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INTRODUCTION

The present report is edited on the eve of the fiftieth anniversary of the Belgian Nuclear Research Centre.

Other publications such as the history brochure: "SCK-CEN1952-2002 " highlight this event.

rrihe annex to the Law Gazette of April 19, 1952 reads: "Het doel van het Studiecentrum voor de

A Toepassing van de Kernenergie is alle navorsingen met betrekking tot de toepassing van de kernenergie

uit te voeren en dergelijke onderzoekingen, met alle middelen te bevorderen en aan te moedigen - Le Centre

d'Etudes pour ['application de 1'Energie nucleaire a pour objet de faire toutes recherches relatives aux appli-

cations de 1'energie nucleaire, de promouvoir et d'encourager par tous moyens pareilles recherches" or in a

free translation: " It is the task of the Research Centre on the Applications of Nuclear Energy to perform all

research related to the application of nuclear energy and to promote and foster the like research by all means".

Fifty years later, in the annex to the Law Gazette of November 1997, the basic mission is still the same. The

bulk of our research concentrates on radiation protection, reactor safety and the back-end of the fuel cycle.

The nuclear community from the very beginning addressed human health and societal problems with a pio-

neer attention for the precautionary principle. On the one hand generalised public concern on science and

technology and on the other hand, the nuclear expert, struggling with society, made perceive the need for a

broader more holistic approach to address the social interaction.

On initiative of the president of the Board, social sciences are associated to the basic technical nuclear

research. This extended the well-established multidisciplinary approach of SCK-CEN. A structured collabo-

ration became fully operational in 2001.

Projects started on thematic demand from internal departments with interested supply of Belgian universi-

ties:

a technological aspects of nuclear science and technology in view of sustainability;

si ethics and decision making in nuclear waste management a.o. transgenerational ethics and retrievability;

socio-psychological aspects and local involvement;

S3 law and liability more particular, the need for an optimal preventive approach and an appropriate com-

pensation regime for nuclear activities;

ss the role of the organisation in safety culture.

In parallel a reflection group focussed on ALARA and the precautionary principle within the context of new

trends in low dose effects, such as genetic susceptibility while another analyses expert attitudes and behav-

iour and dilemmas in nuclear problem solving and communication.

The reflections and research projects contribute to bridge in the polarised debate on nuclear in particular and

on science and technology in general.
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External advisory committees continuously evaluate the scientific programmes of SCK>CEN. Their members
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SCK-CEN is governed by a board of directors The board has the widest ranging authority to perform all
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RADIATION PROTECTION

Introduction

SCK-CEN considers it as a national responsibility to
maintain an active state-of-the-art expertise on each
aspect of radiation protection from health physics
measurements, dosimetry, radiological assessment
and optimisation, radioecology, radiobiology and
epidemiology to radiation protection management
techniques and policy support. We apply this exper-
tise not only for the own needs of the Centre, but also
in interdisciplinary actions in the field of nuclear
emergency management, for the surveillance of the
Belgian territory, for the remediation of radioactive-
ly contaminated sites, in medical applications and for
the study of the effects of low doses of ionising radi-
ation. Research projects in social sciences deal with
non-technical aspects of radiation protection and
nuclear energy. All our research projects are strongly
linked with international programmes. Our
International School for Radiological Protection
(isRP) is highly significant for the continuous educa-
tion and training programmes on radiological protec-
tion.

Environmental remediation

SCK*CEN's departments work together to cover
most stages of environmental and site remediation.
We contribute to the problem handling for cases in
Belgium mainly by inventarisation, characterisation,
radioactivity and radiation measurements, radiologi-
cal assessment, performance studies, proposing and
evaluating remediation options and approaches, sci-
entific advise for decision makers, support of clean-
up teams and compliance monitoring after remedia-
tion. Our research programmes focus on an integrat-
ed approach towards impact assessment for and
remediation of contaminated sites and on the study of
the fate of radionuclides in the environment, with
emphasis on processes at the roots of plants. We use
the Belgian cases as test cases for model calculations
and remediation approaches in international research
projects. Our experience is valorised in a project for
remediation of uranium mining and milling tailing
sites in Kyrgyzstan.

Emergency planning

The efforts of the past years resulted in a predomi-
nant role of SCK'CBN in the European research pro-
grammes concerning emergency management. We
are involved in programmes on data assimilation,
data exchange, improvement of decision support
methods and food and agriculture management. The

European Commission chose SCK-CEN to chair the
thematic clusters of all 5th Framework projects in
this field, to ensure enhanced coherence and to stim-
ulate collaboration.

We support the Belgian authorities by applying sci-
entific and international knowledge in the practical
operation of emergency management and response
teams. Therefore, we (and also our partners IRE -
National Institute of Radioelements and AVN -
Association Vingotte Nucleaire), concluded a long-
term convention with the Belgian Ministry of
Internal Affairs. This convention is amended with
annexes describing tasks to be performed by the part-
ners, guaranteeing a better operational level of the
Belgian emergency organisation. Various groups in
SCK«CEN participate in these tasks.

Radiation protection research

The aim of this research group is to study the effects
and the impact of radiation on the population.

On the biosphere scale, the "impact assessment
group" evaluates the radiological impact of radioac-
tive contaminations in the environment. The calcula-
tion of the exposure of relevant groups, takes the
migration of radionuclides through various compart-
ments and pathways into account. The radioecology
group performs research on the parameters involved
and on models to describe these processes.
Laboratory, greenhouse and field experiments sup-
port the programmes.

On the molecular scale, the radiobiology group uses
the new molecular biology techniques to study the
role of genetic instability in radiation induced effects
in the developing organism and for space travelling,
in bacteria exposed to cosmic radiation. We investi-
gate changes in gene expression after irradiation with
the technique of micro-arrays.

Low-level radioactivity
measurements

The laboratory measures the activity of alpha and
beta emitters in various biological and environmen-
tal samples, requiring chemical separation to
enhance detection limits. We focus research on the
optimisation of monitoring for internal exposure, in
the frame of a European project. We evaluate the
uncertainties associated with indirect measurements
such as bioassay of urine and faeces. Investigations
are concentrating on analytical procedures set up for
monitoring (Th, U, Pu and Am). Detailed informa-
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tion is requested from laboratories around the world

concerning chemical procedures, chemical tracers,
measurement procedures, calculation of uncertain-

ties, determination of detection limits and measure-
ment equipment used.

Safeguards and physics
measurements

We participate together with experts from most

European countries, in a new EURADOS working

group on harmonisation of individual monitoring in

Europe. The working group forms a network sharing

information between its members and provides a
liaison with colleagues in the dosimetry, metrology

and regulatory communities in their respective coun-

tries.

We improved various software packages for gamma

and neutron measurement installations. We have

built five fork detectors for Euratom (Luxembourg),

to be used for safeguards verification measurements
on spent fuel assemblies under water.

We offer the know-how and nuclear measurement

capability as a service to government and industry
and we use it as well in many other research projects.

Decision strategy research and
policy support

Research on decision support is focussed on asyn-

chronous group decisions, supported by information
technology. We investigated the use of decision mod-

els, the dissemination of information between partic-

ipants and important conditions for consensus build-

ing. The main subject of research is emergency man-

agement (cfr. higher).

We continued our contribution to the radiological

surveillance of the Belgian territory. To cope with
new requirements by the European Commission and

the creation of the FANC (Federal Agency for

Nuclear Control), we discussed with the FANC, the

IRE and the Scientific Institute of Public Health -
Louis Pasteur (Brussels, Belgium), the necessary

updates of the sampling and measurement schemes.

Social sciences in nuclear
research

Research in the non-technical fields related to radia-

tion protection and nuclear energy is focussed on:

a sustainability and nuclear development;

s transgenerational ethics related to long-lived
radioactive waste;

s legal aspects and liability;

n safety culture related to organisational factors and

9 culture and needs of the experts.

The reflection groups on "expert culture" and "ethi-

cal choices in radiation protection" contributed to

improve the communication between "technical" and

"less technical" staff.

The research group developed a draft of an ethical
charter for SCK-CEN that will be discussed in 2002

by all staff members and advisory committees.

Radiation Protection
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Introduction

Ionising radiation deposits energy in living cells in a
random manner, modifying important biomolecules
like DNA and damaging cell structures. Nearly all
human exposure occurs at low doses. Research is
essential to provide the scientific basis for the assess-
ment of radiation risk and for the development of
regulations and procedures to protect workers and
the general public from the harmful effects of ionis-
ing radiation.

Assessing exposures from natural and artificial
sources and understanding the effects of low doses of
ionising radiation, requires the interaction between
the different scientific disciplines of the radiation
protection research department.

Background

The growing concern amongst the population about
the quality of their environment increases the signif-
icance of impact assessments of radioactive waste
disposal and of radioactively contaminated environ-
ments. One aspect is the occurrence of enhanced lev-
els of natural radioactive isotopes such as radium and
thorium. This is becoming more and more important
as the awareness of problems concerning Naturally
Occurring Radioactive Materials (NORM) related to
non-nuclear industry, increases. Identifying these
industries, mapping such contamination, evaluating
the seriousness and proposing possible and feasible
solutions is becoming an important aspect of health
physics measurements. To reliably assess the radio-
logical exposure of the population, the fate of
radionuclides in the bio-geosphere must be known.
The influence of soil, rhizophere and plants on the
transfer of radionuclides is considerable and should
be taken into account when remediation options are
proposed and optimised in order to keep the dose as
low as reasonably achievable.

Radiobiology and epidemiology contribute 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. There is a growing con-
cern in the radiosensitivity of the developing mam-
malian organism and in the individual susceptibility
to ionising radiation. Epidemiological studies of pop-
ulations with long-term exposure to low doses of ion-
ising radiation are necessary to assess the adequacy
of extrapolation models used to set current exposure

limits in radiation protection. Especially nuclear
workers are an appropriate population to study the
health effects of chronic low dose exposure.

Objectives

Radiological assessments and enhanced
natural radioactivity including radon:

S to elaborate and improve methods and guidelines
for the evaluation of restoration options for
radioactively contaminated sites;

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

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

M to increase our capabilities in mapping and sur-
veying sites possibly or likely contaminated with
enhanced levels of natural radiation;

Si to identify non nuclear industries producing
NORM waste, to make an inventory of occurring
problems and to propose feasible solutions or
actions when required;

a to maintain the know-how of retrospective radon

measurements in real field conditions and to
assess radon decay product exposure by combin-
ing these techniques.

Radioecology:

Ss to evaluate, by means of laboratory and field
experiments, the mechanisms and dynamics
(fluxes) of radionuclide transfers in the biosphere,
considering all factors affecting the transfer
parameters and their variability;

a to develop and to optimise models to predict the
fate of radionuclides in the bio-geosphere;

S to suggest the most appropriate countermeasures
and remediation options to reduce the public
exposure to artificial and technologically-
enhanced natural radioactivity and evaluate their
feasibility, short- and long-term cost-effective-
ness and sustainability;

a to provide the national and international authori-
ties with adequate information, enabling them to
reliably assess the consequences for the popula-
tion of past, present and potential routine and
accidental releases and to select the most ade-
quate mitigating actions.

Radiation Protection



Radiobiology and epidemiology:

n to study cancer mortality incidence for Belgian
nuclear workers and for people living in the vicin-
ity of the Mol-Dessel nuclear site;

s to elucidate the molecular basis of individual sus-
ceptibility to ionising radiation in the mammalian
embryo during the early phases of its develop-
ment;

m to assess the genetic risk of maternal exposure to
ionising radiation;

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

Ss to monitor the early variations of gene expression
induced by ionising radiation and cytokines;

a to evaluate the use of cytokines and natural sub-
stances for improving radiotherapy protocols;

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

Programme

The impact assessment group is participating in
international validation studies of models for evalu-
ating biospheric concentrations of radionuclides and
doses to humans. The group contributed to the three
themes of the IAEA-programme BIOMASS
(BlOsphere Modelling and ASSessment methods):
radioactive waste disposal, environmental releases
and biosphere processes. In the first and in the third
theme we are participating on behalf of
ONDRAF/NIRAS with our impact assessment mod-
els for radioactive waste disposal. In the second
theme we are in charge of the working group on
remediation assessment. The selected test scenario
deals with the farmland contaminated in Olen by the
radium facility. The group is also involved in the new
project BioMoSA (Biosphere Models for the Safety
Assessment of radioactive waste disposal) of the
5th Framework programme of the European
Commission. The objective is to apply the methodol-
ogy, developed in the BIOMASS programme, for
elaborating practical biosphere models for several
existing sites in Europe, representing different cli-
matic regions. We are responsible for the comparison
of the site-specific models and for formulating con-
clusions with regard to the development of a generic

biosphere model. A comprehensive impact assess-
ment study of the radium storage facility in Olen is
being carried out on behalf of Umicore (former
Union Miniere) with the support of the colleagues of
our Waste and Disposal department.

The radon group made an inventory of the enhanced
natural radioactivity in Flanders on behalf of the
Flemish government. Emphasis was mainly put on
the phosphate industry producing the bulk of NORM

waste. As a support for epidemiological studies, a
new campaign to collect volume traps was started in
Ekaterinburg, Russia, in order to determine the long-
term average radon levels in homes. The expected
radon concentrations in Ekaterinburg are between
100 and 200 Bq/m3. In such a fairly low exposure
region, accurate radon exposure assessments are of
the utmost importance. The first volume traps have
arrived at SCK«CEN and are currently under investi-
gation.

The radioecology group performs research on the
fate of radionuclides in the terrestrial environment
and develops expertise in the application and effec-
tiveness of countermeasures and remediation
options. The following internal research programmes
are carried out:

s a multidisciplinary project on environmental
remediation: an integrated approach towards
impact assessment for and remediation of con-
taminated sites;

B a PhD on modelling of radiocesium distribution
in forest compartments: towards a classification
of forest ecosystems in terms of radiocesium
bioavailability, transport and accumulation;

s a post doctorate on the assessment of myco-rhi-
zosphere processes involved in uranium mobility
and absorption by plants.

The radioecology group is also involved in several
international projects:

K EC-MYRRH (5th Framework programme): use of
mycorrhizal fungi for the phytostabilisation of
radio-contaminated environments;

m IAEA-BIOMASS: expert group on the modelling
of the migration and accumulation of radionu-
clides in forest ecosystems;

m BC-PHYTOR (Inco-Copernicus project): evalua-
tion of willow plantations for the phytbrehabilita-
tion of contaminated arable land and flood plain
areas;

m EC-TACIS: remediation of uranium mining and
milling tailing sites in Mailuu-Suu, Kyrgyzstan.

The epidemiological group performs a retrospective
cohort study among workers in 5 nuclear facilities
in Belgium: SCK-CEN, BELGONUCLEAIRE,
Belgoprocess and the nuclear power plants of Doel
and Tihange. The group made also a comparison of

Radiation Protection



the cancer mortality in the nearly 100 000 inhabitants
of the surrounding communities (Mol, Dessel, Geel,
Retie and Balen) to the general Belgian population.

The radiobiology group carries out internal research
programmes on the following subjects:

s the effects of low doses of ionising radiation with
particular emphasis on apoptotic mechanisms and
their influence on radiation-induced developmen-
tal effects. For this purpose several models are
used: the germinal cells (oocytes), the early
embryonic stages and the developing brain;

a the identification of genes that are up or down-
regulated by ionising radiation, at doses relevant
for radiation protection or radiotherapy;

s the modulation of the radiation sensitivity by nat-
ural compounds;

"Si the use of DNA micro-arrays to identify the alter-
ations in the profiles of gene expression induced
by ionising radiation and cytokines in different
human cell types.

The radioecology group is also involved in interna-
tional programmes:

•s on behalf of EdF (Electricite de France): evalua-
tion of a potential adaptive response to ionising
radiation in female germ cells;

a MELISSA (ESA project): study of the genetic
stability of bacteria exposed to cosmic radiation
in bioreactors embarked on space vehicles or sta-
tions.

Achievements

Radiological assessments and enhanced
natural radioactivity

International validation study BIOMASS

The task groups of the IAEA validation study BIO-
MASS finished their work in the year 2000. Being in
charge of the working group on remediation assess-
ment, we are writing the IAEA-TECDOC, analysing
and discussing the results of the work. Biosphere
models are of great use in decision aiding in remedi-
al programmes. However, most of the models used
were not developed for the purpose of evaluating the
impact of remedial actions and therefore not applica-
ble without major modifications. The major dose
contribution to residents living on a site contaminat-
ed with radium is often due to the inhalation of
indoor radon. The knowledge about the processes
determining the infiltration of radon in dwellings is
rather limited. Due to the complexity and to the rela-

tively poor information of the various processes
involved, the modelling approach is highly empirical
or merely theoretical and so often unsatisfactory.

Radiological impact assessment study on behalf

of Umicore

We are performing the impact assessment study of
the radium storage facility of Umicore (former
Union Miniere) in Olen. Normal and altered evolu-
tion scenarios, identified in a preceding scenario
study finalised in 2000, are considered. The Waste
and Disposal department performed the first part of
the study dealing with the characterisation of the site,
the waste and the technical barriers and with the
leaching of the contaminants towards the groundwa-
ter. The second part of the study deals with the radi-
ological impact. The section on "altered evolution"
scenarios with direct exposure from the waste is
finalised. For the normal and associated evolution
scenarios (exposure of humans through distribution
in the biosphere) only the modelling of the biosphere
is completed (see figure). The radiological impact
will be calculated after receiving the groundwater
flowmodel (Van Autenboer, LUC).

The altered evolution scenarios with direct exposure
from the waste include:

B construction scenarios, with exposure of the con-
struction workers (construction of buildings,
roads, or the widening of the existing canal on the
site);

s residence scenario, with exposure of residents in
dwellings built on the site;

B borehole scenario, with exposure of investigators
in their laboratory examining cores (samples)
taken from the waste.

The radiological impact for the altered evolution sce-
narios is expressed in terms of radiological risk. Such
a risk consists of two components: the dose conse-
quence when the scenario occurs and the probability
of occurrence of the scenario. A quantitative estima-
tion of the probability of occurrence and consequent-
ly of the radiological risk is however very difficult.
Therefore only individual doses are assessed for con-
servative hypotheses. The residence scenario and the
enlargement of the existing canal yield the highest
individual doses to the critical group, respectively
due to the long residence time and to the proximity
of the waste in the bunkers during the construction
work. The major exposure pathways are radon
inhalation and external irradiation respectively.
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Scheme of the exposure pathways in the biosphere for the normal evolution scenario of the radium storage
facility ofUmicore in Olen

Overview of NORM in the phosphate industry

in Flanders

The most important source of enhanced concentra-

tions of natural radionuclides from industrial origin

in Flanders is the phosphate industry. Between 1920

and 2000, five phosphate plants processed 54 million

tons of phosphate ore containing 65 TBq of radium-

226 and 2.7 TBq of thorium-232. Depending on the

production process, the radionuclides turned up in

the end products, were released in surface water or

deposited as waste. The figure shows a schematic

overview of the radionuclide flow in the phosphate

industry. You can see that large amounts of phospho-

gypsum were produced, most of which is still present

on deposits in Flanders. It has typical radium con-

centrations of 800 to 1 000 Bq/kg. A substantial area

of more than 200 ha in the river valleys of the Grote

Laak but mostly in the Winterbeek has also been con-

taminated with radium, yielding soil radium concen-

trations of sometimes more than 10 000 Bq/kg. From

a radiological point of view, the situation does not

Five phosphate plants processed about 54 Mt of phosphate ore between 1920 and 2000
containing 65 TBq radium-226 and 2.7 TBq thorium-232
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Dispersion of radionuclides by the phosphate industry in Flanders from 1920 to 2000

Radiation Protection



pose any immediate concern. Some places however

need further investigation, with special emphasis on

the control of radon concentrations in dwellings and

workplaces built on the deposits. In some places,

restriction of land use, or even remediation would be

advisable. There is definite need for ensuring the

durability of the various sites, so that they will con-

tinue to be recognised as deposits with enhanced nat-

ural radioactivity. The results were published in an

internal SCK'CEN report that serves as a base docu-

ment for the yearly report on environment and nature

of the Flemish Environment Agency (VMM).

Radioecology

Factors affecting uranium availability and transfer

Properties of soils and minerals affecting uranium

availability

The bioavailability of uranium in soils is affected by

the properties of the dominant uranium bearing min-

erals and the solid-phase sorption-desorption reac-

tions, which control its mobility. Uranium mining

debris was sampled at different depths on a 35-year

old reclaimed dumpsite situated in Saxony (Wismut

Company, Germany). Synthesised iron oxide

(goethite) and carbonate (calcite) were used as refer-

ence materials to determine the uranium retention

properties, because of their importance as soil and

mine debris components. Batch sorption tests were

conducted under varying pH, citrate and H2PO4-, to

mimic the chemical conditions that may arise in rhi-

zospheric mobilisation tests. Goethite sorbs general-

ly more uranium than calcite both in acidic and alka-

line conditions. Increasing the phosphorus contents

hardly affect uranium sorption on goethite while ura-

nium sorption on calcite is increased with solution

phosphorus. Uranium sorption on both minerals is

considerably depressed in presence of citrate. Batch

testing of the affinity of the pure soil phases for ura-

nium will continue. In addition, a series of Belgium

soils were characterised and an experiment is set-up

to test the effect of soil properties on uranium bio-

incorporation.

Root effect on soil chemical parameters and uranium

mobilisation in the rhizosphere

Rhizospheric soil consists of a dynamic microenvi-

ronment where reactions between soil, plant and

micro-organisms are intensified and may proceed

differently than in the bulk soil. In particular, weath-

ering effects due to root activity (change in pH,

release of exudates, ...) can influence the mobility

and bioavailability of uranium associated with the

poorly soluble mineral phase. Preliminary rhizos-

pheric mobilisation tests show that Indian mustard

absorbs uranium from uranium-goethite two times

Rhizospheric mobilisation test with ryegrass

more than ryegrass. In both cases the uranium frac-

tion in the root represents more than 99 % of the total

uranium transferred to the plant.

Myco-rhizosphere processes involved in uranium

mobility and absorption by plants

Arbuscular mycorrhizal fungi are the most wide-

spread root symbionts, forming associations with the

majority of vascular plants. The beneficial effects for

the plants are an improved mineral acquisition and

growth, and a greater resistance to stress. In vitro

experiments were carried out to study the role of

mycorrhizal fungi in the mobilisation and transfer of

uranium to plants. Biological material consisted of

transformed carrot roots and an arbuscular mycor-

rhizal fungus. In a first experiment, mycorrhizal and

non-mycorrhizal roots were cultured on a medium

contaminated with 233U. No significant difference

between mycorrhizal and non-mycorrhizal roots in

terms of uranium concentration in roots was

observed. The increased exploitation of the contami-

nated medium by the hyphae of the myccorhized

roots hence does not result in a higher contamination.

In a. second experiment, mycorrhizal roots were cul-

tured in compartmentalised Petri dishes allowing

only the hyphae to explore the compartment contain-

ing the 233U contaminated solution. For the three pH

scenarios screened (4.0, 5.5 and 8.0), the uranium

content in the hyphae and spores growing in the con-

taminated compartment represented 0.42, 9.2 and

4.2 % of the total initial uranium. The fraction of ura-

nium transferred to roots was 3 to 10 times lower.

These preliminary results indicate, contrary to the

common belief, that uranium predominantly accu-
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mulates in or adsorbs on mycorrhizal fungal struc-

tures with a very limited transfer to the roots.

Management of contaminated land

Management of large areas contaminated by a

nuclear accident

In the context of an Inco-Copernicus project, we

evaluated the feasibility of different phytomanage-

ment options for land contaminated by the

Chernobyl accident. Willows effectively reduce the

vertical migration of radiocesium and strontium

decreasing the contamination of the ground water.

Tests to use willow mats for the reclamation of the

Chernobyl cooling pond sediments are promising.

An assessment using a geographic information sys-

tem was performed to indicate the contaminated

areas where short rotation coppice of willows is fea-

sible based on radioecological, productivity and eco-

nomic criteria.

We continued the screening and sampling of Scots

pine ecosystems contaminated by radiocesium

deposits from Chernobyl. The assessment of the

cesium cycling dynamics revealed the effect of tree

age on cesium and potassium behaviour. The cesium

accumulation in the wood is 3 times higher than

potassium. The collection of soil and tree samples

was completed by investigating a toposequence of

Scots pine plantations in Vetka (Belarus) charac-

terised by a gradient of soil moisture (from dry pod-

zolic sandy soil to peat). For the different soil-tree

associations, the accumulation rate of cesium in

trunk wood was compared with the pool of cesium

available for root uptake in the surface soil layers. A

good correlation was found when only the organic

layers were considered. This proves the role of

organic soil layers as main long-term cesium source.

Our findings open perspectives for improvement of

existing models of cesium cycling in forest ecosys-

tems. Indeed, an IAEA comparison of existing mod-

els for a Chernobyl contamination scenario suggests

that efforts for improving model predictions of radio-

cesium transfer to tree wood, needles and shoots,

should be directed to a better simulation of root

uptake processes and radionuclide translocation in

the tree.

Knowledge gathered from both the chronosequence

and toposequence studies will be included into a new

cesium cycling model for contaminated forest

ecosystems. In particular, the long-term cesium accu-

mulation in wood will be compared with simulation

results from existing models. The model will be

inputted to a geographic information system and

used to evaluate various management strategies of

contaminated wood stocks at the level of a rural dis-

trict.

Management of areas contaminated as a result of

uranium mining and milling activities

The TACIS-project on the remediation of uranium

mining and milling tailings in Mailuu-Suu

Kyrgyzstan started this year under co-ordination of

SCK-CEN. Near the town of Mailuu-Suu and on the

slopes of the Mailuu-Suu river valley there are 36

tailings and waste rock dumps with high risk for

Making a borehole to determine the radionuclide
content and relevant dispersion parameters and to
install a piezometer at a uranium mine tailing

Monitoring the gamma exposure of a uranium mine tailing in Mailuu-Suu,
Kyrgyzstan
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potential exposure. The objective of the study is to
evaluate and prepare measures to reduce the radio-
logical exposure, to prevent environmental pollution
by radionuclides and heavy metals (in case of loss of
tightness of dams and damage to tailings and heaps
by land and mudslides) and to propose sustainable
remedial options.

SCK'CEN is involved in the determination of the
source term of the tailings, and the evaluation of the
exposure pathways (see picture). The latter includes
gamma scanning of the contaminated residues, the
installation of an environmental monitoring network
for long-term gamma and radon measurement, eval-
uation of aquatic pathways and investigation of the
critical group characteristics. The information will
serve as input for the radiological assessment and
proposal of remedial measures.

Multidisciplinary approach to environmental reme-

diation
Different SCK«CEN research groups (Radioecology,
Radiological Assessments, Performance Assessment,
Geological Disposal) work together in a multidisci-
plinary project to strengthen our competence as advi-
sory body in environmental impact assessment and
rehabilitation. A conceptual vegetation model was
framed. The model needs further development and
calibration with experimental data on the radioce-
sium cycling in Chernobyl contaminated forests and
on the cycling of naturally occurring radionuclides in
forests developed on waste dumps from the uranium
mining and milling industry (Wismut, Germany).
The group collaborates with Wismut and Vito on the
development of permeable reactive barriers, a prom-
ising approach for the abatement of contaminated
plumes in groundwater. Various reactive materials
including ferric oxyhydroxides, coarse- and fine-
grained zero-valent iron, aluminium-iron oxides and
zeolites were tested for their ability to remove urani-
um from groundwater. Fine-grained zero-valent iron
proved to be most effective with uranium removal
efficiencies up to 99 %. Results further indicated a
positive correlation between dissolved inorganic car-
bon content and dissolved uranium at equilibrium.
Zero-valent iron is a promising material for use in
permeable reactive barriers because it can be easily
obtained at a fairly low price. Research activities will
continue in this area.

Epidemiology

So far, we included 7 300 nuclear workers in our ret-
rospective cohort study. Data collection and data
transfer to the IARC have been completed by the end

of October 2001. In the Belgian workforce, no
increase of cancer mortality in neither man nor
women has been detected.

In the environmental study, cancer mortality among
the local inhabitants has been analysed for the 1969-
1992 period. National and regional data on total can-
cer mortality, leukaemia, lung cancer, thyroid cancer
and cancer of the breast were obtained through the
Institute of Statistics. Demographic data were
extracted from the National Population Registry. So
far, no increase in cancer mortality compared to the
general Belgian population could be observed in the
Mol-Dessel region.

Radiobiology

Mechanisms of radiation-induced developmental

effects

Role of apoptosis in the protection against external
malformations

With the advances of molecular biology, mice, defi-
cient for various genes involved in DNA damage

response, have become more and more available.
Studies performed with such animals will greatly
help to understand the mechanisms of the special
radiation-sensitivity of the embryo. Studies were ini-
tiated last year in our laboratory, using various mouse
strains deficient for the p53 gene (the so-called
"genome guardian"), which is known to play a key
role in apoptosis (or "programmed cell death") and
cell cycle regulation in adult tissues. Mutations in
this gene led to a substantial increase of spontaneous
and radiation-induced foetal malformations.
However, our studies also evidenced the existence of
other, p53-independent mechanisms of apoptosis
operating at specific developmental stages or in par-
ticular organs and able to modulate the embryonic
response to radiation. Altogether, our results show
that apoptosis exerts a significant protection against
radiation-induced foetal malformations by eliminat-
ing teratogenically injured cells from the developing
organs.

Role of apoptosis in radiation-induced brain

pathologies

Apoptosis is an essential event in normal brain devel-
opment for eliminating excess cells. It allows the
survival of only the healthy and rightly migrated and

connected neural cells. An increased apoptotic
process elicited by radiation might eliminate neural
cells and deeply impair the establishment of the neu-
ral cell network. This will lead to brain pathologies
like mental retardation and acute or chronic neurode-
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generative processes (e.g. Alzheimer's disease) that

can appear later at birth or during the adult life. Our

current effort is focussed on the radiation-induced
apoptotic response of neural embryonic cells after

exposure (doses up to 600 mGy of X-rays).

Radiation-induced apoptosis was previously evi-

denced by DNA ladder electrophoresis within 6

hours following exposure. The cortex, hippocampus

and cerebellum are now isolated and investigated
separately for apoptotic response by flow cytometry.

This allows a more accurate and quantitative evalua-

tion of apoptosis. The most sensitive period is deter-

mined by a kinetic study from embryonic day 15 to
18. The mechanism of apoptotic response is further

investigated on the particularly sensitive p53 knock-

out mice.

Contribution of genetic instability to the radiation-

induction of developmental effects

Minisatellites (variable number of tandem repeats)

are DNA sequences of variable lengths, located in
non coding regions of DNA and characterised by an

extremely high level of spontaneous mutations in

germ cells (100 to 1000 times higher than that occur-
ring in DNA regions corresponding to active genes).

Mice from different strains could possibly differ in

their rates of spontaneous or radiation-induced min-

isatellites mutations. Although the potential conse-

quences of such mutations are not known, the genet-

ic instability, which they reflect, could partly con-
tribute to the differential radiation sensitivity

observed in embryos from different strains. As much

as 18.75% of unirradiated foetuses from the BALB/c
strain (whose embryos are very radiosensitive)
exhibited changes at the hypermutable mimsateilite

Hm-2, as compared to their parents. Interestingly,
80% of the DNA changes resulted from mutations in

the maternal germ cells. In the C57BL strain, whose
embryos are less radiosensitive, lower spontaneous

mutation rates were found (5%), and those were

equally distributed between maternal and paternal
DNA. Similar studies are under way, after X-irradia-

tion of female mice 10 days before ovulation and fer-

tilisation. Earlier studies have shown that this stage
of oogenesis is particularly sensitive to radiation-

induction of various genetic effects (chromosome

aberrations, embryonic malformations). As could be

expected, irradiation of BALB/c and C57BL one-cell
embryos just after fertilisation did not result into

an increase of the rate of minisatellite mutations

observable in the foetuses.

Adaptive response in female germ, cells exposed to

low doses of ionising radiation

Cells, tissues or organisms can often improve their

ability to respond to a "challenging" stress when they

have been exposed to a smaller "inducing" amount of
the same or a similar stress. Such an adaptive

response has been noted after exposure of somatic

cells to a variety of stresses. A contract has been
established with EdF (Electricite de France), to

investigate the possibility of an adaptive response in

the female germ cells exposed to very low doses of

ionising radiation. For this purpose, a culture system
allowing development and maturation of

follicle/oocyte complexes from the mid-growth stage

(2 layers of follicle cells) to the Graafian pre-ovula-
tory stage has been successfully established. The

duration of the culture is 12 days and will allow to
perform radiation exposures of the germ cells at var-

ious and well characterised stages of oogenesis.

Oocytes will be analysed for chromosome aberra-

tions and DNA repair capacity, after X-irradiation

preceded or not by a small "inducing dose" given

shortly before.

Modulation of radiation sensitivity by natural

compounds

Ionising radiation is widely used in radiotherapy to

kill cancerous cells. The need for new substances that
could enhance the radiation sensitivity of cancerous

cells is of great interest. We studied the effect of epi-

gallocatechin gallate (EGCG), a tea component with
antitumor properties, on cell proliferation and on

radiation-induced apoptosis and/or necrosis in two

human leukaemic cell lines. Simultaneous exposure
to X-irradiation and EGCG resulted in a synergistic
decrease of cell proliferation as well as in a synergis-

tic increase of apoptosis and necrosis. These results
suggest that, depending on the concentration, EGCG

could enhance radiation-induced apoptosis in
leukaemia cell lines. Further characterisation of this

process is under way.

Identification of genes up-or down-regulated by

ionising radiation

The profile of gene expression is the pattern of

expressed genes (increase or decrease) in a given tis-

sue or cells under specific conditions such as oxida-
tive stress, ionising radiation etc... The identification

of these profiles allows the deciphering of the molec-

ular mechanisms affected by ionising radiation. The

subtractive-suppressive DNA hybridisation (SSH) in
combination with DNA micro-array technology

appears to be a suitable technique to identify human

genes that are modulated by ionising radiation
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(X-rays) at doses relevant in radiation protection
(10 mGy to 2 Gy), or at doses relevant in fractionat-
ed radiotherapeutic treatment of solid tumours
(2-8 Gy). The induced or repressed genes are then
confirmed by the use of real time quantitative PCR
(polymerase chain reaction). The combination of
such complementary techniques allows not only
qualitative selection (induced or repressed genes iso-
lated by SSH or detected by micro-arrays) but also
quantitative analysis helping to establish dose-
response curves to determine maximal induction
and/or repression of genes involved in the post-ionis-
ing radiation regulated processes.

We studied the profile of gene expression in human
HeLa cells infected with a recombinant adenovirus
expressing an papillomavirus E2 protein fused to
green fluorescent protein (OFF). In this system we
found a good correlation between the level of regula-
tion of genes selected by SSH and those confirmed
by the use of real time quantitative PCR. We com-

pared, in collaboration with the VIB (Vlaams
Interuniversitair Instituut voor Biotechnologie)
micro-array facility in Leuven, the profile of gene
expression in normal and malignant human blood
cells. The behaviour of these cells after exposure to
ionising radiation (cell cycle distribution, apoptosis
and survival) is characterised by flow cytometry. The
preliminary results obtained by hybridisation on the
VIB micro chips (12 000 clones) with messenger
RNA isolated from Jurkat cells, 12 and 23 h after X-
irradiation with 0.5 and 2 Gy, showed a general
repression of cytokines and genes involved in signal
transduction pathways.

Evaluation of the genetic stability of bacteria

exposed to cosmic radiation

In 2001, the radiobiology group embarked on a close
collaboration with the microbiology group of the
Radioactive Waste & Clean-Up division on molecu-
lar biology programmes applied to nuclear and envi-
ronmental microbiology. Two topics were especially
addressed:

ss the genome of the bacterium Ralstonia metallidu-

rans CH34;

sS the genetic stability of bacteria to be used in
bioreactors aboard space vehicles or stations

(MELISSA project).

The soil bacterium Ralstonia metallidurans has been
studied in Mol since 25 years and is especially adapt-
ed to grow in harsh environments polluted by heavy
metals and man-made chemicals. Due its potential in

bioremediation, the genome of this bacterium was
fully sequenced by the Joint Genome Institute in
Walnut Creek, USA (sponsored by the US
Department of Energy). This occurred at the initia-
tive of Brookhaven National Laboratory and in col-
laboration with SCK'CEN, Vito and a consortium of
Belgian laboratories. The draft sequence now avail-
able is made of a few hundred fragments that have to
be closed in order to find the circular organisation of
the bacterial chromosome and plasmids. Using a
variety of techniques, around 150 fragments were
found to be close neighbours or were joined. The
major purpose of this genomic work is the study and
the use of genes involved in the stress and survival
responses and in the processing of metallic elements
including those of the most relevant radionuclides.

The MELISSA project is sponsored by the European
Space Agency (ESA) and starting at the end of 2001.
MELISSA stands for Microbial Ecological Life
Support System Alternative and is a concept devel-
oped in SCK'CEN in 1988. MELISSA is a closed
system of axenic microbial bioreactors designed as
successive compartments to fully recycle the waste
(in oxygen, clean water and food) produced by the
inhabitants of space vehicles or permanent stations.
Waste recycling is of major importance for long term
space expeditions. ESA is much concerned by the
genetic stability of bacteria that will be used in the
MELISSA recycling loop, and especially by the
response of the MELISSA bacteria and of Ralstonia

metallidurans as a model system to microgravity and
to exposure to cosmic radiation.

Perspectives

The radiological assessment group concluded a con-
tract with Umicore for an additional impact assess-
ment study concerning the excavation of the radium
sources from the radium storage facility. The dose
savings to the critical groups in the normal and
altered evolution scenarios from the elimination of
the sources will be assessed, as well as the doses
received by the excavation workers. A new contract
is obtained from ANTEA for a radiological impact
assessment of an alternative approach for the man-
agement of the liquid 22Na contaminated effluents
evolving from the dismantling of the Superphenix

reactor at Creys-Malville. Instead of a direct dis-
charge into the Rhone, incorporation into concrete
cells is envisaged.

The radon group will conduct a follow up study of
the radionuclide inventory in the phosphate industry
to identify improper land use of NORM (Naturally
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Occuring Radioactive Materials) contaminated land.
For example, radon measurements are being per-

formed in buildings and dwellings built on radium
contaminated land.

The radioecology group will concentrate on the

study of the myco-rhizosphere processes affecting

radionuclide uptake, on the parameters that affect the

soil-to-plant transfer and on the radionuclide cycling
in perennial vegetation systems. Our attention has

gradually shifted from cesium and strontium to the
natural radionuclides uranium and radium. We will

valorise our expertise in international collaboration

projects where the knowledge on system radioecolo-

gy is one of the important cornerstones in a multidis-

ciplinary approach towards environmental remedia-
tion (e.g. re-vegetation projects of surface burials,

remediation of uranium mining and milling tailing
sites).

The epidemiology group will continue to analyse

cancer mortality in the vicinity of the Mol-Dessel

nuclear site, and among the Belgian nuclear workers
(also FBFC International will join this study in

2002). The IARC aims to publish the results of the

nuclear workers pooled study before the end of the
year 2002.

The radiobiology group will pursue its effort on the
effect of ionising radiation on the developing organ-

ism. Mutations in genes involved in various impor-

tant DNA damage repair pathways will be investi-

gated for their influence on embryonic radiation sen-

sitivity, with a particular emphasis on the more fre-

quent heterozygous mutations. In this context a
research project will be submitted to the 5lh Frame-
work programme of the European Commission in
collaboration with 5 other European laboratories.
The identification of the apoptotic pathways in the

irradiated central nervous system will be further
studied by immunocytochemistry on neural cell cul-

tures. The profile of gene expression after irradiation

of normal and malignant blood cells, as well as of

secondary tumours following radiotherapeutic treat-

ment, will be defined by micro-arrays and subtrac-
tive-suppressive DNA hybridisation methods. The

methods will be optimised for the study of gene
expression in irradiated female germ cells and very

early embryonic stages, as well as in the irradiated

foetal brain.

A second project will be introduced at the European

Space Agency on the early detection of microbes and

microbial genetic events in space environments with

special attention to gene dissemination, microgravity
and cosmic radiation.

ANL

BNL

CEA

CIEMAT

CLRP

CNRS

GSF

IARC

ICBGE

Alex Stuart Assayers, Ltd.

(Bishkek, Kyrgyzstan)

BELGATOM (Brussels, Belgium)

CROWN AGENTS (London, UK)

GEOPRIBOR (Bishkek,

Kyrgyzstan)

GESTER (Paris, France)

Institut Pasteur (Paris, France)

Kara Balta Mining Combinate

(Kara Balta, Kyrgyzstan)

Studsvik EcoSafe (Nykoping,

Sweden)

University of Bergen (Bergen,

Norway)

University of Maastricht

(Maastricht, The Netherlands)

University of Mons (Mons,

Belgium)

University of Utrecht (Utrecht,

The Netherlands)

University of Veszprem

(Veszprem, Hungary)

Vinca Institute of Nuclear

Sciences (Belgrade, Yugoslavia)

Wismut GmbH (Germany)

Argonne National Laboratory

(Argonne, USA)

Brookhaven National Laboratory

(New-York, USA)

Commissariat a 1'Energie

Atomique (Grenoble, France)

Centra de Investigaciones

Energeticas, Medioambientales y

Technologicas (Madrid, Spain)

Central Laboratory for

Radiological Protection (Warsaw,

Poland)

Centre National de la Recherche

Scientifique (Paris, France)

GeseJlschaft fiir Strahlen- und

Umweltforschung (Neuherberg,

Germany)

International Agency for Research

on Cancer(Lyon, France)

Institute of Cell Biology &

Genetic Engineering (Kiev,

Ukraine)
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INRA Institut National de la Recherche

Agronomique (Jouy-en-Josas,

France)

IPSN Institut de Protection et de Surete

Nucl6aire (Cadarache and

Fontenay-aux-Roses, France)

KULeuven Katholieke Universiteit Leuven

(Leuven, Belgium)

NRG Nuclear Research Group -

Radiation and Environment

(Arnhem, The Netherlands)

NRI Nuclear Research Institute (Rez,
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NRPB National Radiological Protection

Board (Didcot, United Kingdom)

PSI Paul Scherrer Institute (Villigen,

Switzerland)

RIAR Russian Institute for Agricultural

Radiology (Obninsk, Russia)

RIR Research Institute of Radiology

(Gomel, Belarus)

RIS0 Ris0 National Laboratory

(Roskilde, Denmark)

SENES Series Oak Ridge Inc. (Oak Ridge,

USA)

SPA Typhoon Scientific Production Association

Typhoon (Obninsk, Russia)

SSI Swedish Radiation Protection

Institute (Stockholm, Sweden)

UCL Universite Catholique de Louvain

(Louvain-la-Neuve, Belgium)

UHMI Ukrainian Hydrometeorological

Institute (Kiev, Ukraine)

RUG University of Ghent (Ghent,

Belgium)

ULB Universite Libre de Bruxelles

(Brussels, Belgium)

Ulg University of Liege (Liege,

Belgium)

VIB Vlaams Interuniversitair Instituut

voor Biotechnologie (Flanders,

Belgium)

Vito Vlaamse instelling voor technolo-

gisch onderzoek (Mol, Belgium)

VUB Vrije Universiteit Brussel

(Brussels, Belgium)

ANTEA (Orleans, France)

Belgoprocess (Dessel, Belgium)

Electrabel (Langerlo, Belgium)

Tessenderlo Chemie (Tessenderlo,

Belgium)

Umicore (Olen, Belgium)

EC European Commission

(Luxemburg, Grand Duchy of

Luxembourg and Brussels,

Belgium)

EdF Electricite de France (Paris,

France)

ESA European Space Agency (ESTEC,

Noordwijk, The Netherlands)

ONDRAF/NIRAS Belgian Agency for Radioactive

Waste and Enriched Fissile

Materials (Brussels, Belgium)

VMM Vlaamse Milieu Maatschappij,

Flemish Environment Agency

(Mechelen, Belgium)
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CHRISTIAN HURTGEN

LOW-LEVEL RADIOACTIVITY MEASUREMENTS

Background

The low-level radioactivity measurements service

performs measurements of alpha or beta emitters on

various types of low-radioactivity samples (biologi-

cal and environmental) from internal and external
clients.

Objectives
s to maintain and develop techniques concerning

the measurements of low-level radioactivity of
alpha and beta emitting radionuclides in environ-

mental and biological samples;

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

ground counters (liquid scintillators, proportional
counters, ZnS counters and alpha-spectrometers);

:s to support and advise the nuclear and non-nuclear
industry on problems of radioactive contamina-

tion and low-level radioactivity measurements;

s to maintain and improve the quality assurance

(QA) system according to the ISO 17025 stan-
dard for which we obtained the Beltest accredita-

tion in 1998 and to expand this QA system to all

our routine measurements;

as to assess the internal dose from occupational

intakes of radionuclides for workers in the

nuclear industry.

Programme

Our laboratories offer low-level radioactivity meas-

urements of:

as total alpha and beta activity with proportional and
ZnS counters;

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

uid scintillation;

s 90/89Sr and 131I activity measurements with propor-

tional counters;

p 226Ra and 222Rn by the emanation method;

H natural uranium by fluorimetry;

m polonium, thorium, uranium, plutonium, neptuni-

um, americium and curium by alpha spectrome-

try;

These measurements are performed on biological

and environmental samples.

Achievements

In 2001, the Low-level Radioactivity laboratories

have measured more than 9800 samples, yielding

more than 13000 results. These services were pro-
vided for half to SCK-CEN and half to external

clients.

Our laboratories analysed 3891 biologic samples
(3559 urine, 322 nose-blow and 10 faeces). These

analyses were requested for 85% by Health Physics
departments of external clients for the control of

workers handling radioactive materials. The main
elements measured in these samples are plutonium,
uranium, americium and tritium. In 2001,1 979 urine

sample analysis were measured for uranium in urine

from the Belgian military contingent on their return

from Kosovo. During this screening program (from

1999 to 2001), in the 6034 urine samples analysed,
we have not found any positive results showing that

no significant contamination has occurred for the

Belgian military contingent during their sojourn in

Kosovo.

Within the framework of radiological survey of

nuclear installations, our laboratories have measured

numerous environmental samples. Daily airborne
dust samples collected on SCK-CEN's site at Mol,

were measured for total alpha and beta activities. For

2001, the average total alpha and beta activity in air-
borne dust was 0.03 mBq/m3 and 0.49 mBq/m3

respectively. Weekly rainwater samples collected at

SCK'CEN were also measured for alpha and beta
activities. The average total alpha and beta activity of

rainwater was 15 and 131 mBq/1 respectively. The

results obtained in 2001 were not significantly dif-

ferent from those measured previously. Our laborato-

ries measured environmental samples collected at or
around SCK«CEN or nuclear facilities such as Doel,

for alpha and beta global activity and for tritium,
90Sr, 1311,226Ra, uranium, plutonium and americium.

These samples consisted of surface water, river
water, soil, sediment, fish and milk.

Our measurement capabilities have also been made
available to research groups of our institution. In par-

ticular for the division Radioactive Waste & Clean-

up, measurements have been performed for the

research on Waste package, Migration studies and
the technical liability.

At the request of the Health Physics Department, we

performed numerous measurements for the control

of SCK'CEN installations such as the reactors BR1

and BR2 and the chemistry building and for the con-

trol of the environment in and around our institution.

Our laboratory has set-up a new analytical procedure

for the analysis of uranium using a KPA (Kinetic
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Phosphorescence Analyser). In the near future, this

procedure will be applied to the routine uranium

determination in urine samples.

As part of the QA system to control the quality of our

analyses, our laboratories participate successfully in
the yearly intercomparison exercises organised by

PROCORAD. These exercises involved bioassay

measurements of tritium, Sr, Cs, U, Np, Pu, Am and

Cm and this year, for the first time HC.

In the scope of the 5"' Framework Programme our
laboratory takes part in the project OMINEX

(Optimisation of Monitoring for Internal Exposure).

We are in charge of one of the Work Packages of
OMINEX, namely WPS, "Uncertainties in measure-

ments". This work package is focussing on the uncer-

tainties associated with indirect measurements such

as bioassay of urine and faeces, and direct (in vivo)
measurements such as whole-body, lung or thyroid
monitoring.

The aim of this work package is to compile descrip-

tions of the measurement procedures used by EU lab-
oratories for monitoring of workers from the nuclear

industries, quantify the associated measurement

uncertainties, and investigate how the available

methods and techniques can be exploited in such a

way as to reduce these uncertainties.

For bioassay measurements, investigations are con-
centrating on analytical procedures set up for moni-

toring actinides (Th, U, Pu and Am). Detailed infor-
mation is being requested from laboratories concern-

ing chemical procedures, chemical tracers, measure-

ment procedures, calculation of uncertainties, deter-

mination of detection limits and measurement equip-
ment used.

For in v/vo measurements, information is being
requested on detector systems, measurement geome-

tries, calibration phantoms, calculation of uncertain-
ties and systematic errors, calculation of detection

limits, and confidence intervals/detection levels for

various radionuclides. Investigations are concentrat-

ing on measurements of Pu, Am, U and Th in the

lungs, fission products in lungs and whole body, and
iodine in thyroid.

We have set-up several questionnaires to gather all
these information. These questionnaires have been

sent to 55 European laboratories and also to 16 labo-

ratories in the rest of the world.

Perspectives

As an ongoing process, we will continue document-

ing our routine analysis methods according to ISO
17025 standard and the overall SCK'CEN's QA pro-
cedures in view to expand our accreditation to all our

analytical procedures. In 1998 our laboratory
obtained the accreditation for the global alpha and
beta measurement procedure and for the liquid scin-

tillation measurement procedure. In 1999 and 2001,

our accreditation was confirmed and extended to the
90Sr analytical procedure. In 2001, this accreditation

was extended to the 131I and nose-blow analytical

procedure. The next step is an extension of this
accreditation to the a spectrometric measurements of

the bioassay samples, the analyses of 226Ra and 222Rn
by the emanation method and the measurement of

natural uranium by the Kinetic Phosphorescence

Analyser.

In the scope of the 5* Framework Programme our

laboratory will take part in the project IDEAS
General guidelines for the estimation of committed

dose from incorporation monitoring data. AH the
intercomparison exercises have shown that there are

a wide variety of evaluation procedures, depending
on the experience and the skill of the dosimetrist as

well as on the hardware and software tools. However,

for a given set of internal monitoring data in terms of
body/organ activity and/or urine/faecal activity there

can be only one best estimate for the intake and the

committed dose equivalent. This best estimate is well

defined by the monitoring data, the biokinetic models
for the description of the metabolism, and - if avail-

able - some additional information, such as time of
intake, route of intake, aerosol size, absorption type,

fi-factor and eventually previous internal exposures.

The aim of the project is to provide general guide-

lines, which enable everybody to derive this well-
defined standard estimate for any given set of data.
This is of great importance for the harmonisation of

internal dose assessment in Europe and elsewhere.
Our laboratory is in charge of Work Package 1 which

is Collection of incorporation cases and it is devoted
to the collection of data both by means of a biblio-

graphic research (survey on the open literature) and

contacting and collecting data from specific organi-

sations. All the participants in the project will act to

get data from these or other owners of incorporation

cases. Two databases (the bibliographic database and

the incorporation cases database) will be prepared
and some reference cases for the performance of

Work Package 3 will be selected. The incorporation

cases database will be further updated during the

whole period of the project.
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Introduction

In 2000 several laboratories that are involved in the
broad area of non-destructive nuclear metrology
merged together to the department "Safeguards and
Physics Measurements". The department is com-
posed of two sections "Instrumentation, Calibration
and Dosimetry" and "Safeguards and Nuclear
Physics Measurements". This structure will be found
in the objectives, in the programmes, in the achieve-
ments and perspectives. The activities involve
gamma and neutron dosimetry, calibrations and irra-
diations, electronic support, metrology of various
samples including internal contamination of human
beings, of waste barrels and of fissile materials, neu-
tron activation analysis, and radioisotope source
preparation. They are related to services, but also
involve R&D to keep track with ongoing evolutions
in the respective fields and to give additional assur-
ance of the quality of the services.

Background

Dosimetric measurements are important for workers
in the nuclear environment in assuring them safe
working conditions. These measurements involve an
accurate determination of the dose, both gamma and
neutron, and a proper functioning of the equipment
through a regular calibration and an appropriate
maintenance.

The section Instrumentation, Calibration and
Dosimetry renders services in all aforementioned
fields and performs R&D related to neutron dosime-
try and interventional radiology.

In the field of neutron dosimetry, present neutron
personal dosimeters still perform very poorly and
represent a challenge for accurate neutron dose deter-
mination. This is important considering the ICRP60
publication that introduced new and increased quali-
ty factors and lowered the annual dose limits for radi-
ation workers; moreover these recommendations are
now incorporated in the Belgian legislation.

The different laboratories of the section Safeguards
and Nuclear Physics Measurements mainly deal
with:

3 gamma spectrometry of various types of samples
and in-situ gamma spectrometry;

s Whole Body Counting (WBC), actinides quan-
tification in the lungs and activity determination

in wounds contaminated with radionuclides;

t; instrumental neutron activation analysis using the
^-standardisation;

g absolute measurement techniques such as
4u B^-coincidence counting and preparation of
standard gamma sources in different geometry;

8 non-destructive assay techniques for safeguards

verification and assay of nuclear wastes;

s safeguards activities related to the context of
international treaties and their associated verifica-
tion activities.

Objectives

Health physics measurements services

is to render services in the fields of dosimetry,
nuclear calibrations and instrumentation, for
internal and external customers and to maintain
expertise in a wide range of measurements;

s to maintain and develop techniques for the deter-
mination of the radioactivity in various types of
samples and in the human body;

S3 to maintain the quality assurance (QA) system
according to the EN4500 I/ISO 17025 standard for
the different techniques for which we have
Beltest or BKO accreditation and to expand this
QA system where it is required;

s to render services for the non-nuclear and nuclear
industries by performing activity measurements
on samples and to fabricate standard radioisotope
sources;

s to design and develop non-destructive assay
(NDA) instruments for third parties;

8 to render services with neutron activation analy-
sis (NAA);

a to contribute to a prevention of the proliferation
of nuclear materials by providing consultancy,
guidance, scientific and technical support to the
Belgian authorities, nuclear industries and the
inspectorates.

R&D

S to further characterise the BD-PND and BDT
bubble detectors;

Si; to investigate the characteristics of new thermo-
luminescent materials for their use in gamma and
neutron dosimetry;

S to study neutron shielding with the Monte Carlo
simulation code MCNP;
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s to perform neutron spectrometry using a tissue
equivalent proportional counter (TEPC);

S5 to study the optimisation of patient dose linked to
image quality in classical and modem diagnostic
and interventional radiology;

s to improve the qualification and quantification of
nuclear materials via non-destructive assay.

ss to minimise the uncertainty in Whole Body
Counting and in gamma spectrometry measure-
ments of radioactive contamination in the human
body;

s to optimise detection limits for the quantification
of actinides in the lungs by optimal selection of

the detector characteristics;

Programme

Instrumentation, Calibration and
Dosimetry

This section assures dose determinations (gamma
and neutron) on a regular basis for internal and exter-
nal customers, as well as nuclear calibrations of
dosimeters and health physics equipment. It also per-
forms precise irradiations in terms of dose and/or
dose rate. The instrumentation service assures prop-
er functioning and maintenance of health physics
equipment. QA principles are implemented.

Next to the services R&D is performed in the field of
dosimetry and medical applications.

Nuclear Physics Measurements

The programme lines for the exploitation of the lab-
oratories are based on QA principles, identification
of the necessary supporting research where and when
required, actions following internal and external
demands for measurements or services. Our different
laboratories daily perform routine measurements for
internal and external customers, and for the in-vivo
measurements, a 24 h standby regime is assured. The

accuracy of the measurements is assured through the
participation in different proficiency tests and by a
maximum of insight and transparency in the meas-
urement methods e.g. by thorough validation and by
developing our own measurement and analysis soft-
ware.

R&D is performed in the field of Whole Body
Counting (background reduction and detector opti-
misation).

Safeguards

This group assures the nuclear materials accountan-
cy (NMA) of SCK-CEN and contributes to the
implementation of Integrated Safeguards measures
in Belgium. It performs R&D and provides technical
assistance to the inspectorates through the Belgian
Support Programme and renders services to internal
and external customers.

Achievements

Health physics measurements services

Instrumentation, Calibration and Dosimetry

Dosimetry

m The dosimetry service assures the personal
dosimetry of more than 4 700 workers in different
companies and hospitals. Furthermore extremity
and ambient dosimeters are also supplied. All
these dosimeters are based on the thermolumines-
cence (TL) principle;

H While the QA-system for the environmental
dosimetry service is in operation, the effort for
QA accreditation of the personal dosimetry is
continued. A series of procedures and instructions

describes the whole process. Furthermore, a
whole set of quality control measures is imple-
mented. These include a systematic control of the
glow curves, a daily check of the read-out system
and the follow-up and control of the calibration
values. For the second year the whole process is

monitored by a "dummy" customer that indicates
us the overall performance of our service.

Calibration

n The calibration service calibrates all radiation
detectors at the Centre. They also calibrate neu-
tron monitors, gamma monitors and electronic
personal dosemeters (EPD) for customers outside
SCK>CEN;

s The calibrations with 252Cf neutrons and those of
the Siemens EPD have a BKO QA accreditation.
A new set-up was installed to calibrate also the
new type (MK2) of Siemens dosimeters.
Accreditation is being prepared for calibrations
with 137Cs and ^Co in different set-ups;

s Spectrometric measurements were done to char-
acterise the X-ray qualities that can be produced

at the Laboratory for Nuclear Calibrations, and to
determine the half-value thicknesses. The X-ray
spectra are produced according the ISO 4037
standard.
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Laboratory for Nuclear Calibrations

Instrumentation

s The instrumentation service is responsible for the
maintenance of all the electronic measuring
devices used in radiation protection at SCK-CEN.
All the radiation and meteorological survey sta-
tions located near SCK«CEN are also maintained
by the instrumentation service.

Nuclear Physics measurements

s Routine measurements in 2001 are: 1 300 analy-
sis for the laboratory for gammaspectrometry,

1 300 analysis for the laboratory for Whole Body
Counting and 150 gamma assays on waste drums
for the laboratory for non-destructive assay;

;g The equipment used for Whole Body Counting
was renewed. The investments aim at replacing
old hardware and in increasing the number of
detection chains;

;a The software used for the Whole Body Counting
is adapted for a Windows environment;

;:s The scope of accreditation was expanded and
now includes also gamma spectrometry measure-
ments on In/Au foils for personal dosimetry, and
activity determination with the Low Level Waste
Assay System Q2;

S3 21 children from Chernobyl were measured in
our Whole Body Counters with the aim to deter-
mine the degree of internal contamination. Some
of these children have been measured twice in
order to determine the biological half-life of B7Cs
in the body;

B We designed and developed a passive neutron
coincidence counter based on time interval analy-

sis (TIA), a coincidence counting technique based
on auto correlation functions of time intervals
between detected pulses. The treatment of pulses
is based on software and is especially suited for
very low count rate applications;

Five fork detectors, used for safeguards verifica-
tion measurements on spent fuel assemblies
under water, were built for Euratom
(Luxembourg).

R&D

Instrumentation, Calibration and Dosimetiy

li A test programme was started to investigate dif-
ferent methods of computerised glow curve
analysis (COCA) in real measurement conditions.
These methods help in reducing the uncertainties
and the detection limits. The methods were devel-
oped by CIEMAT (Spain) and are now tested
with glow curves from SCIOCEN;

s A basic set-up was constructed to perform opti-
cally stimulated luminescence (OSL) measure-
ments. Using a low-power laser, dosimetric sig-
nals from A12O3:C could be detected. The signals
were too low for use in routine, but with more
optimised equipment an interesting tool can be
developed for OSL measurements;

s A new EURADOS working group has started its
activities in 2001, with active participation of
SCK'CEN. The working group consists of
experts from almost all EU Member States, sev-
eral candidate Member States and other European
countries;

s In view of the new ISO standards for personal
neutron dosimeters, an overview was given of the

characteristics of two types of bubble detectors.
We continued the tests on the BDT bubble detec-
tor, which is specifically sensitive for thermal
neutrons. A new type of temperature compensa-
tion system was developed at Bubble Technology
Industries and the temperature behaviour for
these new BDT detectors was systematically
checked and compared with the regular type. No
improved response was found;

is An acoustic read-out system for the bubble detec-
tors was developed;

s TL characteristics of recently developed crystals
(LiKY,.xPr,F5 and KY,.xTmxF4), synthesised in
Russia, were investigated from the viewpoint of
gamma en neutron dosimetry. The maximum TL
sensitivity for gamma's was about 5 times less
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than for the commonly used LiF:Mg,Ti. A sensi-
tivity for thermal neutrons was found, but this
was less than that of 6LiF:Mg,Ti;

Monte Carlo calculations are used to investigate
different neutron shielding problems. We collab-
orate on the shielding design for the MYRRHA
accelerator driven system. A study was also done
at Nordion, where an irradiation room around an
isotope-producing cyclotron needed shielding. In
a first stage the neutron doses were measured
with bubble detectors. Next, the situation was
simulated using the MCNP4B code, testing dif-
ferent shielding thicknesses and materials. A rec-
ommendation for a practical solution could be
formulated;

The European project EVIDOS (Evaluation of
Individual Dosimetry in Mixed Neutron and
Photon Radiation Fields) started by the end of
2001. The aim is to obtain a comprehensive set of
spectrometric and dosimetric data for work-
places in the nuclear industry, an analysis of the
performance of available and newly developed
dosimeters, including the assessment of possible
improvements due to electronic dosimeters, and
guidelines which enable radiation protection offi-
cers to judge the suitability of available dosimet-
ric equipment;

First tests were done with a tissue equivalent pro-
portional counter (TEPC), made of tissue equiva-
lent plastic and filled with tissue equivalent gas.
By applying a low gas pressure, the linear energy
distribution of the radiation field in a small cell
volume can be measured;

We participated in a working group from the
Belgian Health Council on interventional radiolo-
gy. A proposal is launched to the federal govern-
ment to determine reference levels in interven-
tional radiology and for a measuring campaign to
determine the doses to the personnel. This work
will be done in collaboration with different uni-
versities in Belgium;

A PhD programme involving the optimisation of
patient dose and image quality in radiology is
continued. Links will be sought between effective
doses and measurable quantities like Dose-Area
Product and Entrance Surface Dose. A series of
dose measurements has been started for three
selected examinations: angiography of the lower
limbs, angiography of the cerebral arteries and
cerebral embolisation (therapeutic procedure).
The measurements were performed in the univer-
sity hospitals of Leuven (KULeuven) and

Brussels (VUB). In the framework of this study a
comparison of different TL build-up layers for
different RX spectra was made, and this on dif-
ferent kind of phantoms.
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Nuclear Physics measurements

s Uncertainty budgets for the gamma spectrometry
measurements were set up based on numerical
calibrations and experiments, and computed true
coincidence correction factors for sample geome-
tries that are routinely used;

ss Numerical calculations have shown that for each
type of detector the thickness can be optimised to
minimise the detection limit Lc in WBC.

0.01

Detector thickness (mm)

Effect of thickness on the critical level Lc for different detector materials (1: HPGe
at 60 keV- 2: Silicon at 60keV- 3: CsI(Tl) scintillator at 60 keV- 4: CsI(Tl) at
20 keV- 5: Nal(Tl) scintillator at 60 keV - 6: Nal(Tl) at 20 keV)
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Background was measured in different environ-

mental conditions to establish the relation

between background level and detection limit: in

spite of different continuum levels in shielded

rooms and in a German underground laboratory,

the detection limits of in-vivo measurements are

unchanged because of the presence of 40K in the

body.

0 100 200 300 400

Channel Number (1 keV/channel)

Background spectra obtained with 20 mm HPGe
detector (numbered I to 6 from high to low): without
shielding (1&2), 2 mm brass shielding (3), HADES
underground laboratory Mol (4), in shielded room
(5), UDO underground laboratory Asse (6)

We developed basic software to perform trans-

mission tomography with a single detector.

Neutron coincidence software was upgraded and

validated, mainly with respect to the execution

time of real time software processing of measured

pulse trains obtained in neutron counters.

We made a study on the filtering of neutron back-

ground in low count rate applications. The study

aimed at optimising the length of the time win-

dow. Large windows produce pulse distributions

for the number of detected pulse multiplicity that

resemble the normal distribution. The relative

contribution of a unique burst of spallation neu-

trons to the total number of pulses in a window

decreases with larger windows.

We further upgraded the simulation software

Soliciting. The upgrading aimed at improving the

portability of the software by switching from

input templates in MS Excel, controlled by VBA

code and Dynamic link libraries (DLL) to VB

programme connected to a relational database.

Also the viewing capabilities which are necessary

to visualise and control the defined geometry

have been improved by using a 3D representation

of the geometry instead of section views.

s; We participate in the OMINEX project, aiming at

the optimisation of in-vivo measurements by

parametric study. The methods and the sources of

measurement uncertainties in in-vivo counting

were defined to improve the accuracy of the

results.

Safeguards

s Nuclear materials accountancy was performed

according to European Commission Regulation

(Euratom) No 3227/76 for the different material

balance areas.

E We finalised, debugged and tested the new devel-

oped NMA software. The system has run in par-

allel with the old version and is now considered

fully operational.

ii The task (BEL CO 1326) with the IAEA within the

framework of the Belgian Support Programme is

going on. It should allow the IAEA to explore and

identify how the current safeguards applied to the

Belgian installations can be strengthened and

made more cost-effective by integrating the cur-

rent measures with those requested by the addi-

tional protocol. New prescriptions from the IAEA

are taken into consideration. Discussions with the

Belgian Authorities deal with legislative matters,

inspector access to the territory and to the instal-

lations, the primary right of the state to participate

in the inspections, and how to make this compat-

ible with the unannounced inspections as formu-

lated in the IAEA proposals.

s The task (JNT AO1071 BEL) with the IAEA aims

at improving the performance of spent fuel

assembly measurement devices and methods. The

difficulty to make field test on real scale fuel was

circumvented by making tests (proof-of-princi-

ple) on fresh fuel (Venus critical Facility) with a

modified type fork detector, making use of He-3

neutron detectors instead of fission chambers, and

ionisation chambers as gamma detectors.

Analysis of the experimental results is going on.

® Task BEL CO 1323 with the IAEA focusses on the

aggregation process with consideration of the dif-

ferent kinds of qualitative criteria, while consid-
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ering a symbolic approach, which acts by direct
computation on linguistic terms in carrying out
the aggregation of linguistic information. We fur-
ther revised, completed and verified the estab-
lished mathematical algorithm and model. An
evaluation process was established. Based on this
analysis, we presented the multi-level, multi-cri-
teria, multi-expert evaluation method to get the
overall linguistic assurance value for a given
nuclear process, taking into account the particular
nature of the indicators and the specific differ-
ences among the experts' activities through the
aggregation process.

Perspectives

Instrumentation, Calibration and Dosimetry

s An intensive programme of type tests with differ-
ent dosimeters is in progress. These tests are
required for the QA accreditation of the dosime-
try systems. Accreditation of the personal
dosimetry service is foreseen in 2002. This is
linked to the new approval that is being prepared
by the FANC. A continuous effort will be made
for maintenance and extension of the BKO
accreditation.

ss A new read-out system for environmental and
extremity dosimetry will replace the old one.

s The OSL set-up will be optimised so that it can be
used for personal dosimetry and material charac-
terisation.

s The new EURADOS project and the CGCA test-
ing will be continued.

ss The experiments with the bubble detectors will be
continued, including the testing of a completely
new type of thermal bubble detectors developed
by BTI. Using the bubble detectors, measure-
ments will be done in high-energy fields, and
around medical accelerators.

a Early 2002, SCK-CEN will host the kick-off
meeting of the EVIDOS project. SCK-CEN will
organise neutron dosimetry and spectrometry
measurements at the VENUS reactor and
BELGONUCLEAIRE and later on measure-
ments with bubble detectors will be performed at
foreign participating facilities.

s The TEPC will be used to measure neutron spec-

tra at different locations at SCK-CEN. Special
attention will be given to measurements in mixed
gamma-neutron fields.

s We will participate in an intercomparison for crit-
icality dosimeters, organised by IPSN and NBA.

n To study the influence of different medical proce-
dures on the patient dose, measurements in dif-
ferent hospitals will be continued. This will be
supplemented by measurements on a Rando-
Alderson phantom and MCNP calculations. The
important issue of the image quality will be
addressed as well.

Nuclear Physics measurements

m We aim at combining the results of the simulation
program Solidang with the in-situ gammaspec-
trometer in such a way that we can make on-site
simulation and efficiency calibration of the meas-
urement geometry.

a New silicon diodes will be investigated for in-
vivo measurements for low-energy photon emit-

ters.

n' Low-energy Ge detectors in the assessment of Th
and U in the lungs will be implemented.

n Simulation with MCNP of radioactive deposits in
the body will be studied.

Safeguards

a To continue NMA with new software.

n To perform a consistency evaluation between the
State's declaration and the information available
to the Agency and to prepare the state declaration
to the IAEA.

ss Validation for the developed system will be car-
ried out, by preference within some international
co-operations and with the IAEA.

a To continue with the data analysis of the VENUS
fresh fuel measurements.
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FRANK HARDEMAN

DECISION STRATEGY RESEARCH AND POLICY SUPPORT

Introduction

The department of Decision Strategy Research
(DSR), created in 2000, addresses research projects
in nuclear emergency preparedness. This department
also deals with newly created tasks, e.g. the integra-
tion of social sciences in radiation protection and
nuclear applications in medicine. In 2001, a number
of projects gained momentum, giving rise to many
actions and activities which are dealt with in detail
below, and which should reach full maturity in the
course of 2002.

Background

The multi-disciplinary character of the decision mak-
ing process requires experts, capable of dealing with
technical matters but also with the media and other
stakeholders. Experts in decision making also handle
economical and organisational issues. Hence, the
usefulness of a research group with this broad scope
of interest is evident. Thus, within the Radiation
Protection Division, emergency preparedness, policy
support and social sciences were grouped.
Furthermore, it is the ambition to extend the expert-
ise beyond the nuclear emergency situations,
although the latter is and remains still our key-topic
of research. Moreover, it is essential to expand from
basic scientific research towards applied research as
well as education and training. Although the focus
remains on pure or applied research, we also strive to
offer developments or guidance to any interested
partner.

Besides the work related to decision making as such,
we also co-ordinate the work on radiation protection,
performed in support of the Belgian Government,
such as the radiological surveillance of the Belgian
territory and the initiatives of SCK-CEN within the
medical applications. Most of the work in these areas
is performed in close collaboration with other depart-
ments of SCK-CEN, mainly within the Radiation
Protection Division and the Health Physics and
Safety Department.

Objectives
s to study the process of decision making, with all

its relevant dimensions, in the context of radiation
protection or other nuclear issues; the current
focus is on emergency situations;

s to disseminate the knowledge on decision making
and nuclear emergencies, including the organisa-
tion of training courses, the contribution to man-

uals or guidelines, the participation in working
groups or discussion forums;

a to assist the authorities and the industry related to
radiation protection, and therefore to co-ordinate
the in-house knowledge and to make it available
to third parties;

K to actively participate in and contribute to initia-
tives related to social sciences and their imple-
mentation into SCK-CEN;

m to co-ordinate the efforts of SCK-CEN related to
medical applications of ionising radiation.

Programme
n we perform research on decision support in emer-

gency situations. This research is related to data
assimilation, decision support systems, the
impact upon the food chain and transfer of infor-
mation;

m we make our expertise available to third parties
by organising courses, writing manuals, develop-
ing radiological assessment software for applica-
tion in the early phase of an accident. We support
initiatives by the authorities or the industry to
organise exercises or to standardise approaches in
cases of emergencies;

E we extend our scope of knowledge towards
processes of group decision making using
Information Technology (IT), and we support the
development of IT based tools for decision sup-
port;

s we take initiatives in the scope of medical appli-
cations, related to the work of the Health Council
or the use of Re-188 for medical applications;

m we participate in the initiatives of the social sci-
ences programme. These are reported in the forth-
coming chapter dealing with "Integration of
social sciences";

S we co-ordinate the support to the authorities with-
in the field of radiation protection.

Achievements

Research on Decision support

We have been the scientific partner of Advanced
Projects and Products (AP&P) in the R&D project
"Cohesion, an adaptive Framework for collaborative
Learning and Working", which was sponsored by
IWT (Instituut voor de aanmoediging van innovatie
door Wetenschap en Technologic in Vlaanderen).
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AP&P developed a software platform allowing asyn-
chronous learning and group decision making.

Functionalities such as the use of decision support
techniques (de Borda Multi Criteria Decision
Analysis), discussion lists with easy voting and link-
ing functions, and the management of an asynchro-
nous group process were designed and implemented.
We contributed in writing reports on how to use deci-
sion models expressing preferences in individual and
group decision making, on how to disseminate infor-
mation and on the conditions that are important for
consensus building.

Several test studies were performed, allowing the
fine-tuning of functionality and interfaces and thus
contributing to the improvement of the ergonomics
of the software. Among them, a pilot study was con-
ducted with SCK'CEN staff members on their pref-
erences concerning countermeasures in an emer-
gency situation. During the pilot study we measured
the effects of the tested conditions on several param-

eters, such as the pooling of shared and unshared
information during the discussion process or the type
of consensus building process.

Emergency preparedness and decision
making

Research

European Research Projects

SCK-CEN plays a predominant role in the European
research programmes related to emergency manage-
ment. The European Commission chose SCK'CEN
as co-ordinator of all research projects of the 5Ih

Framework in this field. The thematic clusters
SAMEN and MOSES guarantee to the Commission
that their overall goals in the field of the
5'h Framework Radiation Protection Key Action
Programme are met. The clusters are enhancing the
coherence between the projects, stimulating the
exchange of relevant information and collaboration
between all parties.

We are a member and a task leader of the DSSNET
- network (Decision Support System Network),
including membership of the Advisory Group. DSS-
NET bridges the gap between the developer and user

communities, to guarantee the exchange of expertise
and information. This is achieved through regular
international exercises involving various decision
support systems including the real time on-line deci-
sion support system RODOS, providing the develop-
ers with accurate feedback.

Besides these tasks, we participate in the following
research projects:

s DAONEM (Data Assimilation for Off site
Nuclear Emergency Management).

This project aims at the improvement of the pre-
dictive capabilities of RODOS (or other decision
support systems) by developing and implement-
ing tools for data assimilation. In practice, real
measurement data are brought into the RODOS
system, resulting in improved model predictions.
SCK-CEN co-ordinates this project, which
groups researchers from 9 different institutes.
SCK-CEN participates, together with Warwick
University and Ris0, in the development and
implementation of the data assimilation algo-
rithms in the early phase of an accident.
According to schedule, similar developments are
performed in other institutes covering the food

chain and hydrological modelling. We achieved
the full customisation of the RODOS-system for
the Belgian context.

3 FARMING (Food and Agriculture Restoration
Management Involving Networked Groups).

The FARMING project aims at joining all stake-
holders involved in the case of a radioactive con-
tamination of the food chain. Based upon the
experience gained in UK where such a discussion
group is active since 1997, an effort is made in
France, Finland, Greece and Belgium to bring all
relevant parties together to discuss the practica-
bility and acceptability of the possible counter-
measures. In Belgium, the project is co-ordinated
by SCK'CEN, with active support by the Federal
Agency for Nuclear Control (FANC). Many
organisations representing authorities, profes-
sional organisations, consumers' association,
commerce, environmentalists etc participate in

this project. We created two subgroups, one ori-
ented towards animal products, the other one
towards vegetal crops.

ss MODEM (Monitoring Data and information
Exchange aMong decision support systems).

The prime objective is to facilitate the exchange
of data and information between neighbouring
countries during a nuclear emergency. This proj-
ect attempts to bridge the gap between the various

decision support systems. The systems consid-
ered are the RODOS system (developed by the
European Union, but also implemented in several
Central European countries), ARGOS (developed
and used in the Nordic and Baltic countries) and
RECASS (produced in Russia). It is expected that
this project will give a face-lift to existing data
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transfer protocols and platforms within the

European Union, by introducing cutting edge

Internet technology. SCK«CEN is the co-ordina-

tor of this project, and it is the leading institute for

the development of an Internet based data and

information exchange platform.

EVATECH (Information Requirements and

Countermeasure Evaluation Techniques in

Nuclear Emergency Management).

The overall objective is to enhance the quality

and coherence of response to nuclear emergen-

cies in Europe. This must be achieved by improv-

ing decision support methods, models and

processes in ways that take into account the

expectations and concerns of the many different

parties involved, both in managing the response

and as affected by the consequences. SCK-CBN

performs a survey and organises a scenario based

workshop with participation of decision-makers

and stakeholders.

Collaboration with Eastern Europe and Asia

SCK-CEN participates in the NATO-CCMS Pilot

study on Central Asia. The purpose is to define the

objectives and to draw plans of actions to deal with

the serious environmental problems faced by many

Central Asian countries. We take into account the

approaches for public participation in environmental

decision making, the environmental security issues,

the impact on public health, the economic and socio-

political situations in these countries. Due to the dif-

ficult international situation, the start of this project

is delayed till the beginning of 2002.

Argon-41

This project performed in collaboration with Danish

partners (Ris0 National Laboratory, the Danish

Technical University and the Danish Emergency

Management Agency) aims at the construction of a

database of environmental monitoring data involving

the argon-41 emissions from the research reactor

BR1, the use of smoke generation and detection

devices, gamma detectors (as shown in the picture)

and meteorological observations. The measurements

were carried out early in October 2001 and the

results will be made available in the course of 2002.

This project will validate atmospheric dispersion

models for nuclear emergency management, e.g. the

models developed in SCK-CEN (Model Kempen,

Model Doel and similar) or the Ris0 atmospheric dis-

High-resoiution gamma spectrometer set-up for monitoring the Argon-41 plume

persion model RIMPUFF. The set of data will also be

useful for testing and evaluating data assimilation

algorithms for use in off-site emergency manage-

ment (see also DAONEM). At last, the data will be

very useful to fine-tune monitoring strategies to

determine the order of magnitude of a release.

Education and Training

For a number of years SCK-CEN has been organis-

ing a course on "Off-Site Emergency Planning and

Response to Nuclear Accidents" within the frame-

work of the European Radiation Protection

Education and Training (ERPET) programme of the

European Commission. It covers all aspects of a

nuclear accident, its response and its consequences.

This course was organised this year in Bulgaria, in

close collaboration with the Committee for the Use

of Atomic Energy for Peaceful Purposes (CUAEPP),

with approximately 30 participants.

This international experience also resulted into a

contract with the European Commission to prepare a

Manual on this subject. The main input to this man-

ual originates from the lecturers to the ERPET-

course. SCK«CEN has several direct contributions to

the text, but mainly acts as the co-ordinator of the

project. We are also responsible for the final har-

monisation between the various authors and for the

final layout. This manual will be made available to

the public and the stakeholders through the Internet.

Policy support

One of the purposes of our team is to convert scien-

tific and international knowledge into operational
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support to the authorities. Therefore, we concluded,

with our partners IRE and AVN, a long-term conven-

tion with the Belgian Ministry of Internal Affairs.

This convention is amended with annexes describing

tasks to be performed by the partners, either high pri-

ority tasks requiring specialised knowledge, or con-

tinuous efforts guaranteeing a better operational level

of the Belgian emergency organisation.

Nuclear emergency exercises

SCK'CEN participated in all nuclear emergency

exercises organised by the government in collabora-

tion with the Belgian nuclear facilities. SCK-CEN is

an active member in the "Evaluation Cell" of the

authorities, which advises decision makers on coun-

termeasures to be taken. It also participates as co-

ordinator and provider of monitoring teams.

SCK-CEN has participated in the joint international

exercise (J-INEX 2000) organised at the Gravelines

power station by various organisations (OECD/NEA,

IAEA, EC) and many participating countries. A data-

base of suitable measurement points (e.g. at water

surfaces) was set up and tested. SCK-CEN cus-

tomised radiological assessment tools to the site of

Gravelines and provided an expert during the exer-

cise.

A tabletop exercise was organised by the provinces

of Oost-Vlaanderen and Antwerpen, in close collab-

oration with the nuclear power plant of Doel and the

Federal Government. The purpose was to bring

together all services intervening at the provincial or

local levels. The evaluation and decision making

steps at the federal level were compressed in time

and illustrated to the participants, which then had to

reflect upon their actions, roles and responsibilities.

SCK«CEN contributed to the preparation phase and

acted as the moderator during this exercise.

Aquatic plant (yellow iris - Iris pseudacorus.) sampling along the banks of the
Meuse river. Such biological indicators are used to monitor the radioactive release
from nuclear power plants.

Our expertise also resulted into a contract with

BELGONUCLEAIRE, in order to make a conse-

quence analysis of an accident in a planned waste

storage facility. This study was performed jointly by

the DSR department and the section "Radiological

Assessments".

Surveillance of the territory

During the triennial low water regime called the 'cho-

mage', the Meuse is given its natural flow, allowing

maintenance works to the sluices and the banks. This

low water allows sampling of species that normally

are hardly accessible (see picture). In this period (this

year at the end of September and the first week of

October) we organised an intensive sampling cam-

paign in the Upper Meuse river, in close collabora-

tion with the Universities of Namur and Gembloux.

All samples have been prepared for analysis. The

results will be available by the end of 2002. Such a

campaign allows assessing the impact of the Chooz

power stations upon the ecosystem of the Meuse, as

all compartments are studied: water, sediments,

aquatic plants, fish and crustaceans. The recent cam-

paigns essentially showed that the levels of artificial

radioactivity are hardly detectable.

We continued our contribution to the radiological

surveillance of the Belgian territory. To cope with

new requirements by the European Commission and

the creation of the Federal Agency for Nuclear

Control, we discussed with the FANC, the IRE and

the Scientific Institute of Public Health - Louis

Pasteur (Brussels, Belgium), the necessary updates

of the sampling and measurement schemes.

In 2001, we continued our evaluation on behalf of

ONDRAF/NIRAS of the present radioactivity levels

at and close to the Mol-Dessel site. The objective is

to describe the present radiological situation and

define it as a reference data set in case a shallow land

burial facility for low level radioactive waste would

be constructed on the site. The study contains two

important parts: an overview of historic data, and the

results of the aerial gamma survey carried out by the
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Scottish Universities Research and Reactor Centre
(SURRC) last year.

Medical applications

A few years ago, SCK«CEN took initiatives related
to the medical applications based upon the use of
ionising radiation. The work within the field of inter-
ventional radiology is described in the contribution
about Safeguards and Nuclear Measurements.

The use of Rhenium-188 for medical applications

Rhenium-188 is a very promising radionuclide for
therapeutic use in many medical applications and
BR2-reactor is a suitable neutron source for the pro-
duction of this isotope. The most important develop-
ment last year is related to the preparation of an
Economic Interest Grouping called Medara. Medara
aims at performing research on the production of
188W/188Re generators and the use of Rhenium-188 in
medical applications. Partners of Medara are the
Antwerp Innovation Centre (AIC), the IRE and
SCK«CEN. A very close collaboration with several
universities (mainly VUB in Brussels) and hospitals
(incl. Middelheim hospital in Antwerp) is foreseen.
Furthermore, Medara developed an international net-
work with partners having very complementary key
activities, so that all phases in the research can be
dealt with, starting from the initial purification and
enrichment of tungsten metal and ending at tests in a
hospital. For the moment, the negotiations are still
ongoing, but in the mean time, the introduction of
research projects in a European context is being pre-
pared.

planned a nuclear exercise involving cross-boundary
consequences. For this purpose, SCK-CEN will col-
laborate with RIVM (The Netherlands). SCK-CEN
will be responsible for the working group within the
DSSNET dealing with data and information
exchange.

Within the DAONEM project, the data assimilation
software for the early phase will be implemented into
the RODOS, and RIMPUFF models. As the
MODEM and EVATECH projects just have started,
first achievements are expected next year. In the
FARMING project, we will orient to more practical
and problem oriented discussions regarding the prac-
ticability and acceptability of agricultural counter-
measures.

Several research projects are close to their end. The
analysis of the data related to the validation of radia-
tion fields of a plume containing Argon-41 will be

finished in 2002. Similarly, the Cohesion project has
formally reached its end and we want to investigate
whether the software can be used for other applica-
tions.

Related to support activities

The outcome of the present negotiations with the
government will define our future support activities.
It is obvious that the radiological surveillance of the
Belgian territory remains important, taking into
account the extra requirements imposed by interna-
tional treaties. The convention with the Ministry of
Internal Affairs for emergency support is important
for our department in the near future.

Other activities in the medical field

We provide scientific secretariat support to the sub-
division "Radiation" of the Health Council and its
working groups on "interventional radiology",
"nuclear medicine" and "radio-ecology". Several
members of SCK'CEN also intervene as experts

within these working groups.

Perspectives

Related to research

All European cluster and research projects continue
next year. The DSSNET management group has

Related to contract work

At present, the authorities aim at obtaining some har-
monisation of the radiological assessment models
used in case of nuclear emergencies. Our group
developed software for the Doel power station and
the Mol-Dessel site and it adapted these versions to
deal with the sites of Chooz and Gravelines and to
deal with transport accidents. Negotiations with the
Tihange power station have led to a contract for the
development of a similar tool. Due to the new legis-
lation, the nuclear operators have to revise their safe-
ty report on the impact of the installations. This
resulted in a contract with BELGONUCLEAIRE and
in a study for our own installations.
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AIC

AP&P

AVN

CEPE

CUAPP

DEMA

FzK

1PSN

IRE

NRPB

Ris0

RIVM

SURRC

UofW

VUB

EC

Antwerp Innovation Centre NV

(Antwerp, Belgium)

Advanced Projects and Products

bvbv (leper, Belgium)

Association Vin?otte Nuclear

(Brussels, Belgium)

Centre for Energy Policy and

Economics (Zurich, Switzerland)

Committee for the Use of Atomic

Energy for Peaceful Purposes

(Sofia. Bulgaria)

Danish Emergency Management

Agency (Denmark)

Forschungszentrum Karlsruhe

(Karlsruhe, Germany)

Institut de Protection el de Surete

Nucleaire (Fontenay-aux-Roses,

France)

Institut national des Radioelements

(Fleurus, Belgium)

National Radiological Protection

Board (Didcot, UK)

Riso National Laboratories (Ris0,

Denmark)

Rijksinstituut voor

Volksgezondheid en Milieu

(Bilthoven, The Netherlands)

Scottish Universities Research

& Reactor Centre

(East Kilbride, UK)

The University of Warwick

(Coventry, UK)

Vrije Universiteit Brussel

(Brussels, Belgium)

Ministry of Public Health, Health

Council (Brussels, Belgium)

BELGONUCLEAIRE (Dessel,

Belgium)

European Commission, DG RTD

(Brussels, Belgium) and DG ENV

(Brussels and Luxembourg)

FANC

IWT

ONDRAF/NIRAS

Federal Agency for Nuclear

Control (Brussels, Belgium)

Inst i tuut voor de aanmoediging

van Innovatie door Wetenschap en

Technologic in Vlaanderen

(Brussels, Belgium).

Belgian Agency for Radioactive

Waste and Enriched Fissile

Materials (Brussels, Belgium)

Publications

C.M. Vandecasteele, S. Baker, H. Forstel, M. Muzinsky, R.

Millan, C. Madoz-Escande, J.Tormos, T. Sauras, E.

Schulte, C. Colle, "Interception, retention and transloca-

tion under greenhouse conditions of radioccsium and

radiostrontiurn from a simulated accidental source", The

Science of the Total Environment 278, 199-214, 2001.

F. Hardeman, "loniserende Stralingen". Tijdschrift van de

vereniging van leraars in de wetenschappen VELEWE,

jaargang 45. nr 3, pp 4-9, 2001.

Books

"Cardiovascular Brachytherapy", Proceedings of a work-

shop of the Health Council and SCK-CEN, September

2000, (Ed. G. Eggermont, M. Loos, F. Vanhavcre, A.

Wambersie), Mol, ISBN nr. 90-76971, 2001

Presentations

C. Rojas-Palma, "The stable iodine issue and how Europe

is dealing with i t" , 1 I t h National Radiological Emergency

Preparedness Conference, Nashville, TN. USA, April 02-

05, (invited lecture).

F. Hardeman, P. Deboodt, G. Meskens, "Information to the

public: a process of mutual and continuous education",

IAEA Technical Committee Meeting on Nuclear Safety

Perspectives for Public Communication, Vienna, Austria,

June 18-22,2001 (invited lecture).

C.M. Vandecasteele, G.A. Kulkibaev, K.Y. Athakanova,

D.E. Kalmikov and C. Chenal, "Evaluation of the radio-

logical situation around Murzhyk on the Western border of

the SemipalatinskTest Site", International conference 'XXI

Century - Towards the Nuclear Weapons Free World',

Almaty, Kazakhstan, August 29-31, 2001.
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Reports

A. Sohier, T. Zeevaert, L. Sweeck, "Berekening van de

dosisbelasting in de omgeving ten gevolge van hypothetis-

che ongevallen met inwendige oorzaak in een geplande

opslagplaats voor actiniden van BELGONUCLEAIRE te

Dessel", Contract report R-3497, 2001.

C. Rojas-Palma, F. Gering, H. Madsen, R. Puch, H.

Mueller, K. Richter, "Theoretical framework and practical

considerations for data assimilation in off site nuclear

emergency management", Contract report RODOS(RAS)-

TN(01)-01, June 2001.

C. Rojas-Palma, "Establishing links and creating opportu-

nities for information exchange among cluster members",

Contract report SAMEN(WP1)-RE(01)-01, June 2001.

F. Hardeman, C. Hurtgen, C.M. Vandecasteele, M. Van

Hees, 'Radiological survey of the Belgian upper part of the

Meuse River during the triennial low water. Period 28 Sep-

tember - 01 October 1998", BLG-886, June 2001.

Conferences and international courses

A. Sohier, "Training Course on 'Off-site Emergency

Planning and Response to Nuclear Accidents'", Sofia,

Bulgaria, November 05-09, 2001.

C.M. Vandecasteele, "Transfer of radionuclides in terrestri-

al systems", Training Course, Saclay, France, February 08-

09,2001.
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Background

SCK-CEN has gained broad experience in the field
of radiological protection, nuclear science and tech-
nology and radiobiology. Thanks to its close interac-
tion with the private sector as well as with the
Belgian Government, SCK«CEN has built up a solid
reputation as a nuclear training centre for the outside
world.

The International School for Radiological Protection
(isRP), a group within SCK-CEN, co-ordinates
and/or organises the training programs on radiologi-
cal protection in the first place for our own nuclear
workers and staff. Besides, isRP is co-operating with
the Belgian Government in the framework of the
national and international nuclear emergency plans.
Thanks to the organisation of a set of training cours-
es on Off Site Nuclear Emergency Planning, we built
up a close stand-by network with first aid services,
police, doctors, pharmacists and fire brigades, in
order to cope with a possible nuclear accident with
eventually off site consequences.

Concerning the private sector, SCK-CEN's isRP
organises a variety of training programs for nuclear
workers from the Belgian utilit ies and from compa-
nies active in the Belgian nuclear industry and serv-
ices. For the medical sector, SCK'CEN's isRP co-
operates closely with Belgian universities. The isRP
courses on radiological protection for medical staff
people are officially recognised as a part of their
training as specified by the Belgian government.

Finally, isRP establishes more and more a close rela-
tion with various international organisations active in
nuclear science and technology and contributes on a
regular basis to the training programs of Euratom and
[he European Commission, the European ALARA
Network and the IAEA.

Techniques Nucleaires.

Perspectives

The isRP management is playing a key role within
the recently started negotiations aiming to co-ordi-
nate and streamline the existing training programs
for Belgian medical personnel and radiation control
agents. isRP will deliver support and consultancy to
the Federal Agency for Nuclear Control (FANC), this
organisation being responsible for the development
of the legal framework of the Belgian training pro-

grams.

Scientific Output

Publications

isRP Profound Course on Radiological Protection

(modules available in dutch, french and english)

•"..: Module 1 "Basic Principle of Nuclear Physics",
Gaston Meskens, Philippe Antoine, Frank
Joppen, Bernard Ponsard

KS Module 2 "Interaction of Radiation with Matter",
Michele Coeck, Jean-Louis Genicot

3 Module 3 "Radiation and Dose Measurements"
Dirk Van Beckhoven, Filip Vanhavere, Raf Aerts,
Francis Chody, Bernard Coupe, Isabella
Majkowski

•;.; Module 4 "Biological Effects of Ionising
Radiation", Luc Holinstock, Sarah Baatout

it Module 5 "Gamma Spectrometry", Michel
Bruggeman, Jean-Louis Genicot

:;; Module 6 "Standards and Legislation", Pascal
Deboodt

Achievements

In 2001, isRP organised 12 courses for Belgian and
international companies active in the nuclear and
non-nuclear field. The courses varied from 1 - or 2-

day courses on specialised topics to 5- or 9-day
courses on general radiological protection issues,
covering both theoretical lectures and practical labo-
ratory exercises. IsRP contributed to various courses
organised by Belgian high schools in the framework
of the state-regulated training programs for medical
personnel. IsRP staff members also contributed to the
Saclay-based European Radiation Protection Course,
organised by the Institut National des Sciences et
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MICHEL Bow AND GILBERT EGGERMONT

INTEGRATION OF SOCIAL SCIENCES
IN NUCLEAR RESEARCH

Introduction

Two years ago SCK-CEN has created a discussion
forum with social sciences and humanities. This has
extended the well-established multidisciplinary
approach of SCK-CEN with the input of social sci-
entists from universities. It has led to a structured
transdisciplinary approach integrating social scien-
tists within scientific and technological projects. A
structured collaboration became fully operational in

2001.

The programme is focussed on actual problems. We
started research projects to treat some of these prob-
lems and discussed others in reflection groups.
Moreover, relevant actors within SCK-CEN or in
society have been involved.

Projects have been started upon thematic demand
from internal departments with interested supply of
Belgian universities. Four project leaders, with the
assistance of steering committees and co-ordinated
by a horizontal programme manager, are responsible
for research on the following project issues:

Si sustainable development (SD);

ss ethics and decision making in nuclear waste man-

agement (transgenerational ethics/retrievability;
socio-psychological aspects and local involve-

ment);

Si law and liability (medical applications and the
basic safety standards (BSS) implementation);

i: decision making (emergency management; safety
culture; ALARA and ethical choices in protec-
tion).

For the reflection groups, a mixed team of 16 co-
workers of SCK-CEN (50% social scientists) pre-
pares and reports on brainstorming meetings with
university experts and individuals of industry and
authorities, showing interest in developments at
SCK'CEN. Two thematic reflection groups discuss
broad items of high actuality. The themes are:

s ethical choices in radiation protection;

s role and culture of the expert.

Background

The projects address philosophical, sociological,
legal, organisational and economical issues simulta-
neously. The researchers also look at communica-
tion and culture in the scientific research concerning
the nuclear activities. Their work is directly con-
nected to problems encountered in different depart-
ments in which they are integrated. These scientists

have an education in one or more social sciences or
humanities, some of them combined with training in
exact or applied sciences. The year 2001 was
marked by a better focussing of the research subjects
proposed for the doctorates and by the finalisation of
the post-doctoral research on nuclear waste and
expert culture.

The H-team (co-workers in social sciences) is linking
the result of collective and individual work and
addressing new ideas from staff members of
SCK«CEN and of external partners (universities,
national or international authorities and advisory
boards, industry). The reflection groups "expert cul-
ture" and "ethics in radiation protection" are the main
forums of interactions.

At the level of the European Commission, the expert-
ise and the participation of scientists in the process of
political decision (White Paper on Governance)
became an important subject. The framework of
Sustainable Development (SD) may give new
responsibilities for future. The Precautionary
Principle (PP) as well as the ALARA principle tend
to become strategic references in science and risk
governance. New trends for radiation protection are
creating a new momentum with important formal
and informal implications.

Soft law and gentlemen's agreements are influencing
the dynamics of the research.

Objectives
K Using a transdisciplinary learning process:

- to analyse crucial new problems and views;

- to stimulate interdisciplinary reflections with a
variety of opinions from internal and external
experts;

-to participate in innovative experiments on
safety related issues involving relevant actors;

-to develop a future capacity for proactive
nuclear problem solving in society;

-to perform communication exercises, studies
and support to the development of a communi-
cation strategy;

S to improve company and expert culture by gain-
ing insight in interactions and by implementing
ethical guidance;

m concrete in depth development of these objectives
through field projects.

The approach aims at stimulating the critical sense of
the researchers in the nuclear field and tries to

Scientific Staff
GlJNTF.R BOMBAERTS,

MICHEL Bow,
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PASCAL DEBOODT.
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STEVEN LIERVIAN,
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Supporting Staff
CATHERINE Si'Ecr.
KAREN STOOPS,
DOMINIQUE TREPAGNE-GLINNE,
GRIET VANDERPERREN,
MONIQUE VAN GEEL,
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improve the general intervention capacity of the
experts of SCK-CEN and its partners.

Programme

The programme of social sciences consists of sever-
al projects. The various aspects are linked at first to
the demands identified by departments prior to being
shaped by the individual researchers and fine-tuned
by the general programme concept. The research top-
ics are in full development. Bridges are established
between various questions (ALARA, l iabil i ty,

Precautinary Principle, explication of value judge-
ments). The approaches have a specialised base, but
horizontal interactions allow developing wider and
more complex interdisciplinary collaboration often
via the reflection groups. Moreover we develop a
process towards an ethical charter for SCK-CEN.

Sustainable Development

The project "Sustainability and Nuclear Develop-
ment" SuND aims at performing transdisciplinary
research on the technological aspects of nuclear sci-
ence & technology in view of Sustainability and in
interaction with human sciences (economics, philos-
ophy, social sciences, ethics, law). Within this
research project, the researchers intend to:

:;; elucidate the use and function of the sustainabili-
ty concept in different contexts;

5J map the diverging views on Sustainability:

s compare different sets of methods and indicators
used to put Sustainability into practice;

:s develop a framework of criteria and indicators for
the transdisciplinary comparison of different

energy vectors under the Sustainability paradigm,
with a special focus on nuclear energy.

Ethics and decision making in nuclear
waste management

The project on "Transgenerational ethics related to
the disposal of long-lived radwaste" aims at clarify-
ing the ethical options, at making the provisions for
basic information, at identifying the core problems

from a philosophical standpoint and at exploring dif-
ferent points of view. It initiates a sensitisation-pro-
gramme and makes some recommendations to the
stakeholders.

A survey (n=604, 34% response) was conducted fol-
lowed by subsequent processing and interpretation of
results. The philosophical assessment of central con-
cepts like retrievability and precaution referred to
three ethical systems: utilitarianism, egalitarianism
and Kantianism. Account was given to other deter-
mining societal factors (economical, psychological,
philosophical, etc.).

The research on "Socio-psychological aspects of
decision making on radioactive waste" has focussed
on the feasibility of studying cognitive dissonance
mechanisms in scientists, through a co-promotorship
in social psychology. The research considers the risk
assessment phase for decision making in waste man-
agement. A literature study has been performed.

A questionnaire is under construction as part of an
exploratory methodology. The observation of partic-
ipation groups of local partnerships on low-level
waste disposal options has been started. The
researchers have joined the European concerted
action COWAM, structuring experience of similar
involvement practices in Europe. The philosophical
aspects in radiation protection, defining important
criteria and approaches for performance assessment
of waste disposal concepts, are also being analysed
and discussed.

Law and liability

The project pays attention to the need for an optimal
preventive approach in nuclear activities and an
appropriate compensation regime for nuclear activi-
ties. It became clear that the medical uses of nuclear
technology represent a distinctive character and
necessitate appropriate legal research.

The efficiency of applied law and general principles
is being questioned in particular, as these general

principles are often not explicitly formulated, espe-
cially in the field of radiation protection. Law has to
respond to societal and scientific evolutions where
the challenge is: the risk of the unknown. The new
regulations on radiological protection will be exam-
ined, putting a renewed emphasis on optimisation
(by introducing notions such as "dose constraints"
and "diagnostic reference levels"). In this context the
researcher pays particular attention to the develop-

ment of the precautionary principle and to progress
in ALARA, including other new technological risks
such as electromagnetic fields.

New trends in research on low-level risks such as
genetic susceptibility have been considered.
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As environmental law broadened the scope of pro-
tection of the environment and necessitates more pre-
cautionary measures, the challenge consists in exam-
ining how nuclear law faces these fundamental
changes. In many countries, new atomic laws have
been implemented or are in preparation. The induced
changes, accelerated by European Union directives,
should be studied in depth in relation to their practi-
cal implication (the nuclear field becoming more
controlled under environmental law) and their
impact on law (such as new atomic laws on "stepping
out" as in Germany or on "transparency" as in
France).

One aspect of the research in law consists of a large
study on the role (nuclear) experts play in court and
on the interaction occurring between lawyers
(judges) and scientists. An analysis of case law will
allow drawing conclusions in relation to the stan-
dards required from the radiologist and the expert
witness in civil cases.

On October 1st, 2001, a new legal research project
was launched in collaboration with the UCL entitled:
"Legal measures liable to manage risks and damages
generated by nuclear activities".

Organisation and safety

A research project was set up in collaboration with
the Health and Safety Department of SCK'CEN,
related to "Culture of safety taking into account
organisational factors". It has started in October 2000
with the aim to understand and to analyse the rela-
tions between the organisation of SCK-CEN with
respect to the safety requirements in particular
departments. The project aims at a better insight how
the organisation takes part, positively and/or nega-
tively, in guaranteeing a high level of safety and how
this is structured.

Expert culture and communication

The project "Culture and needs of the experts" aims
to improve knowledge on perception of the experts
and on the way they intervene. It required the use of
a multiple choice-questionnaire and personal inter-
views. The subjects developed are the mandate of the
experts, the responsibility, the mechanisms of repre-
sentation and the communication. Attention was
given to hierarchical relations at work, contracts,
quality assurance and deontology, as well as to links
between experts and actors. The project also looks at
the role of the experts in relation to decision makers

(as advisors, as project-administrators, as
researchers) as well as to the limits of their mandate
and the respective motivation experts have. The
interviewed SCK'CEN experts have given a lot of
concrete illustrations of problems encountered. The
results showed the complexity of the expert culture
and the necessity of having a global approach to
improve culture and clarify expert identity. The
needs of the experts are now better known by the
hierarchy and clarified for them selves. Both factors
could allow successful strategic interventions. The
deontology and the communication are dimensions
to address in order to improve the awareness for the
various questions shaping a modern company and its
human resources.

An ethical charter was programmed for SCK-CEN.

The reflection group "Ethical Choices in
Radiation Protection"

Meetings were organised on:

a biological and health effects of ionising radiation
compared to other genotoxic agents;

n genetic susceptibility;

a risk assessment of depleted uranium, with evalu-
ation of the knowledge base;

m ALARA philosophy and the extension of radia-
tion protection criteria;

Particular attention was given to new developments
in molecular biology creating new opportunities for
epidemiology by biomonitoring.

Synergistic interaction, the morbidity impact of
smoking, the effects of new trends in early diagnosis
of diseases on risk communication and management
were introduced by controversial contributions from
medical specialists. The genetic inequality in effects
of radiation on cancer development was compared
with social inequalities in sub-populations.

The risk of depleted uranium was discussed by high
level European experts challenged by a specialist
from the Belgian Health Council with experience in
military approaches and by specialists having per-
formed field measurements. It was noticed that risk
quantification is handicapped by considerable uncer-
tainties on military data and on bio-kinetics of health

effects.

European environmental specialists also introduced
the prospects of protection of the environment, not
limited to human health. They addressed the protec-

tion of biota in the light of new developments in
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international regulations and scientific indicators
(genetic susceptibility, hormonal disturbances).

The Reflection group "Expert culture"

A topical day on "Ethics, culture and role of the
expert" was organised to discuss with external spe-
cialists about the preliminary results of the
SCK'CEN enquiry and to consider developments of
ethical codes in other institutes and professional
organisations. The detailed results of the question-
naires on SCK'CEN experts and the feedback of the
topical day served as input for starting the redaction
of a draft of an ethical charter for SCK'CEN. The
reflection group made recommendations on the
process for developing ethical guidance and follows
up the process, which was carefully prepared with
broad involvement.

The H-team took the initiative to start an evaluation
of the concept and organisation of integration of
social sciences and humanities in the hard research of
the centre in order to optimise the approach.

Achievements

SuND Project members participated in conferences
and networks in relation to Sustainable Development
(SD), technology assessment and energy policy in
nuclear and non-nuclear fields, in expert groups of
the IAEA and the OECD dealing with energy policy
and in meetings within the UNFCCC (United
Nations Framework Convention on Climate
Change). During the last year, a Steering Committee
met several times in order to discuss the methodolo-
gies and the approach of a doctoral study of one of
our researchers. As a result, the methodologies were
refined to be able to proceed with a participatory
technology assessment in connection with a possible
contribution of advanced nuclear technology to
future energy policy strategies. A great interest was
noticed for the SuND transdisciplinary research on
the occasion of invited talks at nuclear conferences in
Belgium, the UK and France. This year, a contract of
association with the European Commission was

signed in the frame of the European Fusion
Development Agreement (EFDA). SuND contributes

to the EFDA project "Fusion as Part of the Energy
System", a project situated within the field of System
Studies (Task area socio-economics) of the EFDA
Technology Programme 2001-2002.

A follow-up was given to the implementation of the
Kyoto protocol in the conferences of Bonn and The

Hague and in Belgian conferences on this subject.
The Ampere report was analysed in a ini t ia l way.

In ethics and decision making in nuclear waste a final
report was prepared, taking all-relevant dimensions
of the problem into consideration: time scale prob-
lems, sociological and psychological aspects, etc. A
Topical Day on Ethics and Radioactive Waste is
scheduled for January 22, 2002. Interim results were
presented at different occasions and in particular to
the international steering committee.

A contribution was given to the ethical reflections on
retrievability wi th in SCK-CEN and towards
ONDRAF/NIRAS as evolving option in the process
of development of deep geological disposal of
nuclear waste, assessed in the SAFIR II report.

The Belgian actors in the development process of
and decision making on surface disposal of nuclear
waste could be convinced to participate in the
European concerted action COWAM.
ONDRAF/NIRAS, Electrabel, FANC as well as pol-
icy makers, through the local partnerships MONA
(Mol) and STOLA (Dessel). contributed to a first
successful meeting organised with SKB and the
municipali ty of Oskarsham in Sweden.

The PhD thesis on "Liability for the use of radio-iso-
topes and ionising radiation in a medical context" has

already led to a clear view on the role of the PP in
nuclear law and in particular on its role in the liabil-
ity regimes.

At the same time it was concluded that likewise, the
ALARA principle needed a clearer definition to
become principle of law and to avoid a conflict with
other legal principles or rules such as proportionality
principle or standard of care.

At an international Workshop on October 15"', 2001,
organised at the Antwerp University UIA, this legal
research was reviewed and other themes were devel-
oped - such as the BNCT-Heinrich case in the US,
the role of the experts before the courts and the
causality problem - in particular for low doses of
ionising radiation

The theoretical framework to study the organisation-
al aspects of safety and safety culture was established
last year. An international Steering Committee was

created. An on-set of fieldwork has been started by
the end of the year. This includes a period to become
familiar with different installations of SCK-CEN,
such as the BR2 reactor and the organisation of focus
group sessions (group discussions) with members of
SCK-CEN, belonging to different hierarchical levels
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and installations. This focus group work will also be

completed by interviews with key-persons in the

Centre.

The fundamental discussions on ethical choices in
radiation protection allowed clarifying challenges for

law, liability and regulation in ongoing research of

SCK-CEN, as well as broadening the risk approach

in the nuclear field. The scope of our transdiscipli-

nary ALARA skills, approaches and networking

could be enlarged. The radiation protection system

should gradually be improved to demonstrate protec-
tion of the environment in an equal base for radioac-

tive and non-radioactive exposures.

The outcome of a very interesting reflection on tech-

nical, environmental, biological and waste implica-
tions in the context of the military use of depleted

uranium was the need for a more proactive approach.

The problem should not have occurred if the present

BSS regarding clearance had been applied to pre-

military depleted uranium business in the USA.

A more general need for a better anticipation of cri-
sis situations, with less abstract indicators of risk

regarding perception, better involvement of stake-

holders and simple but coherent communication has

confirmed earlier conclusions from the comparison

of nuclear and non nuclear crisis situations

(Chernobyl versus dioxins in food). An interdiscipli-
nary reflection could be organised on demand of

FANC on the new challenges for radiation protection
and waste management from NORM (Naturally

Occurring Radioactive Materials).

The results relating to the culture and the needs of the

expert have been presented to the staff of SCK-CEN
as input for a process of developing ethical guidance.

Results and experience were exchanged with IPSN
during a seminar on case analysis and applicability of

ethical guidance. A draft version of an ethical charter
was developed for discussion with all SCK«CEN co-

workers, using intranet as a tool.

Growing attention was given in this reflection group

and on the topical day to involvement of the public in

societal controversies in relation to the responsibili-

ties of experts and their culture. The original

approach of dialogue with opponents on risk evalua-
tion and perception near the French reprocessing

centre in La Hague was discussed with IPSN in rela-

tion to the French transparency debate.

Contract actions within the framework of EFDA
have started to support the fusion programme of

SCK«CEN in order to contribute in a proactive way

to the study of societal interactions for future large

infrastructures at the European level, while collabo-

ration with ONDRAF/NIRAS on waste disposal con-

tinues. SCK'CEN and IPSN, with some input of
CEPE, will jointly contribute to the programme

"Socio-economic research on Fusion", within the

context of the potential siting of ITER near

Cadarache.

A feedback of experience was organised towards
improving functioning of SCK'CEN and its experts

confronted with societal interactions and value

judgements. A draft ethical code was edited in an

open-ended process of reflections on making value
judgements more explicit in scientific work.

The conclusions and suggestions of the collective

work of the H-team together with exact and applied

scientists are already used to optimise safety
approaches and to stimulate transdisciplinary prob-

lem oriented reasoning in this societal context.

Perspectives

For the coming working years, SuND wants to enrich
the research through collaboration with the universi-

ty of Leuven (Energy Institute) and the university of
Antwerp (UFSIA-STEM). A participatory exercise

with members of societal stakeholder groups will be

carried out to assess the potential contribution of

nuclear technology to a sustainable energy supply

scheme.

In addition, SuND researchers are invited to take part

in a IAEA consultancy on the Methodology of

Assessment of Innovative Reactor and Fuel Cycle
Systems, an activity within the IAEA's International
Project on Innovative Nuclear Reactors and Fuel

Cycles (INPRO).

The results on nuclear waste management could be

used as a basis for a large study on the socio-psycho-
logical factors in the risk assessment concerned in
the decision making process for radioactive waste

disposal. The aim is to:

S study the socio-psychological factors in the risk

assessment phase required for the decision mak-

ing process for radioactive waste disposal;

si contribute to improve radioactive waste manage-

ment;

88 inquire philosophical aspects with regard to radi-

ation protection;

M take part and contribute to participation groups on

low level waste disposal;

s organise a basic course on ethics at SCK'CEN.
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In future the law researchers wil l continue to exam-

ine how law can follow up in an effective way the

increased attention given by international communi-

ty and industry to risk management and optimisation.

Two headlines will be further developed in the fol-

lowing year:

the role of law in high-technological sectors, as

for the nuclear applications as a whole;

• • •: the place of general principles as ALARA and PP

in the (nuclear) law system.

A Topical Day on "Law and nuclear activities" is

planned. The project wil l pay thorough attention to

the recent regulations implementing the Euratom

directives on radiological protection and establishing

the FANC (Federal Agency for Nuclear Control).

The first results of research on organisational aspects

of safety will be presented on a topical day on

"Human factors in industrial safety", planned for

December 2002. It is the aim to organise a relevant

exchange of information and approaches with other

sectors and disciplines, such as law. The focus group

methodology wi l l also be introduced in the EFDA

contract work, which will lead to focus group ses-

sions near Cadarache in the second half of 2002.

The social scientists wi l l continue to support the

process of implementation of ethical guidance start-

ed in SCK-CEN. A collective reflection is pro-

grammed about value that we share, to be integrated

in this process to improve the awareness. The staff

will also be consulted on their needs to define more

specific guidance for particular groups of experts.

Research complements could allow going deeper in

certain aspects of comparative perception of other

experts and stakeholders (authorities, media, other

experts in the nuclear field...). Case studies examined

during the inquiry could be used as a base to stimu-

late a reflection on the limits of the expertise and on

the applicability of proposals for ethical guidance.

The work concerning the cultural dimensions of the

expertise wil l be integrated into an educational pro-

gramme aiming to be a support for the ethical guid-

ance process and for the improvement of the expert

competence in societal interaction and communica-

tion.

The integration of the results of this new dynamic of

reflections and research projects, deepening out par-

t icular issues, should contribute to overcome the

polarised debate on nuclear research and energy.

During the year 2002, the transdisciplinary initiative

will be reinforced by investing also in methodologi-

cal support for the different researchers in social sci-

ence and humanities.

Participation in EC Framework 6 wi l l be prepared.
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GUY COLLARD

RADIOACTIVE WASTE AND CLEANUP

Waste management for a
sustainable development

The primary mission of the "Radioactive waste and
clean-up" division is to propose, develop, and assess
solutions tor a safe, acceptable and sustainable man-
agement of radioactive waste.

Waste management: our future

For existing wastes this mission implies the develop-
ment of long term management infrastructure insur-
ing a min imum impact of activities of mankind in the
past on future generation (safe and reliable disposal).
This implies also the development of techniques
allowing a full knowledge of the existing waste.
Therefore our "Nuclear Chemistry" department
develops analytical techniques for radioactive iso-
topes and stable chemicals which got a low priority
in the past but which could be considered as impor-
tant by the future generations in charge of the dis-
posal of high radioactive waste produced in the
20"' century.

For the decommissioning of existing nuclear facili-
ties, we develop, demonstrate and apply techniques
leading to a optimum between the minimisation of
the quantities of produced waste and their long term
management. This leads to the development of
appropriate decontamination techniques, but also to
the development of conditioning technologies allow-

ing to avoid controlled discharges of radioactive
wastes in the environment for economical reasons. In
this sense, we developed and are demonstrating a
conditioning technology for contaminated sodium
which can be applied for sodium used as coolant in

former experimental and industrial fast neutron reac-
tors but also for coolant of future reactor.

Because we believe that our planet is a village and
that safety and sustainable development cannot be
realised just by solving local problems, we follow the
evolution of an enlargement of present international
collaboration (e.g. "regional repository" for waste
disposal) and despite a sometimes difficult geo-polit-
ical environment, we maintain scientific collabora-
tions with other actors having an important role in
sustainable development, as Russia and China.

We believe that nuclear energy wi l l be necessary for
the sustainable development of mankind in the 21H t

century, but we well understand that it would not be
maintained if it is not proven that within benefits of
nuclear energy a better protection of the environment
is included. Although the current waste management
practices are both technically and from the environ-
mental point of view adequate, efforts in relation of
future power production and waste management

technologies should be put on waste minimisation.
Therefore, the new and innovative reactors, fuel
cycle and waste management processes and installa-
tions should be designed so that the waste generation
can be kept in minimum. In addition to the design,
the installations should be operated so as to create
less waste; consideration should be given e.g. to
keeping water chemistry clean and other qual i ty fac-
tors. SCK-CEN in general and the "Radioactive
Waste and clean-up" division in particular are present
in international groups preparing the development of
innovative nuclear reactors, as "Generation 4" and
INPRO.
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WASTE AND DISPOSAL: RESEARCH AND DEVELOPMENT

Background

The primary mission of the Waste and Disposal
Department is to perform research in support of the
development of safe and sustainable solutions for the
management and geological disposal of radioactive
waste. At the international level, consensus exists on
geological disposal as an adequate long-term solu-
tion for the final disposal of high-level and long-
lived radioactive waste. In Belgium, geological dis-
posal in clay is the primary option for the final dis-
position of high-level waste (HLW) and spent fuel.
The Boom Clay formation at the Mol site is studied
as the reference host rock for methodological studies
on the geological disposal of radioactive waste. We
started investigations on the Boom Clay in 1975.

Within the Belgian R&D programme, performance
assessment studies play a key role in the evaluation
of the long-term safety of geological or shallow dis-
posal systems. These studies contribute:

;8 to identify possible scenarios that might lead to
the exposure of man to radioactivity or toxic sub-

stances;

is to analyse the consequences of the most relevant
scenarios and

s to compare the estimated concentrations, fluxes,
doses and risks with appropriate safety criteria.

Because aquifers are in Belgium key components of
shallow or deep disposal systems, hydrogeological
modelling is a critical element for assessing the long-
term safety of a repository.

Other key factors in safety assessment are:

s< the waste inventory;

3 the short- and long-term behaviour of waste
forms and engineered barriers and

;3 the barrier properties of the host formation.

The Waste and Disposal Department studies the dif-
ferent processes governing the return of radionu-
clides to the biosphere as well as the factors influ-
encing these processes. Experiments on clay cores
and field tests are performed to determine the values
of the input parameters for modelling these process-
es. These investigations are complemented with
large-scale in situ experiments in close to real condi-
tions from underground research laboratories and
with natural analogue studies.

At the beginning of 2002, the Belgian agency for
radioactive waste and enriched fissile materials
ONDRAF/NIRAS will present the SAFIR 2 report
(Safety Assessment and Feasibility Interim Report)

to the authorities. As a contribution to this report,
SCK'CEN summarised the main results obtained
during the last 10 years on the performance assess-

ment of the geological disposal of high-level and
long-lived radioactive waste at the Mol site.

As a contribution to improve the decision-making
process, we are actively involved through PhD and
postdoctoral theses in philosophical and ethical
reflections on waste disposal and management,
including the study of socio-psychological factors
and cognitive dissonance mechanisms (see chapter
"Integration of social sciences and humanities in
research"). This approach is complemented by the
observation of participation groups in local partner-
ships as Mona (Mol) and Stola (Dessel) for low-level
waste disposal options in the vicinity of these two
municipalities. We are following similar involve-
ment practices in Europe in the frame of the
European Concerted Action on Waste Management
"COWAM".

Objectives

The overall objectives of R&D conducted at the
Waste and Disposal Department are:

Si to assess the performance and to identify the most

influential elements of integrated repository sys-
tems for the final disposal of radioactive waste;

H to characterise in detail the source term and to
assess the compatibility and the performance of
the waste forms and other artificial barriers with
the clay environment;

ss to understand and determine the migration of
radionuclides and gases through the host forma-
tion and engineered barriers and

ss to understand the whole hydrogeological system
in north-eastern Belgium governing the

geosphere transport to the biosphere.

In addition to the general objectives, each of our
projects in its field of expertise needs to meet the fol-
lowing detailed objectives:

S to develop methodologies and tools oriented to
long-term safety, applicable to different waste
types, host formations and disposal concepts;

M to determine or verify the various relevant physi-
cal and chemical characteristics of barriers or
waste forms relevant to the Belgian programme;

B to provide reliable models and parameters, based
on a sound scientific understanding and to collect
laboratory and field data according to quality
assurance requirements;
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. - to test, verify and improve computer codes used
in performance assessment calculations of waste
disposal concepts or contaminated sites including
e.g. processes like the water flow and transport of
radionuclides in saturated and unsaturated engi-
neered barriers, aquifers and soils.

The next sections describe the scientific programme
and the main achievements of work performed by the
Waste and Disposal Department in 2001. Progress
and achievements in respectively performance
assessments, waste forms and packages, near- and
far-field studies are reported on.

Programme

Performance assessments

Performance assessments were conducted in the
framework of the following contracts and research
agreements:

: the performance assessment of the potential geo-
logical disposal of high-level and long-lived
radioactive waste in the Boom Clay layer at the
Mol site;

the evaluation of the role and the harmonisation
of the treatment of bentonite barriers in perform-
ance assessments of high-level waste disposal
systems at European Community (EC) level: the
BEN1PA project (BENtonile barriers in Integrated
Performance Assessment);

.-•• the exploration of the applicability of various out-
put variables (concentrations, fluxes) as perform-

ance and safety indicators: the SPIN project (test-
ing of Safety and Performance INdicators);

: the assessment of the adequacy of data and sam-
ples from the Russian injection sites in order to
better understand the chemical behaviour and
migration of radionuclides in the geological envi-
ronment: the BORIS project (BORehole Injection
Sites at Krasnoyarsk-26 and Tomsk-7);

< : the performance assessments for site-specific
concepts regarding surface or deep disposal of

low-level waste at the nuclear zones in the Mol-
Dcssel region (B);

i • the contribution to the impact assessment studies
of a radium storage facil i ty at Olen (B);

::.; training in performance assessment methodology
for East-European countries.

We focused the hydrogeological studies supporting
some of these assessments on the further develop-
ment of the multi-layer regional aquifer model of

north-eastern Belgium and the collection of the
required data (piezomelric measurements, spatial
var iabi l i ty of the hydraulic conductivity for the
Boom Clay, etc).

Waste forms and packages

The programme consists of the following activities:

.*: the investigation of the compatibi l i ty of bi tu-
minised radioactive waste (Eurobitum) with the
disposal environment;

"; the investigation of the effect of chemical degra-
dation products of contaminated cellulose-based
waste on the solubility and sorption of Am and Pu
in Boom Clay;

, the study of the corrosion mechanisms of high-
level waste glass in geological disposal media;

: ; • the study of the effect of a-radiolysis on the cor-
rosion of DO, doped with 2-'-'U and :wPu;

;.v. the study by electrochemical techniques of the
sensitivity to localised (pitting) corrosion of stain-
less steel container materials in geological dis-
posal media. Immersion corrosion tests are con-

ducted to investigate the t ime dependence;
: the investigation and demonstration by in situ

tests of the interaction behaviour between alpha-
active vi t r i f ied waste samples and backfill mate-
rials: the CORALUS project (CORrosion of
Active gLass in Underground Storage condi-
tions).

Near- and far-fields

We developed further the characterisation activities
of the backfill material (near-field) and the host for-
mation (far-field) in the following directions:

?:< migration tests carried out to study the diffusion
of actinides, fission products and the mobility of
the dissolved organic matter in the interstitial clay
water. We developed and applied electrokinetic
methods as a complementary technique to reduce
the very long time required for performing migra-
tion experiments and to study the speciation of
the different radionuclides in the reducing clay
sediment;

a large-scale 3-D experiments with tritiated water,
with l4C-labelled bicarbonate, and with UC-
labelled organic matter, installed from the under-
ground research facility. These experiments are
aimed at confirming the anisotropy of the
hydraulic parameters and at validating the migra-
tion model and the parameter values;
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g experiments with labelled organic matter (OM)
designed to deepen the understanding of the role
of the organic matter on the transport of radionu-
clides by complexation in a reducing, organic rich
clay sediment and to improve the conceptual
model to be implemented in performance assess-
ment: the TRANCOM-II project (TRAnsport of
Nuclides by Compexation with Organic Matter);

B detailed characterisation of the organic matter and
the study of its evolution with time, assumed to
confirm the long term geochemical stability of
the Boom Clay;

s the study of the influence of high pH alkaline flu-
ids (concrete construction material or backfill) on
the long time performance of a repository: the
ECOCLAY-II project (Effect Of Cement on
CLAY barrier performance);

B a large-scale in situ demonstration project devel-
oping and assessing backfill and sealing materials
and methods. Beside the performance of the seal
with regard to water and gas tightness, the test
allows to validate models describing water and
gas flow through the sea! and the near field: the
RESEAL project (REpository SEALing in
argillaceous rock);

S the determination of the degree of homogeneity
of the Boom Clay with regard to the migration of
radionuclides, through detailed sampling and
testing over the full thickness of the formation.

Achievements

Performance assessments

We are reviewing and testing within the SPIN proj-
ect various performance and safety indicators.

A good indicator of the performance of the disposal
system with respect to the "retardation/slow release"
safety function, in combination with the "physical
confinement", is the flux of activity that is released
from each component of this system.

The following figure gives as an example the fluxes
of "Tc released from each component in case of
direct disposal of 2 000 tons of spent fuel.

Waste form

The release of the "Tc inventory from the degrading
waste form (1) is conservatively assumed to be com-
pleted 10 000 years after canister failure (2). As the
solubility limit of TcO2.nH,O is quickly reached
around the waste form under reducing conditions, a

considerable fraction of "Tc released from the waste
immediately precipitates (3). The figure indicates
that the activity flux of nuclides leaving the precipi-
tate (3) is more than 1 000 times lower than the max-
imum flux out of the waste (1). The precipitate only
disappears after about 1,5 million years (4) and with
a half-life of 213 000 years, a large fraction of the
"Tc inventory decays even before migrating into the
bentonite buffer.

Buffer/Clay

The figure indicates that for this nuclide conserva-
tively assumed to be non-sorbed, the buffer only has
a limited contribution: its output flux (5) is almost
equal to its input flux (3). The maximum flux
released from the host clay layer (6) is about a factor
1.5 lower than the flux released from the buffer (5).

Aquifer

The first radionuclides will reach the aquifer after
about 10 000 years and the activity flux is equal to
50 % of its maximum value after about 60 000 years.
Regarding the aquifer for which transport times of

about 2 500 years are calculated, its impact on the
activity flux discharged into the rivers is negligible
for this example, i.e. the flux out of the aquifer (7) is
practically equal to the flux coming out of the Boom
Clay (6).

1E+3 1E+4 1E+5

Time after disposal (a)

1E+6 1E+7

Evolution of the "Tc fluxes (Bq/a) released from each component
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In 2001. the Waste and Disposal Department elabo-

rated a compilation of 20 years of observations of

hydraulic heads in various aquifers of north-east

Belgium based on the data from 47 sites of

SCK-CEN's piezometric network. The results of the

measurements of hydraulic conductivity of the clay

cores taken from boreholes at Zoersel, Mol and

Weelde are now available. They show the lateral

homogeneity of the Boom Clay formation in the con-

sidered area and confirm, as expected, a slight influ-

ence of the depth on the hydraulic conductivity. A

new version of the regional hydrogeological model

based on recent geological data, pumping rates and

hydraulic characteristics is in preparation.

We also took part in an impact assessment study for

the radium storage facility at Olen (Belgium). In this

study, account was taken of one of the important

pathways by which the contaminants can reach man,

i.e., leaching to groundwater and use of groundwater

for drinking and irrigation. The conceptual model to

be considered in the impact assessment was derived

and the waste form, the engineered barriers and the

site were characterised. Waste characterisation

focused on derivation of elemental concentrations

under disposal conditions referring to a geochemical

model. Properties of engineered barriers that govern

the leaching of contaminants present in the waste,

notably percolation of water, sorption and diffusion,

were derived on the basis of literature and construc-

tion data. Measurements of hydraulic conductivity

and sorption coefficients for radium, uranium,

arsenic and lead using cores sampled from the field

provided the data necessary for calculating the

migration of contaminants in the aquifer. Leaching of

radionuclides and non-radiological components

towards groundwater was then calculated using

state-of-the-art numerical models of water flow and

contaminant transport in unsaturated layers. Results

showed that leaching from the waste forms contain-

ing the highest concentration of contaminants pres-

ent in the tail ing and the radium sources, needles and

salts, did not lead to unacceptable concentrations in

the groundwater when a reasonable period of leach-

ing is considered.

The Waste and Disposal Department provided train-

ing to Slovenian fellows on the performance assess-

ment for low- and intermediate-level waste reposito-

ry, in the frame of a Technical Co-operation (TC)

project with the International Atomic Energy Agency

(IAEA). We organise similar training activities on

geological disposal of HLW and spent fuel for

Slovak and Czech fellows in the framework of a

grant from the Belgian Ministry of Economic Affairs

concerning support to East European countries for

enhancing nuclear safety.

Waste forms and packages

Investigations on the geological disposal of cellu-

lose-containing waste were focused this year on the

effect of cellulose degradation products on Pu and

Am solubility and sorption in the Boom Clay affect-

ed by alkaline fluids, released e.g. from a concrete

gallery liner (see also section near-field). This com-

plements previous studies investigating Pu and Am

solubility in undisturbed Boom Clay. Earlier studies

have shown that a-ISA (iso-saceharinic acid, i.e the

most important cellulose degradation product) is

removed from solution when brought in contact with

undisturbed Boom Clay. Accordingly, a R&D project

to measure the sorption capacity of Boom Clay for

a-ISA was launched.

Concerning studies on vitrified waste, results from

previous R&D programmes were reviewed and new

experiments were initiated after interpretation of the

5-year experimental programme 1996-2000.

It is generally accepted that the dissolution of glass

depends on the amount of silica sorbed on the clay.

To assess the influence of silica sorption on the glass

dissolution rate, we carried out leach experiments

using clay slurries with different concentrations of

SON68, 90°C, SA/V = 100/m
200

(g/m2)

4 mg Si / g cjay '

•«—
5 mg Si / g clay

0 500 1000 1500 2000

Days

Cumulative mans losses far SO>\'68 glass for texts at
90°C in mixtures of different Boom Clay concentra-
tions, at a glass surface area/solution volume (SA/V)
of 100 »r', with indication of the estimated amount of
silica released by the glass and immobilised by the
clay (mg Si/f> clay). The 95% confidence interval on
the mass losses is estimated at 20%.
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Boom Clay per liter clay water (varying from 10 to
2000 gram clay per liter).

The figure refering to SON 68 Glas at 90°C,

shows that for low Boom Clay concentrations

(10 and 500 gram clay per liter), the glass dissolution

rate decreases with time. The amount of silica sorbed

on the clay corresponds respectively to 2 and 5 mg
silica per gram clay. Relatively high dissolution rates

were observed for tests at high Boom Clay concen-

trations (2000 gram clay per liter). In the latter case,

the amount of silica immobilised per gram clay
equals 4 mg silica per gram clay.

The high glass dissolution rate at relatively high
amounts of silica sorbed on the clay (approaching

saturation) suggests that, apart from silica sorption,
an additional process may take place.

This process may include the precipitation of silica

into secondary phases. Both mechanisms, silica sorp-

tion on the clay and silica precipitation into second-

ary phases, may be the driving forces for glass disso-

lution as they provide sinks for silica released from

the glass. Future work will focus on the detailed
assessment of the impact of these mechanisms on the
long term glass dissolution.

Furthermore, experiments were started to study other

important aspects of glass dissolution. One can men-

tion:

ss the diffusion of silica in the clay can have an
important impact on glass dissolution, because it
leads to removal of silica from the glass. To study

this, we designed new tests to measure simultane-

ously the glass dissolution behaviour and the dif-
fusion of Si from the glass into the clay.

a It has been observed previously that the addition

of glass frit to the leaching medium decreases the

glass dissolution. Experiments have been started

to verify this in conditions representative for the
Belgian disposal concept.

s 237Np, "Tc, wSe, 126Sn, 93Zr, and 107Pd are consid-
ered as potential critical nuclides in performance

assessment. The maximum mobile concentration

in the liquid (in a clay environment) is used as

input parameter in performance assessment stud-

ies. Experiments have started to measure these

concentrations in near field clay conditions after
contact with simulated waste glass, doped with

these elements.

In 2001, we completed a project to investigate the

release of Np from vitrified waste as well as its spe-
ciation and mobility. The main objective of this study

was to gain insight in the speciation of the released

Np under the site specific disposal conditions of the

Boom Clay Formation.

It was found that two dominant species of tetravalent

Np form in Boom Clay porewater. Most of the

Np(IV) is associated with humic substances but
Np(IV) is also present as a a mixed hydroxohumate

complex, Np(OH)3HA(I). The complexation con-

stant of this species varies with pH, ionic strength
and humic acid solution. The value of this constant

under conditions relevant for the Boom Clay was

determined and will serve as a basic input parameter

for speciation calculations in support of performance

and safety assessments.

As part of a project supported by the European

Commission, SCK«CEN investigates the compatibil-
ity of spent fuel with disposal in clay. In particular,

experimental work is focused on the effect of alpha

dose (rate) on the dissolution rate of UO2 in disposal

conditions as well as the influence of potential sur-
rounding materials on the dissolution rate of this

alpha-doped UO2. The Institute for TransUranium

elements (ITU) is in charge of the preparation of the
alpha-doped UO2 (

233U and 238Pu).

The experimental programme is now progressing

after preliminary actions like:

s the construction of experimental devices for stat-

ic and dynamic dissolution tests with powdered

U02 (200-300 urn) in presence (or not) e.g. of
Boom Clay or bentonite.;

s the testing of preparation procedures using

depleted UO2. Annealing U02 at 1000°C in

Ar/H2 atmosphere proved to be successful in
reducing the oxidised surface layer, prior to dis-

solution.

SCK'CEN completed an extensive parametric study
on the two Belgian candidate container materials

(stainless steels AISI 316L hMo and UHB 904L) for

geological disposal in Boom Clay and compared
their corrosion behaviour with some other alloys (Ni-

and Ti- alloys). We studied more in detail the sus-

ceptibility to localised corrosion (pitting) of the can-

didate container materials by Cyclic Potentio-

dynamic Polarisation (CPP) measurements.

Observations from the Praclay mock-up suggest the

presence of high chloride concentrations in the pore-
water (see section Waste and Disposal -

Demonstration). Accordingly, we paid particular
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attention to the influence of the choride content on
the corrosion susceptibility. At a Cl- concentration of
20 000 mg.l'1-. we observed signs of pitting for AISI
316L and 316Ti solutions (I6°C, anaerobic condi-
tions). These metals could suffer from long-term cor-
rosion problems under such conditions, as repassiva-
tion will not occur once a localised attack is initiated.
Similar conclusions are drawn on the susceptibility
to pi t t ing at 90°C (anaerobic conditions) for Ni-
alloys Hastelloy C-4 and C-22.

For stainless steel UHB 904L. pitting is easier ini t i -
ated at high temperature. At 140 °C and for aerobic
conditions (autoclave), the pitting susceptibility of
UHB 904L increases with increasing chloride con-
tent but decreases with increasing sulphate content.

The CORALUS (CORrosion of Active gLass in
Underground Storage conditions) experiment was
designed to study the influence of complex and com-
bined processes on the corrosion of vitrified HLW in
repository conditions. The experimental programme
foresees the installation of four modular test tubes in
the Boom Clay, These test tubes contain inactive and
alpha-active SON68 glass samples, three different
backfill materials and, for two of the test tubes, 6"Co
sources aiming to simulate the gamma field. Planned
tests wi l l run at 30 or 90 °C.

In 2001, significant progress was achieved. After sat-
uration of the backfil l materials of the second test
tube, which was installed in April 2000, the tube was
slowly heated to 30 °C. On the piezometer solutions,
we measured the ionic composition and the type and
amount of dissolved gases. By means of flow-
through cells, we monitored the pH and redox poten-
t ial of solutions in contact with the backfill intersti-
t ia l solutions. Two additional test tubes were
installed. After saturation of the backfi l l materials,
these tubes wil l be heated to 90 °C, followed by the
insertion of the 6"Co sources.

We further report progress in the following areas:
! the extension of the accreditation by BELTEST

for our R&D projects on high-level waste glass,

radioactive cellulose waste and bituminised
waste;

• the initiation of R&D on the destructive radio-
chemical analysis of high-level waste glass, in
particular the inventory of long-living nuclides
like Se-79, Sn-126, Zr-93 and Pd-107.

'. : • the further development of a reliable and repro-
ducible methodology for measuring the redox

potential in clay water to be used in the laborato-
ry tests.

Near- and far-fields

We still developed the experimental work in surface

and underground laboratories to investigate radionu-
clide migration, to refine the value of the main trans-
port parameters and to check the good agreement
with model predictions.

From the water of the percolation type experiments,
we obtained concentration limits corresponding to an
"operational solubility" in the interstitial Boom Clay
water for different radionuclides. We observed that,
after a few renewals of the pore water in the clay
core, the concentration of the introduced radionu-
clide reaches a steady state. Such steady concentra-
tions are used as an "operational solubility" in per-
formance assessment calculations as well as to test
the geochemical modelling for so lub i l i t y calcula-

tions.

Regarding the migration behaviour of redox-sensi-
tive radionuclides, the electron!ignition technique
has proved to be extremely useful to acquire knowl-
edge on the speciation of the migrating species, by
separating the species on the basis of their valence.
Information on the speciation of the migrating
species is essential since both the solubility limited

U(OH)., and the non solubili ty limited U02(CO,),4"
species can be stable under in situ Boom Clay condi-
tions. The electromigration experiments indicate, in
support of the speciation calculations, that the domi-
nant U-species in solution is the solubility limited
U(OH).,.

One key issue in the disposal of spent fuel is the pres-
ence and release of the long-lived I2''I mainly present
as iodide (I"). Geological formations considered for
nuclear waste disposal are unable to retard most of
anionic species. As I2''I is considered as one of the
most important radionuclides, its confinement must
be based on a robust engineered barrier. In a first
step, we investigated active carbon as a possible
additive in this engineered barrier but the results did
not reach the minimum requirements put forward by
the performance assessors. After promising prelimi-

nary tests, we therefore decided to investigate
organobentonites.

On samples (Mol-1 drilling campaign) taken from
the glauconite sand layers (Formations of Diest,
Berchem and Voort) above the Boom Clay
Formation, we studied the sorption behaviour of the
following elements: Cl, I, Se, Sn and U. The
Formations of Diest and Voort showed a low but sig-

nificant sorption for Sn whereas the Formation of
Berchem showed some sorption for uranium.
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In the frame of the natural analogue study on Boom

Clay, we drilled from the underground research facil-

ity (URF), a new 40 m deep borehole vertically. The

borehole was cored over its entire depth, cutting

organic-rich layers, the double band -the most silty

layer of the Boom Clay and therefore a potential

zone of higher permeability and pore water mobility-

, the U-rich interval at the base of the Putte Member,

and, the upper levels of the Terhagen Member. The

clay cores are used for a detailed mineralogical, geo-

chemical and radiochemical study of the Boom Clay

and its interstitial water.

We installed a piezometer in this borehole for the

TRANCOM-II project for the collection of pore

water at 12 levels with specific characteristics (see

figure below) to study the spatial variability of pore

water in the Boom Clay and to get a detailed charac-

terisation of the organic matter.

Filter position Stratigraphy
I Septaria

Organic matter

Sampling piezometer and sampled layers

For this purpose, we will analyse the molecular com-

position of the organic matter present in the water

and compare it with the organic matter present as

solid phase. Attention will be paid to the origin by

studying the biological precursors, to the diagenetic

evolution by investigation of the instable compo-

nents and to the migration of the organic matter.

The natural uranium distribution in Boom Clay slur-

ry was investigated to gain a better understanding of

uranium retention mechanisms. Uranium is mainly

associated with organic colloids, as generally indi-

cated by the brown colour of samples. The graph pre-

sented below highlights very well the relationship

between the Total Organic Carbon (TOC) and the

uranium concentration. Because these colloids are

not mobile in compact Boom Clay, values measured

through batch distribution coefficients (K^ are not

representative for the in situ Boom Clay.

m m m m

TOC (
[U]

clay to l iqu id ratio, g'litei

Association of uranium with colloids

Performance assessment studies on the direct dispos-

al of spent fuels clearly indicate that uranium iso-

topes and their daughters would be the main contrib-

utors to the total dose rate at very long term. Both the

tri-carbonate anion UO,(C03)5
4~ and the neutral

species U(OH)4(aq) might coexist under the reducing

conditions prevailing in the Boom Formation. We

performed complexation experiments under in situ

conditions (pC02 = 1O239 atm and pH ~ 8.5) with

uranium(VI) and various concentrations of different

dissolved humic acids. A weak complexation is

observed indicating that the uranium(VI) speciation

in the Boom Clay interstitial water with a Dissolved

Organic Carbon (DOC) of about 200 mg.dnr3 is

dominated by the carbonate complexes.

Monitoring of the in situ geochemical conditions is a

key issue for the long term prediction of the chemi-

cal behaviour of radionuclides in the Boom Clay.

Therefore we developed and installed an in situ

monitoring system for Eh and pH measurement

under pressure. The project is referred as

"ORPHEUS" for "Oxidation Reduction Potential and

pH Experimental Underground Station".

A generic coupled geochemical transport model,

developed in collaboration with the United States

Salinity Laboratory (Riverside, CA), is able to repro-

duce key processes of radionuclide behaviour in the

soil (and other substrates) and the soil-plant environ-
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merit, the groundwater and the engineered and geo-

logical components of repositories of radioactive

waste.

In the frame of a post-doctoral research project,

multi-component transport simulations have been

performed for transient unsaturated flow conditions

in heterogeneous soil profiles. Furthermore, the new

code has been tested on well-selected cases (i.e., data

sets) dealing with waste disposal issues, including

the effect of an alkaline plume on the behaviour of

Boom Clay. Migration experiments are planned on

Boom Clay samples conditioned with young and

evolved cement water in the frame of the EC ECO-

CLAY project.

The figure below illustrates, as an example, the

results of calculations of possible processes interact-

ing at a concrete-clay interface when an alkal ine

plume (pH 13,1 - high Na and K content) is flowing

(1 mm d• ' ) through a Boom clay core.

These simulations show the propagation after about

one year time of an alkaline plume through the core

with the occurrence of complementary reactions

such as dissolution of primary minerals as kaolinite

and precipitation of secondary phases (e.g. anal-

cime). In case of absence of chemical reactions, the

alkal ine plume would reach the outlet after 32 days.

Dissolution of primary kaolinitc indicates that the

Boom Clay mineralogy is not in equilibrium with the

infi l t rat ing alkaline plume. Furthermore, secondary

minerals (for example the zeolite analcime) are

formed due to the break-up of primary phases, the

dissolution of Si and Al and to the availability of

cations in the alkaline plume (mainly Na and K in

this example). The observed alterations influence the

composition of the fluid in the clay core (e.g. the

decrease in Ca-concentration). This indicates the

importance of using a transport model incorporating

different chemical processes to analyse the perform-

ance of a waste disposal concept.

In the frame of the RESEAL-II project, the hydration

of the seal plug is not yet completed. We installed a

mixture of FoCa clay pellets and powder in

September 1999. We observed now that the hydro-

mechanical perturbation around the plug, including

the host clay fracturation in the near-field caused by

the seal installation, is not yet restored. The migra-

tion and hydro-mechanical tests started in parallel in

the surface laboratories on samples of powder/pellets

mixture of FoCa Clay wi l l provide complementary

information on hydration mechanisms and on the dif-

fusion parameters of this mixture. The partners start-

ed the first numerical simulations for the hydration

phase of the shaft seal.

Perspectives

The performance assessments of the geological dis-

posal of reprocessing waste in the Boom Clay layer

at the Mol site will continue in 2002. Main emphasis

will be on the scenario development. A systematic,

transparent and well-documented approach will be

applied to identify and to define the most relevant

evolution scenarios. The assessments for the EC

project BENIPA will be mainly carried out next year.

Running the updated version of the regional hydro-

geological model wi l l allow to evaluate the necessity

of performing an additional data acquisition cam-

paign.

Our collaborations with East-European countries

wil l continue in the next years, especially with

Slovenia and Slovakia for the performance assess-
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Simulation of the propagation of an alkaline plume into a 32-mm-long clay core after 333 days,
(dotted line refers to the initial profile).
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ments of designed facilities for the disposal of low-

level radioactive waste.

In the framework of the programme for the disposal

of low-level radioactive waste in Belgium, we will

continue the performance assessment studies for the

site-specific disposal concepts for the nuclear zones

in the Mol-Dessel region. These studies include
detailed mathematical modelling of radionuclide

migration in the engineered barriers and the sur-

rounding aquifers. The issue of gas generation owing
to anaerobic corrosion of steel and the concomitant

gas transport in disposal galleries, Boom Clay and
aquifers for the deep disposal concept will also be

investigated.

In addition to the safety calculations, we will con-

tribute to the dissemination of the results to the pub-
lic through the local partnerships, which have been

established in Dessel and Mol.

We also apply our expertise in site characterisation

and flow and transport modelling in aquifer systems

and variably saturated soils to the SCK«CEN pro-

gramme on environmental restoration and site reme-
diation. In collaboration with Vito, we contribute to

the evaluation of permeable reactive barrier media

for remediation of uranium plumes in groundwater.

Studies related to waste forms and packages will

continue with a special focus on the compatibility of

bituminised radioactive waste with Boom Clay.
Areas of future R&D are the swelling behaviour due

to the uptake of water, its effect on the near-field in

the disposal concept and the effect of physico-chem-
ical ageing (mainly due to radiolysis processes). We
also intend to study in more detail the biodegradation
of bituminised radioactive waste upon geological

disposal.

Through our co-ordinating role for two new EC proj-

ects, we will contribute actively to the state-of-the-

art at international level on glass dissolution mecha-
nisms and container corrosion. The first one, the

GLAMOR concerted action, will achieve a common

understanding of the processes controlling the long-

term dissolution of nuclear waste glasses in geologi-
cal media. The second one, the COBECOMA

(COrrosion BJjhaviour of Container MAterials) the-
matic network, will review the R&D on container

corrosion and identify the needs for future R&D in
this area.

The time consuming migration programme including

newly designed experimental set-ups, large scale in

situ migration experiments and electromigration tests

are continuing for some more years.

We will be in a position soon to start the first migra-

tion experiments in the frame of the ECOCLAY-II

project, aimed at studying the influence of cement

water on the geochemical behaviour of the host for-

mation. For the natural analogue study of the Boom

Clay, the final results of the analysis of the solid and
the liquid phases will allow the detailed global inter-
pretation.

After full saturation (RESEAL-II project), we will

evaluate the efficiency of the seal at saturation (water

and gas permeability tests) including the realisation

of tracer diffusion tests. Modelling work will be car-
ried out to assist in the interpretation of the seal

behaviour and for validation purposes.

In preparation of the upcoming 6"1 Framework

Research Programme of the European Commission,

SCK-CEN intends to start discussions with potential

research partners to develop joint projects using the

same research infrastructure, to promote the

exchange of scientific personnel and to organise joint

workshops, conferences and training courses. The
establishing of the European Research Area will

offer unique opportunities to foster the creation of

networks of excellence in radioactive waste manage-
ment.

Tractebel (Brussels, Belgium)

AEA AEA Technology (Harwell, UK)

ANDRA Agence National pour la gestion

des Dechets Radio-Actifs

(Chatenay-Malabry, France)

ARMINES Association pour la Recherche et

le Developpement des M6thodes et

Processus Industriels (Paris,

France)

BGD/SGB Belgische Geologische Dienst /

Service Geologique de Belgique

(Brussels, Belgium)

BRGM Bureau de Recherches

Geologiques et Minieres (Orleans,

France)

CEA Commissariat a 1'Energie

Atomique (Saclay, France)

CIEMAT Centre de Investigaciones

Energeticas, Medioambientales y

Tecnologicas (Madrid, Spain)

CSIC Consejo Superior de

Investigaciones Ciemificas

(Madrid, Spain)
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BERNARD NEERDAEL, MARC BUYENS, DIDIER DE BRUYN, GEERT VOLCKAERT

WASTE AND DISPOSAL: DEMONSTRATION

Background

Within the Belgian R&D programme on radioactive

waste disposal, emphasis has gradually shifted from

the study of basic phenomena to the investigation of

complex and interacting processes. In line with this

development, integrated tests and large-scale demon-

stration experiments have become increasingly

important. A core group within the Department

Waste and Disposal contributes to the developing of

concepts and demonstration experiments in the

HADES Underground Research Facility (URF). In

particular, this group provides support to the

Economic Interest Grouping (EIG) EURIDICE

(European Underground Research Infrastructure for

the Disposal of waste in a Clay Environment) in var-

ious fields of expertise like geomechanics and moni-

toring.

The Economic Interest Grouping EURIDICE was set

up in 1995 by SCK-CEN and ONDRAF/NIRAS, the

Belgian Agency for Radioactive Waste and Enriched

Fissile Materials. The EIG EURIDICE is in charge of

the management of the HADES URF. Since 1995,

the activities focus on the PRACLAY (PReliminAry

concept in CLAY) programme. The main objectives

of the PRACLAY project are to demonstrate the

technical feasibility of HLW disposal in a clay for-

mation and to contribute to the assessment of the per-

formance of the disposal system.

- Boom Clay

— Backfill FoCa-clay

Lining wedge blocks
Disposal tube

overpack

- Canister

The PRACLAY demonstration project is an impor-
tant milestone in the Belgian repository development
programme. The demonstration experiment is based
on two pillars:

1 demonstrating the technical feasibility of the
repository, taking into account the real and prac-
tical nature of the operations;

$s contributing to a better understanding of the
processes involved in the disposal system and the
validation of mathematical models.

In the current Belgian disposal concept, a concrete-
lined gallery contains a central stainless steel access
tube intended to receive the vitrified HLW drums in
their individual stainless steel overpack. Bentonite-
based backfill blocks fill the gap between the central
0.5-m diameter tube and the 2-m inner diameter lin-
ing. In addition to activities planned in the HADES
URF, a surface mock-up, OPHELIE (On surface
Preliminary Heating simulation Experimenting Later
Instruments and Equipments) has been constructed.
The mock-up simulates a disposal gallery and will be
used for preparing and complementing the under-
ground work. The OPHELIE mock-up is 5 m long
and has a cross-section similar to that of the disposal
gallery as far as central tube and backfill are con-
cerned. A steel liner keeps the backfill under pressure
when the latter starts to swell due to water uptake.
The mock-up was operated for 3 years at thermal
conditions above 100 °C.
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Objectives
: to contribute to the design, instal la t ion and oper-

ation of a surface mock-up, simulating at fu l l

scale (diameter) the Belgian reference concept:

" to confirm and improve our knowledge of the ref-

erence design;

to design and bu i ld the crossing between main

and disposal galleries;

' to demonstrate the construction and operation of

a dummy disposal gallery tor HLW;

to increase our understanding of water flow and
mass transport in dense clay-based materials and

their mechanical behaviour under a temperature

gradient;
; to valorise our expertise and stimulate co-opera-

tion at international level.

Programme
The PRACLAY demonstration experiment w i l l be

installed in a dedicated gallery in the HADES facili-
ty. This gallery with a total length of 30 in wi l l be
constructed in an extension of the present URF. In a

first step, the excavation in 2002 of the gallery con-

necting the second shaft with the existing facility,
w i l l provide a unique opportunity to monitor the evo-

lution of Hydro-Mechanical (HM) disturbances of

the Boom Clay formation in order to validate the cur-

rent models on the HM behaviour of Boom Clay.

The EIG EURID1CE is directly involved in the EC
(European Commission) FEBEX-II (Ful l scale

Engineered Barrier Experiment) and CLIPEX
(CLay instrumentation Programme for the

Extension of the URL) projects.

" The FEBEX-II project is a continuation of the

FEBEX project, initiated by ENRESA to demon-

strate the Spanish design for spent fuel disposal

but operated in Switzerland in a granite formation

at the Grimsel Test Site. Although referring to the

Spanish context for spent fuel and the granite as
host rock option, EIG EURIDICE considers this

participation useful to share through this
European partnership experience and methods on

the dismantling operations of such an in situ test,

having many similarities with the PRACLAY

experiment.

.:-.: The CLIPEX project is a mine-by test, developed

in parallel with the extension of the URF planned

for begin 2002. The instrumentation already
installed in the clay host in 1999, will record the

HM parameters ahead of the tunnel face with a
particularly high reliability, taking advantage of

an optimal restoration of the ground conditions

around the sensors for more than 2 years. The

instrumentation array will be extended to engi-
neered structures to be b u i l t .

In December 2000, ONDRAF/NIRAS decided to

review the reference design for the disposal of vitri-
fied and heat generating high level waste due to open

questions resulting from preliminary studies regard-

ing the PRACLAY experiment, from intermediate

results of the OPHELIE mock-up and from studies
carried out during the elaboration of by

ONDRAF/NIRAS of the Safety and Feasibility
Interim Report (SAFIR 2). As the PRACLAY project

is meant to be the demonstration of the feasibility of
this reference design, it is obvious that this two-year

review period will affect the planning of the PRA-

CLAY experiment. However some parts that are

largely independent of the design, are continued.

Achievements
The Waste and Disposal Department contributed to
the operation of the OPHELIE mock-up and the

preparation of its dismantling, which is scheduled for
the second semester of 2002.

Based on the design of the mid-nineties, the EIG

EURIDICE constructed OPHELIE to confirm sever-
al choices in i t i a l ly made for the PRACLAY in situ

experiment such as monitoring devices, backfil l

material, disposal tube and to test the feasibili ty of
the instal lat ion procedures of the backfill blocks and

measuring sensors. The mock-up, operated since
December 1997, should allow to perform a basic-

investigation of the thermo-hydro-mechanical

behaviour of the clay-based backfill material.

The success of the dismantling operations is there-

fore a prerequisite to allow a detailed study of

Thermo-Hydro-Mechanical (THM) processes taking

place. In particular, the dismantling of the mock-up
will provide a unique "hands-on" experience of the

engineered barrier, by visualising the different mate-
rials after hydration and heating during several years.

As the barrier becomes accessible, the dismantling

operation wil l provide an excellent opportunity to
investigate the phenomena that may influence the

performance of the different mock-up components.

The measurements but also some observations dur-

ing the experimental phase already allowed to point

out specific features, like the high apparent thermal

conductivity of the backfill material, the salt concen-
tration wi th in the backfill or the pitting corrosion
detected on stainless steel tubing and possibly

explaining the failure of several sensors.
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The construction of the connecting gallery is an

experiment by itself as it is the first time that an

industrial excavation technique will be used. The

construction of this gallery will gather essential

information regarding the excavation technique but

also the understanding of the hydro-mechanical

response of the clay massif during and after the exca-

vation. Presently, the starting chamber required for

mounting the tunnel machine is ready. The connect-

ing gallery will be excavated early 2002.

For the construction of the connecting gallery, a tun-

nelling machine composed of a 2.3 m long shield , a

road-header for the rock excavation and a bird-wing

erector system for the lining installation was

designed. The shield is equipped with a cutting head

to ensure a smooth excavated profile. The wedge

block system consisting in an expanded lining sys-

tem is selected to reduce the plastic zone created by

the tunnelling process. A fast advancing rate of about

2 meters a day and a minimal overbreak are required.

A quick installation of the lining will minimise radi-

al movement of the clay wall. The full instrumented

tunnelling machine (forces exerted by the hydraulic

jacks, convergence of the wall, etc) will allow a very

good control of the excavation parameters.

Recent simulations of the excavation process sup-

ported the definition of the instrumentation pro-

gramme. The mine-by test will in turn allow to test

the capability of current models to reproduce the

coupled HM behaviour of deep clays and to validate

and/or refine these capabilities.

The following interesting results are already avail-

able:

•ss we recorded, for the first time from the HADES

URF at a depth of 225 m, the expected undis-

turbed pore water pressure of 2.2 MPa, indicating

a hydraulical disturbance limited to about 30 m

behind the front of the drift;

ss during the construction of the second shaft, we

observed a water pressure drop about 0.2 MPa at

a distance of about 60 m from the shaft. Simple

poroplastic models predicting a maximum extent

of 25 m distance for a similar disturbance under

full deconfmement cannot explain these observa-

tions. This confirms that skeleton viscosity and

fracturing in the near-field have to be taken into

account;

s we observed a good agreement between prelimi-

nary results of simulations, run by the different

modelling teams involved in the project;

Excavation of the starting chamber

S using the instrumentation recently installed at the

bottom of the second shaft, we recorded the

response of the clay host rock to the construction

of the starting chamber taking place in September

of this year.

In complement to the investigations initiated last

year for the study of the fracturation observed around

the second shaft, a new EC project (SEFLFRAC) on

the self-healing behaviour of fractures, proposed by

the BIG EURIDICE, was selected in the frame of the

Fifth Framework programme of the European

Commission on nuclear fission safety. Numerous

geological observations during the digging of the

starting chamber provide a new set of data to be

analysed in more detail together with new informa-

tion collected at the field (core drilling, micro-sonic

measurements, etc).

In the frame of the IAEA Network of Centres of

Excellence, SCK-CEN as a member of the BIG

EURIDICE, has proposed to make the HADES URF

available for international training and demonstra-

tion activities with the following objectives:

m to demonstrate waste disposal technologies;

n to contribute to the resolution of outstanding key

scientific and technical issues;

ss to support training, knowledge and technology

transfer;

§5 to promote public confidence in geological dis-

posal.

This programme forms part of a broader action to

involve international partners for research and

demonstration projects in connection with the URF.

The initiative of IAEA provides an excellent oppor-

tunity to promote international co-operation and to

share experience and know-how.
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SCK'CEN continues its partnership within the Mont

Terri project (Switzerland) and is involved for con-

sultancy in the frame of the experimental programme

to be developed at the URL project of ANDRA at

Bure, France. The support programme of the Belgian

Ministry of Economic affairs in the enhancement of

nuclear safety in East and Central European coun-

tries allows us to maintain and develop co-operation

and training activities. Finally, SCK-CEN is also

involved in the Cluster Repository Project (CROP),

an international EC-funded thematic network aimed

at comparing and assessing results from investiga-

tions of engineered barriers in URL's.

Perspectives

The gallery connecting the second access shaft to the

HADES RUF with the existing underground faci l i ty

wi l l be completed in 2002. Subsequently, the vent i la-

tion system will be adapted (2003). The dismantling

of the mock-up is planned for September 2002.

The instrumentation of the host rock in the frame of

the PRACLAY experiment is scheduled for 2005.

The excavation of the PRACLAY drift wil l only start

after a stabilisation period estimated to last for at

least 6 months. The PRACLAY experiment is there-

fore expected to be operational by the end of 2007.

After a five year heating phase, a one year cooling

period (2013) is required prior to dismantling.

The EC SELFRAC project has a duration of three

years. The main objective of this research project is

to understand and quant i fy the increase of the per-

meability related to crack proliferation around exca-

vation in clays and the self-healing processes that

could in turn reduce the permeability wi th time.

Constitutive models wil l be developed or adapted to

predict the occurrence and the intensity of these

processes.

A doctoral thesis studying the influence of radiation

and heat on the performance of optical fibres was

completed in 2001. In continuation of this work, we

are studying practical applications (e.g. close sensor)

in view of potential spin-offs in the development of

optical sensor for the monitoring of in situ tests or

even repositories.

A first broadening of our monitoring research wi l l

take place through two EC projects:

• - . ; the SOMOS (Safety and Operational Monitoring

of repositories with fibre Optic sensing Systems)

project, co-ordinated by SCK-CEN on the devel-

opment and testing of fibre optic sensors for mon-

itoring temperature, pressure and gasses;

•' a thematic network focused on the development

of strategies concerning monitoring, co-ordinated

by N1REX, the Waste Agency in UK.

In the frame of valorisation and qual i ty assurance,

we are planning to develop next year new activities

related to data and knowledge management. For

more than 15 years, the department Waste and

Disposal maintains databases gathering the measure-

ments of all sensors installed in the HADES URF but

also from our piezometric network covering ground-

water levels in north-east Belgium.

According to the time frame (decades) for the

research on waste disposal, knowledge must be pre-

served during at least the operational period of a

repository.

A dedicated data and knowledge management sys-

tem able to follow the fast evolution in information

technology is therefore necessary. It is our aim in the

coming year to develop a larger data management

system that would incorporate besides the existing

databases, the scientific reports produced by the

department including all input information that

makes the production of these reports possible. The

latter would e.g. include the Data Collection Forms

(DCF) compiling the parameters used in perform-

ance assessment (PA) studies, input and output files

of codes, results of measurements from both surface

and underground laboratory experiments.

In 2002, SCK'CEN wil l contribute actively to the

IAEA's Network of Centres of Excellence for

Training and Demonstration of Waste Disposal

Technologies in Underground Research Facilities.

This network was established in October 2001 and its

focus is on the use of underground research facilities

to achieve progress in repository development. The

HADES URF has been made available to the net-

work of URF's for conducting in-situ R&D work and

demonstration tests in HADES under the aegis of the

IAEA. Project partners with highly developed R&D

programs on radioactive waste disposal can take

advantage of synergies in research. Member states

with less advanced repository development pro-

grammes can benefit from the network through

active participation in experimental work in HADES

or through dedicated programmes for promoting the

transfer and preservation of knowledge and tech-

nologies. The connection with the future European

Research Area (ERA) to be developed by the EC

within the sixth framework programme will be

looked for.
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LEON VANDEVELDE

NUCLEAR CHEMISTRY AND SERVICES

Background

The main mission of the department is to support
internal R&D programs by providing on request the
necessary chemical and radiochemical information
to fulfil their objectives. We also perform analyses
for some external clients, particularly in the field of
nuclear materials.

Own R&D projects are generally restricted to the
testing and the improvement of sample preparation
techniques. Whenever possible, these developments
are realised in the frame of interlaboratory compar-
isons.

A fundamental approach of a more sophisticated
technique like Inductively Coupled Plasma Mass
Spectrometry (ICP/MS) is carried out in a PhD work.

Objectives

The primary objectives of the department are to sup-
port R&D programs by delivering in time the most
appropriate information about the chemical or radio-
chemical characteristics of the investigated materials
or processes. This supposes the availability of effi-
cient analytical instruments managed by experienced
operators. We therefore aim to a continuous upgrad-
ing of the instruments performances and a corre-
sponding training of the operators.

In order to control and improve our competence, we
participate to various proficiency testing schemes
and other interlaboratory comparisons.

The activities of the service are governed following
the QA-principles prescribed in the ISO 17025 norm.
The extension of the accreditation by BELTEST
remains one of our main objectives.

Programme

ICP/MS (Inductively Coupled Plasma Mass
Spectrometry) is a powerful instrument for the ele-
mental and isotopic analysis of samples. The low
detection limits that can be reached in solutions,
make it a possible alternative technique to SSMS
(Spark Source Mass Spectrometry) for the determi-
nation of impurities in nuclear fuel.

One of the major drawbacks of a nuclearised version
of the ICP/MS instrument is the modification of the
geometry of the sampling interface to pass through
the wall of the glove box. As a consequence the sen-
sitivity of the system is poorer than previously
expected. The manufacturer has developed a new
design for this interface but its replacement implied

to work temporarily with an open glove box and thus
required a careful preparation to avoid accidental
contaminations and to respect the ALARA princi-
ples.

We planned to organise, together with the Institute
for Reference Materials and Measurements (IRMM
Geel), a workshop on the "Thematic network on the
analysis of thorium in workplace materials". The
goal of the European network is to determine,
through the participation of different European labo-
ratories, the most appropriate methods for the deter-
mination of thorium in materials used in the work-
places and possibly to find an explanation to some
incoherences experienced in a previous interlabora-
tory exercise.

Although the last results have already been present-
ed at the end of last year, the final report for the ARI-
ANE project (Actinide Research In A Nuclear
Element) must be delivered during the first quarter of
the year. This project co-ordinated by BELGONU-
CLEAIRE aimed to improve the source term predic-
tion for high burnup fuels.

The main concern for a safe handling and storage of
radioactive wastes implies a better knowledge of
their characteristics. This involves the control of the
proficiency of the analytical methods by means of
intercomparisons.

The interlaboratory exercise for the analysis of sev-
eral radionuclides in a reactor water concentrate and
a resin sample was set-up last year but started actual-
ly this year with the delivery of the samples. The full
title of the project co-ordinated by CIEMAT is
"Interlaboratory Radiochemica! Analysis Compa-
rison on a Primary Waste Flux". Eleven different lab-
oratories from eight European countries participate
to the exercise.

In the frame of the characterisation of special wastes,
we also have to carry out a chemical and radiochem-
ical characterisation of an irradiated beryllium matrix
originating from our BR2 reactor.

In order to extend our analytical possibilities to the
characterisation of glass embedded high level
wastes, we started experiments with mock-up sam-
ples.We prepare an analytical scheme that can later
be applied for the analysis of COGEMA glass.

The continuation of the Institute of Research and
Innovation (IRI; Japan) project (tests on an advanced
ion-exchange resin for the reprocessing of nuclear
fuel) implied also numerous analyses of actinides
and fission products in feed solution and separated
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fractions. Most of the analyses must be performed

by ICP/MS.

For the RETROSPEC project (retrospective dosime-

try based on niobium impuri t ies) , we had to investi-

gate several chemical techniques to separate niobium

from structural reactor materials and activation prod-

ucts.

Since the introduction of the QA-system and our

accreditation by BELTEST, most of the techniques

which are more or less routinely used, have been val-

idated and accepted w i t h i n the scope of accredita-

tion. This responds to a demand from internal as

well as from external clients.

We intended to broaden the scope of accreditation

with two new methods: Total Organic Carbon (TOC)

analysis and Ion-Selective Electrode measurement

(1SE) for fluoride determinations. Both methods are

extensively used for waste characterisation and

migration studies.

Beside these more specific objectives, we have to

provide the usual analytical support to internal and

external clients.

Achievements

We successfully replaced the interface of the ICP/MS

in glove box respecting the ALARA principles.

We also carried out additional minor interventions an

a number of electronic components of the system in

The nuleariseil version of the ICP/MS after the latest improvements

order to decrease the detection limits. The first pre-

l iminary measurements on a dissolved uran ium

oxide reference material certified for its impurity

content delivered promising results.

The "l s l European Workshop on the Analysis of

Thorium in Workplace Materials" was held on March

27 and 28. About seventy participants took part to

the discussions around the results obtained by the

network laboratories and the subjects presented at the

poster session. New approaches for sampling tech-

niques and for reference materials aiming to a better

understanding - and solution - of the problem were

suggested during the meeting. The publicat ion of the

proceedings is foreseen in 2002.

The final version of the report about the ARIANE

project was approved. The recognition of the qual i -

ty of the work performed by the laboratory has led to

the preparation of new similar projects. We per-

formed preliminary dissolution tests for the planned

burnup analyses of u ran ium silicide and a lumin ium-

uranium fuel in 2002.

The resin and reactor water concentrate samples

originating from ENRESA were delivered during the

second quarter of the year. We immediately started

the dissolution and separation processes to determine

the content of -SH. MC, 5SFe. '"ML sl)/""Sr, 2-*Pu,
r-*--«!Pu. i i ip u_ >-uAlrli ii:Cm_ 244Cm_ 2.M1J, :.«u. At

present we have measured all the gamma-emitters.

The second progress meeting of the project was held

a tSCK*CENon5-6Ju ly2( )01 .

We chemically and radiochemically characterised

beryl l ium material originat ing from the second

matrix of the BR2 material testing reactor. We dis-

solved the samples in sulphuric acid and analysed the

solution for the presence of impurities by ICP/MS.

Gamma emitt ing radionuclides were determined by

using a n-type HPGe detector previously calibrated

with a mixed radionuclide source. Due to the very

low abundance of 94Nb. a separation was necessary

to lower the background level. The measurement of

^Cm could be performed by alpha-spectrometry

without any separation from the dissolved matrix.

The determination of plutonium necessitated a prior

purification on a strong anion exchanger before the

alpha-spectrometry measurement. Pure beta-emitters

like '"'Sr and <v'Ni were measured by l iquid scintilla-

tion counting (LSC) after separation by extraction or

ion exchange chromatography respectively.
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In the frame of the characterisation of COGEMA vit-

rified waste, we undertook exploratory tests with
inactive glass of the same type. For the analysis of

most of the elements, the sample must be destroyed

by fusion and further dissolved in acid. In order to

evaluate the possibility to recover some specific

radionuclides like 79Se, 93Zr, 107Pd, IMSn we applied
this treatment to inactive glass powder mixed with

oxides of selenium, zirconium and tin and with a

chloride solution of palladium. We obtained rather
good recoveries ranging from 82 to 95 percent with

a borax smelt, except for palladium. Since none of
the materials used was radioactive, all the measure-

ments were performed by ICP/MS.

For the IRI separation experiments, we analysed
about 150 elution fractions for their content of urani-

um, actinides and fission products in order to obtain
the separation profile.

We carried out preliminary experiments on a few

samples in the frame of the RETROSPEC project.
We tested three methods to separate Nb by using an

anion exchange resin. They all gave valuable results.

The renewal audit of BELTEST took place on June

12 and 13 and on September 19.

Both the TOC and the ISE methods could be added
to the scope of accreditation. The auditors only for-

mulated minor recommendations, which were imme-

diately met. The conclusions of the audit were all in

all very positive and the renewal of the accreditation

has been granted.

Besides these specific actions, we also responded to

the daily demands of internal and external clients.

The total number of samples increased by more that

40 percent as compared to 2000.

Most of the internal demands arose from projects
dealing with radioactive wastes: waste characterisa-

tion and migration studies represent respectively

10% and 31% of the requests.

Demands from the radioecology increased signifi-
cantly from 5 percent in 1999 to 21 percent of the

total.

The number of demands arising from external clients

remained at the same level as past year.

We also refined some sample preparation methods

like the UV-digestion for the treatment of clay water
and automated instruments like the ion chromato-

graph with a sample changer.

A new method was validated for the routine analysis
of anions by ion chromatography. It increases the

range of measurement and allows bypassing the pre-

vious level controls. We also developed methods for

specific anions like formate, acetate, tartrate, oxalate

and thiosulfate that are important for the analyses of

clay water.

The hot-cell for chemical applications that serves
principally for the preparation of samples for radio-

chemical burnup determinations, is more than 25

years old and will be replaced in order to meet the

new analytical needs. We removed all the sample

rests and carried out the necessary maintenance to

get it in standby.
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Perspectives

Many burnup determinations are planned in the near

future. The LHMA laboratories wi l l co-ordinate

these projeets, execute the post-irradiation examina-

tion and prepare sub.samples for further destructive

radiochemical analysis in our laboratory.

The FUTURE programme concerns the irradiation in

the BR2 reactor of a uranium-aluminium fuel.

Other projects like GERONIMO, REBUS or the bur-

nup analysis of a U,Si, fuel are planned in 2002 oral

the beginning of 2003.

We received a new call for bid for an "ARIANE-like"

characterisation programme on 4 UO, and 4 MOX

samples to be started in 2002 and achieved in 2003.

Another new call for bid for the determination of

critical nuclides in nuclear reactor resins, concen-

trates and f i l te r was also received. The analyses

should start in 2002.

In the frame of the characterisation of COGEMA vit-

rified waste, we will perform scale analysis on an

inactive sample. This wil l include the pre-treatment

in a hot-cell of LHMA.

We expect many analyses requests arising from the

dismantling of the PRACLAY maquette.

A new staff member joined the department for the

daily exploitat ion of the ICP/MS instruments. After

his qual i f ica t ion, he wi l l be in charge of the valida-

tion of some routine analyses to allow the i r accredi-

tation by BELTEST. We w i l l validate the nuclearised

version for the determination of impurit ies in MOX

fuel.
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LUC NOYNAERT, AlME BRUGGEMAN, RENE CORNELISSEN, VlNCENT MASSAUT, ANDRE RAHIER

SITE RESTORATION

Background and Objectives

The department "Site Restoration" is entrusted with
the decommissioning activities of SCK«CEN's own
installations and the waste management. The main
objective is to participate in delivering a clean and
safe environment to the next generations and this in
the most economical way. To meet this main goal, we
develop technologies and procedures for decommis-
sioning, decontamination and waste minimisation, in
such a way that the dose uptake and the overall costs
are minimised. Our purpose is to protect man and
environment from the potential hazards related to
contaminated sites and radioactive waste and this
starts by preventing and reducing the waste produc-
tion during the entire lifetime of any nuclear installa-
tion i.e. from design through operation and decom-
missioning. We advise and help international bodies
in the field of decommissioning and the related waste
management. We also provide training and educa-
tion. We valorise the built up know-how around
decommissioning and waste management by collab-
orating with the industry and by transferring the
acquired know-how to the nuclear industry.

Programme

The Site Restoration programme turns on three main

sub-programmes i.e. clean-up activities of our own
contaminated sites, valorisation of our clean-up
expertise by consulting activities for third parties and
last but not least, development of new processes to
treat and minimise waste.

The clean-up activities at SCK«CBN are mainly
focused on the decommissioning of the BR3 reactor,
a small PWR plant, started in 1962 and shutdown in
1987. We started the project with a full system
decontamination of the primary loop followed by the
remote underwater dismantling of all the reactor
internals. In 1999-2000, we dismantled the reactor
pressure vessel, using the experience and tools devel-
oped during the former phases of the project. In par-
allel with these operations, the dismantling and
decontamination of auxiliary loops and components
started and complete routes for the handling and
evacuation of arising materials were set up. This
year, we tackled the primary loop including the large
associated components (steam generator, pressuriser,
pumps, etc.). We also cleaned and dismantled some
glove boxes and hot-cells in laboratory buildings, we
managed the decommissioning programme and
worked out solutions for the back-end of spent fuels.

The valorisation sub-programme concerns two topics
i.e. continuation and reinforcement of the presence of
SCK«CEN in international organisations and expert
teams and improvement of the collaboration with
industry.

We are continuing our research related to the devel-
opment of new processes for the reprocessing of
nuclear fuels, the treatment of tritiated solvents, the
oxidation of alkali metals, the oxidation of organic
waste through Ag2+ and the reconditioning of bitu-
minised waste products. We launched a new project
on the decontamination of liquid waste using biosor-
bents.

Achievements

SCK»CEN's own needs

Clean-up activities

Decommissioning of the BR3 (PWR)

We dismantled all the pipings and auxiliary equip-
ment situated in the containment building under the
operating deck. This operation was required to allow
the handling and the dismantling of the large compo-
nents such as the steam generator, the pressuriser and
some liquid waste tanks. The decommissioning strat-
egy of the steam generator and of the pressuriser also
required to perform large openings in the thick heavy
concrete pool wall and operating deck.

We carefully prepared the operation from the point of
view of classical and radiological safety. A detailed
ALARA (As Low As Reasonably Achievable) analy-
sis supported by the use of the SCK»CEN's Visiplan
software, allowed determining the optimum disman-
tling strategy. After the removal of some hot spots,
we dismantled mainly the pipings, the pumps, the
small tanks, the beams and supports as well as the
electrical cables and the instrumentation. We cut the
metallic pipes using mainly grinders and an oxy-
acetylene torch for the steam pipes, a portable band
saw for pipes of 2" to 4" and a lathe pipe cutter for
the 12" and 16" primary pipes.

We installed adequate scaffoldings and a new mono-
rail for the handling of the heavy pieces. After a lim-
ited on-site dismantling, we sorted and size reduced
the pieces in function of the selected evacuation
route. We performed the size reduction partly on site
using mainly an industrial band saw for small pieces
and a large remote controlled band saw for primary
pipes. We performed the size reduction using .
grinders, thermal cutting or circular saws in a con-

fined and ventilated mechanical cutting workshop.
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Of the 37 tons of materials wo produced, most part is

chemically decontaminated in the MEDOC (Metal

Decontamination by Oxidation with Cerium) instal-

lation (30 %), or by abrasives in the ZOE (sandblast-

ing workshop at BR3) and Belgoprocess workshops

(20 %) or by manual washing or polishing (8 %).

25 % of the material wil l be recycled in a nuclear

melting facil i ty. Only 13 % of the dismantled materi-

als w i l l be evacuated as radioactive waste.

After the dismantl ing of the pipings and auxiliary

equipment under the operating deck, we created

large openings in the heavy concrete pool wall for

the transfer of the steam generator and the pressuris-

er (see figure below). The floor of the operating deck

is contaminated and we knew, by previous sampling

measurements and modelling that the pool wall ,

which is situated along the refuelling pool, is partly-

activated. Af ter instal lat ion of a ventilated contain-

ment, we first scabbled the floor of the operating

deck. Secondly, we dril led core holes at strategic

locations of the concrete structure so that the dia-

mond wire could be fed through. Thirdly, we fixed

anchorages in the blocks to support them (luring the

cut and the further handling operations. After the

installation of the diamond wire to form a complete

loop with the drive uni t , we cut the operating deck

floor w i t h a diamond cable in pieces that could be

easily transferred in to a ventilated containment

placed in a low background area. There we further

decontaminated 76 ton of concrete blocks using dia-

mond shaving techniques. All the contaminated cut

blocks could be decontaminated, cleared and evacu-

ated for recycling in the construction industry. Even

if the concrete yard remains a qui te dirty one, we

succeeded to avoid air contaminat ion and to min-

imise the waste production by recycling the cooling

water and by recovering and drying the sludge. The

remote operated jackhammer, used for demolition of

the activated blocks, is a very efficient tool but it is

not so easy to control the removal depth.

The next phase in the BR3 decommissioning project

concerns the dismantling ot components with a very

complex geometry and/or w i t h an important thick-

ness (i.e. the steam generator, the pressuriser, the two

primary pump housings, the reactor pressure vessel

cover and bottom head and the neutron shield tank

that surrounds the reactor pressure vessel). These

part iculari t ies required to use a flexible cutt ing tech-

nique (able to cut from 20 mm thickness up to

160 mm) associated with an agile deployment tool

able to follow complex 3D trajectories. Moreover,

both systems must be able to work remotely and

underwater to minimise radiological exposure and

contamination spreading.

As cut t ing technique. High Pressure Water Jet

Cutting (HPWJC) was selected and tested. Water

under very high pressure (400 .VlPa) is injected in the

cutt ing head through a very t h i n hole (0.41 mm) at

about 4.3 dnv/minute. The supersonic speed allows

the system, through a Venturi process, to suck abra-

sive into the mix ing chamber of the head. The abra-

sive flow rate is about 500 g/minute. Abrasive and

water arc then both projected to the piece to be cut.

As deployment system, a hydraul ic teleoperated arm

with 6 degrees of freedom and a pay load of 1 000 N,

was ordered and buil t in the year 2000. So the arm is

able to hold the cut t ing tool but is also potent ia l ly

able to man ipu la te the cut pieces (see figure below).

In 2001. both systems were integrated and extensive-

ly tested. The most important part of the work was to

make both systems work together. As the cutting

technique requires a very stable and smooth motion

of the head at a speed of a few mm/min, the arm was

programmed to learn and make lines on a sheet of

View of the diamond cubic sawing device and of the opening in the biological shield floo.
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paper using a common pencil. This gave the oppor-

tunity to visually identify problems in the joins of the

teleoperated arm. Hardware and software modifica-

tions were needed in order to cope with the require-

ments of the cutting technique. The most difficult
problem was to combine the smoothness of the tra-

jectory with the very low speed.

Concerning the cutting technique (HPWJC), in the

past we organised tests on an industrial installation

(see figure below) in order to check the ability of the

techniques for all the operations (thickness from

20 mm up to 160 mm). During these tests, an X-Y

table controlled the displacement of the cutting head
above the workpiece. The workpieces are clamped

on a table just above a water tank that collects the
water and the abrasive. The high stiffness of the X-Y

table allowed to focus the tests on the cutting param-

eters i.e.: the abrasives flow rate that determines the

total generated secondary waste volume and the cut-

ting speed that determines the time required and the
generated secondary waste volume. These tests

occurred in ideal conditions (good stiffness of the
table, no underwater cut, good control of the distance
between the cutting head and the piece...).

The teleoperated deployment system

The complete equipment was delivered in September

2001. We first tested the performances on simple

shaped pieces first in the air and then underwater in

a large test tank (24 m3) allowing to test the complete
system totally immersed. The tank walls were shield-

ed to avoid any accidental cutting of the walls. Two

circulating loops allowed the purification of the
water.

View of the non active tests of the High Pressure
Water Jet Cutting

In general, the performances obtained were lower

than the results obtained in ideal conditions. In addi-

tion, some more abrasive was required. As a com-

bined effect, the total amount of abrasive will be
higher than foreseen. We are now working to

improve the technique to meet our initial cutting per-

formances in the total range of thickness.

The whole operation will generate some tons of abra-
sive. As this abrasive will contain activated particles,

it must be evacuated into drums as low-level waste.
The abrasive must be dry. On the other hand, con-

taminated water can be evacuated as long as it does

not contain too much particles. Both aspects led to

the development and the building of a first purifica-

tion loop based on hydrocyclones. This loop sepa-

rates water and abrasives in a very economical way
(no filtration media required). The particle size dis-
tribution of the worn out abrasive and metallic parti-

cles was determined. The results showed that it

would be possible to separate about 97 % of the par-
ticles using a hydrocyclone able to separate particles

bigger than 38 urn. This led to the selection of small

hydrocyclones having a nominal diameter of 4 inch-

es. In order to have a filtering flow rate higher than

20 m'/hour, 3 systems are connected in parallel. The
picture of the BR3 testing facility (see below) shows

the hydrocyclone filtration installation. The testing

facility has a second filtration facility for the fine
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View of the BK3 cold text facility with in front the hydrocyclone filtration system

particles (not on the picture). A 6 m-'Vhoiir volumetric

pump can flush dirty water trough a filtering car-

tridge. The optimal cartridge wil l be defined in the

near future. Both filtration loops are instrumented in

order to evaluate the efficiency of the selected

parameters.

The decommissioning act iv i t ies in the facilities other

than the BR3 mainly concerned the dismantl ing

and/or decontamination of hot cells and glove boxes.

We succeeded in the decontamination of the inside

walls of the hot cell 41 from our Laboratory for High

and Medium Level Activi ty where, in the past, spent

fuel was dissolved. This hot-cell is now ready for

refurbishment and then for further R&D work.

A separately ventilated a-chamber has been con-

structed in the alpha-working zone of the CBZ

(Central Buffer Zone). This a-chamber comprises a

working room, a material lock and a personnel lock.

The main purpose of this a-chamber is to provide a

safe space for the dismantling of a-contaminated

glove boxes and cells. During the first semester of

2001, we obtained the operating licence. The

a-chamber is now ful ly operational and some glove

boxes were already dismantled.

Management of spent fuel

The management of spent fuel is focused on the

back-end of the spent fuel coming from the BR2 and

the BR3 reactors. 204 spent fuel elements were sent

to Cogema for processing. We prepared the BR3

spent fuel and other experimental fuel with similar

enrichment in uranium and p lu ton ium and s imilar

geometries for dry storage. The CASTOR© storage

containers were manufactured in Germany and are

currently awaiting the license as type B(U)F contain-

ers before shipment to Belgium.

Management of the flow of dismantled materials

We take the necessary steps to obtain in 2002 the

ISO9002 certification to guarantee under a QA-sys-

tem the traceabili ty of all the materials from the dis-

mantling up to the final evacuation from the BR3

site. We minimise the evacuation as radioactive

waste by the development and the extensive use of

two alternative routes i.e. the recycling route (reuse

of the materials inside the nuclear industry) and the

clearance route (unconditional reuse in the industrial

market or evacuation as industrial waste).

External view of the ct-chamber with from left to right: waste trans-
fer lock; workers lock; lock for glove boxes and cells

Dismantling of a glove box in the ventilated a-chamber of the CBZ
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Treatment in a nuclear melting facility for Clearance

or for Recycling

Currently, two manners to recycle material from

decommissioning activities are being used. Both are

based on the smelting of metallic material in spe-

cialised foundries. One foundry can accept very

slightly contaminated metals, which can be cleared

after a decay period of maximum 20 years. The other

foundry accepts slightly contaminated metals (aver-

age of 74 Bq/g) for reuse of the melt in the nuclear

industry (fabrication of shielding blocks). Both

routes were already used in the past and more mate-

rials are currently prepared for shipment.

Clearance route

The procedures and techniques previously used are

still acceptable after publication of the new Royal

Decree, which defines clearance levels for materials.

We routinely use two main procedures:

s double measurement of 100 % of the surface with

6 monitors for simple geometry measurements;

s§ for pieces of complex geometry, we combine the

measurement of small batches of materials (1/10

of a 200 1 drum) with a gross plastic scintillation

gamma counter (ESM-CCM system) followed by

a global measurement on a 200 1 drum basis with

a HPGe Q2 Canberra monitor.

In 2001, 15 ton of metals were evacuated to a local

scrap dealer. A variety of methods and processes is

used to decontaminate metals i.e. manual treatment,

abrasive decontamination and chemical decontami-

nation.

6 tons of metals were reprocessed to free release lev-

els using the washing, polishing or ultrasonic clean-

ing. It is worthwhile mentioning that the main steam

pipes that were internally clean had to be polished

partly on the outside due to local recontamination

during the dismantling works.

Painted and rusted heavy beams were decontaminat-

ed in the ZOE wet abrasive unit. We treated 12 ton of

which roughly 90 % were cleared. The remaining

] 0 % were released after melting. 3,5 ton of smaller

pieces were cut and put in 200 1 drums for treatment

in the automatic dry sand blasting unit at

Belgoprocess. The ZOE unit was also used to treat 4

ton of lead bricks and plates from the dismantled

installations of BR1 and BR3.

With the MEDOC process, the stainless steel pieces

from the dismantling of the primary (see figure

below) and auxiliary loops were chemically decon-

taminated. We treated 7 ton of materials so that up to

now 21 ton has been successfully treated with this

process. Generally, 80 % of the materials can be

cleared. The remaining 20 % have a low residual

activity and are evacuated through melting for clear-

ance route.

Primary pipe after decontamination by the MEDOC process below the clearance
limits

In 2001, we adapted the chemical process to allow

also the treatment of carbon steel pieces. The major

issue when using an aggressive acid process is the

control of the H2 production and the associated

explosive hazards. The operating parameters were

determined by laboratory experiments. Before using

the full capacity of the MEDOC installation, tests

were done with increasing quantities (surfaces) in the

installation. This allowed checking the operating

parameters, the H2 production and the safety sys-

tems. The decontamination was performed with

0.5 M sulphuric acid (without Cerium) at room tem-

perature and using the ultrasonic transducers. The

corrosion rate is between 20 to 25 um/h and the H2

concentration in the off-gases remains lower than

20 % of the LEL (Lower Explosive Limit or 4 % H,

in air). The installation started industrial operation in

October and 5 ton were already treated.

We analysed in detail the decommissioning strategy

for the steam generator and the pressuriser. The

steam generator represents a mass of 30 ton with a

large contaminated surface of 600 m2. The pressuris-

er represents a mass of 20 ton and a surface of 20 m2.

We compared 3 evacuation scenarios:

1. the tube bundle is evacuated as radioactive waste

and the rest will be melted for clearance or recy-

cling;
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2. same scenario but ihe tube bundle can be evacuat-

ed to melting for recycling;

3. after decontamination with the MEDOC process

all the materials can be cleared directly or after

melt ing.

The first scenario is the most expensive while the

two others are of the same order of magnitude. We

decided to perform the decontamination using the

MEDOC process because it will minimise the

radioactive waste volume and it w i l l demonstrate that

the MEDOC process can be applied on a large sys-

tem. The procedures and modifications to the instal-

lation have been finished and the operation is fore-

seen in 2002. As the capacity of SCK-CEN's

MEDOC installation is limited, we will treat the

steam generator by 30 successive cycles of deconta-

mination and regeneration in an horizontal position

above the refuelling pool (see figure below).

MKDOC

Flow sheet of the decontamination of the steam generator using the MEDOC
installation

Management of decommissioning projects

We adapted our Decommissioning Management Tool

(DEMATO) in order to use the standardised list of

items for costing purposes proposed by the

International Atomic Energy Agency, the Nuclear

Energy Agency and the European Commission. We

analysed the bookkeeping of 13 years SCK-CEN's

decommissioning experience to make a follow-up of

our decommissioning programme according to this

standard l is t of items.

According to the Belgian laws, we revised the in i t ia l

decommissioning plan of SCK-CEN's technical lia-

bilities. We took into account the new free release

levels listed in the royal decree of 2001-08-30.

We drew up the first revision of the official guide-

lines concerning the management of radioactive

waste at SCK-CEN This edition comprised a finan-

cial, instructive and technical part. We paid special

attention to waste minimisat ion possibilities such as

decontamination, recycling and free release and also

to the latest waste specifications (physical, chemical

and radiological).

External consultancy and services

Our department is participating in various activities

and expert groups wi th in OECD/NEA, IAEA and the

European Commission. These are the most important

bodies with whom we have collaboration agreements

or contracts. We had also some collaboration work

with a US official body (US nat ional academies) and

wi th NATO.

OECDINEA

We are involved, for more than ten years now, in the

Co-operative Agreement on Decommissioning

(CPD) of NEA. The 3 I s1 meeting of the most active-

group of this agreement, the Technical Advisory

Group (TAG) took place at SCK-CEN in November

2001. This group assembles the most important

decommissioning projects throughout the world: at

present 39 projects from 14 countries are represent-

ed.

OECD/NEA launched also, in 2001, a new group of

people interested in decommissioning, with a broad-

er audience than CPD (i.e. not inc luding only proj-

ects, but also regulatory bodies, owners, financial

stakeholders and industry), called the Working Party

on Decommissioning and Decontamination

(WPPD). The main purpose of this group is to tackle

important decommissioning and decontamination

issues and to look at international positions on these

issues. SCK-CEN is part of WPDD, but also of its

"core group", when co-ordination of WPDD works

and preparation of plenary meetings are discussed.

SCK-CEN is also a member of the dedicated group

on "strategies and cost of decommissioning" recent-

ly set up by OECD/NEA. The main goal is here to

have a broad international overview of the decom-

missioning costs of nuclear power plants.

SCK'CEN participates formally years in expert mis-

sions to specific countries and in expert groups set up
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to produce TECHnical DOCuments (TECDOC)

under IAEA cover. We also participated in CRP (Co-
ordinated Research Programme) and TC (Technical

Committee) on the subjects of Decommissioning,

Decontamination and Waste Management.

The main expert missions in 2001 concerned the

analysis of the decommissioning plan and the cost

estimates of Ignalina Nuclear Power Plant (NPP) in

Lithuania, and of Chernobyl 1,2, 3 NPPs in Ukraine.

Another expert mission concerns a first advice on the

decommissioning of a research reactor (Vinca) in
Yugoslavia.

We also carried out training and education activities

in decommissioning. After participating, as lecturer,

in the interregional training course on decommis-

sioning organised in Argonne (USA) in 2000, we

propose such a course at SCK-CEN in 2002.

Moreover, trainees from Argentina got at BR3 for a
3-month training course supported by an IAEA fel-

lowship programme. We received an informal

request from Romania for a similar training activity,
in view of the decommissioning of the Magurele

reactor.

We organised the IAEA-3"1 Research Co-ordination

Meeting concerning "Combined Methods of Liquid

Radioactive Waste Treatment". This meeting was
joined by 15 participants from 12 countries.

European Commission

The funding of RTD (Research and Technical

Development) within the 5 years framework pro-

gramme (FP5) of EC has been reduced dramatically
in the decommissioning domain. Funding was main-

ly focused on databases management and networking

activities. But training and education were also taken

into account as part of the overall objectives of FP5.
Within FP5, we contribute to three projects:

g EC-DB-NET2: This project deals mainly with the
management of the EC database on Tools and

Costs for decommissioning and with the set up

and maintenance of the EU website on decom-
missioning. SCK'CEN is mainly involved in the

building, maintenance and hosting of this website

(http://www.eu-decom.be/). A new version of the

site, renewed and refurbished, will be launched at

the end of 2001, with an improved presentation
and access to project reports from former frame-

work programmes.

s IRDIT (Innovative Remote Dismantling
Techniques): This is probably one of the few proj-

ects still dealing with technical developments. In

partnership with EWN-Greifswaldd (Germany)

we deal with developments, testing and use of

innovative remote techniques for dismantling
highly radioactive pieces. SCK-CEN specific

contribution concerns the use of HPWJCA (High
Pressure Water Jet Cutting with Abrasives), with

tele-robotic arm deployment system, used for the

remote dismantling of the pressure vessel bottom

and head, of the steam generator and of the neu-

tron shield tank. The progress in this area is

described above.

a EUNDETRAF (EUropean Nuclear DEcommis-

sioning TRAining Facility): This very broad

international partnership project was only
launched end 2001 and will extend to the years

2002 and 2003. The project concerns the theoret-

ical and practical training in decommissioning

nuclear facilities. The broad partnership allows an
actual practical know-how being gathered from

the most important European decommissioning

projects.

Within FP5, the Thematic Network on

Decommissioning (TND) was launched. We partici-

pated in the first general meeting of this network, but
our official involvement in the network is still pend-

ing regarding the potential double role of this net-

work with other international groups and already

existing networks (within OECD and IAEA).

The EC Directorate General in charge of the Joint

Research Centre (JRC) started a comprehensive pro-
gramme for Decommissioning and Waste

Management of their nuclear liabilities in 1999. The

EC then set up an expert committee to advise them
on the strategy and programme. The SCK-CEN has a

representative, working as independent expert, with-

in this committee.

Finally, we are partner in a contract for setting up a
general "Methodology for cost estimate of decom-

missioning nuclear facilities". The call for bid was

originally issued by the EC Directorate General
Environment, and is presently followed up by the

DG Transport and Energy. The project is carried out

with EdF (main contractor), Framatome and Vuje

(Slovakia). At the end of 2001 a comprehensive final
report, publicly available, will be issued.

Other institutions

We participated in an ad-hoc committee from the US

Academies, on the "Long Term Research Needs for

Decommissioning at the Department of Energy". The

final report of this Committee was issued in

September 2001, under the title "Research opportu-
nities for Deactivating and Decommissioning
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Department of Energy Facilities". We were also

involved in the NATO Advanced Researched

Workshop on Decommissioning and Dismantling of

facil i t ies of the nuclear fuel cycle in Obninsk,

(Russian Federation). The NATO Scientific Affairs

program encourages interaction and dialog among

scientists and engineers to foster development in four

priority areas: disarmament technologies, environ-

mental security, high technology, and science and

technology policy. The activities of the NATO

Science Committee enhance science and technology

by facil i tating international scientific co-operation.

We organised the second meeting of the Waste

Management Subgroup (WMSG) in the framework

of the European Atomic Energy Society (EAES). 14

nominated delegates from 13 countries attended the

meeting. Main actions for the coming years wi l l be

the definition of common solutions for research of

spent fuel and spent sealed sources. For this purpose,

we designed a database to centralise all data required

to identify possible solutions.

Various external contracts were signed and carried

out either through existing industrial partnership or

by direct external market approach e.g.:

s; the preparation and testing of processes, for the

clean-up of the UKAEA Dounreay pond, in

Scotland, as subcontractor to Framatome;

s- the participation in the assessment of the first

decommissioning plan of the Kozloduy NPP in

Bulgaria, as subcontractor to Belgatom: here, our

work focused mainly on the analysis of deconta-

mination'options and procedures, for decontami-

nation before dismantling (full system) and after

dismantling (handling of dismantled materials);

e the transfer of dismantling data for CRIEPI,

Japan, in partnership with BELGONUCLEAIRE:

this involved mainly the collection, analysis and

reporting of data from the decommissioning of

the BR3 reactor pressure vessel. CRIEPI is main-

ly interested in data needed for studying the envi-

ronmental impact assessment of decommission-

ing activities. Negotiations are in progress for a

follow-up of this contract, for data generated dur-

ing the (future) use of the High Pressure Water Jet

Cutting with Abrasives;

s the assessment of the cost estimates issued for the

Tihange 1 NPP plant in Belgium: this study was

done at the request of the Control Committee of

Gas and Electricity, and of the utility Electrabel;

« the review and the evaluation of the methodology

used by NECSA (Nuclear Energy Corporation of

South Africa) for assessing their nuclear liabili-

ties: this activity is the continuation of our previ-

ous involvement as member of the peer review

committee. The main objective was to check the

implementation of the recommendations of the

peer review committee.

We should mention that SCK-CEN developed a 3D

ALARA planning tool "Visiplan"; it was sold to dif-

ferent customers in Italy. France, Switzerland.

Developments are made in collaboration wi th

Tractebel (Visimodeller) and Krypton to improve the

software input and output data. Specific develop-

ments are also going on through EC funded projects

from FP5.

Development of new processes

Processes related to nuclear fuel

For several years, the Japanese IRI (Institute of

Research and Innovat ion) has been involved in the

development of an advanced ion-exchange process

for the reprocessing of spent nuclear fuels, including

waste partitioning. This advanced reprocessing

process consists of anion-exchange chromatography

as main separation method, electrolytic reduction for

reducing U(VI) to U(IV) and extraction chromatog-

raphy for the isolation of MA (Minor Actinides).

Compared to the Purex process its use of organic sol-

vents is minimal, it generates less waste and it uses

less and more compact equipment.

In a nitric acid solution, U and Pu are adsorbed on

anion-exchange resins as they form anionic nitrato-

complexes. while many FP (Fission Products) and

MA such as Am and Cm mostly exist as cations and

show no or very weak adsorption. For separating U

and Pu from FP and MA in a nitric acid solution of

spent fuel, IRI has manufactured a new type of anion

exchanger, AR-01. Within the framework of previous

contracts with IRI, we studied and'demonstrated the

separation behaviour of AR-01 for the recovery and

purification of Pu and U from simulated and real

spent fuel solutions. 1 M HCOOH allowed a rapid

elution of Pu(IV) in one sharp peak. While U was

satisfactorily separated from most of the FP and MA,

some weakly adsorptive FP such as Zr, Nb and Ru

appeared in the U(VI) elution fraction. Therefore IRI

proposed a further purification of U on the AR-01

after the reduction of UO2
2+ (uranyl ion) to U4* (ura-

nous ion) as in nitric acid solution the latter is more

strongly adsorbed onto the anion exchanger.
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The next phase in SCK«CEN's testing and demon-
stration, on demand of IRI, was the separation of U

from MA and FP. An important step in this phase of

investigation is the reduction of U(VI) to U(IV) with

an electrolytic cell designed by IRI. Within the
framework of a fourth contract with IRI we carried

out these new experiments during 2001, in collabo-

ration with NCS (Nuclear Chemistry and Services)
and RMO (Reactor Materials Research). The objec-

tive was to provide IRI with further experimental

data concerning the chemical separation of spent fuel

on the AR-01 resin, to better assess its potential for
integration in a reprocessing plant.

The separation methodology applied during the sep-

aration tests with the spent fuel solutions was defined

by IRI. The experimental set up (see figure below)

essentially comprises two jacketed glass columns
filled with the AR-01 resin, a feed pump with a pres-

sure gauge, a new flow type electrolytic cell with a

potentiostatic DC (Direct Current) source, a double

peristaltic pump that feeds both the working and the
counter electrode circuit, a fiber optic spectroscopy

system with measuring flow cells and the necessary

tubing and valves. After preliminary experiments we

installed this equipment in and around the hot-cell at
SCK-CEN's LHMA (Laboratory for High and

Medium-level Activity). The installation and the

experiments were carried out according to approved

procedures.

For the separation experiment, we used a 6 M HN03

solution of real spent fuel with a U concentration of

about 0.7 M. A first column separation was very sim-
ilar to the ones carried out in the past. Afterwards we

collected the U-fractions, adjusted the NO3- concen-
tration, added hydrazine and fed the U-mix to the

electrolytic cell. A separation on the second column
followed the reduction. The separations on the AR-

01 columns were carried out at ambient temperature.

We performed the electrolytic reduction in the flow

cell at -300 mV versus an Ag/AgCl reference elec-
trode. NCS determined the composition and the ele-

mental concentration of the different feeds and efflu-
ent fractions using ICP-MS (Inductively Coupled

Plasma - Mass Spectrometry) and radiochemical
measurements, after appropriate dilution.

The column separation 1 confirmed the results of last

year. The anion exchange resin AR-01 allowed to

separate U and Pu effectively from the majority of

the FP and MA. But the eluted U(VI) needed further

purification because it was still contaminated with
weakly adsorptive FP such as Ag, Nb, Zr and Ru.

Pu(IV) was eluted by diluted HCOOH and success-

Separation test on a spent fuel solution

fully separated from U and FP. But apparently the

adjustment of the Pu valence (by adding NaNO,

before the separation) was somewhat less successful

than last year and a small amount of Pu(VI) co-elut-

ed with U(VI). Np was partly eluted with U(VI),

probably as Np(V) and Np(VI). The remainder was
eluted with Pu(IV), probably as Np(IV). Pd and Tc

remained on the column.

With a view to further purification, we fed the U(VI)

eluate to a novel flow type electrolysis cell for reduc-

tion. U(IV) presents significantly stronger adsorption

onto AR-01 than U(VI). As the reduction of U(VI)

was not complete and possibly also some re-oxida-

tion occurred, column separation 2 yielded separated

U(VI) and U(IV) eluates. The U(IV) eluate was well
separated from all FP, inclusive the ones like Zr and
Nb that still overlapped with U(VI). Only Ru gave
yet a very small contamination of the U(IV) eluate;

maybe its reduction was also not complete. On the

other hand the higher Np valences had completely

disappeared and all Np was eluted together with

U(IV). Also most of the small Pu contamination was

eluted together with U(IV). During future experi-
ments, a complete reduction of U(VI) should be
aimed at. Furthermore the adjustment of the valences

of Pu and Np by the addition of NaN02 and by elec-
trolytic reduction merits further study.

To maximise recycling of nuclear material and to
minimise waste production, SCK>CEN is recovering

fissile material from fresh-fuel solutions for

BELGONUCLEAIRB and other clients. The instal-
lation is enclosed in three interconnected glove

boxes, which contain respectively the precipitation
and filtration section, the drying oven and the calci-

nation furnace. After adding ammonia to the U and
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Pu containing solutions ai 60 °C, we f i l te r and rinse

the precipitate and dry it at 200 °C under inert atmos-

phere. Afterwards we calcine it at 600 °C in the pres-

ence of hydrogen. The fully characterised product

returns to the client. In 2001 we treated about 200

dm-1 and we recovered about 12 kg U and 0.9 kg Pu.

At the end of the year SCK'CEN signed a new eon-

tract with IAEA.

Processes related to tritium

SCK-CEN has stored tritinted organic l iquid, which

was generated by the pharmaceutical industry more

than 20 years ago. The waste is documented to be a

95 % methanol/water mixture containing 5 % impu-

rities. This mixed waste is both radioactive and haz-

ardous for other reasons. Conditioning and disposal

is not possible wi thout pre-treatment.

For the treatment of the waste we found a solution

that is both technically feasible and reasonably safe.

The tritiated waste is converted in tritiated water,

which can be conditioned and stored and in carbon

dioxide, which can be discharged. We realised an

appropriate infrastructure that allows a controlled

and safe handl ing of this volatile, h igh ly f lammable,

toxic and highly radioactive material. The installa-

tion comprises a cell equipped for unpacking and

sampling the waste (see figure below), a second cell

which houses Ihe oxidation instal lat ion and its asso-

ciated water collection system and a third cell

equipped for Ihe temporary storage of the tritiated

water. The requirement for negligible environmental

emission drove the need for high destruction effi-

ciencies and efficient product-water recovery. For the

oxidation we chose a combination of direct combus-

Unpacking and sampling of tritiated solvents

lion and catalytic after-oxidation, developed and test-

ed by R.W. Johnson Pharmaceutical Research

Inst i tute and Ontario Power Technologies (OPT)

Canada. Condensation and adsorption on molecular

sieves traps the tritiated water. The process instal la-

tion was bu i l t and tested by OPT, transferred to

Belgium and integrated in our infrastructure. Cold

tests allowed us to optimise the working conditions.

We opened all secondary overpacks in a ventilated

process cell, using air-supplied suits and preventing

sparks. During this operation there was a continuous

monitoring for t r i t i um, inethanol and radiolytically

produced hydrogen. We decontaminated the second-

ary overpacks, which meanwhile have been cleared

for exemption. For removing all primary overpacks

and sampling the waste bottles, we used a glove box,

the inert atmosphere of which was decontaminated in

the process installation. Sampling allowed us to

check the specific t r i t i u m ac t iv i ty and the absence of

other radionuclides. Samples from each phase in

each bottle were sent to Canada where the organic

components could be analysed. From these results,

together wi th the density measurements at

SCK-CEN, also the water content could be estimat-

ed. Unpacking and sampling posed no significant

problems and t r i t ium discharges were well below the

authorised l imits .

Opening of overpacks and bottles, sampling and con-

sequent analyses were not possible without an appro-

priate process installation and infrastructure. It was

thus only after this ins ta l la t ion had already been b u i l t

and used that we unexpectedly learned that the tr i t i -

ated waste contained a high proportion of chloroform

and dichloromethane. The burning of such solvents

would result in the production of large amounts of

hydrochloric acid, consequent corrosion, deteriora-

tion of the process efficiency, leaks, and unautho-

rised t r i t ium releases. This imposed a complete revi-

sion of the process and the stainless steel installation.

The main points are: a calculated co-injection of

inethanol and water to l imi t the HC1 concentration at

the exhaust of the furnace, a direct neutralisation of

the hydrochloric acid in the condensate vessel and an

acid trap with solid K,COj to remove residual traces

of HCI further downstream. Furthermore we replace

all exposed components by more compatible ones,

mainly Hastelloy 276 or PTFE (polytetrafluoroethyl-

ene). These adaptations are now being implemented,

although they are hampered by the existing tritium

contamination. After the necessary adaptations are

done, we shall continue the actual oxidation, with

optimal parameter settings depending on the compo-

sition. The resulting water wi l l be stored at
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SCK'CEN, awaiting final conditioning and disposal

at Belgoprocess.

The operation and dismantling of test installations
for thermonuclear fusion and of future commercial
fusion reactors is not possible without the production
of tritiated waste. Most of this waste will exist as or
will be easily transformed into tritiated water. A tech-
nically and economically sound technology for water
detritiation is thus an environmental prerequisite for
the further development and the future application of
fusion energy. Most experts agree that water detritia-
tion should at least partly be based on the large iso-
tope effect during the exchange of tritium between
hydrogen gas and liquid water at relatively low tem-
perature. In this so-called LPCE (Liquid Phase
Catalytic Exchange) the presence of two counter-cur-
rent phases allows an easy multiplication of the ele-
mentary separation factor in a simple packed bed col-
umn. But unfortunately the chemical exchange
requires a catalyst and the low solubility and thus
also the low diffusion rate of hydrogen in liquid
water precludes the use of normal catalysts.

More than 20 years ago, SCK«CEN invented a
hydrophobic catalyst for the exchange of tritium
between hydrogen and water. This catalyst was not
"poisoned" by liquid water and it allowed us to
develop the ELEX process, a combination of elec-
trolysis and LPCE for water detritiation at inland
reprocessing plants, until it became clear that there
would be no inland reprocessing site in Europe.

After several groups had shown their renewed inter-
est, SCK-CEN started in 2001 a project, which aims
at providing the fusion community with an efficient,
small and not too expensive LPCE column for water
detritiation. Therefore we shall reproduce and try to
improve the historical performances of SCK«CEN
catalyst and its combination with water wettable
inerts in order to obtain a column packing that is
physically stable and that allows high, constant and
reproducible overall tritium exchange rates between
hydrogen and liquid water.

In collaboration with Johnson Matthey and ZeTek
Power we first tried to reproduce the catalyst parti-
cles that we prepared 20 years ago. The new batch
has been preliminary tested at SCK'CEN, resulting
in gas phase transfer units between 0.2 and 0.25 m at
40 °C and at a specific hydrogen flow rate of
10 mol.s.nr2. It has also been tested at the D.
Mendelev University in Moscow where the results
were between 0.25 and 0.3 m. These results con-
firmed the historical performances of SCK'CEN cat-
alyst and our maintained ability to prepare it. More

catalyst has been prepared for future testing by the
UKAEA (United Kingdom Atomic Energy
Authority).

To illustrate the previous results, we refer to the JET
application in the UK, which requires the detritiation
of 28 000 kg H2O(HTO) per year or, according
to their present design, the LPCE treatment of
0.074 mol.S'1 H2(HT). From our historical but recent-

ly confirmed results, it can be concluded that using
SCK'CEN's catalyst and working conditions, a
LPCE column with a diameter of less than 0.1 m and
a height of less than 6 m shall suffice for a deconta-
mination factor of more than 10 000.

The oxidation of alkali metals

The SANDS process (SAfer Na Destruction System)
safely converts liquid alkali metals into carbonates
by successive reaction with oxygen and carbon diox-
ide in a fluidised bed. Other ways to destroy liquid
alkali metals such as sodium are based on the explo-
sive reaction with water or an alcohol, resulting in
hydrogen evolution and the formation of corrosive,
hygroscopic sodium hydroxide waste, which in its
turn needs to be converted into a stable waste form
prior to storage.

The SANDS heat exchange model, based on con-
duction and convection needed to be simplified to
reduce the amount of experiments for process opti-
misation and modelling. A five dimensional model is
obtained, the variables being

1. the total reactor pressure;

2. the mean temperature of the fluidised bed;

3. the sodium flow rate;

4. the total gas flow rate and

5. the partial pressure of oxygen in the injected gas
stream.

Before real sodium waste treatment can start, screen-
ing of these variables is of extreme importance to
optimise the working conditions. At least two, and
for some variables 3 values have to be evaluated to
optimise the working conditions. Additionally, limit-
ing values of the variables corresponding to the lim-
its of safe working conditions must be determined.
Analysis of sodium accumulation in the reactor is an
excellent way to study this.

Experimentally, both an oxidation and subsequent
carbonation on 1.2 kg of sodium are successfully
achieved. A homogeneous mixture of sodium car-
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bonate was found back in the sand bed indicating that

the heat exchange during the experiment before emp-

tying the injection line was working well. Therefore,

the chosen experimental conditions (variables) are

situated w i t h i n the range of the safe and successful

process conditions. However, the emptying of the

sodium injection line at the end of the experiment

with a too high flow rate, resulted in a drastic heat

generation. Monitoring the temperature above the

injection head showed that the quick sodium injec-

tion resulted in an insufficient heat exchange, proba-

bly being the cause of the formation of a glassy cap

of sodium silicate above the injection head. Further

experiments are needed to confirm this hypothesis. A

review of the design of the injection head is also con-

sidered, in case this would be necessary to avoid

unintentional glass formation in the reactor.

Nuclear, pharmaceutical or military organic waste

can be safely destroyed by means of the silver (I!)

electrochemical mediation. In addition to the elec-

trolysis cell, the improved process being developed

by SCK-CEN, with in-situ removal of NO, emis-

sions, makes use of two electrodialysers and a

reverse osmosis unit (see figure below).

The theoretical and experimental studies on the

design and behaviour of several devices of the elec-

trolytic process are extended. In order to optimise the

working and the running costs of the electrolysis

cell, an experimental campaign was carried out in

2000 to assess a model describing the anodic selec-

tivi ty as a function of the process variables. The data

analysts revealed that the highest selectivity (up to

100 %) is obtained at low current densities and tem-

perature, which are the most influent process vari-

ables. However the variation range of the selectivity

within the chosen variable space was too small and

mostly covered by the experimental noise, making

any model f i t t ing impossible. Therefore a new cam-

paign has been started with extended variables varia-

tion ranges.

The efficiency of the electrolysis cell as well as the

clectrodialysis and reverse osmosis units depends

largely on the quali ty of the separation membranes.

This year, we started thorough membrane character-

isation studies, aiming at choosing the most suitable

existing membrane materials. Membrane characteri-

sation is largely based on the investigation of their

chemical and mechanical strength, the determination

of the transport numbers of relevant species, the cur-

rent-voltage behaviour and the osmotic and electro-

osmotic fluxes under a range of intended process

conditions. A provisional ranking of suitable materi-

W&tof
jraducad
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Electrolysis current llelc)
Cathndic selectivity
Concentration ajH2O2 xftltitifffi

i Legend :

italic : prticesx parameters
italic : procmi* variables

Water stream
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als has been made for the cation exchange membrane
of the electrolysis and electrodialysis units. The
characterisation of anion exchange membrane for the
electrodialysis unit is well advanced too. The final
choice of membrane materials will also depend on
the radiochemical inertness, which will be studied in
the near future. For some membranes, the obtained
results enable us already to make a tentative estima-
tion of the required membrane areas for the pilot.

The research concerning the occurring chemical
reactions in both the anodic and cathodic compart-
ments of the electrolysis cell is going on. We proved
that the cathode has to withstand the aggressiveness

of the camolyte as a result of the presence of nitrous
compounds. Therefore, we use a cathode adequately
coated with platinum.

As the electrolysis process will also be used to
destroy halogenated hydrocarbons, the recover}' of
silver out of simulated silver bromide and iodide pre-
cipitates has been optimised on a lab-scale. The
experimental design enables us to model the ongoing
reactions in the silver recovery unit. The recovery out
of silver chloride precipitates is extensively
described in the literature whereas it is not the case
for iodide and bromide precipitates. However, the
available literature data for chloride precipitates are
not applicable in the actual silver recovery device
because of our sustained effort to minimise the
amount of secondary waste. In addition, the chemical
reactions of some iodoalcanes and inorganic iodide
in real electrolytic process conditions are under study
at the moment.

Reconditioning of bituminised waste products

Bituminisation processes have been used to immo-
bilise several types of decladding waste and hot
waste concentrates. The resulting homogenous waste
consists of bitumen mixed with water insoluble salts
and soluble, mainly nitrate salts. If performance
assessments would point out that underground burial
of the nitrate rich bituminised waste products
(BWPs) is therefore unsafe, a reconditioning tech-
nique will have to be developed. Perhaps the separa-
tion of the nitrates out of the waste is already suffi-
cient to obtain a more stable waste form. This year,
we concentrated our efforts on the separation of the
different fractions of the BWPs by a room tempera-
ture extraction-filtration process, using both an
organic solvent and water. As bitumen can be
described as an emulsion and to prevent unintention-
al foaming or emulsification of the solvent-solute-
precipitate systems, much effort has been attached to

the physicochemical behaviour during the different
steps of the process. Taking into account this physic-
ochemical study, a light petroleum fraction showed
to be one of the most suitable organic solvents. An
additional advantage of this solvent is the ease to
recover and to reuse it in the process in a cyclic way.
As a result, the secondary waste of the extraction-fil-
tration process has been kept to a minimum. During
this extraction-filtration, separation of more than
90 % of soluble nitrate salts has been realised in pre-
liminary lab-scale experiments. Other processes to
extract the soluble salts are considered too.

Application of electroanalytical techniques to the

determination of U species in phosphoric acid

Polarography is a very suitable method for analytical
speciations. In the framework of a collaboration with
the analytical department, we implemented the dif-
ferential pulse polarographic analysis of U(VI) in
phosphoric acid. This allows maintaining on site the
tools needed for the determination of the excess of
oxygen in uranium oxides. Thereby, we can also pro-
vide support to our Chemical Processes Group. The
work was complemented by a close control check of
our instrumentation. Further, we focussed on the
electroanalytical behaviour of the U(VI)/U(IV) cou-

ple in phosphoric acid. The irreversible behaviour of
the system has been confirmed. However, in contra-
diction with some literature data, our results reveal
that the transfer coefficient is close to 0.5. We also
discovered a new way to discriminate between dif-

ferent electrochemical mechanisms, using one single
cyclic voltammetry scan.

Expanded and contracted porphyrins: synthesis,

characterisation and nuclear applications

The feasibility to produce a range of different cor-
roles using the synthesis route developed last year at
SCK'CEN has been demonstrated on a lab-scale. We
continued our pioneering work on the characterisa-
tion of these new materials using nuclear magnetic
resonance, infrared spectroscopy and mass spectrom-
etry. Attempts to make corrole containing polysul-
fone membranes via physical incorporation let us
conclude that chemical bonds between the matrix
and corroles are necessary to create a stable and effi-
cient ion exchange material. A literature study
demonstrates that contracted as well as expanded
porphyrins are promising products in nuclear med-
ical treatments and examinations as well as in photo-
dynamic therapy.
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Decontamination of contaminated water and \
liquid waste bv biosorbents

In the frame of a collaboration agreement between

SCK-CEN and the Russian JCAT (Joint Centre of

Advanced Technologies), removal of radioisotopes

and heavy metals by biosorbents is tested in view of

joint patenting and commercialisation. Biosorbents

were prepared by JCAT and preliminary tested were

conducted in Russian institutes and in UCL (Catholic

University of Louvain-La-Neuve). Results are repro-

ductible and promising. The products w i l l be further

tested when administrative problems related to the

collaboration w i l l have been solved.

Perspectives

The decommissioning activities in BR3 wil l contin-

ue with the loop decontamination of the steam gen-

erator and the pressuriser using the MEDOC instal-

lation. Then these primary components w i l l be dis-

mantled using the high-pressure water jet cutting

technique. We intend to get the ISO 9002 certificate

for the management of materials generated during

decommissioning operations. We will also continue

the dismantl ing of glove boxes and hot-cells in the

CBZ facility. We intend to load the CASTOR" con-

tainers with the BR3 spent fuel and other experimen-

tal fuel with similar enrichment in uranium and plu-

tonium and to put them inside the storage bui lding.

Concerning the consultancy and external services,

we aim at valorising more and more our skills

through participation in external projects. Therefore,

SCK'CEN signed collaboration agreements in this

domain with large nuclear industrial companies, such

as Framatome, Belgatom and Belgoprocess. The

main objectives in the next future wil l be our

involvement in the decommissioning and waste man-

agement of research reactors and facilities in Europe

and in particular of the European Joint Research

Centres and in the important decommissioning proj-

ects in France and Italy. Indeed, in these two coun-

tries, important decisions were taken in 2000 and

2001 to change the general strategy of decommis-

sioning, passing from deferred to prompt decommis-

sioning option, for the presently shutdown reactors.

This involves 1 1 power plants in France and 4 power

plants in Italy. A dramatic increase of the decommis-

sioning activities in these two countries is therefore

to be expected in the following years. On the other

hand, it appears also that decommissioning of old

facilities in Eastern and Central European countries

is an increasing concern. The technology and ski l l s

we developed will be helpful for those countries to

'ace the problems of nuclear l iabi l i t ies from the past.

Therefore, we wi l l continue our involvement in

expert groups and supporting teams organised by

international inst i tut ions (IAEA. EC) in these coun-

tries. We wil l continue to enhance our participation

in industrial consortiums, or collaboration with

Western and Eastern industry, to solve the problems

and clean-up the sites. This concerns not only nuclear

power plants, but also research reactors and facilities.

In the framework of our R&D programme, we aim at

treating the tritiated methanol and at studying and

demonstrating the separation behaviour of AR-01 for

the recovery and purif icat ion of Pu and U from sim-

ulated and real spent fuel .solutions. Further, we aim

at validating the models describing the oxidation of

a lka l i metals and the oxidation of organic waste

through Ag--. This includes the design and safety

report for the pilot installations as well as the scaling

up of the installations for industrial uses. We will

continue the investigations and selection of the pos-

sible ways to eventually recondition bituminised

waste forms.

Bclgalom (Brussels, Belgium)

Belgoprocess (I)essel, Belgium)

Framatome (France)

Kinectrics (Toronto, Canada)

University of Hannover

(Germany)

FWN

JCAT

OPT

EC

1'Flectricite de France (Paris and

Fontainebleau, France)

Fncrgicwerke Norcl (Greil'swald,

Germany)

Joint Centre of Advanced

Technologies (Russian federation)

Ontario Power Technologies

(Toronto, Canada)

Bclgatom (Belg ium)

Fleclrabel (Brussels, Belgium)

Franratome (for UKAEA)

Criepi (Japan)

Belgonucleaire (Desscl. Belgium)

European Commission (Brussels,
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IAEA International Atomic Energy

Agency (Vienna, Austria)

IR[ Institute of Research and

Innovation (Tokyo, Japan)

MEXT Ministry of Education, Culture,

Sports, Science and Technology of

Japan

NECSA Nuclear Energy Corporation

South Africa (Pretoria, South

Africa)

ONDRAF/NIRAS Belgian Agency for Radioactive

Waste and Enriched Fissile

Materials (Brussels, Belgium)

UKAEA United Kingdom Atomic Energy

Authority (UK)
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REACTOR SAFETY

Introduction

The major concerns of the Reactor Safety Division is

the safe operation of nuclear power plants. It focus-

es its programme on the development of expertise 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 if

safety is guaranteed and to extend the burn-up of the

used fuel for economical reasons.

Understanding of the phenomena which do undergo

structural materials and fuel is therefore of utmost

importance. The behaviour of fuel, pressure vessel

steel embrittlcment and corrosion of in-core materi-

als under irradiation and coolant interaction are the

main research areas studied.

Our competences in materials behaviour are further

used w i t h i n our collaboration to the co-ordinated

fusion research programme of the European

Commission. We focus on material characterisation

under irradiation and coolant interaction for structur-

al materials for vessel modules, material used for

diagnostics and maintenance instrumentation.

Appropriate instrumentation technology is of pri-

mordial importance in conducting irradiation experi-

ments. SCK'CEN evaluates the potentials of instru-

mentation technologies under severe constraints of

nuclear applications. We focus on the one hand on

the tolerance of existing sensors to high radiation

doses and on the other hand to the development of

new sensors and instrumentation techniques.

The division further continues its efforts in the

domain of reactor physics, more precisely in the

domain of neutron and gamma calculations. This

year, an international programme called REBUS

(REact iv i t iy test for a direct evaluation of the Burn-

Up credit on Selected irradiated LWR fuel bundles)

was started making use of the cri t ical facility

VENUS, the hot-cell laboratory and the radiochem-

istry department. The main objective of the pro-

gramme is the validation of reactor physics codes

used for burn-up evaluation.

We enhanced our efforts wi thin the MYRRHA proj-

ect. MYRRHA is an accelerator driven system

(ADS) providing protons and neutrons for various

R&D activities. This year, the pre-design of

MYRRHA was finalised and w i l l be reviewed by

external experts in the near future.
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ERIC VAN WALLE

REACTOR MATERIALS RESEARCH

Background and Objectives

In 2001, the objectives of the Reactor Materials
Research (RMR) Department followed the roadmap

outlined several years ago. These objectives are:

s to evaluate the integrity and behaviour of struc-

tural materials used in nuclear power industry;

§ to perform research to unravel and understand the
parameters that determine the material behaviour
under or after irradiation;

g to contribute to the interpretation, the modelling

of the material behaviour and to develop and

assess strategies for optimum life management of

nuclear power plant components.

Moreover, in 2001, an important additional effort

was made to integrate the discipline of material mod-
elling into the research programmes and to support

experimental projects with modelling tools. We start-

ed a program on multi-scale modelling of material

degradation that has its applications in pressure ves-

sel steel and candidate fusion materials. On the
nuclear fuel side, the experimental research group is

also more thoroughly supported by modelling activi-

ties; a step taken to more independently define our
fuel safety research programmes.

The cold labs of the LHMA (Laboratory for High and

Medium-level Activity) were modernised as well as

the office infrastructure. The BR1 (Belgian Reactor

1) hot-cell and several hot-cells within the LHMA

building were refurbished. A dedicated hot-cell was

equipped for Irradiated Assisted Stress Corrosion
Cracking studies.

The programs within the department remain concen-

trated on four distinct disciplines:

s fusion (mechanical testing and corrosion);

s irradiation Assisted Stress Corrosion Cracking

(IASCC);

s nuclear fuel and

s Reactor Pressure Vessel Steel (RPVS).

These projects require support from microstructure

research tools and important investments have been

made to intensify this effort.

Program & Achievements

Corrosion

Corrosion research in the Reactor Materials

Department focuses on stress corrosion cracking
(SCC) related phenomena in nuclear reactor environ-

ment, so-called Irradiation Assisted Stress Corrosion

Cracking (IASCC). During the life time of a reactor,

some internal components accumulate a high irradi-
ation dose up to 50 dpa and more. Changes, due to

irradiation by neutrons, affect the mechanical prop-

erties and the microchemistry of the material.
Moreover, the intense radiation field induces radi-

olytic decomposition of the coolant changing the

environment to which the material is exposed.

These effects may render a material-environment

system, such as stainless steel in high-temperature

water, susceptible to IASCC and recently more cases
have been reported. IASCC failures represent a safe-

ty risk and call for periodic inspection and eventual

replacement of components.

The corrosion research program at RMR aims to

clarify the mechanisms contributing to IASCC.
Three complementary activities are developed:

m modelling of IASCC and related phenomena in a

computer code, that takes crucial parameters of
the material, its environment and their interaction

into account;

a experimental studies of IASCC in LWR condi-
tions. The experiments are currently performed
on unirradiated materials, in order to generate ref-

erence data for modelling. For irradiated materi-

als, a hot laboratory has been constructed.

Irradiated specimens are taken from experiments
in BR2 or taken from parts, extracted from power

reactors.

m development of dedicated instrumentation to

detect and monitor the occurrence of (IA)SCC. A

program to develop, test and validate instruments
and methods for detection of SCC is underway.

Modellisation oflASCC

Numerical simulation of IASCC has progressed in
some applications and by further development of the

electrochemistry code MIOTRAS in collaboration

with the TW-ETEC department of VUB, Elsyca NV
and VKI.

Modelling the IR drop and the resulting active-

passive transition of iron in an acetic acid solution

The potential drop, down a crevice, in a system
showing an active-passive transition in the crevice

has been modelled. The polarisation curve of the

buffered system was obtained using a Weibull transi-
tion function. The mathematical problem has been

solved using finite differences and a homotopy
method.
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HAMID AIT ABDERRAHIM.

RlK-WOLTER BOSCH.

RACHID CHAOAUDI,

WILLY CLAES,

JOZEF-PlETER COOLS.

ANNE DEBREVIAECKER,

LUDO EYSERMANS.

SERGUEI GAVRILOV.

AUGUST GYS,

KHRUSHCIIEVA OLGA,

ANN LEENAERS.

ENRICO LUCON.

LORENZO MAI.ERBA,

Luc MIES.

YVES PARTHOENS.

PETER PETROV.

JEAN-LOUIS PU/.X.OLANTE.

LEO SANNEN.

MARC SCIBETTA.
VITAL! SoliOLEV.

SVEN VAN DEN BEROHE.

STEVEN VAN DYCK,

LEO VAN HOUDT,

MARC VANKEERBERUHEN.

MARC VERWERFT,

BENEDICTUS Vos,

JEAN-PIERRE WANNIJN

Supporting staff

PETER BECKERS.

RUDY BERTELS,

GERRY COOLS.

GERT COOLS.

LEON COOLS.

DIRK DEI.NOO/.,

MARC EYKMANS.

IVAN FETS,

FRANCOIS GIELENS,

Luc HALLAERT.

KRIS KAERS.

ROGER MERTENS.

THEO NOELS.

ANTONIO PELLETTIERI.

FRIEDA QUADF;LIEG,

RENE SNEYERS.

FRANS SWINNEN,

MAURICE THUS,

NANCY VAN DER BORGT,

HERMAN VAN EYCK,

JOZEF VERAGHTERT.

ALFONS VERSTREPEN,

LEOPOLD VERWIMP,

RONNY VOSCH,

JOZ.EF VREYS,

GUNTER WlLMSEN,

PAUL WOUTERS

Reactor Safety 91



Autoclave system inside the hot-celt for IASCC
testing on radioactive materials

This model for high temperature and pressure water

environments has been implemented in MIOTRAS.

The results show the potential, concentration and pH

profiles down a crack and the resulting crack growth

rate based on the slip-dissolution model.

Experimental studies ofSCC in LWR environment

For the characterisation of the SCC behaviour of

austenitic stainless steels in LWR conditions, differ-

ent test methods have been applied in autoclave envi-

ronments.

As alternative methods to the standard crack growth

rate (CGR) measurement on CT specimens, the

round bar geometry with circumferential precrack

has been evaluated. This geometry allows to test

materials at higher stress intensity levels with less

material. The method has the advantage for SCC

tests that the mechanical and electrochemical crack

length evolve at the same rate during the test. The

evaluation was done in constant load and rising load

mode: results compare well to CGR values obtained

with CT specimens. The slow rising load tests allow

to evaluate a wide range of stress intensities in one

test.

As an alternative to the SSRT test, a ring compres-

sion test is developed for autoclave testing. The ring

compression test is suitable for testing small quanti-

ties of material from irradiated tubes, with minimal

machining effort. Also, it is a very suitable technique

for constant load experiments, as many rings may be

tested in one autoclave set-up.

An autoclave system with loop has been installed in

the SCK-CEN hot labs. The system has the same

capacities of the cold laboratory test systems and w i l l

be used for SSRT and CGR tests on irradiated mate-

rial. The autoclaves are installed inside a 1m thick

concrete hot-cell. The loop is installed in the base-

ment below the cell with adapted lay-out in order to

l imit the potential radioactive contamination.

EU R&D programs: INTERWELD

The INTERWELD program focuses on the evolution

of residual stresses and microstructure in large weld-

ed internal reactor structures and the relation with

IASCC. The program investigates materials irradiat-

ed in service and model welds irradiated in an MTR.

For the in-service irradiated material, the welded

thermal shield of the dismantled BR3 reactor has

been selected. This component has large wall thick-

ness, representative weld geometry and was irradiat-

ed d u r i n g 25 vears.

EU R&D programs: PR/S

The objective of PR1S is to produce material data

that can be used for structural integrity and lifetime

assessment purposes. The data will consist of vali-

dated initiation fracture toughness and fracture resist-

ance curves, as well as tensile properties and infor-

mation on microstructure changes caused by irradia-

tion. Both BWR and PWR austenitic stainless steels

internals are considered.

Instrumentation development for SCC detection

An important parameter for IASCC is the corrosion

potential, measured with a reference electrode (RE).

A high temperature RE was developed, that can be

used for electrochemical corrosion studies in auto-

claves under PWR conditions. This RE is an External

Pressure Balanced Reference Electrode (EPBRE)

connected to the autoclave through a salt bridge.

Attention was given to the potential of the EPBRE

against the Standard Hydrogen Electrode (SHE)

scale. The EPBRE was modified for hot-cell condi-
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tions and emphasis was given to easy use with
manipulators and to the resistance of the reference
electrode to irradiation. The EPBRE has been tested
at operating temperature up to 340°C.

In addition, a high temperature pH-electrode based
on the yttrium stabilised zirconium oxide membrane
electrode is under development.

On-line monitoring techniques such as AC and DC
potential drop (PD) crack growth rate measurements
methods, Acoustic Emission (AE), Electrochemical
Noise (ECN) and Electrochemical Impedance
Spectroscopy (EIS) are being developed for their
capability of detecting initiation and propagation of
SCC. Good results with the AC PD system allow to
determine small crack growth rates and EIS meas-
urements detected stress corrosion cracks.

Some tools are developed within the STWW R&D

program for Intelligent Tools for Monitoring of

Corrosion and Materials Degradation.

EU R&D programs: LIRES

The main objective of LIRES is to develop a robust
RE for a LWR. Four steps are foreseen:

1. to set the test standard for Round Robin;

2. to develop different RE's;

3. to run the round Robin test of these RE's and to
select the best RE's;

4. to set-up irradiation tests under appropriate LWR
conditions in a MTR.

Liquid Metal Corrosion

The interest to liquid metals comes from the
MYRRHA project where these metals are considered

due to their good properties as coolants and spalla-
tion sources. However, other structural materials can
suffer severe corrosion when in contact with liquid
metal. This can occur in simple dissolution, or with
mass transfer from hot to cold parts when a liquid
metal flow is present. Moreover, the possibility of
Liquid Metal Embrittlement (LME) needs investiga-
tion.

At present, an experimental program to investigate
Liquid Metal Corrosion phenomena in systems rele-
vant to MYRRHA is set up. The program considers
static and dynamic loading tests in stagnant and
flowing liquid metal. The experiments will be per-
formed under strictly controlled environment; the

stagnant exposure tests will start in a glove box early
in 2002. More complex experimental devices, a Slow
Strain Rate Tensile test set-up and a small circulation
loop, are under design.

Fuel

Fundamental Nuclear Fuel Research

Thermochemical fuel research

In 2001, a Ph.D. thesis on the Cs-U-O system was
successfully defended. It tells how cesium, through
its effect on oxygen, modifies the uranium environ-
ment and in consequence the valence state of the ura-
nium atom itself. Two main points have been
addressed to achieve this goal:

S the crystallographic structure and local uranium
environment of several cesium uranates has been
determined by Rietveld refinement of neutron
(taken at the ILL in Grenoble) and X-ray diffrac-
tion data. The uranates were also investigated
with X-ray Photoelectron Spectroscopy (XPS) to
determine the uranium valences present and with
X-ray Absorption Spectroscopy to study the local
uranium environment directly. The uranium
valence information was then coupled to the crys-
tallographic uranium environments using the
Bond Valence Sum method;

s thin layers of stoichiometric uranium dioxide
were prepared using sputter deposition tech-
niques and used to model interactions on the grain
boundaries in UO2. They were covered with
cesium and exposed to controlled amounts of
oxygen, while the uranium valence state was fol-
lowed with Ultraviolet Photoelectron
Spectroscopy and XPS. In addition, codeposited
layers of cesium and uranium were studied with
the same techniques.

A copy of the full thesis work and the slides of the
defence can be found at the microstructure website
http://www.sckcen.be/microstructure.

The project on "European Nuclear Thermodynamic
Database for in- and ex-vessel applications
(ENTHALPY)" is a shared-cost EU action that runs
until February 2003. Its main objective is:

1. to obtain an unique European well validated and
commonly-agreed thermodynamic database for
in- and ex-vessel applications;

2. to develop methodologies to couple the database
to Severe Accident codes used by end-users.
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The project work is performed by 11 partners having

various responsibilities: two database owners in
charge of merging their data and to extent the data-

base to new elements, different laboratories making
Separate Effect Tests concerning systems not or

poorly known, organisations making validations on

global experiments, users of the database in charge of
improving the link between the database and severe

accident codes. The project is clustered with
"COLOSS" (Corium Loss) and "EVITA" (European

Validation of the Integral code Astec). Co-ordination

of the project is done by Anne De Bremaecker of
SCK-CEN attached to IPSN.

The thermodynamic data allow to construct phase

diagrams of the most important materials interacting

during severe accidents. From these phase diagrams
follow the physical properties of the corium (viscos-

ity, heat conductivity, density, solid/liquid fraction,
etc.) during fuel degradation, melting, relocation, ex-
vessel spreading, and the possibility of fission prod-

ucts retention or release.

In collaboration with ULB and UCL, SCK'CEN per-

formed exploratory research on the influence of

molybdenum in the subsystem U-Zr-Ba-Mo-0 in

different atmospheres. Key results were obtained on

the stability or volatility of the molybdates and on the
conditions where Mo-containing zirconates and

uranates are present in the fuel and allowed direct
construction of the complex phase diagram. In irra-

diated nuclear fuel, the solubility of Mo in the oxide

matrix was re-assessed.

Modelling of fission-gas release in LWRfuel

Since 1994 we have been developing a new mecha-
nistic model for fission gas release (FOR) in LWR

fuel. The developments involve two complementary

aspects.

a we analyse basic underlying mechanisms, focus-
ing on the grain boundary (GB) behaviour as it

determines the onset of thermal release. This year

we analysed the role of GB diffusion in FGR.
There appeared to be a contradiction about the

role of GB's in FGR: either they operate as a sink
where fission gases form bubbles, or they serve as

a high diffusivity pathway for release. Both

points are reconciled by considering GB diffusion

plus trapping and re-solution. With these compet-

ing processes, there is a switch from GB diffusion

to growth and interlinkage of intergranular (IG)

bubbles in controlling IG fission gas migration.
This idea, however, raises several questions. In

order to address these, experimental data on Xe

release in trace-irradiated UO2 have been re-
analysed. The measurements indicated that the

data are consistent with sequential lattice and GB

diffusion unimpeded by IG traps. The fitting pro-

cedure provided rough estimates of the GB diffu-

sion coefficient in UO2. Furthermore, the mean

migration distance of a fission gas atom in a GB
decorated with a population of circular traps has

been assessed. It is concluded that for values of

the geometric parameters that roughly encompass
the IG bubble populations observed in irradiated

fuel, a fission gas atom will be trapped after a

migration distance in the GB equal to the size of

a grain or less. This result provides a theoretical

justification for the universal rejection of grain

boundary transport as a release mechanism for
fission gas in irradiated UO2. The calculations

also offer a qualitative explanation for the dissim-
ilar release rates observed in trace-irradiated UO2
for Te and I in comparison with Xe;

the second aspect is the development of a model

for FGR that couples the kinetics of the intra- and
IG behaviour of the gas atoms in both directions.

This year, we have completed the sensitivity

study of the model and performed its qualifica-

tion. A parametric study of the empirical thresh-
old for FGR not only underlines the crucial

parameters, it also shows that the FGR model
provides an excellent tool to analyse the contri-

bution of each mechanism to the overall release

process. Furthermore, it revealed that the model

reproduces the decrease of the incubation period
with burnup fairly well, although it is extremely

difficult to predict accurately. In addition, the out-

ward shift of the onset of release in the pellets
with increasing burnup, as well as the saturation

concentration or the bubble pressures at GB's

correspond very well with experimental observa-

tions. The model predictions have been compared
with the data set of Zimmermann, which has been

used by many others for their model qualification.

Nevertheless, all of them erroneously compared
their predictions with those of Zimmermann,

rather than with the experimental data. In addi-
tion, they applied average values for several sen-

sitive parameters. The simulation of the individ-

ual data points with the new model is better and

takes into account the temperature fluctuations as

reveals the next figure. In addition, the tempera-

ture threshold at which the release begins lies

between 1 000°C and 1 100°C and corresponds
very well with that reported in literature.
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To extend the model validation through in-pile
observations, the first FUMEX case has been repro-
duced. This was part of a round robin organised by
IAEA. The simulation is satisfactory and points out

the importance of the open porosity fraction for
athermal release. We can conclude that the compar-
ison of the FOR model with experimental data, char-
acterising normal steady state conditions, is satisfac-
tory when using a combination of the values report-
ed in the literature for all parameters.

In 2002, the FGR model will start its extension to

heterogeneous materials, such as (U,Pu)02 and
(Th,Pu)02 fuel, in the framework of the European
OMICO project. We will also develop a model to
compute the radial power profile in (Th,Pu)O2 fuel.
Both models should eventually be implemented in a
new version of the thermo-mechanical code
FEMAXI-V.

Integral Fuel Research

The project on "Oxide Fuels: Microstructure and
Composition Variations: OMICO" is a cost-shared
action that will end in 2004. It is co-ordinated by
SCK'CEN and has two other partners: the Institute
for Transuranium Elements (EC-JRC/ITU) and
Framatome ANP. The main objective is to study the
behaviour of oxide fuels with homogeneous and het-
erogeneous microstructure with different chemical
compositions to provide insight in the individual
effects of fuel chemistry (matrix composition) and
the degree of dispersion of the fissile material
(microstructure). It addresses fundamental questions
on the mechanisms that govern FGR.

The test matrix compares in a systematic way the
behaviour of three different fuel compositions (UO2,
(U,Pu)02 and (Th,Pu)O2) each time in two
microstructures (homogeneous and fine dispersed
ceramic-in-ceramic). The design of the fuel rods and
irradiation conditions is performed using currently
available models for LWR fuel. Especially the
(Th, Pu)O2 type of fuel requires efforts to incorporate
in fuel performance codes. The fuels will be fabricat-
ed at ITU, loaded in two sets of rodlets (giving thus
a total of twelve rodlets): one set will be instrument-
ed with a central thermocouple and a pressure trans-
ducer. Detailed characterisation of the fuel with
emphasis on its microstructure and thermal proper-
ties will complete the fuel fabrication. This results in
six different fuel types, which will be irradiated for
10 cycles of 21 days in a pressurised water loop of
the BR2 reactor, simulating the thermo-hydraulic
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conditions of a typical PWR. During irradiation, the
fuel temperature and gas pressure will be monitored.
It is expected to achieve a burnup of about
25GWd/tM and 2-5% of FGR.

The set of non-instrumented rods will be unloaded
intermittently to study critical fuel performance indi-
cators (cladding corrosion, creep, fuel swelling) as
well as to perform an independent experimental con-
trol of the power of the fuel rods. The experimental
results will allow to benchmark codes for the differ-
ent fuels (Framatome, SCK-CEN and ITU). The
project will also focus on the development of a
model for FGR that takes better account of the
microstructure of the fuel.

Applied Nuclear Fuel Research

The qualification of RR (Research Reactor) LEU
(Low Enriched Uranium) plate-type fuel relates to
the international tendency to convert research reac-
tors to low enriched fuel (i.e. U-enrichment < 20%
235U). New fuel types with higher U densities are
being developed and need to be qualified.

9 Standard RR fuel plates have been irradiated in a
dedicated device in BR2. They have been
unloaded successfully and are being submitted to
non-destructive y-spectrometric and destructive
radiochemical analysis in order to qualify the
irradiation device in terms of fuel power rating.
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m New plate-type U3Si, based fuels, irradiated in

BR2 at high power ratings, were analysed for

swelling with a newly designed and developed

profilometric device. It allows mapping of the

plate thickness within + 5pm. The LWR fuel rods
configured y-spectrometry technique was suc-

cessfully modified to accommodate plate-type

fuel. Application allowed to evaluate the power

profile. Extensive optical microstructure investi-

gations revealed the corrosion behaviour of the

AG3 Aluminium cladding and the U3Si2-Al fuel

meat interactions. The research, funded by CEA-

France, will extend in 2002. EPMA investigation

will focus on the clad corrosion mechanism, on

the fuel meat constituent interaction and on the

fission product behaviour. Detailed radiochemi-

cal analysis will assess the absolute burnup.

Advanced mechanical machining tools and a quali-

fied welding device have been developed for fuel rod

re-fabrication. The idea is to fabricate short rodlets

for research reactors from long industrial fuel rods

that accumulated burnup in power reactors. In 2002,

the REBUS program will use this methodology to

evaluate the reactivity decrease of commercial spent

UO2 fuel: this will be done by measuring the reactiv-

ity in the VENUS zero power critical facility. As

such, 1 m rodlets for VENUS will be fabricated from

the ~ 4 m long industrial fuel rods. The final goal is

to validate the burnup credit that can be used in the

transport, storage and disposal of spent fuel. A sec-

ond application is the encapsulation of the fuel rod

remnants stemming from the fuel research programs.

In preparation of the MOX part of the REBUS pro-

gram, a set of former BR3 MOX fuel rods have been

characterised in terms of fuel stack location and

power profile.
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Diffractogram of UOy recorded with the X'Celerator, an x-ray area detector based
on RTMS (Real Time Multiple Strip) technology. The used stepsize is 0.00841 °20,
acquisition time 30 sec per step

In the field of spent fuel, the behaviour of spent

MOX fuel after 25 years of intermediate storage was

studied (DRYSTOR programme funded by

NFI/CRIEPI). MOX fuel rods, irradiated and extract-

ed from their assembly for PIE in the seventies, were

re-extracted from their intermediate storage in 1999.

The fuel both from intact fuel rods (i.e. under inert

atmosphere) and air-exposed segments was evaluat-

ed. Ceramographic examination on air exposed fuel

samples indicates the weakening of the IG bonding

in the U02 matrix, attributed to a partial oxidation.

Density measurements on both intact rod and air

exposed fuel samples reveal swelling of the air

exposed samples, thus indicating again the formation

of less dense oxygen-rich uranate phases.

Finally, contractual research related to the

microstructure of fresh fabricated doped UO2 fuel

(FBFC International - Belgium), the density and

open porosity characteristics of irradiated fuel (CEA-

France), and spent fuel partitioning tests (IRI-Japan)

was performed.

Research installations

X-ray diffractometry on radiotoxic materials

A Philips X'Pert Pro system was installed in the hot

laboratory. The X'Pert Pro diffractometer is based on

a Prefix (Pre-aligned fast interchangeable x-ray

optics) system, which allows reconfiguration in a

few minutes without the need for realignment. In

2000, system problems prevented us from perform-

ing high end analyses. Early 2001, the system prob-

lems were solved and the instrument was commis-

sioned for investigations on depleted uranium. First

experiments were conducted on glancing incident

diffraction and in situ high temperature diffraction,

but the main activities focused on accurate bulk pow-

der diffraction and capillary powder diffraction. As

an example of the system performance, the lattice

parameter of UO2 was assessed. This parameter is

known to be sensitive to hyperstoechiometry and it

will also vary with doping. In view of the impact of

the oxidation state of uranium in many aspects of our

research accurate lattice parameter estimation is of

major importance.

To obtain highly accurate unit parameter estimates,

normal system alignment procedures are comple-

mented. To eliminate further systematic errors an

external standard reference is measured. The peak

positions of the standard phase are compared to their

theoretical values and a correction curve is calculat-

ed to compensate instrument dependent deviations.
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The Smith -Snyder's figures of merit (FOM) give an

objective quantitative estimate of the quality of the

metric aspects of a powder pattern. FOM's above

80 are considered high quality, and those less than

20 are poor quality. The resulting lattice parameter

of stoichometric U02, after refinement, is found to be

5.47065(3) A, with a FOM of 291.

Standard powder diffraction is a bulk technique, that

needs larger quantities (at least 1 to 2 gram) to obtain

high quality data. In nuclear research, however, often

only small quantities can be handled (due to avail-

ability of material, sample activity etc.). The diffrac-

tion parameters of such small quantities can be

obtained by using a glass capillary as sample sup-

port. An equally important advantage of using capil-

laries is that one can seal off the sample from the

environment. In this way, also highly radiotoxic

materials (e.g. Pu containing materials) can be inves-

tigated while preventing the instrument to be con-

taminated. Due to the small quantity of material and

the additional absorption of the X-rays in the glass

capillary, the measured intensity will be very low

unless one spins the capillary during a measurement,

by which action many more crystallites will satisfy

the diffraction condition and thus add to the meas-

ured intensity in the diffraction peaks. A first exper-

iment consisted of measuring the diffraction pattern

of five milligrams of UOj^..;. The lattice parameter of

this sample (U02+.,) is estimated as 5.4649(4) A,

which corresponds to a hyperstoechiometry value of

approximately 0.06 (UC^)- The capillary spinning

system has also successfully been applied to MOX

samples, showing that even highly radiotoxic materi-

als can be safely handled in this way.

X-ray fluorescence on radioactive samples

Since the closure of the Ris0 hot laboratories, micro

X-ray fluorescence on highly radioactive fuel sam-

ples has disappeared. Although this technique can at

many instances be replaced by electron microprobe

(EPMA) analysis, it has one major advantage over

EPMA in the analysis of fission gas. The results of

the Ris0 experiments have long been regarded (and

still are) as the reference measurements on fission

gas behaviour. However, today's fuel exploitation

surpasses the conditions explored in the eighties.

Especially the development of so-called rim struc-

tures in ultra high burnup fuel has not been the sub-

ject of the above mentioned experiments. In an

attempt to assess the fission gas behaviour in rim

(present in high burnup UO2 fuels) and rim-like

structures (present in MOX fuels), we have coupled

a high intensity X-ray source to the shielded micro-

probe. The coupling has been successfully complet-

ed, and the next step is to modify one of the detectors

for hard X-ray detection and add focusing optics.

A scientific collaboration exists between the Institute

of Transuranium Elements and SCK-CEN to per-

form a first series of measurements in 2002. Various

industrial companies (fuel fabricants and vendors)

have shown interest to exploit this set-up

Transmission electron microscopy

We installed a high resolution JEOL 3010 transmis-

sion electron microscope (TEM). Its main character-

istics are:

n accelerating voltage of 300kV;

H point resolution of 0.20 nm;

B lattice resolution 0,14 nm.

The microscope is equipped with a JEOL STEM

unit, an Oxford INCA Energy Dispersive X-ray

Spectrometer, a Gatan 794 MSC SCC-CCD camera,

two double tilting holders and one low background

Be double tilting holder.

Many of the processes leading to materials properties

degradation studied at our department involve modi-

fications of the internal (i.e. crystal) structure.

Although important information can be obtained by

the basic infrastructure such as optical microscopy

(OM), Scanning Electron Microscopy (SEM) and

EPMA, problems are often only partly understood

due to lack of structural information. The recent

installation of an X-Ray Diffraction (XRD) facility

provides insight in the overall crystal structure of a

material. This insight is indispensable for the above

mentioned research, but local effects as well as struc-

ture defect analysis is not accessible by XRD meth-

ods.

Local structure investigation is possible only by

Transmission Electron Microscopic (TEM) tech-

niques. It is the only technique which allows to corn-
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bine diffraction information (ED, CBED) with real
space imaging (DF and BF imaging in two-beam
conditions or HREM imaging in multiple beam con-
ditions) of the structure and its defects with atomic or
near-atomic resolution. From the same local zone,
chemical and physico-chemical information can be
obtained by a combination of nano-beam excitation
and subsequent EDS and/or EELS analysis. Samples
can further be cooled, heated or strained. An analyt-
ic electron microscope really is a micro-laboratory,
which allows complete investigation of the material
on a sub-micrometer scale. The investigations that
will be conducted using TEM also include radioac-
tive samples.

Reactor Pressure Vessel Steel (RPVS)

The PRVS program at RMR aims at using commer-
cial information for the strengthening of the research
activities. This justifies the existence of three differ-

ent lines of research: a broad research project called
the Electrabel Convention that supports the develop-
ment of tools of use for the Belgian NPP's and
SCK«CEN, commercially-oriented research and
SCK-CEN preferentially-supported research.

The Electrabel Convention 1999-2002

Enlargement of the Experimental Database on
Reactor Pressure Vessel Steels

Most of the fracture toughness data, collected on
reactor pressure vessel steels within the Electrabel -
SCK«CEN Convention, have been obtained in the
unirradiated state, with the exception of the HSST
73W weld and the base and weld materials of the
BR3 reactor.

Due to the unavailability of some equipment, only 44
tensile tests, 9 impact tests and 19 toughness tests (15
in the transition region and 4 in the upper shelf
regime) were performed and documented.

The existing database will be constantly updated
with any test result which will be obtained in the
future.

Intralaboratory Round-Robin on the qualification of

the tensile test using the 22NiMoCr37 steel

Tensile tests have been carried out to validate the test
methodology and verify the consistency between test
machines, in the absence of a reference material with
certified tensile properties. Different machines avail-

able in the mechanical testing laboratory of the
Reactor Materials Research department have been

used to study the reproducibility and repeatability of
the tensile test on four specimen geometries at two
different temperatures; some of the machines were
equipped with spare load cells offering different
force ranges.

Furthermore, the same speed of testing was used for
specimens of different size allowing the study of the
material strain rate sensitivity.

The main observations are:

5Si Geometry effect: the higher the ratio Lo/(S0)
l/2

(with L0 = initial reduced section length and
S0 = initial cross section), the lower the total elon-
gation. Remaining tensile parameters are not
affected by specimen size or geometry;

n Strain rate effect: yield strength increases with
increasing strain rate; however this effect is small
within the test range. For this material, the other
parameters remain stable in the considered test
range;

H Machine effect: small differences, statistically not
significant, have been observed among machines;

m Load cell effect: in spite of a lack of statistics, no
clear effect has been observed.

Development and Validation of Fracture Toughness

Tests on Miniaturised Specimens

Two novel types of miniaturised samples, the square-
section sub-size Charpy (4.6 x 4.6 x 24 mm3) and the
Compact Tension with B = 5.5 mm thickness (see
Figure) have been investigated; for both types, four
specimens can be extracted from one broken half-

Charpy.

Experimental shows that, for both types, the refer-
ence temperature (T0) calculated from the Master
Curve is in good agreement with larger specimens.

Supplemental Testing on the Base Materials of
Tihange I - Capsule 3 (TH113)

Miniature tensile and reconstituted precracked
Charpy specimens, prepared from tested irradiated
broken Charpy samples of the Tihange 1/3 material,
have been tested in 2001; regulatory and advanced
surveillance approaches have been compared. These
results were fully reported to Tractebel to support the
integrity assessment of the Belgian NPP's.
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Miniaturised Compact Tension specimen for fracture toughness testing

the reference tempera-

ture measured on C(T)

specimens of different

size is effectively inde-

pendent from the sample

dimensions; the well-

known 10 -r 15 °C differ-

ence was found between

PCCv and C(T) geome-

tries;

8 not enough experimental

evidence was available

to justify alternative

values for the parameters

of the Master Curve

approach (m and K,,,,,,).

Application of the SINTAP Methodology for

Estimating the Fracture Toughness of Reactor

Pressure Vessel Steels from Charpy Data

SINTAP (Structural INTegrity Assessment Proce-

dures for European Industry) is a 4* Framework

project aimed at developing a unified assessment

procedure for the integrity of structures containing

flaws. One sub-task consisted in the implementation

of a procedure for determining conservative esti-

mates or best-estimates of fracture toughness data

from Charpy impact energy results. Various correla-

tion approaches have been proposed for the different

parts of the toughness transition curve; the usefulness

and reliability of such correlations has been investi-

gated, based on the availability of Charpy and frac-

ture toughness data for 13 different conditions of

RPVS material. It emerged that the empiricism of

these correlations, which lack any theoretical back-

ground, can only provide a preliminary (and not

always conservative) estimation of the real tough-

ness, and have to be used with substantial safety fac-

tors and only in the absence of actual toughness data.

Assessment of the Master curve Approach on Three

Reactor Pressure Vessel Steels (JRQ, JSPS,

22NiMoCr37)

The applicability of different aspects of the Master

Curve procedure was assessed on three well-charac-

terised reactor pressure vessel steels, using statistical

tools such as the Generalised Maximum Likelihood

(GML) and Monte Carlo methods.

The main achievements of this study are:

m T0 is independent of temperature within the range

prescribed by the ASTM standard;

Using the Monte Carlo method, we assessed the rela-

tionship proposed by the ASTM standard for esti-

mating the standard deviation of the reference tem-

perature, which results fairly conservative; an alter-

native analytical function has been officially pro-

posed to the ASTM EOS Sub-Committee for possible

inclusion in a future revision of the El921 standard.

Influence of the Use of a Displacement Transducer

(Clip-on-Gage) for the Measurement of Fracture

Toughness in the Transition Range on Charpy-type

Specimens

Fracture toughness tests are traditionally carried out

using a clip-on-gage to measure load-line displace-

ment (CT-type specimens) or crack mouth opening

displacement (bend-type specimens). Recently, prob-

lems have emerged related to the presence of the

clip-on-gage seats on the front-face of standard

(PCCv) and sub-size (MPCCv) Charpy specimens,

due to:

m the dimensions not being within the tolerances

prescribed by the standards;

m for MPCCv, the presence of the clip-on-gage

seats having a negative effect both on the effec-

tive specimen thickness and the effective crack

length.

Several PCCv and MPCCv toughness data sets have

been analysed, considering different materials, test

machines and conditions (baseline and irradiated).

The comparisons of individual toughness values and

reference temperature data clearly show that using

the clip-on-gage, or not, has a negligible effect on the

results.

Reactor Safety 99



Precracking requirements

Each fracture toughness test standard has its own

precracking requirements. However, these require-

ments were established with weak theoretical or

experimental evidence. The requirements are some-

times penalising and costly because they can induce

long precracking time. SCK-CEN is currently con-

tributing to provide a uniform precracking proce-

dure.

Reconstitution Technology

In 2001, the research on reconstitution was focused

on the reduction of the heat input and the reconstitu-

tion costs, mainly due to machining operations.

The outcome can be summarised as:

0,1 0.2
Time (s)

0,3

Current and voltage signals during short cycle arc stud welding reconstitution of
Charpy-V specimen: a) arc current, b) arc voltage, c) arc power

1. Short cycle arc stud welding can be successfully

applied for the reconstitution of Charpy specimens

(nominal current in the range 1000-1350 A, weld-

ing time in the range 0.1-0.16s, cylindrical studs

with conical shape and angle 7°, no aluminium arc

initiator);

2. The width of heat affected zone after short cycle

arc stud welding is less than with standard weld-

ing. Temperature measurements show that the

decrease of the welding time from 0.3s to O.ls

(short cycle welding mode) leads to a decrease of

the maximum temperature from 299 °C to 181 °C.

3. The possible use of a square stud geometry was

investigated during short cycle welding. When

applied the number of welds defects increases.

However, it does not play a significant role for the

fracture resistance of the weld.

4. A system for monitoring the welding parameters

was developed. It allows to better characterise the

quality of the melting process.

5. Short cycle arc stud welding was qualified and

applied within the commercial program on Doel

1/5 surveillance.

Ductile tearing investigation

The determination of the tearing resistance of mate-

rials is generally measured using the unloading com-

pliance test technique with the ASTM E 1820 stan-

dard. Due to the relative complexity of this tech-

nique, ASTM is currently investigating alternative

methodologies. SCK*CEN is contributing to this

study by performing tests on one inch C(T). In addi-

tion to the classical unloading compliance test tech-

nique, the direct current potential drop and the nor-

malisation methodologies were used. Promising pre-

liminary results were obtained and will be compared

to the results from other laboratory participating to

this round robin.

Plane strain versus plane stress issue

The next revision of ASTM E 1921-97 has been

approved and will be published in the next ASTM

edition. This revision incorporates an important

improvement allowing the multi-temperature

approach to be used. However, this standard was

postponed due to a negative vote within the stan-

dardisation committee related to the use of the plane

strain Young modulus as conversion factor for the

stress intensity factor K to the J-integral. To solve the

issue, SCK'CEN performed in depth 3D finite ele-

ment calculations supported by theoretical develop-

ments. We showed that the global behaviour of the

specimen and compliance lie between the 2D plane

stress and plane strain solution. However, the close

crack tip field controlling the conversion from K to J

is predominantly plane strain.

Micromechanics

Enhanced surveillance strategy relies on the load dia-

gram approach derived from the instrumented

Charpy impact and static tensile test data. Therefore,

an extensive experimental program was launched to

show how the load diagram can be constructed to

provide information related to the flow properties,

the microcleavage fracture stress, the crack arrest

performance and the characteristic transition temper-
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atures, which are more physically grounded than
conventional indexing to fixed absorbed energy or
lateral expansion levels. The demonstration was per-

formed on two well qualified A533B type RPV

steels, namely high upper shelf energy

20MnMoNi55 and low upper shelf energy JSPS

material.

The combination of static tensile tests with instru-

mented Charpy impact tests allows to establish the

so-called stress diagram. This can be used as input to
micromechanical modelling of the static as well as
dynamic initiation fracture toughness trends.

Furthermore, the Charpy arrest load correlates well

to the nil ductility temperature as determined from

the Pellini drop weight test and allows concurrent

application of a crack arrest safety approach.

In the nuclear industry, the Charpy impact test plays

a key role in the evaluation of reactor pressure vessel
lifetime. Indeed, the radiation-induced shift of the

Charpy impact transition curve is used as an index to

fracture toughness behaviour. The level at which the

temperature shift is evaluated is empirically chosen,

this level varying from one regulation to another.
However, it is known and it has been shown at

SCK«CEN that this procedure is inadequate not only

because its lack of physical background, but also
because it may lead to a unnecessary large conser-

vatism.

Detailed analysis of the Charpy impact trace has

allowed to demonstrate that valuable information

that can be obtained from the Charpy impact test

besides the usual data related to energy and lateral

expansion. The consistency of the load diagram
approach was verified from a number of points of

views. The effective strain rate during a Charpy test
is comparable to dynamic tensile tests with cylindri-

cal specimens at a strain rate of e = IDs"1 Slow bend
Charpy tests have been used to qualify the procedure

allowing to determine the yield stress from the load
at general yield. The shear fracture appearance,

experimentally measured, is also consistent with the

load diagram. Finally, the microcleavage fracture

stress can be reliably determined from Charpy

impact data. The values found for the steels investi-
gated here are in good agreement with local values

determined with Griffiths-Owen type as well as frac-
ture toughness specimens. The microcleavage frac-

ture stress can then be used in a micromechanical
model to predict the fracture toughness trend curve.

An important capacity of the Charpy impact test is

also that it allows to determine the NDT, the nil duc-
tility temperature, which is usually measure with

Pellini drop weight tests requiring large samples and

careful weld bead preparation. This is very important

as the ASME lower bound fracture toughness curve,
K[R, is based on a such concept.

Damage Modelling

Modelling radiation damage of RPV steels is of

major interest in the nuclear materials community to

help understanding the underlying phenomena of

material strengthening and embrittlement. The dam-
age model developed some years ago at SCK-CEN
by Albert Fabry is now implemented in a user-friend-

ly EXCEL routine. Input parameters include materi-

al chemistry (Cu and Ni), as well as the environmen-

tal conditions of exposure (irradiation temperature,
neutron fluence and flux).

The model can be divided into two components, cop-
per rich precipitate hardening and matrix damage

hardening. For the first component, the model is
mainly inspired by S.B. Fisher and co-workers inves-

tigations. For the second component, it is inspired by

D. Pachur's pioneering work of separating the dam-

age mechanisms according to their activation ener-

gies. Hence, a number of improvements have been
included to take Nickel-content, irradiation tempera-

ture and dose rate effects into account. Because of
the similarity between ageing experiments and radi-

ation in terms of hardening due to copper precipita-
tion, ageing experiments were used to establish the

radiation-enhanced precipitation of copper. As irradi-

ation hardening is primarily a result of dislocation

interaction with copper precipitates and points
defects present in the matrix, a dispersion strength-

ening model due to Russel and Brown was used to
evaluate the contribution of these precipitates in the

increase of yield strength. For the matrix damage,
resulting from point defect clusters, the following

mechanisms were identified: mechanism "2", which
is temperature dependent and affected by nickel con-

tent and mechanism "2A" which is temperature inde-

pendent and appears after an incubation fluence.

Quadratic superposition of the various obstacles to

the total strengthening is found to be the most ade-

quate.

Application to two very known reactor pressure ves-

sel steels, namely HSST-02 and IRQ, was found to
be in very good agreement with the experimental

data (see Figure on next page). In the future, the

phosphorus influence will also be incorporated as

this element, combined to a high nickel content, is
believed to dominate hardening in low copper con-

taining steels, like WWER-type of steels.
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Irradiation temperature effect on the radiation hardening of HSST-03 RPV steel

Commercial research

Surveillance capsules from the Belgian NPfs

Mechanical tests on the irradiated specimens
retrieved from the fifth surveillance capsule of Doel
Unit I have been carried out and analysed according
to the regulatory approach. The results of the regula-
tory analysis have been reported to Tractebel, while
the enhanced surveillance approach is in progress.

The fourth surveillance capsule of Tihange Unit I has
been retrieved from the reactor and has been opened.
Testing and analyses, in the frame of both the regula-
tory and the enhanced surveillance approaches, will
be performed in the first half of 2002.

SAMBA collaboration with CTMSP, Brazil

The surveillance program of the base and weld mate-
rial from the Brazilian INAP reactor started with the
reference testing on unirradiated specimens. Tests
performed included instrumented Charpy tests, ten-
sile tests, static fracture toughness tests, drop-weight
(Pellini) tests (carried out by CRM Liege) and hard-
ness measurements. In parallel the 12 surveillance
capsules for INAP were prepared and sent to Brazil.
This concludes the contract with CTMSP.

SCK'CEN sponsored research

RADAMO irradiations

Several short time irradiations were performed in the
BR2 reactor within the REVE project. By choosing
the position into the irradiation set-up, 7 different

irradiation fluence levels could be reached (0.21;

0.35; 0.56; 0.75; 1.75; 3.50 and 7.0 1019 n/cm2,
E>lMeV). We selected 8 different RPV steels to be
irradiated in the same experiments for tensile speci-
mens only. This project, called RADAMO
(RAdiation DAmage Modelling), aims to compare
radiation hardening measured with tensile specimens
with predictive models. Testing and evaluation will
be performed in 2002.

Materials Multiscale Modelling at SCK'CEN

The application of the computational multiscale
modelling (MM) approach to the study of irradiation
induced degradation of materials has experienced a
virtually exponential growth since the late '80s, tak-
ing advantage of the ever-increasing power of mod-
ern computers, which allowed rather "old" but robust
algorithms (such as molecular dynamics, MD;
Monte Carlo, MC; dislocation dynamics, DD; etc.) to
be systematically implemented in highly efficient
codes and applied to a large variety of materials and
problems. The basic idea of the MM approach is that
different numerical techniques, each capable of
reproducing the behaviour of materials under irradi-
ation at a certain time and length scale, should be
adequately linked to cover all scales, from the micro-

scopic up to the macroscopic level. This approach
has proved hitherto highly successful when dealing
with pure elements (particularly fee metals like Cu,
Al, Pd and, to a lesser extent, bcc metals, like Fe and
V, but also semiconductors, like Si). In this case,
striking agreement between simulation and experi-
ment has indeed been achieved in some instances,
the modelling being able to help identify, among all
the theoretical possibilities, the microscopic mecha-
nisms responsible for some rather involved phenom-
ena observed at the macroscopic level in experiments
[see e.g. T. Diaz de la Rubia, H. M. Zbib, T. A.
Khraishi, B. D. Wirth, M. Victoria, M. J. Caturla,
Nature 406 (2000) 871-874]. The application of the
MM approach to multi-element systems is only very
recent and represents the current challenge for the
MM scientific community.

SCK'CEN has recently started an activity in this
field, aimed at extending the MM approach to com-
pound materials (model alloys) of interest for the
nuclear research and industry, in collaboration with
other laboratories. In May 2001 the small RMR
Department Materials Simulation Group (MSG) has
been "officially" set-up, supported and promoted on
the one hand by prof. Marc Hou (Universite Libre de
Bruxelles) and, on the other, in close collaboration
with the Laboratoire de Simulation Numerique of the
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Departement d'Etudes des Materiaux (EMA) of EDF
(Electricite de France) and the Laboratoire de

Metallurgie Physique et Genie des Materiaux of the

University of Lille (France). A spin-off activity in

this same field, applied mainly to Inertial Fusion, is
also being carried on in collaboration with the

Universidad Politecnica de Madrid (Spain).

At the moment, the following codes are installed and

of routine use at SCK-CEN:

s DYMOKA (standard but highly versatile MD

code, developed at EDF/University of Lille);

H LAKIMOCA (kinetic MC code - lattice & object

- developed at EDF);

85 Metropolis MC (developed at ULB/Technical
University of St. Petersburg).

The MD code allows the study at the atomic level of
mainly metals, using Embedded Atom Method

(EAM) interatomic potentials to describe the cohe-

sion of the system, but it can of course be rather eas-

ily adapted for the study of any type of material, pro-
vided a reliable interatomic potential is available.

The different MC codes available (vacancy kinetic

MC, object KMC, Metropolis MC) correspond to

different algorithms for the study the evolution of
radiation induced defects up to mesoscopic or even

macroscopic timescales (though remaining at the

micro-mesoscopic level from the point of view of the
length scale). These codes too are currently being

used for metallic materials described by EAM poten-
tials, but could in principle be used to study any
material, with some adaptation effort.

The available computing facilities amount to:

a A PC cluster under Linux with 8 nodes, shared
between RMR & Myrrha department, which is to
be upgraded to 14 nodes in the course of 2002;

n 1 Sun WS (one shared with the Chemistry depart-

ment);

a 1 PC under Linux (not in the cluster);

n Acces to 3 WS at ULB.

The current activity focuses mainly on the study of
the physics of Cu precipitation and Cu-vacancy com-

plex formation in Fe-Cu model alloys. The precipita-

tion of Cu is indeed the key phenomenon causing the

embrittlement of RPV steels. Although real steels are

clearly not Fe-Cu systems, success in simulating cor-

rectly the formation and evolution of embrittling

defects in a model binary alloy is the first step
towards a correct modelling of more complex sys-

tems. In particular, it has to be considered that, even
for simple Fe-Cu alloys, the experimental data that

can be found in the literature regarding the real

nature of irradiation-produced embrittling defects are
often contradictory (full Cu precipitates, Cu clouds

or FeCu3 ordered zones?). It is expected that simula-

tion should be able to cast some light on this debated

issue and the MSG is currently conducting a system-

atic numerical study of these experimentally
observed features, in order to be able to identify their
most likely microscopic nature.

The Fe-Cu systems are indeed being studied in the

framework of the International REVE (Reactor for

Virtual Experiments) project, in which SCK-CEN is

fully involved. The REVE project is an international

joint effort, led by EDF, that involves several
European, but also American and Japanese laborato-

ries, towards the objective of producing a suite of

coupled codes capable of predicting the yield
strength increase produced by neutron irradiation in

RPV steels. This objective implies to be able to
model correctly the Primary Knock-on Atom (PKA)

spectrum, the displacement cascade splitting into

subcascades, the evolution of the primary damage

state towards the formation of embrittling defects
and the interaction between a forest of defects and

dislocations. This is achieved by adding other

numerical techniques to the ones mentioned so far,
namely: codes for the calculation of the PKA and

subcascade spectra (SPECTER, developed at

Argonne National Laboratory, USA, and INCAS,

developed at EDF); a rate equation code to calculate
the long term evolution of embrittling defects, up to

the timescale of years (CCH, developed at CEA-

SESI, France) and a "dislocation dynamics type"
code for the interaction of these defects with disloca-
tions (DUPAIR, developed at EDF). At the moment,

a first-attempt suite of codes has been put together by
EDF, but of course it will take a long way of physi-

cal insight, parameter collection and optimisation,

before such a suite of codes can be quantitatively

relied upon. This first-attempt suite of codes is also
implemented at SCK-CEN.

In the framework of the REVE project SCK-CEN

performs two main duties:

1. On the one hand, the MSG participates in a range

of computational tasks, in close collaboration with

other partners (ULB, Universite Lille, EDF), such
as MC algorithm comparison, production and

selection of a database of parameters for KMC and
rate equation codes, etc., while focusing on the

fundamental issue of creating a link between sim-
ulated and experimentally observed defects.
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2. On the other hand, an ad-hoc experimental valida-
tion programme is being carried out, making use
of the BR2 reactor for neutron irradiation and the

hot-cell laboratory for the execution of mechanical
tests on model materials, ranging from pure Fe, up

to a real RPV steel, in a sequence of growing com-
plexity. The data gathered from this experimental

programme, now arrived at its post-irradiation

characterisation phase, will be of essential use for

the validation of the above-described computa-

tional tools, currently under development.

In this same framework, with a view to extend the

ramification of contacts with other European labora-

tories specialised in the development of MM tech-
niques, SCK«CEN participates actively to the co-

ordination of the EC-funded ITEM Network (with

more than 40 participants from all over Europe),

bearing the responsibility for the Technical Area of

"Experimental Validation". The main advantage of
this network is that it should provide the possibility
of making use of techniques like transmission elec-

tron microscope image simulation and positron life-
time spectra ab initio calculation, which are amongst

the most precious currently available methods allow-

ing direct comparison to be made between simula-

tion and experiment.

The computational tools hitherto used for the study
of Fe-Cu systems and the expertise accumulated in
their use for the modelling of compound systems,

can be rather easily applied to the study of systems

like Fe-Cr. This model alloy is representative of a
class of reduced-activation ferritic-martensitic

(RAFM) steels that are among the candidate struc-
tural materials for both ADS (Accelerator Driven

Systems) and fusion reactors. Therefore, the inten-

tion for the year 2002 is to open the way to the appli-

cation of the MM approach to this class of material,
of interest for two different nuclear research

domains, both of them key for the long term future of

the nuclear industry.

EU-sponsored research projects

FRAME

This cost-shared action, co-ordinated by VTT
Finland, has the objective of investigating the

dependence of the Master Curve from steel composi-

tion (specifically Cu, Ni and P content).

During the first year, 27 different materials (model
alloys and actual pressure vessel steels) were pro-

cured; SCK«CEN supplied the JSPS material

(A533B with high Ni content). Some 282 reduced

Charpy specimens (5x10x55 mm3) have been
loaded into the HFR reactor in Petten, where irradia-

tion started on Oct 6,2001, aiming at a target fluence
of 2x 1019 n/cm2 (E > 1 MeV).

Basic material characterisation (chemistry and ten-

sile properties) has been performed by VTT. Fracture

toughness testing of unirradiated specimens by VTT,
NRI (Rez, Czech Republic) and SCK'CEN will start

early 2002.

TACIS

The contribution of RMR within the TACIS projects
for WWER-1000 type steels, TACIS SRR 2/95 and
TACIS R2.06/96, was completed.

In TACIS SRR 2/95, after reviewing of the mechan-

ical test results and fluence measurements and analy-
sis, SCK'CEN analysed the data in order to be used

in a damage modelling approach. Unfortunately, the

data provided by the Russian laboratories was not

complete. A clear difference between high Nickel

(-1.7%) and low Nickel (-1.2%) is observed at high
neutron fluences (see Figures on page 105).
However, this cannot be solely attributed to Nickel

content as other elements are also different. Also

microstructural information was lacking to provide

any support to the observed effects on the Charpy

impact data.

In TACIS R2.06/96, SCK^CEN performed the
review and evaluation of the test results obtained at

Prometey, Russia. The master curve approach was
applied to a WWER-1000 type steel in the reference

as well as embrittled condition (via a special heat

treatment). It was found that the reference tempera-

ture, TO, depends on the test temperature (see

figures): this would support another shape of the
master curve. However, this behaviour might be due

to material inhomogeneity rather than material spe-

cific behaviour. Additional investigation is required
for clarification.
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MARC DECRETON

FUSION REACTOR MATERIALS

Introduction

The research programme aiming at a prototype

fusion reactor is presently the largest co-ordinated

R&D action of the European Commission. The

development, however, of what could become a

major source of electricity production in the future, is

still a challenge for a certain number of technologi-

cal issues. The selection of suitable materials, a reli-

able instrumentation, adequate safety and environ-

mental procedures, are examples of domains where

research and development is on-going, world-wide.

Based on its long-term experience and its important

available infrastructure, SCK'CEN has established

its particular niche in the fusion community, around

the study of radiation effects on materials. It covers

of course the metal alloys used for the reactor struc-

tures: an activity summarised in this actual chapter.

However, SCK-CEN's fusion research involves also

the assessment under radiation of diagnostics and

maintenance instrumentation. This latter aspect

appears in the chapter on "Instrumentation" of the

present report. Two other fusion studies are also

mentioned in the contribution on "Social Sciences".

A comprehensive summary of all fusion activities is

moreover available in the SCK-CEN fusion annual

report, as referenced below.

at helping the international community in build-

ing the scientific and technical bases needed for

the construction of the future reactor.

Objectives

Our activities on fusion materials aim:

» at contributing to the knowledge on the radiation-

induced behaviour of fusion-reactor materials and

components;

Programme

We look for suitable materials capable to withstand

the extreme temperature and radiation conditions

expected on the first wall inside the torus, on the

blanket modules (cooling circuits and tritium breed-

ing systems) and on the plasma diverting structures

(see figure). These materials are tested in representa-

tive fusion conditions, and their characteristics

analysed.

In particular, it involves:

M assessing the mechanical and chemical (corro-

sion) behaviour of structural materials under

neutron irradiation and water coolant environ-

ment. The main focus is put on the new steel

selected for the fusion reactor: Eurofer97, a

reduced-activation ferritic-martensitic (RAFM)

steel. Other studies concern chromium, copper

and titanium;

« characterising irradiated first wall material, such

as beryllium. We look for surface reactivity as a

safety issue, and radiation-induced mechanical

behaviour due to helium-induced swelling;

a studying how these materials must be managed

during dismantling and disposed as waste.

Plasma facing
components

Scientific staff
RlK-WOUTER BOSCH,
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RACHID CHAOUADI,

MARC DECRETON,
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The ITER-FEA T tokamak. Material studies at SCK'CEN concern the plasma facing components, the blanket
module and the divertor

Reactor Safety 111



1000

RAFM: mechanical behaviour of
irradiated material

RAFM steels represent the most promising structur-
al materials for future fusion reactors. These steels
are actually also considered for accelerator-driven
reactor applications. Their nominal composition
involves chromium as main alloying element. The
fusion community has defined one particular RAFM
steel, called Eurofer97, with 8% chromium content,
as its reference material. In collaboration with sever-
al partners, SCK-CEN looks for radiation induced
changes in the mechanical characteristics, in com-
parison with available data obtained on similar mate-
rials (as for instance the Japanese F82H steel).

Samples of Eurofer97 were irradiated last year up to
0.27 dpa at 290 °C. Tensile tests have now been per-
formed at different temperatures (T = -150 to 300
°C), and results compared with tensile data obtained
by NRG and FZK on unirradiated samples. In the
next figure, the yield strength values are given and
show a yield increase (irradiation hardening) of
about 100 MPa in the whole temperature range,
when compared to baseline data. The ultimate tensile
strength increase is however smaller, ranging from

30 to 50 MPa.

o Irradiated (SCK-0.27 dpa)

a Baseline (NRG)

A Base line (FZK)

-150 -100 -50 0 50 100 150 200 250 300 350 400 450 500 550 600 650 700

Temperature (°C)

Yield strength values measured on Eurofer97 in the irradiated condition and
comparisons with baseline data

Charpy impact tests have been conducted on irradi-
ated samples, with measurements of lateral expan-
sion and shear fracture appearance and precracked
Charpy specimens were used for the determination
of the fracture toughness. The results show a shift of
the ductile-to-brittle transition-temperature (DBTT)
by about 26 °C after irradiation, while the upper-
shelf energy (USE) level remains unchanged. These
results are apparently the first mechanical data
obtained world-wide on irradiated Eurofer97 and are

therefore of primary importance for the further
development of the fusion material developments.
Other samples are now further irradiated up to 2.5
dpa.

SCK«CEN investigates also how Oxide Dispersion
Strengthening (ODS) can increase the service tem-
perature of Eurofer97. A preliminary characterisation
of the mechanical properties of two unirradiated
ODS heats (prepared by PLANSEE) with different
percentages of Y2O3 strengthening (0.3% and 0.5%)
was performed. Based on tensile and subsize Charpy
tests, the comparison with non-ODS data shows an
improvement in tensile strength and elongation, but

no effect on ductility. The reduction-of-area values
decrease. Heat treatment is crucial for these materi-
als. Untreated ODS shows a spectacular degradation
in toughness, with DBTT shifting by more than 150
°C and USE dropping by 35%.

Modellisation

In collaboration with Ris0, a series of low-dpa irra-
diations are being performed on a selected set of
RAFM and pure iron samples, at two different tem-

peratures. The purpose is to contribute to the devel-
opment of reliable models for radiation-induced
degradation. At the same time, an activity was start-
ed on the simulation of such an effect, at atomic
scale, combining a Monte-Carlo approach with
molecular dynamics techniques, for the simulation of
the evolution of primary damage state and the calcu-
lation of defect-energy parameters. This is conducted
in close collaboration with the Universite Libre de
Bruxelles (ULB) and the University of Madrid, in
synergy with the SCK'CEN involvement in the
REVE modellisation programme for fission pressure
vessel steels.

RAFM: corrosion behaviour of irradiated
material

The corrosion of structural materials is an important
parameter to take into account in future reactor com-
ponents, especially within blanket modules. The use
of new materials, such as RAFM steels, presents a
particular challenge, under the particular fusion con-
ditions. Very few experimental data are actually
available to evaluate their performance. In the pro-
posed design of a water-cooled lithium-lead (WCLL)
blanket, the material is facing two potentially aggres-

sive media, namely liquid metal and pressurised
water, with potential violent reactions if brought into
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contact. The lifetime prediction of the blanket cir-

cuits, separating these two fluids, is a priority con-

cern with regard to safety. SCK»CEN's study

addresses two main issues:

H the corrosion behaviour of RAFM steels in hot

(300 °C) water: assessing their electrochemical

behaviour, with special emphasis on the occur-

rence of stress corrosion cracking (SCC). Both

fresh materials and irradiated materials are con-

sidered.

a the radiation-induced changes in electrochemical

behaviour of these steels during their actual irra-

diation in the water environment: looking to the

influence of radiolysis, as well as to direct flux

effects, such as the photoelectric effect.

Stress corrosion cracking (SCC) of RAFM steels

Two ferritic-martensitic steels have been selected for

this study: the fusion reference steel Eurofer97 and

another steel, the so-called BI56, with a higher

chromium content (10%), a higher strength and a

better corrosion resistance. The materials were tested

in their as-delivered state, i.e. quenched and tem-

pered. The unirradiated samples were first tested in

water up to 230°C with different water chemistry. In

2001, the tests were extended to 300 °C, the repre-

sentative temperature of the WCLL blanket. The sus-

ceptibility to SCC was evaluated by slow strain-rate

tensile (SSRT) testing in an autoclave. Both alloys

show a significant reduction in total elongation under

oxygenated water conditions. The fracture surface

exhibits even in that case a significant amount of

stress-corrosion cracks. The next figure confirms that

such stress-corrosion is often initiated by pitting cor-

rosion, or corrosion of chromium-depleted zones on

the prior austenite grain boundaries. The experiments

will now be further extended to the ODS variant of

Eurofer97, as well as to irradiated materials. As is

suggested by the variation in SCC susceptibility in

steels with different strength levels, the irradiation

hardening may increase the susceptibility of the

material to SCC. Current!)', material irradiated up to

0.25 dpa is available and values up to 2.25 dpa will

be provided in 2002.

Electrochemical behaviour of RAFM steels

The influence of radiation on the electrochemical

behaviour of RAFM is studied by numerical and

experimental simulation (injection of hydrogen per-

oxide as simulated radiolysis product). In parallel,

electrochemical measurements were carried out

under actual reactor irradiation (COFUMA experi-

ment in BR2), in order to verify the influence of the

irradiation flux (both neutron and gamma) on the

corrosion behaviour, due to radiolysis and direct pho-

toelectric effects. The material characterisation is

measured on-line (electrochemical impedance,

polarisation resistance) at various reactor power lev-

els and positions in the core. The results allows to

simulate more accurately the in-pile conditions dur-

ing post-irradiation corrosion tests in hot cell envi-

ronment.

Chromium, copper and titanium:
radiation induced mechanical behaviour

Besides steels, other materials have to be used for the

first wall and the blanket structures, in order to cope

Eutofei97, SSRT 100°C, oxygenated HjO

SCC, initiated at the bottom of a corrosion pit. The crack initiates in the pit at a chromium segregation band,
associated with the prior austenite grain boundary in the material
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with the extreme thermal loads to be expected, dur-
ing operation of the reactor. In 2001, SCK-CEN has
studied three of these other materials:

a chromium, as a potential refractory metal for high
temperature components with very low radiation
induced activation;

s copper, for its excellent thermal conductivity in
blanket modules cooling circuits;

a titanium: a low Young modulus material for flex-

ible attachment parts on the first wall shielding
cartridges.

Chromium

We completed in 2001, in collaboration with ESI in
Austria, the mechanical characterisation of two
chromium alloys (Ducropur: high-purity 99.7%
chromium; and Ducralloy: chromium alloyed with
5% Fe and 1% Y2O3). Tensile tests at variable strain
rates have been performed in the temperature range
300-500 °C. The influence of strain rate was found to
be modest. The characterisation of the tensile prop-
erties of unirradiated material up to 500 °C was com-
pleted, as well as the study of fracture toughness, in
both its original hot-isostatic pressing (HIP) condi-
tion and after heat treatment.

Copper

The use of standard CuA125 alloy has shown increas-
ing problems with low fracture toughness and more
recently a reduction in fatigue lifetime, when
exposed to combined creep loads, as expected during
ITER operation. At the same time, new fabrication
routes have been developed for the manufacturing of
the blanket modules, which allow an alternative
alloy, the CuCrZr, to be used in optimum conditions.
It is known indeed that the mechanical and physical
properties of this alloy are more sensitive to its ther-
mal history. In collaboration with Ris0, radiation-
induced creep-fatigue effects. SCK-CEN provides a
set of irradiated samples at low-dpa values, irradiat-
ed in BR2 at two different temperatures (50 °C and
300 °C) representative of the ITER blanket operating
condition.

Titanium

The ITER first wall/shield modules are attached to
the back plate by a set of four radial flexible sup-
ports, for which a given titanium alloy has been pro-

posed (Ti-6Al-4V) due to its excellent mechanical
properties and low Young's modulus. This alloy was
extensively studied in previous years, except at the
intermediate temperature of 200 °C. In collaboration
with Risoe, a low-dpa irradiation of tensile, fatigue
and fracture toughness specimens is now in prepara-
tion, in order to complete the data set related to this
alloy.

Beryllium:
surface reactivity with air and steam

ITER foresees to use beryllium, tungsten and molyb-
denum, as well as carbon fibre-reinforced carbon
composites (CFCs), either as neutron multiplier in
the HCPB (Helium-Cooled Pebble-Bed) blanket
module, or as armour material on the divertor,
respectively. In case of accidental conditions (e.g.
loss of vacuum or coolant accidents - LOVA or
LOCA), these materials may come in contact with air
and steam and their reactivity (production of hydro-
gen) is a safety concern. A dedicated experimental
facility has been installed, in order to provide kinetic
data on the chemical surface reactions, for use in
safety evaluations. The installation consists of a gen-
erator for oxidising atmospheres, a thermo-gravime-
try and differential thermal analysis (TG/DTA)
equipment, two cryogenic condensers and a quadru-
pole mass spectrometer. The chemical reactivity in
air of beryllium pebbles, as specified for the HCPB
blanket module, has been measured. The same tests
have been performed on molybdenum, tungsten and
two grades of CFC (undoped and doped with
8-10 wt.% silicon). The next figure gives an
overview of the results. The three metals show a tran-
sition temperature where the trend changes from par-
abolic to linear kinetics. Parabolic kinetics is associ-
ated with the formation of a protective oxide layer,
while linear kinetics is associated with non-protec-
tive oxidation, leading eventually to the depletion of
the base metal. This transition temperature is around
600°C for beryllium, but lower for tungsten and
molybdenum (500-550 °C). Although safety studies
indicate that the total amount of hydrogen produced
during a LOCA would not impair the containment
safety of ITER, it is desirable, from a licensing point
of view, to minimise this amount. Reactivity reduc-
tion approaches were therefore investigated. Below
500 °C, the reaction kinetics is parabolic and the
reaction rate is determined by diffusion of Be**
cations through the oxide film. This temperature cor-
responds actually to the maximum operating temper-
ature of ITER, as well as to the expected temperature
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during an in-box LOCA. Three mitigation strategies

can be considered at that temperature: adding alloy-

ing elements, coating the surface, or modifying

directly the oxide film by surface engineering.

Collaboration was started with ITN in Portugal to

implant ions (calcium, aluminium and chromium)

directly into the oxide layer, using their 3.1 MV Van

de Graaff accelerator. The implanted samples will be

studied by thermogravimetry and mass spectrometry

techniques in Mol and by Rutherford Back-

Scattering in Lisbon.

Beryllium: swelling, helium release
and creep of irradiated material after
annealing

Using highly irradiated beryllium coming from the

BR2 reactor matrix, a study was launched on

swelling, helium release and creep at conditions rel-

evant to a fusion reactor end-of-life status, i.e. heli-

um concentrations up to 30 000 appm and tempera-

ture peaks up to 800 °C. The objective is to provide

data for the development of the ANFIBE code,

developed at FZK in the framework of the HCPB

blanket design. This code describes the beryllium

pebble bed behaviour during the whole reactor life.

Irradiated material samples (~ 20 000 appm He) have

been extracted from the BR2 second matrix and are

now prepared to undergo long-term annealing cam-

paigns at 500 °C, 750 °C and 900 °C (during three,

six and nine months). Helium content, density and

porosity will be measured to characterise the gas

behaviour, the radiation-induced porosity and the

concurrent swelling. A creep test is being designed in

order to allow for creep properties to be evaluated as

well.

Beryllium waste: Selecting the optimum
conditioning technique

Operating fusion reactors will involve large quanti-

ties of beryllium, for which a suitable waste manage-

ment approach must be defined. In many fission

research reactors, the beryllium waste is still stored

on site, as no standard route exists yet for its pro-

cessing. Recycling in nuclear applications could

offer an interesting solution, but would probably not

cover the whole beryllium inventory anyway. The

final disposal route is an alternative option to consid-

er, and acceptable conditioning methods must be

found. The study considered five possible options:
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encapsulation in cement, encapsulation in bitumen,

incorporation in a glass matrix, incorporation in

phosphate ceramics and direct metal disposal, where

the waste is simply put in drums, with sand filling the

voids. These options were compared on the basis of

existing experience, known advantages/drawbacks

and cost. Beryllium is toxic and reacts with water to

produce hydrogen. Conditioning options involving

the waste remaining in its metallic form (cement,

bitumen and direct disposal) are therefore inappro-

priate. The preferred options are incorporation in sil-

icate glass or in phosphate ceramics. Vitrification can

rely on a long experience in the nuclear waste condi-

tioning, and this approach was therefore chosen for

an experimental demonstration on real activated

beryllium. In parallel, the chemical impact of beryl-

lium on the biosphere was estimated using the

Belgian reference scenario for deep geological dis-

posal in a clay layer. Even with very conservative

estimations of the migration parameters, it appears

that the beryllium concentration in the surrounding

aquifers remains several orders of magnitude lower

than the official drinking water limit. On the other

hand, beryllium, in comparison with typical fission

waste, has too little an activity and too short a half-

life to influence significantly the radiological impact

of the repository on the biosphere.
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Comparing dismantling strategies and
assessing waste clearance and recycling
options

SCK'CEN is gaining considerable experience in
decommissioning strategies by dismantling its BR3
PWR reactor. This asset is now used to analyse the
particular fusion case. It is still possible to orient the
fusion dismantling strategy, in order to take full
advantage of the existing fission experience. This
includes cost assessment methodology. The study
highlighted specific suggestions. Fission reactor dis-
mantling is using extensively underwater cutting
techniques. This option should be considered in par-
allel to the use of available maintenance tools to dis-
mantle in dry hot cells. Decontamination of cooling
loops prior to dismantling is a valuable option to
consider. It greatly reduces the dose rate, allowing
even hands-on dismantling to be performed in some
cases, and minimising contamination spread when
opening the loops. In both types of reactors, a large
volume of low-level radioactive metal and concrete
is generated and must be evacuated. Large efforts are
put on recycling options in the fission industry, either

unconditionally (clearance), or for re-use in the
nuclear industry. The development of thorough

decontamination processes and the availability of
several radioactive melting facilities, as well as the
progressive acceptation of clearance and recycling
limits, make now a recycling option feasible, even
for large amounts of materials. At present, such an
approach is however limited to low level waste (75 to
200 Bq/g) and to the fabrication of low commercial
value components. Fusion aims on the contrary at
recycling higher value materials (beryllium, tung-
sten, etc.) with higher activation levels. Such an
extrapolation needs further developments, as no
existing facility exists yet for this type of waste. The
study was also extended to contaminated and acti-
vated concrete. Here, recycling after clearance is
common practice. Low-activated concrete becomes
for instance grout used for radioactive waste condi-
tioning, an approach that could be applied to fusion
reactors too.

Waste storage: human intrusion
scenarios into a fusion waste disposal site

The radiological consequences of human intrusion
scenarios are considered to be important indicators
for the long-term safety of fusion waste disposal
sites. Two intrusion scenarios are usually considered:
a core examination scenario (extraction of disposed
waste by geological workers, not aware of their pres-

ence) and a destruction of engineered barriers by
drilling boreholes. To illustrate the short period of
concern of fusion waste, comparison was made with
similar scenarios applied to fission waste sites. The
first scenario was analysed previously. In 2001, the
impact of borehole drilling on a multi-barrier reposi-
tory system was studied. It appeared necessary to
distinguish several variants of this scenario, depend-
ing on the use, or not, of a casing tube or filling mate-
rial. With open borehole, the convergence of the
plastic clay quickly closes the borehole. The result-
ing short contact time (typically a few months)
between waste and groundwater considerably limits
the consequences. A worse variant appears when the
borehole is accidentally filled with a coarse material,
such as gravel. This hinders the convergence of the
clay and allows water flowing through the borehole.
The results are now being processed, and will be
compared with equivalent data for fission.

Better water detritiation systems using
an improved catalyst

Fusion reactors produce tritiated waste, mostly under
the form of tritiated water. An adequate water detriti-
ation system is therefore a crucial part of the reactor
plant. The process usually considered is the so-called
liquid phase catalytic exchange (LPCE). It relies on
isotope separation appearing during the exchange of
tritium between hydrogen gas and liquid water, flow-
ing in counter-current way, at relatively low temper-
ature. This allows for a good multiplication of the
separation factor along a simple packed bed column.
The chemical exchange requires however a catalyst,
capable to cope with the low solubility of hydrogen
in water and the resulting low diffusion rate.
SCK«CBN developed in the past such a hydrophobic
catalyst, capable to avoid its "poisoning" by liquid
water. The project was linked to reprocessing activi-
ties, which were discontinued in Belgium. Fusion,
however, and in particular the JET facility, has
recently shown a renewed interest in these develop-
ments, with the request of further improving the
process and reducing manufacturing costs. The activ-
ity is performed in collaboration with FZK. Together
with manufacturers, the catalyst particles were suc-
cessfully reproduced. Overall gas transfer heights
between 0.2 and 0.25 m at 40 °C, with a hydrogen
flow rate of 10 mol.s.rtv2 were achieved and the
results confirmed by tests performed at the D.
Mendelev University in Moscow. Further evaluation
is planned at JET. To situate the catalyst perform-
ance, one should remind that the JET application
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requires the detritiation of 28 000 kg H,O (HTO) per
year, corresponding to a LPCE treatment of 0.074
mol.s-' H2(HT). Compared to alternative solutions,
the use of the SCK-CEN catalyst allows a smaller
LPCE column to be sufficient (diameter < 0.1 m;
height < 6 m), while still keeping a decontamination
factor higher than 10000.

Looking for synergy between fusion
and accelerator-driven systems material
research

We organised a Topical Day (May 15, 2001) on the
material studies for new reactor concepts, with a par-
ticular focus on the existing synergy between the
fusion programme and the development of accelera-
tor driven systems (ADS). Material research is
indeed identified as a key issue in both develop-
ments. The high neutron fluences and energies, the
high heat fluxes, the interaction with liquid metal and
the aim of reducing induced activation are challenges
to be met. The topical day identified the similarities
and differences between both approaches and
requirements. By gathering nearly one hundred
experts from ten different countries, it gave an excel-
lent opportunity to trigger further collaborations
between these two communities.

D. Mendelev University, Moscow

(Russia)

EFDA European Fusion Development

Activities (Garching, Germany)

ESI Erich Schmid Institute of Material

Science (Leoben, Austria)

FZK Forschungszentrum Karlsruhe

(Karlsruhe, Germany)

ITN Institute Tecnoldgico e Nuclear

(Secavem, Portugal)

JET Joint European Torus (Abingdon,

United Kingdom)

NRG Nuclear Research Group (Petten,

The Netherlands)

PLANSEE (Plannsee, Austria).

Ris0 Ris0e National Laboratories (Ris0,

Denmark)

ULB University Libre de Bruxelles

(Physique Statistique et Plasmas)

(Brussels, Belgium)

Univ. Madrid Polytechnic University of Madrid,

Institute of Nuclear Fusion

(DENIM), Madrid, Spain

Perspectives

Material studies form an essential part of the devel-
opment of a high-performance and safe fusion reac-
tor. SCK'CEN will keep its major involvement in
fusion in this particular niche. The studies related to
first wall and structural materials will be continued
with a particular accent put during the following
years to the radiation-induced mechanical and corro-
sion behaviour of RAFM steels, as used in the water
cooled blanket module. For beryllium, radiation
induced creep and swelling on very highly irradiated
material will be the main item. A new approach will
be developed for the copper tests for ITER: on-line
dynamic loading of the samples will be made possi-
ble during the irradiation. The waste strategy will

focus on two specific issues: the capability to recycle
the produced waste (metals and concrete), and the
feasibility of limiting waste disposal to shallow-land
buried sites. It is also the aim to see the developed
catalyst integrated next year in the JET detritiation
installation, and an optimum beryllium waste condi-
tioning approach to be experimentally validated.

.•W-res .•»'-,"v5"̂ ::v;: "^?>'sv" '••'-.:•.;v •<:'

EC European Commission through its

European Fusion Development
Agreement (EFDA) and its
Underlying Technology Program-
me (Brussels, Belgium).

Publications

F. Druyts, J. Fays, P. Van Iseghem, F. Scaffidi-Argentina,

"Chemical reactivity of beryllium pebbles in air", to be

published in Fusion Engineering and Design, 2001.

E. Lucon, E. van Walle and M. Decr6ton, "Mechanical

properties of two Chromium alloys in as-received and

heat-treated conditions", 21s' SOFT (Symposium on Fusion

Technology), September 11-15, 2000 Madrid (to be pub-

lished in Fusion Technology, 2001).

E. Lucon, E. van Walle and M. Decreton, "Mechanical

properties of two Chromium alloys in as-received and

heat-treated conditions", Fusion Engineering and Design,

Vol. 58-59, pp 767-773, Dec 2001.
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Presentations

E. Lucon, "Mechanical tests on two batches of oxide dis-

persion strengthened RAFM steel (Eurofer97)", to be pre-

sented at the 6* International Symposium on Fusion

Nuclear Technology, ISFNT-6, San Diego, California,

April 7-12, 2002.

E. Lucon, "Results obtained at SCK-CEN on Chromium

and on ODS Eurofer97", EFDA Materials Development

Programme Meeting, Petten (The Netherlands), February

26-28,2001.

R. Chaouadi, "Review of some materials issues investigat-

ed at SCK-CEN within the ITER short term R&D pro-

gram", Topical Day on Materials for New reactor Concepts

- A Synergy between Fusion and ADS Research

Programmes, Mol, May 15,2001, Book of Abstracts BLG-

878, p. 11.

E. Lucon, "New materials assessment for new reactors,

Topical Day on Materials for New reactor Concepts - A

Synergy between Fusion and ADS Research Programmes",

Mol, May 15, 2001, Book of Abstracts BLG-878, p. 12.

S. Van Dyck, "Corrosion of reduced activation Ferritic-

Martensitic steels in fusion reactor coolant environment",

Topical Day on Materials for New reactor Concepts - A

Synergy between Fusion and ADS Research Programmes,

Mol, May 15, 2001, Book of Abstracts BLG-878, p. 13.

F. Druyts, J. Fays, P. Van Iseghem, "Material study for

safety assessment: chemical reactivity of beryllium in air

and steam", Topical Day on Materials for New reactor

Concepts - A Synergy between Fusion and ADS Research

Programmes, Mol, May 15, 2001, Book of Abstracts BLG-

878, p. 14.

S. Van Dyck, R. W. Bosch, "Stress corrosion susceptibility

of Ferritic-Martensitic stainless steels for fusion applica-

tions in high-temperature water", Eurocor 2001, Riva di

Garda, October 1-42001.

S. Van Dyck, R. W. Bosch, "Stress corrosion susceptibility

of Ferritic-Martensitic stainless steels for fusion applica-

tions in high-temperature water"; presented at Eurocor

2001, Riva di Garda, October 1-4 2001.

R. W. Bosch, S. Van Dyck, "The influence of hydrogen

peroxide on the corrosion potential of Ferritic-Martensitic

stainless steels for fusion applications in high-temperature

water", Eurocor 2001, Riva di Garda, October 1-4 2001.

Reports

M. Decreton, "Annual report 2001 - SCK-CEN Fusion

Programme", BLG-899, November 2001.

E. Lucon and M. Weber, "Irradiation of Mechanical

Specimens of Eurofer97 and Chromium Alloys in the BR2

Reactor": the IRFUMA Experiment, BLG-872, February

2001.

E. Lucon, "Mechanical Tests on Two Oxide-Dispersion

Strengthened (ODS) Batches of EUROFER97", BLG-874,

March 2001.

M. Klein, V. Massaut, L. Denissen, "European Fusion

Long Term Programme - Safety and Environment, Task

55.2 Management of activated materials - Waste strategy:

Dismantling options", Intermediate Report, SCK-CEN, R-

3490,20 February, 2001.

F. Druyts, "Chemical reactivity of beryllium pebbles in air

and steam, SCK-CEN report", R-3493, January 2001.

E. Lucon and M. Weber, "Irradiation of Mechanical

Specimens of Eurofer97 and Chromium Alloys in the BR2

Reactor: the IRFUMA Experiment", BLG-872, Feb. 2001.

D. Lodi, J. Perlado, L. Malerba, "Multiscale Modelling of

Pulsed versus Continuous Irradiation Damage Production

in alpha-Iron in Inertial Fusion Conditions", SCK'CEN

report to be published, December 2001.

M. Decreton, Book of Abstracts, "Topical day on Materials

for New Reactor Concepts: A Synergy between Fusion and

ADS Research Programmes", BLG-878, May 2001.

J. Fays, F. Druyts, C. De Raedt, "Conditioning methods for

irradiated Be waste", progress report to be issued in

December 2001.

S. Van Dyck, R. W. Bosch, "Corrosion of RAFM steels in

fusion reactor aqueous cooling environment", SCK-CEN,

BLG-868, March 2001.

Conferences

Topical Day on Materials for New reactor Concepts - A

Synergy between Fusion and ADS Research Programmes,

Mol, May 15, 2001, organised by SCK'CEN with contri-

butions from NRG, Fz-Julich and KU-Leuven, Book of

Abstracts, SCK-CEN report BLG-878.
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MARC DECRETON

INSTRUMENTATION

Introduction

Advanced instrumentation is essential for most
nuclear applications, such as the control of nuclear
power plants, the remote monitoring of waste repos-
itories or the remote manipulation of hazardous
materials. In this respect, instrumentation issues are
becoming of increasing importance for several rea-
sons. First, there is the continuous effort in the
nuclear industry to reduce human exposure to radia-
tion and contamination. This calls for the use of
advanced instruments which allow performing a
multitude of tasks remotely, while providing com-
prehensive and credible data up to the remote work-
ing area. Second, the number of maintenance and
repair tasks increases due to the ageing of existing
nuclear installations. Regarding the ageing of instal-
lations, specific instrumentation replacement
schemes face problems when the original technology
has become obsolete or simply inaccessible.
Advanced alternatives are available but must be
assessed. In this respect, a major problem when deal-
ing with instrumentation in a nuclear environment is
that most new sensors and electronic devices are very
sensitive to ionising radiation.

Background

Over more than ten years, SCK-CEN Instrumen-
tation Department has gained considerable expertise
in the area of radiation effects on components and
materials, including motors, strain gauges, accelero-
meters, ultrasonic transducers, electronic devices and
circuits, polymers and cabling materials, glasses,
optical fibres and opto-electronic devices. The group
uses a number of irradiation facilities and consists of
eight scientists (among whom four PhD's), supported
by a staff of skilled technicians.

Objectives

Existing resources and infrastructure enable us:

® to develop advanced instrumentation systems for
nuclear applications;

H to assess their performance in a radiation envi-
ronment;

B to give consistent advice on equipment to be used
under harsh nuclear conditions;

m to offer a variety of irradiation and testing servic-
es at very competitive rates.

Programme

The activity pays particular attention to the following
problems:

m the use of an optical fibre as umbilical link of a
remote handling unit for use during maintenance
of a fusion reactor;

§§ the radiation hardening of plasma diagnostic sys-
tems;

m the launching of studies on new instrumentation
for the future MYRRHA accelerator driven sys-
tem.

Our projects cover also:

B space applications related to radiation-hardened
lenses;

n developments of new approaches for dose, tem-
perature and strain measurements;

n assessments of radiation-hardened sensors and
motors for remote handling tasks.

sss studies of dose measurement systems, including
the use of optical fibres.

Two doctoral research works were completed in
2001 and one is about to be finalised.

Our research is partly covered by a number of con-
tracts with the European Commission (Fusion

Technology), the Electrabel-Tractebel Belgian utili-
ties, the European Space Agency (ESA) and the
INTAS programme.

Achievements

The presentation of achievements is structured along
three main lines:

a photonic communication and sensing systems
dedicated to nuclear applications;

B radiation hardening, irradiation technology and
irradiation services;

B advanced reactor instrumentation.

Photonic communication and sensing
systems dedicated to nuclear
applications

A radiation-tolerant optical transmitter prototype

for fusion environments

Most reported data on radiation tolerance of opto-
electronic components concern only individual opti-
cal parts, for instance fibres, emitters, receivers. Very
often however, the driving electronics for controlling

Scientific staff
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the optical link are omitted. Commercial-off-the-

shelf (COTS) drivers are usually sensitive to radia-

tion and can therefore not be applied in optical fibre

communication systems, to be operated under harsh

nuclear radiation environments. This is particularly

true when high total dose levels are involved.

SCK«CEN therefore decided to design a complete

radiation tolerant transmitter, using the vertical-cavi-

ty surface-emitting laser (VCSEL) and a dedicated

electronic driver circuit. The total dose tolerance of

specially designed VCSEL assemblies (next figure)

reaches 10 MGy. The design of the driver circuit was

based on discrete COTS bipolar transistors. When

the radiation induced degradation of these compo-

nents is considered within the design of the circuits,

total dose levels larger than 1 MGy can be tolerated.

We succeeded in demonstrating with a SPICE soft-

ware simulation and with complementary experi-

ments, that at a total dose of 1 MGy, the measured

decrease of the forward current is only 8 %. This

induces an optical output power decrease that can

still be tolerated with irradiated VCSELs.

VCSEL in
TO-46 can

Ball
Lens

1 Ep°xy
Y |

Metallic
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1
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1

Epoxy

1
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protective cap

1
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Fiber

1

VCSEL assemblies mounted on irradiation rig and exploded view of a single VCSEL
assembly

Fibre-optic wavelength division multiplexing
components for fusion applications

The design of the radiation tolerant transmitter

described above opens perspectives for a new

approach to data-communication along the umbilical

link connecting remote-handling tools inside the

future ITER thermonuclear fusion reactor vessel, to

the control equipment. We started investigating the

capabilities of analogue transmission along an opti-

cal-fibre, instead of digital transmission, with the

opportunity to reduce the amount of radiation sensi-

tive electronic devices and with the idea of taking

benefit of the wavelength division multiplexing

(WDM) capabilities of optical fibre transmission. A

preliminary comparison was made, in terms of com-

patibility with ITER requirements, intrinsic perform-

ance and complexity. However, the high total dose

radiation tolerance of a complete WDM optical link

still needs to be assessed. We characterised two key

components of such a link: fused tapered couplers

and fibre Bragg gratings (FBGs), at very high total

gamma dose (13 MGy) and neutron fluence.

We demonstrated that the coupler insertion loss

increases due to the radiation-induced attenuation in

the standard optical fibre used. Moreover, the cou-

pler isolation decreases to 10 dB. The broadband

coupler, however, keeps its multiplexing capabilities.

The narrow-band couplers can operate up to the

MGy dose levels. The wavelength channels drift

indeed, but without the channel separation being

modified. This effect can be ascribed to a gamma-

radiation-induced change of the refractive index.

For FBGs, our earlier results have already shown

that:

8 the radiation sensitivity depends on the fibre's

chemical composition;

B FBGs written in "rad-hard" fibres show paradox-

ically the highest sensitivity to radiation, in terms

of Bragg wavelength shift. These fibres are

hydrogen-loaded;

m the temperature sensitivity coefficient remains

unaffected by radiation.

To assess the use of such FBGs at high neutron flu-

ence and very high gamma dose-rate, we performed

additional experiments in the BR2 reactor. The sen-

sors were gamma pre-irradiated to increase their neu-

tron resistance. Four FBGs, used as temperature sen-

sors, were multiplexed by splicing them along one

rad-hard fibre. To ensure safe handling within the

BR2 reactor, a dedicated procedure was developed to

insert the fibre into stainless steel capillary tubes.

The response of the FBGs was compared to calibrat-

ed thermocouples. The observed FBG drifts follow a

power law without any saturation. The reflection

properties of the FBG sensor irradiated at low tem-
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perature remain unaltered during the irradiation,
indicating that only the mean refractive index
changes, with a near linear evolution with dose,
while the refractive index modulation remains unal-
tered. We therefore evidenced, for the first time, that
FBG sensors could withstand extreme nuclear envi-

ronments.

Optical fibres for radiation dose measurements

Radiation induced attenuation (RIA) can have detri-
mental effects on the use of optical fibres for data-
communication or diagnostics, but can also be
exploited as a sensing mechanism to develop a fibre-
based dosimeter or for hot spot detection. The
amount of RIA at a particular wavelength can be
taken as a measure for the absorbed radiation dose.
To that purpose, an ideal fibre dosimeter should not
only exhibit a significant radiation sensitivity, but
also a negligible recovery (or fading) effect, in order
to be used as a reliable integrating device. This is
generally difficult to obtain with standard commer-
cially available optical fibres, which then requires a
descriptive model that is able to account for the dif-
ferent parameters affecting the fibre response under

radiation. Using existing pragmatic models, we
demonstrated the feasibility to determine the
absorbed dose in these fibres at room temperature,
with an accuracy of about 20 %. On the other hand,
we evidenced previously for a special phosphorous
doped optical fibre that there is an optimum wave-
length (around 1 300 nm) at which we observe a very
limited recovery. Using radiation induced attenuation
data in this wavelength region, we also showed that
it is possible to reconstruct the dose with an accura-
cy of about 20 %. In collaboration with Tractebel, we
continued our work on gathering consequent infor-
mation on RIA for a series of both commercial-off-
the-shelf (COTS) and dedicated optical fibres for
dosimetry applications, at particular dose-rates, total
doses and temperatures. To this end, we performed
additional experiments in order to assess the temper-
ature dependency during irradiation and under post-
irradiation conditions.

We demonstrated the robustness of P-doped multi-
mode fibres against a limited temperature perturba-
tion (up to 65 °C) at wavelengths above 1 200 nm. A
single-mode P-doped fibre, fabricated by FORC
(Moscow), was tested using the optical time domain
reflectometry (OTDR) technique. We also investigat-
ed erbium-doped fibres at a gamma dose-rate of
80 Gy/h, and observed a linear radiation response

depending on the Er concentration. Photobleaching

was evidenced as a possible way to "reset" the fibre
and the temperature dependency showed a decreased
sensitivity at higher temperatures. The tested fibres
were identified as suitable but not necessarily ideal.
Finally, custom made fibres and COTS fibres will
provide us with complementary results, depending

on the environmental conditions and the envisaged
applications, enabling remote on-line monitoring of
cable-ageing effects in NPPs and waste storage facil-
ities.

Optical fibres for optical plasma spectrometry in

fusion diagnostics

The successful operation of a fusion reactor relies on

reliable plasma diagnostic systems. These systems
have to operate near radiation and heat source for
many hundreds of hours. In the case of optical plas-
ma diagnostic systems, the optical path usually
involves a complex set of mirrors, lenses and win-
dows. The use of optical fibres is attractive in order
to simplify the optical path, and the related engineer-
ing design. Nevertheless, the approach is only valid
if sufficient radiation tolerance can be guaranteed,
and that proper fibre specifications can be issued.
Taking into account our previous work on special
rad-hard fibres, a series of round-robin tests was ini-
tiated with Japanese and Russian partners, in order to
assess a set of candidate fibres for the specific diag-
nostic environment. Particular attention was put on
radiation-induced attenuation in the visible and ultra-
violet spectrum and on radio-luminescence effects. A
flexible irradiation rig, called SMIRNOF, was
designed and successfully operated in the BR2 reac-
tor (next figure), up to a fluence of 2 1020 n/cm2. The

facility allows temperature control through variable
air flow cooling, between 100 and 500°C. A new pro-
cedure to install the optical fibre has been developed,
in view of extrapolating it to the intricate optical path
to be followed through the fusion reactor first wal!.
The temporal and spectral response of the light
absorption and luminescence were monitored on-
line. The best radiation tolerance was achieved with
fibres preloaded with hydrogen, at least for small flu-

BR2 irradiation rig with stainless steel tube containing the optical fibres
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ences. This confirms the positive role of hydrogen on

retarding the formation of colour centres. For higher

fluences, above 2 1018 n/cm2, all fibres were showing

a similar behaviour, suggesting a common optical

degradation mechanism, independent of the fibre

type and manufacturing technique. A remarkable

radiation induced effect is the growth of the vibra-

tional OH-absorption bands. This effect is observ-

able in polymer-coated fibres and is caused by neu-

tron-induced recoil protons in the coating. The use of

metal-coated fibres would eliminate this effect, but

on the other hand, this OH-absorption band increase

could be interesting as potential principle for on-line

neutron dosimetry at high fluence.

Radiation effects on glasses for space applications

It is well established that the physical properties of

optical materials can be modified in an irradiation

environment. For this reason optical glass manufac-

turers provide a range of so called radiation-hardened

glasses, analogues of standard glasses, but with the

addition of small amounts of cerium oxide. This sta-

bilises the glasses against "solarisation" or darkening

caused by radiation-induced colour centres in the

material. Spectral transmittance is most commonly

the only control parameter used to characterise the

radiation hardness. Recent works, however, have

suggested the need for a new methodology when

dealing with the radiation impact on optical glasses,

and addressing specifically the refractive index issue.

In a contract funded by ESTEC-ESA and performed

in collaboration with Astrium (Toulouse), the VUB

(Cyclotron) and FPMs, we addressed specifically the

issue of how to systematise the approach to perform-

ance characterisation of optical materials, typically

used for components operating in space radiation

environment. Particular emphasis was put on the

study of refractive index stability. A set of carefully

chosen commercially available glasses, including

those commonly used in space optical systems, were

subjected to proton and gamma radiation fields to

accumulate total absorbed doses similar to those

expected in a range of earth orbit scenarios. Both

normal and radiation hardened glasses were tested,

and additional experiments were conducted on gradi-

ent index materials and pre-fabricated micro-lenses.

A number of important conclusions were drawn

regarding the unexpected behaviour of the materials

and with respect to the experimental approach. The

induced refractive index changes are small and

strongly material specific. Cerium doped glasses,

chosen usually for their superior stability in light

transmission, have appeared to be more sensitive

with respect to refractive index. However, the most

important issue for space optics remains anyway

induced absorption.

Radiation hardening, irradiation
technology and irradiation services

Servomotors withstand a record 100 MGy total

dose

To move the remotely controlled manipulators, tele-

scopic devices and mirrors inside fusion reactor ves-

sels, motor drives should be available, withstanding

total doses up to 100 MGy. We started studying

motors ten years ago in collaboration with FZK.

Successive experiments were performed on individ-

ual motor parts and sub-assemblies. These compo-

nents, in particular the insulation material for the

cabling and the coils, and the bearing lubricant, were

0.7 T

500 1000

Speed [rpm]

1500

The tested 2N servomotor before the irradiation campaign and after a total dose of
WO MGy

The current-speed characteristics of the motor are
practically not changed even after the very total dose
of 100 MGy
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steadily upgraded. As a result, two final motor proto-
types were ordered from the Maccon Company in
Munich. These are brushless servomotors with a
nominal torque of 2 Nm, a peak torque of 6 Nm, a
maximum speed of 3 000 rpm at 150 V and an oper-
ating temperature of 180°C. The motors were
equipped with two thermocouples in the windings, a
brake (KEB Combiperm) with a 3 Nm holding
torque, and an ARTUS pancake resolver. The follow-
ing figure shows one of these motors before and after
the 100 MGy total dose campaign that was complet-
ed in 2001, at a dose rate of 30 kGy/h. The current-

speed characteristics of the irradiated motors before
irradiation, after 60 MGy and at the end of the test at
100 MGy are shown in the next figure. As it can be
observed, the difference is insignificant. It is to be
noted that standard motors usually fail before reach-
ing 1 MGy and that available rad-hard versions do
not go at present beyond 10 MGy. The task was
therefore completed with a "world premiere" on radi-
ation hardening of motors, as such high total doses
were never reported before. It offers a suitable solu-
tion for all ITER remote handling system, which are

to be driven electrically.

Remote handling sensors for fusion reactors

A series of sensors used on the divertor test platform
at ENEA-Brasimone have been identified in collabo-
ration with ENEA and VTT. It involves laser sources,
ultrasonic sensors, proximity switches, inclinome-
ters, accelerometers and potentiometers. These are to
be tested in representative gamma environment,
including the possible effect of recovery during stor-
age between missions inside the vessel. The activity
also includes the irradiation of optical encoders used
in the laser inspection system developed at ENEA-
Frascati and of seals to be used by VTT on the water
hydraulic articulated systems.

Cable management

Polymer and composite materials play an important
role as thermal and electrical isolation in various
devices installed in nuclear facilities. These materials
may become the weakest part because of their
expected high sensitivity to radiation. Irradiation
experiments were therefore conducted to assess and
determine the lifetime for some of these materials.
We study in particular, the ageing of the instrumen-
tation and its related cabling, as installed in nuclear
power plants. Starting from the tests on insulation
material, in collaboration with Kabelwerke (Eupen),

the study is now extended to cables aged under real
power plant conditions. This latter is performed
together with the Belgian utilities and their measure-

ment laboratory, Laborelec. The objective is to find
the optimum ageing marker: rupture to elongation,
infrared spectroscopy signature, electrical permittiv-
ity.

Irradiation services

A number of customers use our irradiation facilities
to assess the radiation tolerance of specific materials
and devices. On-going irradiation programmes for
COGEMA and CEA aim at developing a better

insight in the degradation mechanisms induced by
gamma radiation in polymer and composite materi-
als, used as electrical and thermal insulators. CEA is
also using our gamma irradiation equipment to
assess the radiation resistance of electronic circuits,
pans of an electronic multiplexer to be used for sen-
sor data in fusion remote-handling applications.
Finally, with CERN, we are testing photonic parts of
the optical read-out of particle trackers and detectors,
which are to be installed on the Large Hadron
Collider.

Database

We maintain a database with all the fusion-relevant
data about radiation tolerance of remote handling
components and systems. These data were obtained
for the last ten years, by the European and Japanese
teams. It forms the reference for the construction of
the ITER reactor remote handling units.

New in-core reactor instrumentation for
fusion and fission reactors

Radiation-induced electro-motive forces (RIEMF)

in mineral insulated cables

The concern about RIEMF effects is motivated by its
impact on magnetic coil fusion diagnostic systems.
The mineral-insulated cables used for these coils are
exposed to very high gamma and neutron fluxes.
Induced voltages and currents can seriously interfere
with the measurements. It is important to understand
the degradation mechanisms involved, in order to
minimise, or even cancel, unwanted effects. The
problem came to the attention of the fusion commu-

nity only recently but has been studied already in
depth within the fission community. We therefore
started a literature study, complemented with exten-
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sive theoretical modelling work. It is shown that mit-
igation measures are possible by carefully selecting
the mineral insulation composition. The mitigation
must, however, be tuned to the actual radiation envi-
ronment. We prepare experimental tests to confirm

these conclusions.

Radiation tolerance of neutral gas pressure

gauges for fusion diagnostics

ITER plans to use hot-filament vacuum gauges pre-
viously designed for the ASDEX experimental stel-
larator. The parameters of the neutral gas environ-
ment are indeed important to be measured, in the
main plasma region, but also near the divertor. The
upgrade of these gauges to ITER standards involves
a detailed assessment of their radiation tolerance.

The critical parts in such a pressure gauge are the
electrical feedthroughs, which are used for the vari-
ous electrodes of this gauge. To assess their reliabili-
ty under neutron radiation, we designed an experi-
ment for the BR2 reactor. In this experiment, a novel
approach is applied for vacuum tests: the pressure
gauges will be mounted inside hermetically-sealed
vacuum containers, equipped with on-line instru-
mentation connections and special getter material to
absorb desorbed gases.

Feasibility studies for the future instrumentation

of an accelerator driven system

In accelerator-driven systems, such as the MYRRHA
design, the core is cooled by means of a liquid metal.
During in-core maintenance operation, standard

visual inspection is impossible. For safety reasons
however, such a visualisation capability is required.

For this reason, we started work on an alternative
"ultrasonic camera", capable to inspect the inner ves-
sel structures and to guide robotic manipulators
manipulating the fuel rods. SCK«CEN initiated a col-
laboration with the Ultrasound Institute of the
Kaunas University of Technology, Lithuania. The
first phase of the joint work involves the develop-

ment and testing of ultrasonic sensors, capable to
operate in a high-temperature liquid lead-bismuth
(Pb-Bi) eutectic. In addition, the acoustic properties
of Pb-Bi are to be studied. A second phase will con-
sider the radiation hardening of the sensors. Tests are
prepared under gamma and neutrons irradiation in
Mol. The final objective is to get a full visualisation
system for MYRRHA. In 2001, the experimental
testing facility in Lithuania has been made opera-
tional. The first studies show the importance of

processes taking place at the surface, including cor-
rosion. In particular, we demonstrated that the cou-
pling of ultrasonic waves from sensor to liquid metal
depends strongly on the wettability of the transmit-
ting surface. The wettability is in turn related to the
corrosion of the surface. On the other hand, a collab-
oration with the University of Dayton, USA, on the
radiation hardness of aluminium nitride piezoelectric
material was initiated. This material is the most
promising ultrasonic transducer. We prepared an
experimental test under gamma irradiation, allowing
for on-line monitoring of the transducer characteris-

tics.

An exploratory study was also made on laser sys-
tems, as one possible approach to measure the level
of liquid metal above the spallation source of
MYRRHA. A preliminary series of simulations on
water and on mercury, as well as the study of a first
set of specifications stressed the importance of a
detailed knowledge of the liquid metal free surface
condition.

Development of on-line gamma radiation sensors

On-line gamma dosimeters are only commercially
available for low dose (radiation protection). For

higher dose rates (0.1 to 100 kGy/h, and even up to
in-core conditions) on the other hand, we developed
some prototype gamma thermometers, but they are
not readily available and are usually bulky and
expensive. This intermediate range of gamma fluxes
is typical of spent fuel or cobalt sources manipula-
tion, near-vessel operation, or waste handling. It is
also typical of most irradiation tests required for the
assessment of radiation tolerance of instrumentation.
At present, gamma dose measurement relies basical-
ly on off-line tests performed with so-called Red
Perspex samples, based on radiation induced optical
absorption. An uncertainty of up to 30% is inherent
to the method. A promising on-line alternative is the
self-powered gamma detector (SPGD) approach,
developed for very high fluxes, but that could be
adapted to the dose rates of interest here. An SPGD
gives certain definite advantages: wide range of
gamma flux (103 to 108 Gy/h), small size (outer
diameter around 4 mm), easy operation, fast
response. Tests in representative conditions revealed
a relative precision better than 1 %, in the dose-rate
range 0.1-100 kGy/h. A detailed theoretical model,
based on Monte Carlo calculation, showed good
agreement with the experimental results. The SPGD
offer thus a very good relative gamma measure-
ments. For absolute measurement, independent of
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the energy spectrum, the only technique is calorime-
try. Due their complex operation and large size,
calorimeters cannot however be easily used for rou-
tine monitoring. A new type of extremely sensitive
gamma thermometer was therefore designed and
tested. The first results show very good overall
behaviour. These gamma thermometers will offer a
way to get an absolute calibration of Red Perspex or
SPGD gamma dose measurements.

Hydrogen sensors, sensor connections and fuel

reinstrumentation

An in-core hydrogen sensor for PWR reactor condi-
tions has been previously designed and tested. A
more accurate and reliable version is now under
study and a prototype manufactured. An assessment
in representative conditions in the BR2 CALLISTO
loop is being prepared. For such sensors (conductiv-
ity, electrochemical noise, crack-growth measure-
ments, fission chambers), electrical feedthroughs tol-
erating high temperatures (350 °C), high-pressures
(150 bar), high radiation and PWR relevant chemical
environments are crucial. We developed such new
feedthroughs, which are now the subject of a patent
request. For the European project LIRES on in-pile
corrosion studies, a special leak tight connection,
between inconel and zirconium oxide tubes, was
developed as part of the construction of an in pile ref-
erence electrode. The first tests in autoclaves show
promising results.

A detailed instrumentation investigation is being car-
ried out as part of the preparation of fuel characteri-
sation, involving reinstrumentation of irradiated fuel
pins: centreline temperature and fission gas pressure
measurement. The equipment for the reinstrumenta-
tion of fuel rods is presently being designed, in col-
laboration with the Halden Reactor Project
(Norway).

Perspectives

The present involvement is focused on the behaviour
of instrumentation under the severe conditions exist-
ing in nuclear applications. It forms a specific niche
where SCK'CEN has developed an expertise,
answering crucial needs in several applications. The
activity will therefore further concentrate along the

following four strategical lines:

Fusion energy

It is essential to take an optimum share in the evolu-
tion of the fusion international programme towards a

more objective-driven scenario: the construction of
the ITER prototype reactor. This will give particular
opportunities, in privileged partnership, with indus-
try and scientific bodies, in high need of specialised
advise to analyse the radiation tolerance of their
developments, to propose upgrades, and to perform
final qualification tests. Such a partnership will be
particularly sought by the industry for the design of
remote handling units, and by plasma physics insti-
tutes for the improvement of their diagnostics sys-
tems.

Advanced fission reactor concepts

A specific attention will be kept on the new chal-
lenges set by improved or new reactor concepts,
related to reactor instrumentation. Their specifica-
tions, in terms of accuracy and reliability, rise often
well above the usual state of the art of commercially
available equipment. This concerns accelerator- driv-
en systems, or high temperature reactors, but is also
covering the improvement of in-pile sensing during
irradiation tests in research reactors, such as BR2.

Monitoring of present reactors and waste disposal

sites

A particular challenge is set by the ageing of the

cables in our power reactors and the need of an opti-
mum replacement scheme. A good monitoring is
needed to follow the ageing phenomena. Intelligent
monitoring systems, such as for instance distributed
radiation and temperature watch-dogs, all along the
cable lines, are particular perspectives, where the
present close collaboration with our utilities is appre-
ciated and should be amplified. Similar technological
requirements appear in new measurement require-
ments for waste disposal sites, in particular when the

retrievability option imposes a reliable long-term
remote monitoring of the waste canisters and the bar-
riers performance.

Space and medical applications

It is also our objective to extend the field of applica-
tion to radiation tolerance problems outside the clas-
sical nuclear industry. Space and medical applica-
tions are also confronted with radiation resistance
issues. The present collaboration with industry and
university around space projects is essential and
complements our capabilities, both in terms of field
of expertise and infrastructure.
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REACTOR PHYSICS

Background & Objectives

The Reactor Physics & MYRRHA Department has
over the years developed an expertise in various

reactor physics fields, such as neutron and gamma
calculations, reactor dosimetry, reactor operation and
control, reactor code benchmarking and reactor safe-
ty calculations. This expertise is applied within the
Department's own research projects in the VENUS
critical facility (presently for the burn-up credit pro-
gramme), in the BR1 reactor (mainly for neutron
detector calibration, neutron dosimetry calibration
and neutron activation analysis) and in the

MYRRHA project, aiming at designing a prototype
ADS (Accelerator Driven System) for R&D applica-
tions (reported in a separate chapter). This expertise
is also used in programmes external to the depart-
ment such as the pressure vessel steel programme,
the BR2 materials testing reactor dosimetry and the
preparation and interpretation of irradiation experi-
ments in BR2 by means of neutron and gamma cal-
culations. The activities of FLINS, Fuzzy Logic and
Intelligent Technologies in Nuclear Science, carried

out within the department, also cover several
domains outside the department.

Programme

The Reactor Physics Programme aims at maintain-
ing, developing, improving and exploiting the exper-

imental and theoretical reactor physics expertise of
the Department. The main topics in 2001 were:

a REBUS, a burnup credit experimental pro-
gramme in the VENUS critical facility;

a modification of the VENUS critical facility in
order to load fuel pins of 1-m active length
instead of 0.5-m active length and to load irradi-
ated fuel;

s services in the BR1 reactor;

B reactor dosimetry services for internal and exter-
nal clients;

ss neutron and gamma calculations in support of the
operation of, and the irradiation in, various reac-

tors (e.g. BR2) as well as support of R&D pro-
grammes;

M reactor safety studies;

sss fuzzy logic applied to nuclear safeguards.

Achievements and Perspectives

The BR1 reactor services

BR1, Belgian Reactor 1, is a research reactor of the
"natural uranium-graphite-air" type. SCK'CEN uses
the reactor mainly as a neutron reference source for
reactor physics experiments, neutron activation
analysis and calibration of nuclear detectors and
instruments. During the year 2001, BR1 has been
operated during 150 days for a total of 550 hours. We
performed about 160 irradiations: most of them were
short irradiations of a few hours for neutron activa-
tion analysis, but also experimental campaigns of
several weeks have been performed. The specific
topics covered in 2001 for the BR1 reactor services
programme were:

Reactor Safety

The re-evaluation of the BR1 reactor has been com-
pleted successfully.

Irradiation Sei-vices for R&D Programs

In the framework of the MUSE programme an exten-
sive calibration programme of miniature fission
chambers has been performed in collaboration with
CEA-Cadarache. About 70 miniature fission cham-
bers with various fissile deposits (237Np, 235U, 238U,
239Pu, 241Am, 243Am) have been calibrated using the
BR1 large cavity for thermal neutrons and the
MARK III irradiation device for 235U fission spec-

trum calibrations.

A collaboration with Delta Services Industriels (DSI)
has been initiated for the qualification of neutron
activation techniques of motor oil and additives. DSI
has developed several techniques for very sensitive
on-line measurements of wear & corrosion mainly
for combustion engines. These techniques are based
on the measurements of the radioactivity of motor
parts that have been activated by proton or neutron
irradiation. Their latest development involves the
neutron activation of lubricants and specific addi-
tives. At this moment, the preliminary feasibility
study and a first series of irradiations have been per-
formed to quantify the amount of produced activity
and to identify possible additives to be considered for
further investigation.

Education & Training

As every year, BR1 welcomed industrial nuclear
engineering students for training on reactor physics

Scientific staff
HAMID AIT ABDERRAHIM.

THIERRY AOUST,

BAUDOIN ARIEN,

PETER BAETEN,

Luc BORMS,

SIMON COENEN,

CHARLES DE RAEDT,

SIMONE HEUSDAINS,

DOMINIQUE LAMY,

NADIA MESSAOUDI,

DA RUAN,

KLAAS VAN DER MEER,

PAUL VAN UFFELEN,

BERNARD VERBOOMEN,

JOZEF VERREES,

LUDOVICUS VERSTREI'EN,

HARM WIENKE,

VICTOR WILLEKENS

Supporting staff
EMIEL CAYERS,

JAN COOLS,

STEFAN DEKELVER,

MARCEL HUYSMANS,

JOZEF LEEUWS,

JOZEF OEYEN,

LEOPOLD TRUYENS,

STEFFI VAN GENECHTEN.

FRANCIS VAN GESTEL,

Ivo VERWIMP

Reactor Safety 129



and kinetics behaviour. In the framework of the con-
tinuous training of the operators of the BR2 reactor,
a one-week course on nuclear and reactor physics has
been organised, later extended to all SCK'CBN
members. In collaboration with SCALDIS, the edu-
cation & training division of the operators of the
nuclear power plants in Doel, a course on reactor
kinetics has been worked out and given to the opera-
tors of the units Doel 3 and Doel 4. Currently we are
negotiating with SCALDIS to extend this course to
other aspects of reactor physics and to Doel 1 and 2.

REBUS: A Burnup Credit Experimental
Programme

General description of the REBUS programme

Safety criticality calculations for the storage, trans-
port, reprocessing or final disposal of irradiated fuel
often require the assumption that the fuel is consid-
ered as fresh. This assumption is very conservative
and in most cases not necessary. It leads e.g. to larg-
er dimensions of storage ponds and more transports
than necessary for safety reasons. Taking into

account the decrease in reactivity due to the con-
sumption of fuel and the presence of neutron-absorb-
ing fission products (the so-called burnup credit)
results in less storage and transport costs and in some
cases, in higher safety.

We have initiated together with
BELGONUCLEAIRE an international programme
called Rebus (reactivity tests for a direct evaluation
of the Burnup credit on Selected irradiated LWR fuel
bundles) for the investigation of the burnup credit.
The programme aims at establishing a neutronic
benchmark for reactor physics codes that calculate
the burnup credit. The REBUS programme is spon-
sored by EdF from France, VGB, representing
German nuclear utilities and NUPEC, representing
the Japanese industry. It is executed in the VENUS
critical facility, the hot-cell laboratory and the radio-

chemistry department.

In comparison to last year, the scope of the experi-
mental programme has been adapted to fulfil better
the needs of the participants. The new scope includes
the following configurations:

a reference test bundle;

B fresh commercial PWR U02 fuel;

s irradiated commercial PWR U02 fuel
(50 GWd/tM);

m fresh PWR MOX fuel;

a Irradiated PWR MOX fuel (20 GWd/tM).

We can investigate other fuel types in future exten-
sions of the programme, like BWR fuel and high bur-
nup MOX fuel.

Measured quantities in each configuration are the
critical height, the reactivity effect of the water level,
the fission rate distribution and/or the neutron flux
distribution. We will also measure the accumulated
burnup of all rods non-destructively by gamma-spec-
trometry and analyse some rods destructively with
respect to accumulated burnup, actinides content and
TOP-19 fission products (i.e. those non-gaseous fis-
sion products that have most implications on the
reactivity). Preliminary calculations showed that the
expected reactivity effects are in the order of 1 500 to
2000 pcm, which is sufficiently high for core physics
code validation.

In 2001 we have finished the adaptation of the
VENUS reactor internals as described in the next
sections.

Description of the VENUS critical facility

The VENUS critical facility is a water-moderated
zero-power reactor. It consists of an open (non- pres-
surised) stainless-steel cylindrical vessel including a
set of grids which maintain fuel rods in a vertical
position.

After a fuel configuration has been loaded manually
rod by rod, criticality is reached by raising the water
level within the vessel. Reactivity control is obtained
by controlling the water level in the vessel. With the
help of the pumps the water level can be controlled
in a rough way (about 0.5 mm). Fine-tuning is done

by the so-called water level control rods (WLCR),
which are thick aluminium bars. By regulating their
insertion into the water, the water level can be con-
trolled in principle in steps of 0.0001 mm. The water
level can be determined with an uncertainty of
0.2 mm.

The adaptation of the VENUS facility to fuel pins
with an active length of 100 cm

During the almost forty years of its operation,
VENUS has dealt with the manual loading of unirra-

diated fuel rods with an active length of 50 cm. In the
framework of the REBUS-project fuel rods with an
active length of 1 m have to be inserted into the reac-
tor and also for the first time world-wide an irradiat-
ed fuel assembly with a burnup ranging from 20 to
50 GWd/tM will be loaded into a critical facility.
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Therefore in a first step, a series of modifications
were carried out to adapt the VENUS reactor for fuel
rods with an active length of 1 m. As a consequence
the following actions were undertaken:

8 adaptation of internal structure parts of VENUS:

• lowering of the intermediate reactor grid which
is used for guiding the fresh fuel during loading;

• lowering of the lower reactor grid which is used

to support the fuel rods;

• insertion of special insert-grids for the position-
ing of the REBUS bundle containing the irradi-
ated fuel;

• shortening of the safety table which serves to

absorb the kinetic energy in case of failure of
the reactor grids;

K shortening of the partial overflow and lowering of

the "contact relais" "water level at fuel bottom";

H lowering of the ionisation chambers and

BFj-counters.

Also all the existing U02 fuel with an active length
of 50 cm had to be lengthened to obtain fuel rods
with an active length of 100 cm. Therefore we devel-
oped a specific installation and procedure. In two-
coupled isotope boxes installed in a lab next to the
VENUS reactor hall, the 50-cm fuel rods were dis-
mantled and the individual 1-cm UO2-oxide pellets
were taken out. By dismantling two 50-cm fuel rods,
one obtains hundred 1-cm UO2-pellets that are then
inserted into a new Zircaloy cladding with a welded
end plug. Finally, after sealing the claddings with top

end plugs, the fuel rods are checked for contamina-
tion and then released. In 2001, all the 1200 50-cm
UO2-fuel rods with an enrichment of 3.3% and about
half of the 1 800 50-cm U02-fuel rods with an enrich-

ment of 4.0% were lengthened.

The adaptation of the VENUS facility to the load-

ing of irradiated fuel pins

The loading of irradiated fuel into a critical facility,

which will be a premiere in the world, has imposed
several additional modifications to the VENUS
installation. First of all, in order to be able to insert
the shielding container which will contain the
REBUS container with the irradiated REBUS fuel,
the VENUS building has been refurbished: a new
floor has been installed covered by an epoxy-layer to
facilitate decontamination after a possible contami-
nation resulting from the presence of irradiated fuel.
The existing gantry was replaced by a new one to
handle the REBUS container. In addition, due to the

loading of the container above the reactor core, struc-
ture materials and attached electrical circuits had to
be removed. A complete refurbishment and rational-
isation of the electrical circuit in the reactor room
was conducted. Also the WLCR system which was
hung up on the supporting structure above the reac-
tor had to be removed and replaced by a completely
new system for the operation of control rods.

After the design and construction of the shielding
container in spring 2002, dummy tests will be per-
formed and the first irradiated fuel bundle can be
loaded in the fall of 2002.

Reactor dosimetry services and research
programmes

The reactor dosimetry group provides services for
internal and external clients. These services comprise
the determination of neutron fluxes or fluences by
means of the irradiation and subsequent measure-
ment of activation foils. The determination of the
incident number of neutrons is required in most irra-
diation experiments executed in an experimental
reactor like BR2.

BR2 pressure vessel surveillance

During the refurbishment of BR2, the ageing of the
BR2 pressure vessel was investigated thoroughly and
it was concluded that this could not cause any safety
problem. For a follow-up of the embrittlement of the
BR2 pressure vessel SCK-CEN decided to install
several monitor capsules in a high flux position in
order to irradiate mechanical strength test samples
and to measure the integrated neutron fluence at this
location. Some of these samples were unloaded in
2001 and the accumulated neutron fluence was
measured by the section reactor dosimetry.

RETROSPEC

SCK«CEN participates in the 5lh Framework pro-
gramme RETROSPEC. The partners in this pro-
gramme are NRG, the Netherlands and VTT,
Finland. This programme aims at developing a
measurement procedure that is able to estimate the
neutron fluence in the reactor pressure vessel without
surveillance capsules, so-called retrospective
dosimetry. It is based on the activation of 93Nb, pres-
ent as a contamination in the pressure vessel or as an
additive in the pressure vessel cladding. In some
older types of VVERs (Russian PWRs) no surveil-
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lance capsules were foreseen to monitor the neutron
fluence. In other types these surveillance capsules
are placed at positions that are not representative for
the hot spots of the reactor pressure vessel.
Retrospective dosimetry will reduce the uncertainty
from which the present neutron fluence estimates
suffer and will therefore contribute to a safer opera-
tion of these reactor types.

In the framework of this programme SCK-CEN has
investigated several ways to separate Nb from sam-
ples of a VVER pressure vessel cladding.

TACIS 96/02 programme

The TACIS 96/02 programme is funded by the
European Commission and aims at reducing the
measurement uncertainties inherent to VVER pres-
sure vessel surveillance capsule location (see above:
RETROSPEC). The section reactor dosimetry partic-
ipated in the TACIS 96/02 programme by executing
the following tasks:

S3 deli very of temperature monitors that were placed
in a special dosimetry capsule in order to verify
that no large temperature gradients existed and to
verify that the temperature was in the range
required for proper testing of the mechanical
samples. The results were very satisfactory and
lead to the conclusion that no large temperature
gradients existed in the dosimetry capsules;

s delivery of a special dosimetry capsule that con-
tained an extensive quantity of different dosime-
ters, both from Western and Russian origin. Some
of these dosimeters were measured both by
Kurchatov Institute and by SCK'CEN. The aim
was to compare dosimeters of different origin, to
compare the results of different dosimeter types

and to compare the results of the two labs. The
comparison of both dosimeters of different origin
and different dosimeter types gave satisfactory
results. The evaluation of the results of the com-
parison between the two labs is still in progress.

Measurements of neutron over proton ratios in a

lead-bismuth spoliation target

In the framework of the MYRRHA programme we
have executed in 1999 the n/p experiment at PSI,
Switzerland in collaboration with PSI and NRC,
SOREQ, Israel. This experiment comprised the
experimental determination of the number of neu-
trons produced per incident proton in a thick Pb-Bi
target. Furthermore we determined the neutron flux
distribution in a water bath around the target. The
experiment has been performed at three different
proton energies, viz. 300, 420 and 590 MeV. For all
three proton energies the neutron flux distribution
has been determined. The determination of the
n/p ratio posed several problems due to significant
noise of other particles in the proton beam, but an
additional proton beam calibration by Al foils solved
this problem. Intermediate results are shown in the
figure.

Neutron and gamma calculations

The Reactor Physics and MYRRHA department per-
forms neutron and gamma calculations in support of
the safe operation of SCK-CEN's reactors, of the
experimental programmes carried out in these reac-
tors and of several internal and external R&D pro-
grammes.

Summary of n/p Data on Thick Pb Targets (of diameter D)
20
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-Present Work (Pb-
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Neutron and gamma calculations for BR2

Neutron and gamma calculations were performed in
one-dimensional geometry with the DTF-IV multi-
group neutron transport (SN) code, in two-dimen-
sional geometry with the DORT3.1 multigroup neu-
tron and gamma particle transport (SN) code or in
three-dimensional geometry with the Monte Carlo
code MCNP-4C.

The main irradiation programmes for which calcula-

tions were performed were:

s BACCHANAL, in which nine water-cooled fuel
rods (in a square lattice) are irradiated in a CAL-
LISTO loop under PWR conditions up to high
burnup values;
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a REVE, in which model alloy samples are irradi-
ated in a CALLISTO loop. A detailed MCNP-4C
model of BR2 was used to perform the calcula-
tions;

a OMICO (THOMOX), in which eight water-
cooled fuel rods (in a square lattice) will be irra-
diated under PWR conditions in a CALLISTO
loop. The rods are of very different types: UO2,
(U,Pu)O2 and (Th,Pu)02, and are fabricated
according to various methods (sol-gel,
MIMAS...) leading to different grain sizes;

s the BR2 vessel surveillance programme. Fast flux
ratios in BR2 vessel surveillance capsules irradi-
ated in various BR2 channels were determined,
both with DORT and with DTF-IV;

a SMIRNOF-1A and SMIRNOF-1B, for which
neutron flux spectra in the irradiation channels
LI20 and LI80 were calculated and fitted to ther-
mal, epithermal and fast flux dosimeter measure-
ment results.

In addition, an estimation of the thermal fluence in
the BR2 aluminium vessel for the end-2000 situation
was made, based in part on data used in the past for
the estimation of the thermal fluence at mid-1995.
With respect to this mid-1995 situation, the thermal
fluence (nv0t) increases by about 5% according to the
calculations, which does not lead to important reac-
tor operation modifications.

An estimation was also made of the fast fluence and
the dpa value in the pressure tubes of the three CAL-
LISTO loops for the mid-2001 situation.

Finally, we made a preliminary assessment of the
thermal neutron fluxes that could be obtained in a
poolside (i.e. outside the reactor vessel) irradiation

facility at BR2.

Neutron and Gamma Calculations Performed for

the BR1 Reactor

An exact MCNP-4C model of the BR1 reactor was
developed in order to test the ability of a Monte
Carlo code to cope with very large reactors (6.6m x
6.8m x 6.8m). The first results obtained are very
encouraging: the source convergence is attained in a
reasonable cpu time (8 hours for a a[keff] of 0.0025)
and the maximum difference between calculated and
experimental values is 15%. The 15% error appears
only in certain channels and seems to be a systemat-
ic one. This last point will be investigated in the
future.

Benchmark based on KRITZ experiments

A set of KRITZ 2 experiments with light water mod-
erated lattices with uranium rods and mixed-oxide
rods, at room and at elevated temperatures, were per-
formed in the early 1970s at Studsvik. Using the
results of these experiments, an international bench-
mark was developed and launched by the
OECD/NEA in co-operation with ORNL. The objec-
tive of this benchmark was to validate and to com-
pare the nuclear data sets and production codes (for
UO2 and MOX-fuelled cores at different tempera-
tures) in NEA member countries. The Reactor
Physics and MYRRHA department took this oppor-
tunity to validate the nuclear data based on JEF-2.2
evaluations and the Monte Carlo code MCNP-4C
(mostly used as calculation tool within the depart-
ment activities). The calculated results, compared to
the experimental values, show a good agreement for
both the k,.ir values and the pin power distributions at
various temperatures. The discrepancy of kc,T with
respect to the critical value does not exceed 600 pcm
and most of the pin power deviations are within
±2%. These results give more confidence in the tools
used for the calculations.

Neutron and Gamma Calculations Performed for

the VENUS Reactor

The very detailed MCNP-4C model of VENUS
developed in 1999 in order to replace 2-D determin-
istic transport calculations methods was modified to
take into account the VENUS active core length
extension. The new 3-D Monte Carlo model was
used for safety parameter evaluation: the reactivity
coefficients with respect to water height variation for
MOX and UO, core were calculated.

Updating of Neutron and Gamma Cross-Section

Libraries

Neutron and photon cross-section libraries in VITA-
MIN-B6 multigroup structure, based on JEF-2.2,
ENDF/B-6 and JENDL-3.2 evaluated data, and
MCNP-compatible continuous-energy cross-section

libraries, based on JEF-2.2 and JENDL-3.2 data and
on JENDLD99 dosimetry data, have been produced
using NJOY97 versions 95-114 and NJOY99 version
50. The multigroup cross-sections, in NJOY/GENDF
format, have been converted into coupled
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neutron/photon AMPX master format using the code
NSLINK42. Each library contains cross-section data
for about 180-200 nuclides/elements, including the
most important actinides, structural materials, mod-
erators and fission products. Besides, it includes ther-
mal scattering data for some important moderators.

As part of a validation study of the JEF-2.2 and
JENDL-3.2-based continuous-energy cross-section
libraries, derived as described above, a number of
criticality benchmarks for MOX lattices, fast mixed
uranium/plutonium metal systems and some bench-
marks for mixed uranium/plutonium nitrate solutions
have been selected and analysed with the Monte
Carlo continuous-energy code MCNP-4C.

began in July 2001 and a preparatory workshop was
held in November to check and update the data book.
Completion of the exercise is planned for 2003.

SCK-CEN also worked with the last beta version of
the SCDAPSIM code, which is a PC version of
RELAP5/SCDAP developed by Innovative Systems
Software, LLC. A comparison exercise between
SCDAPSIM and RELAP5/SCDAP was performed
on the FPT1 and FPT2 tests of the PHEBUS-FP pro-
gramme, but unsuccessfully because of residual bugs
in SCDAPSIM. Blockages occurred in the calcula-
tions during the fuel delocalisation phase. The
improvement of this beta version is now completed
and new tests are foreseen in 2002.

Fuel Cycle Studies

A nuclide concentration evolution code was written
solving the Bateman equations for the most occur-
ring actinides (including the minor actinides). The
input needed, next to the initial nuclide concentra-
tions and the irradiation and cooling times, is the
absolute total flux and the spectrum-averaged micro-
scopic cross-sections.

SCK'CEN joined the CAPRA/CADRA project in
2000 as a full-part member and participated in vari-
ous CAPRA/CADRA meetings.

A study was made, examining the neutron-induced
evolution of minor actinides (MAs) irradiated in
LWRs, MTRs and ADSs, viz. in a typical 1000 MWe
MOX-fuelled PWR, in the high flux materials testing
reactor BR2 and in the multipurpose R&D ADS
MYRRHA. While fast spectrum systems such as the

proposed ADS immediately burn the MAs, but at rel-
atively low rates because of the small cross-sections,
thermal spectrum systems, with large (n,y) cross-sec-
tions, first transmute the MAs into higher isotopes,
some of which ultimately are also fissile in the ther-
mal energy range. In the case of MTRs, in which
high (thermal) fluxes prevail, large fractions of MAs
are thus transmuted and ultimately incinerated in rel-

atively short times, but at the cost of several neutron
captures before fission occurs and therefore with bad
neutron economy.

Reactor Safety

In 2001 SCK-CEN pursued its activities on the inter-
national PHEBUS-FP programme to prepare its par-

ticipation in the International Standard Problem
ISP-46 (OECD) on the FPT1 test. This ISP officially
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reported in the Chapter "Safeguards and Physics
Measurements"; they are further illustrated in the
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HAMID AIT ABDERRAHIM

MYRRHA: A MULTIPURPOSE HYBRID RESEARCH
REACTOR FOR HIGH-TECH APPLICATIONS

Background

Nuclear energy research aims to cope with the criti-
cal topics to resolve the economical question of
increasing energy demand and, in particular, the
demands for public acceptability, among them:

a to increase the absolute safety of the installations;

a to more efficiently manage the nuclear waste.

In that respect, the development of a new type of
nuclear installation dealing 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
System or, ADS, - a sub-critical core, operated as a
nuclear amplifier fed with primary neutrons by a
spallation source - has the potential within the above
boundary conditions to pave the way to a more envi-
ronmentally safe and acceptable nuclear energy pro-
duction. Indeed a sub-critical system driven by an
accelerator can be turned off instantaneously by shut-
ting down the feeding accelerator. Moreover, it will
give the chance to explore the potential of burning
waste minor actinides (MA) and long-lived fission
products (LLFP) due to the excess of neutrons and
chain reactor control margins. Fundamental and
applied R&D are crucial in the development of these
technologies and demand the availability of appro-
priate prototype installations. The first prototype
installations have also to deal with these R&D-issues
related 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, that
could be used in a modular way for dedicated appli-
cations, to extend known research domains and
explore new ones, is called for.

One of SCK-CEN core competencies is and has at all
times been the conception, design and realisation of
large nuclear research facilities such as the BR1,
BR2, BR3, VENUS reactors, LHMA hot-cells, or the
HADES underground research laboratory (URL) for
waste disposal. SCK«CEN has operated these facili-
ties successfully thanks to the high degree of qualifi-
cation and competency of its personnel and by insert-
ing these facilities into international research net-
works, contributing hence to the development of cru-
cial aspects of nuclear energy. One of the main
SCK'CEN research facility, namely BR2, is nowa-
days arriving at an age of 40 years just like the major

materials testing reactors (MTR) in the world and in
Europe, i.e. ATR (USA), HFR (EU-Petten), OSIRIS
(F-Saclay), R2 (Sw-Studsvik). The MYRRHA facil-
ity (Multipurpose hYbrid Research Reactor for
High-tech Applications) presently in pre-design at
SCK-CEN, has been conceived as potentially replac-
ing BR2 as a materials testing system and to be a fast
spectrum facility complementary to the thermal
spectrum RJH (Reacteur Jules Horowitz) facility, in
planning in France. This situation would give Europe
a full research capability in terms of nuclear R&D.

Furthermore, the disposal of radioactive wastes
resulting from industrial nuclear energy production
has still to find a fully satisfactory solution, especial-
ly in terms of environmental and social acceptability.
As a consequence, most countries with significant
nuclear power generating capacity are currently
investigating various options for the disposal of their
nuclear waste. Scientists are looking for ways to
drastically reduce (by a factor of 100 or more) the
radio-toxicity of the High-Level Waste (HLW) to be
stored in a deep geological repository and to reduce
the time needed to reach the radioactivity level of the
fuel originally used to produce energy. This can be
achieved via the development of the Partitioning and
Transmutation and burning MAs and to a less extent
LLFPs in Accelerator Driven Systems. The
MYRRHA project contribution is intended to con-
tribute to the demonstration of the ADS concept at a
reasonable power level and to the demonstration of
the technological feasibility of MA and LLFP trans-
mutation under real conditions.

Programme

From the very beginning of the MYRRHA project in
early 1998, the MYRRHA team is developing the
design based on a catalogue of applications that are
considered of a primary importance for an experi-
mental irradiation facility. The project is intended to
fit into the European strategy towards an ADS Demo
facility for nuclear waste transmutation. It is also
intended to be a European, fast neutron spectrum,
irradiation facility. This was dictating the design
parameters as summarised below:

a ADS concept demonstration: coupling of the
3 components at rather reasonable power level
(20 to 30 MWth) to allow operation thermal and
reactivity feed-back effects and their mitigation;

m MAs transmutation studies: need for high fast
flux level (<J>>o.75Mcv= -1.1015 n/cm2.s);
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s LLFPs transmutation studies: need for high
thermal flux level (<£>,,,=-1.1015 n/cm2.s);

83 radioisotopes for medical applications: need for
high thermal flux level (<E>lh= -1.1015 n/cm2.s);

Si material research: need large irradiation volumes
with high constant fast flux level
(0>,McV=l~5.10'4n/cm2.s);

;! fuel research: need irradiation rigs with
adaptable flux spectrum and level (Olot=1014 to
1015 n/cm2.s);

s safety studies for ADS: to allow beam trips miti-
gation, sub-criticality monitoring and control,
optimisation of restart procedures after short or
long stops, feedback to various reactivity injec-
tion;

s initiation of medical and new technological
applications such as proton therapy and proton
material irradiation studies.

The present MYRRHA concept is driven by the flex-
ibility and the versatility needed to serve the above
applications. Some choices are also conditioned by
the timing of the project. Indeed as we intended to
achieve the operability of MYRRHA before 2010,
the project team has favoured the mature technolo-

MYRRHA Sub-critical reactor with proton beam injection from the top

gies or the less demanding in terms of development,
for example concerning fuel and accelerator.
Nevertheless, not for all components of MYRRHA
do of-the-shelf solutions exist. Therefore, a thorough
R&D support programme for the risky points of the
project has been started.

Achievements

The main achievements within the MYRRHA proj-
ect are:

s the completion of the pre-design study of the
MYRRHA device;

s the consolidation of the R&D support program
including hydraulic flow design of the window-
less target, the vacuum interface compatibility for
the windowless target, the LM corrosion, the
material research under irradiation conditions, the
visualisation under Pb-Bi;

K the development of a solid R&D network around
the MYRRHA project via bilateral collaborations
and the FP5 programme.

As the MYRRHA project is in a very progressive
stage, the sub-critical reactor design is now con-
ceived as a standing vessel as compared to the year
2000 design of a hanging vessel. In accordance with
the above, the MYRRHA team has continued to
develop the MYRRHA project based on the coupling
of an upgraded commercial proton cyclotron with a
liquid Pb-Bi windowless spallation target, surround-
ed by a Pb-Bi cooled sub-critical neutron multiplying
medium in a pool type configuration (see figure
below). The spallation target circuit is fully
immersed in the pool and is inter-linked with the core
but its liquid metal content is separated from the core
coolant. This comes as a consequence of the win-
dowless design presently favoured in order to utilise
low energy protons on a highly compact target at
high proton beam power density in order not to loose
out on core performance.

The core pool contains a fast-spectrum sub-critical
core, cooled with liquid metal (LM) Pb-Bi eutectic
and several islands housing thermal spectrum
regions located in In-Pile Sections (IPS) at the
periphery of the fast core or in the fast core. The fast
core is fuelled with typical fast reactor fuel pins with
an active length of 600 mm arranged in hexagonal
assemblies. The central hexagonal position(s)
house(s) the spallation module. The core is made of
hexagonal fuel assemblies composed of 61 MOX
typical fast reactor fuel pins (Superphenix-like fuel
rods) with Pu contents of 30% and 20%. The hexa-
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gons are 85-mm flat-to-flat. To achieve a core con-
figuration with a Ks of 0.95, one needs to load

around 45 to 50 fuel assemblies depending on the
chosen fuel enrichment and burn-up. This represents

about half of the available fuel assembly positions in
the core.

The core structure will be mounted on a central sup-

port column corning down from the lid and being sta-

bilised by the diaphragm, the separating septum

between the warm and hot LM coolant, which is

fixed ultimately to the rim of the double-wall vessel.
Since access from the top is very restricted and com-

ponents introduced into the pool will be buoyant due

to the high gravity of the LM, the loading and

unloading of fuel assemblies is foreseen to be carried
out by force-feedback controlled robots in remote

handling from the bottom in and out of the core
structure. The pool will also contain the liquid metal

main pumps, the heat exchangers towards water as
the secondary cooling and the above robotic units for

the handling tasks under liquid metal. The Pb-Bi

coolant is maintained liquid in all circumstances
even during maintenance (~200 °C). During opera-

tion the inlet temperature is 200°C and the outlet

temperature is 400°C.

The spallation circuit, inter-linking with the core,

connects directly to the beam line and therefore ulti-
mately to the accelerator vacuum. For pumping

around the LM and for cooling, it contains a mechan-

ical impeller pump and a LM/LM heat exchanger to

the pool coolant (cold end). For regulation of the
position of the free surface on which the proton beam
impinges (this defines the upper boundary of the

spallation target and is the vacuum interface ulti-
mately to the cyclotron), it comprises an auxiliary

MHD pump; the spallation loop further contains

services for the establishment of proper vacuum as
well as corrosion limiting conditions.

The device is shown in the figure above with the

double-wall pool containment vessel, with an inner

diameter of ca 4 m and a height of close to 6 m, sur-

rounded by a vessel providing a roughly 1.5 m water

shielding that is in turn surrounded by concrete to a
nominal thickness of 1.5 m as the ultimate biological

shield. This shield will be closed above the lid by
forming an ce-compatible hot cell and handling area

for all services to the machine.

In the following paragraphs we are giving the

achievements reached in 2001 for the various com-

ponents of the facility.

The Accelerator

Having fixed the sub-criticality level, we historically
started the design work with a 250 MeV x 2 mA

cyclotron as advised by the Ad-hoc MYRRHA

Scientific Committee and that would have been a
slight upgraded machine from the cyclotron devel-

oped by IBA (Ion Beam Applications) for the proton
therapy application. However, this beam power level

does not allow meeting the neutronic performances

demanded from the core. Therefore, we first had to
increase the proton energy to 350 MeV, as the gain

on the neutron intensity due to the energy increase is

more than linear. Indeed, the neutron multiplicity at
250 MeV is ~ 2.5 n/p whereas it is -5-6 n/p at 350

MeV. Despite this energy increase of the incident

protons we also had to increase the proton current to

5 mA to arrive at the required source strength. The

final proton beam characteristics of 350 MeV x 5 mA
then permitted to reach a fast neutron flux of

1.1015 n/s (E>0.75 MeV) at an acceptable MA irradi-
ation position under the geometrical and spatial

restrictions of sub-critical core and spallation source.

This upgrade is also regarded as being within the

reach of the extrapolated cyclotron technology of
IBA who currently propose to generate the above

proton specifications by accelerating 2.5 mA of H2
+

ions to 700 MeV and to split the latter into protons by
stripping on a foil. Compared to the largest continu-

ous wave (CW) neutron source - SINQ at PSI with

its cyclotron generated proton beam of 590 MeV and
1.8 mA - it is a modest extrapolation and well with-

in the conceptual extrapolation of the SINQ to the

"PSI Dream Machine" with the proton parameters of
1 GeVx 10mA.

In 2001 IBA focused its effort on the H,+ ions design
option and on its technical feasibility. The above con-

cept needs a demanding vacuum design of the beam
path to avoid gas stripping and a stripper design with

high effective lifetime and coping with high thermal

loads. The MYRRHA cyclotron would consist of 4
magnet segments of about 45° (cf. figure on next

page) with 2 acceleration cavities at ca

20 MHz RF frequency. The diameter of the active

field is about 10 metre. The diameters of the physical

magnets of about 16 metre with a total weight
exceeding 5000 tons. The handling of only part com-
ponents need lifting capabilities of at least 125 t, and

according provisions in the building need to be

made. The magnets would be fabricated by assem-
bling on site 300-mm thick plate with roughly 8-m

length. The achievable flatness during the fabrication

of these plates is for the moment a concern. Due to

Reactor Safety 139



Schematic view of the MYRRHA HPPA (High Power Proton Accelerator) Cyclotron

the above mentioned dimensions of the machine that

are approaching the upper limit of this technology,

IBA is considering the alternative of a supra-con-

ducting cyclotron that will reduce drastically the

dimensions of the machine.

The Spallation Source

The following considerations dictated the choice of a

windowless design:

9 because of the very high proton current density

(> 130 pA/cm2) forced by the demand for high

core performance and the therefore severe limita-

tion of the available diameter of the central hole

housing the spallation module and the low energy

proton beam we intend to use, the design of a

window for the MYRRHA spallation looks near

to impossible for reasons of unacceptable thermal

stress and severe embrittlement in a very short

operational period;

B a windowless design avoids vulnerable parts in

the concept, increasing its reliability and avoiding

a very difficult engineering task.

The project team has focused its design and R&D

support effort in 2001 on:

Feasibility of the windowless design

The design of the windowless target is very chal-

lenging: a stable and controllable free surface needs

to be formed within the small space available in the

fast core centre (0omcr 120 mm). The concentrated

heat deposition (-80% of the 1.75 MW total proton

beam power) is dispersed over a 13 cm depth starting

from the surface for a proton energy of 350 MeV in

a cylindrical volume with an inner diameter of

72 mm. This heat needs to be removed to avoid over-

heating and possible evaporation of the liquid metal.

After a successful experimental programme with

water in collaboration with UCL (B) and FZR (D) at

scale 1/1 and a first confirmation test-campaign mak-

ing use of Hg as a fluid in 2000 at the Institute of

Physics at the University of Latvia (IPUL) at Riga,

the MYRRHA team conducted two supplementary

Hg test campaigns at IPUL in 2001. New injection

nozzles were fabricated at SCK«CEN and IPUL on a

1/1 scale of the MYRRHA spallation module (see

figure (a) on next page showing the most promising

design). The results obtained during the second cam-

paign increased the confidence of the MYRRHA

team in the feasibility of a controlled free surface

flow with a heavy LM circulating at with a velocity

of 101/s, as illustrated in the figure (b) on next page.

The ability to continuously adjust in height the cen-

tral whirlpool provides the pre-condition for comple-

mentary proton beam heating profile steering to

avoid overheating of free elements of the free sur-

face. Cavitation in some limited parts of the nozzle

and some spitting of droplets from the free surface

are problems still to be solved .

In parallel with the experimental programme, the

modelling effort using numerical simulations with

Computational Fluid Dynamics (CFD) codes, has

been continued to reproduce the existing experimen-

tal results and giving input for the optimisation of the

head geometry in the experiments. We will use the

CFD calculations 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 per-

formed with the FLOW-3D code which is specialised

for free surface and low Prandtl number flow. This

effort is being backed up at Universite Catholique

Louvain (UCL, Belgium) using the FLUENT

code and at the Nuclear Research & consultancy
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(a) - 6 0 . 0 0 0

The MYRRHA spallation module scale 1:1 for the IPUL Hg tests
(a) Most promising design, — (b) Obtained free surface

Group - Petten (NRG, The Netherlands) using the

STAR-CD code. All the three groups showed that the

CFD codes are not yet sufficiently reliable to predict

the shape and the fluid velocity at the free surface.

Therefore they are not yet adequate for heat transfer

calculations. It was also shown that the present day

commercial CFD codes are not successful in model-

ing of droplet spitting. A development effort there-

fore is still needed in these fields and is already pur-

sued.

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

As the free surface of the liquid metal spallation

source will be in contact with the vacuum of the pro-

ton beam line, SCK'CEN is concerned about the

quantitative assessment of emanations from the liq-

uid metal and their possible interaction with the pro-

ton beam. These can lead to the release of volatile

spallation products, Pb and Bi vapours and of Po,

which will be formed by activation of Bi. These

radioactive and heavy metal vapours can contami-

nate the proton beam line and finally the accelerator,

making the maintenance of the machine very diffi-

cult or at least very demanding in terms of manpow-

er 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 types and quan-

tities of emanations, SCK-CEN has build the VICE

experiment (Vacuum-Interface Compatibility Expe-

riment). We will be studying the coupling of a vacu-

um stainless steel vessel containing 130 kg Pb-Bi,

heated up to 500°C, with a vacuum tube (104 ~ 1O6

Torr) simulating the proton beam line. A mass spec-

trometer will measure the initial and final out-

gassing of light gasses and the metal vapour migra-

tion. To protect the vessel from liquid metal corro-

sion, we currently investigate the possibility of using

Mo and W coating or the oxide layer formation by O2

controlled injection.

The full experimental device, including the vessel,

the beam line simulation, the mass spectrometer and

the vacuum pumps, has been erected at SCK'CEN

and has undergone high vacuum conditioning at the

end of 2001. The Pb-Bi will be undergoing pre-con-

ditioning (out-gassing, O2 saturation, and oxide

cleaning in a separate and specially designed vessel

before being injected in the VICE vessel. The pre-

conditioning vessel and its associated tools is to be

completed at the end of 2001.

The Sub-critical core

As already mentioned above due to the objective of

obtaining a fast spectrum core and the criterion that

no revolutionary options were to be considered, we

started the neutronic design of the sub-critical core

based on MOX fast reactor fuel technology. As we
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wanted to limit the technological development to the

choice of cladding material being compatible with
Pb-Bi, the initial request was to limit the Pu enrich-

ment to maximum 30% in weight and the maximum
linear power to 500 W/cm. With the low proton ener-

gy chosen (350 MeV), leading to a spallation neutron

source length of ca 13 cm (penetration depth of pro-

tons), it was also decided to limit the core height to

60 cm. This height is compatible with the purpose of

MYRRHA to be an irradiation facility for technolog-
ical developments. The fuel assembly design had to

be adapted to the Pb-Bi coolant characteristics espe-
cially for its higher density as compared to Na. A first

core configuration with typical SuperPhenix hexago-

nal fuel assembly (122 mm plate-to-plate with 127

fuel pins per assembly) with a modified cell pitch to
answer the requested performances has been con-

ceived. Nevertheless, this configuration is subject to

the large radial burn-up and mechanical deformation
stress gradients that will make fuel assemblies re-
shuffling difficult or even impossible. Therefore, we
also consider now in parallel a smaller fuel assembly,
85-mm flat-to-flat, with 61 fuel pins per assembly

allowing a larger flexibility in the core configuration

design. The active core height is kept to 600 mm and

the maximum core radius is 100 cm with 99 hexago-

nal positions. Not all the positions are filled with fuel
assemblies but could contain moderating material

(e.g. ZrH2 pins filling 6 hexagons around a hexago-
nal position that becomes a thermal neutron flux trap

with Olh = -1.1015 n/cm2.s). There are 19 core posi-
tions accessible through the reactor cover and princi-

pally capable of housing thermal flux traps. At these

positions hexagons could also be housing fast neu-

tron spectrum experimental rigs equipped with their

own operating conditions control supplied by servic-
es above the reactor cover. All the other positions can

be housing either fuel assemblies or non-instrument-
ed experimental rigs. About 1/2 of the positions

should be filled with fuel assemblies to achieve a Ks
of 0.95.

It is worth mentioning here one particularity of the

Pb-Bi as a coolant. Indeed, due to its high-density

(10.7 g/cm3), the fuel assemblies will be floating in
this coolant. Therefore, we decided not to plug the

fuel assemblies form above into a supporting plate in
the traditional way but to implant them from beneath

into the top core plate that is fixed to the central sup-

port column and diaphragm separating the cold zone

from the hot zone of the primary circuit of the reac-

tor. The fuel assemblies as well as any non-instru-

mented experimental rig or moderating assembly

will be then manipulated from beneath for its posi-

tioning in the core. By doing so one is easing the

access to the experimental position from the top of
the reactor.

Two interim storages for the used fuel are foreseen
inside the vessel on the side of the core fixed to the

diaphragm. They are dimensioned for housing the

equivalent of two full core loadings ensuring this

way that no time consuming operations must take

place in the out-of-vessel transfer of fuel assemblies
nor is waiting required for the about 100 days of

cool-down. Calculations have shown that in their
intended position and with the amount of foreseen

shielding they will not contribute to the criticality of

the sub-critical core.

The MYRRHA operation cycle will be determined

by the Ks drop as a function of the irradiation time or

core burn-up. Taking into account the power density

distribution in the core, we ran evolution calculations
for the core and we observed the following: an initial

Ks sharp drop of about 1800 pern (Ks: 0.95 -> 0.932)
after 5 days of irradiation time due to the fission
product build-up. After reaching a sort of equilibrium

we observe than a smooth decrease of Ks with a

slope of 5 pcm/day.

Thus the first operational procedure has to deal with

overcoming the initial Ks drop: either by an active
compensation - higher initial Ks that can be com-

pensated by partial coolant voiding as the voiding
coefficient is negative - or by a passive one - condi-

tioning the fuel assemblies thanks to a pre-irradiation
outside the core for a longer period than 5 days. Both

approaches are presently still under consideration.

The targeted operating regime is 3 months of opera-

tions and 1 month for core re-shuffling, loading, and

maintenance. This will lead to Ks drop per cycle of
450 pcm at maximum, as this value is not taking into

account the coupled effect of the linear power drop
during the operation. This will correspond to a mul-

tiplication factor drop from 20 to 18.3 thus about

-9%. Core re-shuffling with bringing the less burned

peripheral fuel assemblies towards the core centre
would allow compensating partially this loss of Ks.

The intermediate cooling time between 2 irradiation
cycles does bring an extra accumulation of absorbing

materials via delayed radioactive decay. The objec-

tive is to maintain the Ks drop within 10% range by

using core reshuffling and partial reloading of fresh

fuel with a total residence time of the fuel in the core

of 3 years i.e. 810 EFPD (equivalent full power day).

This objective looks to be achievable but needs more

investigation.
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Max thermal Flux

Number of fuel pins

Units

MeV

mA

p/s

1017 n/s

MW

W/cm3

W/cm

<J"

c

"o

Large asss.

Cora

small assts.

Cora

Th. Island

ZrH2+B4C

Th. Island

ZrH2+HT9

Th. Island

ZnH2+U

Th. Island

Water IPS

350

5

3.1207E+16

5.28

1.63-

0.94B

0.9592

1.29

24.51

SS.fi

232

475

0.83

1.14

2286

5.65

1.76

0.95

0.»556

1.13

22.52

40.01

88.®

40. i

219

431

0.65

0.90

274S

|

5.5O

1.72

0.9S65

22.99

39.91

3S.7

39.9

141

380

287

0.34

4270

5.40

1.69

0.9411

16.97

28. OB

S7.S

ss.s
136

327

462

0.49

Sill

5.50

1.72

0.9510

20.42

36.24

ss.s
ss.s
199

363

382

0.7S

274S

5.53

1.73

0.9469

18.85

32.20

ss.s
SS.fS

156

3S7

591

0.55

0.73

1.10

3111

;(*) DORT calculations have been normalized to 1.24 10 n/s, the low-energy neutron source recorded over a partial volume of the spallation

thick target whereas 1.65 10 n/s is total source over the full volume.
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Both present designs of MYRRHA (large fuel

assembly and small fuel assembly) are delivering the
expected performances in terms of fast and thermal

fluxes, linear power in the core and total power. The

table below is summarising the main parameters of

both configurations of MYRRHA including various

thermal islands in the small fuel assembly configura-
tion.

Engineering and Safety Studies
for MYRRHA

When considering the liquid metal cooled sub-criti-
cal reactor two designs were possible: the loop and

the pool options. The loop option has been discarded

due to: the very high vessel exposure and thus the

radiation damage it would undergo, the risk of

LOCA (Loss Of Coolant Accident) and LOFA (Loss
Of Flow Accident) and the difficulty of the inter-link-

ing of the spallation target loop with the primary
reactor cooling loop. Finally one should mention the

desired flexibility in loading and unloading experi-

mental devices.

The pool design has been favoured because it avoids
the penetration from beneath of the spallation target

circuit into the main vessel and thus enhances the

safety of the design. It allow also having an internal
interim storage easing the fuel handling. The natural

circulation (free convection) for the extraction of the

residual heat removal in case of loss-of-heat-sinks
(LOHS) is certainly easier to achieve, particularly

with the large thermal inertia that is also an argument

in favour of this design. With the addition of a grav-
ity-fed emergency heat exchanger the free convec-
tion can be ensured practically indefinitely, even for

complete loss of power.

R&D suOpport network around
MYRRHA

Beside the various R&D activities mentioned above

or in different chapters of the SCK'CEN scientific
report, we would like to mention particularly a dedi-

cated R&D support programme launched in 2001 in

collaboration with the Ultrasonic Institute of the

Kaunas University of Technology (UI-KUT,
Lithuania). In this programme we are aiming at
developing ultrasonic (US) visualisation system

making use of sensor able to operate under LM at

high temperatures (~400°C) and under high radioac-
tive environment. Such a development is a pre-requi-

site for increasing the operability of a LM based sub-
critical reactor. The programme consists in the first
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phase to develop PZT and LiNb03 US sensors at UI-

KUT and therefore to demonstrate their radiation

resistance at SCK«CEN. For an intended second

phase the development of Quasi-image forming sys-

tems using the above elements is considered.

This collaboration is one among the various ones

making part of the large R&D support program net-

work that has been erected around MYRRHA either

via bilateral collaboration with: IBA, NRG, UCL,

ENEA, IPUL, FZK, FZR, UI-KUT, CEA, PSI, NRC,

IPPE, OKBM, BN, ATL, SDMS or other institutions,

industries and research centres through the FP5 proj-

ects: PDS-XADS, SPIRE, TECLA, ASCHLIM,

MEGAPIE-TEST, MUSE, FUTURE, ADOPT.

Perspectives

In 2002, we intend to subject the MYRRHA pre-

design to a technical assessment by an international

panel of experts in the field of research facilities. The

cyclotron design is to undergo a similar review. The

outcome of this evaluation will be part of the input

information to the SCK-CEN management and

Board in order to take decisions for the further steps

of the development of the MYRRHA project namely

the detailed engineering design phase.
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POL GUBEL

INTRODUCTION

The BR2 reactor is still SCK-CEN's most important
nuclear facility. After an extensive refurbishment of
22 months to compensate for the ageing of the instal-
lation, to enhance the reliability of operation and to
comply with modern safety standards, it was restart-

ed in April 1997.

Routine maintenance activities and inspections guar-
antee the continued safe and reliable operation of the
facility and provide the basis for a secure long-term

future.

The annual operating regime is still restricted to 5
standard cycles of 21 days at power. This rather low
utilisation of such a large facility is necessarily

imposed by budgetary constraints. Nevertheless, we
promote an extended operating availability by offer-

ing well-adapted services for internal and external
scientific users and by developing new capabilities
for commercial productions. In March 2001, the
Board of Directors confirmed that the present operat-
ing regime would continue with the same budgetary
constraints at least until 2006. However the possi-
bility of a 6"' cycle was left open as an option subject
to obtaining the necessary scientific and economic
justification.

As before, we used extensively the CALLISTO loop,
which is a high temperature, high pressure water
loop in BR2, to simulate PWR conditions for various
programmes involving LWR (Light Water Reactors),
pressure vessel materials, IASCC (Irradiation
Assisted Stress Corrosion Cracking) of LWR struc-
tural materials, fusion reactor materials and marten-
sitic steels for use in ADS (Accelerator Driven
System). We also started short irradiations for fusion

materials in support of modelling work by Ris0 sci-
entists. This first collaboration will be continued in
2002 and followed by the design and development of
a new irradiation rig for the dynamic testing of mate-

rials.

We still focussed the development of our new irradi-
ation devices on emerging needs. Most of this work
concerned multipurpose reusable rigs for materials
irradiation under high fast neutron fluxes, a dedicat-
ed irradiation rig for the qualification of advanced

MTR (Materials Testing Reactor) fuels, the detailed
study of a new irradiation basket with instrumented
LWR-advanced fuel pins to be loaded in one in pile
section of CALLISTO and the concept study of a
new capsule for irradiation of materials in a lead-bis-
muth environment.

An internal R&D programme currently aims at
improving the BR2 utilisation. This is focussed on
the improvement of the online in-core instrumenta-
tion (i.e. self powered neutron detectors, fission
chambers, gamma thermometers integrated in the
DOLMEN and FICTIONS irradiation rigs), data
acquisition (system BIDASSE for BR2 nuclear and
process data and for instrumented experiments), and
the development of adapted neutronic computer
models.

BR2's commercial programmes are of prime impor-
tance because they help to finance the reactor. The
income from radioisotopes increased in 2001 by 33%
with the recent expansion in capacity for "Mo pro-
duction and the extended production of radioisotopes
with high added value. We are expecting our market
share to continue to grow in the future. A strategic
alliance with a main competitor is now being imple-
mented and this will certainly consolidate the posi-
tion of BR2. 2001 was again a great year for the pro-
duction of NTD-silicon in BR2. After years of stag-
nation since 1997, the market exploded in 2000 and
the results for 2001 increased by nearly 55%. In
close collaboration with CEA, all potential cus-
tomers were approached and long term contracts
were signed. We made adequate resources available
which now enables the SIDONIE (Silicon Doping by
Neutron Irradiation) facility to return to its maximum
production capacity. We also started a new project to
evaluate the expansion of silicon production capaci-
ty with enhanced characteristics.

In December 2001, BR2 successfully obtained QA
certification for ISO 9002 for its radioisotope pro-
duction and silicon irradiation commercial activities.
This will enable BR2 to continue providing these
services as a major international supplier whilst con-

fidently meeting the ever increasing demand for
thighter process controls.
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Reactor Operation

Operation journal

The reactor was operated in 2001 for a total of 123
days at a mean power of 59 MW in order to satisfy

the irradiation conditions of the internal and external

programmes using mainly the CALLISTO PWR
loop.

The availability of the installation reached an accept-
able level of 96,25% during operation (97,30%

averaged over the last 4 years). The continuous oper-
ation of the reactor was only affected three times.
The first of these was due to equipment failure which

initiated the fail-safe operation of the reactor control

rods followed by a reactor-scram due to a low pres-
sure in the reactor primary cooling circuit. The sec-

ond was due to an operational decision to unload the

CORONA experiment from one of the in-pile sec-

tions of the CALLISTO loop and, thirdly, an extra-

neous perturbation on the external electrical distribu-
tion network prompted a scram and a reactor poison-

out one day before the programmed shutdown.

We effectively transferred the management and oper-

ation of the CALLISTO loop to BR2's Operation
Section. A member of BR2's staff is dedicated to co-

ordinating the Maintenance Group and the Reactor

Experiments Department to help with this work.

Also in 2001, all reactor operators followed a three-

day refresher course on CALLISTO.

An ageing population of staff will again be a critical

factor in the coming years. At the end of 2001, we

started the procedure to recruit 6 new reactor opera-
tors, two engineers and a technical assistant.

In 2001, we started and finalised the first quinquen-

nial safety re-evaluation after the extensive 1995-

1997 refurbishment of the installation. The main
points concerned a reissue of the Safety Analysis

Report, the refinement of technical specifications,
the execution of the actions remaining after refur-

bishment and the implementation of the recommen-

dations and suggestions made during the INSARR
(INtegrated Safety Assessment for Research

Reactors) that was conducted in 1999.

Fuel Cycle

The mean consumption of fresh fuel elements was

5.26 per 1000 MWd in 2001. This figure is compara-

ble to those obtained in previous years. Due to the
larger number of operating days the global consump-

tion of fresh fuel elements was however higher in

2001.

Standard UAlx 93% 235U fuel elements are still used

and will continue to be fabricated from available feed
stocks until the new LEU (Low Enriched Uranium)

UMo high density fuels have been completely quali-
fied for use in BR2.

Three shipments of 68 spent elements each were

transported to La Hague for reprocessing with the

new TN-MTR cask. At the end of 2001, a total of 646

fuel elements will have been transferred under the

contract signed with COGEMA. Four shipments of
68 fuel elements each are planned for 2002.

Refurbishmen t

Phase 5 of the refurbishment programme was contin-

ued:

m the recuperation of effluents from the monitoring

system: we installed a new system to collect the
effluents from the primary coolant radiation mon-

itors for re-injection into the primary loop; this

produces an important saving of waste water;

B mitigation of consequences of an earthquake: we

designed the reinforcement of the ventilation

pipe-bridge with additional I-beams (installation
is foreseen early 2002);

® automatic regeneration of the Pool Ion

Exchangers: we continued the study for automat-
ing the regeneration process using a PLC

(Programme Logical Controller).

Maintenance

The complete maintenance (preventive, adaptive and

corrective) of the irradiation device CALLISTO is
now organised and executed by the Technical

Services of BR2. Further,

s we modified the system for rinsing the primary

filters which is now equipped with interlock

devices to guarantee a safe operation; we also

installed a new synoptic panel;

a we started a study of the emergency diesel groups
to guarantee a safe and reliable operation for the

next ten years; we will procure the necessary

spare parts and plan the modernisation of the
electric cabinets;

a we renewed and upgraded a hoisting device in the

BR2 "hot-cell".

Scientific staff
THIERRY AOUST,

ANDRE BEECKMANS DE

WEST-MEERBEECK,

WILLY BEETS,

PHILIPPE BENOIT,

GILBERT BERGMANS,

HENRY BLOWFIELD,

GUIDO Bossi,

SIMON CLAES,

WILLY CLAES,

JOZEF COOLS,

JEAN-MARIE CORBISIER,

WILLY CORTHOUTS,

BERNARD COUPE,

Luc DE LAET,

CHARLES DE RAEDT,

STEFAN DECLERCQ,

CAMIEL DECLOEDT,

JEAN DEKEYSER,

JAN DIERCKX,

LUDO EYSERMANS,

FREDDY GEENEN,

EDUARD GEYSEN,

PHILIPPE GOUAT,

POL GUBEL,

PATRICE JACQUET,

FRANK JOPPEN,

EDGAR KOONEN,

VADIM KOUZMINOV,

RICHARD LIESENBORGS,

FERNAND MALLANTS,

STEVEN MELLEMANS,

FRANK MERTENS,

MARCEL NOEL,

HANS OOMS,

TEMENOUCA PETROVA,

BERNARD PONSARD,

YVAN POULEUR,

FELIX PUT,

FILIP RAMAEKERS,

FRANS SCHELLES,

BART SMOLDERS,

ROGER STYNEN,

JEF VALENBERGHS,

JAN VAN DER AUWERA,

KAREL VAN EYNDHOVEN,

MARC VAN HOOF,

MARCEL VAN HOOLST,

CONSTANT VAN IERSCHOT,

DIRK VANLEEUW,

WALTER VENNEKENS,

BERNARD VERBOOMEN,

LUDO VERMEEREN,

ALFONS VERWIMP,

MARCEL WEBER,

STEFAN WIRIX

BR2 149



Supporting staff
WALTER AARTS,

ARMAND AERTS,

MONIQUE ALEN,

WILLY ANDRIES,

DAVID BASTJAENSEN,

TOM BERGHMANS,

FII.IP BORGERS,

GEERT BROECKX,

KRIS BRUNS,

LEO CAEYERS,

WERNER CAUWENBERGHS,

GERT COOLS,

SlTA CORNELISSEN,

FERDI DAEMEN,

Louis DE JONGE,

CHRIS DE WANDELEER,

LUDO DEKIEN,

WILLY DIERCKX,

Luc DROOGHMANS,

EDMOND ESSERS,

EUGEEN ESSERS,

JOHAN FRANSEN,

ANDRE" GASTMANS,

PATRIK GEBOERS,

PETER GERINCKX,

FREDDY GEVERS,

HEKTOR GEVERS,

GERARD GROENEN,

STEFAN HUYSMANS,

VALERE JACOBS,

DIRK JANSEN,

ERIC JENNEN,

GUDRUN JOYEUX,

GUIDO LlEVENS,

RUDY LINDEN,

HERMAN LODEWYCKX,

STEPHAN LODEWYCKX,

HENRI MEEUS,

WIM MINNEN,

BERT MOONS,

DlDIER MORTIERS,

VICTOR OEYEN,

LUC OVERATH,

FRANCOIS POORTERS,

ALOIS RENDERS,

PATRICK SMEYERS,

RICHARD STAFFERS,

KAMIEL SWINNEN,

KRIS THYS,

GUIDO VAN CLEMEN,

BART VAN DE VENNE,

GODEFRIDUS VAN DlEPENBEEK,

GERARD VAN ESCH,

JAN VAN COMPEL,

DIRK VAN GESTEL,

HENDRIK VAN GESTEL,

ALOIS VAN HOOLST,

HERMAN VAN HOUDT,

STEVEN VAN LOVEN,

Luc VAN ROY,

Production of radioisotopes

Radioisotopes are produced in BR2 for various
applications in the nuclear medicine (diagnostic,
therapy, palliation of metastatic bone pain), industry
(radiography of welds, ...), agriculture (radiotracers,
...) and basic research. Due to the availability of high
neutron fluxes (thermal neutron flux up to 1015

n/cm2.s), the reactor is considered as a major facility
through its contribution to a continuous supply of
various products.

Since BR2 was restarted after refurbishment in 1995-
1997, the income from radioisotopes has increased
considerably as shown by the relative units in the fig-
ure below.

The loading of an additional PRF irradiation device
in the reactor in 2000 enhanced the position of BR2
in the European market for the production of
"Mo (T]/2=66 h ), which is also a major isotope pro-
duced in the BR2 for the manufacture of "Mo/99mTc
(Tl/2=6 h) generators. Five irradiation devices are
available in reflector channels, providing a total
capacity for the simultaneous irradiation of 36 high
enriched 235U targets, i.e. 108 targets per reactor
cycle.

A successful collaboration has been established with
the Oak Ridge National Laboratory to supply 188W
(T,/2=69.4 d) during the refurbishment of the HFIR
reactor in 2000-2001. The high enriched I86W targets
were irradiated in the central channel of the BR2
reactor and shipped to ORNL for processing and
manufacture of 188W/188Re generators. Furthermore,
negotiations with various partners are ongoing in
order to start a very promising research project relat-
ed to 188Re (T1/2=16.9 h) and its applications. This

will include the enrichment of natural W in I86W, the
target irradiation and the production of an optimal
generator for the users.

Production of NTD-Silicon

BR2 is ideally suited to the volume production of
Neutron Transmutation Doped (NTD) silicon for the
semiconductor industry. This is carried out in a ded-
icated facility called SIDONIE (Silicon Doping by
Neutron Irradiation Experiment). SIDONIE is locat-
ed within BR2's beryllium reflector and is designed
to continuously rotate and traverse the silicon
through its neutron flux. The speed at which the sil-
icon is traversed through the reactor is computer con-
trolled to ensure that the correct neutron dose is
received. The effect of continuously rotating and
traversing the silicon produces exceptional dopant
homogeneity. SIDONIE can accommodate batches
of silicon measuring 4-inch and 5-inches (max.) in
diameter by up to 750 mm in length. For n-type sil-
icon, the average axial and radial resistivity variation
can be controlled within about 3% whilst the resis-
tivities produced are normally within ± 5 % of the
specified (target) value.

The first phase of a programme to maintain the reli-
ability of this device was implemented in 2001. This
consisted of successfully upgrading the instrumenta-
tion that interfaces with the systems computer con-
troller. The second phase of renewing the computer
with state-of-the-art software and technology is
scheduled for completion in March 2002.

In association with CEA, BR2 has established long-
term agreements with the world's principal suppliers
for NTD-silicon and this has provided the framework

Evolution of the Incomes from the
Radioisotope Productions in BR2
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for generating an increase in revenue of almost 55%
above the income that was produced by the business
in 2000.

In 2001, a study was began to identify the technical
feasibility of a new scheme to increase BR2's NTD-
silicon capability by more than 100% whilst also tak-
ing into account the industries increasing demand for
6-inch irradiation capacity.

Reactor BR2: R&D programme

Objectives

The aim of this programme is the ongoing improve-
ment in the utilisation of BR2: the refined determi-
nation of the irradiation conditions, the development

of new irradiation devices and the improvement of
the in-core instrumentation and data acquisition sys-
tems.

irradiation samples, fission activity in the irradiated
fuel elements. These comparisons are in progress.

This Monte Carlo model has already been used for
the following purposes:

M prediction of the BR2 power needed to fulfil the
requested irradiation conditions of the individual
fuel pins of the BACCHANAL program;

88 optimisation calculations for the design of a pro-
posed additional irradiation facility for Si doping,
which should be located in the BR2 reactor pool;

a detailed 3D irradiation conditions and power dis-
tributions in the fuel plates, which have been irra-
diated in the FUTURE MTR irradiation device;

n evaluation of the irradiation conditions in a new
arrangement of fissile targets for "Mo production
in a newly proposed PRF irradiation device.
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Achievements

Reactor physics

This year's work was concentrated on the develop-
ment of a three-dimensional full-scale model of the
BR2 reactor for simulation and prediction of irradia-
tion conditions for various experiments.

This newly developed reactor model consists of a

full-scale three-dimensional description of the reac-
tor core and of channels loaded by different irradia-
tion devices. All reactor channels have a real orienta-
tion with their respective angles of inclination.
Simulation of inclined orientation of channels may
be important for irradiation experiments where the
irradiation samples are located in the axial periphery
of the core (not in the core mid-plane). This is
because of the presence of triangular water gaps
between the beryllium channels and additionally the
angular shifting of neighbouring channels relative
each other. The model includes a precise description
of the fuel elements, control rods, regulation rods and
all BR2 irradiation devicesMonte Carlo simulation
of each irradiation cycle is performed by the MCNP-
4C computer code taking into account the actual
loading of the fuel elements with their respective
burn-up and the positions of the control rods. The
effect of beryllium poisoning is also taken into
account.

Verification of the Monte Carlo model will be based
on comparisons of calculated and measured axial
distributions of thermal neutron fluxes in the various
reactor channels, thermal and fast neutron fluxes in

MTR fuel qualification - the FUTURE irradia-
tion device

In order to enhance our capabilities in the field of
MTR fuel testing and qualification, we designed in
2000 a dedicated irradiation device. The objective is
to provide BR2 with a reusable device for the irradi-
ation of fuel plates under representative conditions,
that is geometry, neutron spectrum, heat flux and
thermal-hydraulic conditions.

We built in 2001 the FUTURE-MTR device (FUel
Test Utility for REsearch reactors) allowing the irra-
diation of up to 3 fuel plates. A fuel plate may be
replaced by a dummy plate or a plate carrying
dosimeters (in addition to the 4 dosimeter-carrying
rods foreseen in the periphery of the device).

We performed a qualification irradiation campaign
using 2 standard UAlx-Al plates with HEU. The
objectives of this program are:

K qualification of the irradiation device including
the thermal-hydraulic conditions and the fuel
plates unloading and reloading after an irradiation

cycle;

K qualification of the methods to determine the irra-
diation conditions of the fuel plates to be tested
with the FUTURE device.

We performed the detailed neutronic calculations to

predict the irradiation conditions (several codes have
been used) and will check the outcome against the
results of the evaluation of the dosimeters and the

post-irradiation burn-up measurements as soon as the
experimental results become available.
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Development of in-pile instrumentation

The aim of this program is to select and/or develop
the most suitable sensors for physical, nuclear and
electrochemical measurements in specific in-pile
conditions. Our approach consists in a detailed mod-
elling of all physical processes relevant to the sensor
operation, combined with experimental irradiation

campaigns.

During 2001, we irradiated the DOLMEN experi-

mental device, containing several types of SPNDs
(Self-Powered Neutron Detectors) and gamma ther-
mometers, in 4 different BR2 channels with various
total neutron and gamma fluxes and various spectra.
The recorded detector data, combined with neutron
flux data from activation dosimetry, led to a valida-
tion of the global SPND sensitivity calculations
using a Monte Carlo model and also provided evi-
dence for the validity of detailed spatial neutron flux
distributions of the BR2 core, also from Monte Carlo
calculations. From data recorded after fast move-
ments of DOLMEN, we extracted several detector
current contributions with distinct time constants; all
contributions turned out to be in perfect agreement
with detailed model calculations taking into account
the underlying physical processes.

For the testing of sub-miniature fission chambers we
initiated the FICTIONS program (collaboration with
CEA-Cadarache). We built an experimental rig with
4 fission chambers, 2 SPND's, a gamma thermome-
ter and activation dosimeters and irradiated it in three
BR2 channels. We found a good agreement between
the thermal neutron fluxes deduced from the
SPND's, the fission chambers and the activation
dosimeters, which again confirms the validity of the
sensitivity calculations and of the detailed neutronic
calculations. The saturation behaviour of the fission
chamber signal as a function of the applied polarisa-
tion voltage was investigated, as well as the influ-
ence of the gas pressure inside the fission chamber
and the contributions of gamma induced currents and
currents induced in the signal cable. FICTIONS was
irradiated up to 2«1021 n/cm2; the sensitivity evolved
according to the predictions and the saturation
behaviour remained remarkably constant.

For several applications (irradiation damage of mate-
rials, research in the framework of ADS systems), the
fast neutron flux is a much more relevant parameter
than the thermal neutron flux. Therefore we started
investigating the feasibility of using especially
designed sub-miniature fission chambers or SPND's
for on-line in-pile fast neutron flux detection. On the
fission chamber option, we are setting up a collabo-

ration with CEA-Cadarache; on the other hand, we
are extensively investigating candidate emitter mate-
rials and geometries of SPND's for maximising the
fast flux sensitivity.

Development of data acquisition systems

We further upgraded the BR2 integrated data acqui-
sition system for survey and experiments
(BIDASSE). The system allows us to follow all oper-
ation parameters of the reactor and is also used for
experiments. The BIDASSE system has its own fully
independent network, which is running with Novell
Netware and has its own dedicated server (the
BIDASSE server). One PC is used to make a bridge
between the BIBASSE network and the SCK«CEN
network. This PC sends every second a copy of
updated information to a server on the SCK'CEN
network. In this way this network is only seen by
BIDASSE as one user.

In 2001 we connected new experiments to the
BIDASSE system, in particular the FICTIONS and

COFUMA experiments and the CALOR measuring
devices.

This year's novelty is that BIDASSE allows for
direct command/control on experiments; it can there-
fore be used as an active system by an authorised
operator to trigger non-safety related actions. In the
near future these new functionalities will be used to
control the CALOR measuring devices for local ther-
mal neutron flux measurements in the BR2 core.

Scientific irradiations programmes

Objectives

The principal mission of the Department Reactor
Experiments is to successfully achieve the practical
realisation of scientific irradiation experiments in
BR2 on behalf of its clients.

This work is mainly undertaken for external cus-
tomers and/or R&D projects that are sponsored by
SCK«CEN. We also provide technical support to pro-
duce irradiation devices for commercial productions.

Our Department is specialised in the design, engi-
neering, construction, instrumentation and operation
of dedicated irradiation facilities. In these facilities
experiments are currently undertaken for testing
LWR fuels, LWR materials, fusion-reactor materials,
ADS materials, special-purpose targets and even
safety oriented tests.
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Achievements

Experiments performed in CALLISTO PWR
loop

The CALLISTO facility provides a purpose-made

environment for the irradiation of LWR fuel and/or
materials under realistic PWR conditions (flowing
coolant water, 155 bar, 300°C, PWR water chem-
istry). Appropriate irradiation conditions are also
offered for different fusion reactor materials. The
loop comprises three in-pile sections in the BR2
reactor, occupying different channels with distinct
neutron flux characteristics.

In 2001 we operated the loop for the following irra-
diation programmes.

1. The BACCHANAL programme consists of
increasing the burn-up of nine MOX fuel rods
that had been pre-irradiated in BR3. This was
carried out in the in-pile section IPS 1 of CAL-
LISTO, where the rods were irradiated during the
first three BR2 cycles in 2001; each rod accumu-

lated about 3000 MWd/t.

The BACCHANAL programme will continue in
2002. It will also support the qualification of
CALLISTO loop for the OMICO and THOMOX

projects.

2. In the framework of IASCC of LWR materials we
continued the CORONA irradiation in IPS 2 of
CALLISTO. The aim is to study on-line crack

initiation in pressurised tube specimens. After
reaching a fast neutron fluence of 7.8 1020 n.cnr2,
we moved the experimental rig to IPS 3 for anoth-
er 4 irradiation cycles where the neutron flux is
about 3 times lower. Although the tube specimens
were further pressurised to 680 bar during the last
irradiation cycle 05/2001, they did not fail.

3. After the successful completion of the IRFUMAI
(IRradiation of FUsion MAterials) experiment,
we continued with the IRFUMA II project.

Conducted at a temperature of 300°C, the speci-
mens of IRFUMA II were irradiated in CALLIS-
TO IPS 2 during 4 BR2 cycles in 2001. The neu-
tron dose was more than 1.1 dpa in the specimens
located on the reactor mid-plane. The experi-
mental loading consisted of 38 Charpy specimens
and 50 tensile specimens made of chromium
alloys (denominated DUCROPUR and
DUCROLLOY) and of RAFM steel with denom-
ination EUROFER97. Due to the presence of the
REVE specimens at the hot plane, we assembled
these Charpy and tensile specimens to form 2
bundles of each 8 rod-like positions above and
below the hot-plane.

Part of the IRFUMA II specimens will continue their
irradiation together with additional samples during
the year 2002 in a new project, called IRFUMA III.
The expected final dose after the latter campaign
should lie in the range of 2 to 2.5 dpa (iron).

4. The REVE (REacteur Virtue! d'Etude) project is
an international effort aiming at developing com-
putational tools, based on well grounded tech-
niques such as Molecular Dynamics, Monte
Carlo methods, Dislocation Dynamics methods,
and so on, capable of predicting the behaviour of
materials (in particular LWR pressure vessel
steel) under irradiation. The materials irradiated
within the REVE experimental programme are
essentially (except one case) model alloys. Not
less than 2000 mini specimens from 10 different
materials were loaded. Moreover, we succeeded
in encapsulating these specimens, avoiding them
to react with the CALLISTO coolant, but keeping
a close control of their irradiation temperature

(300°C). Taking advantage of the flexibility of
BR2 and of the CALLISTO facility we overcame
the challenge of reaching material damages of
0.2, 0.1, 0.05 and 0.025 dpa with fast neutron

fluxes of 1.10'4n.cnr2.s-' and3.1012n.cnr2.s-' dur-
ing short reactor cycles in 2001, specially dedi-

Detail of the REVE & IRFUMA II experimental devices
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cated for this purpose. The post-irradiation char-
acterisation will range from atom-probe examina-
tions to tensile tests and will allow the study of
the modifications induced by radiation in the dif-
ferent materials on microscopic, macroscopic and
intermediate scales.

5. In contrast to the REVE project, where most of
the specimen materials are model alloys with
trace elements of well-controlled chemistry, the
RADAMO project (RAdiation DAmage
Modelling) addressed "real" pressure vessel
steels selected for their nature (plate versus weld),
chemical composition (mainly %Cu, %Ni and
%P) and their origin (US, J, F, D and B). Hence,
we tested a broad variety of steels used for RPV
fabrication.

All the irradiations performed to date with these
materials deal with high neutron exposures, usu-
ally between 3.1019 and 7.1019 n.cnv2 (E> MeV),
i.e. 0.05 to 0.1 dpa. However, irradiation effects
are known to saturate in this range of fluences and
large effects are observed in the range below
1.10" n.cnr2. In addition, some damage mecha-
nisms are operative only above some incubation
fluence.

Therefore, we irradiated 4 x 8 (material types) x 7
(fluences) = 224 small tensile specimens (D=2.4
mm; L=24 mm) in IPS 2 and IPS 1 of CALLIS-
TO to reach 0.003,0.005,0.008,0.01,0.025,0.05
and 0.1 dpa damages in the material. These irra-
diations were combined with the REVE and
IRFUMAII campaigns in 2001.

Experiments performed in dedicated facilities

SMIRNOFII project

A dedicated rig has been built and put into operation
for the irradiation testing of optical fibres. This
experiment provides quantitative data on the behav-
iour of optical fibres for diagnostics in fusion reac-
tors in a mixed spectrum of neutron and gamma rays.
The fibres have been irradiated in a fast neutron flux
of 3.2 1013 n.cnrV (E>0.1 MeV) and a gamma heat-
ing of 1.5 W.g-'. The temperature can be adjusted
between 150°C and 290°C by regulating the flow
rate of the cooling gas (air). Experimental results
are commented on under Reactor Safety -
Instrumentation.

CORSAIR 50 project

The purpose of CORSAIR 50 project (CQpper, Rafm
and alloys SAniples IRradiation) is to investigate the

effect of neutron irradiation on copper and RAFM
specimens at the temperature of 50°C, in the frame-
work of fusion reactor development. Our partner,
Ris0 National Laboratory (Denmark), supplies the
specimens (tensile, fatigue and fracture toughness)
loaded in aluminium capsules. These capsules are
hermetically closed and filled with helium. Then
they are mounted inside seven different open bas-
kets, each loaded into a different standard channel of
BR2. These baskets are simple rigs, allowing the
specimen capsules to be directly cooled by the reac-
tor primary water (at about 40°C).The required dam-
age dose accumulation rate at the mid-plane of a bas-
ket is about 0.1 dpa per BR2 cycle. In order to
achieve the target dose of 0.3 dpa we irradiated dur-
ing three reactor cycles in 2001.

Capsule of CORSAIR

Experiments under preparation & develop-
ment of irradiation rigs

GERONIMO project

Within the framework of the international fuel pro-
gramme GERONIMO, we continued the preparatory
work for the transient irradiation of BWR MOX fuel
segments. Three such segments will be subject to
power-transient testing in BR2 during 2002.
Therefore, refurbishment of the dedicated facility
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PWC/CCD has continued in 2001. A new control-

command rack was built and new instrumentation

lines between in-pile and out-of-pile equipment are
under construction. Some gas circuits will also be

renewed.

OMICO (THOMOX) project

Launched this year, the OMICO (Oxide fuels,

MIcrostructure and Composition variations) project

is devoted to the study of a series of advanced
nuclear fuels, all ceramic oxides: (Th, Pu)O2,

(U,Pu)O2 and UO2. In fact the extended programme,

comprising 16 fuel segments, was first defined under

the so-called THOMOX (THOrium MOX) project.

Part of this programme has now become the OMICO
project, with support of the 5lh European Framework

Programme.

We completed the design of the instrumented fuel

rods, each equipped with a pressure transducer of
LVDT type (Linear Variable Differential

Transformer) to follow the fission gas release and

with a high-temperature thermocouple to monitor the

fuel central temperature. We also started the design
of the in-pile section to be loaded in the CALLISTO

facility: the upper part of the fuel basket contains the

eight instrumented segments, while in the lower part
there are eight segments that we can unload and
reload for intermediate non-destructive examina-

tions.

Fuel rods, instrumentation and rig components will

be manufactured in 2002, so that the first two-year
irradiation campaign can start at the end of 2002.

CALLISTO loop water at PWR conditions (300°C,
150 bar).

The required damage dose accumulation rate is about

0.1 dpa per BR2 cycle. To achieve the target dose of

0.3 dpa, three cycles are thus needed. First irradia-

tion started in cycle 5/2001.

SPIRE project

Different steel alloys are candidate materials for
future Accelerator Driven System (ADS) core inter-

nal structures, spallation module and spallation target
window. The purpose of the SPIRE project is to irra-

diate such steel samples (tensile and mini Charpy)

under a fast neutron flux at 200°C in order to inves-

tigate the effect of irradiation damage on their
mechanical behaviour.

In 2001 we built most of the MISTRAL facility

(Multipurpose Irradiation System for Testing of

Reactor ALloys), which is designed to irradiate
metallic specimens in pressurised stagnant water in

the temperature range of 150-350°C. The in-pile rigs

are loaded inside BR2 fuel elements so as to obtain a
damage dose of 0.5 dpa per reactor cycle at the hot-

plane level. The facility comprises two instrumented

and temperature regulated in-pile sections and asso-
ciated out-of-pile control equipment. Both in-pile

sections will be used for the SPIRE project at the

operating temperature of 200°C. To reach the
required damage doses of 3 and 6 dpa, these irradia-

tions will take about 1 and 2 years respectively. The

start of the first irradiation is foreseen in April 2002.

CORSAIR 300 project

The purpose of CORSAIR 300 project is to investi-

gate the effect of neutron irradiation on copper and

RAFM specimens at the temperature of 300°C, in the
framework of fusion reactor development.

Our partner, Ris0 National Laboratory (Denmark),

supplies the same type of specimens (tensile, fatigue
and fracture toughness) as those for the experiment

CORSAIR 50. The specimens are precisely fitted in
aluminium matrices, which are slid into stainless

tubes (outer diameter 10 mm). These tubes are her-

metically sealed and filled with helium. They are

then loaded in a shroud tube of a CALLISTO in-pile-

section, in the same way as originally used for load-
ing a bundle of nine fuel rods. Therefore the tubes,

carrying the specimens, are directly cooled by the

TECLA project

The influence of irradiation on the corrosion of ADS

structural materials in Lead Bismuth Eutectic (LBE)
liquid metal must be experimentally investigated.

This is the aim of the TECLA project. The materials

to be tested are SS316L, T91 and F82H; these are

candidate materials for future ADS core internal

structures and the spallation module. The irradiation

will be conducted at a representative temperature of
450 ± 50°C. Results hereof will be compared with

corrosion tests on non-irradiated specimens.

In 2001 we devoted much effort to define the appro-

priate operating conditions and the main design fea-

tures of the irradiation device. The in-core part of the

rig consists of a double-wall capsule with a He/Ne

gas mixture between the walls to control the speci-

men temperature. Electrical heating is provided to
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melt the LBE before the start of irradiation. The

specimens are in fact small tubes (dia. 5 mm)

stressed by internal gas pressure as well as tensile

samples. The rig is to be loaded in the central hole

of a standard BR2 fuel element (i.e. with six concen-

tric fuel plates); this offers a large flexibility to find

the correct irradiation position in BR2.

In 2002 we will finalise the detailed design and con-

struct two or three TECLA in-pile sections together

with their associated out-of-pile equipment.
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Abstract

The introduction of fibre-optic links in the civil

nuclear domain requires a good understanding of

their behaviour under radiation, in order to benefit

from their many potentialities. The response of these

photonic components is however dictated by various

parameters, which largely justifies these investiga-

tions. Obtaining a tool for the lifetime prediction of

such a fibre-optic link which would enable predictive

maintenance is hence a major objective for this PhD

work.

Our methodology relies on a modular approach, con-

sisting in a characterization for each individual com-

ponent of their radiation behaviour under applica-

tions' representative test conditions. The predictive

model for the fibre-optic link is then obtained by

serializing these individual transfer functions.

Various components have been studied, including

single and multi mode optical fibres, light emitting

diodes and both edge and vertically emitting laser

diodes (VCSEL), as well as Si and InGaAs photode-

tectors. They where exposed to dose rates ranging

between 100 Gy-lr1 and 25 kGy-h-', with cumulated

doses up to 10 MGy and under temperatures up to

85°C.

We evaluated a pragmatic approach by means of on-

line measurements, which enables us to predict the

evolution of the radiation induced optical losses in

optical fibres during several months, with a relative

difference of 10% to 20%, depending on the fibre

type and the selected wavelength. Among the various

emitters tested, the VCSEL have proven their high

radiation tolerance and stable bahaviour at elevated

temperatures, whereas the detectors have shown to

be the weakest component in a fibre-optic link. Our

long term predictions of the radiation induced optical

losses for an elementary link present an difference of

about 15-20%, which is close to usual dosimetric

errors.
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Abstract

Large territories were contaminated with varying
radionuclides after the accident in the nuclear power
plant in Chernobyl in 1986. Non-edible industrial
crops may provide an alternative for traditional agri-
cultural crops when the activity levels in the food
crops are too high and mechanical or chemical coun-
termeasures are not effective or economically not
feasible. Willow short rotation coppice (SRC) aims
at producing wood in short rotations for heat or elec-
tricity production.

Radiocaesium uptake and cycling in willow SRC
was investigated. Different factors were studied that
influence radiocaesium uptake in the wood. It was
found that differences in radiocaesium uptake
between willow clones were small. The potassium
concentrations in the solution, however, affected to a
large extent the uptake process of radiocaesium in se.
Radiocaesium concentrations in stems of willows
grown hydroponically at 0.05 mM were 11 times
larger than the radiocaesium concentrations of wil-
lows grown at 0.4 mM. Apart from a higher uptake
due to a decreased competition at the root surface,
radiocaesium may be mobilised from the soil miner-
als in conditions of potassium depletion. The radio-
caesium mobilisation depended, however, strongly
on the type of minerals (e.g. trioctahedral vs. diocta-
hedral minerals) and of the potassium supply. It was
shown that the test mineral (phlogopite) weathered
from an external potassium concentration of

0.06 mM downwards and that radiocaesium mobili-
sation increased with an increased weathering of the
mineral.

The radiocaesium concentration in willow wood
(3 years old stems) grown in field conditions on a
loamy soil was 53 times smaller than in willow wood
on a sandy soil, but on both soils the concentration
remained below the exemption limit of 740 Bq kg-'.
A depletion of the potassium concentration in the soil
solution of the sandy soil during the last year of the
cutting cycle resulted, however, in an increased
radiocaesium concentration in the wood. Adequate
potassium fertilisation thus remains important, espe-
cially in poorly buffered soils. Radiocaesium export
with the harvested wood was very small compared to
the total soil inventory (< 0.02 %). The radiocaesium
immobilisation in the wood, accounted for only 21 %
of the maximal net uptake in the shoots over the three
growing seasons. Between 19 and 50 % of the plant
radiocaesium returned to the soil by litter and
throughfall and between 23 and 64 % was retranslo-
cated in autumn to the root system.

The potassium status of the soil also determined to a
large extent the final radiocaesium concentration in
the wood in willow SRC in commercial fields on
radiocaesium contaminated soils in Sweden .
However, the ammonium concentration in the soil
solution and the mineral type were also important to
predict the radiocaesium concentration in the soil
solution and thus the soil-to-wood transfer.
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KATHOLIEKE UNIVERSITEIT

LEUVEN

Faculty
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Date
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Promoter
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Name TOM VANDEN BORRE
Subject EFFICIENT PREVENTION AND COMPENSATION OF CATASTROPHIC RISKS -

THE EXAMPLE OF NUCLEAR ACCIDENTS

University

MAASTRICHT UNIVERSITY

Faculty

LAW

Date

JUNE, 29'", 2001

Promoter
PROF. DR. M.G. FAURE

Abstract

The conclusions of the research indicated several
shortcoming of the current nuclear liability law.

An important problem in nuclear liability law is that
measures that were originally intended to apply only
temporarily, have been introduced in a convention. It
is well known that it is difficult to change such a con-
vention.

The limitation of liability should be abolished since
it is contrary to the basic principles of the economic
analysis. If the total damage of a nuclear incident
exceeds the amount of the operator's limited liability
(and the public funds available), then all negative
external effects are not interna-lised. Part of the cost
of the nuclear risk is thus shifted to the taxpayer; one
can indeed say that the nuclear industry is being sub-
sidised because it must only bear a fraction of the
total damage it causes.

The channelling of liability offers only limited eco-
nomic advantages. Basically the channelling limits
potential problems of concurrence of lawsuits. This
can be regarded as beneficial from an economic
viewpoint because it decreases the administrative
costs. But granting victims the possibility to sue dif-
ferent persons for a given damage offers far greater
economic benefits in terms of prevention and com-
pensation of victims. It is indeed highly questionable
whether the marginal benefits of channelling (limit-
ing the concurrence of lawsuits and thus the admin-
istrative costs) outweigh the economic costs (limita-
tion of lawsuits for victims and lower incentives for
potential injurers).

The nuclear risk will only be uninsurable if the risk
is not foreseeable, if moral hazard and adverse selec-
tion cannot be controlled and if there is no sufficient
capacity on the insurance market. An extremely
important element in the discussion about the insura-
bility of a risk is the information available. In essence
moral hazard and adverse selection are the conse-
quences of information asymmetry. If by adapting

the premiums and the policy conditions, the insurer
does not succeed in giving incentives to the nuclear
operator, this can lead to the uninsurability of the
nuclear risk.

Precisely on this point the organisation of the nuclear
insurance pools can cause severe problems. Due to
the monopoly of the pools, the legislator depends to
a large extent on the declarations of a monopolistic
insurer, making the legislator vulnerable to influenc-
ing. This holds true both on a national and interna-
tional level.

As far as the nuclear insurance pools are concerned,
it is highly questionable whether their monopoly can
still be justified after more than fifty years of experi-
ence. As such not the pools create problems, but
mainly the lack of competition between them. Also
the nuclear operators tend to attack this monopoly
more and more, since they have been looking for
alternatives. This certainly holds true for the
American operators who have established their cap-
tive (NEIL). Also in Europe, the nuclear operators
become more and more interested in similar insur-
ance schemes; it is in this respect that EMANI has
been established. Consequently, risks that were pre-
viously covered by the pools are now covered by
other insurance mechanisms (mainly property dam-

It is also obvious that collective systems of operators
(captives) offer great advantages. From a financial
point of view, it can be tempting because any profit
of the captive will be returned to its owners, being
the nuclear operators. This can even lead to the fact
that the return of profit exceeds the annual contribu-
tion they have to pay. Secondly a captive will also
offer the advantage that all information about the
nuclear risk is centralised. One can easily argue that
the operators can best assess the risks they represent;
if therefore several operators organise their own
insurance system, more knowledge will become
available at low cost.

160 Appendix



Name PAUL BORGERMANS
Subject SPECTRAL AND KINETIC ANALYSIS OF RADIATION INDUCED OPTICAL ATTENUATION IN SILICA:

TOWARDS INTRINSIC FIBRE OPTIC DOSIMETRY?

Abstract

Within the framework of optical fibres and sensors in
nuclear and space applications, this PhD work aims
at a detailed investigation of the behaviour of optical
fibres in radiation fields such as is the case for vari-
ous nuclear and space applications. The core of the
work consists of spectral and kinetic analysis of the
radiation induced optical attenuation. Models have
been developed, taking into account the known
underlying physical phenomena, both for the spectral
and time dimensions. As a complementary goal, the
potential of silica optical fibre waveguides for intrin-
sic dosimetry is assessed by employing specific
properties of radiation induced defects in the silica
waveguide material.

Several types of fibres have been the subject of vari-
ous irradiation campaigns in the SCK_CBN facilities
to study their kinetic and spectral behaviour with
respect to the radiation induced attenuation. The
experiments conducted in the framework of this
work are by no means complete for a universal set of
models and for all parameters to their possible
extent.

Care has been taken, however, to reach a high level
of quality for the data-sets produced, and where
every possible systematic error is eliminated. Most
of the experiments took considerable time to prepare,
to conduct and to analyse in a post-processing
scheme before undertaking physical interpretation or
modelling. The resulting spectral and kinetic data
covers therefore a particular domain of the hyper-
space of all possible variations in fundamental
parameters like radiation type, dose-rate and temper-
ature regime. The systematic and pragmatic
approaches followed in analysing and modelling the
experimental data, however, are showing the way for
more in future research.

The simultaneous kinetic and spectral analysis also
allowed for a new dimension in the significance of
modelling results: the spectral deconvolution, linked
to elementary building blocks of the radiation
response of optical fibres allowed for a break-down
into fundamental kinetic formalisms. In their turn,
these fundamental formalisms resulted in robust
models for the overall behaviour and in robust esti-
mators for the radiation dose.

For on-line, in-situ dosimetry of dose ranges from
several Gy up to 100 kGy, high OH multi-mode
fibres proved to be a reliable candidate at room tem-
perature. An original temperature (and dose-rate)
independent, annealing-free dose estimator was
derived, based on the kinetics of the absorption
bands attributed to non-bridging oxygen hole and
Peroxy defect centres. By employing the radiation
induced attenuation measured at different wave-
lengths in the visible range, the response of these sta-
ble radiation induced absorption bands could be iso-
lated from the other annealing absorption bands,
resulting in not only accurate dosimetry, but also in a
better model for the overall kinetics of the radiation
response.

Even more potential for dosimetry was demonstrated
with (sensitive) phosphorous doped fibres. The phos-
phorous fibre proved to be very interesting for dis-
tributed dosimetry when interrogated within a spe-
cific wavelength range (1550 nm). Temperature
effects and annealing were studied proving their
applicability for dose ranges from a few tenths of Gy
up to several kGy. Low-level photo-bleaching was
evidenced in the erbium doped samples and could be
used as a technique for on-line dose-rate measure-
ments, however, more experiments and analysis is
necessary in this regard.
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Subject THE URANIUM VALAENCE IN THE Cs-U-O SYSTEM:

CRYSTAL STRUCTURES AND THIN LAYERS CONTRIBUTION TO THE PHYSICO-CHEMICAL STUDY OF
GRAIN BOUNDARIES IN IRRADIATED FUEL

University

UNIVERSITY OF LIMOGES

Faculty

CHEMISTRY - PHYSICAL

CHEMISTRY

Date

NOVEMBERS, 2001

Promoter

PROF. B. GAUDREAU.

Abstract

This work is a contribution to the study of the Cs-U-
0 system. It deals with the way in which cesium,
through its effect on oxygen, modifies the uranium
environment and in consequence the valence state of
the uranium atom itself. In short, two main points
have been addressed to achieve this goal:

M The crystallographic structure and local uranium
environment of several cesium uranates has been
determined by Rietveld refinement of neutron
and X-ray diffraction data. The uranates were also
investigated with X-ray Photoelectron
Spectroscopy (XPS) to determine the uranium
valences present and with X-ray Absorption
Spectroscopy (XAS) to study the local uranium
environment directly. The uranium valence infor-
mation was then coupled to the crystallographic
uranium environments using the Bond Valence
Sum (BVS) method.

The most interesting compound is Cs2U4O12,
which distinguishes itself from the previous
because of its formal uranium valence of 5.5. The
mixed valence character is reflected in its crystal
structure that shows four crystallographically dif-
ferent uranium atoms, two with a BVS of around
6 and two around 5. The combined interpretation
of crystal structure data from the diffraction
experiments, valence data from XPS and
XANES/EXAFS local environment information
has allowed a founded assessment of the uranium
valence attribution problem.

Thin layers of stoichiometric uranium dioxide
were prepared using sputter deposition tech-
niques and used to model interactions on the grain
boundaries in UO2. They were covered with
cesium and exposed to controlled amounts of
oxygen, while the uranium valence state was fol-
lowed with Ultraviolet Photoelectron Spectros-
copy (UPS) and XPS. In addition, codeposited
layers of cesium and uranium (deposition of ura-
nium in an oxygen atmosphere in the presence of
cesium vapour) were studied with the same tech-
niques.

The codeposition of cesium and uranium in an
oxygen environment was shown to lead to forma-
tion of Uvl, while this oxidation state of uranium
could not be obtained in UHV without cesium. To
elucidate the mechanism, layered structures of
UO2 covered with cesium were exposed to oxy-
gen and studied with XPS and UPS. It was found
that the rate of oxidation of uranium is enhanced
markedly by the presence of cesium. The con-
trolled exposure of a pure UO2 surface did not
lead to any changes in the spectra, while for a
cesiated surface, a clearly observable reduction of
the U5f signal occurs at increasing exposure. It is
thought that the enhanced oxygen dissociation
probability in combination with the polyatomic
oxygen ions formed by cesium are responsible for
this effect, as they are assumed to preferentially
react with the U02.
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BEST UNIVERSITY AND COLLEGE FINAL-YEAR THESES

Very keen to encourage high-quality research, the
Belgian Nuclear Research Centre grants several
awards. SCK«CEN attributes yearly prizes of respec-
tively 1500 and 1000 € to the best university and
the best college final-year theses carried out in its
laboratories.

In 2001 the awards for the best university theses was
granted to:

Pierre RODEGHIERO:
Etude de faisabilite d'un multipkxeur odd-drop

fibre en environnement nucleaire

Faculte Polytechnique de Mons

Mentor: Alberto Fernandez-Fernandez
Promotor: dr. ir. Patrice Megret

The award for the best final-year theses was granted
to:

Werner SCHOONJANS:
DNA-PKc 's: bepaling van zijn rol bij het stralings-
geinduceerd "G2-Arrest" in het embryo volgens

turbocongenics

Groep T Leuven Hogeschool, Campus Vesalius
Mentor: Christian Desaintes
Promotor: prof. dr. Nadine Bongaerts

AWARS GRANTED TO SCK«CEN'S RESEARCHERS

BELGONUCLEAIRE award on final-year thesis

Gert Van den Eynde Thesis DBS en Genie Nucleaire: HBXNODYN, a time-dependent three-dimensional
hexagonal-Z transport code; inclusion of a time-dependent external source and
Application to the dynamics study of Accelerator Driven Systems.

Award Duurzame Ontwikkeling VdK Spaarkas:
Honourable mention
Tom Vanden Borre Doctoral thesis: Efficient prevention and compensation of catastrophic risks - the

example of nuclear accidents.

Nace International Corrosion Society Award

Rik-Wouter Bosch Paper: Electrochemical Frequency Modulation: a New Electrochemical Technique for
Online Corrosion Monitoring.

PHD CANDIDATES & POSTDOCTORAL RESEARCHERS -
SELECTION 2001

Name

PhD candidates

Postdoctoral

Iris Adriaens

Thierry Aoust

Chloee Degros

DanislavSapundjiev

Patrick De Soever

Sergei Lemehov

Gervais Rufyikiri

Research topic

The development of an In-Vitro System for ovarian follicles of the Cavia
Percellus: a model to study the effects of ionising radiation on the oogenesis

Aspects of spallation reactions in the intermediate energy range with applica-
tions to the Myrrha project

Les moyens juridiques susceptibles de gerer les risques et les dommages generes
par les activites nucleates

Compatibility of structural materials with liquid lead-bismuth coolant

Optimised biodegradation of bituminised radioactive waste products

Modelling the thermo-mechanical behaviour of advanced mixed oxide fuels

Assessment of myco-rhizosphere processes involved in uranium mobility and
absorption by plants
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SCIENTIFIC OUTPUT 2001

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«CEPJ 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

2000

50

7

49

95

18

38

62

5

36

12

3

5

4

11

9

8

3

2001*

52

11

37

121

20

18

78

9

27

18

1

5

8

18

11

11

25

* partial results as of December 31, to be completed and confirmed later
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ORGANISATIONS IN 2001

Conferences

May 8-10

June 1-15 and 21

September 5-7

ESARDA: 23rd Annual Meeting: Symposium on Safeguards and Nuclear

Material Management Conference

Aspecten van mondiaal energiebeleid (only in Dutch) Conference

Symposium on RESQUE and REFEREE Symposium

Workshops

March 27-28

September 23-28

1st European Workshop on the Analysis of Thorium in Workplace Materials

Workshop

3rd International kO-users workshop (SCK-CEN & IRMM) - Bruges
Workshop

Topical days

February 20

May 15

October 16

December 11

Ethics, Culture and Role of the Expert

Materials for New Reactor Concepts A Synergy between Fusion and ADS

Research Programmes

Reactor Physics Computational Methods: Applications and Validation

Integrative Molecular Biology as a Tool in Nuclear Research

Millennium conference

April 20, 2001 Elektriciteitsproductie in Belgie, vooruitzichten en inzet van hulpbronnen

Production d'&iergie electrique en Belgique, perspectives et mobilisation

des ressources

PHD-days

June 22

December 7

Presentation of the work progress by the young scientists

Presentation of the work progress by the young scientists

Lunch talks

January 26

February 23

March 30

April 27

May 18

June 29

Human impact of heavy metals

Preliminary studies on the complexation of tetravalent Np with humic sub-

stances

Use and misuse of uranium

Measurement techniques of uranium in biological (environmental) samples

Biomarkers

Safe treatment of alkali metals: an integrated solution

On-line absolute neutron flux measurements in BR2 reactor channels using

self-powered neutron detectors: Monte Carlo sensitivity calculations and

experiments

Microstructure evolution of heavy-ion irradiated NiAl intermetallics

Quality Assurance in BSE testing

BNS and Young BNS

New Roles for SCK'CEN Experts or New Guidelines for Expertise?
CORALUS: an Integrated In-Situ Corrosion Test on Alpha-Active HLW

glass
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September 7

September 28

October 26

November 30

December 14

Genomic instability

Bystander Effect

Clean-up of BP solarium en vrijgave van gebouwen

Colloid-facilitated Radionuclide Transport: Relevant for Boom Clay?

Assessing adaptation abilities of soil micro-organisms to environmental pol-

lutants
The use of microfocus X-ray computer tomography for the characterisation

of coal components and fractures

AURORA (Air quality modelling in Urban Regions using an Optimal

Resolution Approach)

Release measurement at clearance level - legislation and practical examples

VICE : towards a windowless spallation target for MYRRHA

Plant hormones and leaf development

Outlook on future events in 2002

August, 18-23

September 16-18

September 04-07,

ISRD' 2002: llth International Symposium on Reactordosimetry - Brussels

FLINS 2002: 5th International FUNS Conference on Computational

Intelligent Systems for Applied Research

32nd Annual Meeting of the European Society for Radiation Biology

(ESRB)

Training: isRP (International School for Radiological Protection)

January 22-February 2

March 3, 24, 31

April 17

May 14-17

May 14-18

May 28-29

May 30-31

June 12-15

Oktober 15-25

November 16

Lemmens Services: Opleiding agenten stralingscontrole

De brandweer en civiele bescherming in confrontatie met de nucleaire

bedrijven

De brandweer en civiele bescherming in confrontatie met de nucleaire

bedrijven

Belgonucleaire: Modules 1, 2 en 5 van de grondige cursus stralings-

bescherming

SCK«CEN: Grondige cursus stralingsbescherming

De brandweer en civiele bescherming in confrontatie met de nucleaire

bedrijven

Belgoprocess: Basisbegrippen stralingsbescherming & ALARA

Belgoprocess: Basisbegrippen stralingsbescherming & ALARA

Lemmens Services: Opleiding agenten stralingscontrole

Prevent: Opleiding arbeidshygiene

Topical days in 2002

January 22

May 21

Oktober 15

December 10

Ethics on Radioactive Waste: How radiant is our future?

Status and Trends in the Belgian Programme on Long-Lived and

High-Level Waste Disposal

Numerical simulation of localised corrosion

Human Factor in Industrial Safety
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VISITORS IN 2001

Industry: nuclear

Industry: other

Politicians

Press

Scientists

Socio-economic

Students

Total

HADES/PRACLAY

243

145

16

22

90

181

219

916

BR1

12

0

0

0

40

21

12

85

BR2

10

0

0

21

103

135

30

299

BR3

94

0

0

21

2

2

0

119

LHMA

26

0

0

0

9

2

12

49

SCH

20

0

0

0

9

2

8

39

RP

10

0

0

0

0

14

18

42

TCH

0

0

0

0

9

2

12

23

Total

415

145

16

64

262

360

321

1572

HADES/PRACLAY: Underground Research Facility - PRACLAY: demonstration hall

BR1, BR2 and BR3: reactors

LHMA: Laboratory for High and Medium Level Activity

RP: Radiation protection

TCH: Technology Building
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INDEX

Accelerator Driven System (ADS)

Actinides

activation dosimeter
ADS structural materials
ADS systems
ALARA
alpha-spectrometer
apoptosis
aquifers
argon-41

BACCHANAL programme
bacteria
beryllium
beryllium poisoning
BIDASSE
BIOMASS
bubble detector
burn-up credit

CALLISTO loop
cardiovascular brachytherapy
COGEMA
cognitive dissonance
COHESION
collaborative learning
CQpper, Rafm and alloys SAmples IRradiation
core physics
CORONA
CORSAIR
COWAM

DAONEM
data acquisition
data assimilation
decision making
decision strategy research
decision support
decommissioning
decontamination

deontology
depleted uranium
DOLMEN
dose constraint
dose-area product
dosimetry

DSSNET

EFDA
embryo
emergency management
emergency planning
emergency preparedness
energy policy

23, 90, 104, 116, 119, 124, 128, 136, 137, 144, 145,
146,148,155, 163
18, 20, 21, 27, 50, 58, 59, 60, 69, 71, 80, 128, 132,
137
152
155
145, 152
v, 36, 37, 38, 39, 40, 41, 42, 44, 69, 70, 73, 80, 166
17
10, 11, 12, 15, 16
49,50,52,57,115
31,33

153
2, 6, 12
61, 69, 70, 111, 114,115,116, 117,118,150,151
151
148, 152
5,6,15, 16
20,22, 23,25, 27
90, 129

108, 125, 132, 133, 148, 149, 153, 155
26, 34, 43
61,69,71,72,76, 123,126,149
38, 43, 49
29, 33, 103
29
154
130, 135
149, 153
154, 155
38, 40,44,49

30,31,33
56, 128, 148, 151, 152
2,29,30,31,33,35
v, 29, 30, 31, 32, 37, 38, 40, 41, 43
iii, vi, 3, 29
2,3,29,30,31
48, 73, 76,77, 78,79, 80, 86, 87 88 116
48, 73, 74, 79, 77, 78, 79, 81, 86, 86, 87, 116, 117,
131
39
39,41,96
148, 152
38
23
2, 3, 20, 21, 22, 23, 25, 26, 27, 67, 70, 121, 122,
128,129,131, 132,133,136, 152,161,166
30,33

40,41,42,43,44,61, 108, 117, 118, 126, 156
5,6, 10, 11,13, 15, 163
2,30,31,34,35,37
2,31,35,36
29, 30, 34
34, 40, 44
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enhanced natural radioactivity 4, 5, 6, 8, 16
entrance surface dose 23
environmental remediation 2,5, 10, 13
epidemiology 2,4, 5, 10, 11, 39
ERPET 31
ethical charter 3, 38, 39, 40, 41
ethical guidance 37,40,41,42,43
EVATECH 31,33
EVIDOS 23,25
expert culture 3, 37, 39, 40

FARMING 30,33
fast neutron flux 139, 148, 151, 152, 153, 154, 155
feasibility studies 124
fuel cycle v, 41, 44, 48, 80, 134, 135, 149
FICTIONS 148, 152
fission chambers 24, 125, 129, 148, 152
FLINS 129, 134, 166
fluorimetry 17
food chain 29, 30
fusion reactor materials iii, 111, 148, 153
FUTURE 18, 33, 37, 40, 41, 42, 43,44, 48, 53, 57, 66, 72,

76,80,81,83,85,86,90,98,99, 101, 104, 111,
112, 119, 120, 124, 127, 130, 133, 137, 144, 148,
151, 152, 155,161,166

fuzzy logic 129, 135

gamma spectrometry 20,21,22,23,36
gamma thermometers 124, 125, 148, 152
gene expression 2, 5, 6, 11, 12, 13, 16
genetic instability 2, 11
genetic stability 6, 12
genetic susceptibility v, 15, 38, 39, 40
GERONIMO 72, 154
group decision 3, 29, 30

health physics measurement 2, 4, 20, 21
human factor 42,166
hydrology 59

image quality 21,23,25
impact assessment 2, 4, 5, 6, 10, 12, 50, 52, 59, 80
information exchange 30, 31, 33, 35
information technology 3, 29, 66
ion exchange 70, 85, 87, 149
in-pile instrumentation 152
INSARR

(TNtegrated Safety Assessment for Research Reactors) 149
instrumentation service 21,22
internal contamination 20, 22
IRFUMA (IRradiation of FUsion Materials) 108, 118, 153, 154
irradiation assisted stress corrosion cracking (IASCC) 91, 92, 109
Irradiation facility 133, 137, 142, 151
isRP 2, 36, 166

Kosovo 17
Kyoto protocol 40
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leaching
Lead Bismuth Eutectic (LBE) liquid metal
legal aspects
LEU (Low Enriched Uranium)
LHMA
liability
liquid scintillator
liquid waste
low-level radioactive waste
low-level radioactivity measurement

management technique
mercury
maternal exposure
medical applications
MELISSA
micro-arrays
MISTRAL facility (Multipurpose Irradiation

System for Testing of Reactor ALloys)
MODEM
molecular biology
Monte Carlo calculations
MOSES
MOX fuel rods
MTR fuel
MYRRH
MYRRHA

neutron activation analysis
neutron dosimetry
Neutron transmutation doped (NTD) silicon
Non-Destructive Assay
NORM
nuclear calibrations
nuclear fuel
nuclear materials accountancy

OMICO
OMINEX
optical fibres

partitioning and transmutation (P&T)
pathways
patient dose
PHYTOR
policy support
precautionary principle
pressure vessel steels
PROCORAD
proportional counters

QA certification

RADAMO
radioactive contamination
radioactive waste disposal

6, 52, 53, 59, 60, 121
155
3
95, 149
72,81,91,137,167
v,3, 17,37,38,40,41,43,44, 160
17
73,86
57
17

2
108, 124
5
2,21,29,33,37,125,138
6,12
2, 6, 12, 13
155

30,33
2, 10, 12, 39, 165
23, 152
30
96, 153
151
iii, vi, 5
iii, vi, 23, 26, 90, 93, 103, 119, 124, 129, 132, 133,
134, 137, 138, 139, 140, 141, 142, 143, 144, 145,
146, 163, 166

20, 129
20,22,25,27, 122, 129
150
20,21,22,28,59
4,5,7,12,16,41,44
20,21,22
44, 69, 73, 80, 87, 91, 93, 94, 95, 106, 155
21,24

95, 107, 133, 153, 155
18,24
66, 119, 121, 126, 127, 128, 154, 158, 161

137, 144
2,6,7,10, 12,13,52
21,23,25
5, 16
iii, 2, 3,29, 31
v, 37, 38, 43
98,99,101,104,108,109,112,154
18, 19
17

148

102, 154
2, 17, 21, 30, 92
4,5,41,58,60,63,66,67
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radioactive waste management
radiochemical analysis
radiobiology
radioecology
radioisotopes
radiological assessment
radiological exposure
radiological impact
radiological surveillance
radiology
radon
RAFM steel
reactor dosimetry
reactor materials
reactor physics

reactor pressure vessel steel
reactor safety
recycling
REBUS
reduced activation ferritic-martensitic (RAFM)
refurbishment programme
remedial action
repository
retrievability
REVE (REacteur Virtuel d'Etude)
rhenium-188
rhizosphere
risk assessment
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safeguards
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thermoluminescent materials 20
THOMOX 133, 153, 155
transgenerational ethics v, 3, 37, 38, 43
transmutation 137, 138, 144, 145, 150

UAlx-Al plates 151
underground facility 66
underground storage 50, 54

VENUS 24, 25,90, 96,129, 130, 131, 133, 136, 137
vitrification 115
volume reduction 87, 88

waste characterisation 52,70,71
waste disposal sites 116, 125
waste forms 49, 50, 52, 57, 60, 86
waste minimisation 48, 73, 78
whole body counting 20, 21, 22

ZnS counters 17

172 Appendix





Anne Vcrledcns
Public Relations

Boerelang 200
B-2400 Mol, Belgium
+32 14 33 25 86 ( l a x 33 25 84)

anne. verledens@sekcen.be

Rensponsible editor

Boeretang 200
B-2400 Mol, Belgium

Laboratories
Boerelang 200
B-2400 Mol, Belgium
+ 3 2 1433 21 I I ( l a x ?

Registered Office
Avenue Hcrrmann-L
B-l 160 Brussels, Belgium
+32 2 661 1 9 5 1 (fax 661 1958)

www.sckcen.be

ISSN 1377-9915

To better respect the environment,

SCK»CEN prints its annual reports on

chlorine-free paper.


