addi-

tion to the definition of each parameter, we also pro-

vide a list of common procedures used to determine

the parameters.

SCK'CEN also contributed to an EC-TACIS project

on the improvement of the safety of the radioactive

waste management in the North West of Russia

(Kola peninsula). The primary role of SCK'CEN is

to transfer technology to the Russian partners (i.e.

performance assessment methodologies including

numerical models, parameter databases, etc.) and to

assist them in performing safety studies for potential

repositories in hard rock.

In the framework of the management of L/ILW in

Hungary technical support was provided in the selec-

tion of a disposal option and candidate disposal site.

A PHARE-sponsored preliminary safety assessment

study was done for the subsurface disposal site

"Uveghuta". The study included site characterisation

and evaluation, consequence analysis, and training of

local staff in safety assessment methodology.

The hydraulic conductivity of clay cores taken from

boreholes at Zoersel, Mol and Weelde are measured

in our laboratory to study the variation of the

hydraulic conductivity of the Boom Clay with depth

and to look for correlation with the lithostratigraphy

of the clay layer. In the framework of an internal

R&D project we collected clay cores in clay pits,

during the excavation of the second shaft on the

SCK'CEN site and at Doel. On these cores we meas-

ured the hydraulic conductivity. At Doel also in situ

measurements of the hydraulic conductivity of the

Boom Clay were carried out. The values obtained

from the in situ experiments correspond well with

Configuration considered
for the analysis of the
poor sealing scenario
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those obtained from the laboratory measurements.
The results of these measurements together with
those obtained from the measurements on clay cores
taken during the data-acquisition campaign will
allow us to study the spatial variability of the
hydraulic conductivity of the Boom Clay on a
regional scale.

Within the PHYMOL project we developed a
methodology applicable in performance assessments
of geological disposal of radioactive waste in clay
formations for treating the variability of the hydroge-
ological system over long time scales as a conse-
quence of the expected evolution of the climate.
Especially during glaciations drastic changes in the
groundwater flow patterns are expected to occur. The
analysis of the measured concentrations of stable and
radioactive isotopes and dissolved noble gases
strongly indicates that the infiltration is drastically
reduced during glacial periods. An important conse-
quence for performance assessment is that the dilu-
tion of radionuclides released from the host clay
layer into the aquifers surrounding the host layer can
be lower and that higher radionuclide concentrations
can occur than estimated on the basis of present flow
conditions.

where liquid radioactive waste has been injected
into aquifer layers, for testing and validating geo-
chemical and transport codes used in perform-
ance assessments.

In the framework of the programme for the disposal
of low-level radioactive waste we will start a per-
formance assessment of a fully engineered facility at
the candidate sites at Dessel and Mol.

During the next years we expect a continuation of
our collaborations with East-European countries,
especially with Slovenia and Slovakia for their per-
formance assessments of designed facilities for the
disposal of low-level radioactive waste.

We will continue the collection of hydrogeological
data and develop an updated version of the regional
hydrogeological modelling by taking into account
the results obtained from the 1996-99 data acquisi-
tion campaign.

We will also apply our experience gained in site
characterisation and in flow and transport modelling
in aquifer systems and variably saturated soils to the
SCK'CEN programme on environmental restoration
and site remediation.

Perspectives

The performance assessments of the geological dis-
posal of reprocessing waste in the Boom Clay layer
at the Mol site will continue in 2000. Consequence
analyses will be made for the most relevant medium-
level waste types. We will make calculations of the
temperature distribution in the host clay layer and of
the resulting thermal convection in the overlying
aquifer. The next phase of the performance assess-
ments for the Mol site starts with the elaboration of a
comprehensive catalogue of features, events and
processes that have the potential to influence the
behaviour of the repository system.

Starting from 2000 we will participate in three new
projects within the 5th Framework Programme of the
EC:

•~ the BENIPA project focuses on the role of ben-
tonite barriers in the performance of deep reposi-
tories for the disposal of spent fuel and vitrified
high -level waste in granite and clay formations;

~ the SPIN project evaluates the applicability of
various safety and performance indicators to
demonstrate the safety of a repository system;

K the BORIS project evaluates the applicability of
the Siberian sites at Tomsk and Krasnoyarsk,
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PIERRE VAN ISEGHEM

WASTE DISPOSAL:

R&D ON WASTE FORMS AND PACKAGES

BE0100062

Objectives

Characterising the source term is of primary impor-
tance for assessing a waste disposal system. It
requires

Si to determine and/or verify various physical and
chemical characteristics of radioactive waste
forms relevant to the Belgian waste management
programme;

to improve or develop tools, methods, and
approaches for characterising radioactive waste

' - to assess experimentally or to demonstrate in-situ,
but in parallel with modelling works, the long-
term performance of various waste forms with
regard to geological disposal in clay. The project
focuses on waste forms of particular relevance to
Belgium, i.e., high-level waste glass and medi-
um-level waste bitumen (as produced by
Eurochemic/Belgoprocess and Cogema), cement-
ed waste, cellulose-containing waste, and spent
fuel.

••• to assess the performance of candidate overpack
materials through in situ and laboratory corrosion
experiments.

Programme
The programme comprises the following activities:

-• the non-destructive assay of real low-level waste

packages, as part of a round robin campaign;
a the measurement of the leaching stability of

cemented ion exchange resins using a standard
leach test; the investigation of the chemical sta-
bility of cemented waste representative for the
conditioned reprocessed BR2 fuel in Boom clay
disposal media;

^ the investigation of the effect of radiolytic degra-
dation products of bituminised waste and of the
chemical degradation products of contaminated
cellulose waste on the solubility and sorption of
Am and Pu in geological disposal conditions;

85 the study of the corrosion mechanisms of high-
level waste glass in geological disposal media,
with special emphasis for the leaching behaviour
of Np and Tc, and for the geochemical and math-
ematical modelling of the corrosion; in comple-
ment to this, the characterisation of Np complex-
es formed upon interaction between Np doped
glass and clay water;

a the determination of the solubility of UO2 in
Boom clay water, emphasising the effect of
humic acids and carbonates, and the study of the
effect of oe-radiolysis on the corrosion of UO2;

r the study by electrochemical corrosion tech-
niques of the sensitivity to localised corrosion of
stainless steel container materials in geological
disposal media; and the realisation of immersion
corrosion tests to elucidate the time dependence
of the corrosion;

H the demonstration by in situ tests of the interac-
tion behaviour between cemented or vitrified
waste and Boom clay or backfill materials.

Achievements

The Waste Packages section substantially increased
its infrastructure in 1999. Two glove boxes were put
into operation, allowing to carry out chemical tests
(e.g. dissolution, leaching, solubility) under anaero-
bic conditions and controlled CO2 atmosphere. This
would allow to simulate the in situ conditions in
Boom clay for either inactive tests or tests with
radioactive samples. An autoclave system was
installed for performing electrochemical corrosion
tests at high temperatures and high-pressure condi-
tions. This system will be used in the container cor-
rosion programme. Finally we purchased an UV-Vis
spectrophotometer. This type of spectrcphotometer is
suited for analysing complexation reactions of
actinides (Np), in solutions loaded with humic acids
and carbonates for concentrations as low as 1O6 M. It
will be of use for other SCK'CEN programmes as
well. Pictures of the autoclave and UV-Vis apparatus
are shown below.

Our accreditation by BELTEST for four R&D proj-
ects has been extended at the end of 1999. The
accreditation refers to the laboratory and modelling

Autoclave system for electrochemical corrosion tests

1\
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studies of the interaction of HLW glass with Boom

clay media, the radiolytic degradation of Eurobitum,

the effect of cellulose degradation products on the

radionuclide sorption, and a standard leach test on

cemented PWR waste. NIRAS/ONDRAF is the con-

tractor for these studies. During the past year we

spent large efforts on establishing validation files for

many tasks. Particular actions were also performed:

one was an interlaboratory comparison measurement

by SIMS (secondary ion mass spectroscopy) of stan-

dard glass; another one is to develop measurements

of the redox potential of clay solutions with known

accuracy. Various kinds of interactions with other

SCK'CEN groups were started in 1999, such as the

participation to a working group focused on the

PRACLAY experiment, and expert groups dealing

with modelling, electrochemistry, and corrosion.

In the area of quality control or checking of condi-

tioned radioactive waste, the interlaboratory compar-

ison test on low-level waste packages by using non-

destructive assay was completed (- see contribution

in this report of the Safeguards department).

Another project dealt with the qualification of

cemented ion exchange resins.

Samples taken during the cementation process at the

PWR of Doel were submitted to a standard leach pro-

cedure. Effective diffusion coefficients for I37Cs and
90Sr were calculated and compared with literature

data. The quality of the cemented ion exchange

resins was found to be acceptable. We also continued

our involvement in the European Network for

Quality Checking for nuclear waste packages

(acronym: ENTRAP) where several working groups

are dealing with non-destructive assay, destructive

analysis, and quality control/ quality assurance.

We investigated the susceptibility to pitting corrosion

of candidate container materials in Boom clay water.

The main focus was given to stainless steel AISI

316L hMo (which is actually the reference material

for NIRAS/ONDRAF) and the higher alloyed stain-

less steel UHB 904L, with minor emphasis on some

other materials (C-steel, Ni- and Ti- alloys). The

electrochemical experiments are carried out in Boom

clay water (oxidised and anaerobic) and Boom clay

slurries, at temperatures of 16°C, 90°C and 140°C.

Cyclic potentiodynamic polarisation measurements

allowed to determine the characteristic potentials; we

investigate in particular the effect of chloride, sul-

phate and thiosulphate in the Boom clay water.

The experiments in the oxidised Boom clay water are

completed. We conclude that pitting corrosion may

happen, under circumstances where certain species

are rather high in concentration. We mention two

examples: for stainless steel AISI 316L hMo, Epp

(protection potential) drops below Ecorr (free corro-

sion potential) for Cl- of 100 mg/1 and more. This

means that once local attack initiates, no repassiva-

tion would occur. Second, thiosulphate in the solu-

tion appears to influence the initiation process of pit-

ting, but not the pit propagation. We therefore need to

interpret further our experimental findings to realis-

tic scenarios that may happen during disposal.

We like to highlight two PhD studies. The first one

deals with investigating the effect of a-radiolysis on

the corrosion of UO2. Large attention was spent in

this postdoc study to elaborate the experimental set-

UV-Vis
Spectrophotometer
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up. So far 5 irradiation tests were done in the BR1

reactor, for irradiation fluxes from 1010 n.cm-2.s-] to

10" n.cm-2.s-'. We irradiated UO2 powder containing
235U in contact with water. The analysis of the corro-

sion of UO2 is done via its activation product 2»Np.

The present results are quite inconsistent, and do not

confirm the expected increase of the UO2 corrosion

with increasing a-radiation flux. They do indicate a

dependence of the UO2 corrosion with the carbonate

concentration in the water. Obviously more irradia-

tion tests are needed to verify the dependence of the

UO2 corrosion on the dose rate, and to validate our

method. Therefore we also foresee tests with UO2

doped with various amounts of 233U, as a comple-

mentary approach.

The second project deals with the characterisation of

Np complexes formed during the interaction between

Np doped high-level waste glass and Boom clay

water in anaerobic conditions. The project so far

focused on two actions. First, leach tests were carried

out on Np doped glass in Boom clay water, and the

Np concentration and speciation were measured. We

used LPAS (Laser induced PhotoAcoustic

Spectroscopy) and UV-Vis spectroscopy for specia-

tion. The Np concentration in solution approaches

steady-state values of 5xlO7 M in most situations.

Up to 80% of the Np is associated to colloids >2 nm.

Both Np (V) carbonate species and Np (IV) species

are observed in solution. Because literature doesn't

mention many specific data for Np (IV) carbonate,

humate or hydroxide complexes at alkaline pH, we

investigated the complexation of Np (IV) with humic

acids. To accomplish that, we used fulvic acids, and

studied Np (IV) complexation at two pH ranges: (1)

pH<2 , to minimise hydrolysis and carbonate com-

plexation, and (2) pH~8. At the present time we suc-

ceeded to have an in depth spectroscopic characteri-

sation of the Np-fulvic complexes at pH<2. A com-

plexation constant (log p) equal to 6 is calculated for

the Np(IV) fulvate complex at that pH range. The

Np(IV) complexation at pH~8 is now under study by

using the UV-Vis spectroscopy and a dialysis equi-

librium technique. The first results indicate mixed

Np complexes involving functional groups of humic

acids and OH- groups.

In another set of projects we investigate the solubili-

ty of certain radionuclides upon contact between a

waste or waste form with Boom clay water. Data on

solubility are a very important input for the perform-

ance assessment calculations for the disposal. We

report on three waste forms: UO2 (as a precursor for

spent fuel), cellulose (which is a waste flux) and bitu-

men (which is a waste conditioning matrix for medi-

um-level sludges). Data on radionuclide solubility

were already presented in the '98 annual report

In case of UO2 the samples were pre-dissolved, to

remove an oxidised U(VI) layer. Then we deter-

mined the effect of dissolved organic matter (humic

acids) and of carbonate on the soluble uranium con-

centrations. We continued the solubility tests over

longer durations what will lead to updating of UO2

solubility data. U concentrations in the CO2 atmos-

phere are further decreasing with time. We obtain

values for UO2 solubility between 1 and 3 x 1O8 M

in the CO2 rich Boom clay waters, under reducing

conditions. We conclude that the carbonates probably

complex UO2 dissolved in the water, whereas humic

acids do not influence the uranium concentrations in

solution. It would be beneficial to obtain data in clay

water without any CO2, to complete the data set.

For cellulose, we first generated and determined

experimentally its chemical degradation products

(mainly ISA, iso-saccharinic acid) in cimentitious

suspensions, which are then mixed with Boom clay

water to measure the solubility of Pu and Am. The

results for the sorption coefficients (in ml/g) of Pu

and Am do not show any effect of these chemicals on

the sorption behaviour of Pu and Am.

For bitumen, the philosophy is similar as for cellu-

lose: we investigate the effect of radiolytic degrada-

tion of bituminised waste on the solubility of Pu and

Am in Boom clay water. The degradation is pro-

duced by irradiating with a 60Co source until a total

absorbed dose of about 5 MGy, corresponding to the

a-dose accumulated within 105 years for a fully

active bitumen sample. Oxalate is found to be the

main degradation product. Tests are planned for

2000.

Various actions were running in 1999 in the area of

long-term dissolution studies on high-level waste

glasses in Boom clay media. The laboratory test and

modelling programme 1996-1999 on the interaction

between HLW glasses (Cogema R7T7 SON68,

DWK/PAMELA SM539) and the geological dispos-

al environments is completed. We obtain a large data

base on (1) the dissolution of inactive glasses in

media mainly constituted of Boom clay, (2) the dis-

solution of inactive glasses in similar media, in the

presence of a y-radiation field, (3) the release of
237Np and "Tc from active glasses in media consti-

tuted mainly of FoCa clay (a candidate backfil! mate-

rial), (4) the diffusion of 32Si through both Boom clay

and FoCa clay. In complement to this considerable

efforts are still devoted to model the glass dissolution

with a view to approach a realistic lifetime of a glass
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canister. The final interpretation of the various tasks

is in progress.

In the CERBERUS in situ test, designed mainly for

studying the effect of a y-radiation field similar to the

one resulting from a real high-level waste glass can-

ister on the properties of the near field, some HLW

glass samples were inserted and we obtained this

way field data after five years corrosion in Boom

clay at about 85°C in a strong y-radiation field. We

show below some pictures taken by SEM on the sur-

faces of the corroded glass samples. The glass WG

124 is a candidate silicate glass for alpha-contami-

nated waste.

The conclusion from this in situ test on four different

candidate waste glasses is that the presence of the y-

radiation field slightly lowers the glass dissolution,

by up to a factor 5, without influencing the relative

quality of the glasses. The dissolution mechanism of

the glasses appears to move towards a stronger

impact of diffusion processes relative to the matrix

dissolution, which is occurring anyway. The pictures

displayed show that secondary phases, forming on

top of the reaction layers of the glasses, which may

be important in understanding the long-term dissolu-

tion of the glasses, because they may affect the leach-

ing of the glass matrix constituents.

A new project with regard to the behaviour of HLW

glass is CORALUS (CORrosion of Active gLass in

Underground Storage conditions), that aims at study-

ing the dissolution of a-active glass with different

near field materials, in the presence of a y-radiation

field. In 1999, a tube loaded with inactive glass sam-

ples was operated for three months at 90°C, to test

the operation of the active tubes, and to experience

the dismantling (retrieval) phase as it would be an

active tube. As a conclusion, this inactive test tube

allowed to (1) optimise the method of sampling solu-

tions near to the test tube, (2) check the technique to

take and to slice samples of the clay cores that have

been in contact with the glass, (3) test the method to

extract and determine the gases dissolved in the solu-

tions close to the glass, (4) experience in situ meas-

urement of the gas permeability of the Boom clay,

and (5) optimise the method for measuring in situ the

pH and Eh of the interstitial solution. All this infor-

mation was very useful to finalise the concept of the

active test tubes. We now start the assembly and

installation of the active tubes.

Perspectives

Besides the redaction of the numerous final reports

on above-mentioned topics for projects terminating

in 1999 or 2000, new projects will start in 2000, in

particular for the corrosion of UO2 doped with 233U

and Pu in Boom clay media and the interaction of

bituminised waste with Boom clay disposal environ-

ment.

SEM pictures of the top of the reaction layer of glasses SON68 (left) and WG124 (right) after corrosion in the
CERBERUS test Left we see a Zn, S phase (the white spots), on the right SiO2 phase

,424/9? SE
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MARTIN PUT

WASTE DISPOSAL: PROCESSES TAKING PLACE (ON THE

WAY) FROM THE REPOSITORY TO THE BIOSPHERE

BE0100063

Background

For the assessment of the performance of a geologi-

cal disposal system the barrier properties of the host

formation, backfill material and seals have to be

demonstrated for very long time periods. Therefore

the processes governing the migration of radionu-

clides and dissolved gases need to be studied.

Performance assessment is mainly based on model

calculations and on safety indicators.

Objectives

The main objective of the research program is:

"To provide reliable and defensible models and

parameters, based on a sound scientific understand-

ing, for the long time prediction of the migration of

dissolved radionuclides and gases through the host

formation (Boom Clay) and the Backfill of a deep

Geological Repository for High Level Radioactive

Waste."

The different processes able to return the radionu-

clides to the biosphere and the factors influencing

these processes are studied. The values of the model

parameters for the migration of radionuclides and

gases generated in the repository are determined by

experiments on clay cores and by field tests. The

models and the values of the model parameters are

validated by large-scale in situ experiments and by

natural analogue studies.

Programme

For the measurement of these model parameters, dif-

ferent types of experiments are performed. These

models and parameter values are used for the per-

formance assessment calculations, and are validated

by large-scale in situ experiments and confrontation

with the results of natural analogue studies.

Migration tests are carried out to study the diffusion

of actinides, fission products, and the mobility of the

dissolved organic matter in the interstitial clay water.

Experiments with labelled organic matter (OM) are

performed to understand the role of OM on the

migration of radionuclides. Electrokinetic methods

are developed and used, as a complementary tech-

nique to reduce the very long time presently needed

for the migration experiments.

Large-scale 3-D experiments with tritiated water,

with <4C labelled bicarbonate, and with 14C labelled

organic matter, installed from the underground

research facility, are in progress. These experiments

are used to confirm the anisotropy of the hydraulic

parameters and to validate the migration model and

the parameter values. To increase the confidence in

the modelling results for very long time spans, the

Boom Clay is also studied as a natural analogue.

Anaerobic corrosion experiments are performed in

clay slurries to study the gas generation rate of stain-

less steel and carbon steel in contact with Boom

Clay.

In the frame of the assessment of backf.ll and sealing

materials and methods, a large-scale in situ demon-

stration and feasibility project (RESEAL) is per-

formed. The project consists of a preliminary small

scale-sealing test in a horizontal borehole and a large

scale-sealing test of a vertical shaft. In co-operation

with European partners, a seal plug will be installed

and tested for water and gas tightness. The test is also

intended for the validation of models describing

water and gas flow through the seal and the near

field.

The homogeneity of the Boom Clay for the migra-

tion of radionuclides is obtained through detailed

sampling over the full thickness of the formation.

Achievements

Measurement of migration parameters in Boom Clay

for the radionuclides of major concern is continued.

Different long-term migration experiments are com-

pleted. The analysis and the interpretation are still

going on. In the frame of the safety assessment and

as a preparation for the SAFIR-II report, we per-

formed a critical review of the existing migration

parameters.

We applied with success the electrokinetic method

for strongly retarded radionuclides (caesium and

radium). The technique is also used for the study of

the migration behaviour of europium complexes with

native Boom Clay organic matter. The study of redox

sensitive elements (e.g. uranium) also started.

Monitoring and sampling of the large-scale in situ

migration experiments are continued. The results of

these experiments confirm the anisotropy of the

Boom Clay for the migration of radionuclides. A fac-

tor of two is observed between the horizontal and the

vertical component of the hydraulic conductivity and

of the apparent diffusion coefficient. The measured

concentration profiles are in good agreement with the

predictive model calculations. The figure below

gives an example of both measured and calculated

profiles in case of an experiment with tritiated water

running for almost twelve years.
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Model simulation (curves)
and measured tritium
concentrations (symbols)
in the interstitial liquid
for a large-scale in-situ
migration experiment with
tritiated water (HTO).
Results from eleven
years are shown for the
injection filter (5), and
for the sampling filters at
distances oflm(4 and 6)
and 2 m (3 and 7) from
the injection filter.
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Results from the first phase of the study of the influ-

ence of the dissolved organic matter on the migration

of radionuclides (TRANCOM Clay) are available.

They showed that the organic matter might serve as

well as transport agent, but also as sorption sink due

to exchange with immobile organic matter. Major

part of Am is strongly sorbed (complexation with

organic material); small part of Am is mobile and not

in equilibrium with the solid phase.

Mathematical models are continuously developed or

improved for the interpretation of different types of

migration experiments to still better fit numerical and

experimental results, taking complementary process-

es into account whenever necessary. In case of reac-

tive elements, we coupled solubility concepts to the

transport model. The following figure shows, as an

example for a percolation experiment with tech-

netium, that the concentration evolution of the per-

Measured and calculated
technetium concentrations
at the outlet of column
percolation cells.
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colate can be well explained by solubility controlled

transport model. The solubility values fitted from the

experiments are in good agreement with those com-

ing independently from geochemical calculations.

These first results demonstrate the importance of sol-

ubility and speciation of radionuclides for reactive

transport modelling.

A series of migration experiments, running over

more than six years, to study the influence of the

ionic strength of the interstitial solution on the diffu-

sion accessible porosity in clays were recently com-

pleted. The results show a substantial increase of the

diffusion accessible porosity for anions by increasing

ionic strength.

We also finalise the study of the homogeneity of the

Boom Clay for the migration properties (hydraulic

conductivity, apparent diffusion coefficient, and dif-

fusion accessible porosity) for non-retarded species.

The results show quite homogeneous properties over

the entire thickness of the formation. Similar investi-

gations were performed on the leper Clay.

Time consuming experiments, started last year to

study the migration of an alkaline and of a nitrate

plume through the Boom Clay are continued. They

are aimed at assessing the potential of such plumes to

modify the properties of Boom clay in the frame of

migration studies.

To increase the confidence in the long-term model

predictions of the radionuclide migration, the natural

distribution and mobility of trace elements and

radionuclides in the Boom Clay was studied over the

entire depth of the clay deposit. Natural occurring

REE, U, Th and their radioactive isotopes can be

considered as natural analogues of critical elements

for the long-term safety of a radioactive waste dis-

posal site. A particular soil interval located at the

base of the Putte Member, the more compacted

(clayey) host horizon in the Boom Clay formation,

was selected for a more detailed mineralogical, geo-

chemical and radiochemical investigation. This inter-

val includes a zone with higher U concentrations but

also the zone referred as the 'Double Band' which is

the most silt layer of the Boom Clay and therefore a

potential zone of higher permeability. This study

gave access to data on the long-term behaviour of

radionuclides and trace elements in realistic geologi-

cal conditions and over geological time periods rele-

vant for the assessment of the safety of a repository.

In the frame of the international "Mt Terri" project

(Switzerland), we participated in the characterisation

of the hydraulic and gas properties, and in the meas-

urement of the migration parameters of the candidate

Opalinus Clay formation.

Preliminary studies of the gas generation by anaero-

bic corrosion of steel were conducted to get a rea-

sonable estimation of the gas source term needed for

performance assessment. The results of the experi-

ments showed that the activity of the methanogenic

bacteria present in the Boom Clay reduces the gas

source term generated by the anaerobic: corrosion of

carbon steel through the metabolic transformation of

the released hydrogen into methane. The very low

corrosion rate of stainless steel 316L in. contact with

Boom Clay slurry under anaerobic conditions is con-

firmed.

The research concerning gas migration in Boom

Clay, as part of the PROGRESS project comes to an

end. The existence of a hydromechanical coupling in

the migration process was underlined and confirmed.

It was demonstrated under realistic experimental

conditions that a long-term gas migration in Boom

Clay through an artificially created pathway did not

affect the clay's migration properties. 1'here is still a

need for further conceptual understanding of the

mechanisms of gas migration through plastic clays.

We were asked to participate as one of the main

authors in a joint EC/NEA publication of a status

report: "Gas migration through engineered and geo-

logical barriers".

In the frame of the RESEAL project, :he large seal

and its instrumentation devices have been success-
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fully installed in the experimental shaft. The follow-
ing picture gives an overview of this test set-up. The
hydration of the seal is started and the seal-testing
phase itself is planned for the end of next year. The
material selected for the seal is a mixture of highly
compacted FoCa clay pellets and powder, designed
to develop the required swelling pressure for the seal.

The study of self-healing of the joints between high-
ly compacted bentonite blocks after hydration
showed a complete closure of the joints, even if, after
drying of the material, the joint interface reappeared.

Perspectives

Most of the time consuming experiments are going
on, requiring detailed follow-up, namely for running
migration experiments.

The RESEAL test will be continued, and the effec-
tiveness off the seal will be tested for gas and water
tightness once the system is hydrated.

The influence of the dissolved organic matter on the
migration of radionuclides will be continued in a sec-
ond phase of the TRANCOM project where double
labelled experiments with U, Np, Pu and Se will be
performed in site specific material.
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DlDIER DE BRUYN

WASTE DISPOSAL: THE PRACLAY PROGRAMME

BE0100064

Background

The PRACLAY programme aims to demonstrate the

Belgian concept of high-level heat-emitting waste

(HLW) disposal in clay by constructing and operat-

ing a section of disposal gallery at full scale. Since

this programme requires an extension of the current

underground facility (URF), and because of its eco-

nomic and strategic importance, SCK*CEN and

NIRAS/ONDRAF have set up an Economic Interest

Grouping (EIG), named EIG PRACLAY, to manage

the global programme.

Objectives
To demonstrate the construction and operation of

a simulated HLW disposal site;

To improve our knowledge about deep excava-

tions in clay through modelling and monitoring;

To design, install and operate a complementary

mock-up test on the surface.

Programme

PRACLAY is based on the current Belgian disposal

concept, consisting of a concrete-lined gallery with a

central stainless steel tube containing the waste

forms. Bentonite-based backfill blocks fill the gap

between the central 0.5 m diameter tube and the 2 m

inner diameter lining. Whereas the actual disposal

galleries will be several hundred metres long, the

PRACLAY demonstration gallery will have a limited

length, assumed in the present design to be 30 m.

Electrical heaters will simulate the heat generation of

the waste forms as we will not use any active waste

in the test set-up. The PRACLAY gallery needs to be

installed in an extension of the present URF with a

second shaft (as required by the Mining Authorities)

and a connecting gallery.

The excavation of the connecting gallery will pro-

vide a unique opportunity to monitor the evolution of

Hydro-Mechanical (HM) parameters of the Boom

Clay formation near the face of an advancing gallery.

A monitoring programme and the related modelling

(CLIPEX) will enable to improve and validate the

current models on the HM behaviour of Boom Clay.

EIG PRACLAY manages this programme with spon-

soring of the EC as well as French and Spanish part-

ners.

The surface mock-up (OPHELIE) prepares and com-

plements the underground work. It is five metres

long with a cross-section similar to that of the dis-

posal gallery as far as central tube and backfill are

concerned. A steel liner keeps the backfill under

pressure when the latter starts to swell due to water

uptake. The mock-up is subjected to similar thermal

conditions (heating power, temperatures) and has the

same duration as scheduled for the in situ set-up.

Achievements

The completion of the works of the second shaft,

both in civil engineering (digging and lining) and in

mechanical engineering (hoist equipment) is one of

the major achievements this year. It has been com-

pleted however with a delay with regard to the orig-

inal planning.

From January to April, the digging has proceeded in

the Boom Clay, for the first time in unfrozen materi-

al and in rather large dimensions (excavated diame-

ter up to 8.7 m). The two onsets from the crossing

chamber at the bottom of the shaft were realised

under difficult geotechnical conditions between

April and May 1999. The hoist equipment was

installed from June to September of the same year.

The provisional delivery of the works dates from the

beginning of November 1999.

The heaters of the mock-up OPHELIE were

switched on in 1998. This mock-up is an important

preliminary test, as it allows to assess backfill mate-

rial and instrumentation devices envisaged in the in

situ test. The amount of failing sensors being larger

than expected, the attention is currently focused on

Illustration of the
excavation works for one
of the onset from a 5 m in
diameter lined crossing
chamber
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the analysis of the working conditions of each sensor

from its basic concept to its installation in the mock-

up.

With the experimental conditions being currently sta-

bilised, the option of shortening the heating phase

(2.5 years instead of 3) is presently envisaged, in

order to allow, after dismantling, a detailed analysis

of all test components (sensors and samples of back-

fill material). This information enables us to under-

take on due time the necessary corrective measures

for the in situ test.

In order to gain experience for the dismantling oper-

ation of the mock-up, the EIG PRACLAY intends to

participate in an EC programme (FEBEX 2), con-

ducted by ENRESA, aiming at partly dismantling the

FEBEX experiment installed in the Grimsel test site

in Switzerland.

The contract for the digging works of the connecting-

and PRACLAY- galleries has not yet been signed for

two main reasons:

™ the cost of the realisation exceeding largely the

best estimate;

the experience presently gained with regard to

instrumentation, calling for an improved design

Currently, the possibility was investigated to submit

a new call for tender for the connecting gallery alone,

in order to ensure, as soon as possible, the connection

of the second shaft to the existing underground

installations.

The delays in the construction of the second shaft

lead to the impossibility to compare field measure-

ments and numerical predictions, one of the primary

objective of the CLIPEX programme. The numerical

simulations have been delayed, until more precise

data (geometry, progress rate) are available; a length-

ening of the contract with the EC is currently under

negotiation.

Recording of the field measurements is continuing:

realistic pore pressure measurements as high as 2.2

MPa at 223 m depth and 30 m distance in clay have

been recorded. However, total pressure measure-

ments remain only slightly higher than the pore pres-

sures, what underlines the difficulty of this type of

measurement in such a medium.

SCK'CEN is also participating into newly created

working groups. One of them is reconsidering the

whole concept of geological disposal, under the co-

ordination of NIRAS/ONDRAF.

Perspectives

An integrated "PRACLAY-team" with the

SCK'CEN and NIRAS/ONDRAF staff working

directly for the PRACLAY programme will be set

up, in order to improve the co-ordination of the activ-

ities. From January 2000, EIG PRACLAY will be

responsible for the management and the operation of

the whole underground infrastructure, as agreed

between SCK'CEN and NIRAS/ONDRAF.

Investigations will be launched regarding the exten-

sion of the disturbed zone around the second shaft.

The follow-up of mock-up will continue with some

fine-tuning of the heating conditions. The disman-

tling programme of the FEBEX 2 test could start in

the second semester.

The new technical specifications for the connecting

gallery will be written in collaboration with the engi-

neering office that will provide further assistance in

the selection of candidates and finally of the contrac-

tor. Once the choice of the contractor for the con-

necting gallery is known, the "blind predictions" of

the CLIPEX programme can be launched

The PRACLAY experiment itself will be redefined

taking into account the more recent experiences in

backfill material and instrumentation devices. A

complete sequence of construction and operation

activities will be drawn up.
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DECOMMISSIONING AND DECONTAMINATION

Background

As part of the clean up and restoration of previously
contaminated sites and premises, Decommissioning
and Decontamination (D&D) aims at declassifying
installations formerly devoted to nuclear industrial or
scientific activities.

Nowadays, about 400 nuclear power plants exist
throughout the world and about the same number or
even more of research or pilot reactors, as well as a
great number of nuclear industries and laboratories.
A lot of them are already shut down or will be closed
within a few years. Therefore, technologies and pro-
cedures for decommissioning have now to be devel-
oped. Moreover, regarding this large number of
installations, optimisation of techniques and process-
es can lead to a minimisation of the generated
radioactive waste, to the reduction of the dose uptake
and to the reduction of the overall cost of these oper-
ations.

Objectives
H To develop, test and optimise the technologies

and procedures for decommissioning & deconta-
mination of nuclear installations, in order to min-
imise the waste arising and the distributed doses.

To optimise the environmental impact.

' ' To reduce the cost of the end-of-life of the instal-
lation. The ability of estimating precisely the
actual cost of D&D is an important factor for the
acceptability of nuclear energy and for insuring
that enough money is available for the required
clean up.

-- To make these new techniques available to the
industry.

::' To share the skills and competencies accumulated
on a real project with countries and operators,
which will need them.

Summarising, one can say that the main objective of
this programme is to participate in delivering a clean
and safe world to the next generations, in the most
economical way.

Programme

Through the decommissioning of the BR3 pres-
surised water reactor, selected by the European
Commission as a pilot project in its Research and
Technological Development programme on decom-

missioning of nuclear installations, the SCK'CEN
developed the necessary tools, techniques and meth-
ods of D&D and built important know-how in this
domain. These developments and know-how are
available for industry to perform the actual large
projects using the best up-to-date methods and
knowing their cost. This collaboration with the
industry is mainly carried out through partnership or
collaboration within actual industrial projects.

Moreover, the accumulated experience and skills are
also useful for regulatory bodies and international or
national institutions in charge of defining the limits
and constraints for future activities in this field.

The programme comprises the following main activ-
ities:

the full system decontamination of the primary
loop (carried out in 1991);

m the remote dismantling of the two sets of highly
active reactor internals (carried out from 1993 till
1995);

3 the remote dismantling of the reactor pressure
vessel (now in progress - under EC collaboration
contract);

S3 the remote or semi-remote dismantling of all
remaining activated metallic structures surround-
ing the reactor pressure vessel;

the dismantling of loops and components (started
in 1995);

r the set up of a complete material flow manage-
ment system, under Quality Assurance (started in
1997);

88 the testing of different techniques and processes
for the dismantling of contaminated and activated
concrete, and the dismantling of some activat-
ed/contaminated large concrete blocks and walls
(started in 1994);

•- the thorough decontamination of metallic parts
and equipment's in order to reach the free-release
level, to minimise the amount of waste generated
(started in 1995).

The main goals for 1999 were to start the actual dis-
mantling of the reactor pressure vessel and to install
and start the industrial operation of the hard chemi-
cal decontamination for metallic pieces called
MEDOC.

Achievements

The reactor pressure vessel (RPV) was completely
unfastened from its primary loop and fixtures, and
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the vessel was removed from its original position for

further dismantling.

A second important achievement was the industrial

start up of the MEDOC chemical decontamination

installation, allowing to reduce generated radwaste

by releasing the materials coming from the disman-

tling of loops and components.

Reactor Pressure Vessel Dismantling

To separate the RPV (reactor pressure vessel) from

its environment different challenging actions had to

be carried out as they implied remote operation in

very tight and narrow environment:

to cut the primary pipe under the operating deck

•- to cut the primary nozzles close to the RPV wall,

by internal access;

•-• to install a sealing device on the NST (neutron

shield tank) in order to reinstall the leak tightness

of the refuelling pool;

i"- to install a secondary sealing device for the pipe
penetration under the operating deck (double

safety);

'-• to complete the additional cold test for cutting the

RPV (cut of the hemispherical bottom);

-"- to unbolt the reactor vessel;

to lift the RPV from its original position in

August. This led to a public presentation of the

project, including press release.

Cutting of the primary pipes under the operating
deck using an automatic external pipe cutter

The primary pipes (12" and 16" sch. 160 piping i.e.

324 mm / 257 mm and 406 mm / 325 mm

external/internal diameter) under the operating deck

were cut with a quite common automatic pipe cutter,

using two lathe tools diametrically opposed. This

operation was requested for two reasons: first to

allow umbilicals of the internal nozzle cutting

machine to be routed through these penetration, and

secondly to allow the placement of the secondary

sealing system at the outside of the biological shield.

The internal cutting of the primary pipe nozzles was

really challenging as this operation had to be done in

a very confined space (the internal diameter of the

cold leg nozzles was 257 mm while the thickness to

cut was about 110 mm) and in an irradiating envi-

ronment, thus implying remote controlled operation.

A specific mechanical cutting tool, based on a radial

milling cutter, was developed for this operation and

was used successfully.

As the RPV and its primary pipes were part of the

pool leak-tightness system, we had to seal the open-

ings made by the primary pipe cutting. An industrial

partner developed a system based on an epoxy-based

polymer and form-shaped sealing system.

Unfortunately, some discrepancies between the "as

built" drawings and the reality, made the positioning

of these sealing pieces impossible. Therefore, the

sealing devices had to be adapted. The positioning of

these devices was carried out in June 1999.

To avoid a pool water leakage under the operating

deck in case of failure of the first pool sealing system

fitted to the NST, all instrumentation and pipes pen-

etrations through the pool wall were equipped with a

mechanical dam directly bolted into the concrete

wall of the bioshield.

Inspections (for possible leaks) behind this dam are

possible through a penetration into the primary pipe.

Finally the RPV was ready to be lifted. A guiding

system was also installed, as the mechanical clear-

ance between the RPV and the sealing devices was

less than 10 mm.

This operation was successfully carried out with the

linear gantry crane at the expected load of 36 tons

which is the weight of the core vessel in air. This del-

icate operation was also an important milestone of

the project, and was made available on-line through

the Internet via a webcam.

The televisual inspection done after the lift-up of the

vessel showed discrepancies between the design doc-

uments and the actual situation. Moreover, it was
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nearly impossible to localise the screw heads due to

a high level of corrosion on the shroud surface. It was

then decided to cut the entire circumference of the

core shroud using the hole cutter machine (clock

saw). Finally, it was needed to drill remotely 10

times more holes than foreseen (i.e. about 700 holes).

An additional problem occurred: turbidity of the

water appeared. This was due to rust and the thermal

insulation, which became brittle under irradiation

and produced fine powder. This problem was solved

by putting into service additional filtration and

purification facilities.

The insulation shell was bolted on the RPV by T-

shaped fastening profiles and connection pieces on

two levels. Between and on top of these fastening

profiles there is a thermal glass fibre insulation, fas-

tened with a metal mesh.

As the mesh was totally rusty, the removal of the

insulation was done using a simple long handling

tool. The so liberated insulation fell into a fishing net

previously installed on the pool floor. By remotely

closing of the fishing net, the insulation was taken

out of the water and evacuated as standard low level

waste.

Dismantling of active complex pieces

The Neutron Shield Tank presents a quite complex

geometry, as well as a still high dose rate (about 100

mSv/h at the mid-plane). Therefore, a light tool was

searched to be deployed easily. Thermal cutting

methods (e.g. plasma arc torch) were compared with

the emerging technique of high-pressure water jet

cutting (HPWJC) with abrasives.

The lightweight of the tools allows to deploy it easi-

ly and to be able to access in difficult areas. One of

the parameters which was analysed was the produc-

tion of secondary waste, the HPWJC implying the

injection of abrasives, which increases the generated

waste.

Nevertheless, regarding the very thin kerf produced,

and the fact that the injected sand can be easily

removed and can be used afterwards to fill up the

waste drums, the cost of the additional secondary

waste can be minimised.

The technique being quite flexible, a remote cutting

and deployment system was selected and ordered. A

first cutting strategy for the main components (i.e.

steam generator, pressuriser, primary pump and neu-

tron shield tank) will be issued early in 2000.

Decontamination of metals for free
release

The fabrication and installation of the MEDOC

(MEtal Decontamination by Oxidation using

Cerium) hard chemical workshop has been achieved.

Removal of the Reactor Pressure Vessel from its origi-
nal position for further dismantling

View of a decontaminated batch unloaded from the MEDOC installation; one can
remark the bright metallic texture and colour of the pieces as the process removed
material up to the base metal.
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MEDOC is based on the Ce-4+ process in sulphuric
acid. It allows to remove up to 10-20 urn of the cor-
rosion layer and of the base metal and so to remove
completely the remaining contamination up to a level
allowing the free release of the components.

Within three months about 6 Tons of contaminated
stainless steel material were decontaminated using
MEDOC.

Recycling of concrete

In the framework of a contract with the Belgian
Government a R&D programme was performed on
the possibility to reuse slightly radioactive concrete
as aggregates for the preparation of new mortar or
new concrete for the conditioning of radioactive
waste. A pilot demonstration of the crushing and
sieving of activated concrete was performed with a
Dutch industry partner. The Belgian Research Centre
for the Building Industry (CSTC/WTCB) is current-
ly performing qualification tests on different mortar
and concrete formulas.

External works and communications

The expertise that we have gained allowed us to pro-
pose our services to international institutions, regula-
tory bodies and companies busy in the field of
Decommissioning and Decontamination (D&D).

Moreover, the international reputation of the BR3
project led to get the Belgian industry involved in
D&D contracts.

We participated, as expert nominated by the IAEA,
in several missions to Latvia in preparation for
decommissioning of a Research Reactor in
Salaspills, Riga, and to a Co-ordinated Research
Programme on Decontamination Techniques for
maintenance and for dismantling.

We were also involved in contracts with the
European Commission. Different Research and
Technical Development contracts with the European
Commission are in progress, from which it has to be
mentioned that an EC internet site on
Decommissioning has been set up and is hosted by
SCK'CEN under support of the EC. The D&D group
participates also in a group of experts from the
European Commission for the analysis of
Decommissioning and Waste Management of the
nuclear liabilities within the EC Joint Research
Center.

Different quotations and industrial applications were
carried out with industries and institutions from the
European Union and from Central and Eastern
European countries. Collaboration agreements and
contracts performance were signed with an Italian
operator, with a Swedish servicing company and
with different Japanese organisations. Training ses-
sion was also organised for a Chinese delegation
from the Nuclear Power Institute of China.

Experts from the D&D team are involved actively in
the Co-operative Agreement on Decommissioning
and Decontamination of nuclear facilities from the
OECD/NEA, and participates in different specialised
working groups of this institution.

Behind the participation to numerous conferences,
workshop and symposiums, the D&D group organ-
ised, in collaboration with the European
Commission, two workshops on decommissioning
techniques and strategies in Mol. A press conference
was also organised in August, at the occasion of the
reactor pressure vessel lift up.

Study and development of ALARA sup-
port tools and techniques

The optimisation of radiological protection of the
workers in nuclear industry is an important part of
the safety culture. However the application of the
ALARA concept (As low as reasonably Achievable)
is not always straightforward. The first part of
ALARA, the "As Low As" part, concerns the reduc-
tion of the dose. In order to investigate this part the
ALARA-analyst must be able to predict dose in the
work area and must also be able to investigate the
effects of geometry, material or source changes.
Another important part in the dose assessment is also
the work organisation i.e. the distribution of the work
force over the different tasks.

In order to be able to handle this information the
SCK'CEN developed the VISIPLAN 3D ALARA
planning tool. This PC-based tool makes it possible
to create and edit work scenario's taking into account
worker positions and subsequent geometry and
source distribution changes in a 3D environment.
The dose calculation within the tool are base on the
point-kernel technique with build-up correction. This
method has proven to be fast and sufficient for most
application in the field of dose assessment.

The VISIPLAN 3D-ALARA planning tool was,
besides being used in ALARA assessments at the
SCK'CEN, further developed. The further develop-
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ment of the tool consisted of the creation of a VISI-
PLAN-VRML converter. The conversion of the
results to the "Virtual Reality Modelling Language"
enables the user to examine the calculated results
with a standard VRML-browser as a plug-in of the an
internet browser. The standard VRML language
allows an easy distribution of the information on the
intranet of the site. An example of the VRML output
under development is given in the figure below. The
intensity of the dummy is a measure for the dose rate
and allows the user to immediately detect the impor-
tant dose positions. The user can then further exam-
ine the results by clicking on the dummy in the
VRML representation. This action creates a popup
window with information on the task, task duration,
dose rate and dose uptake. A further HTML-link in
the window allows examining the contribution of
different sources to the dose rate at this position.

The choice to use VRML-HTML technology is obvi-
ous. This technology allows an easy 3D representa-
tion of an environment and an easy link to text infor-
mation on dose rates and task descriptions.
Furthermore the information can be explored with
the standard internet browsers.

VRML-HTML output from VISIPLAN.

Further tests were performed on the combination of
gamma-scanning equipment like the RadScan 700
from BNFL instruments and VISIPLAN. These tests
resulted in a representation of the scanning results on
a VISIPLAN model of the environment. This repre-
sentation as can be seen in the following figure,
allows a faster and clearer interpretation of the meas-
ured results. This coupling between the 3D model of
the environment and the gamma-scanning results
will be further examined in the next year.

Projection of the RadScan 700 scanning results on the VISIPLAN model of the
heat exchangers enabling to pinpoint the hotspots in the 3D environment.

The VISIPLAN tool is operational and allows a fast
optimisation of the dose uptake for a planned work in
a complex environment The further developments
are aimed to improve the communication of the
results to the planners and the workers. The VRML
tools will be included in the next version of the VISI-
PLAN software making the results more accessible
to the different stakeholders in the ALARA planning
process.

Partners

Belgatom: Belgian Engineering Office (Brussels,

Belgium)

- Framatome: French Nuclear Power Plant supplier and

nuclear industry (Paris, France)

- ABB-ATOM (Vasteras, Sweden)

- ENEL (now SOGIN, Italy)

- Belgoprocess: (Dessel, Belgium)

- EWN EnergieWerke Nord (Greifswald, Germany)

- KRB-Gundremmingen (Gundremmingen, Germany)

- University of Hannover (Hannover, Germany)

-CSTCAVTCB: Building Research Institute (Limelette,

Belgium)

- KEMA (Harnem, the Netherlands)

- IAEA: International Atomic Energy Agency (Vienna,

Austria).

Sponsor

- EU: European Union, (Brussels, Belgium), DGXII and

DGXI.

- NIRAS/ONDRAF: Radwaste Management Agency

(Brussels, Belgium) acting as management agency for the

nuclear liabilities funding set up by the Belgian

Government.
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Customers

- ABB-ATOM (Vasteras, Sweden)

- ENEL (now SOGIN, Italy)

- CRIEPI (Tokyo, Japan)

- NPIC (Chengdu, China)

- NUPEC/SAC (Tokyo, Japan)
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V. MASSAUT, M. KLEIN, "The BR3 PWR European pilot

decommissioning project: first dismantling of a RPV and

the material management using a hard decontamination

process, Decommissioning Experience", London, June 17,

1999.
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September 26-30, 1999.
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Annual Conference - Decommissioning in Belgium,

Belgoprocess Dessel, June 23, 1999.

V. MASSAUT, M. KLEIN, J. DADOUMONT, "The BR3 pilot

decommissioning project EC Workshop on technical

aspects of decommissioning", Mol Belgium, June 8-10,

1999.

M. KLEIN, S. MOERS, "The free release of dismantled mate-

rials: the practical case of the BR3 reactor", ICRM confer-

ence on low level radioactivity measurements techniques,

October 18-22,1999.

M. KLEIN, M. PONNET, A. RAHIER, S. MOERS,

"Decontamination for dismantling: From laboratory and

pilot tests to field operations", ICEM '99, Nagoya, Japan,

September 26-30, 1999.

M. KLEIN, Y. DEMEULEMEESTER, S. MOERS, M. PONNET,

"Management routes for materials arising from the decom-

missioning of a PWR reactor", IAEA Conference, Korea,

August 30-September 1999.

V. MASSAUT et al, "Decommissioning experience in the

European Union to date Euradwaste'99", Luxemburg, 15-

18 November, 1999

F. VERMEERSCH, B.CARLE AND P.DEBOODT, "The use of

information technology in Radiation Protection training",

Conference on "Radiation protection training, what are the

future needs.", Paris, France, September 6-9, 1999.

Contracts

V. MASSAUT, H. STEINER, H. STERNER, RPV and Internals

dismantling project (BR3 - EWN - KRB A), Progress

report period July-December 1998, Contract CE FI4D-

CT95-0001

Participation to Expert groups

V. MASSAUT, The BR3-PWR decommissioning project -

Progress Report November 1998-April 1999, OECD/TAG

Technical Advisory Group Meeting 26, Rome, April 12-16,

1999

V. MASSAUT, "The BR3 PWR decommissioning project:

Progress report to the TAG 27 meeting", October 4-8,

1999.

V. MASSAUT, "Assessment of Design and Management

Criteria for Decontamination Facilities to support

Decommissioning", March 22-26, 1999, IAEA Technical

Co-operation project LAT/4/004 01

V. MASSAUT, "Appointment as Member of an expert group

on Nuclear Decommissioning and Waste Management of

the Joint Research Centre"

Theses

Nico DE PAUW, "Ontmanteling van een kerncentrale: hoe

lang moet men wachten?" Academiejaar 1998-1999,

UFSIA

JIMMY HAERINCK "De valorisatiemogelijkheden voor de

ontmantelingstechnieken voor nucleaire centrales",

Academiejaar 98-99, KUL

Patents

MEDOC process, "Procede et installation de decontamina-

tion de surfaces metalliques"

Belgian Patent nr 1011754, December 1999; International

Patent request nr PCT/BE 99/00019

Training course

NPIC (Nuclear Power Institute of China), 3 weeks training

course on Decommissioning Techniques, November 29-

December 17 1999 in collaboration with Belgoprocess
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Introduction

The sound management radioactive waste starts by
reducing the waste production during the whole life-
time of any nuclear installation from the design
phase, through the operation phase and ending by the
decommissioning of the nuclear installation.
Therefore, we are developing an interactive database
covering the inventory of the nuclear installations
and ensuring the traceability of the waste. We are
also developing processes to reduce the amount of
radioactive waste produced by the exploitation and
the decommissioning of nuclear installations and to
deliver a concentrated fraction of radioactive materi-
als that can be conditioned in the most adequate man-
ner. Because the safe management of radioactive
waste in other countries is also our concern, we are
still extending our participation in international
organizations and programmes dealing with these
problems.

Objectives

The main objectives of the sound management of
radioactive waste are:

"' to reduce the impact of the waste to the stake-
holders, the public and the environment;

to develop a management tool allowing to identi-
fy waste problems and to optimise decommis-
sioning strategies;

to perform decommissioning activities in a safe
and economical way;

• to manage waste in a safe and economical way
according to the legal rules;
to develop treatment/conditioning processes (up
to the demonstration phase) minimizing the risks,
the volumes and costs of nuclear waste.

Tool for waste management and
decommissioning

According to the new national recommendations
setup by the National Agency for Radioactive Waste
and fissile material (NIRAS/ONDRAF), our multi-
entry model computing the decommissioning costs
has to be upgraded. The upgrading concerned the
part covering the physical and radiological inventory
of nuclear installations. Many efforts were paid to
the modelling of the activation of BR1 reactor struc-
ture material i.e. graphite (moderator and reflector of
the BR1 reactor) and heavy concrete (material of the
reactor bunker). This modelling allows to precise the
material streams coming from the future dismantling

and in particular the part of the concrete walls which
could be freereleased. At the same time, a new esti-
mation of the liability fund of each SCK'CEN
nuclear installation, including waste already trans-
ferred in the past to NIRAS/ONDRAF and spent fuel
management, has been performed. The comparison
between the results obtained in 1995 and these of
1999 allows us to conclude that globally the costs of
the decommissioning works realized during the peri-
od 1995-1998 are in good agreement with the budg-
et estimated 5 years before.

We are now updating our multi-entry model to
address more adequately the aspect of the secondary
waste produced by the decommissioning activities
and to setup a new tariff for the decommissioning
costs based on 10 years practice. Our model will be
used to setup a new release of the SCK'CEN decom-
missioning plan and the initial decommissioning
plan of the Thetis reactor (University of Ghent).

Decommissioning activities

The decommissioning activities performed this year
were:

the preparation of the hot cell 41 in view of its
future decontamination;

<& the dismantling of the old GSB infrastructure in
the BR2 facility;

3 the preparation of glove boxes in the Chemistry
building in view of its future dismantling in the
Central Buffer Zone;

the dismantling of the waste piping at BlO-labo;

• • the dismantling of the waste collector tank K8 at
BR1.

Scrap metal has been recycled and/or c'econtaminat-
ed according to their radiological and geometrical
characteristics.

Processes related to nuclear fuel

The recovery of fissile material from residual fresh-
fuel solutions allows maximising recycling of
nuclear material and minimising waste production.
As in previous years SCK'CEN treated, also in 1999
about 200 1 of analytical residues from
Belgonucleaire. This resulted in about 15 kg recov-
ered and documented mixed oxide that will be
returned to the client.

The Japanese Institute of Research and Innovation
(IRI) is developing an advanced wet-reprocessing
process that includes partitioning of minor actinides
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and long-lived fission products. On their request we
tested in 1999 the first step of this process. A simu-
lated spent fuel solution with uranium, plutonium,
americium, neptunium and typical fission products
was separated on a column filled with AR-01, a new
type of anion exchanger. The results were sufficient-
ly promising to start the preparation of an experiment
with real spent fuel that will be carried out in 2000.

Processes related to tritium

SCK'CEN invented and demonstrated the feasibility
of measuring very low anaerobic corrosion rates in a
relatively short time by using tritiated water.
Modelling and optimisation resulted in a simple
design that should allow measuring corrosion rates
as low as a few nanometers per year, within a period
of a few weeks or less. Several measuring cells have
been constructed and the results of the tests are
promising.

Mixed waste is both radioactive and hazardous for
other reasons. Conditioning and disposal is generally
not possible without pre-treatment. SCK'CEN owns
an amount of tritiated liquid organic waste. We
intend to convert it into tritiated water, which can be
further conditioned and stored, and in carbon diox-
ide, which can be discharged. In 1999 an appropriate
infrastructure has been realised that should allow a
controlled and safe handling of this volatile, highly
flammable, toxic and highly radioactive material. A
combination of direct combustion and catalytic
afteroxidation, developed and tested by Ontario
Power Technologies Canada, will assure the very
high conversion rates that are required for environ-
mental reasons. Condensation and adsorption on
molecular sieves will trap the tritiated water.
Processing of the waste will start in 2000.

Processes related to boron

SCK'CEN invented and developed a process for
boric acid separation during evaporation, which is
especially useful for nuclear power plants. Up to
now, interest came mostly from East-European coun-
tries, which produced and continue to produce large
amounts of boron containing waste but which lack
money for a successful implementation of our
process.

When existing evaporators are difficult to adapt,
such as in Belgium, separation of boric acid from
evaporator concentrates appears more interesting.
The feasibility of this process has been demonstrated
but in the absence of direct financial support, further
development has been slowing down.

Oxidation and direct condition-
ing of contaminated metallic
sodium
Among the sodium treatment processes that have
been previously applied in other countries, none
appears to be intrinsically safe. Therefore,
SCK'CEN has conceived and patented a new process
that allows carrying out the safe treatment and con-
ditioning of alkali metals. Its design is based on the
suppression of potential accidents (fire and explo-
sion) that are inherent to the manipulation of alkali
metals. The design is also integrated (i.e. it takes the
conditioning of the final product into account). On
the other hand, the process is developed to solve the
internal problem of sodium treatment at SCK'CEN.
In 1998, during the very first experiments, the oxida-
tion and carbonation of metallic sodium was suc-
cessfully achieved in a dedicated fluidised bed, using
a once-through argon flow. In 1999, and for safety
purposes, a gas circulation loop was designed and
constructed, allowing the recycling of the fluidisa-
tion gas. The new installation was successfully test-
ed at room temperature as well as in nominal operat-
ing conditions. The measurement of the pressure
drop across the reactor allowed confirming previous
calculations of the minimum fluidisation velocity.
Technical achievements also include the study of the
behaviour of the sodium injection line (pressure
drop, determination of suitable operating conditions)
and the preliminary design of the local controllers
that will be used in the process control system.

The theoretical heat exchange through the fluidised
bed reactor is now qualitatively described. During
sodium injection, the heat exchange involves 3
modes, including a radiative component, a convec-
tive one and a conductive one. Depending on the age
of the solid particles inside the reactor, one of these 3
modes of heat transfer is predominant. For newly
formed particles, having the highest temperatures,
the heat exchange is mainly radiative, while for elder
particles with lower temperatures, the heat exchange
is ensured by convection and conduction. In 2000,
the modelling of the fluidised bed reactor will con-
tinue. Some experiments including the simulation of
sodium injection will be carried out, to facilitate the
model validation. The process control will be
enhanced, through the automation of the installation.
For this purpose, adequate local controllers will be
either purchased or conceived and constructed. They
will be installed and tested on line. The process will
be demonstrated on a larger scale (injection of 1 to 10
kg of Na).
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Complete oxidation of organic
waste by electrochemical media-
tion

Organic waste represents a problem in terms of con-
ditioning and safety under disposal conditions. The
electrochemical mediation by Ag2+ is a safe and envi-
ronmentally friendly alternative to the incineration
process. In 1998, we successfully demonstrated on a
lab scale a new method to remove any NOX evolution
in the cathodic compartment of the electrolysis cell.
This success led us to consider seriously the devel-
opment of a mobile installation for the on-site treat-
ment of contaminated organic waste. Moreover an
experimental campaign was launched in order to val-
idate a theoretical model describing the anodic selec-
tivity as a function of the process variables, which
will allow us to optimise the working conditions and
the overall yield.

In 1999, a new design for the silver(II) process has
been conceived, including the improvements related
to the removal of the NOX production. Its theoretical
feasibility with respect to our mobility and safety
requirements has been demonstrated by developing a
simulation program, which will be further used for
complementary implementations of the process and
its control. In this way, the dimensioning of the
installation supplied with 30 kA and handling up to 7
1/h CH3OH has been carried out. This new approach
is very attractive since the mobility of the installation
is an incentive for potential clients to adopt the tech-
nique, thereby avoiding the costs associated to the
dismantling of a static plant. Meanwhile, we have
developed a dedicated low cost process control appa-
ratus allowing the on-line monitoring of the required
chemicals. Some other developments are in
progress, concerning particularly the treatment halo-
genated compounds (PCB ...) and the on-line recov-
ery of AgX precipitates. These results should allow
us to extend the application field of our process to the
non-nuclear industry. We are applying for a patent
on our method to regenerate the nitric acid in-situ. In
the future, the ongoing work will continue, while we
expect to demonstrate our process at a convincing
scale for potentially interested third parties.

Selective separation of Co out of
decontamination effluents

When stainless steel is chemically decontaminated
by the MEDOC process, the effluents contain high
amounts of Fe, Ni and Cr, and a relatively small
amount of 60Co. However, this 60Co represents the

main radioactive load (> 95 %) of the effluents. Since
the removal of this Co would decrease considerably
the specific activity of the main effluent stream, a
process to selectively withdraw Co (i.e. without
extracting Fe, Ni and Cr) is being developed, keep-
ing the pH of the solution low enough to avoid pre-
cipitation (less than 4). The selective complexation
process for Co under the rather extreme conditions
that we are developing is based on the use of very
specific organic molecules. An extensive literature
study has shown that a first alternative to approach
the problem is to produce the ligands through organ-
ic synthesis in our laboratory. On international scale,
the research concerning the synthesis of these suit-
able ligands is in its infancy. Research at SCK»CEN
on the synthesis of these ligands is presently going
on. When compared to the international state of the
art, our results indicate that we have already made
considerable advances in the required synthesis. A
second approach to separate cobalt selectively is
mainly based on biotechnology in which the selec-
tive ligands are produced by biosynthesis of micro-
organisms. The future research will focus on the
organic synthesis of the ligands (synthesis character-
isation and testing of the ligand, process design). It
will also focus on the biosynthesis of Co-free selec-
tive ligands for Co, and on the applicability of the
biochemical process using a BICMER reactor in the
acidic conditions of the decontamination effluents (in
collaboration VITO and ULg). Meanwhile, an
exploratory investigation of embedded dead cell
membranes will also be carried out. EE>F is present-
ly considering to financially supporting our interdis-
ciplinary research on the edge of biotechnology and
electrochemistry/electricity.

Decontamination of concrete

In the framework of collaboration with
WTCB/CSTC, a study concerning an electrokinetic
method for the non-destructive decontamination of
concrete was started. Specific ligands for Co were
added to a suitable electrolyte, which was forced into
concrete prior to applying an electric field. The pre-
liminary tests showed that when applying an electri-
cal potential to a wetted concrete cylinder, no or only
a very small fraction of the cobalt present in the con-
crete could be extracted. On the other hand, a sig-
nificant fraction (20-30 %) of the caesium could be
extracted. Changing the composition of the elec-
trolyte or changing the voltage did not have a signif-
icant influence on this behaviour. Preliminary cation
- exchange - capacity experiments showed that large
amounts of cobalt are strongly bound to the solid.
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Further research should concentrate on the compari-

son of the used samples and real time contaminated

concrete.
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Determination of Disposal
Critical Nuclides in Waste from
PWR Power Plants.

Background

The long-term storage of radioactive wastes requires

the knowledge of the amount of long-lived and high-

ly radiotoxic nuclides present in the waste fluxes.

Their activity, which is presently masked by the

highly active beta- and gamma-emitting nuclides,

will indeed constitute the major safety problem in the

future.

At present, their determination is only possible by

using advanced separation techniques prior to their

measurement.

The concentration of these nuclides which are pro-

duced by activation of reactor materials (3H, 14C,

»Ni, 63Ni; 94]%) or by fission and transmutation in

the nuclear fuel (*>Sr, »Tc, i»I, «5Cs, 234U, 235U, 236U,
238TJ; 238pu> 2 3 9 ^ 240pUi 24ipu> 241 Am, 242Cm, 2«Cm) in

the nuclear reactor may be correlated to so-called key

nuclides (60Co and 137Cs) which are currently meas-

urable and are representative for activation or fission

reactions.

Objectives

This work is covered by a contract with the National

Agency for the Management of Radioactive Waste

and Fissile Materials (ONDRAF/NIRAS) and allows

to determine scaling factors for different isotopes in

evaporator concentrates, ion-exchange resins and

coolant particle filters from the reactor power plants

of Doel and Tihange.

The radionuclides that still remain to be analysed are

the actinides 23»Pu, 24lAm and 244Cm and the fission

products "Tc and 129I. This would lead to the finali-

sation of the report.

Achievements

Making use of the experience gathered during the

Radwaste project, we applied an extraction chro-

matographic separation technique to a few represen-

tative samples for the determination of 238Pu, 24IAm

and 244Cm by alpha-spectrometry. The results were

accepted by ONDRAF/NIRAS. Due to the low con-

tent of wTc and 129I in the waste matrices to be

analysed, the separation methods experimented

proved to be unsatisfactory to meet the requirements

for the radiochemical analyses techniques applied,

thus resulting in high detection limits.

Perspectives

The determination of *Tc and 129I by Inductively

Coupled Plasma - Mass Spectrometry (ICP-MS) in

the separated fractions will be examined.

The analyses of the remaining waste streams for the

presence of 238Pu, 241Am and 244Cm will be continued.

Radwaste - Qualification of
Radioanalystical Routines for
the Determination of Alpha-
emitting Nuclides in
Conditioned Radioactive Waste.

The classification of radioactive wastes is strongly

dependent on their alpha-emitting radionuclides con-

tent. However, their accurate measurement is not an

easy task due to the presence of high amounts of

gamma- and beta-emitting radionuclides and the

complexity of the matrices to be analysed. To pro-

ceed to a possible declassification of these wastes,

qualified standard procedures allowing the definition

of a reference level had to be set up. This project, co-

ordinated by SCK'CEN with the partnership of

ENEA (IT), CIEMAT (SP), NNC (UK) and FZJ

(GE) and executed in the frame of the 4th

Framework Program, lasted from 1997 to 1998.

The report entitled "Qualification of Re.dioanalytical

Routines for the Determination of Alpha-emitting

Nuclides in Conditioned Radioactive Waste" was

finalised and accepted in March 1999 (ref. EUR

19111 EN).

A new project has been introduced ami accepted in

the frame of the 5th Framework Program with the

purpose to proceed to an interlaboratory comparison

of the proposed methods on real reactor wastes.

Actinide Research In A Nuclear
Element (ARIANE)

The ARIANE project was initiated by

Belgonucleaire to improve the quality of the high

burnup UO2 and MOX source term prediction for

any licensing reasons such as the determination of

coolant activities, shielding, dose assessment, stor-

age, transport, accident consequences and environ-

mental impact, etc. The project covers the complete

spectrum of irradiated LWR fuel by the investigation

of UO2 and MOX samples unloaded either from

PWR or from BWR commercial power plants. The

experimental part of the project consists of the analy-

sis of 49 selected isotopes in high burnup UO2 and

MOX samples. These analyses are performed by the
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radiochemical laboratories of Transuranium Institute

(TUI) in Germany, the Paul Sherrer Institute (PSI) in

Switzerland and SCK'CEN and some samples were

exchanged between these laboratories.

The project was extended once more in 1999 with the

analysis of new samples for TUI and PSI, who both

also sent one (solid) sample to SCK'CEN for inter-

comparison. The determination of some isotopes in

previous samples as well as the complete analysis of

the new samples was planned for 1999.

Both new samples were successfully dissolved in a

shielded cell and SCK»CEN carried out the analysis

of the base programme (except for 99Tc) on both sam-

ples. The remaining residue after the first dissolution

(which still contains some isotopes of interest as
95Mo, »Tc, IO'RU, "»Ru, 103Rh, 125Sb,...) was also dis-

solved in a shielded cell using an alkaline fusion pro-

cedure.

Most of the isotopes have been determined by radio-

chemical measurements and by thermal ionisation

mass spectrometry.

In order to complete the project (in the first months

of 2000), 8 isotopes still have to be measured, most

of them by Inductively Coupled Plasma - Mass

Spectrometry (ICP-MS) adapted for glove box appli-

cations. Finally, an extensive report will be deliv-

ered, including all the methods of analysis used, the

corresponding results and an extensive uncertainty

evaluation.

Radiochemical Services

Accurate and reliable radiochemical and radioanalyt-

ical methods are essential to identify and quantify the

radionuclides present in nuclear fuels as well as

radioactive wastes. This implies not only a perfect

control of the measurement instruments, but also the

development of appropriate sample preparation tech-

niques.

The main objectives of the services are:

- to provide reliable and accurate methods for the

identification and quantification of alpha and

gamma emitting radionuclides in a variety of

matrices for internal and external clients.

to develop and optimise separation schemes to

satisfy the requirements for source preparation

for these measurement techniques.

-"; to maintain and improve the existing Quality

Assurance procedures in the framework of the

Beltest accreditation.

Two supplementary samples of spent fuel for the

ARIANE project were dissolved in the hotcell and,

after appropriate dilution and separation, were

analysed by alpha- and gamma-spectrometry and

thermal ionisation mass spectrometry.

In the frame of the project Development of Advanced

Wet-Reprocessing System Technology financed by

the Japanese 'Institute of Research and Innovation'

(IRI) the separation of a custom made solution of

simulated spent fuel on a novel anion exchange resin

AR-01 was performed in a glove box. More than 50

separate fractions of 10 ml were collected and

analysed by alpha- and gamma-spectrometry and by

ICP/MS. A beginning was made with the preparation

of an equivalent experiment with a real spent fuel

solution in a hotcell in collaboration with the

Laboratories for Hot and Medium Activities

(LHMA).

Four neutron monitors with respectively 237Np, 239Pu,
241 Am and 244Cm irradiated in the KNK-II reactor had

to be dissolved and analysed for the presence of acti-

vation and fission products.

In addition to those specific actions, various analyses

were performed for external and internal clients.

The number of analyses of Pu by alpha-spectrometry

and of Am-241 by gamma-spectrometry in MOX

fuel from Belgonucleaire has slightly increased as

compared to 1998. This accounts for about 75 % of

the workload of the group.

A series of analyses of ashes resulting from the com-

bustion of suspected alpha contaminated wastes in

the Cilva furnace of Belgoprocess required an appro-

priate preparation in our laboratories before being

analysed by the Low Level Measurements services.

For internal clients, a wide variety of radionuclides

were determined by alpha- and gamma-spectrometry

in different matrices (waste effluents, MOX,

clay,...).

We will proceed to the calibration and evaluation of

a newly acquired high purity Ge detector for low-

energy photon measurements.

The direct measurement of alpha-emitting radionu-

clides in clay wafers using ZnS-detectors to study

uranium migration behaviour in clay must be opti-

mised.

We will continue the study of the separation of a real

spent fuel solution on AR-01 resin and determination

of distribution coefficient for Pu in the framework of

the IRI-project.
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Chemical Analyses Services

Accurate and reliable chemical analyses are essential
in a production environment (e.g. for the control of
the specifications of nuclear fuels) as well as in R&D
environment (e.g. for the support of the experiments
performed in internal R&D projects). The laboratory
aims to fulfil the requirements of internal and exter-
nal clients by offering performant analytical methods
applied by experienced operators.

The aim of the services is:

f-« to provide an answer for internal and external
clients to all the problems that could be solved by
an appropriate chemical analysis

to maintain and develop the reached expertise by
the development of new methods and the contin-
uous training of the people

to maintain the accreditation for the granted tech-
niques and to extend the scope to new ones.

The ICP/MS for glove box applications has been
made operational for the analysis of radioactive sam-
ples. More than 50 samples were analysed for their
actinides and fission products content in the frame of
the IRI-project. Due to a sudden increase of analysis
demands from internal clients (a.o. determination of
neptunium in clay water) and to some delay due to
maintenance problems, the validation of the method
for the determination of impurities in nuclear fuels
had to be postponed by one year.

A new laboratory has been equipped to host the
recently acquired Inductively Coupled Plasma
Atomic Emission Spetrometry (ICP/AES) instru-
ment. Obsolete instruments like an old ICP/AES
instrument, an X-ray fluorescence spectrometer and
an optical emission spectrograph were dismantled
and discarded.

The validation of the new ICP/AES was completed
and the method obtained the accreditation during the
BELTEST audit in September. The validation of the
T.O.C. (Total Organic Carbon) instrument has been
completed and the method was accredited as well.

We have participated to various intercomparison
exercises to maintain our proficiency for both tech-
niques. We tested not only ICP/AES and T.O.C. but
also the "cold" and the "warm" ICP/MS instruments.
The scored results were excellent.

Despite some problems encountered for one method
(AES in glove box), the accreditation of BELTEST
was extended after the audit of September. Most of
the corrective actions have already been taken.

As usually, many routine analyses were performed
for our internal clients.

About 44% of the total work was requested by Waste
Characterisation, whilst 32% were analyses, support-
ing experiments of Diffusion and Migration in Clay.
The rest of the demands is shared between BR2
(16%), BR3 (6%) and others (2%).

Although the total amount of these was slightly less-
er than in 1998, the great number of measurements
necessary for the validation of ICP/AES and T.O.C.,
made the net workload in 1999 even heavier.

The requests from external clients - particularly
Belgonucleaire - reached about the same level as last
year. These analyses represent about 50 % of the
workload of the group.

The validation of the ICP/MS in glove box as well as
the qualification of the operator needs to be pursued.

A temporary recruitment is foreseen in order to get
easier through the overload of work wnich is expect-
ed as usually at the end of next year.

Abbreviations

ENEA: Ente Nuove Tecnologie, Energia e
Ambiente (Italy)

CIEMAT: Centro de Investigationes Energeticas,
Medioambientales i Technologicas
(Spain)

FZJ: Forschungszentrum Jiilich (Germany)

NNC Ltd: Nuclear engineering and consultancy
(United Kingdom)
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n p h e BR2 reactor is still SCK-CEN's most impor-
X tant nuclear facility. After an extensive refur-

bishment of 22 months to compensate for the ageing
of the installation, to enhance the reliability of oper-
ation and to comply with modern safety standards, it
was restarted for its first irradiation cycle in April
1997. In 1999, the availability of the installation was
maintained at a level of 99.97 % demonstrating the
success of the refurbishment action plan without any
occurrence of significant safety incidents.

At the request of the Belgian Authorities a safety
audit (INSARR) was conducted by the International
Atomic Energy Agency, the conclusions of which
demonstrated the excellent performance of the plant
in terms of operational safety.

The CALLISTO facility was extensively used for
various programmes involving LWR pressure vessel
materials, IASCC of LWR structural materials,
fusion reactor materials and martensitic steels for use
in ADS systems.

The development of new irradiation devices was
focussed on emerging needs. Most of the work con-
cerned multipurpose reusable rigs for material irradi-
ation under high fast neutron fluxes, a dedicated irra-
diation rig for the qualification of advanced MTR
fuels and the design of dedicated rigs for testing var-
ious fusion reactor materials under combined neu-
tron and gamma fluxes.

For the year 2000 and beyond, new irradiations on
IASCC, fusion materials and advanced LWR fuels
will be started. Also experimental devices will be
prepared in the framework of the 5th European R&D
programme, regarding in particular IASCC issues
and ADS materials.

An internal R&D programme is currently aimed at
improving BR2 utilisation. This is focussed on the
development of adapted neutronics/hydraulics com-
puter models and the improvement of the in-core
instrumentation and data acquisition.

BR2's commercial programmes are of prime impor-
tance because they help to finance the costs of run-
ning the reactor. The income from radioisotope pro-
duction has increased by a factor of 3 since the re-
start of BR2 in 1997 mainly because irradiation
capacity was expanded for producing "Mo/99mTc. It
is expected that the commercial income will contin-
ue to grow following the addition of a new irradia-
tion device for this particular radioisotope early in
the year 2000. At the same time, BR2's position in
the world market is being enhanced by the introduc-
tion of new, high added value products, which take
advantage of the unique and extremely favourable
characteristics of the reactor. However, for various
reasons, the production of NTD-silicon for the semi-
conductor industry has been very low since 1997.
Nevertheless, recent discussions with several cus-
tomers indicate that the prospects for 2000 and later
now look very much more favourable.
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Reactor BR2: Reactor Operation

Exploitation

The reactor was operated in 1999 for a total of 112
days at a mean power of 58 MW in order to satisfy
the irradiation conditions of the internal SCK'CEN
R&D programmes using mainly the CALLISTO
PWR loop.

At the request of an important commercial customer,
the BR2 reactor entered the third millennium at
power and so contributed to an uninterrupted supply
of the main radiopharmaceuticals required for med-
ical applications. This was only possible after
months of preparation, testing and auditing by the
licensing authorities to demonstrate that no Y2K
problems could impair the safety of operation.

The availability of the installations reached a very
high level of 99.97 % with an interruption of only
0.75 hour during the 112 days of operation. Only
two incidents were included in our INRIBUAN
reporting system. The first one involved a scram that
was initiated by a high pressure in the primary cool-
ing circuit. The cause of this was a spurious signal
induced by a perturbation on the external electrical
network. This resulted in all main secondary-cooling
pumps being automatically stopped. Consequently,
all necessary remedial modifications have been car-
ried out on the actuation system. The second one
concerned an irradiated fuel element that was acci-
dentally dropped during its transfer from a storage
rack. Fortunately, the fuel element was only super-
ficially damaged. In future, the correct coupling
between the handling tool and fuel element will
always be checked with the help of an underwater
camera.

Fuel cycle

In order to optimise the utilisation of the available
HEU inventory, we continued to use a "mixed core
strategy". This was based on the irradiation of stan-
dard 93 % U235 enriched fuel elements together with
72 % U235 enriched fuel elements using uranium
recovered from the reprocessing of BR2 spent fuel at
UKAEA-Dounreay. The 72 % U235 fuel elements
have been routinely irradiated since 1998 - they
occupied up to 36 % of the channels loaded with fuel
elements until they reached a maximum burn-up of
50 %. The mean consumption of fresh fuel elements
(both types) was 5.36 per 1000 MWd. The shutdown
of all main fuel cycle activities in Dounreay prevents
us from continuing to use our recovered HEU inven-
tory.

Only one batch of 30 fuel elements could be trans-
ported to La Hague with the IU04 cask for repro-
cessing. Other transfers, planned with the new TN-
MTR cask were delayed until a full agreement can be
obtained for it from the Belgian Licensing
Authorities.

Refurbishment

Phase 5 of the refurbishment programme was origi-
nally to be completed by the end of 2000. This is
now to be continued with only a few projects remain-
ing:

Automatic regeneration of the Pool Ion
Exchangers: all mechanical adaptations are com-
pleted. Automatisation of the regeneration
process will be installed in 2000.

Recuperation of effluents from tie monitoring
system: a new system was designed to collect the
effluents from the primary coolant monitors and
provide their re-injection into the primary loop.
The installation is foreseen in 2000.

ffl Mitigation of consequences from an earthquake:
all additional horizontal restraints for the primary
piping have been installed.
The design principles for the separation of the
ventilation pipe-bridge and the protection of the
reactor building isolation valves have been iden-
tified. The necessary modifications will be imple-
mented in 2000.

Fire prevention and mitigation
New ideas to mitigate the consequences of fires in
the Reactor Building have been conceptualised.
They tend to improve the isolation of the different
compartments in the building. Actions foreseen
in 2000 concern mainly the power and instru-
mentation cable penetrations between compart-
ments.

Training

As foreseen in the Safety Analysis Report training
sessions (505 man.days in total) were organised to
fulfil the minimum requirement of 10 days per year
and per operator. These sessions combined techni-
cal, theoretical (348 man.days) as well as practical
aspects (157 man.days). The programme for the
training sessions is scheduled one year in advance;
the content of this programme as well as the global
summary report after execution is submitted to the
Licensing Authorities for evaluation.

Scientific staff
POL GUBEL,

JAN VERMUNT,

ANGELO AQUINO,

RICHARD LIESENBORGS,

MARCEL NOEL,

MARCEL VAN HOOLST,

JEAN-MARIE CORBISIER,

HANS OOMS,

MARC VAN HOOF,

WILLY CORTHOUTS,

EDUARD GEYSEN,

WILLY BEETS,

GUIDO Bossi,

EDGAR KOONEN,

ALEXANDRE MAKARENKO,

TEMENOUGA PETROVA,

JAN DIERCKX,

BERNARD COUPE,

ANDRE BEECKMANS DE WEST-

MEERBEECK,

BERNARD PONSARD,

FERNAND MALLANTS,

Luc DE LAET,

WILLY CLAES,

JOZEF COOLS,

JEAN DEKEYSER,

ALFONS VERWIMP,

PHILIPPE BENOIT,

SERGE BODART,

PATRICE JACQUET,

YVAN POULEUR,

MARCEL WEBER,

LUDO EYSERMANS,

FELIX PUT,

CAMIEL DECLOEDT,

STEVEN MELLEMANS,

LUDO VERMEEREM,

CONSTANT VAN IERSCHOT,

PHILIPPE GOUAT,

FRANS SCHELLES,

STEFAN WIRIX,

JEF VALENBERGHS,

JAN VAN DER AUWERA,

BART SMOLDERS,

WALTER VENNEKENS,

STEFAN DECLERCQ,

FILIP RAMAEKERS,

ROGER STYNEN,

FRANK'JOPPEN,

SIMON CLAES,

KAREL VAN EYNDHOVEN,

CHARLES DE RAEDT,

EDOUARD MALAMBU,

BERNARD VERBOOMEN,

THIERRY AOUST

Reactor BR2 141



Supporting Staff
STEFAN HUYSMANS,

HERMAN LODEWYCKX,

ALOIS RENDERS,

STEVEN VAN LOVEN,

DAVID BASTIAENSEN,

CHRIS D E WANDELEER,

EDMOND ESSERS,

JAN VAN GOMPEL,

BART VAN DE VENNE,

MARC VANRINTEL,

FRANS VANSUMMEREN,

ALFONS VERHEYDEN,

WALTER AARTS,

WERNER CAUWENBERGHS,

FERDI DAEMEN,

EUGEEN ESSERS,

ARMAND AERTS,

TOM BERGHMANS,

LEO CAEYERS,

RICHARD STAPPERS,

GEERT BROECKX,

EMIEL CAEYERS,

PATRIK GEBOERS,

PETER GERINCKX,

ERIC JENNEN,

FREDDY GEVERS,

DIRK JANSEN,

KRIS THYS,

TOM VERACHTERT,

LUC OVERATH,

ALOIS VAN HOOLST,

GERARD GROENEN,

KAMIEL SWINNEN,

DIRK VAN GESTEL,

EMIEL WILLEKENS,

HECTOR GEVERS,

GUIDO VAN CLEMEN,

MOXIQUE ALEN,

GUDRUN JOYEUX,

RACHEL VERBOVEN,

WILLY DIERCKX,

ANDRE GASTMANS,

GUIDO LIEVENS,

VALERE JACOBS,

WIM MINXEN,

Luc VAN ROY,

JOHAN FRANSEN,

RUDY LINDEN,

HENDRIK VAN GESTEL,

STEPHAN LODEWYCKX,

DlDIER MORTIERS,

FREDDY VAN DIEPENBEEK,

HENRI MEEUS,

HERMAN VAN HOUDT,

GERARD VAN ESCH,

VICTOR OEYEN,

JOZEF VANGHEEL

INSARR

An INSARR (INtegrated Safety Assessment of

Research Reactors) inspection by a team of the

International Atomic Energy Agency was held dur-

ing the last week of April 1999 and the first week of

May on request of the Belgian Authorities. INSARR

missions are an IAEA safety service offered, to assist

Member States in ensuring and enhancing the safety

of operating research reactors. The team was com-

posed of a team leader, who is an IAEA staff mem-

ber, and three experts from France, Israel and USA

respectively. The scope of the mission is discussed

in a preparatory meeting between representatives of

the IAEA, the regulators and the operating organisa-

tion. It was agreed during this meeting that the

inspection should be concentrated on the operational

safety and recent modifications to the installations.

The selected subjects were: licenses and regulatory

supervision, organisation, training and qualification

of the personnel, operational limits and conditions of

the reactor, implementation and follow-up of modifi-

cations, operating procedures, maintenance and peri-

odical testing, data management, radiation protec-

tion, waste treatment, emergency planning and phys-

ical protection.

The findings and conclusions of the mission are writ-

ten in a report to the Belgian Authorities. The con-

clusions are summarised in recommendations, sug-

gestions and good practices. A recommendation is

an advice on how improvements in operational safe-

ty can be made.

Generally it is an indication of shortcomings in satis-

fying excellence. Two recommendations were iden-

tified for BR2. The first concerned the absence of a

formal Quality Assurance programme, although the

team agreed that most of the operations are covered

by QA procedures. The second recommendation

stated that the safety report of BR2 is not consistent

with the IAEA standard. The cause of this short-

coming is because the actual report is composed of

revisions and extensions of older versions.

Regarding the suggestions, these are intended to

indicate possible superior alternatives to the ongoing

expansion of existing programs. Seven suggestions

were identified by the team. They deal with the con-

tent of the operating licence, organisational aspects,

safety committees, operational limits and conditions,

experiments and modifications and fire protection.

Whilst Good practices are indications of an outstand-

ing performance markedly superior to that observed

elsewhere, not just fulfilment of current requirements

or expectations. Four good practices were observed

about the training programme for the operating per-

sonnel, the inclusion of a list of incidents in the safe-

ty report, the way of loading the reactor and the use

of the new dose limits for personnel.

Quality Assurance

In 1999, we started a project to implement a formal

QA programme (ISO9002) centred on all our com-

mercial activities in order to satisfy the requirements

and needs of our customers. In a later phase, the

operational aspects of the reactor operation will be

integrated to comply with the above-mentioned rec-

ommendation of the INSARR mission.

Reactor BR2: Utilisation of the
CALLISTO loop

The CALLISTO Loop is designed for the in-pile test-

ing of fuel and materials under PWR conditions (e.g.

pressure, temperature and water chemistry). The

facility comprises three in-pile sections (IPS) con-

nected to out-of-pile equipment consisting primarily

of 3 circulating pumps, a heat exchanger, an electri-

cal heater, a pressuriser, feed-bleed circuits and water

purification systems. Adequate instrumentation and

the use of regulating valves provide the necessary

control over its operating parameters.

Irradiation programme

LWR fuels (BACCHANAL)

Although 1999 was a period of reduced activity for

the BACCHANAL programme, since 1997 an in-

pile section of CALLISTO (IPS 1) was used for

increasing the burn-up of nine fuel rods that had been

pre-irradiated in BR3. Since the beginning of the

programme, the rods have been irradiated in BR2 for

a total of eight reactor cycles.

Intermediate non-destructive examinations on the

fuel were carried out and post-irradiation testing

using the technique of independent gamma-spec-

trometry confirmed the precision of the linear power

on-line measurements.

The BACCHANAL programme will continue in

2000.

LWR pressure vessel materials (CHIVAS)

Two irradiation campaigns for the "Round Robin

Exercise on WWER 440 RPV Weld Material

Irradiation, Annealing and Re-embrittlement" IAEA

R&D programme occurred in 1999. A total of 240

specimens where irradiated in the CHIVAS 7
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(Callisto Hot Irradiation of Vessel Alloys Steels)

experiment at 270°C and these received a fast neu-

tron fluence (E > 1 MeV) of up to 7.10'9 n/crtf.

61 of these specimens underwent a thermal treatment

followed by a further irradiation in the CHIVAS 8

experiment to reach a final fast fluence of 1.3.1020

n/cm2.

IASCC of LWR structural materials
(CORIOLIS & CORONA)

The CALLISTO in-pile section (IPS2) which is spe-

cially dedicated to IASCC programmes occupies a

region in the BR2 core where the fast neutron flux (E

> 1 MeV) reaches values of about 1.1014 n.cnr2.s-';

The experimental device for the CORIOLIS pro-

gramme has remained loaded continuously in IPS 2

since cycle 02/97. This experiment was unloaded at

the end of cycle 05/99 after reaching a fluence, which

produced 2.4 dpa in the specimen.

During the development of the CORONA project,

which aims at on-line crack initiation detection on

pressurised tube specimens, the installation was

modified to allow the penetration of instrumentation

wires through the head of the IPS.

Fusion reactor materials and compo-
nents

The ITER shield modules use Inconel 718 bolts.

Whilst there are some data on the effects of irradia-

tion on the mechanical properties of Inconel 718, lit-

tle is known about its dimensional stability due to

irradiation creep effects. Therefore, in the framework

of "EU Task No. V62", we have irradiated an exper-

iment called FINC (Fusion INConel), which was

loaded in the CALLISTO IPS 2. This was aimed at

obtaining accurate measurements of creep deforma-

tion from conventional sample tubes that were irradi-

ated at a working pressure of up to 1000 bars. Only

one pressurised tube out of twenty-one failed 4 days

before the end of the irradiation when the specimen

had 0.5 dpa.

Irradiation of Martensitic Steel

The IRMAS (IRradiation MArtensitic Steel) experi-

ment consists of charging the positions of the CAL-

LISTO basket which remain free, after loading the

specimens for the FINC experiment, with impact

(Charpy V- notch) and tensile specimens of a 12%

Chromium (martensitic) steel, with denomination 56

B.I., and with tensile specimens of chromium alloys

called DUCROPUR and DUCROLLOY. This type

of steel is foreseen as a very strong candidate for use

in ADS (i.e. for the construction of MYRRHA) and

fusion reactor systems.

Loop Operation behaviour

In 1999, the water chemistry on-line unit was com-

pletely refurbished. This system allows the pH, the

conductivity and the concentration of dissolved

hydrogen and oxygen in the loop to be continuously

measured, even in the case of a fuel rod failure. The

figure below shows some typical results of measure-

ments taken in reactor cycle 04/99.

CALLISTO: on-line measurements during cycle 04/99
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In the year 2000, the sampling system will be

improved so that very highly activated water samples

can be taken and diluted to enable them to be chem-

ically analysed in the hot labs.

The inspection of several components and in partic-

ular checking and re-calibration of the numerous

instrumentation sensors were carried out according

to the maintenance plan. At the beginning of the year,

one main pump became seriously damaged. A com-

ponent had to be decontaminated and repaired. As a

consequence in 1999 the loop was operated with two

circulating pumps instead of three.

Preparation of the loop decontamination process is in

progress.

Perspectives for the CALLISTO
loop

CORONA will start irradiation in cycle 01/2000 for

at least 4 cycles.

A new irradiation on fusion materials (IRFUMA for

IRradiation of FUsion MAterial) is now in prepara-

tion and it will be loaded into CALLISTO in year

2000.

The THOMOX project is concerned with an instru-

mented irradiation under PWR representative condi-

tions for a series of advanced nuclear fuels (all

ceramic oxides, and include (Th,Pu)O2, (U,Pu)O2

and UO2). The irradiation will be performed in one

in-pile section of CALLISTO during a period of 4

years, starting in 2001.

In the framework of the 5th European R&D

Programme, we will prepare an experimental device

(to be loaded in CALLISTO) for the LIRES project

("Development of Light Water Reactor Reference

Electrodes"); irradiation foreseen in 2003.

Programme

Our programme focuses on three main activities:

2 Development of new concepts of irradiation

devices for emerging needs. Most of the work in

1999 concerned the following:

• COSAC device: pressurised water capsule for

testing fuel rods up to and beyond clad failure.

• Fusion reactor breeder blanket: design of exper-

iments to test the performance of double-walled

tubes and tritium-permeation barriers for the

WCLL blanket modules.

• MISTRAL device: multipurpose, reusable rig

for materials irradiation under high fast neutron

flux.

• MTR fuel testing: design of dedicated irradia-

tion rig for the qualification of advanced MTR

fuel plates.

• SMIRNOF: design of dedicated rig for the test-

ing of optical fibres under combined neutron

and gamma fluxes.

• RIED: design of dedicated rig for neutron test-

ing of ceramic materials for the fusion reactor.

• Preliminary studies for the irradiation of several

materials in response to requests to offer (e.g.

irradiation of graphite for gas cooled reactors).

s Development of in-pile instrumentation: The

ongoing work concerns mainly R&D to adapt or

to improve the behaviour of on-line neutron and

gamma sensors for use inside BR2 irradiation

devices and to allow their correct interpretation

through modelling. Other types of in-pile sensors

will also be researched.

«3 Refurbishment of available irradiation facilities:

Most of the work done in 1999 relates to the

CALLISTO loop (ref. to the section: Utilisation

of the CALLISTO loop).

Reactor BR2: Development of
Irradiation Technology

Objective

In view of current and emerging needs for irradiation

testing of nuclear fuels, materials and components, it

is an important objective for the BR2 division to pre-

pare itself proactively by developing the required

irradiation technology in terms of experimental facil-

ities and in-pile instrumentation. Also it is important

to maintain its existing experimental infrastructure in

a reliable and safe operational condition.

Achievements

Specific achievements in 1999 based on the pro-

gramme list of reported activities are highlighted.

Fusion reactor breeding blanket mod-
ules

Water Cooled Lithium-Lead (WCLL) is one of the

candidate concepts for the tritium-generating blanket

of future fusion reactors. In this concept, tritium is

generated in a 17Li-Pb liquid metal bed, cooled by

pressurised water circulating in Double-Wall Tubes

(DWT). The permeation of tritium to water is limit-

ed by Tritium Permeation Barriers (TPB), which are
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a coating applied at the outer surface of the DWT.
The DWT and the TPB constitute critical elements of
the WCLL concept. Therefore, two experiments
were proposed to test the TPB performance and the
DTW behaviour in conditions as realistic as possible.
The experiment aimed at confirming the general
behaviour of the components and in particular the tri-
tium permeation rate in an environment as close as
possible to the future operation conditions.

A proposal was submitted for the experiments. From
discussions with the task management, it became
apparent that the budgets available would not allow
any irradiation experiment linked directly to the
WCLL blanket development to be performed in the
near future. Hence, we proposed to re-orient the
project towards a multipurpose device for the irradi-
ation of fusion reactor materials (see the section:
MISTRAL device).

MISTRAL device

MISTRAL stands for Multipurpose Irradiation
System for Testing of Reactor ALloys.

Its objective is to provide BR2 with a reusable device
for the irradiation of metallic specimens (such as ten-
sile and Charpy specimens) under fast neutron flux in
extended temperature range (200 - 350 °C) with an
accuracy of +/-5°C.

In 1999, we studied and compared all the different
concepts available or already used at BR2 to irradi-
ate reactor alloys with the highest fast neutron dose
and the fastest dpa accumulation rate. The irradiation
device has to meet the following minimum require-
ments:

It has to be reusable as far as possible for subse-
quent loading of samples.

>• It has to be installed in the central hole of a BR2
5-plates fuel element.

S It has to be easy to manipulate, especially in the
hot cells.

""' It has to fit the temperature range with the
required accuracy.

'•- It has to be efficiently instrumented to monitor
the irradiation parameters on-line.

After a detailed analysis of the possible solutions, a
single wall pressurised water capsule was found to be
the best compromise between the dpa accumulation
rate and the simplicity of the device. The in-pile sec-
tion will be composed of one thick pressure tube con-
taining a basket that can contain up to 127 tensile or

BR2 chmmel(084)

5plates Ale! elemen'

BR2 cooling water

pressure tube

pressure tube
"(034/025)

pressurized water

- . ' heater rod

".
mini charpy

(4x3x27)

thermocouples

mini-Charpy (or 14 Charpy) specimens, 5 dosimeters
and 20 thermocouples. A heating element is inserted
in the basket centre. During the irradiation, the heat-
ing elements control the temperature.

In 2000, we will finalise the design of the device and
start to manufacture two rigs for operation at 200 °C.
Their first utilisation concerns the SPIRE project,
with the aim to start irradiation in 2001 of structural
materials for the ADS development, namely 18 ten-
sile and 144 mini-Charpy specimens to reach 3 to 6
dpa.

MTR fuel qualification

New fuel designs for Material Testing Reactors
require to be qualified under representative condi-
tions, that is geometry, neutron spectrum and flux,
heat flux and thermohydraulic conditions. We have
designed a dedicated device for full-si2;e fuel plates
irradiation to derive the maximum benefit from
BR2's capacities. This design will be the basis for
constructing the rig and loading it into the reactor for
qualification testing.

The fuel plates can be easily extracted from the rig
during a shutdown to undergo non-destructive exam-
inations. An important test is the measurement of the
thickness changes along the fuel plate. For this pur-
pose a facility in the reactor water pool has been
draught to measure the fuel swelling with an accura-
cy of 5 urn using inductive probes. SCK>CEN can
also perform the full range of non-destructive and
destructive PIE, including y-scanning, wet sipping,
surface examination, etc.
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In-pile instrumentation of nuclear
parameters

The objectives of this project are multifold:

" - to increase the scientific knowledge of the studied

phenomena occurring in the detector and its

cable,

~ to improve the quality of interpretation of the

data,

- to improve the piloting of experimental devices

during the irradiation,

~ to possibly reveal and understand unsuspected

phenomena occurring during the irradiation.

We follow a scientific approach, namely the model-

ling of the detector behaviour, the selection of the

most suitable sensor for the specific application, the

testing of the measurement devices in the BR2 envi-

ronment and the assessment of the whole instrumen-

tation line.

In 1999, we manufactured the experimental device

(called DOLMEN for Device for On-Line

MEasurement of the Neutron flux). This instrument

contains self-powered neutron detectors (SPND),

activation dosimeters and gamma thermometers that

can be moved vertically in any BR2 channel.

As a preparation we successfully irradiated a

Rhodium-SPND and two specifically designed g-

thermometers in various BR2 reactor channels.

Promising results gave us valuable information that

can be used to optimise the DOLMEN experiment.

In parallel, we theoretically studied the sensitivities

of each type of SPND versus the neutron and the

gamma spectra. The home made computer model

SEDEIRA (SElf-powered DEtector of Ionising

RAdiation) showed clearly the importance of the

insulator in the SPND and the role played by the neu-

tron spectrum on the detector selectivity. The devel-

opment of a new model, based on the Monte-Carlo

technique, has begun with the aim of evaluating the

signals from in-pile monitoring devices in the BR2

reactor and parasitic effects of neutron and gamma

fluxes in the instrumentation chain.

In 2000, we will irradiate the DOLMEN device in

the BR2 reactor in addition to the development of the

new Monte-Carlo model. The fourfold purpose of

this irradiation is: to elaborate an algorithm leading

to the actual neutron flux using the measured electric

signal, to identify the sensitivity to each parameter

(neutron spectrum, gamma spectrum), to qualify a

calibration method and to assess the best suitable

SPND for a specific application.

In parallel, another irradiation campaign is planned

to test and to qualify subminiaturised fission cham-

bers in collaboration with CEA

(DER/SSAE/LSMN).

Based on the scientific needs of other projects (e.g.

"Advanced Fuel R & D and Modelling", "Fuel

Behaviour", "Pressure Vessel Steel Projects",

"Corrosion",...), we will continue to improve and

innovate the in-pile instrumentation.

Reactor BR2: R&D programme

Objective

This programme started several years ago and is

directed to the improvement of the BR2 utilisation:

refined determination of the irradiation conditions,

theoretical support for the development of new irra-

diation devices, improvement of the in-core instru-

mentation and data acquisition systems

Achievements

'•--•• A coupled neutronics/hydraulics/heat-conduction

model of the BR2 reactor core has been under

development for about 2.5 years. The neutron

transport phenomenon has been implemented as a

steady state and time dependent nodal diffusion.

As a result a hexagonal 3D nodal diffusion core

code, called NH3D, has been rendered opera-

tional this year.

The non-linear heat conduction equation inside

fuel elements has been solved with a time

dependent finite element method. To allow cou-

pling between functional modules and to simulate

subcooled regimes, a simple single-phase

hydraulics has been introduced, while the two-

phase hydraulics is under development. Multiple

tests, general benchmark cases as well as calcula-

tion/experiment comparisons demonstrated a

good accuracy for both neutronic and thermal

hydraulic models, numerical reliability and full

code portability. A refinement methodology has

been developed and tested for better neutronic

representation in hexagonal geometry.

Much effort is still needed to complete the devel-

opment - extended cross section library with

kinetic data and two-phase flow representation.

The establishment of macroscopic cross sections

sets (MCS) has been started as part of a post-doc-

torate work. Some research for optimization of

the procedure (assembly representation, collaps-
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ing method, number of meshes) was performed.

Two sets of MCS have been prepared with MUL-

COS and 5 sets have been prepared with SCALE.

The latter MCS have been used for BOC calcula-

tions with NH3D.

Much work still lies ahead: introduction of burn-

up, axial distributions, 2D representation of the

fuel assemblies, organization of the MCS in read-

ily usable formats.

The safety studies with RELAP5-mod.3 have

been temporarily stopped due to the departure of

the responsible scientist.

The BR2 integrated data acquisition system for

survey and experiments (BIDASSE) has been

further upgraded. All 384 digital channels of the

CALLISTO loop have been integrated. Further

analogue channels will be soon implemented for

the future use by experiments.

The automatic reactor control system (both flux

and power feedback) has been fully integrated in

the new control desk according to the recommen-

dations of the ergonomic assessment of the con-

trol rooms.

Reactor BR2:
Commercial productions

The main commercial activities carried out in the

BR2 reactor are the productions of radioisotopes and

NTD-Silicon.

Production of radioisotopes

The radioisotopes are produced for various applica-

tions in the nuclear medicine (diagnostic, therapy,

palliation of metastatic bone pain), industry (radiog-

raphy of welds,...), agriculture (radiotracers,...) and

basic research. Due to the availability of high neu-

tron fluxes (thermal neutron flux up to 1015 n/cm2.s),

the BR2 reactor is considered as a major facility

through its contribution for a continuous supply of

products such "Mo (»"Tc), 131I, m X e , 192Ir, is«Re,

i53Sm, 90Y, 32P, '88W (issRe), 2<BHg, 89Sr, MC

Since the restart of the BR2 reactor in 1997, the

incomes from the productions of radioisotopes

increased considerably as shown - in relative units -

in the figure below.

In particular, the production of wMo (T,,2=66 h ) - the

major isotope produced in BR2 for the manufacture

of «Mo/»mTc (Tl/2=6 h) generators - increased by

40% in 1999 when compared to 1998. This increase

was mainly due to an additional PRF irradiation

device that became operational in 1999. Four irradi-

ation devices are now routinely loaded in the reflec-

tor channels and these provide a total irradiation

capacity of 24 high enriched 235U targes for each of

3 irradiations per cycle, i.e. 24 targets X 3 irradia-

tions = 72 targets per reactor cycle. The loading of an

additional PRF device - foreseen in 2000 - will

enhance the position of BR2 in the European market

by increasing the irradiation capacity up to 108 tar-

gets per reactor cycle.

A considerable effort has been made to take advan-

tage of the high thermal neutron fluxes available in

the central beryllium plug (up to 1015 n/cm2.s). Test

irradiations of high enriched 186W targets have

already been performed in 1998 with encouraging

results for the production of '88W (T1/2=69 d).

European EUREKA project started in 1999, in which

the BR2 reactor is actively involved; the I88W activi-

ty produced will be used for the manufacture of

issw/issRe generators. The use of liquid-filled bal-

loons with '88Re (T1/2=16.9 h) is considered as an

Evolution of the Income from the Radioisotope Production in BR2.
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attractive new therapeutic candidate in cardiology

for uniform coronary vessel wall irradiation in order

to inhibit the restenosis after percutaneous translumi-

nal coronary angioplasty (PCTA).

In the same way, test irradiations of high enriched

iridium targets have been irradiated in the central

beryllium plug for the production of 192Ir (T1/2=74 d)

- used for curietherapy -characterized by specific

activities of up to 1500 Ci/g at the end of the irradia-

tion. This product will provide BR2 with more flexi-

bility to satisfy the demand of the customers during

its shutdown periods.

Production of NTD-Silicon

BR2 is ideally suited to the volume production of

irradiated silicon for the semiconductor industry.

This is carried out in a dedicated facility called

SIDONIE (Silicon DOping by Neutron Irradiation

Experiment). SIDONIE is located within the beryl-

lium reflector and is designed to continuously rotate

and traverse the silicon through the neutron flux.

The speed at which the silicon is traversed through

the reactor is computer controlled to ensure that the

correct neutron dose is received. The effect of con-

tinuously rotating and traversing the silicon produces

exceptional dopant homogeneity. SIDONIE can

accommodate batches of silicon measuring 3-inch, 4-

inch and 5-inches diameter by up to 900 mm in

length. For n-type silicon, the average axial and radi-

al resistivity variation can be controlled within about

3% whilst the resistivities produced are normally

within +/- 5 % of the specified (target) value.

During recent years, semiconductor device manufac-

tures have opted to use newly developed 'premium

quality' chemically doped silicon as cheaper alterna-

tive to NTD material. This was primarily responsi-

ble for causing a significant downturn in world

demand resulting in very low production levels in

BR2 since 1997. Consequently NTD prices have

been forced down and this is partly responsible for its

market recovery, as it has now become a cheaper

option to premium chemically doped silicon for

some applications of which the most notable are tran-

sistors as used in the potentially enormous market for

domestic 'flat-screen' televisions.
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