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INTRODUCTION

"To stimulate training and education in the different nuclear sciences, techniques and technologies".

Bylaws (1997) for the Belgian Nuclear Research Centre.

lthough the number of nuclear scientists and technologists may appear to be sufficiem: today in some

.countries, there are indicators that future expertise is at risk e.g. declining university enrolment, chang-

ing industry personnel profiles, dilution of university course content, and high retirement expectations.

In the mid-90s university engineering schools respectively within the Flemish and French Community joined

their efforts to establish common university degrees in nuclear engineering. Initiatives towards further inte-

gration include the merging of the two post-graduate curricula in nuclear engineering and the regrouping of

teaching at SCK'CEN. The relevance of theoretical basis is supported by the ongoing research programmes

and the knowledge and experience in operating nuclear facilities. Through the research programmes, the link

with industrial and social needs is intensified. The regrouping enables possibilities of co-operation at the

European level, enhancing the European dimension of the curriculum. As a concrete step, a consortium of 22

partners, including Belgian universities and SCK'CEN submitted a proposal of a concerted action within the

fifth European Framework Programme with the aim to define the major elements for a European network for

nuclear engineering education (ENEN).

In parallel to the initiative on one post-graduate curriculum, a graduate school in Nuclear Science and

Engineering might offer 3 to 5 modules of advanced courses and seminars per year. Teachers will preferably

be foreign scientists acting as visiting professors, on sabbatical leave in Belgium or will be provided through

the ENEN network.

The latter initiative is supported by SCK'CEN's initiative on young researchers. Yearly, SCK'CEN hires in

some ten young researchers to prepare a doctoral thesis or accomplish a post-doctoral work.

The above initiatives enlarge SCK'CEN's ongoing efforts on "life long learning". We continuously organise

training sessions and education courses for in-house staff as well as for external participation. We organise

most of them with support of governmental or international bodies e.g. the International Atomic Energy

Agency or the European Union. Striking examples are the "international school for Radiological Protection"

(isRP) and the "European Radiation Protection Education and Training on off-site emergency planning and

response to nuclear accidents".

We do not discuss here the initiatives and education schemes in medical nuclear therapy or diagnosis, in relat-

ed physics e.g. (high energy) particle physics, or e.g. radiological courses in post-graduate education for envi-

ronmental- or safety certificates, although the latter are rising due to legal requirements.

Very keen to encourage high-quality research, SCK'CEN grants every two years the "SCK'CEN Scientific

award prof. Roger E. Van Geen" of 12 500 Euro to the best original work in nuclear research. The recent lau-

reate is dr. Kristiaan Temst, postdoctoral researcher at the KULeuven for his contribution entitled

"Diffraction and reflection of neutron beams applied to the study of magnetic ordering in thin films and

nanostructures". SCK'CEN also attributes yearly prizes of respectively 1500 and 1000 Euro to the best uni-

versity and the best college final-year theses carried out in its laboratories.
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External advisory committees continuously evaluate the scientific programmes of SCK'CEN. Their members

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

munity.
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SCK'CEN is governed by a Board of Governors, composed of a chairman, two vice-chairman and a maxi-

mum of 10 other members. The Board of Governors has the widest ranging authority to perform all manage-

ment and disposition actions related to SCK'CEN.

MEMBERS OF THE BOARD OF SCK'CEN

President
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Vice President
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PAUL DIRVEN

Managing director
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Honorary director
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Observers of the trade union
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General manager

PAUL GOVAERTS

Secretary
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GUY COLLARD

RADIOACTIVE WASTE AND CLEAN-UP DIVISION

Introduction

Agenda 21 is a comprehensive plan of action to be

taken globally, nationally and locally by organisa-

tions of the United Nations System, Governments

and Major Groups in every area in which human

impacts on the environment.

Citation

"Safe And Environmentally
Sound Management Of
Radioactive Wastes -
Programme Area

Promoting the safe and environmen-
tally sound management of radioac-
tive wastes
Basis for action

22.1. Radioactive wastes are generated in the

nuclear fuel cycle as well as in nuclear applica-

tions (the use of radionuclides in medicine,

research and industry). The radiological and safe-

ty risk from radioactive wastes varies from very

low in short-lived, low-level wastes up to very large

for high-level wastes. Annually about 200,000 m?

of low-level and intermediate-level waste and

10,000 m3 of high-level waste (as well as spent

nuclear fuel destined for final disposal) is generat-

ed world wide from nuclear power production.

These volumes are increasing as more nuclear

power units are taken into operation, nuclear facil-

ities are decommissioned and the use of radionu-

clides increases. The high-level waste contains

about 99 per cent of the radionuclides and thus

represents the largest radiological risk. The waste

volumes from nuclear applications are generally

much smaller, typically some tens of cubic metres

or less per year and country. However, the activity

concentration, especially in sealed radiation

sources, might be high, thus justifying very strin-

gent radiological protection measures. The growth

of waste volumes should continue to be kept under

close review.

22.2. The safe and environmentally sound man-

agement of radioactive wastes, including their

minimisation, transportation and disposal, is

important, given their characteristics. In most

countries with a substantial nuclear power pro-

gramme, technical and administrative measures

have been taken to implement a waste manage-

ment system. In many other countries still only in

preparation for a national nuclear programme or

having only nuclear applications, such systems

are still needed.

Objective

22.3. The objective of this programme area is to

ensure that radioactive wastes are safely man-

aged, transported, stored and disposed of, with a

view to protecting human health and the environ-

ment, within a wider framework of an interactive

and integrated approach to radioactive waste

management and safety.

22.4. States, in co-operation with relevant interna-

tional organisations, where appropriate, should:

m Promote policies and practical measures to

minimise and limit, where appropriate, the

generation of radioactive wastes and provide

for their safe processing, conditioning, trans-

portation and disposal;

E Support efforts within IAEA to develop and

promulgate radioactive waste safety standards

or guidelines and codes of practice as an inter-

nationally accepted basis for the safe and envi-

ronmentally sound management and disposal

of radioactive wastes;

Promote safe storage, transportation and dis-

posal of radioactive wastes, as well as spent

radiation sources and spent fuel from nuclear

reactors destined for final disposal, in all coun-

tries, in particular in developing countries, by

facilitating the transfer of relevant technolo^

gies to those countries and/or the return to the

supplier of radiation sources after their use, in

accordance with relevant international regula-

tions or guidelines;
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Promote proper planning, including environ-

mental impact assessment where appropriate,

of safe and environmentally sound manage-

ment of radioactive waste, including emer-

gency procedures, storage, transportation and

disposal, prior to and after activities that gen-

erate such waste.

22.8. States, in co-operation with international

organisations, where appropriate, should:

s» Promote research and development of methods

for the safe and environmentally sound treat-

ment, processing and disposal, including deep

geological disposal, of high-level radioactive

waste;

B Conduct research and assessment p rogrammes

concerned with evaluating the health and envi-

ronmental impact of radioactive waste dispos-

al.

22.9. States, in co-operation with relevant interna-

tional organisations, should provide, as appropri-

ate, assistance to developing countries to establish

and/or strengthen radioactive waste management

infrastructures, including legislation, organisa-

tions, trained manpower and facilities for the han-

dling, processing, storage and disposal of wastes

generated from nuclear applications".

End of citation

The Radioactive Waste and Clean-up division pro-

gramme consists in research, studies, development

and demonstration aiming to realise the objective of

Agenda 21 on sustainable development in the field of

radioactive waste and rehabilitation on radioactively

contaminated sites.

Indeed, it participates in the realisation of an objec-

tive which is "to ensure that radioactive wastes are

safely managed, transported, stored and disposed of,

with a view to protecting human health and the envi-

ronment, within a wider framework of an interactive

and integrated approach to radioactive waste man-

agement and safety."

Therefore, within the Belgian institutional manage-

ment of radioactive waste, the Radioactive Waste and

Clean-up division:

a "Promotes research and development of methods

for the safe and environmentally sound" decom-

missioning of nuclear installations;

88 "Promotes research and development of methods

for the safe and environmentally sound treatment,

processing and disposal, including deep geologi-

cal disposal, of high-level radioactive waste;

8 "Conducts research and assessment programmes

evaluating the health and environmental impact

of radioactive waste disposal."

fil "Provides, as appropriate, assistance to develop-

ing countries to establish and/or strengthen

radioactive waste management infrastructures,

including legislation, organisations, trained man-

power and facilities for the handling, processing,

storage and disposal of wastes generated from

nuclear applications".
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BERNARD NEERDAEL, JAN MARIVOET, MARTIN PUT, PIERRE VAN ISEGHEM

WASTE AND DISPOSAL: RESEARCH AND DEVELOPMENT

Scientific Staff
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Background

The primary mission of the Waste Disposal pro-

gramme is to propose, develop, and assess solutions

for a safe and acceptable disposal of radioactive

waste. Geological disposal into clay formations is

considered a realistic and adequate solution for the

final disposal of high-level and long-lived radioac-

tive waste. For short-lived low-level radioactive

waste, as well shallow land burial facilities as deep

repositories are examined in Belgium.

In Belgium, deep geological burial in clay is the pri-

mary option for the disposal of high-level waste

(HLW) and spent fuel. The Boom Clay formation at

the Mol site is the reference where field investiga-

tions already started in 1975.

Performance assessment studies evaluate the long-

term safety of the designed geological or shallow dis-

posal systems by:

: identifying possible scenarios that might lead to

the exposure of man to radioactivity or toxic sub-

stances;

:: analysing the consequences of the most relevant

scenarios;

~ comparing the estimated concentrations, fluxes,

doses and risk with appropriate safety criteria.

Because aquifers are essential components of deep

and shallow waste disposal systems, hydrogeological

modelling is a critical element for assessing the long-

term safety of a repository.

Other key issues or components in this safety assess-

ment are:

:; the waste inventory;

: the short- and long-term behaviour of waste

forms and engineered barriers;

'. the barrier properties of the host formation.

We study the different processes governing the return

of radionuclides to the biosphere and the factors

influencing these processes. We determine the values

of the input parameters for modelling these process-

es by performing experiments on clay cores and by

field testing. The study of the coupling effects in

view of validation exercises requires large-scale in

situ experiments in underground research laborato-

ries and natural analogue studies.

Objectives
: to assess the performance and to identify the most

influential elements of integrated repository sys-

tems for the final disposal of radioactive waste;

:.; 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;

r to determine and understand the migration of

radionuclides and gases through the host forma-

tion and engineered barriers;

:•' to understand the whole hydrogeological system

in north-eastern Belgium governing the

geosphere transport to the biosphere.

In order to reach these multidisciplinary objectives,

each of our projects in its field of expertise needs to

fulfil the following objectives:

-'.' to develop a methodology and associated tools

orientated to long-term safety, applicable to dif-

ferent waste types, host formations and disposal

concepts;

:'j to determine or verify the relevant various physi-

cal and chemical characteristics of barriers or

waste forms relevant to the Belgian programme;

:•;• to provide reliable and defensible models and

parameters, based on a sound scientific under-

standing and to collect laboratory and field data

according to quality assurance requirements;

L 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.

Programme

Performance assessments

We develop our performance assessment programme

in the framework of the following contracts and

research:

:;: a multi-year research programme for elaborating

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;

;: hydrogeological studies focussed on the further

development of the multi-layer regional aquifer

model of north-eastern Belgium. We comple-

mented theses studies by an internal R&D project

in which the spatial variability of the hydraulic

conductivity of the Boom Clay is investigated;

Radioactive Waste & Clean-up



,a the BENIPA (BENtonite barriers in Integrated

Performance Assessment) project, evaluating the

role and harmonising the treatment of bentonite

barriers in performance assessments of high-level

waste disposal systems;

the SPIN (Testing of safety and Performance

INdicators) aimed at exploring the applicability

of various output variables (concentrations, flux-

es, etc) as performance and safety indicators;

;.r: the BORIS (Building confidence in deep dispos-

al: the borehole injection sites at Krasnoyarsk-26

and Tomsk-7) project, for assessing the adequacy

of data and samples from the Russian injection

sites to understand the chemical behaviour and

migration of radionuclides in the geological envi-

ronment;

performance assessments for the disposal of low-

level and medium-level waste in hard rock in the

Murmansk area (NW Russia)

e Complementary performance assessments for

site-specific concepts for surface or deep dispos-

al of low-level waste at the nuclear site Mol-

Dessel (Belgium);

s Contribution to the impact assessment of a radi-

um storage facility at Olen (Belgium).

Waste forms and packages

The programme consists of the following activities:

£ the investigation of the chemical stability of

cemented waste representative for the condi-

tioned reprocessed BR2 fuel in Boom clay dis-

posal media;

3 the investigation of the effect of the radiolytic

degradation of bituminised waste and of the

degradation products of contaminated cellulose

waste on the solubility of Am and Pu in geologi-

cal disposal situations;

a the study of the corrosion mechanisms of high-

level waste glass in geological disposal media,

with special emphasis for the leaching behaviour

of Np and Tc, and for the modelling aspects. In

complement to this, the characterisation of Np

complexes formed upon interaction with clay

water are studied;

5s the determination of the solubility of UO2 in

Boom clay water, emphasising the effect of

humic acids and carbonates, and the study of the

effect of a-radiolysis on the corrosion of UO2;

s the study by electrochemical techniques, of the

sensitivity to localised corrosion of stainless steel

container materials in geological disposal media.

The influence of the most important parameters

on the pitting corrosion is considered. To eluci-

date the time dependence of the corrosion,

immersion corrosion tests are carried out;

the demonstration by in situ tests of the interac-

tion behaviour between cemented or vitrified

waste and Boom clay or backfill materials.

Near- and far-field studies

These activities are focused on the characterisation

of the backfill material (near-field) and the host for-

mation (far-field). More specifically, we can men-

tion:

B 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 performed'expeiiments with labelled

organic matter (OM) to understand the role of

OM on the migration of radionuclides.

Electrokinetic methods are developed and used,

as a technique to reduce the very long time

presently needed for the migration experiments,

and to study the speciation of the different

radionuclides in the reducing clay sediment;

t'i large-scale 3-D experiments with tritiated water,

with I4C labelled bicarbonate, and with 14C

labelled OM, installed from the underground

research laboratory (URL). To increase the confi-

dence in the modelling results for very long time

spans, we study the behaviour of naturally occur-

ring U and daughter products;

a investigations intended to understand the role of

the organic matter on the transport of radionu-

clides in a reducing, organic rich clay sediment

(TRANCOMII project) and to develop a concep-

tual model to be implemented in performance

assessment calculations;

•:5 a large-scale in situ demonstration and feasibility

project (RESEALII), for developing and assess-

ing backfill and sealing materials and methods.

The project consists of a preliminary small-scale

sealing test in a horizontal borehole and a large-

scale sealing test of a vertical shaft. The valida-

tion of models describing water and gas flow

through the seal and the near field will also take

advantage of this test;

;•; the determination of the degree of homogeneity

of the Boom Clay with regard to the migration of

radionuclides, through detailed sampling over the

full thickness of the formation.

Radioactive Waste & Clean-up



Achievements

Performance assessments

We elaborated a detailed performance assessment of
the geological disposal of high-level and long-lived
radioactive waste for the Mol site. We summarised
the main results that have been obtained during the
last 10 years in the frame of our contribution to the
SAFIR-2 report (Safety Assessment and Feasibility
Interim Report) to be presented by the Belgian
Agency for Radioactive Waste and Enriched Fissile
Materials ONDRAF/NIRAS to the authorities.

We simulated the transport of radionuclides released
from the host clay layer through the Neogene aquifer
into the biosphere with the MT3D and MT3D-MS
codes, which are integrated in the GMS
(Groundwater Modelling System) package. We also
carried out a sensitivity study considering the influ-
ence of the algorithm used to solve the transport
equation, the grid size, the considered boundary con-
ditions and the location of the repository.

SCK'CEN has finalised its contribution to the EC-
TACIS project on the improvement of the safety of
the radioactive waste management in the North West
of Russia (Kola peninsula).

The technology transfer to the Russian partners (i.e.
performance assessment methodologies including

numerical models, parameter databases, etc) was the
primary role of SCK«CEN before assisting them in
performing safety studies for potential repositories in
hard rock.

The first part of the impact assessment study for the
radium storage facility at Olen (Belgium) considered
one of the important pathways by which the contam-
inants can reach man, i.e., leaching to groundwater
and use of groundwater for drinking and irrigation.
Once the conceptual model to be considered in the
impact assessment was derived, we could continue
with the characterisation for the waste form, the
engineered barriers, and the site. Waste characterisa-
tion focused on derivation of elemental concentra-
tions under disposal conditions using 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 for radium, uranium, arsenic, and lead
using cores sampled from the field provided the data
necessary for calculating the migration of contami-
nants in the aquifer sediments. We calculated leach-
ing of radionuclides and non-radiological compo-
nents towards groundwater using state-of-the-art
numerical models of water flow and contaminant

Water well

V77

Processes considered in impact assessment calculations of a shallow land disposal systems.
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transport. The figure below illustrates the repository

system under consideration.

In the framework of the management of L/ILW in

Slovenia we provided intensive training of local staff

in safety assessment methodology for surface and

deep disposal concepts, which included the use of

computer codes for groundwater flow and contami-

nant transport and evaluation of radionuclide migra-

tion in the engineered barriers. The co-operation also

included consulting for more general aspects of

waste management and review of safety assessment

reports.

In the framework of the support programme of the

Ministry of Economic affairs in the enhancement of

nuclear safety in East and Central European coun-

tries, we assisted the Slovak Republic in developing

their safety assessment studies for geological dispos-

al of spent fuel and surface disposal of LLW at the

Mochovce site.

The results of the measurements of hydraulic con-

ductivity of the clay cores taken from boreholes at

Zoersel, Mol and Weelde (Belgium) are now avail-

able. They confirm the horizontal homogeneity of

the Boom Clay formation in the considered area with

a slight influence of the depth on the value of the

hydraulic conductivity.

A new version of the regional hydrogeological model

for the Mol site is in preparation by collecting recent

geological data, pumping rates and other hydraulic

characteristics.

Waste forms and packages

We can highlight two main actions in 2000. First we

organised a successful international topical work-

shop "Glass in its Disposal Environment" from April

11-14 in Bruges. The workshop assessed a state-of-

the-art of the research on dissolution processes of vit-

rified waste when in contact with potential disposal

environments. It also focused the importance of inte-

grated tests, in-situ tests, and on the dialogue with the

performance assessment studies for geological dis-

posal. The workshop was attended by some 80

experts from 15 countries. The proceedings of the

workshop will be published as a special issue of the

Journal of Nuclear Materials in 2001.

The second action is the programme that we initiat-

ed, on behalf of the Belgian government, to develop

techniques for analysing the high-level waste glass

canisters produced by COGEMA in their R7T7 plant

in La Hague (France). The programme consists in

developing the non-destructive assay techniques on a

real glass canister and the techniques for destructive

analysis of a fully active glass sample taken during

the vitrification process.

This programme should provide amongst others the

inventory and distribution of some specific radionu-

clides (137Cs, 244Cm) and the thermal output of the

vitrified waste canister. Regarding radionuclide

inventory, we will investigate the commonly meas-

ured radionuclides (as by y- and a- total analysis),

and the radionuclides of importance for the long-

term dose-to-man in the disposal concept, like 79Se,
126Sn, 93Zr and 107Pd. Lot of expertise already exists,

but we need to pursue a number of analytical proce-

dures, equipments and demonstrations for the final

data to be available. The chemical composition of the

sample will also be measured.

We also emphasise some on-going actions of gener-

al importance for our programme.

We continued our contribution to the Fusion

Programme (see chapter Fusion), through our meas-

urements of the beryllium reactivity in various con-

ditions, and through a new action on Be-waste. We

also continued our participation in the European

Network for Quality Checking Facilities for

Radioactive Waste Packages (ENTRAP). Specific

progress in the working groups on destructive and

non-destructive analysis are reported elsewhere (see

chapter Chemical Analyses).

We further succeeded to obtain an extension of the

accreditation by BELTEST for a number of projects

within the section. In this frame, we improved our

laboratory equipment by adding a mass spectrometer

to our thermo-gravimetry differential/ thermal analy-

sis apparatus and by operating a new glove box for

Pu-active tests in controlled CO2 conditions.

Next, we report on the R&D projects that are dealing

with assessing the long-term behaviour of either the

container material or the conditioned radioactive

waste.

We achieved significant progress in our in-situ proj-

ect CORALUS (CORrosion of Active gLass in

Underground Storage conditions). We will install in

the Boom Clay for up to ten years, four modular test

tubes to be run at different temperatures, containing

inactive and alpha-active SON68 glass samples, sev-

eral backfill materials and, for two of them, 60Co

sources. After the blank test (inactive tube) per-

formed last year for three months at 90°C in order to

test and optimise the operation of the active tubes

(sampling of interstitial solutions, measurement of in
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situ pH and redox potential, dismantling operations),

we installed in 2000 a second test tube, loaded with

inactive and active glass samples. We use a glove

box with the valve panel to sample the piezometer

solutions and to measure the in situ pH and redox

values. The temperature of this test tube will be

raised to 30°C in the beginning of 2001, a tempera-

ture level considered as representative to study the

glass corrosion behaviour after the thermal phase of

the repository.

We study the susceptibility to localised corrosion

(pitting) of the candidate container materials by

cyclic potentiodynamic polarisation (CPP) measure-

ments, as described in the previous report. These

measurements were performed in:

:3 synthetic oxidised Boom clay water solutions at

140°C under aerobic conditions;

r; synthetic Boom clay water and bentonite water

solutions at 16 and 90°C under anaerobic condi-

tions;

in Boom clay and bentonite slurries at 16 and

90°C under both aerobic and anaerobic condi-

tions.

The laboratory set-up to perform electrochemical
experiments under anaerobic conditions. The double-
walled corrosion cell is implanted in a glove box.

To perform the CPP experiments at 140°C, a special

internal Ag/AgCl reference electrode was designed.

Increasing the temperature from 90 to 140°C caused

a drastic drop of the pitting potential - the critical

potential for pit nucleation - in all solutions. For the

solution containing 1000 mg.l1 Cl% it decreased from

782 to 511 mV for stainless steel UHB 904L and

drops even below the free corrosion potential, i.e.

266 mV, for stainless steel AISI 316L hMo.

For the experiments performed in synthetic bentonite

pore-water solutions, the characteristic pitting poten-

tials are consistently more noble under anaerobic

conditions. The opposite observation (more noble

potentials under aerobic conditions) could be made

for the experiments performed in synthetic Boom

clay water solutions. This difference in potential is

more pronounced for stainless steel AISI 316L hMo

than for UHB 904L.

In 2000, we finalised the experimental part of the

projects studying the effect of the degradation of cel-

lulose waste and of the radiolythic degradation of

bituminized waste on the solubility and sorption of

Pu and Am in geological disposal conditions.

Our earlier studies have already pointed out the

rather limited effect of chemical degradation prod-

ucts (DP) of cellulose, mainly iso-saccharinic acid

(ISA) in anaerobic and alkaline conditions in undis-

turbed Boom clay. The sorption of Am and Pu onto

undisturbed Boom clay is very high, with sorption

coefficients between 8.103 and 3.104 dm'.kg-'

(solid/liquid ratio of 1/5 kg.dnr3) and slightly

increased by the presence of ISA under a concentra-

tions of KHM. We also found indications that ISA

itself strongly sorbs onto Boom clay, but we have no

idea yet which solid phase (oxides, clay minerals,

organic matter, etc) is responsible for it.

These observations are in line with the results report-

ed by other research groups in similar conditions. In

strongly alkaline ones, however, the effect of ISA on

the Am and Pu solubility is much more pronounced,

resulting in six orders of magnitude higher solubility

in the presence of ISA at a concentration of 10"3M.

On request of ONDRAF/NIRAS, we started there-

fore a new research project to investigate the effect of

ISA on the Am and Pu solubility and sorption in

Boom Clay affected by alkaline plume around a

repository. The sorption capacity of undisturbed

Boom clay for ISA will be investigated more in

detail.

One of the potential problems that are related to the

geological disposal of bituminised waste is that radi-

olytically generated water-soluble complexants

might increase the solubility and reduce the sorption
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of important radionuclides. Our approach to study

these processes is similar as for cellulose-based

waste: degradation, solubility and sorption tests. We

irradiated inactive Eurobitum in contact with repre-

sentative solutions until a total adsorbed dose of

about 5 MGy, corresponding to the alpha-dose accu-

mulated within 105 years for a fully active bitumen

sample. Oxalate and (bi)carbonate were found to be

the main degradation products (DP), but a whole

range of other organic molecules was found as well,

however at lower concentrations. Referring to its

high concentration in Boom clay, we are not consid-

ering bicarbonate as an important DP. We found in

DP solutions high concentrations of sodium, nitrate,

and sulphate, all leached from the waste form. We

noticed that Am and Pu solubilities in Boom clay

pore water were slightly higher in the presence of 50

mass% of the DP solution. Modelling calculations

with the Geochemist's Workbench version 3.1

showed that this increase is not due to the salinity

effect of sodium, nor to complexation with nitrate or

sulphate. We are now verifying whether the higher

solubility can be due to complexation with oxalate.

The sorption coefficients increased by a factor of 2 to

5 for Am, and by a factor 1 to 1.5 for Pu, depending

on the solid/liquid ratio. We expect that this may be

related to the oxidation of pyrite present in the Boom

Clay through the production of iron (hydr)oxides

having high sorption affinities for Am and Pu. This

assumption seems to be confirmed by the decreased

nitrate concentrations and the increased nitrite con-

centrations.

One important remaining question will be whether

the DP solution that was obtained by external

gamma-irradiation, at very high irradiation doses

(104 times higher than for active Eurobitum), of inac-

tive Eurobitum in contact with water, is representa-

tive for the DP products that will be generated in-situ

by internal alpha radiation, at low dose rates, and

only partially in contact with water.

Concerning the corrosion studies on high-level waste

glass, we concluded the programme 1996-1999 and

launched the programme for the period 2000-2004.

Reference glasses are the Cogema R7T7 SON68 and

the DWK/PAMELA SM539. We would like to

underline the following results:

in pure clay water, diffusion profiles of the

mobile elements (B, Na) with increasing thick-

ness develop at the glass surface;

s in rather dense clay slurries, the corrosion rate

decreases with time but remains relatively high

after two years, in spite of the high silica concen-

tration in solution;

:- the presence of a y-radiation field has no impor-

tant corrosion enhancing effect on the glass cor-

rosion in diluted clay slurries;

the nature of the clay environment influences the

concentration of 237Np and "Tc released in the

clay water but not the rather small retention of the

radionuclides in the glass surface

. diffusion experiments with 32Si show that silica is

significantly sorbed by Boom Clay;

geochemical modelling showed that both studied

glasses can in principle form secondary phases

when they are in contact with (clay) water with or

without clay. In certain cases, the formation of

these phases is likely to determine the glass cor-

rosion rate.

We developed a Monte-Carlo model to describe the

phenomena that occur during glass corrosion on a

molecular level. Estimations of the lii'etime of a glass

canister using analytical codes highlights the need

for further refinement, mainly with regard to the

uncertainties in the premises of the model and in cer-

tain model parameters.

To support the corrosion studies on Np and Tc doped-

glasses, we studied the Np complexes formed during

the interaction between Np-doped HLW glass and

Boom Clay water, containing large amount of humic

substances. Beside leaching tests intended to deter-

mine the Np concentration and speciation, we

focused mainly this project the complexation of

Np(IV) with humic acids as no data concerning the

complexation of tetravalent actinides with humic

substances under environmental conditions are avail-

able at present in the literature. The Np concentration

in the leach tests ranges from 5xlO~7M to 2xlO"6M.

The Np species present in the leachates were identi-

fied by UV-Vis spectroscopy. Carbonate and humate

complexes of Np(V) are mainly observed in the

leachates, anaerobic conditions being difficult to

maintain in such solutions. Under the real reducing

conditions expected in groundwaters for deep forma-

tions, Np(V) can reduce to tetravalent Np. The exper-

iments on the complexation of Np(IV) with organic

matter were analysed by UV-Vis spectroscopy for

low pH value and by a dialysis equilibrium technique

at higher pH.

Indeed, due to the high tendency of Np(IV) for

hydrolysis and in order to make calculations and

interpretations easier, the experiments were started at

low pH (pH < 1.5) using the soluble fulvic acid frac-
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tion of the humic substances. The complexation con-

stant, estimated using the metal ion charge neutrali-

sation model is found to be equal to log |3 = 7.86 at

pH 1 for the complex Np(IV)FA(IV). The Np(IV)

complexation with humic acids at pH 8 (Boom Clay

water) is under study with the dialysis equilibrium

technique. At this higher pH value, mixed complex-

es of the form Np(IV)(OH)nHA are expected.

Concerning the determination of the solubility of

UO2 in Boom Clay water (programme 1996-1999),

we concluded that the uranium concentration in clay

water without clay is determined by the formation of

carbonate complexes. Complexes with humic acids

are likely to be less important. XPS analyses on the

UO2 surface confirmed these results.

Near- and far-field studies

We continued the time-consuming percolation and

diffusion experiments for the measurement of migra-

tion parameters in Boom Clay for the radionuclides

of major concern. The figure below gives an

overview of one of the temperature-controlled labo-

ratories equipped with the oedometer and percolation

cells used for the migration experiments. In view of

the preparation of an interim safety assessment report

for the authorities (SAFIR-II), we provided a critical

review of the existing migration parameters.

We studied the influence of an alkaline plume (from

concrete used as construction material) and of a sodi-

um nitrate plume (from bituminised waste) by batch

tests and migration experiments. We carried out a

preliminary test in a batch reactor in presence of a

Boom Clay slurry prepared with synthetic clay water,

a sodium nitrate solution and a radiolytic bitumen

degradation solution. Partial results tend to support

Apparatus for the migration experiments.

the hypothesis of a potential active role played by

denitrifying bacteria present in Boom Clay in the gas

generation source term around Eurobitum-type

MLW.

In the frame of the international "Mt TERRI" project,

we contributed in the characterisation of the

hydraulic, gas and migration properties of the

Opalinus Clay, a potential host formation in

Switzerland. We performed gas migration experi-

ments under isostatic confining conditions on this

indurated clay.

After a detailed assessment and a successful applica-

tion of the electromigration technique for a direct

determination of the diffusion parameters of strong

retarded species, we apply it for the study on the

migration behaviour of redox sensitive species like

uranium. Under the Boom Clay reducing conditions,

uranium is expected to be present in its 4+ valence as

precipitated UO2 giving U(OH)4 (aq) in solution with

a low solubility limit. However in bicarbonate rich

media and slightly alkaline conditions (Boom Clay),

traces of oxygen will very rapidly oxidise uranium to

its valence 6+ as UO2(CO3)3
4-, which is highly solu-

ble. Until then, there was no direct proof on the spe-

ciation of the uranium under in-situ conditions.

Since it is difficult to control the source conditions at

the start of a migration experiment, uncertainty

always remains on the initial speciation of the urani-

um. In this case, electro-migration is of great help,

considering that the migration behaviour of mole-

cules in an electrical field depends on their charge

(speciation).

Electro-migration experiments using prepared

sources of UO2(CO3)3
4- did not show the expected

migration behaviour of anionic (non-retarded)

species towards the anode

side (positively charged

electrode). Most of the

uranium did not move and

•?J a clear presence of species

*" moving towards the cath-

ode (neutral or positive

charged species) was

noticed. It is therefore

likely that uranium is

present in its reduced state

UO2(c)andU(OH)4(aq.).

We started in parallel a

PhD study to improve the

mechanistic understand-

ing of the interaction phe-
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nomena controlling the uranium behaviour under
Boom Clay conditions and to study the interaction
with the organic matter (OM). Preliminary results
from a first dialysis experiment suggest that the ura-
nium(VI) complexation by OM is limited.

Large-scale hydraulic tests performed in-situ with
piezometers installed perpendicular or parallel to the
bedding planes of the Boom Clay Formation have
confirmed at the metric scale the anisotropy observed
onto small clay cores in the laboratory. A factor 2.4
was observed between the horizontal and the vertical
component of the hydraulic conductivity.

Several large-scale migration experiments are still in
progress in the same piezometers with a conservative
tracer like tritiated water (HTO), or with weakly
sorbed species (H14CO3- and 14C-labelled organic
matter). The concentration profiles of HTO meas-
ured for more than 13 years in the CP-1 experiment
at the northern end of the HADES (High Activity
Disposal Experimental Site) URL are still in good
agreement with the predictive model calculations
based onto migration parameters independently
determined in the laboratory on small clay cores.

We completed the first phase of the study of the
influence of the dissolved organic matter on the
migration of radionuclides (TRANCOM-Clay proj-
ect). The results showed that the organic matter
might serve as well as transport agent, but also as
sorption sink due to exchange with immobile organ-
ic matter. We do not observe thermodynamical equi-
librium between radionuclides complexed by mobile
OM and by immobile OM; it is like a quasi-irre-
versible partitioning is taking place. As a conse-
quence, the concept of operational solubility (S =
2-1O13 M) for a very small non-sorbed fraction (R =
1) of trivalent actinide migrating with the mobile OM
is used in performance assessment.

In its second phase, the project is precisely focused
on the study of the role of the organic matter on the
transport of radionuclides in a reducing, organic rich
clay sediment, more especially for redox sensitive
nuclides (Se, U). For experiments using reactive ele-
ments, the integration of solubility concepts into the
transport model is required.

In the frame of geochemical and reactive transport
modelling, we continue to pursue advanced numeri-
cal computer codes. We joined the Industrial
Consortium for Research and Education (ICRE)
supervised by the hydrogeology program at the
University of Illinois, USA. Through this consor-
tium, we have access to several numerical codes and

information exchange with other research organisa-
tions and universities. We conducted the first scoping
calculation on speciation and solubility of radionu-
clides in Boom Clay using the computer code The
Geochemist's Workbench® provided within the con-
sortium.

To support the numerical modelling and take advan-
tage of data of the highest quality, we developed a
software (NEA2GWB) to process and convert the
database available at the Nuclear Energy Agency
(NEA).

We also devoted efforts to transfer and adapt our
modelling expertise to the R&D environmental
remediation projects. In this frame, we performed
first calculations to model the processes, e.g., ion
exchange, and adsorption that are relevant for
describing contaminant behaviour in soils.

The need of collecting real in-situ clay water for geo-
chemistry led to the construction of a new concept of
non-metallic piezometer. From this device installed
from the URL in the Boom Clay, we will be able to
measure for the first time the redox potential and the
pH under the real pressure conditions of about 1.5 to
2MPa.

We completed a series of migration experiments,
running over more than six years, to study the influ-
ence of the ionic strength of the interstitial solution
on the diffusion accessible porosity in clays. The
analysis of results shows a substantial increase of the
diffusion accessible porosity for anions by increasing
ionic strength.

We also completed the study of the homogeneity of
the Boom Clay on the migration properties
(hydraulic conductivity, apparent diffusion coeffi-
cient, and diffusion accessible porosity) for non-
retarded species. The results show quite homoge-
neous properties over the entire thickness of the for-
mation.

Natural occurring REE, U, Th and their radioactive
isotopes in the Boom Clay can be considered as nat-
ural analogues of critical elements for the long-term
safety of a radioactive waste repository. The study of
the long-term behaviour of these trace elements and
radionuclides naturally occurring in the Boom Clay
allows us to get information in realistic geological
conditions and over geological time-periods relevant
for the assessment of the safety of the disposal. This
study is meant to increase the confidence in the long-
term model predictions of the radionuclide migra-
tion.

Radioactive Waste & Clean-up 11



The mineralogical, geochemical and radiochemical

composition of the Boom Clay was studied over the

entire depth of the clay deposit. Special attention was

paid to the U-rich interval at the base of the Putte

Member and the 'Double Band', which is the most

silty layer of the Boom Clay and therefore a potential

zone of higher permeability and porewater mobility.

In this frame, in the near future, a new borehole will

be drilled from the URL down to the base of the Putte

Member.

In the frame of the RESEAL project, we started early

May 2000 the artificial hydration of the shaft seal,

installed in September 1999. We monitored the water

intake, the relative humidity (suction), the swelling

and the pore water pressure evolutions and the effect

of the bentonite swelling on the host clay. The phase

II of this project, started in September 2000, mainly

includes the follow-up of the seal hydration, the seal-

testing phase, the global interpretation of the experi-

ment requiring also the modelling of hydro-mechan-

ical and migration tests performed at the surface lab-

Oratory on the powder/pellets mixture used for the

seal.

Perspectives

The main activities described in the previous sec-

tions, for the different fields of expertise, will con-

tinue in 2001. This is typical of research on waste

disposal referring to time-consuming laboratory

experiments, to long-term and large scale integrated

experiments as well as to the modelling develop-

ments required for the iterative assessments of the

safety of the disposal system.

Regarding more specifically performance assess-

ments, the studies for the geological disposal of

reprocessing waste in the Boom Clay layer at the

Mol site will now mainly focus on the scenario

development. A detailed catalogue of features, events

and processes that have the potential to influence the

behaviour of the repository system will be complet-

ed. A systematic, transparent and well-documented

approach will be applied to identify and to define the

most relevant evolution scenarios. Additional conse-

quence analyses will be made for medium-level

waste types conditioned in bitumen. The updated

version of the regional hydrogeological model will

be used to evaluate the necessity of performing an

additional data acquisition campaign.

In the field of low-level radioactive waste we will

mainly focus on the performance assessment studies

for the site-specific disposal concepts referring to the

Mol-Dessel region. The issue of gas generation

owing to anaerobic corrosion of steel and the con-

comitant gas transport in disposal galleries, Boom

Clay, and aquifers for the deep disposal concept will

also be investigated. We expect that our collabora-

tions with East and Central European countries will

continue and develop in the future, especially with

Slovenia and Slovakia by supporting and advising

them in their performance assessments of designed

facilities for the disposal of low-level radioactive

waste.

Through a post-doctoral research project, we will

contribute further to the development and evaluation

of a generic coupled geochemical transport model.

This model characterises key processes of radionu-

clide behaviour in the soil (and other substrates) and

the soil-plant environment, the groundwater, and the

engineered and geological components of reposito-

ries of radioactive waste. We will test the new code

on well selected cases (i.e., data sets) dealing with

waste disposal issues (e.g., the effect of an alkaline

plume on the behaviour of the Boom Clay or the

migration of organically complexed radionuclides in

a clay environment) but also environmental prob-

lems related to uranium mining and milling activi-

ties. We will also apply our experience gained in site

characterisation and in flow and transport modelling

in aquifer systems and variably saturated soils to the

SCK«CEN's programme on environmental restora-

tion and site remediation.

As already mentioned, 2000 was a turning-point for

several large research programmes dealing with

waste forms and packages like, laboratory and mod-

elling studies on glass dissolution, cellulose degrada-

tion, radiolytic degradation of bitumen, container

corrosion, and UO2 solubility. One of the new proj-

ects to be started in 2001 is the corrosion study of

doped UO2. Different hypotheses and processes still

need to be clarified for glass, such as the effect of the

glass on the clay environment. New in-situ tests will

start or extent. Within the CORALUS project, we

will install two new test tubes to be operated at 90°C

for 2 to 4 years, using 60Co sources.

The continuation and follow-up of the migration pro-

gramme is straightforward and the influence of the

dissolved organic matter on the migration of

radionuclides will be continued in a second phase for

the TRANCOM project. It will be more focused,

according to the conclusions of the last sensitivity

exercise of performance assessment, on redox-sensi-

tive elements as selenium, technetium, and uranium,

taking into account their impact for the dose-to-man
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in the long-term. The project is focused on the role of CEBELCOR

organic matter in the reduction, precipitation, com-

plexation and sorption processes of Se, U, Pu and

Am.

The RESEAL project will be continued for 3 years.

After saturation of the seal, parameters like overall

hydraulic conductivity, gas breakthrough pressure,

hydraulic conductivity of disturbed zone and iodine

diffusion coefficient in both seal and excavation dis-

turbed zone will be measured and used for further

analysis and interpretation.
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Background

Beside the R&D programme on waste disposal, more
orientated towards characterisation and long-term
safety, many efforts need still to be devoted to feasi-
bility aspects and concept demonstration. The activi-
ties are focused since 1995 on the PRACLAY pro-
gramme that aims at demonstrating the concept of
high-level heat-emitting waste (HLW) disposal in
clay.

SCK-CEN and ONDRAF/NIRAS set up in 1995 an
Economic Interest Grouping (EIG) PRACLAY. In
December 2000, some articles and rules were refined
regarding its responsibility for the management of all
activities taking place in the integrated underground
infrastructure. The Members of the Board took this
opportunity to rename the EIG PRACLAY as EIG
EURIDICE (European Underground Research
Infrastructure for the Disposal of waste in a Clay
Environment).

After the experience gained from the installation and
operation of a surface mock-up, attention is present-
ly devoted to the more detailed design of the in-situ
demonstration test, including feasibility aspects and
instrumentation techniques.

Objectives
r: to design, install and operate a surface mock-up,

simulating at full scale (diameter) the Belgian ref-
erence concept;

IV to demonstrate the construction and operation of
a dummy disposal gallery for HLW in the URL;

•_:• to increase our understanding of water flow and
mass transport in dense clay-based materials and
their mechanical behaviour under a temperature
gradient;

" to improve the reference concept for the HLW
disposal.

Programme

The PRACLAY experiment is based on the current
Belgian disposal concept. It consists of a concrete-
lined gallery with a central stainless steel tube con-
taining the vitrified HLW waste drums in their indi-
vidual stainless steel overpack. Bentonite-based
backfill blocks fill the gap between the central 0.5-m
diameter tube and the 2-m inner diameter lining.

The temperature criterion considered in the current
disposal concept has been adapted: the maximal tem-
perature in the bentonite-based blocks will be kept

below 100°C instead of about 140°C. The PRA-
CLAY demonstration gallery will be 30 m long.
Electrical heaters will simulate the heat generation of
the HLW. In this phase of the demonstration project,
no radioactive waste will be used. The PRACLAY
gallery needs to be installed in an extension of the
present URL.

The excavation of the gallery connecting the second
shaft with the existing facility provides a unique
opportunity to monitor the evolution of Hydro-
Mechanical (HM) disturbances of the Boom Clay
formation. A monitoring programme and the related
modelling activities (the CLIPEX project), co-fund-
ed by the European Commission will enable to
improve and validate the current models on the HM
behaviour of Boom Clay.

The surface mock-up (OPHELIE) prepares and com-
plements the underground work. It is 5 m long, with
a cross-section similar to that of the disposal gallery
as far as central tube and backfill are concerned. A
steel liner keeps the backfill under pressure when the
latter starts to swell due to water uptake. The mock-
up is subjected to the thermal conditions above
100°C lasting for 3 years.

A core group within SCK-CEN, promotes valorisa-
tion of our experience and to stimulate new initia-
tives, provides further support to the EIG in various
fields of expertise like geomechanics and monitor-
ing.

Achievements

We set up this year an integrated "PRACLAY-team":
SCK'CEN and ONDRAF/NIRAS staffs are now
working directly under the leading of the EIG project
manager. This organisation improved significantly
the co-ordination of the activities and the dynamics
of the programme.

The operation of the OPHELIE mock-up was suc-
cessfully continued. We reached the expected final
temperature level (140°C on the central tube, corre-
sponding to 120°C at the internal wall of the mock-
up). Other key parameters like water intake, water-
and swelling pressures are still monitored. However,
of a lot sensors failed.

The main results of OPHELIE mock-up are the
apparent high thermal conductivity of the backfill
material, the rather low swelling pressures exerted by
this material and the observation of strong chemical
gradients in the backfill during the test. From chem-
ical analyses of the backfill water, high concentration
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of chloride near the central tube and the presence of
dissolved sulphides in the backfill were detected (see
chapter Waste & Disposal Research Development).
These two chemical species may induce severe pit-
ting corrosion problems on stainless steel (central
tube and sensors). The corrosion of the stainless steel
components and the mineralogical and chemical
analyses of the backfill materials are considered as
important items in the dismantling programme. To
make this programme as efficient as possible, we cre-
ated a working group including scientists from the
corrosion and migration research teams of the depart-
ment.

The FEBEX 2 programme is a follow-up to the basic
FEBEX programme, intended to demonstrate the
Spanish concept for spent fuel disposal. This EC-
supported programme, co-ordinated by ENRESA but
taking place in the Grimsel test site (Switzerland),
started officially in September 2000. Although refer-
ring to the Spanish context (direct disposal of spent
fuel) and the Swiss granite host rock option, EIG
EURIDICE deemed useful to participate in this pro-
gramme in order to share experience and methods on
the dismantling phase of such an in-situ test having
many similarities with the PRACLAY programme.

Based on a large range of experiences, we have com-
piled an updated an overview of the performance of
measuring devices. This overview is structured
according to the different sensor types that we are
expecting to use for the in-situ experiment, based on
the instrumentation programme. A detailed analysis
from specific set-up's has been made: the OPHELIE
mock-up is representative for the conditions taking
place within the backfill, and the instruments of the
CLIPEX experiment have already given valuable
additional experience on the behaviour in clay. The
analysis has resulted in a list of critical and/or suc-
cess factors leading to a reliable in situ instrumenta-
tion scheme.

Since the provisional delivery of the second shaft end
1999, the exploitation team of the existing under-
ground laboratory has taken over the exploitation of
the shaft. The capacity of the hoisting system has
been adapted to the practical requirements (5 ton).
All technical equipment's required for exploitation
purposes (pipes for compressed air, draining water,
drinking water, electrical cables, signalisation, opti-
cal fibre, etc) were installed in the shaft in the course
of 2000.

To ensure, as soon as possible, the connection
between the gallery and the second shaft the existing
underground installations will be dug and lined by

the end of 2001.

In the framework of the CLIPEX project, two bore-
holes (one inclinometer and one multi-screen
piezometer) were drilled from the bottom of the sec-
ond shaft, to follow the response of the Boom Clay
mass to the mechanised excavation (shield and road-
header).

In the frame of the demonstration and improvement
of the concept, particular attention needs to be paid
to the minimisation of the excavated disturbed zone.
The disturbance observed around the second shaft
(see photo below) requires further study to under-
stand what happens and to follow with time the
expected self-healing behaviour of fissures. Micro-
sonic measurements (down- and cross-hole) have
been performed by Bundesanstalt fur
Geowissenschaften und Rohstoffe (BGR) (Hanover)
in two parallel boreholes in the direct vicinity of the
axis of the future connecting gallery. On-going inter-
pretation will combine these measurements with a
video of the two boreholes walls and a core drilling
along the gallery axis.

The experience gained from the mock-up allows now
revising the objectives of the PRACLAY experiment.
The PRACLAY experiment will be, as much as pos-
sible, an in-situ verification and confirmation of the
present status of scientific and conceptual knowl-
edge.

It will contribute to a better understanding of the dis-
posal system including interactions between its com-
ponents. This refers mainly to thermo-hydro-
mechanical and geochemical coupling. The limita-
tion of the temperature at 100°C in the backfill mate-
rial resulted in the revision of the thermal load in the
PRACLAY experiment. The thermal phase will be

Fractures (see arrows) in the lateral wall of the starting chamber.
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extended from 3 to 5 years considering a linear ther-

mal load of about 250W/m.

A major review with regard to the general design of

the experiment is now running. In particular, the fol-

lowing points are being reconsidered:

:;: the crossing chamber between the connecting

gallery and the PRACLAY gallery including the

design of a plug that has to be watertight and to

resist the swelling pressure while it allows the

thermal dilation of the central tube;

: the central tube, the hydration and heating sys-

tems;

:: the instrumentation programme.

In the framework of a PhD study, we are performing

research on the influence of radiation and heat on the

performance of optical fibres. This study, oriented

towards the application of optical fibres as dose sen-

sors, has important potential spin-offs in the devel-

opment of optical sensor for the monitoring of in situ

tests or even of a repository.

As part of its responsibilities within the EIG

EURIDICE, SCK'CEN has proposed to IAEA to

open the URL for international collaboration. This

initiative is part of a broader action to attract interna-

tional partners for research and demonstration proj-

ects in connection with the URL.

This is aimed at valorising and extending our experi-

ence and know-how. In this context, SCK«CEN con-

tinues its partnership within the Mt. Terri project

(Switzerland) and is discussing the possibility to pro-

vide expertise for the experimental programme to be

developed at the URL project of ANDRA at Bure,

France. In the frame of the support programme of the

Ministry of Economic affairs in the enhancement of

nuclear safety in East and Central European coun-

tries, a Hungarian trainee joined the PRACLAY team

during a few months to get insight in the develop-

ment of in situ experiments and URL development.

Perspectives

The next excavation works on site (connecting

gallery) are foreseen to start in the second semester

of 2001. We will launch very soon the "blind predic-

tions" in the frame of the CLIPEX project.

The design of the PRACLAY experiment will be

continued. An important work remains the THM

characterisation of the backfill material. For this pur-

pose, different laboratory tests are scheduled. Also

modelling efforts will be further developed to simu-

late the unsaturated hydro-mechanical behaviour

during the hydration process of the backfill.

The heating phase of the OPHELIE mock-up will

continue up to June 2001, followed by a cooling

down period and the dismantling phase planned from

September 2001. The mock-up dismantling should

allow to verify the observations and assumptions

made during the test, leading to a better interpreta-

tion of the mock-up measurements and an optimisa-

tion, based on scientific and technical outputs, of the

design and planning of the in-situ test.

A partial dismantling of the FEBEX in situ test is

foreseen for the summer of 2001, some time before

the dismantling of the OPHELIE mock-up. We

expect to share technical know-how and scientific

results regarding the performance of the backfill bar-

rier. Our experience in clay should contribute to the

development of sampling techniques for the saturat-

ed smectite clay and of calibration of measuring

devices retrieved from the backfill. This will lead to

a higher reliability in designing and installing future

instrumentation and in comparing both types of

backfill.

In addition to the compilation of available data on

sensor performance, we are currently setting up a test

programme for complementary testing of the candi-

date sensors under the severe experimental condi-

tions expected (temperature, water pressure). The

selection of instruments for the clay host rock around

the future PRACLAY gallery will be based on criti-

cal review. The installation of these instruments is

foreseen shortly after completion of the connecting

gallery.
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Background

The mission statement of the analytical services has

been redefined as "To be an advanced radio-chemi-

cal laboratory for Belgium and the European

Union", in accordance with the law and with the

Corporate Charter of SCK-CEN.

General objectives

to provide radiochemical services for Belgian

nuclear programs, where and as required;

to perform appropriate R&D anticipating future

customers' needs in measurement services.

To reach these objectives, the Nuclear Chemistry and

Services Department maintains and regularly

updates a large panel of analytical instruments allow-

ing traces analyses, characterisation of the main

components of several inorganic materials, isotopic

analysis and radiochemical measurements.

Most of the routine analyses performed for external

and internal customers are resumed within the scope

of our Quality Assurance system according to the

EN45001 norm and have been granted a certificate of

BELTEST since 1996.

Besides those specific methods, the other activities

of the service are governed in line with the same QA-

principles.

The laboratory offers a broad choice of analytical

techniques virtually allowing a complete chemical

and radiochemical characterisation of materials.

'.. Major and minor components, as well as trace

elements are measured in solutions by inductive-

ly coupled plasma atomic emission spectrometry

(ICP/AES), by atomic absorption spectrometry

(AAS) or by inductively coupled plasma mass

spectrometry (ICP/MS). This last technique is

also suited for the direct analysis of solids with

the laser ablation sampling system.

The isotopic composition of elements is deter-

mined by thermal ionisation mass spectrometry

(TI/MS) or by ICP/MS.

The qualitative and quantitative analysis of a

wide range of y-, (3-, and a-emitting radionuclides

is performed using a- and y-spectrometry and liq-

uid scintillation counting.

. Impurities, down to the pg/g level, are determined

by spark source mass spectrometry (SSMS) or by

optical emission spectrometry. These techniques,

as well as an ICP/AES spectrometer, are fitted for

glove-box applications on hazardous materials

like nuclear fuels.

" The anion composition is measured by ion chro-

matography whilst classical "wet chemistry" is

still in use: for special cases.

Objectives

Critical nu elides

After a rather long period of scarce results in the

"Determination of Disposable Critical Nuclides in

Waste from PWR Power Plants" - a project covered

by a contract with the Belgian Agency for

Radioactive Waste and Enriched Fissile Materials

(ONDRAF/NTRAS) - we intended to work towards

a finalisation of the requested measurements for
238Pu, 241Am and 244Cm in reactor waste fluxes.

Meanwhile, we wanted to examine the possibility to

determine "Tc and 129I present at a very low level by

ICP/MS.

ARIANE (Actinide Research In A Nuclear
Element)

The project is co-ordinated by BELGONUCLE-

AIRE to improve the source term prediction for high

burnup UO2 and MOX fuels. The final report con-

cerning the performed analyses had to be delivered

before the end of the year.

Development of Advanced Wet-
Reprocessing System Technology (IRI-
project)

The project financed by the Japanese "Institute of

Research and Innovation" (IRI) has been initiated by

the Site Remediation department. Real spent fuel

ought to be separated on the novel anion exchange

resin AR-01 experimented last year. The experiment

had to be conducted in a hot-cell in collaboration

with the Laboratory for High and Medium level

Activity (LHMA). Analyses of the fractions must

determine the efficiency of the separation technique.

In addition, the adsorption of Pu(IV) on AR-01 from

various formic and nitric acid solutions had to be

investigated using a batch method.
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Thematic network on the analysis of
thorium and its isotopes in workplace
materials

The primary objective of this EC network is to eval-

uate appropriate techniques and determine best prac-

tice for analysis of 232Th at workplace levels and

environments. For the laboratory, this exercise offers

an opportunity for proficiency testing of our analyti-

cal methods. By involving also laboratories from

other departments, it promotes closer co-operation.

Radiochemical Analyses Services

The main objective of the radiochemical analyses

services is to provide reliable and accurate results for

the identification and quantification of alpha and

gamma emitting radionuclides for external and inter-

nal clients. Considering the huge variety of matrices,

the service ought to develop and optimise separation

schemes to allow appropriate source preparations for

these measurements.

Chemical Analyses Services

The chemical analyses services provides answers to

the problems of internal and external clients. The

department also wants to maintain its expertise by

developing new methods adapted for radioactive

samples and by continuously training the people.

Programme

Critical nudides

After having booked success with separations of
238Pu, 241Am and 244Cm from resins originating from

reactor waste fluxes last year, we wanted to apply a

combination of anion-exchange and extraction chro-

matography techniques to the samples foreseen with-

in the contract. Measurement sources for cc-spec-

trometry were to be prepared by co-precipitation.

For "Tc and 129I, dissolved samples had to be con-

centrated prior to analysis by ICP/MS.

ARIANE

We intended to measure the last remaining isotopes

by ICP/MS. The final report describing all the ana-

lytical methods used as well as the results and the

uncertainty evaluation ought to be written as soon as

the last results had been evaluated.

Development of Advanced Wet-
Reprocessing System Technology (IRI-
project)

The column separation behaviour of the novel anion

exchanger AR-01 for the purification of U and Pu

from a LWR spent fuel solution would be investigat-

ed. The work planning, the methodology and the

experimental set-up had to be carefully prepared with

LHMA to fit the experience in the hot-cell facilities.

A total of 60 fractions had to be collected and

analysed to assess the efficiency of the separation

technique. To evaluate the adsorption of Pu(IV) on

AR-01 resin, the distribution coefficients for 17 dif-

ferent formic and nitric acid solutions had to be

determined by batch method in a glove box.

Thematic network on the analysis of
thorium and its isotopes in workplace
materials

The second intercomparison concerned an equilibri-

um sample at a level of 10 Bq/g and two disequilib-

rium samples at a level of 10 mBq/g, one of them

containing ore elements. The results should be dis-

cussed in February. A new intercomparison on a

solution and two solid samples was foreseen by the

second half of the year. .

Radiochemical Analyses Services

The most time consuming activity for radiochemical
analyses consists of sample preparations.

Since the preparation and separation schemes are

strongly dependant from as well the matrix as the

isotope to analyse, we ought to develop and test as

many methods as possible to comply with unexpect-

ed customer requirements. The new high purity ger-

manium detector for the measurement of low-energy

photons had to be installed and its validation started.

Taking into account the considerable effort required

from the service for the fulfilment of the IRI experi-

ments, the necessary modifications to the installation

in view of the next experiment foreseen in 2001 must

be realised in time.

Chemical Analyses Services

The validation document for the determination of

impurities in MOX (Mixed Oxide) nuclear fuel by

Arc-AES was revised.
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The validation of a method for the determination of

fluoride and another for the determination of ammo-

nia, both based on I.S.E. (Ion Selective Electrode)

measurements, was performed.

Some QA-documents (validation document and

work instructions) were revised.

important interferences. The preparation of the solid

samples for the third run gave rise to problems. The

dissolution of the ore needed a fusion with borax fol-

lowed by an acidic dissolution. The ICP/AES spec-

trum of this solution was too intricate to allow any

valuable measurement. ICP/MS yielded good results.

Achievements

Critical nuclides

The analysis of 238Pu, 241Am and 244Cm has been

completed for all resins and evaporator concentrates.

An intermediate report was delivered to

ONDRAF/NIRAS. The determination of 99Tc and 129I

by ICP/MS is still going on.

ARIANE

The last measurements were performed during the

first quarter of the year. The report was finalised dur-

ing the last quarter.

Development of Advanced
Wet-Reprocessing System Technology
(IRI-project)

We adapted the experimental set-up for the AR-01

column separation in order to mount and operate it in

a hotcell. The separation experiment was successful-

ly performed on a LWR spent fuel solution. The frac-

tions were diluted and analysed by ICP/MS and

alpha- or gamma-spectrometry. The elution profiles

were determined for U, Pu, the minor actinides Np,

Am, Cm and the fission products Eu, Nd, Ce, Cs, Ag,

Rh, Ru, Mo, Nb, Zr, Y and Sr. The distribution ratio

of tetravalent plutonium between the resin and dif-

ferent formic and nitric acid solutions has been deter-

mined. We also experimented the influence of the

acidity and the nitrate concentration on the distribu-

tion coefficient. The valence state of Pu in the solu-

tions was controlled by UV-spectrophotometry. The

final report has been sent to the client.

Radiochemical Analyses Services

The new gamma-detector has been installed. Due to

work overload, we could only start the validation

experiments during the second semester. Different

techniques were tested to dissolve the solid samples

for the thorium network. Acidic treatments could be

applied to zircon sand but were inefficient for the ore

sample.

The analysis of the two last ARIANE samples was

finalised. The different fractions containing Sr, Nd,

Pm, Eu, Gd, Np, Cm and Am were purified for chem-

ical and/or radiochemical measurements.

In the frame of the project "Waste Characterisation",

we performed diffusion experiments in our hotcell

with cemented waste samples in clay water. Before

its determination by gamma-spectrometry, 90Sr needs

to be purified from the clay water matrix. The opti-

misation of the purification method has lead to the

publication of a school term paper by one of the

operators.

For the project "Diffusion and Migration in Clay",

we optimised the method to determine alpha-emit-

ting radionuclides by direct measurement with a ZnS

detector in clay wafers. This allowed to determine

the migration profile of uranium in clay.

The analyses on MOX samples from BELGONU-

CLEAIRE for the determination of Pu by alpha-

spectrometry and 241Am by gamma-spectrometry

reached almost the same level as past year.

Chemical Analyses Services

The workload for analyses requested by our cus-

tomers is illustrated in the following figure.

Thematic network on the analysis of
thorium and its isotopes in workplace
materials

The results of the second intercomparison obtained

by ICP/AES, ICP/MS and alpha-spectrometry were

closely matching the expected values. The presence

of ore elements in one of the solutions did not cause
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As it can be seen, more than 50 % of the requests

came from programmes involved in waste character-

isation and its possible behaviour (i.e. migration) in

clay repository conditions. Taking into account that

the major part of our own R&D is also devoted to the

radiochemical characterisation of unconditioned

waste fluxes, no less than 58 % of the analyses are

directly related to a better knowledge of the radioac-

tive waste problems. About 15 % of the demands

concerned the survey of the effluents from the BR2

reactor and from experiments like CALLISTO (BR2

in-pile-testing of fuel and materials under PWR con-

ditions).

The member of the scientific staff who prepared his

doctoral thesis during the forgoing years submitted it

with success in June. The work is entitled

"Experimental Study of Laser Ablation as a Sample

Introduction Technique for Inductively Coupled

Plasma Mass Spectrometry".

A new operator started in May. After being princi-

pally involved in sample preparation for ICP/AES

and ICP/MS, he gradually broadened his field of

activities to the analysis of routine samples by T.O.C.

(Total Organic Carbon), titration and measurements

with I.S.E.

A candidate for a PhD on applications and funda-

mental aspects of ICP/MS has been selected and

started in October.

A new ion chromatography (I.C.) instrument has

been purchased and its validation is presently going

on. The validation of the I.S.E. methods for the deter-

mination of fluoride and ammonia has been complet-

ed. Both I.C. and I.S.E. for fluoride methods will be

submitted to BELTEST in order to be introduced in

the scope of accreditation.

Perspectives

Critical nuclides

We expect to finalise all the remaining measurements

foreseen within the contract with ONDRAF/NIRAS,

the ash samples included.

Development of Advanced
Wet-Reprocessing System Technology
(IRI-project)

The first experience with spent fuel separation on the

AR-01 resin proved to be successful for the separa-

tion of plutonium from uranium and fission products.

The uranium fraction however needs a further sepa-

ration and will be submitted to an electrolytic reduc-

tion process to adjust the valence state to U(IV), fol-

lowed by a second separation on AR-01 resin.

Thematic network on the analysis of
thorium and its isotopes in workplace
materials

The results obtained by the different laboratories par-

ticipating to the network will be presented and com-

mented during a workshop in March 2001. Invited

speakers will highlight some aspects concerning

ongoing regulations and possible reference materials.

Intercomparison Radwaste

The kick-off meeting took place in 2000. An evapo-

rator concentrate sample and a spent cation exchange

resin originating from a nuclear power plant will be

distributed in 2001 in order to compare the analytical

procedures used by the participating european labo-
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ratories. Destructive measurements of a number of IRMM

critical nuclides will be performed (3H, 14C, 55Fe,
S3Ni 8W0§r 238pu 239/240pu 24ipu 2 4 1 ^ m 242f2A4Qm

234U and 238U) and the accuracy of the analytical

methods will be compared.

Radiochemical Analyses Services

In view of the characterisation of different radionu-

clides in glass embedded radioactive wastes, tests

will be performed on inactive samples to determine

the most appropriate dissolution and separation

methods.

The performances of the new gamma-detector will

be evaluated for the analysis of M1Am in MOX.

Irradiated beryllium samples must be analysed for

the presence of various activation products.

For the RETROSPEC project (determination of the

neutron flux in nuclear reactor vessels by measuring

the build up of 93mNb) different separation methods

will be investigated.

NPL

RUG - INW

IRE

Institute for Reference Materials

and Measurements (Geel,

Belgium)

National Physical Laboratoiy

(Teddington, United Kingdom)

Univeristy of Ghent (Ghent.

Belgium)

BELGONUCLEAIRE (Dessel,

Belgium)

Electrabel Doel (Doel, Belgium)

Electrabel Tihange (Tihange,

Belgium)

FBFC International (Dessel,

Belgium)

MDS Nordion (Fleurus, Belgium)

Institut national des Radio-

Elements (Fleurus, Belgium)

Chemical Analyses Services

Two more methods (ion chromatography and fluo-

ride determination by I.S.E.) will be presented for

accreditation during the next audit of BELTEST. The

validation of the AES method for the determination

of impurities in MOX will be controlled once more

with a new series of reference materials before being

presented again for accreditation. The ICP/MS tech-

nique for glove box applications must be validated

for the same purpose.

University of Innsbruck

(Innsbruck, Austria)

CEA

ENEA

FZ

HSL

Commissariat a l'Energie

Atomique (Bruyeres le Chatel,

France)

Ente per le Nuove Tecnologie,

Energia e lAmbiente (Saluggia,

Italy)

Forschungszentrum Jiilich (Jiilich,

Germany)

Health and Safetey Laboratory

(Sheffield, United Kingdom)
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Background

Within the department of Site Restoration, a large

variety of activities are carried out to clean up and

restore radioactively contaminated sites. The main

objective is to participate in delivering a clean and

safe environment to the next generations, in the most

economical way. To meet this main goal, we develop

technologies and procedures for decommissioning,

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 envi-

ronment from the potential hazards related to con-

taminated sites and radioactive waste and this starts

by preventing and reducing the waste production

during the entire lifetime of any nuclear installation

i.e. from design through operation and decommis-

sioning.

Objectives

To deliverer a clean and safe site, we:

:. perform decommissioning activities in a safe and

economical way;

;: develop a decommissioning management tool to

optimise decommissioning strategies and to iden-

tify waste problems;

;."• prevent the production of radioactive waste

where ever possible, and contribute in reducing

the volumes of nuclear waste;

: manage waste in a safe and economical way

according to the legal rules leading to the reduc-

tion of the impact of the waste to man and envi-

ronment;

provide our expertise in decommissioning and

waste minimisation to international institutions,

regulatory bodies and companies;

- develop, assess and apply new and existing treat-

ment/conditioning processes (up to the demon-

stration phase) minimising the risks, the volumes

and the costs of nuclear waste;

::. provide for the new treatment/conditioning

processes reliable data and models as well as

integrated overall approaches to the design engi-

neers with a view to determine the final plant

characteristics.

Programme

To reach the main objective to deliver a clean and

safe site and to convert experience into exploitable

expertise, our activities can be divided into three

main categories:

activities carried out to clean up SCK'CEN's own

contaminated sites;

consulting activities carried out for third parties

using own expertise in cleaning up contaminated

sites;

development of new processes to continuously

expand and improve SCK«CEN's experience and

expertise.

SCK'CEN' own needs required to carry out the

following works:

- clean-up activities;

- waste minimisation activities;

- activities related to the management of decom-

missioning projects.

SCK«CEN's expertise was asked by external

parties for:

- the set up of a remote tooling for dismantling

the core shroud of a commercial BWR in

Sweden (Forsmark NPP, in collaboration with

ABB-ATOM);

- t h e set up of the physical and radiological

inventory as well as the decommissioning plan

for the Thetis reactor (University of Ghent -

Belgium);

- t h e management of the waste stored at the

Interim Storage Facility situated at the Josef

Stephans Institute (Slovenian radioactive waste

management agency: RAO-Agency);

- the review of the methodology used by Nuclear

Energy Corporated South Africa to assess the

liabilities coming from the former Atomic

Energy Corporated (AEC) (Department of Art

Culture Science and Technology (DACST),

South Africa);

- t h e organisation and the management of the

decommissioning project of Sallaspils

(Lettland) as well as the improvement of the

decontamination (International Atomic Energy

Agency);

- the organisation of educational and training

courses.

We launched research related to the develop-

ment of new processes or continued to increase

our knowledge and expertise. It concerns:

- the treatment of tritiated methanol;

- the separation of uranium and plutonium from

solutions of fresh and spent fuel;
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- the treatment of alkali metals;

- the electrochemical mediated oxidation of

organic material by Ag2+

- the selective extraction of Co out of effluents.

Achievements

SCK»CEN's own needs

Clean-up activities

We focused the activities carried out to clean-up

SCK«CEN's own contaminated sites on four installa-

tions, i.e. the pressurised water reactor (BR3-PWR),

the materials testing reactor BR2 (MTR-BR2), the

Laboratory of High and Medium level Activity

(LHMA) and the Chemistry Building (SCH). We

also made progress in the application of the defined

solutions concerning the back-end of the fuel cycle

of the BR3 and the BR2 reactors.

Decommissioning of the BR3 (PWR)

The main decommissioning activities performed

included the dismantling of the reactor pressure ves-

sel, the primary and auxiliary loops under the operat-

ing deck, the turbo-alternator and the removal of the

asbestos around the auxiliary loops.

The BR3 reactor pressure vessel (the figure below

shows its installation at the beginning of the 60's) is

activated up to 7.2 MBq/kg in the stainless steel

cladding at mid-plane. Therefore, the reactor pres-

sure vessel has to be dismantled by remote controlled

tools. We chose for the under water dismantling of

the reactor pressure vessel, since we used this cutting

strategy previously at the BR3 for the dismantling of

the two sets of reactor internals. The detailed study

showed that the reactor pressure vessel dismantling

was feasible reusing the same supporting and cutting

equipment. This approach also allowed us to reduce

the operation duration, and consequently the dose

uptake respecting the ALARA (As Low As

Reasonably Achievable) principles.

Nevertheless, the reactor pressure vessel dismantling

presents significant differences in comparison with

the dismantling of internals. The reactor pressure

vessel has a larger diameter (1.7 m compared to 1.2

m) and is much thicker (114 mm compared to a mean

thickness for the internals of about 30 mm). The

reactor pressure vessel has a higher mass (about 26

tons compared to 5 tons) and is also made of two dif-

ferent materials (carbon steel (cladding) and stainless

steel instead of stainless steel only for the internals).

Therefore, additional clamping devices were

required to compensate for the additional generated

cutting forces. Other cutting parameters associated

with other saw blade types and geometry's were also

needed. The new cutting parameters were selected

based on the intensive cold tests we performed in

1999.

The selected dismantling strategy involves firstly the

underwater removal of the entire vessel from its orig-

inal position (i.e. under the bottom of the refuelling

pool) to the refuelling pool.

This approach presents some important advantages:

a thick layer of water above the high active parts

of the reactor pressure vessel ensures shielding

allowing us to respect the strictest radioprotection

requirements;

additional accessibility for tools at the outside of

the reactor pressure vessel wall was essential to

remove the surrounding thermal insulation and its

maintaining shroud;

••; the risk of spreading contamination during the

cutting process and manipulation :.s reduced to its

minimum. Indeed, at BR3, in conjunction with

underwater segmentation, mechanical cutting is

promoted. Consequently, the chips produced fall

on the bottom of the refuelling pool and can be

collected without any difficulty using an under-

water vacuum cleaner.

At the beginning of 2000, after a year of intensive

preparation, the reactor pressure vessel was hanging

at its crane, ready to be segmented. After the removal

BR3 reactor pressure
vessel installation at the
beginning of the 60's.
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of the reactor pressure vessel insulation and its shells,

the reactor pressure vessel bottom was cut first. The

vertical cylindrical component of the reactor pres-

sure vessel is then cut into 9 rings using a milling cut-

ter machine (see picture below). Afterwards, we cut

each ring into 12 segments using a band saw machine

(cutting vertically).

Reactor pressure vessel horizontal cutting with anti-
vibrations systems.

The cutting levels and the ring segmentation were

optimised in order to minimise the conditioning and

disposal costs, which increase strongly with the

waste categories. We defined the horizontal cut lev-

els based on contact dose rates, on activity measure-

ments of samples extracted from the vessel in 1995

and on activity measurements carried out on internals

swarfs (correlated by neutronic calculation). The pre-

dicted values were in good agreement with the real

ones for about 80% of the rings. All the waste pro-

duced by the dismantling of the reactor pressure ves-

sel was transferred to Belgoprocess for conditioning

and interim storage awaiting for the final disposal.

The large components of the primary loops i.e. the

steam generator, the pressuriser, the primary pump

housing, the neutron shield tank (surrounding the

already removed reactor pressure vessel) and the

reactor pressure vessel bottom and cover head can be

considered as complex components to be dismantled.

They require a light and handy tool to reach the dif-

ficult area and to follow exactly actual 3D surfaces.

We chose high-pressure water jet cutting (HPWJC)

with abrasives as dismantling technique. To handle

it, we ordered a hydraulic telemanipulated arm. Once

again, we will use the refuelling pool as cutting

workshop. During 2000, we studied the telemanipu-

lated equipment in detail and then we built it. On the

other hand, we tested the cutting techniques on real-

istic mock-ups to optimise the entire operation. The

cutting speed should be as high as possible to reduce

the operation duration, and consequently the dose

uptake. We selected an average cutting speed of

about 20 mm/minute (a wide range of speeds is

required depending mainly of the thickness of the

material to be cut). The abrasive flow rate has to be

kept as low as possible to minimise the production of

secondary waste. We chose an abrasive flow rate of

250 g/minute.

The removal of the steam generator and the pres-

Cutting of a set of small tubes simulating the steam generator bundle.

suriser requires the dismantling of the primary loop

and auxiliary under the operating deck. This decom-

missioning concerns a large amount of electric cables

and cable runs, pipe supports, valves, pumps and

electric motors. The complete dismantling strategy

was set up after a detailed ALARA study. This study

was conducted in collaboration with the Health

Physics and Safety department and the SCK-CEN's

software VISIPLAN. We removed easily accessible

hot spots to reduce the ambient dose rate. Then we

carried out a systematic dismantling in two phases.

We performed first the in-situ cutting, using mechan-

ical techniques where possible. The dismantled com-

ponents were subsequently segmented in smaller

parts, either in situ with the band saw on a frame or

in a ventilated workshop using thermal techniques.
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Dismantling of valves and pipes of the pressuriser and of the Spray Tank.

About 20 tons of material were dismantled and will

be removed after their respective waste minimisation

treatment. The scaffolds, necessary for the disman-

tling of the steam generator and the large pipes (pri-

mary loop), as well as a monorail with pneumatic

hoists for the evacuation of heavy pieces are both

installed.

The turbo-alternator group was situated in the

machine hall of BR3 and comprised the turbine and

the alternator. The turbine was made of two major

parts (high pressure and low pressure), without inter-

mediate bearing. It was coupled to the main and aux-

iliary alternators, situated at the same frame and with

an effective power of 11.5 MWe.

The main and auxiliary alternators were not contam-

inated and could thus be free released. However, the

turbine and connected loops were considered as sus-

pect as a result of leakage's in the secondary loop

during the operating period (at the level of the steam

generator tube bundle). Before dismantling the tur-

bine, we removed asbestos and glass wool. All of this

waste could be removed as classic non radioactive

asbestos and has been free released. The turbine dis-

mantling operations were carried out as described in

the intervention and maintenance procedures during

the operation period of the plant. To avoid the con-

struction of a confined/ventilated ares., we used man-

ual disassembly and cold techniques (due to the sus-

pected contamination). For several cuts however, we

used an oxyacetylene torch. The Health Physics and

Safety department took samples at the cutting places

to check that the contamination is limited and con-

fined sufficiently. The turbine shaft was decontami-

nated with dry ice (CO2) and wet sand blasting. The

turbine shaft was free released .

In the BR3 an external and certified company has

carried out the asbestos removal works. To reduce

the total waste volume, a reconditioning of the waste

is envisaged. These circuits are now ready for further

dismantling.

Turbine

Decontamination of the shaft
with dry ice in a closed/
ventilated area: operator in
ventilated suite.
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Cleaning activities in other SCK'CEN facilities

In the BR2 reactor, we dismantled an old experiment

and its bunker. Almost 21 tons of metal components

and 100 tons of concrete blocks were dismantled and

controlled on radioactivity. Only 3 tons of concrete

blocks had to be decontaminated to reach the free

release level.

The decommissioning activities at LHMA mainly

concerned the dismantling and the decontamination

of hot cells. We paid special attention to the hot-cell

41 where spent fuel has been dissolved. The final aim

of the decommissioning of the hot-cell 41 is to assure

its reuse after sufficient decontamination during a

refurbishment period. First, we disassembled the eas-

ily removable internals, followed by a first deconta-

mination of the hot cell 41 to minimise the dose to

the workers during the further decommissioning

intervention (ALARA principle). The next decom-

missioning steps will involve the dismantling of the

movable bridge and a lead-shielding chamber fol-

lowed by a final decontamination.

Management of spent fuel

Further clean-up activities involve the transport to La

Hague for reprocessing 340 spent fuel elements of

the BR2 reactor. Most of the work related to the

BR3-spent fuel preparation concerning the consoli-

dation of fuel assemblies and their "Wet-Sipping"

was completed.

On March 28, 2000 the first CASTOR BR3® cask

(cask for interim storage of spent fuel) was cast. This

event was the first step in the fabrication process. It

will take 11 months to finish the first CASTOR

BR3®, and afterwards, the other 7 containers will be

produced in a period of 4 months. We submitted the

documents for the transport licence to the authorities

in March 1999. The documents for the storage

licence were submitted during the month of

September 2000. Loading of the CASTOR BR3®

casks is foreseen in 2001, if we obtained all neces-

sary licences.

As a result of SCK«CEN's R&D programs in the

characterisation of Low Enriched Uranium (LEU)

and Mixed OXide (MOX) spent fuel, considerable

amounts of damaged fuel pins and segments are in

temporary storage facilities waiting for a final solu-

tion. During 2000, the repackaging of LWR-type fuel

rod remnants (LEU and MOX) for long term inter-

mediate dry storage were almost completed. The

remnants were retrieved from their temporary stor-

age facility and conditioned into welded canisters,

provided with an inner Zr-tubing basket. Those can-

isters will later be loaded into CASTOR BR3® casks

for further long-term intermediate storage (50 years).

In parallel with the conditioning, data were collected

to calculate the nuclide inventory of the canisters.

Waste minimisation

The dismantling activities presented above produce a

large variety of materials ranging from electric

cables up to stainless steel reservoirs. Since we want

to minimise the amount of radioactive waste, we are

using two main alternative evacuation routes, i.e. the

Dismantling of the spent fuel cell 41: before and after intervention.
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recycling route (the reuse of the materials inside the

nuclear world) and the clearance route (uncondition-

al reuse of the materials for the industrial world). A

decontamination process can precede the clearance

route.

The crucial point in the waste minimisation process

is the sorting of the materials. Specifications are

established to help the operator in his choice. The

sorting of the materials leads to the creation of batch-

es i.e. materials that follow the same evacuation

route. An interactive database allows the follow up of

the materials from the creation of the batch up to its

final evacuation.

The recycling of low contaminated metals uses a

radioactive foundry. The product, i.e. ingots, is used

for the fabrication of shielding blocks or for the fab-

rication of waste containers. Up to now, 64 t of mild

and stainless steels have been sent to GTS-Duratek

(USA).

Some materials are either very low contaminated,

very difficult to measure or not homogeneously con-

taminated. For these materials, it is advantageous to

send them to a nuclear foundry to reach after melting

the clearance level. Melting further decontaminates

the metals by volatilisation (e.g. 137Cs) or by transfer

of the radionuclides to the slag. It allows also an

accurate determination of the radionuclides content

thanks to the homogeneity of the metal melt. We per-

formed in 2000, a first transport of 18 t of metals to

the Studsvik facility in Sweden. This transport com-

prised secondary reheaters with copper tubes, a mas-

sive carbon steel component and carbon steel and

stainless parts in 200 1 drums. All the ingots pro-

duced were unconditionally cleared. The secondary

waste, representing only 5.9 % of the primary weight,

will be sent back to Belgium for conditioning.

The clearance procedure for metallic materials was,

up to now, limited to the clearance of materials with

simple geometry of which 100% of the surface was

measured by hand held p monitors. We developed

with the Health Physics and Safety department a pro-

cedure for the clearance of materials with complex

geometry. This procedure comprises now two steps:

a first An measurement: measurement by small

batches of materials (1/10 of a 200 1 drum) by

gross gamma counting with scintillation detec-

tors. This measurement allows cetecting "hot

spots" of contaminated materials in a batch of

materials;

. a clearance measurement of a 2001 drum with the

existing gamma spectrometer with High Purity

Germanium (HPGe) detectors. This measurement

verifies that the nuclide specific clearance criteria

are respected.

A new measuring equipment, the FHT 3035 clear-

ance monitor developed by ESM (Erlangen,

Germany) has been installed at BR3, calibrated by

the Health Physics and Safety department and

approved by the authority. This equipment compris-

es a 200 1 closed shielded chamber equipped with 6

plastic detectors. The apparatus uses a new technolo-

gy, the CCM system (Cobalt Coincidence Method)

which allows to distinct somewhat betv/een 137Cs and
60Co, which are the main gamma emitters at BR3.

The mass of a typical batch measured reaches almost

20 kg.

This equipment is now used in routine at BR3 for the

measurement of dismantled components; the main

limitation is the maximum size of the component

(max 700 mm long) and the maximum mass of one

individual part (60 kg).

To reach the clearance level, decontamination tech-

niques can be used. For metals, we mainly use man-

ual washing or cleaning in an ultrasonic rinsing bath,

a wet abrasive decontamination (ZOE cabinet) and a

hard chemical decontamination based on a cerium

process, called MEDOC (MEtal Decontamination by

Oxidation with Cerium).

I hi //(•!( LSM-l III 1(115 i learance monitor installed in a low background area.
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The manual washing or cleaning in an ultrasonic

rinsing bath is mainly used for components slightly

contaminated on external surfaces (e.g.: deminer-

alised water piping, structural pieces, instrumenta-

tion boxes ...). During 2000, we treated about 5.7

tons in this manner.

The ZOE cabinet allowing the decontamination by a

wet abrasive process is mainly used for rusted or

painted components with simple geometry in which

View of the MEDOC decontamination installation after installation at BR.3

Evacuation
of materials

Material stream in the MEDOC workshop.

the contamination is fixed in the oxide layer or in the

paint (structural equipment, beams ...). ZOE is used

in routine for the treatment of components up to 3 t

and 3 m long maximum. During 2000, ZOE treated 6

tons.

The hard chemical decontamination process, the so-

called MEDOC, is based on the use of cerium IV as

strong oxidant in sulphuric acid with continuous

regeneration of the cerium using ozone. An industri-

al installation has been designed and constructed in

close collaboration with Framatome (France). This

installation started to operate in September 1999 for

the treatment of the metallic parts arising from the

dismantling of the BR3 reactor.

The decontamination process can be summarised as

follows. The decontamination loop, loaded with

batches of 0,5 to 1 ton of contaminated materials,

comprises a decontamination reactor, a buffer tank, a

circulating loop and a static mixer where the ozone is

injected. Ultrasonic transducers surround the basket

to promote the decontamination process. The decon-

tamination is performed at 80°C in a sulphuric acid

solution loaded with eerie sulphate. Contaminated

materials are attacked with an average corrosion rate

of about 2.5 um.h"1. This corrosion rate gives an idea

of the necessary treatment time. In order to remove 5

um on low contaminated material to 15 um for high-

contaminated material, the treatment time is situated

between two to six hours. The continuous regenera-

tion process with ozone-laden oxygen compensates

the consumption of the eerie ions by reaction with

the metals. The regeneration efficiency being over

60% allows us to maintain the cerium IV concentra-

tion constant as well as the corrosion rate. After

decontamination, treated materials are removed from

the decontamination reactor and transported inside a

rinsing reactor. The rinsing is then performed in a fil-

tered closed loop with ultrasonic transducers sur-

rounding the basket to promote the rinsing effect.

When the rinsing is finished, the basket is placed on

a drip tray to allow drying of the components. The

components are then manually transferred inside a

clean container to be sent to the measuring station.

Up to now, 77% of these decontaminated materials

have an average residual activity close to

0.05 Bq.g"1 of 60Co and follow the free release route;

23% have a residual activity lower than 1 Bq.g1 and

follow the melting route for free release. The pictures

below give a view of the MEDOC installation and

the material stream into the MEDOC installation.

Since the contamination level and the salt content of

the decontamination solution continuously increase,
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the solution must be evacuated as radioactive waste
after a certain time and/or a certain number of treat-
ed batches. The liquid waste is then transported to the
Belgoprocess liquid waste treatment unit for final
conditioning. The conditioning method developed by
Belgoprocess comprises a neutralisation/flocculation
step followed by bituminisation of the obtained
sludge. The overall process starting from contami-
nated materials to final conditioning guarantees a
total volume-reduction factor close to 95 %.

The main measuring equipment is the FHT clearance
monitor, which is installed in the vicinity of the
decontamination installations. It allows us to take
immediate corrective actions in case of residual con-
tamination.

Within one year, we treated about 14 tons of stainless
steel in the MEDOC installation. The license of the
patented MEDOC process has been granted to the
Framatome company for all countries except the
Benelux.

Management of decommissioning projects

Our Decommissioning Management Tool (DEMA-
TO) is now adapted to use also the structure of the
inventory of nuclear installations as defined in 1999
by the Belgian Agency for Radioactive Waste and
Enriched Fissile Materials (ONDRAF/NIRAS:
Inventory of Nuclear liabilities). The upgraded
DEMATO modules assessing the liabilities of
nuclear installations and fissile material will be fully
tested in the near future. We will compare the results
with those obtained by the previous release of
DEMATO and by the return of experience from the
ongoing decommissioning projects.

We modelled the structure materials of the BR1 reac-
tor (i.e. the graphite moderator and the concrete
bunker) and of the critical VENUS assembly (i.e. the
stainless steel vessel and the concrete shaft) to gain
information on the activation products. The results of
the modelling were incorporated in the inventory
database and allowed us to reassess the decommis-
sioning costs of these facilities.

External consultancy and services

Set-up of a remote tooling for dismantling the
core shroud of a commercial BWR in Sweden

For maintenance purposes, the nuclear power plant
Forsmark in Sweden had to replace its core shroud.
The old core shroud being stored in the refuelling
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Secondary waste removal and treatment routes for the MEDOC decontamination
installation.

pool, had to be dismantled, while the plant was run-
ning at full power. The plant owner preferred
mechanical cutting above any other method, to min-
imise the possibility to pollute the reactor pool. We
used our expertise in underwater realtor internals
dismantling to assist the industrial p;irtner (ABB-
ATOM Sweden) in designing the too!, for disman-
tling the core shroud.

Set-up of the initial decommissioning plan of
the THETIS reactor (University of Ghent,
Belgium)

According to the Belgian national regulations, every
nuclear installation has to dispose of an inventory of
its own nuclear liability and of a decommissioning
plan. The University of Ghent chose SCK-CEN to
set up the physical and radiological inventory and to
draw up the initial decommissioning plan for their
THETIS reactor. We paid special attention to the
modelling of the activation of the graphite reflector
and the heavy concrete of the reactor shaft to specify
the decommissioning strategy and the waste man-
agement route. The initial decommissioning plan,
conform to Belgian and international (International
Atomic Energy Agency) recommendations, was
approved by the University of Ghent. SCK«CEN's
own developed software tool (DEMATO) was used
for calculating the total decommissioning cost and
setting up the financing scheme.
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RAO-Agency (Brinje, Slovenia)

SCK'CEN made an evaluation of the storage condi-

tions of the historical waste stored at the Interim

Storage Facility situated at the Josef Stephans

Institute (Brinje, Slovenia). We made recommenda-

tions on the improvement of the safety of the storage

facility and on the rearrangement of the historical

waste allowing to define adequate treatment and con-

ditioning routes. Further, we recommended on waste

record keeping and on acceptance criteria of low and

intermediate level waste resulting from medical

applications, research and the industry.

Expert missions

•-.' We participated in the review team constituted by

the Department of Arts, Culture, Science and

Technology (DACST, South Africa) on behalf of

the Department of Minerals and Energy (DME),

to undertake a "review of the procedures for

assessing the decommissioning and waste man-

agement liabilities arising out of the past activi-

ties of the former Atomic Energy Corporation

(AEC)";

:.: We were appointed as international expert in an

ad-hoc Committee of the US National Academies

of Science, on the "Long term research needs on

D&D at the DOE". We also participated, as

Belgian representative, to the expert Committee

set up by the European Commission for advising

on its projects of decommissioning, clean-up and

waste management of the nuclear liabilities in its

Joint Research Centre sites, with a particular

emphasis on the Ispra site;

: In the framework of IAEA bilateral co-operation

agreement, we were also involved in several

expert missions in Latvia.

Valorisation

We participated in several calls for tender together

with industrial partners. Together with Framatome,

we are developing and testing, at lab scale, different

methods and processes to clean-up the Dounreay

spent fuel pond.

We will soon be involved in the preparation of the

decommissioning plan of Kozloduy in Bulgaria

(with Belgatom) and the set-up of a Methodology for

Decommissioning Costs (with Framatome, EDF and

VUJE - local contractor).

Our expertise in decommissioning was brought to

the attention of the Central Research Institute of

Electric Power Industry (CRIEPI) in Japan which is

in charge of evaluating the environmental impact

assessment of decommissioning nuclear power

plants in Japan.

We sold the license for the MEDOC process to

Framatome and the VISIPLAN ALARA planning

tool to Framatome and Tractebel.

We trained a decommissioning engineer from the

SOGIN company (Italy) who is in charge of the

decommissioning of all nuclear power plants in Italy

and we gave lectures at the IAEA interregional train-

ing course on decommissioning small nuclear instal-

lations (Argonne, USA).

We provided also training and courses for universi-

ties (Ulg, Liege, Belgium) and national institutes e.g.

Nuclear Power Institute of China and Ente Nazionale

per l'Energia Elettrica (ENEL, Italy).

Development of new processes

Processes related to tritium

SCK«CEN treats tritiated waste, mainly methanol,

produced by the pharmaceutical industry. We intend

to convert this tritiated waste in tritiated water, which

can be conditioned and stored, and in carbon dioxide,

which can be discharged. The requirement for negli-

gible environmental emission drives the need for

high destruction efficiencies and efficient product-

water recovery. At SCK'CEN, we realised an appro-

priate infrastructure (see figure below) which allows

a controlled and safe handling of this volatile, highly

flammable, toxic and highly radioactive material.

The installation comprises a process cell equipped

for unpacking and sampling the waste, a second cell

which houses the oxidation system and its associated

water collection system and a third cell equipped for

the temporary storage of the tritiated water. A combi-

nation of direct combustion and catalytic after-oxida-

tion, developed and tested by Ontario Power

Technologies Canada will ensure the very high con-

version rates that are required for environmental rea-

sons. During 2000 it was integrated in our infrastruc-

ture and cold tests allowed us to optimise working

conditions. Condensation and adsorption on molecu-

lar sieves will trap the tritiated water. At the end of

2000 the regulatory body granted the exploitation

licence. Soon thereafter we started unpacking and

sampling of the waste.
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We started opening of all secondary overpacks in a

ventilated process cell, using air-supplied suits and

preventing sparks. This operation will end during the

first trimester of 2001. During this operation, we

continuously monitor for tritium, methanol and radi-

olytically produced hydrogen and decontaminate the

drums and overpacks. For removing all primary

overpacks and sampling waste bottles, we use a

glove box, the inert atmosphere of which is decon-

taminated in the processing installation. Sampling

allows us to check the chemical composition, the

specific tritium activity and the absence of other

radionuclides. After sampling, the waste bottles are

stored in a fireproof cabinet. Up to now unpacking of

the drums has posed no significant problems and tri-

tium discharges have been well below the authorised

limits. We plan to finalise unpacking in the beginning

of 2001. After the exact chemical composition of the

waste has been determined, the actual oxidation will

start, with optimal parameter settings depending on

the composition. The resulting water will be stored at

SCK'CEN, awaiting final conditioning and disposal

at Belgoprocess.

In the framework of the ELEX process for water

detritiation, SCK-CEN developed and tested a suit-

able hydrophobic catalyst, which does not loose its

activity in the presence of liquid water. Our catalyst

contains platinum on a carrier of charcoal incorpo-

rated in a polytetrafluoroethylene matrix. Mixed with

water wettable packing material in a volumetric ratio

of 3:1, this catalyst allowed us to realise overall tri-

tium exchange rate constants up to 100 mol.s~'.nr3 at

40°C. Linked with fusion research and tritium tests

in Europe and elsewhere in the world, we experi-

enced a renewed interest in liquid phase catalytic

exchange and the possible use of SCK«CEN's propri-

etary catalyst for water detritiation. With the help of

ZeTek Power bvba, SCK-CEN prepared and sold in

2000 several samples of its hydrophobic catalyst.

Processes related to nuclear fuel

In the framework of the development of an advanced

wet-reprocessing process to separate uranium, pluto-

nium and minor actinides from a nitric acid solution

of spent nuclear fuel, the Japanese Institute of

Research and Innovation (IRI) is manufacturing a

novel anion exchanger (AR-01) and several extrac-

tion resins immobilised in porous silica particles. In

comparison with the Purex process, the new process

would exclude or limit the use of organic solvents,

produce less waste and be less expensive because of

compactness and simplicity. The new process is

based on ion exchange in combination with elec-

trolytic reduction and extraction chromatography.

SCK«CEN was asked by IRI, to test their new anion

exchanger AR-01. In nitric acid solution, uranium

and plutonium exhibit distinct retention on an anion

exchanger as they form negatively charged complex-

es, while fission products mostly exist as cations and

show no or very weak retention. After promising

results with simulated spent fuel solutions in 1999,

we studied in 2000 the separation of uranium and

plutonium from a solution of real spent fuel. The

experiments at SCK'CEN were carried out in collab-

oration with Nuclear Chemistry and Services and

Reactor Materials Research department. We cut a

small piece of LWR fuel with a burnup of 55 000

MWd/tHM, dissolved it in 8 M nitric acid and adjust-

ed the concentration to 0.5 M uranium and 6 M nitric

acid. 40 cm3 of the spent fuel solution and several

eluent and rinse solutions were successively supplied

to a glass column packed with AR-01 and operated at

296 K and at a superficial flow rate of 3.8 m.h"1.

Element or isotope concentrations in the feed and in

the collected effluent fractions were determined

using inductively coupled plasma - mass spectrome-

try and alpha or gamma spectrometry.

The results indicated that most fission products such

as cesium, strontium, molybdenum, rhodium and the
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lanthanides as well as the minor actinides americium

and curium were nearly not retained from a 6 M

nitric acid solution and they were satisfactorily sepa-

rated from uranium. Changing the eluent to 1 M

nitric acid eluted the retained uranium. Zirconium,

niobium and ruthenium exhibited weak retention and

were partly mixed with the effluent uranium fraction.

Plutonium was completely retained, but by using 1

M formic acid as the eluent, it was successfully and

sharply separated from uranium and fission products.

According to our complementary batch study of

Pu(IV) distribution coefficients and UV-spectra the

elution of plutonium is probably based on the forma-

tion of a non anionic plutonium formate complex.

Neptunium showed a complicated elution behaviour

due to its different oxidation states. Np(V) and

Np(VI) were mostly mixed with the uranium frac-

tion, while Np(IV) was found in the plutonium frac-

tion. Palladium and technetium were strongly fixed

on the anion exchanger and their elution, if neces-

sary, needs further investigation.

The incomplete separation between uranium and

some fission products is considered to be due to the

relatively low retention ability of U(VI) on the anion

exchanger. To enhance the separation between urani-

um and these fission products, IRI proposes to elec-

trolytically reduce uranyl (UO2
2+) to uranous ion

(V*), which shows a considerably stronger retention

than UO2
2+ in nitric acid solution. In 200.1 SCK-CEN

will study this electrolytic reduction and the further

purification of uranium on AR-01.

To maximise recycling of nuclear material and to

minimise waste production, SCK'CEN is recovering

fissile material from fresh-fuel solutions for BEL-

GONUCLEAIRE and other clients. The installation

is enclosed in three interconnected glove boxes,

which contain respectively the precipitation and fil-

tration section, the drying oven and the calcination

furnace. After adding ammonia to the uranium and

plutonium containing solutions at 60 °C, we filter

and rinse the precipitate and dry it at 200 °C under

inert atmosphere. Afterwards we calcine it at 600 °C

in the presence of hydrogen. The fully characterised

product returns to the client. During 2000 about 125

dm3 have been treated and about 7.5 kg uranium and

0.5 kg plutonium have been recovered. Because of a

necessary revision of the precipitation section, other

obligations and a lack of manpower, the recovery of

fissile material has to cope with an important back-

log, necessitating an extension of our storage capac-

ity for untreated solutions.

The oxidation of alkali metals

SCK'CEN decided, on the basis of an elaborated

business plan, to continue developing a novel and

patented process for the oxidation of radioactive

alkali metals. The main objective of this process,

called SANDS (for SAfer Na Destruction System), is

to develop a safe method for the handling of contam-

inated alkali liquid metals (Na, K) leading to a final

product (sand like) directly ready for waste condi-

tioning (either by cementation or by vitrification).

The process (now patented) is based on the reaction

of the liquid metal with CO2 in a controlled fluidised

bed.

On a theoretical level, we further developed two heat

transfer models for the fluidised bed reactor. The first

model includes heat conduction and convection. The

second model combines the ideally mixed conditions

with the plug flow regime. Adequate experimental

campaigns for validating the models will require

time, due to the size of the experimental apparatus

and to safety related constraints.

On the experimental level, we carried out a first

experiment during which 1 kg of sodium was inject-

ed into the fluidised bed reactor. The figure below

shows the schematic design of the treatment installa-

tion. The injection line worked well. The system

reached its fluidisation regime normally. However,

the conversion of sodium was very low due to an

internal leak of the cooling fluid into the reactor ves-

sel. This resulted in a passivation of the sodium

droplets. In these conditions, the initial temperature

(403-413 K) was too low to ignite the sodium. We

reviewed the installation, always keeping safety into

account. We replaced the internal joining by a weld.

The procurement of adequate materials in view of

increasing the pre-heating temperature is finished.

Further, using the injected sodium in the sand matrix,

we carried out laboratory experiments, using 5-15

vol. % CO2 and 20-30 vol. % O2 in Ar. We demon-

strated that peroxides can be formed. Next, an initial

temperature of 543 K would better guarantee ignition

in most cases. In these conditions, both the carbona-

tion and the oxidation can be complete. The experi-

ments that were carried out made us realise that we

might work in two stages: first the oxidation, next the

carbonation. This is because traces of water vapour

enhance considerably the kinetics of the carbonation

step while we reject water during the oxidation stage

for safety reasons. We plan to carry out the next

experiment with at least 1 kg of sodium at the begin-

ning of 2001 after approval of the related safety

report.
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The oxidation of radioactive organic waste
through Ag2+

SCK-CEN decided, on the basis of an elaborated

business plan, to continue developing a modified

process for the oxidation of organic material using

Ag2+, for which a patent application has been filed.

On the theoretical level, an experimental campaign

was carried out to assess a model describing the

anodic selectivity when oxidising formic acid. Data

treatment through fittings and statistical analysis is

still going on.

On the experimental level, we designed several

experimental devices with the aim to study mem-

brane characteristics. Further we investigated the

possible replacement of nitric acid by sulphuric acid

in the catholyte. This would lead to the production of

hydrogen instead of HNO2 and/or NOx. The ques-

tions raised during this investigation are similar to

those we are facing with nitric acid on both sides of

the membranes. Further, we examined several differ-

ent methods for the online monitoring of traces of

H2O2 in concentrated HNO3 solutions. These meth-

ods are based on the colorimetric determination of

the complex formed between H2O2 and Ti4*. A home-

made online colorimeter (combining an adequate

blue LED and a phototransistor) was used for these

measurements. These methods do not allow coping

with the low dead time of the targeted control loop

(less than one minute). To ensure an integrated solu-

tion, successful lab scale experiments allowed us to

define the basic guidelines for both the recovery of

Ag from the anolyte and the online separation and

regeneration of silver halides that could be formed

when halogenated organic materials are being oxi-

dised. The basic principle relies on the reaction

between silver halides and H2O2 at high pH and con-

trolled temperature and concentrations. We also car-

ried out laboratory experiments to assess the oxida-

tion of bitumen by electrochemical mediation.

Although reactions take place, they appear to be

quite slow. Enhancing the contact between reactants

is a key point. This requires coupling with comple-

mentary techniques (e.g. extraction, pyrolysis).

The selective extraction of cobalt from radioac-
tive effluents

SCK«CEN decided on the basis of new information

on the characteristics of the MEDOC effluents and a

shortage of manpower, not to continue the studies on

the selective extraction of Co out of the effluents.

Nevertheless, significant results were achieved dur-
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Heat
exchanger

Filter

Huidizedbed
reactor

Circulator

Schematic design of the sodium treatment process

ing this study. We developed a new synthesis route

for corroles, obtaining yields three timss higher than

an alternate route that has been recently patented in

Israel. The first three steps of the synthesis are car-

ried out advantageously in one single vessel, leading

to dipyrromethane 1,9-dicarboxilic acid. Next, cor-

role is being formed through adequate ring closure

carried out in the presence of triphenylphosphine and

cobalt (II) acetate. Due to the structural similitude of

corrole and vitamin B12, we expect the ligand to be

particularly efficient for extracting traces of Co from

effluents containing large amounts of other metals

(Fe, Ni and Cr). We won the SCK'CEN award 2000

for the non-university final year thesis with this work

(see Annexes). These studies caused the discovery of

an unknown crystallographic form of triphenylphos-

phine oxide, which is a remarkable sideline result. In

this framework, we also prepared the future study of

a membrane in which our selective molecule could

be embedded through examining the behaviour of a

polysulfone membrane containing dead cell mem-

branes of Enterococcus hirae (Formerly called

Streptococcus faecalis or faecium, E. hirae is a fac-

ultative anaeorobe. It has a simple metabolism and

can generate ATP only by glycolysis. This bacterium

has therefore been used for bioenergeric studies for

over 30 years. Electrochemical impedance spec-

troscopy (EIS) measurements are affected by a poor

reproducibility, unless particular precautions are

used (e.g. efficient preliminary outgassing, charac-

terisation in the presence of one single heavy metal

in the solution (Ni2+), careful examination of the

trend in function of time). Cyclic voltammetry indi-

cates that graphite as well as vitreous carbon may be

used as electrode material.

• Na.Ar
•O 2 ,CO 2 ,A r
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Perspectives

The activities at BR3 will continue with the decom-

missioning of the main components (steam genera-

tor, pressuriser, pump housings) of the primary cir-

cuits using the high water jet cutting technique. The

primary loop piping under the operating deck will be,

after dismantling, decontaminated in the MEDOC

facility. The MEDOC facility could be adapted to

allow the in situ decontamination of the steam gener-

ator and the pressuriser. This scenario will be sub-

mitted to the technical liability manager early in

2001.

Concerning the waste treatment processes we are

developing, ours goals are to treat the 1801 of tritiat-

ed methanol and to demonstrate the validity of our

process for the treatment of alkali metals by the com-

plete oxidation of first 1 and, next 10 kg of non-

radioactive sodium. Further, we aim at completing

the development and the validation of the models

describing the oxidation of alkali metals and the oxi-

dation of organic waste through Ag2+. We further

expect to address clearly the technical questions

raised by bitumen as waste form and to improve the

completeness of the oxidation of organic waste

through Ag2+ process and the MEDOC process by

minimisation and treatment of the secondary waste.

We will more and more develop our role as consult-

ant and/or industrial partner in decommissioning and

waste minimisation activities.
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November 17, 2000.

V. Massaut, M. Klein, "Lecture 12D: Research and devel-

opment in decontamination and dismantling technology:

the Belgian experience", IAEA Interregional training

course on decommissioning of research reactors and other

small nuclear facilities, Argonne, USA, October 30-

November 17, 2000.

R. Cornelissen, V. Massaut, L. Noynaert, S. Harnie,

"Lecture 13C: Decommissioning of nuclear laboratories

and other small facilities", IAEA Interregional training

course on decommissioning of research reactors and other

small nuclear facilities, Argonne, USA, October 30-

November 17, 2000.

M. Klein, O. Emond, "Dismantling the BR3, free release

and characterization", ISOCS Mathematical Calibrations

users meeting and associated training courses, Strasbourg,

November 6-10, 2000.
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Safe operation of nuclear power plants is one of the
major concerns of the Reactor Safety division. It
focuses its programme on the development of exper-
tise on materials behaviour under irradiation with
emphasis on phenomena in the core of light water
reactors (LWR).

The general objective is to better understand the phe-
nomena, which do undergo structural materials and
fuel under irradiation conditions. More specifically,
we study the behaviour of fuel at high burn-up, pres-
sure vessel steel embrittlement and corrosion of in-
core materials under irradiation and coolant interac-
tion.

We further contribute to the knowledge on the behav-
iour, during and after irradiation, of the fusion reac-
tor materials and components. These studies are per-
formed within our collaboration to the co-ordinated
fusion research programme of the European
Commission. We focuse on material characterisation
under irradiation and coolant interaction for structur-
al materials for vessel modules, material used for
diagnostics and maintenance instrumentation.

Instrumentation technology has undergone spectacu-
lar advances. SCK'CEN evaluates the potentials of
instrumentation technologies under the severe con-

straints of nuclear applications. We focus on the one
hand on the tolerance of existing sensors to high radi-
ation 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 since the
knowledge of the exact irradiation conditions is a
condition "sine qua non" for understanding the
behaviour of structural material for fission and/or
fusion reactors, fuel and advanced instrumentation
under irradiation.

The development of a new type of nuclear technolo-
gy able to address the need for increased safety lev-
els and for efficient nuclear waste management is of
paramount importance for the future of sustainable
energy provision. The MYRRHA project aims to
contribute to these objectives. MYRRHA is an accel-
erated driven system (ADS) providing protons and
neutrons for various R&D activities. The MYRRHA
project investigates the design, development and
realisation of a versatile neutron source based on
ADS, serving national R&D as well as international
research programme needs in the field of waste trans-
mutation and ADS development.
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REACTOR MATERIALS RESEARCH

BE0100008

Background and Objectives

The Reactor Materials Research department evalu-
ates the integrity and behaviour of structural materi-
als used in nuclear power industry and research as a
function of several parameters such as temperature,
pressure, neutron fluence, burn-up, material compo-
sition and water chemistry. The finality of this
research is 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. We give com-
mercial projects high priority and we primarily use
their outcome to generate new research that can give
more added values to upcoming projects.

The department runs the LHMA (Laboratory for
High and Medium level Activity) in order to perform
state-of-the-art PIE (Pre and Post Irradiation
Examination), operates the BR1 (Belgian Reactor 1)
and BR2 hot-cells and makes elaborate use of the
BR2 MTR (Materials Testing Reactor) for material
irradiation. The programs within the department con-
centrate on four distinct disciplines:

1 fusion (mostly mechanical testing, reported in
another contribution to this annual report);

ii Irradiation Assisted Stress Corrosion Cracking
(IASCC);

B nuclear fuel;

H Reactor Pressure Vessel Steel (RPVS).

As LHMA is central to all work related to hot-cell
infrastructure, we are moreover heavily solicited by
other departments of SCK»CEN and by external
companies.

Programme

The Reactor Materials Research (RMR) programme
covers a vast number of projects that are of commer-
cial and of research origin. Some projects are almost
continuous, some have clear deadlines. Typical for
hot-cell work is that the occurrence or continuation
of projects can be hampered by transport problems
(mainly fuel from external laboratories or nuclear
power plants - NPPs) or inactivity of hot-cells due to
interventions. This is for example the reason why
some projects, scheduled to be finalised in 1999, are
still unfinished in 2000.

In 2000, the main topics in the RMR programme
were:

a the extension of the numerical simulation of the
IASCC phenomenon;

m the preparation for the installation of a hot-cell for
IASCC experiments, the dedicated irradiation of
specimens susceptible to IASCC and the devel-
opment of specific instrumentation for these
complicated irradiation programmes;

the fundamental study of the grain boundary
behaviour of cesium in nuclear fuel;

a the installation of an X-ray diffractometer in
SCK«CEN's thermochemistry laboratory;

sa the continuation of the fission gas release model-
ling activity;

85 the feasibility study of an experimental irradia-
tion program THOMOX involving instrumented
irradiation of advanced nuclear fuels;

si the continuation of the BACCHANAL fuel irra-
diation;

a the evaluation of the operational behaviour of
fuel rods with different cladding irradiated up to
very high burnup;

5a the continuation of the Electrabel Convention
with major contributions in the field of RPVS and
IASCC;

S the finalisation of the European Union sponsored
RESQUE project for which SCK-CEN was the
co-ordinator;

EJ the kick-off of the FP5 European projects
INTERWELD, LIRES, PRIS (IASCC) and
FRAME (RPVS);

El the continuation of the TACIS-projects in support
of VVER-1000 surveillance;

s; the finalisation of the VVER-440 IAEA pro-
gramme on irradiation, annealing and re-embrit-
tlement;

IB the successful organisation of the 9th IGRDM-
Symposium (International Group on Radiation
Damage Mechanisms);

m the organisation by SCK-CEN of a Belgian work-
shop on "Fuel for Power Reactors" in Brazil with
the participation of AVN (AIB Vincotte Nuclear),
BELGONUCLEAIRE, Tractebel Energy
Engineering;

m the studies on RAFM (Reduced Activation
Ferritic-Martensitic) materials and Chromium
alloys in the context of fusion research.

Achievements

Corrosion

Components close to the reactor cere, such as the
pressure vessel internals, accumulate a high fast neu-
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tron fluence during the lifetime of a nuclear power
plant. It is well known that irradiation by neutrons
changes the properties of the materials. These
changes affect both the mechanical properties
(strength, ductility and fracture resistance) and the
microchemistry of the material (which results in
redistribution of the alloying elements inside the
microstructure). Moreover, the presence of intense
radiation fields causes radiolytic decomposition of
the coolant and influences the environment to which
the material is exposed.

These effects (individually or combined), may render
a material-environment system (such as stainless
steel in high-temperature water) susceptible to irradi-
ation assisted stress corrosion cracking (IASCC).

The corrosion research programme of SCK'CEN
aims to clarify the mechanisms contributing to
IASCC in order to formulate improved inspection
schemes and mitigating measures. Therefore, we
have three complementary activities under develop-
ment:

s modelling of IASCC and related phenomena: a
computer code takes into account chemical and

x electrochemical reactions at the surface of the
•.corroding material and in the environment. It
models transport phenomena and the coupling
between mechanical loading and stress corrosion
crack propagation. We consider complex geomet-
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Typical stress corrosion crack morphology, obtained in sensitised AISI 304, tested at
300°Cin oxygenated PWR water.

ric systems and we include the influence of irra-
diation on the (stress) corrosion process;

experimental study of IASCC in Light Water
Reactor (LWR) conditions: LWR-conditions
include high temperature (250-350°C) and high
pressure (up to 15MPa), and make the study of
IASCC non-trivial. Presently, tests on non-irradi-
ated materials generate reference data for model-
ling and future experiments on irradiated speci-
mens. Presently, we also construct a hot laborato-
ry at LHMA to perform stress corrosion tests at
LWR conditions. We take irradiated specimens
from dedicated experiments in BR2 or from com-
ponents extracted from power reactors;

development of dedicated instrumentation: no
'off-the-shelf instrumentation is available to
study the phenomenon of IASCC. A programme
to develop, test and validate instruments and
methods for detection of (IA)SCC in LWR condi-
tions, with emphasis on high temperature refer-
ence electrodes, is currently underway.

Modelling of IASCC

In 2000, the numerical simulation of corrosion was
taken one step ahead. This is shown in a number of
applications and by the further development of the
computational electrochemistry code, ELEMD, in
collaboration with the Vrije Universiteit Brussel
(VUB), the Elsyca n.v. and the Von Karmann
Institute (VKI).

Predicting crack growth rate versus temperature
behaviour of Type 304 stainless steel in dilute sul-
phuric acid solutions. The coupled-environment
fracture model for stress corrosion cracking of
Macdonald is extended to incorporate the effects of
sulphuric acid additions and to include thermal acti-
vation of the crack tip strain rate. These extensions
allow, after calibration, to compare theoretically esti-
mated and experimentally determined crack growth
rates over a considerable temperature range.

Measuring and modelling the IR drop and the result-
ing active-passive transition of iron in an acetic acid
solution. The IR (I = corrosion current, R = ohmic
resistance of the electrolyte) drop model of Pickering
is used to model the active-passive transition and the
potential drop in a creviced iron sample in a buffered
acetate solution. The numerical calculation, based on
solving a Laplace equation with appropriate bound-
ary conditions, is in good agreement with the exper-
imental results.
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The influence of conducting walls on electrochemical
measurements. The correct measurement of the cor-
rosion potential is essential, as it is a fundamental
parameter when investigating aqueous corrosion.
Electrochemical measurements under high pressure
and high temperature are usually carried out in stain-
less steel autoclaves. We showed through numerical
calculations and laboratory experiments that the
presence of electrically conducting walls influences
electrochemical measurements. We proposed meth-
ods for correcting the measurements.

Development and application. The mixed potential
model for high temperature and pressure LWR envi-
ronments is implemented in ELEMD. The model
accounts for oxygen reduction, hydrogen evolution,
hydrogen-peroxide reduction and metal dissolution.
Analytical and computational results are compared
for a rotating disc electrode. The computational
approach allows extrapolation to a more complicated
geometry. Limiting currents are obtained numerical-
ly by solving the full diffusion-migration-convection
equations.

Experimental studies of SCC in LWR
environment

The characterisation of the SCC behaviour of
austenitic stainless steels in LWR conditions,
requires test methods to be applied in autoclave envi-
ronments. We produced a first data set on the SCC
propagation rate in stainless steel in simulated pri-
mary PWR environment. We evaluated the cracking
behaviour of AISI 304 after cold work or/and sensi-
tisation by SSRT (slow strain rate tensile) and crack
growth rate (CGR) measurements on CT (compact
tension) specimens. The magnitude of and trends in
the data agree with published information in litera-
ture and other international programs. The qualita-
tive accordance between SSRT and CGR measure-
ments is good: the cracking mechanisms are compa-
rable for the different materials and testing condi-
tions. It is important to note that the results of the
SSRT tests as such, can lead to erroneous conclu-
sions on the relative difference in cracking resistance
when only the fractographic results are considered
(as is often the case in literature). In our work, it is
shown that, under the same conditions, the sensitised
material (which demonstrated a considerably higher
fraction of SCC in the SSRT tests) has a lower crack
propagation rate than the cold worked material. This
is due to the lower ductility of the cold worked mate-
rial, which limits the extend to which a stress corro-
sion crack can propagate in an SSRT test before

overload fracture occurs. In the constant load tests on
CT specimens, the crack propagation is. stable, so the
true difference in stress corrosion cracking resistance
of the material can be revealed.

The yield stress is the main determining factor for
SCC in PWR water. The presence of oxygen as an
environmental factor, is found to strongly accelerate
cracking. The latter is also observed when a very low
potential is applied (corresponds to strong hydrogen
generation). The cracking is predominantly trans-
granular and is different from the intergranular
cracking generally observed in irradiated stainless
steels. A better reproduction of the behaviour of irra-
diated materials, requires a more accurate simulation
of the irradiated microstructure.

Technically, the method is improved by applying
alternating current potential drop measurements,
with better signal to noise ratio at constant current
level than direct current methods. Nevertheless, in
the test periods applied, the lower limit for measur-
ing crack propagation rates of the testing method is
about 10s mm/s.

INTERWELD, an EU sponsored R&D program,
focuses on the evolution of residual stress and
microstructure in large welded internal reactor struc-
tures and investigates the relation with IASCC. The
programme considers welds that are irradiated in-
service and model welds, irradiated in an MTR. We
will study the relation between residual stress,
microstructure, microchemistry and IASCC suscep-
tibility experimentally with neutron diffraction, elec-
tron microscopy, Auger and analysis by secondary
ion mass spectroscopy. This will be combined with

SSRT tests in a simulated reactor environment. The
aim is to study to what extend the residual stress
relaxation during irradiation interacts with the
threshold dose for IASCC.

The objective of PRIS, also an EU sponsored R&D
programme, is to produce material data for irradiated
austenitic stainless steel LWR internals - both BWR
and PWR - as a function of fluence. Ws will use the
data for structural integrity studies and lifetime
assessment. The information consists of validated
initiation fracture toughness data, fracture resistance
curves, tensile properties, as well as data on
microstructure changes caused by irradiation.
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Instrumentation development for SCC
detection

An important parameter for IASCC - and for any
other aqueous corrosion process - is the corrosion
potential. Hence, when monitoring the corrosion
potential with a reference electrode, we can evaluate
the likeliness of IASCC to occur. We developed a
high temperature reference electrode that can be used
for electrochemical corrosion studies in an autoclave
under relevant PWR conditions. The electrode is an
External Pressure Balanced Reference Electrode
(EPBRE) connected to the autoclave by means of a
(cooled) salt bridge. Our laboratory developed a
potential correction algorithm to calculate the poten-
tial of the EPBRE against the Standard Hydrogen
Electrode (SHE) scale. During the design emphasis
was put on easy handling of the hot-cell EPBRE with
manipulators and on the resistance of the reference
electrode to irradiation.

The main objective of the LIRES, also an EU-spon-
sored R&D programme, is to develop a reference
electrode, which is robust to be used inside a LWR.
A four-step development trajectory is foreseen:

1. To set a test standard for a Round Robin exercise;

2. To develop different reference electrodes;

3. To perform Round Robin tests of these reference
electrodes, followed by the selection of the best
reference electrode(s);

4. To execute irradiation tests under appropriate
LWR conditions in a MTR. The kick-off meeting
and the first progress meeting on item (1) have
been held.

Fuel

Nuclear fuel research at SCK'CEN combines both
applied and fundamental research. The aim is to
develop the competence to respond to the rapidly
evolving demands in advanced research. The funda-
mental part focuses on solid state research of nuclear
fuel, on modelling of fuel behaviour and on the defi-
nition, technical preparation and execution of in-pile
instrumented irradiation experiments. We took the
first steps for the development of dedicated fuel for
Accelerator Driven Systems (ADS).

Applied research essentially remains market-driven.
The tendencies of future research are the long-term
intermediate storage of spent fuel and issues related
to the further increase of discharge burnup. The prob-
lem of transporting fuel rods from the NPPs to

research institutes has become very pressing.
SCK'CEN applied to obtain a license for its BG18
transport container, in co-operation with Transnubel
(TNB) who will operate the SCK'CEN container.
The license is expected to be granted early 2001.

Fundamental Nuclear Fuel Research

Thermochemlcal fuel research

In 2000, we continued to study the fundamentals of
the interaction between alkali metals (in particular,
but not exclusively cesium) and UO2, with the objec-
tive to deepen the knowledge on the grain boundary
behaviour of cesium in nuclear fuel. In close collab-
oration with the ITU (Institute for Transuranium ele-
ments, Karlsruhe), uranium and cesium were sputter
deposited in situ, forming thin layers which could
subsequently be studied with X-ray Photoelectron
Spectroscopy (XPS). It is a known fact that for reac-
tively deposited uranium oxide layers (sputter depo-
sition of uranium in an oxygen-argon atmosphere),
uranium is never found in valence states higher than
IV. With the addition of cesium to the sputter atmos-
phere, the co-deposited layers show that uranium can
be forced in higher valence states, up to UVI. Even
more remarkable is the fact that cesium covered UO2

surfaces, when exposed to oxygen, will oxidise much
faster than uncovered surfaces. It is believed that the
capability of cesium to decompose oxygen mole-
cules and form ionic oxygen species lies at the origin
of this behaviour.

SCK«CEN's thermochemistry laboratory is equipped
with an X-ray diffractometer that allows to perform
in-situ analyses under controlled atmosphere up to
2000°C. The increased resolution of modern X-ray
equipment has a slight drawback since the inherent
asymmetry of low-angle diffraction peaks is more
pronounced. This has to be correctly accounted for in
the structure refinement programmes. We conducted
an extensive study on the asymmetry of low angle
diffraction peaks. With the tubular furnace that
works under controlled atmosphere, the laboratory
has successfully continued the study on the crystallo-
graphic structure of alkali metal uranates and the ura-
nium valence states in these compounds. The analy-
sis of cesium uranate was complemented with neu-
tron diffraction experiments at the Institut Laue-
Langevin in Grenoble, and with spectroscopic inves-
tigation of the local environment of the uranium
atoms by X-ray Absorption Fine Structure
Spectroscopy (XAFS). The combination of neutron
diffraction, X-ray diffraction, XPS and XAFS will
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lead to a better understanding of the local uranium

environments.

Modelling of fission-gas release in LWRfuel

Since 1994, we develop a new mechanistic model for

fission gas release (FGR) in LWR fuel. The develop-

ment involves two complementary aspects.

First, we analyse basic underlying mechanisms and

focus on the grain boundary behaviour as this deter-

mines the onset of release. In particular, we devel-

oped a model for the precipitation of fission products

in a grain boundary, which embodies a variable reac-

tion rate on the precipitate surface. This enables to

account for modifications of the local fuel chemistry,

or to distinguish between the behaviour of different

migrating species. In addition, we have assessed the

influence of the trapping parameters on the precipita-

tion rate according to different models from the open

literature. We extended these models to incorporate

the variable intrinsic reaction rate. We established the

interrelationship among the models while we dis-

cussed their limitations and range of validity. The

results reveal a critical value above which the influ-

ence of the intrinsic reaction rate (between a fission

product and an intergranular trap) on the global pre-

cipitation rate becomes negligible. This is beneficial

given the uncertainty pertaining to this parameter. In

addition, it justifies the assumption of an infinite

intrinsic reaction coefficient for intergranular bub-

bles in FGR models, and can explain the similar

behaviour of different species for which the reaction

rate coefficient is larger than the critical value.

The second aspect is the development of a model for

FGR that couples the kinetics of the intra- and inter-

granular behaviour of gas atoms in both directions.

As such, we will be able to assess quantitatively the

contribution of the various mechanisms to the over-

all release process. In 1999, we developed the model

for thermal release and coupled it with the FTEMP2

code of the Halden Reactor Project, providing the

radial temperature distribution only. This year, we

coupled the model with the COMETHE code of

BELGONUCLEAIRE to provide the radial distribu-

tion of the temperature, the power and the burnup in

the pellets. The simulation of the empirical Halden

threshold for release proved to be quite satisfactory.

Moreover, the predicted grain boundary saturation

concentration, 2xl015atoms/cm2, corresponds very

well with literature. At the same time, the predicted

outward shift of the radius within fuel for onset of

thermal release with burnup is in accordance with

Crystal structure of Cs4U5O17 as determined from the neutron and X-ray
diffraction experimental data. The figure presents a view along the
<010>-direction. Each octaeder contains an uranium atom at the centre and has
oxygen atoms at its corners.

experimental observations. Nevertheless, an over-

prediction of the threshold for FGR appears at low

temperatures, where fission gas filled bubbles at

grain boundaries - resulting from diffusion controlled

precipitation - are not yet developed. We also did not

account for the open porosity resulting from the fab-

rication process. We therefore included an athermal

release process. This component is deteimined by the

athermal open porosity fraction.

Integral experiments

In 2000, we successfully completed the feasibility

study of an experimental irradiation programme

THOMOX. The project involves an instrumented

irradiation of a series of advanced nuclear fuels

under PWR conditions (8 different fuel types and a

total of 16 fuel rods) and aims at the assessment of

both the FGR and the thermal properties of the fuel

rods. The fuel types are all ceramic oxides and

include (Th,Pu)O2, (U,Pu)O2 and UO2. The main

parameters are the degree of dispersion of fissile

atoms and the matrix in which they are embedded.

We will irradiate the fuel for 4 years in the PWR

CALLISTO loop of BR2. The target burnup is 50

GWd/tM and the life average linear power will be

300 W/cm. To achieve the target burnup within the

proposed time, we proposed subsize rod dimensions
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and remind that the flexibility of the irradiation con-
ditions in BR2 needs to be utilised.

The irradiation programme BACCHANAL on burn-
up accumulation in MOX fuel of BR3 design, con-
tinued. The experimental and theoretical results of
this programme serve as a basis for more advanced
irradiation programmes. The follow-up of BAC-
CHANAL includes the assessment of the linear
power of the bundle and the comparison of calculat-
ed predictions, the on-line follow-up of the cooling
water in the PWR loop and the out-of-pile gamma
spectrometry of the fuel rods.

The refabrication of irradiated fuel rods is close to
implementation in hot-cell. The welding conditions
were optimised and the quality control procedures
were prepared. In 2001, the equipment will be
installed in the hot-cell.

Applied Nuclear Fuel Research

We evaluated the operational behaviour of fuel rods
with different type of cladding, and high burnup (80
GWd/tM) .The evolution of the fuel microstructure
and the corrosion/hydriding of the cladding were
studied by optical microscopy.

The electron microprobe (EPMA) based methodolo-
gy to analyse a poly-dispersed binary system
(UO2/PUO2) has been further applied on non-irradiat-
ed MOX. Its excellent quantitative reliability in com-
bination with a spatial resolution of lum on the Pu
content and distribution has been confirmed.

Reactor Pressure Vessel Steel

Electrabel Convention 1999-2003

Reconstitution Technology

In recent years, the development of new laser sys-
tems has increased the interest of laser welding for
reconstitution purposes. We performed a preliminary
study to evaluate the capabilities of a 45 kW CO2

laser to reconstitute Charpy-V specimens. Careful
selection of the laser welding parameters (speed and
power of the beam) for the reconstitution of Charpy
specimens reduces the width of the weld and the
heat-affected-zone and lowers the maximum temper-
ature in the specimens during welding.

Important results of this study are:

:: CO, laser beam welding can be successfully
applied for reconstituting Charpy-V specimens
(10x10mm2). The optimum parameters are a

beam power of 22 kW for a welding speed of 4
m/min;

temperature measurement shows rapid heating
and cooling during the laser welding process. The
maximum temperature is 430 °C at a distance of
2 mm from the welded joint and less than 300 °C
at a distance larger than 3.5 mm, in agreement
with the RESQUE results;

three-point bending tests on laser welded un-
notched specimens show good mechanical resist-
ance of the laser welds. The methodology of the
un-notched three point bend test was successfully
established to estimate the quality of the welds
during European Round-Robin with the acronym
RESQUE;

charpy impact tests show good agreement
between original and laser-reconstituted speci-
mens.

Development of the potential drop technique

for ductile tearing investigations

The Multiple Specimen Test Technique (MST) and
Unloading Compliance Test Technique (UCT) are
qualified techniques, which are widely used.
However, the UCT applied to small specimens such
as precracked Charpy specimens (PCCv), underesti-
mates the crack growth prediction and is very sensi-
tive to compliance measurements. Moreover, the
UCT does not always give satisfactory results with
very ductile materials such as aluminium. Therefore,
it was decided to investigate the use of the potential
drop (PD) technique within the Electrabel -
SCK'CEN Convention 2000.

We developed the direct current potential drop
(DCPD) technique and we investigated and quanti-
fied the effect of several parameters. We can sum-
marise the important points of the investigation as:

to avoid excessive specimen heating, we recom-
mend to apply pulsed current instead of constant
current;

to avoid errors due to thermocouple effects, we
recommend to measure the potential during and
after the pulse. When this procedure is used, the
reverse DCPD is not needed to avoid errors due
to thermocouple effects;

B temperature is an important parameter as the elec-
trical conductivity highly depends on it. The tem-
perature effect was taken into account using a
temperature calibration function;
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a within the specified region, the position of the

current probe is not very important;

' contrary to ACPD, the technique is not sensitive

to an induced potential. It is, however, recom-

mended to use shielded cables;

"' the PD method is very sensitive to the position of

the potential probe. To improve the repeatability

of the measurement we recommend to measure

the potential using a clip gauge;

' . we successfully developed a clip gauge allowing

simultaneously PD and Crack Mouth Opening

Displacement (CMOD) measurement;

a the dependence of Vo (initial potential) with the

load should be taken into account to obtain an

accurate blunting line.

Development of the crack arrest technique

When it can not be demonstrated that a fast propa-

gating crack could initiate, the investigation of the

crack arrest concept is required. However, the cur-

rent regulation is based on a semi-empirical method-

ology to determine the lower bound crack arrest

curve and this results in large conservatism.

Therefore, it would be interesting to obtain a direct

measurement.

The crack arrest test technique is standardised in

ASTM E1221-96. Although there is an interest to

measure this material property, very few laboratories

are currently performing such test. The reasons being

that it requires large specimens and the test results

should satisfy five stringent criteria before being

considered as a valid measurement. Therefore, this

technique has nearly never been used with irradiated

specimens.

The reasons for developing the crack arrest technique

at SCK-CEN is:

"•" to gain expertise in this domain;

t.: to verify and establish a physically based correla-

tion with small specimens, such as Charpy speci-

men.

We developed successfully the technique and per-

formed tests on large specimens of 1 and 2 inch

thickness.

3-D Finite Element Modelling of Compact tension

specimen for Loss of Constraint Analysis

To support the new standard ASTM E1921-97 for

fracture toughness testing in the transition regime,

we performed 3-D finite element calculations on

side-grooved and non side-grooved PCCv and CT

specimens. The goals of this study are:

" to assess the ASTM procedure for fracture tough-

ness determination;

t to compare PCCv and Compact Tension (CT)

specimens in terms of constraint, which is an

important parameter controlling cleavage frac-

ture.

The main deliverables of this investigation are:

m the formulations proposed in ASTM E1921-97 to

calculate the J-integral for a PCCv and IT (1 inch

thick) CT are sufficiently accurate for application,

although improvement is possible. The maximum

error on the reference temperature is 3 °C;

~j CT and PCCv specimens display a plane strain

behaviour at low load level;

i no constraint difference between PCCv and 1T-

CT is observed up to 40 MPaVm;

-. CT and PCCv specimens are possibly a more

constrained geometry than the SSY (Small Scale

Yielding) plane strain condition;

•; the constraint for a PCCv loaded above 40

MPaVm decreases when compared with a 1T-CT

specimen;

S3 the model predicts a reference temperature about

10 °C lower for a PCCv specimen as compared to

a IT CT specimen. This is an important result that

is supported by a large experimental database.

Development and Validation of Fracture

Toughness Tests on Miniaturised Specimens

The objective of this activity is the validation of

direct fracture toughness measurements using speci-

mens of small-size geometry, which can be obtained

from machining broken Charpy-V specimens. The

two specimen types are:

sa the miniaturised precracked Charpy-V specimen

(MPCCv);

m the miniaturised Cracked Round Bar (MCRB).

We obtained fracture toughness results in the ductile-

to-brittle transition regime for two well-characterised

reactor pressure vessel steels, and compared using

the Master Curve analysis to reference data meas-

ured using bigger samples of the more conventional

CT geometry.

To cope with specimen size limits established by test

standards in order to avoid loss of constraint, we
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chose two strategies:

E testing at very low temperatures, thus approach-

ing lower shelf conditions;

s correcting fracture toughness for loss of con-

straint, where loss of constraint was assessed by

in depth finite element calculation.

We found sub-size results in agreement with refer-

ence data, although in case of tough materials tests

have to be performed at very low temperatures. From

this point of view, the MCRB specimen offers the

advantage that an analytical correction for the loss of

constraint is already available.
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Fracture toughness values obtained from miniaturised and standard specimens on
the DIN 20MnMoNi55 steel Scatter and size effects are well represented by the mas-
ter curve.

Qualification of Force Values Measured by
Instrumented Impact Strikers

Forces measured during instrumented impact tests

are used for different purposes, including the assess-

ment of irradiation effects using the enhanced sur-

veillance strategy. Thus, confidence in the calibration

procedure used to convert tup strain-gage output into

forces applied on the test specimen must be opti-

mised.

In 1999, we established that the most promising

approach to the qualification of instrumented impact

forces was the comparison between maximum loads

obtained in quasi-static and dynamic (impact) tests,

using an Aluminium alloy 6061-T651 which is quasi

strain-rate insensitive.

We completed the characterisation of the strain-rate

sensitivity of this alloy by performing tensile as well

as three-point-bend tests at different strain rates.

Furthermore, we extended the range of maximum

forces investigated from 3 to 22 kN (force range typ-

ically encountered in actual Charpy tests on RPVS),

by using modified Charpy specimens with widths (in

the direction of striker movement) ranging from 3.5

to 15 mm.

Most of the strikers available in the Mechanical Test

Lab of RMO for the three instrumented pendula

(Tinius-Olsen, Toni-MFL and Wolpert) have been

verified by comparing quasi-static to dynamic

(strain-rate corrected) maximum forces: this allows

to rank both ASTM and DIN tups, and to establish

the most suitable for performing impact tests on non-

irradiated or irradiated samples according to ASTM

or ISO standards. Finally, we obtained optimised cal-

ibration curves for every instrumented striker by

minimising the differences between strain-rate

dynamic maximum forces obtained experimentally

and reference values yielded by quasi-static tests.

Radiation Effects on RPV Steels

We initiated this work in 1994 to better understand

the thermal ageing/irradiation embrittlement of the

Doel I-II weld. We completed the analysis of the

supplementary test programme, including tensile

tests with miniature tensile specimens charpy impact

tests and fracture toughness tests with precracked

Charpy specimens. For various conditions of thermal

ageing, irradiation levels and post-irradiation heat

treatments, we analysed the test results using the load

diagram approach. While the experimental data were

globally rationalised using the available tools (load

diagram, crack arrest, strengthening model), unre-

solved questions remain, in particular in relation to

the copper effect (high versus low copper weld) and

role of the thermal component in the embrittlement

of such welds.

In the framework of the enhanced surveillance strat-

egy, the load diagram plays a central role. A user-

friendly program has been written in Excel in order

to apply in a more efficient way the load diagram

approach to RPV Charpy and tensile test data. We

selected a number of RPV steels in order to qualify

the programme.

It is known that the observed embrittlement of RPV

steels results from various embrittlement mecha-

nisms that are affected by the material specification

(chemistry, heat treatment), as well as the environ-
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mental conditions of exposure (irradiation tempera-
ture, neutron fluence and flux). The damage model
developed some years ago for rationalising RPV
Steel strengthening was implemented in a user-
friendly Excel programme. It is currently applied to
an extensive databank to evaluate its performance.

Commercial research

Surveillance capsules from the Belgian NPPs

In 2000, the Doel 1/5 surveillance capsule was
retrieved from the reactor. We foresee transport to
SCK'CEN early 2001 and the analysis according to
an enhanced analysis scheme should be performed
by June 2001.

SAMBA collaboration with CTMSP, Brazil

The heat-treated rings of base and weld material
from the Brazilian INAP-reactor where delivered at
SCK'CEN in the second half of the year. Under
supervision of AVN and RMR, the surveillance spec-
imens of the INAP-reactor were taken from these
rings by an external company. Early 2001, the testing
of the reference data for the INAP surveillance pro-
gram will start, while the other specimens will be
encapsulated in 12 surveillance capsules.

In September 2000, SCK'CEN organised a work-
shop on "Combustivel para reatores de potericio no
Brasil" nearby Rio de Janeiro. The emphasis of the
workshop lay on fuel licensing. The Belgian organi-
sations that were contracted by SCK'CEN to con-
tribute to the successful workshop were AVN, BEL-
GONUCLEAIRE and Tractebel Energy
Engineering.

SCK-CEN sponsored research

The REVE (REacteur Virtuel d'Etude) Project is an
international effort led by EDF (Electricite de
France) aimed at developing computational tools,
based on well grounded techniques such as
Molecular Dynamics, Monte Carlo methods,
Dislocation Dynamics, capable of predicting the
behaviour of materials under irradiation. These tools,
each of which deals with a well-defined space and
time scale, are currently being routinely used as sep-
arate packages in several laboratories around the
world. The underlying idea of the REVE project is
twofold. The first objective is to build, through close
collaboration between European centres (EDF,

SCK'CEN, CEA, CIEMAT and various French,
Belgian and Spanish universities), a suite of codes
capable of deducing, from a detailed simulation of
the microstructure changes produced by irradiation
in materials, the corresponding changes in macro-
scopic properties. The second objective, strictly
related to the first one, is to enhance collaboration
and data exchange between European, American
(UCSB, LLNL, ORNL,) and Japanese (CRIEPI,)
laboratories, currently tackling the same challenge,
in order to speed up the development of such suite of
codes. The material chosen for the first phase of this
project is RPV steel. Within this project, with a view
to preparing the next generation of codes, extended
also to other, more complex materials, a EU-
Commission-funded Thematic Network for the
Improvement of TEchniques for Multi scale model-
ling (ITEM), which involves 40 European laborato-
ries, has been proposed. Within REVE, SCK'CEN
carries out two actions:

1. The development of the simulation codes requires
a continuous validation based on ad hoc experi-
mental data: at SCK'CEN the relevant neutron
irradiation experiments and most cf the subse-
quent materials characterisation to produce such a
data base are going to be conducted. The REVE
experimental programme envisages the irradiation
of 10 different materials in 5 different flux/fluence
conditions in the CALLISTO loop of BR2, and
their post-irradiation characterisation through test-
ing of very different specimens, from atom-probe
needles to tensile samples.

2. In addition, taking advantage of the expertise
accumulated at EDF and elsewhere with the use of
multi scale modelling tools, a Materials
Simulation Group is in the process of being set up
at SCK'CEN, externally supported and promoted
by prof. Marc Hou (ULB). This group will initial-
ly focus its activities on the problem of the simu-
lation of experimentally observed Cu precipitates
stabilised by vacancy clusters in ferritic alloys by
means of Monte Carlo techniques, so as to be able
to study their interaction with dislocations (key
issue in order to determine the yield strength
increase produced by irradiation in these materi-
als), this time by means of Moleculiir Dynamics
methods. The longer-term objective is also to
implement and develop at SCK'CEN computa-
tional tools 'capable of acting as a link between the
simulation and the experimental observation
(TEM image simulation, PAS calculation,...).
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IAEA Round-Robin on WER-440 weld

SCK'CEN finalised its tasks that consisted of:

"; the irradiation, annealing and re-irradiation of a
critical VVER-440 weld. The irradiations were
carried out in the CALLISTO loop and had code
name CHIVAS-7 and 8;

3 the testing of the numerous specimens, the analy-
sis and reporting of the results;

;~ the results show that almost full recovery of ten-
sile, fracture toughness and impact properties can
be obtained after annealing. The temperature
shifts are conservative towards Russian regula-
tion and the re-embrittlement behaviour is inter-
mediate to the lateral (non-conservative in this
case) and conservative shift model.

EU-sponsored research projects

RESQUE

We finalised the RESQUE project and the final
report, that consists of a number of recommendations
for the reconstitution of irradiated material, was sub-
mitted to the EU. We introduced an "Accompanying
Measure" dossier to the EU to organise a workshop
on the findings of RESQUE (and REFEREE). The
request was granted and the seminar will be held in
2001.

FRAME

The objective of the cost shared action FRAME is to
investigate the eventual dependence of the master
curve, used in fracture toughness analysis-,- on mate-
rial composition. A number of irradiated model
alloys with a chemical composition that has been
varied systematically will be tested and analysed.
The kick-off meeting of the project was held.

TACIS

RMR is through Belgatom involved in two TACIS
projects on VVER-1000 type of reactors.

In TACIS SRR 2/95, SCK-CEN helped to define the
test matrix, reviewed the mechanical testing results
and performed the review of the fluence measure-
ments and analysis. This information will be used as
background for the correlation and modelling activi-
ties foreseen in 2001.

In TACIS R2.06/96 we want to improve the surveil-
lance analysis methodology of the VVER-1000 reac-

tors. SCK»CEN co-designed the instrumented sur-
veillance capsule that was irradiated in Balakovo unit
1 (Russia), did the selection of irradiated specimens
from existing surveillance programmes and, evaluat-
ed and reviewed the results of the testing and analy-
sis according to the master curve, originally per-
formed by Russian laboratoria. In 2001, corrective
actions and/or alternative surveillance strategies will
be considered and a number of recommendations
will be made.

Support to Infrastructure

Hot Cell equipment exploitation

The hot-cell equipment exploitation team at RMR is
a multi-disciplinary flexible group that is central to
the department and to SCK'CEN. It has several
important tasks:

managing and maintenance of the cells in opera-
tion;

,.; decontamination and removal of out-of-service
equipment and preparation of the implantation of
new research equipment;

" decontamination and dismantling of irradiated
experiments and transport of the experiment to
the PIE installations;

•' active support for the research projects and teams;

"; waste treatment and packaging for storage at the
waste plant.

In 2000, we concentrated the main activities on:

Decontamination of:

a hot-cell for polishing of fuel samples;

burst test equipment for fuel cladding research;

a mechanical hot-cell for fuel sampling on plates
or rods.

Decommissioning of:

a mechanical test hot-cell for cladding materials;

chemical-reprocessing equipment for uranium
targets.

New equipment:

n the build-up of a IASCC-equipment in the corro-
sion hot-cell;

study for the installation of the re-instrumentation
equipment in the chemical reprocessing hot-cell.

Dismantling:

We partially dismantled a sodium loop for study of
local blockage in pre-irradiated fuel bundles. We sep-
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arated the fuel bundle fro'm the loop and the sodium ' , •
between the fuel rods was melted out and recovered
in a storage drum. The fuel bundle is ready for repro-
cessing. BN

Conditioning of fuel rods from fuel research pro-
grams:

The non-intact fuel rods were retrieved from their
temporary storage under water and conditioned in a
welded canister, provided with a Zn-tubing basket.
The leak tight canister will be loaded into a Castor
BR3 container, used for a long term dry-storage and
transported to the waste plant.
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Introduction

Fusion Research in Europe is one of the largest co-
ordinated programmes of the European Commission.
SCK'CEN focuses its fusion participation on materi-
al characterisation under radiation and coolant inter-
action: structural material for the vessel modules, as
well as material used for the diagnostics and mainte-
nance instrumentation. The latter aspect is presented
in the contribution on "Instrumentation" of the pres-
ent report. The present contribution focuses on radi-
ation induced degradation characteristics of structur-
al materials, but involves also the studies related to
safety issues and waste management aspects related
to these materials.

Objective

To contribute to the knowledge on the behaviour,
during and after irradiation, of the fusion-reactor
materials and components.

Programme

H Study of the mechanical behaviour of structural
materials under neutron irradiation: Reduced
Activation Ferritic-Martensitic (RAFM) steels,
inconel, chromium, etc. This involves tensile and
compact tension tests, microstructural evaluation
and corrosion measurement;

El Characteristics of irradiated first wall material
such as beryllium, as for instance its reactivity
with air and steam.

S Detection of abrupt electrical degradation of insu-
lating ceramics under high temperature and neu-
tron radiation;

e Study of dismantling and waste disposal strategy
for fusion reactors.

Achievement

Radiation induced mechanical
degradation of RAFM steels

RAFM (Reduced Activation Ferritic Martensitic)
steels represent the most promising option in terms
of structural materials, both for fusion reactors and
accelerator driven systems (ADS). Presently, their
nominal composition envisages Cr contents between
7% and 10%. The most up-to-date RAFM steel
nowadays investigated is EUROFER97. Several
organisations are studying its mechanical properties
both in the unirradiated and irradiated condition.

In 2000, a preliminary irradiation (code name
IRFUMA) of EUROFER97 has taken place at 300
°C in BR2, leading to an accumulated dose of about
0.27 dpa. Tensile, Charpy impact and. Charpy tough-
ness specimens were loaded in IRFUMA, with the
aim of providing a complete characterisation of the
strength and toughness properties of :he steel via the
post irradiation examination (PIE) envisaged in
2001.

A parallel activity is in progress investigating the
possible improvements of the EUROFER97
mechanical properties induced by the Oxide
Dispersion Strengthening (ODS) technique. Two
preliminary batches of EUROFER97 steel, produced
via the Hot Isostatic Pressure (HIP) route and with
two different contents of Y203 (3% and 5%), have
been characterised by means of tensile and sub-size
instrumented Charpy tests for two different orienta-
tions. We performed the tests in collaboration with
the Paul Scherrer Institute (PSI-CRPP, Switzerland);
comparison with SCK'CEN data will be performed
in 2001.

Corrosion behaviour of RAFM steels

Structural materials for fusion reactors will be sub-
ject to corrosion in contact with the coolant, circulat-
ing in the blanket. The use of new materials, such as
RAFM steels, present a challenge in the particular
fusion conditions, as very few experimental data are
at present available to evaluate their performance.
The influence of irradiation on the corrosion behav-
iour of these materials represents in particular a
major unknown. The study aims at evaluating the
electrochemical behaviour of RAFM in high temper-
ature water, with special emphasis on the occurrence
of stress corrosion cracking (SCC) on fresh materials
and irradiated samples. Also, attention is put on the
influence of an intense radiation field on this electro-
chemical behaviour, involving the influence of radi-
olysis and direct flux effects, such as the photo-elec-
tric effect on corrosion.

Electrochemical behaviour. We performed electro-
chemical tests like potentiodynamic polarisation
curve measurements, corrosion potential measure-
ments and Electrochemical Impedancs Spectroscopy
(EIS) in demineralised water at 1003C and 230°C,
with and without oxygen. The experimental results
showed that the shape of the polarisation curves
changed with temperature, but not with oxygen con-
centration. With oxygen however the polarisation
curves moved slightly to a more anodic region. EIS
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results were used to calculate (uniform) corrosion
rate. We measured the highest corrosion rate at a
temperature of 230°C with addition of oxygen. The
most likely source of oxygen under operational con-
ditions of a thermonuclear fusion reactor is the for-
mation of hydrogen peroxide due to radiolysis of
water. We modified therefore the water circulation
loop of our corrosion laboratory with a micro pump
to inject hydrogen peroxide and an electrochemical
sensor to measure the hydrogen peroxide concentra-
tion (at the cold end of the loop). First results showed
that almost all the injected hydrogen peroxide was
decomposed to oxygen in the high temperature part
of the loop (autoclave) and that the corrosion poten-
tial was increased due to the injection of hydrogen
peroxide. Sometimes an initial decrease of the corro-
sion potential was observed after injection of hydro-
gen peroxide. After this initial decrease the corrosion
potential increased to a more anodic value than
before the addition of hydrogen peroxide. We will
perform further experiments to investigate the influ-
ence of hydrogen injection on the electrochemical
corrosion behaviour of RAFM steels using polarisa-
tion resistance and corrosion potential measure-
ments.

Stress Corrosion Cracking: We selected two ferritic
martensitic steels for this study: the EUROFER97,
specially developed for the fusion programme, and
the BI56 steel, with a higher chromium content (12%
instead of 8%) and a higher strength and corrosion
resistance. We used samples as delivered: i.e.
quenched and tempered. Tests occur in pure,
deaireated water, with additions of oxygen, hydrogen
or hydrogen peroxide to simulate different possible
operation regimes of the cooling systems.
Temperatures range from 100°C to 230°C, represen-
tative of the expected operating regime of cooling
circuit. We evaluated the SCC susceptibility by slow
strain rate tensile testing (SSRT) in an autoclave. The
strain rate was set to 106/s in all tests. We also per-
formed reference tests in helium to estimate the
intrinsic properties of the material at the tests tem-
perature and strain rate. In both alloys, there is a sig-
nificant reduction in total elongation when the SSRT
tests are conducted in oxygenated water. Also, the
fracture surface of materials exhibits a significant
amount of stress corrosion cracks after testing in
oxygenated water. The mechanism of SCC is howev-
er different in both alloys: in the EUROFER97, SCC
initiates from pits, generated from localised corro-
sion. The tendency for SCC is higher at 100°C than
at 230°C in EUROFER97. In the BI56 steel, there is
a transition in SCC mechanism at about 160°C: at

low temperature, SCC initiates in a transgranular
mode, but propagates in an intergranular way (for-
mer austenitic grain boundaries); at high tempera-
ture, the intergranular mechanism is suppressed and
the SCC propagation is entirely transgranular. The
appearance of the fracture surface suggests a hydro-
gen-embrittlement-assisted SCC mechanism in the
transgranular case. The BI56 steel is more sensitive
to SCC, which corresponds to its higher yield stress,
and this increases the sensitivity of the material to
hydrogen-embrittlement-assisted SCC. We consider
also ODS variants of EUROFER97 in the future, and
extend the study to samples which have been irradi-
ated up to 0.25 dpa in the IRFUMA experiment. As
is suggested by the differences in SCC susceptibility
in steels with different strength levels, the irradiation
hardening may increase the susceptibility of the
material to SCC. Further tests will involve samples
irradiated up to 2 dpa.

Inconel: Irradiation Creep Inducing
Stress Relaxation

The ITER shield modules are to be attached to the
backplate by four radial supports and connected to it
by a pair of electrical straps, all of which are fixed by
Inconel 718 bolts. It is important to have reliable
experimental data on radiation-induced stress relax-
ation of this material at 300°C to a neutron exposure
of 0.5 dpa. We selected a pressurised thin-walled
tube geometry as the most adequate sample geome-
try. The tubes are first laser-welded to end plugs and
then filled with argon at liquid nitrogen temperature.
We selected the volume of argon in such a way that
the desired pressure is reached at the operation tem-
perature of 300°C. The stress levels are 700 to 900
MPa. Specimens exposed to the same conditions, but
without neutron exposure, show no creep deforma-
tion. On the other hand, the neutron-exposed speci-
mens exhibit an actual creep deformation. The creep
data are converted into stress relaxation using well-
established equations. The figure below shows the
stress relaxation ratio as a function of the displace-
ment damage. Additional neutron irradiation data
found in literature are included for comparison. As
you can see , there is a very good agreement between
the various data sets. As expected, no stress level
effect is found. Results from proton irradiation are
also found within the 95% confidence bounds of the
neutron irradiation data.

According to the design conditions, the bolts for
flexible cartridge and primary wall fastening necessi-
tate residual stresses at the end of life of about 670
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there is a very good agreement between the various data sets.

MPa and 400 MPa, respectively. The estimated neu-

tron dose varies between 0.04 and 0.3 dpa for the

flexible cartridge fastening and between 0.65 and 3

dpa for the primary wall fastening. In both cases, the

operating/irradiation temperature is about 250°C.

Calculation of the maximum doses under these con-

ditions give, respectively, 0.47 and 1.31 dpa for the

flexible cartridge and primary wall fastenings. This

clearly indicates the importance of an accurately def-

inition of the actual operating conditions, if a reliable

evaluation of the material performance is to be

achieved.

Chromium: Characterisation under
neutron radiation

The mechanical characterisation of two chromium

alloys (DUCROPUR and DUCROLLOY), both in

the as-received (HIPped) and heat-treated states, has

been extensively analysed and reported, as well as

presented in two international conferences. The ulti-

mate aim is exploiting their favourable characteris-

tics (low-activation, high corrosion resistance, ele-

vated resistance via the ODS technique) and possibly

improving their weakest aspects (scarce ductility and

toughness below 300 °C, difficulties in joining and

forming, possible incompatibility with Li and Be). A

new set of tensile specimens of the two alloys in both

states were irradiated in the BR2 reactor at 300 °C up

to an accumulated fluence of approximately 0.27 dpa

(IRFUMA experiment). We will characterise these

samples in order to complete the tensile characterisa-

tion in the irradiated state. As far as the unirradiated

state is concerned, the characterisation of the

mechanical properties (tensile, impact, toughness) of

the two alloys in the unirradiated state has been com-

pleted. Results have clearly shown that the addition

of Y203 to quasi-pure Chromium significantly

improves the tensile properties but al the same time

dramatically degrades fracture toughness properties

(see the two figures below).

Continuation of these activities in the following

years will strongly depend on the availability of a

new Cr alloy with improved ductility
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Beryllium: Interaction of pebbles with
air and steam

European Helium-Cooled Pebble Bed Blanket

(HCPB): The HCPB design foresees beryllium as

neutron multiplier in the form of a pebble bed. For

the safety assessment of the HCPB design, in the

event of accidental contact of pebbles with air and

steam, kinetic data are needed to describe the extent

of the occurring exothermic reaction. For this pur-

pose, fhermogravimetric (TG) experiments with the

1-mm pebbles currently chosen as the reference

HCPB material were performed in the Waste &

Disposal Department. These pebbles, produced by

the rotating electrode method, are nearly spherical in
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shape and possess low specific surface area and

porosity. The figure shows the average oxidation

rates as a function of temperature for these pebbles

when exposed to air between 400°C and 900°C. One

observes a parabolic oxidation kinetics up to 700°C.

At 800°C and above, an accelerating behaviour is

observed, which is associated with the loss of pro-

tective properties of the oxide film. Fitting of the TG

curves yielded rate constants of the chemical reaction

in air.

Doping and coating pebbles in ITER: The foreseen

ITER ceramic breeding blanket uses a beryllium

pebble bed as neutron multiplier and water as

coolant, leading to the same safety concern as for

HCPB. There exist experimental indications that the

reactivity of the pebbles in steam might be reduced

by doping or coating the beryllium material. The

temperature range concerned during normal opera-

tion of ITER and in the case of an in-box loss-of-

coolant accident resulting in contact between the

beryllium pebbles and steam is below 500°C.

Literature was surveyed, focusing on mitigation

strategies for the chemical reactivity of beryllium in

a water/steam environment. Three approaches can be

distinguished: adding alloying elements, coating the

surface, and modifying directly the oxide film by

surface engineering. The most promising techniques,

not taking into account the effects on activation and

mechanical properties, should be calcium-doping

and pre-oxidising the beryllium pebbles in order to

thicken the oxide layer.

Chemical reactivity of dust and flakes and deuterium

mobilisation experiments from co-deposited layers:

During the operation of a fusion reactor, plasma dis-

ruptions produce dust that accumulates in the vacu-

um vessel. The reaction of this dust with steam rais-

es also safety concerns. It is therefore imperative to

get sufficient knowledge on the chemical reactivity

of such dust. We prepare now coupled thermogravi-

metric analysis and mass spectrometry to investigate

the chemical reactivity of dust and flakes.

Insulation ceramics: radiation induced
electrical degradation effect (RIED)

Ceramic insulators will be used in the fusion reactor

vessel wall as part of the heating, current drives and

diagnostics systems. These insulators will be subject

to neutron fluxes and high temperatures. Electrical

characteristics of most insulators undergo a two-step

degradation process. After a slow decrease in insu-
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lating resistance, we observed a sharp breakdown
(RIED) when a given dpa damage is reached. Such a
sudden degradation must be avoided during reactor
operation. At present state, only fragmentary results
are available, in terms of neutron fluence, energy and
flux, as well as temperature and sample material. The
objective of the work, carried out by the Reactor
Experiments and Instrumentation Departments of
SCK'CEN, is to perform a neutron benchmark
experiment to obtain more reliable values of the
RIED threshold, under representative fusion condi-
tions. A rig has been specially designed to work
under vacuum, and the BR2 reactor will be operated
at reduced power (5%). Irradiation conditions will be
as follow: high vacuum, a neutron flux of 10+12

n/crrf.s (E>0.1MeV), a gamma heating of 100 Gy/s,
temperatures between 350°C and 450°C. The rig is
mainly composed of modules, centred in a pressure
tube to be introduced in the reactor and connected to
a control panel for vacuum circuit, temperature regu-
lation, measurements and data acquisition. Electrical
resistance measurement is particularly delicate, due
to the very high resistivity of the ceramic samples
and the high voltages involved. The rig is designed to
be reloadable, using new modules and new samples,
for future similar tests. During 2000, the irradiation
rig and control panels were made operational.
Functional tests showed a high contamination of the
ceramic samples by out-of-specification elements,
becoming volatile under vacuum and high tempera-
ture. We have this problem now under control and we
foresee the irradiation during the first half of 2001.

Beryllium: Waste conditioning strategies

Future fusion reactors are expected to generate large
quantities of irradiated beryllium. If not recycled,
this beryllium will need to be conditioned and dis-
posed of. For that purpose, we initiated a study in the
Waste & Disposal Department to identify suitable
conditioning strategies. First, we examined the
chemical and radiochemical properties of existing
beryllium waste emanating from a fission reactor,
such as BR2. We carried out sampling, in order to
obtain representative beryllium samples for low,
average, and high neutron fluence. This allows mod-
elling of the neutron activation of the existing beryl-
lium and extrapolating the data to beryllium irradiat-
ed under fusion reactor conditions. On the basis of
these results, and based on an on-going survey of
possible conditioning processes for irradiated beryl-
lium, we will analyse the technical feasibility of a
suitable conditioning process.

Waste strategy: dismantling options

It is important at the design phase of a new nuclear
installation, to take into account the waste and dis-
mantling issues. This is also true for future fusion
reactors. SCK'CEN has a thorough know-how in this
domain, through the dismantling of its PWR fission
reactor BR3, carried out by the Site Restoration
Department. The dismantling of a PWR reactor con-
tains of course specific aspects not directly relevant
to fusion installations, but sufficient common gener-
ic features are present, so that the lessons learned are
of primary use for the designers of the future fusion
machines. One aspect for instance is the debate
between immediate and deferred dismantling. For
fission reactors, we showed that deferred dismantling
by, let us say, 65 years, was not sufficient to give a
significant radiological gain, especially for handling
the hot parts. The same techniques are anyway to be
applied. Another example is the comparison between
underwater remote dismantling and dry hot-cell
environment. This showed that the underwater alter-
native brings important advantages. Other useful les-
sons are related to the choice of cutting techniques,
water and air purification techniques, the need for
specific auxiliary waste management infrastructures,
the important issue of recycling highly activated
materials, the impact of an accurate waste character-
isation approach, even for low level waste, on the
waste management cost, the need for a good modeli-
sation of the dose exposure to insure an efficient
ALARA approach, etc. Material choice (purity level
has a critical impact on final activation levels) should
already reflect dismantaling constrains and the
remote maintenance handling unit should be
designed also for final dismantling

Waste storage: Analyses of human
intrusion scenarios into a fusion waste
disposal site

To illustrate the short period of concern of fusion
waste in comparison with fission waste, we made
comparisons of the results of assessments of the radi-
ological consequences of human intrusion into a
fusion waste repository with results of similar analy-
ses carried out for fission waste. This allows also
identifying the relative contributions of materials
impurities on the intrusion doses. The Waste &
Disposal Department carries out this work. Drastic
geological examinations of a core digged up at the
repository site are often taken as reference intrusion
scenario. However, recent performancs assessments
of fission waste repositories focus now more the
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attention on other ones, such as a borehole drilling
through the repository. We analysed such a scenario,
and compared the results with fission relevant equiv-
alent data. In the case of the core examination sce-
nario the highest dose to a geological worker is cal-
culated for the Be coating of the first wall of the
fusion reactor. A somewhat surprising result is that,
also for the fusion waste, actinides, such as Am-241
and Pu-239, are the main contributors to the intrusion
doses. The U impurity in the Be is only about 32
ppm, but the very hard fusion neutron spectrum
appears to convert a considerable fraction of this ura-
nium into higher actinides. A comparison with intru-
sion doses calculated for a fission spent fuel reposi-
tory shows dose values are at least 5000 times lower
for fusion, even when the most active fusion waste is
taken into account. The dose resulting from a close
inspection of a core containing spent fission fuel
drops under 0.5 Sv after 1 million years, whereas this
dose level, under which no deterministic health
effects are expected, is never reached in the case of
fusion waste. We eleborated now a preliminary
description of the borehole-drilling scenario and we
discussed values of the related parameters with bore-
hole-drilling experts. In the case of a plastic clay
layer, such as the Boom Clay, which is the reference
host layer for geological disposal of high-level and
medium-level fission waste in Belgium, one can
expect that a borehole without lining will get closed
after some time by the convergence of the clay.
Geomechanical analysis shows that such a sealing of
the borehole takes only a few months. This short con-
tact time between disposed waste and groundwater
considerably limits the consequences of such bore-
hole scenario. The results will now be compared with
the data coming from a similar on-going analysis car-
ried out by for fission waste repository in Belgium.
Interactions with the fusion reactor development and
the materials research programmes are foreseen to
evaluate the impact of design modifications and fur-
ther purification of candidate materials on the possi-
ble long-term consequences of the resulting radioac-
tive waste.
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Background

Instrumentation technology made spectacular
advances. Smart sensors with distributed processing
intelligence, high-speed optical communication and
sensing have found rapid applications in many indus-
trial sectors. For nuclear environments, however,
safety constraints impose careful assessment proce-
dures when adopting such new systems. Continuous
assessment is needed, not only to benefit from the
increase in performance of new technology, but also
to avoid working with obsolete equipment. The latter
may become hard to find and very expensive.

There is a clear need for advanced state-of-the-art
sensors in reactor instrumentation, remote handling
operations and monitoring networks. The value of
in-pile tests depends on the detailed follow-up of the
irradiation conditions and radiation induced proper-
ties changes. New reactor concepts, like fusion or
accelerator driven designs, set new challenges to
what and how to measure. New, more challenging
remote handling tasks appear due to the ageing of
nuclear installations, with more maintenance needs,
repair interventions, and eventually dismantling
tasks. Most of these new tasks require sensors and
control strategies to cope with constrained environ-
ments. Waste management requires also efficient
monitoring networks to evaluate the storage parame-
ters status and their long-term reliability needs set
unprecedented requirements on the measuring net-
works.

Objectives

The project aims at evaluating the potentials of
instrumentation technologies under the severe con-
straints of nuclear applications. It focuses on the one
hand on the tolerance of existing sensors to high radi-
ation doses (including optical fibre sensors, and on
the related intelligent data processing) and on the
other hand to the development of new sensors and
instrumentation techniques.

Programme

The project involves the assessment and develop-
ment of sensitive measurement systems used under
radiation environment. Evaluation of design
upgrades as well as the conduct of extensive tests
under radiation, using the gamma and neutron irradi-
ation facilities of SCK'CEN, are the important parts
of the work. Particular attention is devoted to the

assessment of optical fibre components and their
adaptability to radiation environments. This work
involves also the evaluation of ageing processes in
the instrumentation of fission plants as well as the
development of specific data analysis strategies to
compensate for ageing induced degradation of sensor
and cable performance. In 2000, we put more atten-
tion on in-core reactor instrumentation, applied to
fusion, accelerator driven and water-cooled fission
reactors. This involves studying and developing
more performant instrumentation for irradiation
experiments in the materials testing reactor BR2, to
contribute to the new instrumentation needs for
MYRRHA, and for diagnostics systems of the ITER
reactor.

The research is partly covered by several contracts
with Electrabel, the European Commission (Fusion
Technology), ESA (space applications) and INTAS
(collaboration with Russia). Three doctoral research
works are also on going on this subject. On the sub-
ject of fibre dosimetry, active collaboration of the
Waste Disposal Department is acknowledged.

Achievements

Photonics for the nuclear environment

Nuclear infrastructure, including power plants, waste
disposals, reprocessing plants and thermonuclear
fusion reactor installations can benefit from the
unique advantages of fibre-optic communication and
sensing systems. The deployment of such systems in
nuclear environments has been limited up to now,
mainly due to reliability and safety constraints. In
particular, the influence of ionising radiation on pho-
tonic devices is a main source of concern. In that
respect, and in a continuing effort to assess novel
technologies in nuclear environments, we investiga-
ted the radiation response of state-of-the-art fibre
optic devices such as optical fibre Bragg gratings,
vertical cavity surface emitting lasers (VCSELs),
light emitting diodes (LEDs) and photodiodes. We
exposed optical fibres to the particularly harsh radia-
tion environment inside a nuclear reactor. We also
paid particular attention to the possible use of optical
fibres as radiation dosimeters.

Optical fibres

Pure-silica core fibre is known to be radiation resist-
ant in the infrared region. A series of neutron irradi-
ation experiments have been conducted on different
types of fibres at a very high thermal neutron flux of
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1014 n/cm2s and a gamma dose-rate of about 5

MGy/h in the BR2 reactor. The results show that a

strong saturation occurs first (see figure). However at

a given threshold in fluence, the radiation-induced

absorption starts to grow again. Aluminium coated

optical fibre gives the best result. We observed also

radioluminescence effects.

Bragg grating sensors

In-fibre Bragg-gratings (FBGs) have a rapidly grow-

ing area of application, as filter elements in

Wavelength Division Multiplexing (WDM) systems

and as temperature and strain sensors. An essential

characteristics of such gratings is their Bragg reso-

nance wavelength XB, which is defined by the grating

period L and the effective refractive index neff: A,B =

2-A-neff. Previously, a series of gamma irradiations of

FBG revealed a shift of the Bragg peak depending on

the optical fibre type in which the grating was writ-

ten and on its fabrication method. Several types of

gratings have been irradiated in BR1. They were

exposed to a thermal neutron flux up to 1.2xlO10

n/cm2s and a gamma dose-rate of 180 Gy/h during

the reactor operation (50 kGy residual dose rate dur-

ing the reactor shutdown). The major conclusion of

this irradiation is that the hydrogen loading not only

increases the photosensitivity but also the sensitivity

to ionising radiation. The next step in the evaluation

of FBG sensing technology as candidate for nuclear

instrumentation was to irradiate them at higher flux

levels in the BR2 reactor. There is clearly a threshold

in fluence, above which the drift in Bragg wave-

length becomes too large to use FBGs as reliable sen-

sors. But FBGs have been shown to have useful

potentialities to monitor temperature and strain in the

vicinity of the reactor core and in the primary circuit.

Dose measurement with optical fibres

We study the use of optical fibres for radiation dose

measurements in nuclear power plant facilities. The

methodology relies on two distinct approaches. The

first one considers a robust modelling of the behav-

iour of standard optical fibres to account for com-

bined total dose, dose rate and temperature effects on

the optical power budget. We showed that it is possi-

ble to reconstruct the dose from radiation induced

attenuation data at a standard fibre-optic wavelength

of 1310 nm. The method relies on distributed meas-

Reactor Safety 69



20

10

z Jr
% f*
1-10

=

% -20

-30

-40

-0.2

If1J\

0

' .

0.2

Different optical fibre portions
exposed to different dose rates •

1 : lOGy/h j lOOGy/h ; 1 kGy/h

1 '• r \
r : Before Irradiation i \

'"• After35 ; \ ! ', \ t
: Irradiation Days • ', \ (I

0.4 0.6 0.8 1 1.2 1.4

Distance (km)

Optical Time Domain Reflectometer measurement of an optical fibre with different
portions exposed to different dose rates.

urements performed in-situ, as illustrated in the fig-
ure. Current efforts aim at including both tempera-
ture effects and a larger dose-rate range for the
applied predictive model. This work is performed in
collaboration with Tractebel-Electrabel.

The second approach makes use of specially doped
optical fibres, with a response tailored to account
only for a total dose effect, minimising the influence
of dose rate and/or temperature variations. A detailed
characterisation and modelling of the radiation-
induced attenuation in such optical fibres has been
carried out. The samples studied originated from sev-
eral batches of pure silica and custom made, doped
fibres (through a collaboration with the Fibre Optic
Research Centre, Moscow) and were irradiated in a
spent fuel facility. We studied the radiation-induced
attenuation in the kinetic and spectral domains,
mainly by identification and deconvolution of the
individual absorption bands related to the different
types of generated defects. The dependencies on
temperature and dose-rate were investigated in well-
controlled, standardised experiments. The subse-
quent signal processing and modelling results were
used to construct a robust, multiple wavelength
annealing free dose-estimator for the case of pure sil-
ica fibres. Furthermore, as opposed to the attenuation
data at a single wavelength, this alternative dose esti-
mator proved to be temperature independent from
room temperature up to at least 90°C. The main com-
ponent in this dose estimator is believed to reflect the
stability of a well known defect type, the peroxy rad-
ical. The potential for (distributed) dosimetry was
also investigated for samples of Phosphorous doped
fibres which showed almost no annealing in the tele-

com window from 1500 to 1600 nm. With respect to
temperature variations, the induced attenuation after
irradiation was almost insensitive up to 120 °C,
which is an asset in applications like the geological
disposal of nuclear waste.

Glasses for space applications

Our know-how in radiation effects on optical devices
also allows us to participate in other research pro-
grammes such as evaluating the influence of space
radiation on spaceborne optical systems. In a
research programme funded by the European Space
Agency (ESA), in collaboration with Astrium
(France) and the Cyclotron department of the Vrije
Universiteit Brussel, we defined a methodology to
assess the effects of space radiation on glasses used
in optical satellite payloads. So far one assumed that
to avoid space radiation effects, conventional glass
types could simply be replaced by their cerium-
doped counterparts, which show significantly lower
radiation induced absorption. However, these ceri-
um-doped glasses now prove to show much larger
radiation induced refractive index changes.

Remote handling components and
materials for fusion reactor
maintenance

Through neutron and gamma irradiation tests,
SCK'CEN is developing an expertise in the field of
radiation tolerance of materials and components,
used in instrumentation systems. For some applica-
tions, these devices have to survive and to ensure
their working capabilities in high radiation environ-
ment. This is specially true under the severe condi-
tions foreseen in future fusion reactors, during main-
tenance tasks. The work makes an intensive use of
the existing gamma and neutron irradiation facilities
at SCK'CEN (the reactors BR2 and BR1, the gamma
irradiation facilities RITA, BRIGITTE and GEUSE),
which cover the wide range of foreseen operational
conditions.

Insulation materials

In collaboration with Kabelwerke Eupen, we per-
formed an evaluation study of new types of halogen
free polymers with fire retardant characteristic used
as insulating materials in electrical cables. After
gamma irradiation at different total doses and dose
rates, the elongation to rupture parameter was meas-
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ured. Based on the threshold dose at which the elon-

gation to rupture was half the original value, the dif-

ferent materials were compared and a we made a

selection for radiation hardened cables. In particular

a new fibre optic cable was designed. It was interest-

ing to see that some of the tested polymers have a

better resistance to radiation at lower dose rates,

which is not usually the case with most other poly-

mers.

Motors

Evaluation of rad-hard motors is an on-going activi-

ty. Driving systems are key components on nuclear

remotely operated systems. Based on previous study

identifying the most sensitive components and a

resistant design based on lubricant-free silver-coated

bearings and polyimide insulation, two motors are

now tested with the aim of getting a very high radia-

tion tolerance. In a fusion reactor in-vessel mainte-

nance operation, one expects indeed to get 100 MGy

as total dose during one shutdown maintenance turn.

The present on-going tests have reached half that

value and the motors do not show any significant

degradation trend. We expect to have at the end of

next year, a proven rad-hard design, unique in terms

of total dose and temperature resistance.

Sensors

Previous gamma irradiation results have demonstrat-

ed the good radiation tolerance of various transducer,

sensors, optical fibre and electronic components. We

further irradiated these components in order to assess

their performances under neutron. This covered

accelerometers, electronic and optoelectronic circuits

and ultrasonic ranging systems.

Cable management

The management of umbilical links to remote sys-

tems is often a major source of unreliability. Along

with improved cable insulation, multiplexing tech-

niques decrease the number of cables. This makes

cable handling easier and reduces the number of pen-

etrations in the shielding barriers, with substantial

gain in terms of reliability and safety. We put partic-

ular attention on the assessment of prototype elec-

tronic multiplexing circuits based on the COTS

(Commercial Off The Shelf) approach. We perform

the work in close collaboration with CEA. It also

involves the evaluation of new promising technolo-

gies, such as CoolMOS, for instance.

Using rad-hard sensors to locate objects
without cameras

Complex removal/installation tasks on vacuum-ves-

sel components, such as divertors, are to be done

remotely under such a high dose rate environment,

that cameras will not be available for on-line close-

range imaging. Radiation-resistant sensors, such as

touch probes or ultrasonic sensors, can be used, but

they return only very sparse, local data. These data

are therefore difficult to interpret by the human oper-

ator. This situation is comparable to a blind man,

who explores the environment with his white cane.

He uses a model of the environment, stored in his

memory, and verifies it occasionally with a few well-

chosen measurements of his cane. We applied such

an approach to the control system of the dextrous

robot arm, to be mounted on the in-vessel mover,

during part of the divertor replacement operation. A

control module was developed, called BLINE, to

verify and update locally the geometric environment

model (to find a lost object, or relocate a jammed

mover for instance). BLINE uses measurements

taken by simple sensors on the robot arm. The oper-

ator can then use the updated model to conduct his

actual intervention. The task is performed in collab-

oration with CEA, who delivers the robot arm, its

controller and the graphical supervisory system. A

first demonstration of the BLINE module showed its

perfect integration into the control system and the

high reliability of the provided information. Further

demonstrations will be conducted at Brasimone on

the divertor cassette replacement platform, with tasks

such as locking/unlocking the cassette locking sys-

tem, installing/removing the cassette cooling pipe in

the ducts, rescuing a partially failing cassette toroidal

mover, etc.

Our collected know-how on radiation tolerance has

been confirmed by the continuation of our co-ordi-

nation work within the European Fusion Programme

and is used furthermore to answer an increasing

number of consultancy requests, corr.ing not only

from the fusion programme community itself, but

from different SCK'CEN projects and from the

industry. In particular, we collaborated with CERN

to evaluate communication links for the Large

Hadron Collider installation, and with SGN to study

the radiation tolerance of insulation materials used in

the design of crucibles for high activity waste vitrifi-

cation.
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Development of new in-core reactor
instrumentation

In 2000 we put a renewed attention on developments
for an improved in-core reactor instrumentation, to
be applied in BR2 irradiation rigs, on future instru-
mentation of accelerator-driven systems such as
MYRRHA, as well as for fusion reactor diagnostics.

Feasibility studies for the future
instrumentation of accelerator-driven systems

The MYRRHA design requires an accurate monitor-
ing of the level of the liquid lead-bismuth spallation
source. A laser time-of-flight measuring approach is
considered as a suitable option and preliminary
measurements with a first set-up have been per-
formed at laboratory scale and with a simulated mer-
cury target in Riga, Letland. Further tests are planned
on a representative lead-bismuth mock-up (VICE
experiment). Another exploration study concerns
under-lead ultrasonic viewing, to assist fuel rod
manipulations in the liquid lead. A first set of suitable
sensor materials and system characteristics has been
determined and: collaboration with other research
institutes is presently negotiated. In a common effort,
one will develop high temperature, radiation and cor-
rosion resistant piezoelectric transducers.

Gamma sensors for in-core irradiation
experiments

High flux gamma sensors are being developed in the
1-50 kGy/h range. They allow on-line gamma flux
measurements to be achieved in a range where elec-
tronic systems (used for space applications for
instance) are not able to operate. These systems
based on a self-powered gamma detector approach or
on a newly developed miniature calorimeter will
complement the presently used dosimetry with
Perspex targets (off line). Furthermore, a third
option, based on photoconductive effects in insula-
to/s, is also in the conceptional state.

Hydrogen measurement in PWR loops

We also tested and designed an in-core hydrogen
sensor for PWR conditions. In PWR reactors, hydro-
gen is dissolved in the water to suppress radiolytic
dissolution of water. In this way, the corrosion poten-
tial of stainless steel can be kept below the critical
cracking potential related to irradiation-assisted
stress corrosion cracking. It is therefore quite impor-

tant to be able: to quantify on-line the water chemistry
radiation-induced modification. The new hydrogen
sensor consists in a set of miniature gamma ther-
mometers with selective diffusion casing (one into
which hydrogen can diffuse through a palladium
membrane, another impermeable for hydrogen). The
in-diffusion of hydrogen leads to an increase of the
inner gas (argon/hydrogen mixture) thermal conduc-
tivity and hence to a decrease of the inner tempera-
ture of the gamma thermometer. Tests in BR2 of this
new sensor (in the CORONA experiment) showed
for the first rime the capability to monitor on-line
changes in the dissolved hydrogen concentration in
the core of a reactor.

Development of sensor connections

For certain types of in-core measurements (conduc-
tivity, electrochemical noise, reference electrode,
crack-growth measurements, fission chambers, ..),
electrical feedthroughs tolerating high temperatures
(350 °C), high-pressures (150 bar), high radiation
and PWR relevant chemical environments must be
available. New types of electrical feedthroughs have
thus been developed, one of which for instance uses
an innovative magnetic compression technique.

Instrumentation developments have also been
included in large projects related to fuel characterisa-
tions and material corrosion evaluations: reinstru-
mention of irradiated fuel rods with centreline tem-
perature and fission gas pressure sensors, as well as
modelling of pressure sensors and development of
leak-tight caDle penetrations for advanced instru-
mented fuel rods (THOMOX project); instrumenta-
tion of irradiation tests (COFUMA) in BR2 to study
the effect of radiation on the corrosion potential of
fusion candidate materials; development of an in-pile
reference electrode (special miniature flow-through
design) for the European project LIRES on corrosion
studies); detection by acoustic emission of the initia-
tion of cracks, in corrosion tests, etc. These contribu-
tions are mainly performed in collaboration with the
Reactor Material Department.

Astrium (Toulouse, France)

Kabelwerk (Eupen, Belgium)

Laborelec (Linkebeek, Belgium)

Tohoku University (Tohoku, Japan)
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Background and Objectives

The Reactor Physics & MYRRHA Department gath-
ered expertise in various reactor physics fields,
namely neutronics calculations, reactor dosimetry,
reactor operation, reactor safety and control and non-
destructive analysis of reactor fuel. This expertise is
applied within the Reactor Physics & MYRRHA
Department's own research projects in the VENUS
critical facility (dealing presently with MOX fuel
core physics), in the BR1 reactor (dealing with neu-
tron-irradiation hardening, neutron dosimetry cali-
bration, ex-core neutron transport and shielding
problems) and in the MYRRHA project, aiming at
designing a prototype ADS (Accelerator Driven
System) for R&D applications. This expertise is also
used in programmes external to the department, such
as the pressure vessel steel programme, the BR2
materials testing reactor dosimetry, and the prepara-
tion and interpretation of irradiation experiments in
BR2 by means of neutron and gamma calculations.
The activities of FLINS, the Fuzzy Logic and
Intelligent Technologies in Nuclear Science, carried
out within the department, also cover several
domains outside the department. The activities relat-
ed to the MYRRHA project development are report-
ed at the end of this chapter.

Programme

The Reactor Physics Programme aims at developing,
improving and maintaining the experimental and the-
oretical expertise of the department and using it for a
large number of applications. The main topics in
2000 were:

s REBUS, a burn-up credit experimental pro-
gramme in the VENUS critical facility;

s the IMP Programme (investigation of the recy-
cling of military plutonium as MOX in LWRs) in
the VENUS critical facility;

a services in the BR1 reactor;

B neutron and gamma calculations and neutron
dosimetry performed in support of the operation
of, and the irradiation in, various reactors as well
as in support of R&D programmes;

E reactor safety studies;

B assessment of the structural material activation in
nuclear installations;

a FLINS applied to nuclear safeguards pro-
grammes.

Achievements

REBUS, a burn-up credit experimental
programme in the VENUS critical facility

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 burn-up credit)
results in less storage and transport costs and in high-
er safety. We have initiated an international pro-
gramme called REBUS (REactivity tests for a direct
evaluation of the Burn-Up credit on Selected irradi-
ated LWR fuel bundles) for the investigation of the
burn-up credit. The programme aims at establishing
a neutronic benchmark for reactor physics codes that
calculate the burn-up credit. The experimental pro-
gramme will investigate the following fuel types
with associated burn-up:

a reference absorber test bundle;

ffi fresh commercial PWR UO2 fuel;

« irradiated commercial PWR UO2 fuel (50
GWd/tM);

B fresh BR3 PWR UO2 fuel;

B irradiated BR3 PWR UO2 fuel (30 GWd/tM);

B fresh PWR MOX fuel;

m irradiated PWR MOX fuel (20 GWd/tM).

In future extensions of the programme we can inves-
tigate other fuel types, like BWR fuel and high burn-
up MOX fuel.

Each test bundle will be loaded as a 7x7 fuel assem-
bly having as outer zone 24 4% enriched UO2 driver
fuel rods. The 7x7 assembly is chosen because the
VENUS reactor has removable grids where this
assembly fits in. We will measure reactivity effects.
In addition, we will determine after the irradiation
the fission rate distribution induced in the fuel rods
along the main axes. Due to the impossibility of
measuring this parameter in the spent fuel assembly,
we will measure the axial distributions of the thermal
and epithermal neutron fluxes between the fuel rods
by means of Co wire activation. The accumulated
burn-up of all rods will be measured non-destruc-
tively by gamma-spectrometry. We will also analyse
some rods destructively with respect to accumulated
burn-up, actinides content and TOP-19 fission prod-
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ucts (i.e. those non-gaseous fission products that

have most implications on the reactivity).

Preliminary calculations showed that the expected

reactivity effects are in the order of 1500 to 2000

pcm. These reactivity effects are sufficiently high for

criticality code validation.

In 2000 we started the experimental preparation of

the programme. This comprised mainly infrastruc-

ture works in the VENUS reactor in order to change

the active length of the fuel from 50 cm to 1 m.

The REBUS programme, initiated by SCK«CEN and

BELGONUCLEAIRE, is at present sponsored by

USNRC, EDF (France), VGB (representing German

nuclear utilities) and NUPEC (Japan).

The IMP Programme (investigation of
military plutonium) in the VENUS critical
facility

The dismantling of nuclear warheads in the US and

Russia creates a stockpile of weapon-grade plutoni-

um that should be made inaccessible for future use in

nuclear weapons. One of the proposed solutions to

diminish these stockpiles is to use the plutonium in

commercial power reactors as MOX fuel. The envis-

aged stockpile for reactor-based disposition in the

US and Russia together represents an amount - about

59 tonnes of weapon-grade plutonium - equal to an

energy quantity of 12.2 103 GWd, which can be used

for peaceful purposes, or the year production of 39

1000 MWe power plants. Since the neutronic behav-

iour of weapon-grade plutonium MOX is different

from that of civil MOX, the international scientific

community considers it necessary to investigate this

neutronic behaviour for the validation of core

physics codes.

In the past SCK-CEN performed some experiments

in the VENUS reactor with MOX having a Pu-vector

of 96% 239Pu, 4% 240Pu. Based on this experience we

loaded a UO2 reference configuration and a weapon-

grade MOX configuration in VENUS in the course

of November/December 1999 to investigate the

validity of the previous experiment with modern

measurement methods and to perform the experi-

ment in a lattice representative of modern PWRs. In

the first quarter of 2000 we loaded another weapon-

grade MOX configuration and performed similar

experiments as those done with the UO2 reference

configuration. Neutron-physical parameters were

calculated and compared with the experimental

results.

The aim of the IMP programme is to provide data for

validating core physics codes for weapon-grade plu-

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

al keff and local fission rate distributions. Additional

data are e.g. spectrum indices and the delayed neu-

tron fraction Peff.

The amount of available rods at VENUS with 0.7/4.3

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

grade plutonium) is very limited (25 rods of 50 cm

length). This means that especially a keff validation is

very hard to obtain with these rods, since the differ-

ence in keff is only in the order of several 10's to max-

imum 100 pcm, while the average core physics code

calculates keff with an uncertainty of about 500 pcm.

However, there are also about 400 MOX rods avail-

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

drawback of these rods is that they contain only 1%

Pu, but due to the large available quantity these rods

can provide a valuable benchmark for k ^ calcula-

tions. They have less value for fission rate distribu-

tion measurements.

Space-dependent parameters like the local fission

rate distribution with respect to UO2 can be better

differentiated with the 0.7/4.3 rods than with the 3/1

rods. Calculations on different configurations have

shown that differences in local fission rate distribu-

tions between uranium and weapon-grade plutonium

are large enough to be useful for code validation.

Other calculations have shown that the fission rate

distribution measured at mid-plane of partial fuel is

not significantly different from that of homoge-

neously loaded fuel (partial means that the central

part of the fuel column is filled with 0.7/4.3 MOX

fuel pellets (weapon-grade Pu), while the upper and

3/1 <73!O

Partial fuel C73»
(2/2.7W0,7/4,3>+<e/3.QS>

Venusi Conflgura-tle 48/00

U 4/0
U 3/0
3/1

2/&7+0,7S/43+a/3J!6
Total

1232

152
348
58

1704

VENUS Configuration 48/00

Reactor Safety 77



lower parts are filled with 2/3.06 MOX fuel pellets
(civil Pu). Fifty-two partial fuel rods were loaded in
the centre of the VENUS-configuration 48/00 (see
figure).

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

Calculations of the keff of the UO2 reference configu-
ration resulted in a value of 0.996. The calculated fis-
sion rate distribution had a standard deviation of
1.7% for the whole configuration and 1.2% for the
central assembly with respect to the measured fission
rate distribution. The calculated keff for the 3/1 con-
figuration was 0.997.

Calculations of the keff of the partial weapon-grade
MOX configuration resulted in a value of 0.997. For
the fission rate distribution the standard deviation is
3.0% for the whole configuration and 1.9% for the
central assembly.

The BR1 Reactor: Operation and Services

BRl, Belgian Reactor 1, in operation since May
1956, is a research reactor of the "natural uranium -
graphite - air" type. SCK'CEN uses the reactor main-
ly as a neutron reference source for reactor physics
experiments, neutron activation analysis, and cali-
bration of nuclear detectors and instruments. The
main objectives of the BRl Operations & Services
programme are:

Q to operate the reactor in a safe way;

c to provide our customers for research and service
purposes a high degree of flexibility in terms of
neutron flux, reactor power and availability of the
reactor;

c to use the reactor for education and training pur-
poses for nuclear engineering students as well as
for reactor operators.

Although at a glance these objectives seem to be con-
tradictory, a good synergy between the operational
staff and operational safety limits has been achieved
allowing to fulfil them.

Our continuous efforts to maintain and improve this
synergy are reflected by the programme and achieve-
ments. The BRl reactor is operated on a daily basis
with start and stop of the reactor determined by

experimental needs. During the year 2000, we oper-
ated BRl during 150 days for a total of 550 hours.
We performed about 160 irradiations, most of them
are short irradiations of a few hours for neutron acti-
vation analysis, but also experimental campaigns of
several weeks have been performed. Following
domains were covered:

Reactor Safety

Assessment of the Wigner energy: neutron irradi-
ation of graphite induces an accumulation of the
internal energy of the graphite. This energy can
suddenly be released at temperatures above
150°C and thus can produce locally extremely
high temperatures. A thorough follow-up of this
Wigner energy is therefore imperative. We
assessed the Wigner energy successfully by
extracting small samples of the graphite near the
reactor core and analysing them by means of
DTA (Differential Thermal Analysis) techniques.
The measured energy (180 J/g) is below the
acceptable limit of 250 J/g and hence no treat-
ment to remove this energy by a controlled heat-
ing is necessary at the present time.

S3 Upgrade of the sampling system of the cooling
air. the BRl reactor is equipped with a sampling
system to measure the radioactivity of the cooling
air of the fuel channels. Sampling is performed by
groups of 2, 3 or 4 channels, and, in case of a
break in the fuel cladding, this sampling system
allows us to determine quickly the channel con-
taining the defective fuel element. We upgraded
the existing system, based on mechanical rota-
tional selectors by a new system based on electro-
pneumatic valves controlled by a PLC system.
This new system provides a higher flexibility
with respect to the selection of channels to be
sampled as well as more quantitative measure-
ments of flow rate and activity.

Nuclear measurements for the Belgian nuclear
power plants: during revision periods and for the
reloading of the nuclear power plants of Doel and
Tihange (Electrabel), we provide complete
nuclear measurement chains that serve as back-up
measurement chains.

Irradiation Services for R&D Programmes

We performed several irradiation campaigns related
to different R&D programmes such as:
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a qualification of the Co-Ag method for reactor

dosimetry

B radiation tolerance assessment of optical fibre

Bragg gratings for temperature measurements

with on-line measurements for the

Instrumentation Department

radiation tolerance assessment of multiplexer cir-

cuits for the fusion remote handling programme

qualification of special electronics for space

applications in collaboration with ALCATEL-

ETCA

SS qualification of bubble neutron detectors.

Irradiation Services for Industry and
Universities

About 50 % of the irradiations are related to activa-

tion analysis for industry (DSM Research, Process

Vision), universities (UCL, ULg) and research insti-

tutes (IRMM).

Education and Training

§3 As every year, BRl welcomed in 2000 nuclear

industrial engineering students for a training on

reactor physics and kinetics behaviour.

9 In October 2000 we gave in the framework of the

ISTC 371.2 project for weapon-grade Pu recy-

cling as MOX in LWRs an extension of a practi-

cal course on reactor dosimetry measurement

techniques in the VENUS critical facility to

Russian scientists from IPPE at Obninsk, Russia.

The BRl irradiation facilities have been presented at

the RADECS 2000 Workshop with specific empha-

sis on the possibilities of the BRl large cavity for the

study of displacement effects on electronic devices

for space and high energy physics applications.

Neutron and Gamma Calculations

The Reactor Physics & MYRRHA Department is

carrying out on a regular basis support studies for the

SCK'CEN irradiation facilities in the field of neutron

and gamma calculations. In 2000, these activities

were directed towards the renewal of the calculation-

al tools of the department as well as towards support

studies for BR2, VENUS, CAPRA/CADRA and

MYRRHA.

Neutron and Gamma Calculations Performed
for BR2

We performed most calculations either in two-

dimensional geometry with the DORT3.1 multigroup

neutron and gamma particle transport (SN) code or in

three-dimensional geometry with the Monte Carlo

code MCNP (version 4B).

The main irradiation programmes for which we per-

formed calculations were:

Ei BACCHANAL, in which nine wg.ter-cooled fuel

rods (in a square lattice) are irradiated in a CAL-

LISTO loop under PWR conditions up to high

burn-up values;

83 CHIVAS, in which LWR pressure vessel steel

samples are irradiated in a CALLISTO loop;

m THOMOX, in which eight water-cooled experi-

mental fuel rods (in a square lattice) are to be irra-

diated in a CALLISTO loop. The rods are of very

different types: UO2 (serving as reference fuel),

(U,Pu)O2 and (Th,Pu)O2, with various grain sizes,

and are fabricated according to viirious methods

(sol-gel, MIMAS...);

B! MTR fuel testing in a BR2 fuel element. The pur-

pose of the irradiations is to investigate the

behaviour of novel fuel plates with very high den-

sity meat under severe reactor operation condi-

tions. The novel fuel plates are inserted in two

standard six-tube BR2 fuel elements in the loca-

tions normally occupied by the standard outer

fuel plates. Due to the detailed analysis required

for this experiment detailed neutron Monte Carlo

calculations of the whole BR2 core containing the

two experimental fuel elements were carried out.

A typical BR2 loading, as represented in an

MCNP-4B calculation, is shown in the following

figure. In addition to the detailed description of

the fuel elements and of the experiments, the axi-

ally varying burn-up distribution in each fuel ele-

ment was introduced into the calculations.

m The effect of neutron and gamma ray spectra on

the sensitivity of beta and prompt self-powered

neutron detectors (SPNDs) was further analysed

in the framework of the DOLMEN project of the

technology department.

Neutron and Gamma Calculations Performed
for the VENUS Reactor

We developped a very detailed 3-D MCNP-4B

Monte Carlo model of VENUS in 1999 in order to

replace 2-D deterministic transport calculation meth-
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ods used up to now for the determination of the
design of new experiments and the evaluation of
irradiation conditions. The 3-D geometrical model is
a nearly exact reproduction of the VENUS facility. In
particular, each fuel rod is modelled separately.
ENDFB-VI and/or JEF-2.2 continuous-energy cross-
sections sets are used throughout.

Preliminary calculations for the programme IMP
(Investigation of Military Plutonium) described
above have been performed with the MCNP-4B
model in order to benchmark the code with measured
VENUS configurations: comparisons with measured
configurations (with and without Pu) give a differ-
ence of about 0.4% for the keff and about 1.5% to
3.0% for the power distributions.

OECD/NEA Benchmark Calculations

Benchmark calculations have been completed in the
framework of SCK-CEN's participation in the
OECD/NEA benchmark for an Accelerator-Driven
Minor Actinide Burner. We performed the transport
calculations involved with the Monte Carlo code
MCNP-4B. The activation and decay results, neces-
sary for the burn-up calculations, were obtained with
ORIGEN-2 and a home-made code, solving the
Bateman equations. We derived the cross-sections
used in the transport calculations from JEF-2.2 data
with the cross-section data processing code system
NJOY97 for the appropriate temperatures. The
results are consistent with those from the RIT group,
Sweden, which also used MCNP-4B and cross-sec-
tions derived from JEF-2.2 data with NJOY97.

Updating of Neutron and Gamma Cross-
Section Libraries

The Reactor Physics & MYRRHA department has
continued in 2000 its policy of renewing its neutron
and gamma cross-sections libraries based on the
most recent nuclear data files available. Coupled
neutron/photon cross-section libraries in VITAMIN-
B6 multigroup structure and in the MCNP-compati-
ble continuous-energy ACE format, based on JEF-
2.2 as well as on ENDF/B-6.6 data, have been pro-
duced using the NJOY97 code system. The multi-
group cross-sections, in NJOY/GENDF format, have
been converted into AMPX master format using the
code NSLINK42 [P.W.F. de Leege, NSLINK42,
unpublished, Delft Technical University, Delft,
Netherlands]. Each library contains cross-section
data for about 188 materials (including thermal scat-
tering data for H2O, D2O, polyethylene, graphite,
metallic beryllium and zirconium hydride). Results
of pin cell benchmark calculations, performed using
SCALE-4.3 and the multigroup libraries, showed
good agreement with the ones of corresponding cal-
culations performed with MCNP-4B and the contin-
uous-energy libraries.

A neutron 230 multigroup cross-section library in
AMPX master format has been derived, using
NJOY99, from the new 150 MeV ENDF/B-6.7 neu-
tron evaluations. The library has been designed for
neutron transport calculations with the discrete-ordi-
nate method (DORT, TORT) in order to compare the
results with those of corresponding transport calcula-
tions performed with the MCNPX code.

Fuel Cycle Studies

The final European Atomic Energy Commission
reports on the studies "Supporting Nuclear Data for
Advanced MOX Fuels" and "Evaluation of Possible
Partitioning and Transmutation Strategies and of the
Means for Implementing Them", in both of which
SCK'CEN participated, were issued in 2000.
SCK-CEN joined the CAPRA/CADRA project in
2000 as a full-part member and participated in vari-
ous CAPRA/CADRA meetings. The SCK«CEN con-
tribution to the CAPRA/CADRA project will consist
mainly in studying the ADS impact on the minor
actinide reduction scenarios. To this end SCK'CEN
implemented the ERANOS code system and its asso-
ciated adjusted cross-section library ERALIB-1.

We compared the performances of BR2 and
MYRRHA in the domain of transmutation of MAs
and LLFPs. According to static neutronic calcula-
tions performed with MCNP-4B and completed with
evolution calculations (i.e. solutions of the Bateman
equations for the various actinides involved in the
transmutation schemes), a very high thermal flux
reactor (~1015 n/cm2.s) such as BR2 could burn high
quantities of 237Np and Am in relatively short times
but with a bad neutron economy as compared to an
ADS system such as MYRRHA.

Reactor Dosimetry

The group reactor dosimetry provides services for
internal and external clients. These services comprise
the determination of neutron fluxes or fluences by
means of the irradiation of activation foils. The deter-
mination of the incident number of neutrons is
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required in most irradiation experiments executed in
an experimental reactor like BR2.

BR2 Experiments and BR2 Operation

SCK'CEN executed several experiments in BR2, for
which neutron dosimetry was required. For some
experiments oriented towards the study of structural
materials (like CHIVAS, IRMAS and FINC) we
measured only the fast flux, while for other experi-
ments aiming at developing instrumentation (like
DOLMEN and SMIRNOFF) we measured also the
thermal and epithermal fluxes. In these cases we
determine the fast flux with the 54Fe(n,p)54Mn reac-
tion, while the thermal and epithermal fluxes are
determined with Co and Ag (n,y) reactions. For
CHIVAS we determined the fast neutron flux also
with the 93Nb(n,n')93Nb reaction.

Each cycle we measure, at several positions in the
BR2 reactor, the thermal, epithermal and fast fluxes
in a routine way. These measurements are in support
of the reactor physics calculations for BR2.

Neutron Dosimetry for Belgian Nuclear Power
Plants

In 2000 we didn't analyse surveillance capsules.
Nevertheless we dedicated a special effort to the
improvement of the analysis of the fissile detectors
included in the neutron dosimetry sets of the Belgian
PWR surveillance capsules. We have thus studied the
influence of several parameters on the behaviour of
fissile dosimeters 238U and 237Np. These parameters
comprise the presence of impurities like 235U,
photofissions, burn-up and build-up of fissile iso-
topes. We concluded that due to the large corrections
for 238U (see table below), 237Np seems to be more
appropriate for long-term pressure vessel surveil-
lance fluence measurements.

In the table below the calculation results, based on
either an analytical calculation or an ORIGEN2 cal-
culation, are summarized. Two dosimeter types were
investigated, originating from SCK'CEN and
Tractebel.

RETROSPEC

SCK'CEN participates in the 5th framework pro-
gramme RETROSPEC (partners: NRG, Petten; 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, the so-called retrospective
dosimetry. It is based on the activation of 93Nb, pres-
ent as an impurity in the pressure vessel or as an
additive in the pressure vessel cladding. In some
older types of VVERs (Russian PWRs) no surveil-
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.

Intercomparison Exercises

In order to keep our dosimetry expertise we regular-
ly participate in intercomparison exercises, where
samples are measured by several international labo-
ratories and compared. In this way our competence is
confirmed and a permanent discussion is established
with other dosimetry laboratories.

Apart from the RETROSPEC programme, which we
consider also as an intercomparison exercise, we par-
ticipate in two other intercomparison programmes.
One programme is situated in the framework of a
TACIS project, in support for the VVER surveillance

Summary of the calculation results expressed in % correction (negative correction)

»7Np

238TJ

anal. calc.

ORIGEN2

anal. calc.

ORIGEN2

Impurities

SCK'CEN

0

0

0.1

0.5

Tractebel

0

1.5-3.6

4-5

17.5

Burn-up

+0.15

0

+0.06

+0.3

Build-up

0.26

0.5

4-8

4.3

Photofissions;

1.1

7.0

Total

1.2

2-4.1

14.3-18.8

26.8
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programme improvement. The project involves an as
complete as possible mapping of a VVER-1000
(Balakovo unit 1) dosimetry capsule. This mapping
is done with SCK'CEN and Russian dosimeters.
Additionally a complete temperature monitoring is
performed by SCK'CEN temperature monitors. All
dosimeters will be measured by SCK'CEN and
Kurchatov Institute. This permits a comparison of
SCK'CEN and Russian dosimeter material in order
to validate the latter, and a comparison of SCK'CEN
and Russian measurement procedures. The
SCK'CEN measurement procedure is based on
ASTM standards.

The second programme is in cooperation with BAS,
the Bulgarian Academy of Sciences, and involves
similar delivery of dosimeter material and measure-
ments. A likewise comparison will be executed of the
SCK'CEN and Bulgarian dosimeter material and
measurement procedures. In the framework of the
latter programme we have hosted a visiting scientist
from BAS in order to discuss our measurement
equipment and analysis system for gamma-spec-
trometry.

Co-Ag method validation

The Co-Ag method is used for the determination of
the thermal and epithermal neutron fluxes. The
method has been compared with the reference
method, where Co foils are irradiated with and with-
out a Cd cover. We found no significant differences
for the measured thermal flux, but significant differ-
ences for the epithermal flux. Several error sources
have been eliminated, but the search for the actual
reason of this discrepancy is still in progress. The
results obtained in the BR1 reactor are illustrated in
the table below.

Co (Cd cover)

Co/Ag

Thermal Flux

3.76 Ell

3.92 Ell

Epithermal flux

1.13 E10

3.14 E9

Reactor Safety

In the framework of its activities in reactor safety,
SCK'CEN pursued in 2000 its participation in the
international PHEBUS-FP programme. This pro-
gramme conducted by IPSN at CEN Cadarache aims
at performing irradiations of in-pile test sections to
simulate severe accidents in LWRs and at analysing

the consequent fission product releases. SCK'CEN's
participation consists in modelling the experiments
with the RELAP/SCDAP computer code in order to
assess the ability of the code to simulate severe acci-
dents.

In 2000 SCK'CEN concentrated its effort on the sim-
ulation of the FPT1 and FPT2 experiments. The
objectives of both experiments were to study the phe-
nomenology of a low pressure severe accident
sequence with high burnup fuels (23.4 GWd/tU for
FPT1, 24.5 GWd/tU for FPT2), but under reducing
conditions for FPT2 in order to analyse the effects of
vapour starvation during the clad oxidation.

Simulation of these tests with the mode3.1f INEL
version of the SCDAP code gives a general blockage
in the bundle with the melting fuel and some diffi-
culties to follow with this version the simulation of
the experimental test to its final time.

The new version mode3.2 contains significant
improvements with several late phase models and a
transition smoothing methodology in the calculation
of a gradual transition from an intact core geometry
through different core damage states. SCK'CEN has
also simulated the FPT experiments with SCDAP-
SIM, which is a PC version of SCDAP mode3.2.

SCK'CEN has decided to participate in the future
ISP-46 (International Standard Problem) organised
by OECD on the FPT1 experiment. Such an exercise
would be a unique opportunity of taking an important
benefit of the PHEBUS-FP programme as it could
contribute to the assessment of our severe accident
codes on an integral simulation, closer to a real situ-
ation than most of the experiments on which the
codes have been validated.

Assessment of the Structural Material
Activation in Nuclear Installations

This activity is reported in the Chapter "Site
Restoration".

Fuzzy Logic and Intelligent Technologies
in Nuclear Science (FUNS)

FLINS, an acronym for Fuzzy Logic and Intelligent
Technologies in Nuclear Science, launched in line
with SCK'CEN's objective to give young talented
people the opportunity to carry out future-oriented
research. FLINS was initially built within one of the
postdoctoral research projects at SCK'CEN in 1994.
Following a successful FLINS project on the specif-
ic prototyping of fuzzy logic control of the BR1
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research reactor (1995-99), which was chosen as

FLINS's first priority, we initiated a new research

project on development of intelligent systems for

safeguards application at SCK'CEN (2000-02). This

project is executed in collaboration with the

Safeguards Department in the framework of the

Belgian Support Programme to the IAEA for safe-

guards implementation (task # BEL C 01323). As the

main activities within the FLINS group in 2000 were

related to the latter project the achievements within

this project will be reported in the Safeguard

Department activities. We dedicated the other activi-

ties within FLINS to organise the FLINS'2000 inter-

national conference and to publish the results of the

achievements of the former activities in various

international journals.
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Background

Nuclear energy has to cope with critical topics to

resolve the economical question of increasing energy

demand and, in particular, the public acceptability

demands:

S increasing the absolute safety of the installations;

5 managing more efficiently the nuclear waste.

In that respect, the development of a new type of

nuclear installation coping with above constraints of

technological as well as socio-economical nature

may be of high importance for the future of sustain-

able energy provision. An Accelerator Driven

System or ADS, - a subcritical core, operated as a

waste burner for minor actinides (MAs) and long

lived fission products (LLFPs) or as nuclear amplifi-

er for energy production, fed with primary neutrons

by a spallation source - has the potential to cope with

above constraints and to pave the way to a more

environmentally safe and acceptable nuclear energy

production. Fundamental and applied R&D are cru-

cial in the development of these technologies and

demand the availability of appropriate prototype

installations. These prototype installations have to

investigate and have to deal with the 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 these are currently subject to

constraints related to ageing, high operational costs,

deep refurbishment or even replacement. A new,

inherently safe, and economically viable system is

called for that could be used in a modular way for

dedicated applications, to extend known research

domains and to explore new ones.

Programme

In accordance with this philosophy, SCK'CEN and

IBA s.a., Ion Beam Applications, are developing

jointly the MYRRHA project, a multipurpose neu-

tron source for R&D applications on the basis of an

Accelerator Driven System (ADS). This project is

intended to fit into the European strategy towards an

ADS Demo facility for nuclear waste transmutation

but should also serve as an irradiation facility for the

particular needs of SCK'CEN.

We can group the R&D applications that are consid-

ered in the future MYRRHA facility in three blocs:

:; continuation, and extension, towards ADS of the

ongoing R&D programmes at SCK'CEN in the

field of reactor materials, fuel and reactor physics

research;

enhancement and triggering of new R&D activi-

ties such as nuclear waste transmutation, ADS

technology, liquid metal embrittlement;

initiation of medical applications such as proton

therapy and PET production, or proton based irra-

diation programmes.

The present MYRRHA concept, as described below,

is determined by the versatility of the applications it

would allow. Further technical and/or strategic

developments of the project might change the pres-

ent concept.

The design of MYRRHA needs to satisfy a number

of specifications such as:

m achievement of the neutron flux levels required

by the different applications considered in

MYRRHA;

D 4>>0.75Mev = 1.0 x 1015 n/cm2.s at the locations for
minor actinide (MA) transmutation;

E ®>t MeV = 1.0 x 1013 to 1.0 x 1014 n/cm2.s at the

locations for structural material and fuel irradia-

tion;

Oth = -2.0 x 1015 n/cm2.s at locations for long-

lived fission product (LLFP) transmutation or

radioisotope production;

sub-critical core total power: ranging between 20

and 30 MW;

criticality level: keff < 0.95 in all conditions, as in

a fuel storage, to guarantee inherent safety;

a operation of the fuel under safe conditions: lead-

ing to an average fuel pin linear power not

exceeding 500 W/cm.

Currently the study and preliminary conceptual

design of the MYRRHA system is going on. We

started the basic engineering. The main effort in

2000, was dedicated to improve the pre-design of the

spallation source and the sub-critical core for

answering the high irradiation performance require-

ments of MYRRHA and to assess the most risky

points of the pre-design.

Achievements

In its present status of development, the MYRRHA

project is based on the coupling of an upgraded com-

mercial proton cyclotron with a liquid Pb-Bi win-

dowless spallation target, surrounded by a sub-criti-

cal neutron multiplying medium in a pool type con-

figuration as shown in the figure below. The spalla-
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tion target circuit is fully separated from the core

coolant as a result of the windowless design present-

ly favoured in order to utilise low energy protons

without reducing drastically the core performances.

The core pool contains a fast spectrum core, cooled

with liquid Pb-Bi and several islands housing ther-

mal spectrum regions located in In-Pile Sections at

the periphery of 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

of 122 mm plate-to-plate. The central hexagon posi-

tion is left free for housing the spallation module.

The present core is made of 18 fuel assemblies of

which 12 have a Pu content of 30% and 6 a Pu con-

tent of 20% but alternatives are still being evaluated.

The MYRRHA design is determined by the require-

ment of versatility in applications and the desire to

use as much as possible existing technologies. The

heat exchangers and the primary pump unit are to be

embedded in the reactor pool. The accelerator is to be

installed in a confinement building separated from

the one housing the sub-critical core and the spalla-

tion module. The proton beam will be impinging on

the spallation target from the top.

Binding Magnet

Thermal neutron Island

Proton Beam Line

Spallation Target Loop

Fast Core

Global view of the present design of MYRRHA

In the following paragraphs we give the achieve-

ments reached in 2000 for the various components of

the facility.

The Accelerator

IBA is conducting preliminary design studies on the

accelerator required for MYRRHA. The present

design of the sub-critical core requires the accelera-

tor to deliver a 350 MeV, 5 mA proton beam. This

1.75 MW continuous wave beam has to satisfy a

number of requirements, some of which are unique

in the world of accelerators up to now. At this level

of power it is compulsory to obtain an extraction effi-

ciency above 99.9% and a very high stability of the

beam, but on top of that the ADS application needs a

reliability well above that of common accelerators,

bringing down the beam trip frequency (trips longer

than a few tenths of a second) to below 1 per day.

The design principles are based on the following

lines of thought:

Si Statistics show that the majority of beam trips are

due to electric discharges (both from static and

radiofrequency electric fields). Hence the highest

reliability requires minimising the number of

electrostatic devices, which favours a single stage

design.

In order to obtain the very high extraction effi-

ciency, two extraction principles are available:

through a septum with well-separated turns, or by

stripping.

The beams are dominated by space charge.

Therefore one needs careful transverse and longi-

tudinal matching at injection, and avoiding of

cross talk between adjacent turns (by an enhanced

turn separation) if a separated turn structure is

required for the extraction mechanism.

The space charge dominated proton beam needs a

20-mm turn separation at 350 MeV if a septum

extraction has to be implemented. This solution

requires the combination of a large low-field magnet

and of very high RF acceleration voltages for realis-

ing such a large turn separation, and also an electro-

static extraction device. In view of what precedes,

this solution is not well suited for very high reliabil-

ity operation. Extraction by stripping does not need

separated turns. It may be obtained by the accelera-

tion of H- ions, but the poor stability of these ions

makes them extremely sensitive to electromagnetic

stripping (and hence beam loss) during acceleration.

The use of H" would, therefore, lead to the use of an

impracticably large magnetic structure. The other

solution is to accelerate 2.5 mA of HH+ ions up to

700 MeV, where stripping transforms them into 2

protons of 350 MeV each, thus dividing the magnet-

ic rigidity by 2 and thereby allowing extracting. This

solution reduces the problems related to space charge
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since only half the beam current is accelerated.
However, the high magnetic rigidity of a 700 MeV
HH+ beam imposes a magnetic structure with a pole
radius of almost 7 m, leading to a total diameter of
the cyclotron of close to 20 m. The cyclotron would
consist of 4 individual magnetic sectors, each of
them spanning 45 degrees.

At the present stage of R&D the last option appears
to be the most appropriate one.

results for the neutron multiplicity. They agreed with
the predicted values by means of the HETC code
within 10%. The full set of expected data from this
programme are:

a neutron multiplicity or amount of spallation neu-
trons per incident proton (n/p yield);

a spallation neutron energy spectrum;

53 spallation neutron angular distribution;

a spallation products created in the Pb-Bi target.

The Spallation Source

The following considerations dictated the choice of a
windowless design:

as at about 350 MeV, an incident proton delivers 7
MeV kinetic energy per spallation neutron.
Almost 85% of the incident energy exit the target
in the form of "evaporation" energy of the nuclei.
The addition of a window would diminish the
fraction of the incident energy delivered to the
spallation neutrons;

ffl a windowless design avoids vulnerable parts in
the concept, increasing its reliability and avoiding
a very difficult engineering task;

B because of the very high proton current density
(> 130 uA/cm2) and the limitation of the available
diameter of the central hole housing the spallation
module and the low energy proton beam we
intend to use, a window in the MYRRHA spalla-
tion module would undergo severe embrittlement.

The project team has identified three main risks to be
assessed for this windowless design:

Need for basic spallation data

Since the flux characteristics in an ADS are deter-
mined by the spallation neutron intensity and since
there is a lack of experimental spallation data in the
proton energy range considered for MYRRHA,
SCK'CEN is assessing the basic spallation data
when bombarding a thick Pb-Bi target with protons
at energies ranging between Ep = 350 to 590 MeV. A
joint team from SCK'CEN, PSI (Paul Scherrer
Institute, Switzerland) and NRC-Soreq (Nuclear
Research Centre, Israel) conducts the experimental
programme at the PSI proton irradiation facility
(PIF). The programme started in December 1998 and
finished by the end of October 2000 for the experi-
mental part. The analysis of the data is still going for
some results mainly the spallation product analysis
and the energy spectrum. We obtained preliminary

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 (0outer 120 mm). We will bombard
this free surface with protons, giving rise to a large
and concentrated heat deposition (1.75 MW) dis-
persed over a 12 cm depth starting from the surface
for a proton energy of 350 MeV. This heat needs to
be removed to avoid overheating and possible evap-
oration of the liquid metal.

To gain confidence and expertise in the possibility of
creating a stable free surface, SCK'CEN conducted
an R&D program in collaboration with the thermal-
hydraulics department of the Universite Catholique
de Louvain-la-Neuve (UCL, Belgium). Within this
R&D program, water experiments on a one-to-one
scale were performed. Water was used because of its
good fluid-dynamic similarity with Pb-Bi. This pro-
gramme was complemented by velocity field meas-
urements in collaboration with Forschungszentrum
Rossendorf (FZR, Germany) using ultrasonic veloc-
ity profile and hot-wire techniques. Currently, the
design of the spallation target is fine-tuned and
adapted to the latest geometrical constraints imposed
by the neutronics of the fast core. In 2000, we devel-
oped a design intended to answer the geometrical as
well as the hydraulics constraints to be able to
remove the total heat deposition. Due to air entrap-
ment on the top of the free surface when trying to
reduce the stagnant zone at the free surface, we came
to the limitation of the water development pro-
gramme.

A confirmation experimental programme making use
of Hg as a fluid started in 2000 at the Institute of
Physics at the University of Latvia (IPUL) at Riga.
At SCK'CEN we fabricated a 1:1 scale spallation
module nozzle (see figure below). We tested it at the
end of the year 2000. The first test showed that a
modification against the water simulations with
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increased inlet to outlet speed ratio to accommodate
severe spatial design constraints leads to a non-toler-
able turbulence in the recycling zone with droplet
formation from the free surface. We carried out a
modified nozzle re-design which brought this ratio
back to about 1 and this will now be tested in a sub-
sequent campaign early 2001.

The MYRRHA spallation module scale 1:1 for Hg
tests at the University of Latvia.

As a final confirmation, we will run experiments in
2001 with the real fluid at the actual MYRRHA oper-
ation conditions (temperatures, vacuum and fluid
velocity) in collaboration with:

a FZK (Karlsruhe, Germany) where the MYRRHA
spallation target head will be inserted in the
KALLA large hydraulic Pb-Bi-loop, which has a
working temperature range of 250 - 450 °C.
These tests will address the full spallation target
circuit aspects;

B ENEA (Brasimone, Italia) where the MYRRHA
injection nozzle spallation target will be tested in
the CHEOPE Pb-Bi loop without a complication
of a full technical loop.

In parallel with the experiments, we perform numer-
ical simulations using Computational Fluid
Dynamics codes aimed both at reproducing the exist-
ing experimental results and at giving input for the
optimisation of the head geometry in the experi-

ments. We will use the CFD (Computer Fluid
Dynamics) calculations to investigate the flow pat-
tern and temperature profile in the presence of the
proton beam, which cannot be simulated experimen-
tally at this stage. At SCK-CEN the CFD modelling
is performed with the FLOW-3D code which is spe-
cialised for free surface and low Prandtl number
flow. This effort is being backed up at the Universite
Catholique de Louvain-la-Neuve (UCL, Belgium)
using the FLUENT code. Moreover, we set up a col-
laboration agreement with Nuclear Research Group -
Petten (NRG, The Netherlands) for more CFD calcu-
lations with the STAR-CD code.

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

As the free surface of the liquid metal 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. These can lead to the release of volatile
spallation products, Pb and Bi vapcurs 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 is preparing the
VICE experiment (Vacuum-Interface Compatibility
Experiment), studying the coupling of a vacuum
stainless steel vessel containing 130 kg Pb-Bi, heat-
ed to temperatures up to 500°C, with a vacuum tube
(104 ~ 10'6 mbar) simulating the proton beam line. A
mass spectrometer will measure the initial and final
out-gassing of light gasses and the: metal vapour
migration. To protect the vessel from liquid metal
corrosion, we currently investigate the possibility of
using Mo and W coatings.

The vessel is fabricated at SDMS (France) and is
undergoing commissioning tests at 500°C. The mass
spectrometer has been delivered by HIDEN (UK)
and will be commissioned and tested, early 2001.
The site for the VICE experiment is ready and
accepted by the internal safety authority of
SCK'CEN.
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The Sub-critical core

The design of the sub-critical assembly will have to
yield the neutronic performances and provide the
irradiation volumes required for the considered
applications. To meet the goals of material studies,
fuel behaviour studies, radioisotope production,
transmutation of MAs and LLFPs, the subcritical
core of MYRRHA must include two spectral zones:
a fast neutron spectrum zone and a thermal spectrum
one.

Fast zone description

In the currently assumed design, we will place the
fast core centrally into a liquid Pb-Bi pool, leaving
the central hexagonal assembly empty for housing
the spallation target. The core consists of hexagonal
assemblies of MOX FR-type fuel pins with a Pu-con-
tent, Pu/(Pu+U), ranging from 20% to 30%, arranged
in a triangular lattice with a pitch of 10 mm. The fuel
pins have an active fuel length of 60 cm and their
cladding consists of 9% Cr martensitic steel. The fuel
pins are arranged in typical FR fuel hexagonal
assemblies with an assembly dimension of 122 mm
plate-to-plate in the present design. The fast zone is
made of 2 concentric crowns, the first one consisting
of 6 highly enriched fuel assemblies (with 30% Pu
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content) and the second one of 12 fuel assemblies of
which 6 are 30% enriched and 6 are 20% enriched.
As an alternative we consider to go to smaller fuel
assemblies to limit the radial burn-up and swelling
gradients within the fuel assembly, and in order to
possibly achieve better fuel management.

We carried out neutronic calculations coupling the
high energy transport code HETC and the lower
energy neutron transport deterministic code DORT
and the Monte Carlo code MCNP-4B for simulating
typical configurations of the fast core. This led to
encouraging results showing that the targeted per-
formances could be achieved. The table illustrates
the results we obtained for a particular configuration.

Thermal zone description

We changed completely the initial design, with a
water pool surrounding the fast core zone and hous-
ing the thermal neutron core zone, for evident safety
reasons (water penetration into the fast core). In the
present approach the thermal zone will be kept at the
fast core periphery, but it will consist of various In-
Pile Sections (IPS) to be inserted in the Pb-Bi liquid
metal pool from the top of the reactor cover. Each
IPS will contain a solid matrix made of moderating
material (ZrH2, Be, C, "B4C) on which a total leak-
age flux of 1 to 3 1015 n/cm2.s will impinge. Local
boosters made of fissile materials can be considered
depending on the particular performance needed in
the thermal neutron IPS. Black absorbers settled
around the IPS could ensure the neutronic de-cou-
pling of the thermal islands from the fast core. First
MCNP-4B results of thermal islands surrounded
with ZrH2 indicated non perturbed thermal fluxes
ranging between 1 to 2 1015 n/cm2.s.

Engineering and Safety Studies for
MYRRHA

We continued configurational studies using the
Pro/ENGINEER and AUTOCAD CAD systems dur-
ing the year 2000 to develop mechanical design spec-
ifications and to study the remote handling require-
ments of fuel loading and handling machines and
systems maintenance for the heat exchangers and the
primary pumps. These studies have led to a maxi-
mum core diameter of lm and a pool vessel maxi-
mum diameter of 4 m and a total height of the sub-
critical system of about 6 m. Submerged into the liq-
uid metal of the vessel will be fuel storage housings
for the temporary storage of new fuel assemblies
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prior to core loading as well as of used assemblies for
the minimum cool-down before removal from the
pool. A robot arrangement for the exchange and
transfer of the fuel has been conceived and thoughts
have been given to the visibility problem under liq-
uid metal. Also submerged in the pool will be the pri-
mary pumps and heat exchangers; the latter will use
water .as the secondary coolant and the safety impli-
cations of this possible choice are still under review.
The interior design of the pool will permit the emer-
gency cooling for the LOF case (loss of flow) by free
convection. In a first round the fuel handling and
component exchange activities outside the pool have
been analysed with respect to the control of poloni-
um a-emitter contamination and according design
measures are now in progress. One of the larger
problems lies in the required final biological shield-
ing to attenuate the fast neutrons (with energies close
to the one of the protons) and an optimising exercise
is going on here to minimise costs.

A vertical view of the present design is given below.

Vertical cut of the MYRRHA Engineered sub-critical
core and spallation loop.

Parallel to the core and the spallation module design,
attention is given therefore to the confinement build-
ing where the MYRRHA subcritical reactor includ-
ing the spallation module will be located.' The accel-
erator will be kept in a separate confinement building
to facilitate the maintenance and inspection proce-
dures.

For the sub-critical reactor building, tliree options are
being assessed:

ffl re-using an existing confinement building where
the operators are not allowed to enter during the
operation of the system;

ffi re-using an existing confinement building where
the operators are allowed to enter during the oper-
ation of the system, which means that the dose
exposure is less than 10 uSv/h. A preliminary
assessment showed that lateral shielding of 1 m
steel followed by 2 m heavy concrete would be
necessary for achieving such a radiation level due
to the very high neutron leakage. These prelimi-
nary estimates are based on analytical estimates
as well as on MCNP modelling;

si designing a completely new building with the 2
access options considered above.

Perspectives

In 2001, we intend to finalise the pre-design phase
and to provide a cost assessment of the project to pre-
pare a decision by the management on the next stage
of the development of the project, namely the
detailed engineering design phase.
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The BR2 is a materials testing reactor and is still one
of SCK'CEN's important nuclear facilities. After an
extensive refurbishment of 22 months to compensate
for the ageing of the installation, to enhance the reli-
ability of operation and to comply with modern safe-
ty standards, we restarted the reactor in April 1997.
During the last three years, we maintained the avail-
ability of the installation at an average level of 97,6
%. This demonstrates clearly the success of the refur-
bished plant.

Routine maintenance activities and inspections guar-
antee the continued safe and reliable operation and
provide the basis for a secure long-term future.

The annual operating regime is restricted to 5 stan-
dard cycles of 21 days at power. This rather low util-
isation of such a large facility is imposed by a budg-
etary constraint. We promote an extended utilisation
by offering well-adapted services for internal and
external scientific users and by developing new capa-
bilities for commercial productions.

As before, we used extensively the CALLISTO loop,
a high temperature, high pressure water loop in BR2
to simulate PWR conditions. We use it for various
programmes involving LWR, pressure vessel materi-
als, IASCC (Irradiation Assisted Stress Corrosion
Cracking) of LWR structural materials, fusion reac-
tor materials and martensitic steels for use in ADS
(Accelerator Driven System) systems. We focussed
the development of new irradiation devices on
emerging needs. Most of the work concerned multi-
purpose reusable rigs for materials irradiation under
high fast neutron fluxes, a dedicated irradiation rig
for the qualification of advanced MTR (Materials
Testing Reactor) fuels and the concept study of a new
irradiation basket with instrumented LWR-advanced
fuel pins to be loaded in one in pile section of CAL-
LISTO.

In 2001 and beyond, new irradiations on IASCC,
fusion and ADS materials and advanced LWR fuels

will be started in the CALLISTO loop and in a new
reusable and instrumented rig called MISTRAL. The
IPS2 (In Pile Section 2) of CALLISTO loaded in the
core region arid delivering the highest fast fluxes
under PWR conditions, is booked for the next 2
years.

An internal R&D programme aims at improving the
BR2 utilisation. It focuses on the improvement of
online in-core instrumentation (i.e. self powered neu-
tron detectors, fission chambers, gamma thermome-
ters ... integrated in the DOLMEN and FICTIONS
irradiation rigs), data acquisition (system BIDASSE
for BR2 nuclear and process data and for instrument-
ed experiments) and the development of adapted
neutronics/ hydraulic computer models. Beginning
in 2001, a benchmark experiment is scheduled for at
least one reactor cycle to validate the predictions of
sophisticated Monte-Carlo calculations.

BR2's commercial programmes are of prime impor-
tance because they help to finance the reactor. It is
expected that the income from radioisotopes will still
increase with ihe recent expansion in capacity for
Mo99 production. At the same time, BR2's position
in the world market is being enhanced by the intro-
duction of new, added value products such as
188W/188Re, which take advantage of the unique and
extremely favourable characteristics of the reactor in
terms of neutron flux and irradiation volumes. 2000
was a good year for the production of NTD-silicon at
BR2. After years of stagnation since 1997, the mar-
ket is exploding and the prospects for 2001 and later
look still more favourable. In close collaboration
with CEA (France), we approached potential cus-
tomers and we signed long term contracts. Adequate
resources are made available which will enable the
SIDONIE (Silicon Doping by Neutron Irradiation)
facility to return to its maximum production capacity
early in 2001.
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Reactor Operation

Exploitation

The reactor was operated for a total of 104 days at a
mean power of 56 MW in order to satisfy the irradi-
ation conditions of the internal and external pro-
grammes using mainly the CALLISTO PWR loop.

The availability of the installation reached an accept-
able level of 93,0 % (compared with 99.97 % in
1999) during operation. However, in 2000 the first
three cycles were indeed each interrupted for a few
days by: a human error whilst rinsing a filter in the
first cycle which caused a fast depressurisation of the
reactor primary cooling circuit, a spurious electronic
fault in the scram line during the second cycle, and a
leak detected in cycle 03/00 inside an instrumented
irradiation rig loaded in one IPS (In Pile Section) of
the CALLISTO loop. The incidents involving the
primary depressurisation in cycle 01/00 and the
burnout of a relay (situated under the reactor control
room) during the shutdown of cycle 05/00 were
reported to the safety authorities and included in our
ENRIBUAN (/Afcident, Risk and BUdget ANalysis)
reporting system. These two incidents were classi-
fied 0 on the INES (International Nuclear Event
Scale) scale.

Remedial modifications are now underway to pre-
vent an inadvertent depressurisation of the primary
cooling circuit and an extensive inspection of all
main relay boards is also being carried out to elimi-
nate the prospect of other relays becoming subject to
the possibility of burnout.

The Irradiation Group responsible for the production
of radioisotopes and NDT (Neutron Doping by
Transmutation) Silicon was transferred to the
Exploitation Group to optimise the co-ordination of
all operators responsible for manipulations on the
reactor and transportations.

The responsibility for the exploitation of the CAL-
LISTO loop - up to now under the responsibility of
the Reactor Experiments Department - is being
transferred to the Exploitation Section of the BR2
Department. A new BR2 staff member has been spe-
cially trained and qualified in 2000.

Fuel cycle

The mean consumption of fresh fuel elements was
5,32 per 1000 MWd in 2000. This figure is compara-
ble to those obtained in previous years.

The first batch (20 elements) of 73 % 235U enriched
fuel elements, that were made at UKAEA-Dounreay
using recovered uranium from BR2 spent fuel, was
further irradiated until reaching their discharge bur-
nup. The shutdown of all main fuel cycle activities in
Dounreay prevents any further reuse of BR2's recov-
ered HEU (Highly Enriched Uranium) inventory
which still remains available for reprocessing at the
Dounreay site.

Standard UAlx 93% 235U fuel element:; are still used
and will continue to be fabricated from available feed
stocks until the new LEU (Low Enriched Uranium)
U-Mo high density fuels, that are now under devel-
opment by ANL (Argonne National Laboratory)
have been completely qualified for use: in BR2.

A license for the new TN-MTR cask has been grant-
ed by the Belgian Licensing Authorities. This
enabled five batches of fuel elements to be transport-
ed to La Hague for reprocessing. A total of 442 fuel
elements, or about 50 % of the stored inventory have
already been transferred under the contract signed
with COGEMA.

Refurbishment

Only a few projects were continued in the phase 5 of
the refurbishment programme and will be finalised in
2001:

88 Fire prevention and mitigation: improvement to
the isolation of the different compartments in the
containment building with special attention to the
power and instrumentation cable penetrations
between compartments.

Si Mitigation of consequences from an earthquake:
instead of installing a sacrificial joint between the
ventilation pipe-bridge and the reactor building
isolation valves, as proposed earlier, reinforce-
ment with additional steel girders is now foreseen
to avoid a horizontal displacement between the
structures in the event of a seismic incident.

B Automatic regeneration of the Pool Ion
Exchangers and the recuperation of effluents
from the monitoring system.

Maintenance

Besides normal maintenance work, we made special
interventions to repair a diesel emergency group and
to provide full automation of the water treatment
plant for demineralised water.
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We installed a ultra-violet disinfection unit in the

water purification circuit of the reactor pool.

We made a study to lock specific valves when filters

of the purification circuit are rinsed to avoid inaccu-

rate manipulation. The necessary modifications will

be implemented in 2001.

From the second half of 2001, the reactor mainte-

nance group will also be responsible for the total

maintenance of the experimental loop CALLISTO;

an exchange of knowledge with the reactor

Experiments Department begun and special training

of personnel is foreseen.

Training

As foreseen in the Safety Analysis Report, we organ-

ised training sessions (523 man-days in total) to ful-

fil the minimum requirement of 10 days per year per

operator.

These sessions combined technical, theoretical (353

man-days) as well as practical aspects (114 man-

days). BR2 organised a specific programme on the

CALLISTO loop to provide operation supervisors

with approved instructions on its use (56 man-days).

The programme for the training sessions is scheduled

one year in advance; its content and a global summa-

ry report, after execution, are submitted to the

Regulator for evaluation.

A special report with a global summary of the train-

ing programme from 1997 until 2000, has also been

established and submitted to the Evaluation

Committee where BR2 staff and the Regulator are

represented. On this basis, the license for the BR2

operators and the operation supervisors was renewed

for another three years.

Production of Radioisotopes

We produce radioisotopes for various applications in

the nuclear medicine (diagnostic, therapy, palliation

of metastasis bone pain), industry, (radiography of

welds...), agriculture (radiotracers...) and for basic

research. Due to the availability of high neutron

fluxes (thermal neutron flux up to 1015 n/cm2.s), the

BR2 reactor is considered as a major facility through

its contribution for a continuous supply of products

such as "Mo (99mTc), 131I, 133Xe, 192Ir, 186Re, 153Sm,

s»Y, 32P, 188W (188Re), 203Hg, 89Sr, '"Co, 169Yb,...

Since the restart of the BR2 reactor in 1997, after its

refurbishment in 1995-1997, the income from

radioisotope production has increased considerably

and stabilised as shown - in relative units - in the fig-

ure below. From 2001 we expect a new increase of

income: indeed in 2000 we loaded in the reactor an

additional irradiation device to enhance the position

of the BR2 in the European market for the production

of"Mo(T1 / 2=66h).

This is the major isotope produced in BR2 and it is

used for the manufacture of 99Mo/»mTc (T1/2=6 h)

generators. From 2001, it will be possible to routine-

ly use up to five irradiation devices in the reflector

channels, and these will provide a total irradiation

Evolution of the Incomes from the
Radioisotope Productions in BR2

1997 1998 1999 2000

Years
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capacity of 36 highly enriched 23SU targets, i.e. 108

targets per reactor cycle.

We made a serious effort to take advantage of the

high thermal neutron fluxes available in the central

beryllium plug (up to 1015 n/cm2.s). We performed

test irradiations of highly enriched 186W targets in

1998 with encouraging results for the production of
188W (T1/2=69 d) by double neutron capture. The '88W

activity produced has been used for the manufacture

of l88W/188Re generators. Negotiations with various

partners are ongoing in order to start a promising

research project related to 188Re (T1/2=16.9 h) and its

application. The BR2 reactor is actively involved in

this project, which will include the enrichment of

natural W in 186W, the target irradiation and the pro-

duction of an optimal generator for users. Several

medical applications are considered for this technol-

ogy such as in the field of cardiology and bone pain

palliation. The use of liquid-filled balloons with
188Re (T1/2=16.9 h) is advocated as an attractive new

therapeutic candidate in cardiology for uniform coro-

nary vessel wall irradiation in order to inhibit the

restenosis after percutaneous transluminal coronary

angioplasty.

Production of NTD-Silicon

BR2 is ideally suited to the volume production of

irradiated silicon for the semiconductor industry.

This is carried out in a dedicated facility called

SIDONIE (Silicon Doping by Neutron Irradiation).

SIDONIE is located within the beryllium reflector

and is designed to continuously rotate and traverse

the silicon through the neutron flux. The speed at

which the silicon is traversed through the reactor is

computer controlled to ensure that the correct neu-

tron dose is received. The effect of continuously

rotating and traversing the silicon produces excep-

tional dopant homogeneity. SIDONIE can accommo-

date batches of silicon measuring 4-inch and 5-inch-

es in diameter by up to 800 mm in length. For n-type

silicon, the average axial and radial resistivity varia-

tion can be controlled within about 3% whilst the

resistivities produced are normally within +/- 5 % of

the specified (target) value.

During recent years, semiconductor device manufac-

tures have opted to use newly developed "premium

quality" chemically doped silicon as cheaper alterna-

tive to NTD material. This was primarily responsible

for causing a significant downturn in world demand

resulting in very low production levels in BR2 since

1997. Consequently, NTD prices have been forced

down and this is partly responsible for its market

recovery. This is because it has now become a cheap-

er option to premium chemically doped silicon for

some applications of which the most notable are tran-

sistors as used in the potentially enormous market for

domestic "flat-screen" televisions and the next gen-

eration of mobile phones.

In association with CEA, BR2 has successfully stim-

ulated considerable market interest in its NTD-sili-

con production capability. This resulted in most of

the world major silicon producers cairying out suc-

cessful qualification tests in BR2 during 2000. In

most cases this was quickly followed by ever

increasing demands for volume production culminat-

ing in a throughput by the end of the year equivalent

to approximately 90% of total capacity.

Long-term production contracts with clients suggest

that BR2 will continue at this rate of production for

the foreseeable future.

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.

The 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,

special-purpose targets and even reactor safety ori-

ented tests.

In 2000, we performed most of these irradiations in

the CALLISTO PWR loop. The irradiations

achieved or under preparation in 2000 are reported

below, including the development of advanced facil-

ities and concept studies for new programmes. The

view of the experimentalist's for the different irradi-

ation projects are reported in the chapters that

describe the relevant R&D Departments. Here,

emphasis is placed on the added values - both scien-

tific and technological - to these projects, born by the

Department Reactor Experiments and the Division

BR2.
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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
water, 155 bar, 300°C, PWR water chemistry). The
loop comprises three in-pile sections in the BR2
reactor. In 2000 the facility has been in operation
with different experimental loads.

The department for Reactor Material Research per-
formed a defect tolerance analysis for predicting the
allowable lifetime of the CALLISTO pressure tubes.
The analysis was based on fracture mechanics and
crack growth caused by IASCC. It took account of
the actual irradiation history of the in-pile section
No. 2 (IPS2) i.e. the IPS under the highest fast neu-
tron flux. The study concluded that the IPS is capa-
ble of remaining in the reactor for 2000 days at full
power. This conclusion was accepted by AVN
(Association Vincotte Nucleaire) and it effectively
means that the IPS can stay in the reactor for anoth-
er 50 reactor cycles.

In 2000 we carried out the following irradiation pro-
grammes:

1. The BACCHANAL programme; this 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 IPS1 of CALLISTO.

Taking advantage of intermediary results gained
from this project, the accuracy of the method to
determine on-line, the linear power in each
individual fuel rod was improved. In order to refine
this somewhat elaborate method, the following steps
were taken:

B in the DORT calculations, the complete BR2 core
loading was used instead of the previous half core
loading that was centred on the relevant IPS;

II a 3-D neutronic calculation based on the Monte-
Carlo model was used and applying the MCNP
calculation code, the validation of the original
model based on the thermal balance was contin-
ued;

R during the year, the calibration of each key detec-
tor involved in the measurement of the rod power
was carefully checked and their accuracy
assessed;

U the new data acquisition system BIDASSE effi-
ciently scans more than 250 analogue and digital
signals. All the raw data and all the calculated val-

ues are now on-line and available via the PC-net-
work to each of the scientists in charge of the
irradiation of an experimental target in the CAL-
LISTO facility. They can then employ any of the
statistical packages available to analyse the irra-
diation results.

The BACCHANAL programme will continue in
2001 and beyond. One of its objectives is to further
qualify the CALLISTO loop for the THOMOX pro-
gramme.

2. Also related to fuel testing, the feasibility of per-
forming power transients on fuel rods in the CAL-
LISTO loop was studied. This demonstrated that
increasing the linear power in a single fuel rod
from 300 W/cm to 600 W/cm in less than 3 min-
utes is possible in IPS2. However, because of the
decontamination problems that could arise from a
major rod failure, we decided to keep this possi-
bility as a back-up solution and to look at ways
that this experiment can be made to be more
acceptable (by a detailed ALARA study, small
modifications to the loop such as improvements to
the feed/bleed system, devising specific proce-
dures, etc).

3. In the framework of IASCC of LWR materials we
performed the CORONA project in IPS2 of CAL-
LISTO where the fast neutron flux (> 1 MeV)
reaches values of about 1 10+14n.cnr2.s->. The aim
of this experiment is to detect on-line crack initia-
tion in pressurised tube specimens. We successful-
ly developed a specific technique to strain these
specimens up to 2.5 times the unirradiated yield
stress at 300°C. Pressure tubes were loaded either
statically by filling the tube with argon before irra-
diation or dynamically by external pressurisation
during the BR2 operation.

In addition, we tested other new in-pile detectors
developed by the IASCC research programme team,
such as dissolved hydrogen sensors, electrochemical
noise probes, etc. To accommodate this irradiation,
the penetrations of the instrumentation wires through
the IPS's head had to be modified. However, because
of some problems with leak tightness at the penetra-
tion level, a new test programme had to be launched
to fully qualify two alternative penetration tech-
niques for further applications.

It is expected that the irradiation of CORONA will
continue in 2001 to reach the requested fast fluence.

4. The IRFUMA (IRradiation of FUsion MAterials)
experiment was irradiated at 300 °C in the D180
channel (IPS 2) of the CALLISTO facility during
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cycle 05/2000. Dedicated to the better characteri-
sation of the mechanical properties of candidate
fusion materials after irradiation, the specimens
are subsequently subjected to the following tests:

fii tensile properties at different temperatures;

fit impact toughness, with instrumented tests per-
formed over a temperature range in order to
derive the transition curve;

is static fracture toughness at different tempera-
tures;

a possibly, dynamic fracture toughness at different
temperatures;

88 tests for determining the susceptibility of the irra-
diated material to stress corrosion cracking.
These tests will be slow strain rate tensile tests
(SSRT) in water. The test conditions will be in a
fusion relevant environment: water temperature
in the range of 100-250°C; degassed, possibly
with addition of hydrogen or oxygen.

A second and third irradiation campaigns of
IRFUMA for reaching higher fluence levels are
scheduled to take place in 2001 and 2002.

fuel itself will be organised by FzK as contractually
stipulated.

Experiments under preparation &
development of rigs

GERONIMO project

Within the framework of the international pro-
gramme GERONIMO, the Reactor Experiments and
the Reactor Material Research Departments are
undertaking preparatory work. Ten BWR MOX fuel
rods are presently being irradiated to different burn-
up levels (up to 65 GWd/t) in a German power reac-
tor. Extensive NDT and destructive tests on these
rods will take place in the Laboratory for Medium
and High Level Activity (LHMA) cells in Mol. Three
segments will also be subject to power-transient test-
ing in BR2. The PWC/CCD facility, which has
already been used in the past for a large number of
tests on PWR and BWR fuel, is being requalified for
performing the transient tests for this programme in
2002.

Experiments in dedicated facilities

The test section of the MOL 7C/7 in-pile sodium
loop was dismantled.

This safety experiment MOL7C/7 for the sodium
cooled fast breeder reactor development was per-
formed in BR2 in 1989. After Belgium and Germany
withdrew the necessary funding for this programme,
the experiment remained stored in the BR2 reactor
deep pool. To enable the reprocessing of the fuel, it
was necessary to drain the sodium from the bundle.
However, during the original programme of tests, the
bundle was seriously damaged thus requiring an ade-
quate melt-out procedure.

Accordingly, a purpose-made installation was built
consisting of a closed box in which the different parts
of the test section could be heated up in an inert gas
atmosphere to 365 °C. We collected the sodium
(melting point 98°C) in a container. Because of the
high radiation level, all operations had to be done
remotely in the BR2 hot-cells. The sodium container,
the drained bundle and the other parts of the test sec-
tion are stored within a helium atmosphere in the
BR2 storage canal. The Radioactive Waste and
Clean-up Division are now performing tests for the
final treatment of sodium and sodium contaminated
components. Reprocessing and/or final storage of the

THOMOX project

The study of a series of advanced nuclear fuels (all
ceramic oxides containing (Th,Pu)O2, (U,Pu)O2 and
UO2) in the THOMOX project requires the irradia-
tion of 2 times 8 fuel segments in the CALLISTO
loop during a period of 4 years. This project offers an
important scientific and technological challenge.

Eight fuel segments will be equipped with a pressure
detector, using a LVDT technique (Linear Variable
Differential Transformer), to follow trie fission gas
release and also with a high temperature thermocou-
ple inserted at the segment bottom to measure the
fuel central temperature. In addition, SPNDs (Self
Powered Neutron Detector) and activation dosime-
ters are placed in the rig for the determination of the
actual neutron flux and neutron spectram, gamma-
thermometers for measuring the gamma-heating rate
and usual thermocouples. The 50-mm diameter plug
will be designed to accept the penetration of 32 elec-
trical cables using the experience gained from the
CORONA experiment for its development and qual-
ification.

The fuel bundle is divided into upper and lower
parts, which contain eight instrumented and eight
non-instrumented segments respectively; the latter
can be unloaded for intermediate non-destructive
testing. However, because the bundle is quite differ-
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ent from previous experiments that have been loaded
in CALLISTO and because of the variety of fissile
material composition of the segments, it will be nec-
essary to thoroughly revise the on-line measurement
procedure of the linear power in each fuel segment.
Therefore, a detailed thermal balance will need to be
devised based on an advanced thermo-hydraulic cal-
culation, code and the results of the 3-D MCNP cal-
culations wijl need-, to be used as input data for deter-
mining accurately both the axial and the radial power
distribution in each separate segment.

REVE project

The purpose of the REVE (Reacteur Virtuel d'Etude)
project that is conducted a.o. by EDF and SCK-CEN
is to simulate the mechanical behaviour of irradiated
reactor pressure vessel steel. To validate the model
that is elaborated, we will irradiate in 2001 about
2000 mini specimens from 10 different materials.
Taking advantage of the flexibility of BR2 and of the
CALLISTO facility, it will be possible to take up the
challenge to reach material damage rates of 0.2, 0.1,
0.05 and 0.025 dpa in fast neutron fluxes of 1.10+14

n.cnr2.s-' and 3.10+12 n.cm^.s"1, in only 3 reactor
cycles. The loading scheme for the specimens has
been studied extensively to minimise the flux gradi-
ent between all the specimens from within the same
batch. An important requirement is also to encapsu-
late these specimens, to avoid them reacting with
CALLISTO's coolant water, while keeping a close
control of their irradiation temperature.

SMIRNOFII project

A dedicated rig has been designed for the neutron-
irradiation of optical fibres. In this so called
SMIRNOF II programme quantitative data will be
collected concerning the behaviour of optical fibres
for diagnostics in fusion reactors in a mixed spec-
trum of gamma rays and neutrons. Although radia-
tion-induced attenuation under gamma irradiation is
rather well characterised, the effect of neutrons is to
be studied further. The rig under construction will
allow the irradiation up to a fast fluence of at least
1017 n/cm2. The specimens will be air cooled in order
to limit their temperature to maximum 150 °C. The
irradiation test is scheduled to take place in the first
half of 2001.

RIED 1 project

The purpose of the RIED (Radiation Induced
Electrical Degradation) project is to study the degra-
dation process of ceramic electrical insulators,
induced by neutron damage at high temperature.
Such insulators will be used in the fusion reactor ves-
sel wall as part of the heating, current drives and
diagnostic systems. Unusual and stringent testing
conditions are required: neutron flux (10+12

n.cm-2.S"', E > 0,1 MeV), gamma dose rate (100
Gy.s-'), sample temperatures (350°C, 400°C and
450°C), vacuum level (10"5 bar) and electrical field
(up to 500 VDC). Also delicate electrical measure-
ments (in-pile, on-line) are needed: electrical resis-
tivity in the range 10+n to 10+7 Q..m and small cur-
rents of 0,02 nA to 0,2 mA.

The set-up of such an experiment and the design of a
dedicated rig in a nuclear environment are quite chal-
lenging.

As to achievements in 2000, the construction of the
complete RIED facility, i.e. the in-pile device and the
control panels was terminated.

The figure below shows a detail of the samples
assembly. We runed general functional tests as well
as tests of the automatic controls and safety actions.

During these tests (under vacuum and high tempera-
ture) a contamination of volatile zinc and lead
occurred on the surface of the ceramic samples. The
source of these metallic elements was shown to be in
the material of the electrical connectors that were
supplied out of specification.

We implemented corrective actions (clean-up,
replacements) in parallel with improving the vacuum
level in the rig and additional lab tests to improve the
electrical measurements. After repair and requalifica-
tion the RIED 1 irradiation is scheduled for the first
half of 2001.

Two follow-on RIED-type experiments are planned
in 2001-2002.

MISTRAL device

MISTRAL stands for Multipurpose Irradiation
System for Testing of Reactor Alloys.

Its objective is to provide BR2 with a reusable device
for the irradiation of metallic specimens (such as ten-
sile and mini-Charpy specimens) under a fast neu-
tron flux and in an extended temperature range of
200 - 350 °C with an accuracy of +/-5°C.
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R1ED ceramics samples with their wiring and heat-
ing part

In 2000, the pressurised water capsule and all its

peripheral equipment was modelled and studied.

Enclosed by a single thick pressure tube (designed

for an internal water pressure of 155 bar), the in-pile

section contains a basket that provides loading space

for 91 tensile or mini-Charpy specimens, 5 dosime-

ters and 16 thermocouples. An electrical heating ele-

ment is inserted in the axis of the basket. This ele-

ment needs to be compact whilst providing a thermal

heat flux of 100 W.cnr2 and being capable to survive

for long periods in the reactor; it is being developed

specifically for MISTRAL.

We will install the rig inside a 5-plate fuel element of

BR2. The next figure shows a cross section of the

irradiation device. We will achieve the temperature

regulation of the specimens and the control of the

uniform temperature distribution among all the spec-

imens by a combination of the gamma heating, the

electrical heating power and the water pressure (thus

acting on the water saturation temperature).

An appropriate design for holding the tensile or mini-

Charpy specimens in a basket that also allows them

to be loaded and unloaded in the hot-cells has been

developed.

In 2001, two MISTRAL in-pile sections and associ-

ated out-of-pile equipment will be manufactured.

They will first be used to irradiate structural materi-

als at 200°C for the SPIRE project within the frame-

work of the ADS development (in particular for the

MYRRHA project). To reach damage doses of 3 and

6 dpa, these irradiations will take about 1 and 2 years

respectively. Future utilisation is already foreseen for

the irradiation testing of fusion reactor materials.

Reactor BR2: R&D programme

Objective

The aim of this programme is the improvement of the

BR2 utilisation: refined determination of the irradia-

BR2 channel(08<)

5 plates fuel elemert

BR2 cooling water

' r ,' / ', pressure tubs ,

pressure tube
(034/025)

pressurized water
heater rod

mini charpy
(4x3x27)

thermocouples

Cross section of the MISTRAL irradiation device installed in a BR2 5 plates fuel
element

Full scale model of the basket that allows us to load
and unload mini-Charpy specimens in the hot-cells

tion conditions, the development of new irradiation

devices, improvement of the in-core instrumentation

and data acquisition systems.

Achievements

Reactor physics

The development of the hexagonal 3D- nodal diffu-

sion code NH3D started some years ago. In 2000 the

code has. been rendered operational for steady state

calculations.

A new option for assembly representation on the base

of the developed quasi-refined model (QRM) was

implemented. The main idea of the QRM is to apply

the regular hexagonal grid with a finer lattice pitch

and to cover separately every homogeneous region

of each cell.

The macroscopic cross section (MCS) sets were gen-

erated using the new version of SCALE code system.

The internal heterogeneous structure and the element

neighbourhood are taken into account during macro-

scopic cross section calculation. The results show

that when the QRM option is used, the calculated

thermal and fast fluxes are very close to the experi-

mental measurements.

In particular the NH3D code was applied for the

evaluation of the irradiation conditions of two exper-

imental MTR-type fuel elements.

The generation of the extended cross section library

that started in 1999 in the frame of the post-doctorate

work was continued in 2000.
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BR2 fast flux shape in hotplate BR2 thermal flux shape in hotplate

We calculated changes in the concentration of iso-
topes during the operation of BR2.

BR2 performed many investigations of the depend-
ence of the MCS on the operational parameters for
the burnup treatment. Based on the analyses of the
results the most important parameters were deter-
mined and used in the MCS generation.

A dedicated method for generating the MCS for par-
tially burned standard BR2 fuel elements was estab-
lished and used for the creation of a library with
MCS for fuel elements with various burn-up values.

The work still ahead concerns 2D representation of
the assembly and the arrangement of the MCS in
directly usable formats.

MTR fuel qualification - the FUTURE project

New fuel designs for Material Testing Reactors
require being qualified under representative condi-
tions. FUTURE (FUel Test Utility for REsearch
reactor) is a dedicated device for full-size fuel plate
irradiations.

Its objective is to provide BR2 with a reusable device
for the irradiation of fuel plates under representative
conditions, such as geometry, neutron spectrum, heat
flux and thermal-hydraulic conditions.

In 2000, we studied and designed the basket that con-

Plale with 7 dosimeters

Cross Section of the FUTURE device

tains the fuel plates. The basket is designed to be
loaded with 2 fuel plates, a central plate containing 7
dosimeters and 4 peripheral dosimeters.

In 2001, we will manufacture the basket and verify
its hydraulic behaviour in our H4 water loop facility.
We will then perform a first benchmark irradiation of
2 UA1X fuel plates of the standard MTR-type used for
the standard BR2 fuel elements. The aim is to bench-
mark the various neutron-computing methods avail-
able for BR2 with the dosimeter results from this first
irradiation and to qualify the irradiation device.

Development of in-pile instrumentation

This program aims at the selection and/or develop-
ment of the most suitable sensor for physical, nuclear
or electrochemical measurements in specific in-pile
conditions. Our approach consists of a detailed mod-
elling of all physical processes relevant to the sensor
operation, combined with experimental irradiation
campaigns.

In 2000 we concentrated on the on-line in-pile meas-
urement of the neutron and gamma flux. A Monte
Carlo model was developed to calculate the neutron
and gamma sensitivity of SPND's (Self-Powered
Neutron Detectors). This model is based on the Los
Alamos MCNP code and provides a coupled trans-
port calculation of neutrons, gammas and electrons,
finally leading to a relation between the detector cur-
rent and the flux. Prompt and beta-delayed sensitiv-
ities are calculated as a function of the neutron (or
gamma) energy; provided the spectra are known, the
overall sensitivity can be calculated. The model also
includes the calculation of parasitic effects related to
the influence of the immediate environment, the con-
tribution of the signal cables, etc. Compared to the
commonly applied analytical models, the Monte
Carlo approach is more accurate and applicable to a
much larger variety of detectors.
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For Rh, Ag and V SPND's we developed a digital
compensation technique to convert the delayed sig-
nals into instantaneous flux information, resulting in
a response time decrease from several minutes to
about 1 second (depending on the sampling rate).

For in-pile gamma detection so-called gamma ther-
mometers are used. Using a similar Monte Carlo
method we calculated the gamma sensitivity that is
related to the gamma heating and the disturbing neu-
tron sensitivity stemming from gammas created by
neutron interactions in the detector sheath and from
beta heating.

In the last BR2 cycle of 2000 the DOLMEN experi-
mental device, containing several types of SPNDs
and gamma thermometers, was irradiated in a reflec-
tor channel, in order to validate the developed mod-
els. On the basis of the calculated sensitivities, the
detector signals are converted immediately into flux
values. As a first result, the figure below illustrates a
very good consistency between the neutron fluxes
obtained from different SPNDs. The reliability of the
system in terms of absolute flux determination will
be analysed later on, when activation dosimeter
results will become available.

For next year we plan to irradiate DOLMEN in BR2
channels with higher fluxes and harder spectra, to
extend the validation of the calculation models and to
obtain more critical information on the detector burn-
up. In a parallel irradiation program (FICTIONS) we
will compare the behaviour of SPND's and sub
miniature fission chambers in terms of the absolute
value of the neutron and the gamma sensitivity and
of the long-term sensitivity evolution (in collabora-
tion with CEA - DER/SSAE/LSMN).

Based on the needs of other projects (fuel research,
corrosion research, pressure vessel steel projects...),
we will continue to improve and innovate the in-pile
instrumentation.

Development of data acquisition systems

The BR2 integrated data acquisition system for sur-
vey and experiments (BIDASSE) has been further
upgraded. The system is designed to follow all oper-
ation parameters and is also used for experiments.

The BIDASSE system has its own fully independent
network, which is runjiing with Novell Netware and
has its own dedicated server (the BIDASSE server).

One PC is used to make a bridge between the
BIDASSE network and the SCK-CEN network. This
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Results for the 11 SPND's in DOLMEN during the BR2 cycle 05/2000: convention-
al thermal neutron fluxes obtained from the observed detector currents combined
with the calculated detector sensitivities vs. the calculated relative neutron flux at
the detector positions.

PC sends a copy of updated information once a sec-
ond to a server of the SCK'CEN network. In this way
the SCK-CEN network is only seen by BIDASSE as
one user.

All data acquisition units are based on PCs and are
connected via coaxial connections to the BIDASSE
server. The acquisition systems are passive and per-
fectly isolated from the instrumentation wiring. More
than 700 analogue and 1100 digital inputs are
presently available in real time.

Each data acquisition unit can be considered as one
user of the BIDASSE system who regularly updates
the databases after each measurement. Due to the
dispatching of the acquisition tasks on different
physical locations, a synchronisation process is need-
ed in order to build a 'real picture' from the different
databases at each time. This synchronisation is
achieved with the distribution of pulses coming from
the DCF77 atomic clock.

Of the more than five Hundred PCs connected to the
global network, about fifty users have at present
access to the information provided by the BIDASSE
system.

The user interface allows analogue signals as well as
logged events to be followed. The data, can be viewed
on screen in real time or exported in a format read-
able by most software packages for off-line treatment
and analysis. Since 2000 a user interface for on-line
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graphics is also provided allowing real time trend

graphs on 14 channels at a time.

In 2000 several experiments were connected to the

BIDASSE system, in particular the CORONA and

the DOLMEN experiments that are testing in-pile

sensors.

The CALLISTO loop presently uses the BIDASSE

system on a routine basis, including an event

recorder with 384 channels connected and 180 high-

resolution analogue signals with one storage per

minute on each channel. Since the end 2000, on-line

calculations directly give the physical data necessary

for the operation of ihe loop.
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Introduction

SCK'CEN considers it as a responsibility to maintain
an active state-of-the-art expertise on each aspect of
radiation protection. We currently applied this
expertise in interdisciplinary actions in the field of
nuclear emergency management, for the remediation
of radioactive contaminated sites and for the study of
the effects of low doses of ionising radiation. We
extended the research to medical applications of ion-
ising radiation and to social and other non-technical
aspects of radiation protection, such as economic
impact, risk perception, communication in emer-
gency situations and ethical and legal issues. All our
research projects are strongly linked with interna-
tional programmes. Our International School for
Radiological Protection has built up a solid reputa-
tion as a nuclear training centre.

Safeguards and Physics
Measurements

The main areas for research and development remain
neutron dosimetry, and neutron activation analysis,
safeguards information handling and non-destructive
assay techniques. Our expertise is founded on in-
depth research programmes and daily experience
with routine and complex measurements. 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.

We improved our criticality dosimeter and the algo-
rithm for evaluation of the dose. We obtained the
Quality Assurance Accreditation (QA) of our
Calibration Laboratory from the Belgian Calibration
Organisation. We introduced more sophisticated soft-
ware to compute correction factors for gamma-spec-
trometry and contributed to the book "Direct
Determination of the body content of radionuclides",
to be published by the International Committee for
Radiological Units. We developed new hardware to
make neutron multiplicity measurements at high
count-rates and upgraded the software for Computed
Neutron Coincidence Counting to improve our Non-
Destructive Assay Technology. We co-ordinate a
working group with Belgian Operators and
Authorities to study the implementation of integrated
safeguards in the Belgian nuclear installations.

Low-level Radioactivity
measurements

We measured the uranium content of a large number
of urine samples from the Belgian military contin-
gent on its return from Kosovo. Our screening
method revealed no positive results. This shows that
no significant uranium contamination of the contin-
gent has occurred. We continue to improve the chem-
ical separation and measurement techniques. These
are necessary to obtain the very low detection limits,
needed for the measurement of alpha and beta emit-
ting radionuclides in environmental and biological
samples. The expansion of the quality assurance sys-
tem to all routine measurements is going on. The
research programme focuses on the optimisation of
monitoring for internal exposure.

Radiation Protection research

Radiological optimisation is one of the basic princi-
ples in radiation protection. Mathematical models are
needed to assess and optimise the protection of
human beings against the effects of ionising radia-
tion. International validation studies enhance the
confidence in calculated results. SCK«CEN is the
leader of an IAEA working group on remediation
assessment for environmental releases. We compared
the results of five internationally applied model cal-
culations, including our own DOSDIM model and
analysed the reasons for differences. The ongoing
development of a transport model for small rivers
contaminated with enhanced concentrations of natu-
rally occurring radioactive material and of a vegeta-
tion model, will complement our biosphere models.

The knowledge of the behaviour of radiocaesium in
the environment remains important. This behaviour
is still a subject for many projects. Now we direct
research also towards the radionuclides radium and
uranium. A multidisciplinary R&D programme on
environmental remediation of areas contaminated
with these radioisotopes started in 2000. As a result,
we prepared a handbook on site characterisation. The
first experiments on radium and uranium uptake and
soil-plant transfer were set up. We will also study the
influence of the properties of contaminated material
on the mycorhizospheric mobilisation of uranium.
Laboratory, greenhouse and field experiments sup-
port the programmes.

The radiobiological research programmes focus pri-
marily on the radio sensitivity of the developing
mammalian organism. We expanded the availability
of molecular biology techniques and apply these to
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study the expression of genes following irradiation
with low doses of ionising radiation.

We finished a retrospective epidemiological study to
determine cancer mortality for workers in the nuclear
facilities in the region of Mol-Dessel and expand the
study to the nuclear energy sector in Belgium.

Decision Strategy Research

We play an active and leading role in the European
Off Site Emergency Management programme, as
well in the networks as in research programmes to
improve the predicting capabilities of decision aiding
and data assimilation tools. We investigate the
importance of early agricultural countermeasures in
case of a nuclear emergency. •The research pro-
grammes aim at an adequate support to the authori-
ties by improvement of the co-operation between all
concerned disciplines. We still negotiate a formal
agreement with the Belgian Ministry of Internal
Affairs, guaranteeing a more structured and adequate
support for emergency preparedness and response in
the case of nuclear emergencies.

Our research for medical applications of ionising
radiation focuses on two projects. On the one hand a
188Re project with the optimisation of the production
of 188W in our materials testing reactor BR2 and the
safety aspects related to the production and use of a
188W/188Re generator. On the other hand we focus on
a project on the optimisation of the patient dose and
image quality in radiology, in collaboration with
Belgian universities.

Social Sciences in Nuclear
Research

In the past, nuclear research successfully developed
technologies for energy and medicine but did not
give much attention to human factors, impact on the
community and problems of society. These problems
and acceptability aspects of nuclear applications gain
increasing importance. SCK'CEN is aware of this
and started multidisciplinary research programmes
on: sustainability and nuclear development; trans-
generational ethics related to long-lived radioactive
waste; legal aspects and liability and non-radiologi-
cal aspects of nuclear emergencies and safety.
Furthermore, reflection groups on the ethics of
experts and on ethical choices in radiation protection,
continue to confront the views of people from the
"nuclear field" and sociologists, philosophers, psy-
chologists and communication specialists from
almost all Belgian universities.
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Background

Neutron dosimetry is still a hot issue in radiation pro-
tection. The ICRP 60 publication of the International
Commission on Radioprotection introduced new and
increased quality factors and lowered the annual dose
limits for radiation workers. Present neutron person-
al dosemeters still perform very poorly in view of
these new demands.

Objective

a To improve the determination of neutron doses by
studying neutron spectra, neutron dosemeters and
shielding adaptations.

Programme

s To further investigate the bubble detectors type
BD-PND and BDT, with respect to their sensitiv-
ity and temperature dependence

S To make the SCK'CEN criticality dosemeter up-
to-date

a To investigate the characteristics of new themolu-
minescent materials for their use in neutron
dosimetry

5 To study neutron shielding with the Monte Carlo
calculational code MCNP

Achievements

We continued the tests on the BDT bubble detector,
which is specifically sensitive for thermal neutrons.
The temperature dependence of these detectors is
still not fully understood, nor is the evolution in time

Tripoli
Multisphere + proton recoil detector
ROSPEC
BINS

1E+0

Energy [MeV]
1E+1

The neutron spectrum around the Venus reactor determined by four different meth-
ods.

of the temperature compensation known. By system-
atically checking the temperature behaviour for ther-
mal neutrons (irradiations at the BR1 reactor) this
effect is investigated. Until now it is clear that a large
temperature effect exists (up to factor 5 at 36°C),
although it is difficult to find a consistent and sys-
tematic effect. In addition to this study, we deter-
mined the angular dependence of the BDT detector
for thermal and 252Cf neutrons in terms of the per-
sonal dose equivalent Hp(10).

The criticality dosemeter of SCK»CEN is used in
BELGONUCLEAIRE and FBFC International to
give the neutron doses in case of a criticality acci-
dent. After a study, we introduced a new and
improved algorithm for reconstruction of the dose in
routine. The dosemeter consists of gold, sulphur and
indium samples that will be activated by the neu-
trons. The whole system was incorporated in the
quality assurance procedures and a yearly test will be
done to keep the system operational.

We made an overview of the different neutron spec-
troscopic measurements that we performed in the
previous years around the VENUS critical facility.

We tested newly developed crystals for their thermo-
luminescent (TL) characteristics. These materials are
being synthesised in Russia and the different dopant
materials are chosen for their neutron cross section
(e.g. Gd). The usefulness as a TL-material depends
among others on the sensitivity, the fading character-
istics and the position of the glow curve peak. These
things are investigated for materials with different
concentrations of different dopants. At SCK»CEN a
special emphasis will lie on the neutron detection
characteristics of the crystals.

We performed Monte Carlo calculations to investi-
gate two different neutron shielding problems: one
around a small fuel transport case including a com-
parison with the Tripoli code and one around the
MYRRHA accelerator driven system.

Perspectives

m We will continue the experiments with the bubble
detectors including the development of an
acoustic read-out system and the tests on the new
TL materials.

8' We will study a neutron shielding problem at
Nordion, using bubble detectors and MCNP cal-
culations.
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A tissue equivalent proportional counter will be

purchased so that we can perform neutron spec-

trometry in mixed gamma-neutron fields.

Participation as a sub-contractor is foreseen in the

project EVIDOS (Evaluation of Individual Doses

in the Nuclear Fuel Cycle) of the 5th Framework

Programme of the European Commission. Our

part would be the organisation of neutron dosime-

try and spectrometry measurements at the

VENUS reactor and BELGONUCLEAIRE.

BN BELGONUCLEAIRE (Dessel,

Belgium)

Institute of General and Inorganic

Chemistry (Moscow, Russia)

Aristotle University of

Thessaloniki (Thessaloniki,

Greece)

University of Pisa (Pisa, Italy)
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Background

Neutron Activation Analysis (NAA) is a sensitive

and accurate tool for element analysis, complemen-

tary to non-nuclear analytical techniques. We can

analyse a wide range of elements from trace concen-

tration levels up to percents, without destroying the

matrix. The method does not require drastic sample

preparation, as the matrix is sampled in PE vials and

irradiated as such in the neutron irradiation facilities

of the BR1 nuclear research reactor. Subsequent

gamma-ray analysis in our spectrometry lab allows

identification and quantification of the produced

radioisotopes. The conversion of radioactivity to ele-

ment concentrations is based on comparison with

standard materials or on the so-called ko-standardisa-

tion method.

Objectives
s To further develop the ^-standardisation method

for NAA, in close collaboration with scientific

partners.

a To fully exploit the inherent qualities of NAA

such as accuracy, traceability and multi-element

capability, to ensure its position as a competitive

routine chemical analysis technique.

:3 To acquire technical spin-off to our nuclear meas-

urements services, enhanced support possibilities

to other internal projects and be a stimulus for

fixed sources

T=38.3 us

• net peaks at 511, 1173, 1274,1332 keV
• spectrum integral

correction factor r

0.0 0.2 0.4

normalised input rate
0.6 0.8

Test results of a new technique assessing the counting uncertainty from a 'variance
spectrum' with the DSPECplus digital spectrometer (PerkinElmer). The figure
shows the ratio of the true (measured) statistical counting uncertainty with the value
predicted from the variance spectrum as a function of the input rate (up to 50%
count loss). The circles refer to the standard deviation of a limited part of the spec-
trum and the squares to the count integral of the entire spectrum. The dashed line
shows a correction factor for overdispersion due to pileup rejection.

professional contacts with the international scien-

tific community.

Programme
H To improve the standardisation method and the

neutron field characterisation.

s To improve the statistical control on neutron acti-

vation analysis.

Achievements

Scientific work in the framework of kj-NAA has

been pursued, in particular on the subject of nuclear

counting statistics with significant pileup rejection in

the spectrometer. In previous years, statistical control

was achieved for most of the commonly applied y-

ray spectrometry techniques in neutron activation

analysis. In 2000, we tested the DSPECP 1 U S™ digital

spectrometer of PerkinElmer. We paid special atten-

tion to the novel technique for the determination of

the statistical counting uncertainty in the "Zero Dead

Time" spectra by means of a "variance spectrum".

The main conclusion was that this method is appli-

cable to small parts of the spectrum. We supplied a

correction formula to extend its validity to an arbi-

trary part of the spectrum.

We made also research effort in the validation of

recently determined ko-fact°rs for short-lived activa-

tion products. For this purpose we analysed lichens

acting as monitors for an environmental pollution

study in Portugal.

Our laboratory has participated to the certification of

candidate reference materials. Neutron activation

analysis is well suited for certification work, since its

sources of uncertainty are known and quantifiable.

An industrial application of NAA was the quantifica-

tion of iodine in bed ticking, the iodine being the

indicator for the successful application of a fungi-

cide.

IRMM

RUG

KFKI

Institute for Reference Materials

and Measurements (Geel,

Belgium).

Universiteit Gent (Gent, Belgium).

Atomic Energy Research Institute

of the Hungarian Academy of

Sciences (Budapest, Hungary).

DSM Research BV (Geleen, The

Netherlands).
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ITN Instituto Tecnologico e Nuclear

(Secavem, Portugal).

NIST National Institute of Standards and

Technology (Gaithersburg, USA).

Ecole Polytechnique Montreal

(Montreal, Canada).

PerkinElmer Instruments

Canberra Packard
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Objectives

E To contribute to the non-proliferation of nuclear
materials by maintaining an up-to-date expertise
in the field of safeguards and by providing con-
sultancy, guidance and scientific and technical
support to the Belgian Authorities and nuclear
industries

2 To keep an up-to-date knowledge and expertise in
the field of Non-Destructive Assay (NDA) in
general and of the assay of special nuclear mate-
rial in particular in order to fulfil SCK'CEN's
statutory missions and to contribute to safeguards
technologies in the field of NDA.

s To develop new NDA technology according to
current and future needs.

Programme

a To assure nuclear materials accountancy of
SCK-CEN;

s To contribute to the implementation of Integrated
Safeguards measures in Belgium and to assist the
IAEA through the Belgian Support Programme;

a To render services to internal and external cus-
tomers in the field of safeguards;

B To improve passive neutron coincidence counting
techniques for waste assay and safeguards verifi-
cation measurements by R&D on correlation
algorithms implemented via software or dedicat-
ed hardware;

§ To improve gamma assay techniques for waste
assay by implementing advanced scanning tech-
niques and different correction algorithms;

E To develop numerical calibration techniques.

Achievements

Nuclear Materials Accountancy

SCK'CEN installations are subject to routine inspec-
tions and to physical inventory verifications within
the regular verification activities of Euratom and the
IAEA (International Atomic Energy Agency).
Nuclear materials accountancy (NMA) was assured
for the different material balance areas to comply
with the non-proliferation commitment.

We developed a new NMA software that can be used
by different users and is available on the internal net-
work. Depending on the users, we made more or less
functionality available. The database of the new pro-
gram is based on SQL Server 7.0. This SQL Server
offers a reliable, secure and optimal management of

information toward the authorised users. The soft-
ware itself is based on Visual Basic 6.0, whereas the
reporting function is written in Crystal Report 8.0.
These reports integrate perfectly in the Visual Basic
environment. The Visual SourceSafe manages ver-
sion control and access to the source code.

Integrated Safeguards

A task was initiated with the IAEA within the frame-
work of the Belgian Support Programme to the
IAEA to explore and identify how the current safe-
guards applied to the Belgian installations can be
strengthened and made more cost-effective by inte-
grating the current measures with those requested by
the additional protocol.

We formed a working group with operators and
authorities to study IAEA proposals and to make
own proposals on the implementation of integrated
safeguards in our installations.

Spent Fuel Measurements

The task takes place within the framework of the
Belgian Support Programme to the IAEA, in collab-
oration with support programmes from Finland and
Sweden and aims at improving the performance of
spent fuel assembly measurement devices and meth-
ods. An analysis of historical data on PWR fuel was
made to account for the 137Cs contribution to the
gamma output of the assembly and to check the
validity of the method for a wide range of burnup
values and cooling times.

Development of Linguistic Evaluation
Model for Strengthened Safeguards
Information

Assurance of non-diversion of nuclear materials in a
state is the ultimate goal of safeguards verification.
Since the detection of undeclared nuclear activities in
Iraq in 1990, the safeguards community enlarged its
mandate, in the sense that not only declared activities
had to be verified, but that also an additional effort
would be undertaken to detect undeclared nuclear
activities and facilities.

This strengthened safeguards regime (INF-
CIRC/540) is essentially based on additional infor-
mation, that can originate from the state, from
inspections made by the IAEA and from open
sources (such as media, studies, etc.). It is obvious
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that the amount of data is enormous and that not all
information contributes to a better knowledge of the
situation in a particular state. The aim is to establish
a mathematical framework for synthesis and evalua-
tion analysis of multidimensional safeguards infor-
mation, especially to deal with information that may
be unquantifiable due to its nature and that may be
imprecise, too complex, ill-defined, etc for which the
traditional quantitative approach (e.g., statistical
approach) does not give an adequate answer.
Accordingly, a flexible and realistic approach is fol-
lowed by the use of linguistic assessment based on
fuzzy sets theory. Fuzzy logic provides a systematic
way to handle fuzziness and represent qualitative
aspects as linguistic labels by means of linguistic
variables. So it can be viewed as complementary to
traditional methods and can be a powerful tool to
deal with imprecise information, especially linguistic
information.

The project aims at modelling the processes of the
aggregation of weighted linguistic information in the
fusion and evaluation of nuclear safeguards relevant
information.

A mathematical algorithm on modelling the process-
es of the aggregation of weighted linguistic informa-
tion was developed. Common aggregation operators
of weighted linguistic information are investigated,
which are very useful for modelling those processes
in which there are various information sources and
the information is linguistic in nature and is not
equally important. Computer software based on this
new algorithm is being developed in the fusion and
evaluation of nuclear safeguards information.

Non-destructive assay

We contributed to the definition of a test programme
for the high level waste (HLW) glass canisters result-
ing from the reprocessing of the fuel of the Belgian
nuclear power plants. Measurement systems for
gamma spectroscopy and passive neutron counting
on these canisters were defined.

We developed the Time Interval Correlation
Spectroscopy (TICS) Analyser hardware, based on
Programmable Logic Devices (PLD) aiming at mak-
ing neutron multiplicity measurements at high count-
rates. The TICS Analyser records Rossi-alpha distri-
butions, which are auto-correlation functions of the
time distribution between the pulses of detected neu-
tron multiplets. The communication between the
TICS hardware and a PC was realised. We tested the
hardware and used it in the VENUS reactor where

Rossi-alpha distributions were recorded to determine
(3-effective and other dynamic reactor parameters.
The TICS Analyser also has been supplemented with
firmware to record impulse responses, allowing the
recording of the time evolution of a neutron popula-
tion after external triggering. This operating mode of
TICS is applicable where dynamical parameters in
pulsed neutron experiments have to be determined
(e.g. in pulsed neutron assay systems).

The NeuTICS software, which we developed to
implement Computed Neutron Coincidence
Counting, is being upgraded. The new version of the
software is now database oriented (based on SQL
Server) and supports multi-user network functionali-
ty. Acquisition and analysis routines have been opti-
mised for minimum execution time. A C++ class was
developed for uncertainty propagation calculations
associated with the different modules of the
NeuTICS software. We made neutron multiplicity
measurements on a MOX sample containing 50% U
and 50% Pu. The multiplicity measurements allow to
account for the neutron multiplication in the U and to
make a correct Pu assay in presence of this effect.

We studied the dependency between atmospheric
pressure and neutron background, which is important
for low count rates; the figure gives the results for
single neutrons.

We made different MCNP simulation studies and
studied a new design of a passive neutron counter for
200 1 drums. In the new design, detector tubes were
arranged in a way that they optimally cover the waste
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drum. Compared to the pilot system, the new design
has an increased detection efficiency (4% improve-
ment) while the total detector volume (3He detector
tubes) is equal for both configurations. We investi-
gated a set-up to be installed in a hot cell at
SCK«CEN, for measuring the neutron emission rates
of an irradiated fuel pin. We used the simulations to
investigate the effects of neutron scattering in the 2
m long lead collimator and to determine the fuel pin
volume contributing to the neutron signal in a small
array of 3He tubes.

We participated in ESARDA's Pu-2000 exercise, an
inter-laboratory test organised at IRMM Geel. The
test consists in the determination of the plutonium
isotopic composition of various plutonium samples.
We used different Ge-detectors and Multi Group
Analysis (MGA) U/Pu software for the determina-
tion of the Pu isotopics.

We developed software to compute tomographs from
transmission data. Tomography might be used in the
future for the assay of nuclear waste packages (200
and 4001 waste drums). The tomography data will be
collected with the 3Ax gamma scanner. The tomog-
raphy software was developed in the framework of
an engineer's thesis. To test the software, we simulat-
ed tomography data with Solidang, which allows to
simulate the response of a gamma detector as a func-
tion of various measurement configurations.

Perspectives
s The new NMA software will be tested and used;

m Based on the current research results of fuzzy
logic application to safeguards, a further valida-
tion of the computer programme will be provided
with various case studies;

B Start with the design of a scanner system to per-
form NDA (gamma and neutron) on HLW glass
canisters;

m Finalise TICS (hardware and software).
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ROLAND CARCHON

HEALTH PHYSICS MEASUREMENTS SERVICES

BE0100018

Background

Health physics 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, the analysis of foodstuff sam-
ples on radioactive contamination, whole body meas-
urements of the workers to detect internal contami-
nation

A proper functioning of the equipment is assured
through a regular calibration and an appropriate
maintenance.

These laboratories make routine measurements for
external and internal customers.

Several of these laboratories are Quality Assurance
accredited. The work in the laboratories is supported
by ongoing R&D to support and improve current
methods and to develop new ones when necessary,
which guarantees state-of-the-art working methods.

Objectives
• To maintain expertise and to render services in a

wide range of health physics measurements:
dosimetry, nuclear calibrations and instrumenta-
tion;

ss To make low-level gamma-ray analyses on food-
stuff, environmental samples, in-vivo measure-
ments of the human body, within the frame of
either radiation protection survey programmes, as
support in case of nuclear emergencies;

w To produce standard sources for the calibration
and validation of the instruments and methods
and to maintain expertise in the field of absolute
nuclear measurements;

B To perform non-destructive assay on SCK'CEN
waste in order to fulfil waste characterisation as
required by ONDRAF/NIRAS.

Programme
8 To assure dose determinations (gamma and neu-

tron) on a regular basis, calibrations of doseme-
ters and health physics equipment and to perform
precise irradiations in terms of dose and/or doser-
ate.

a To assure proper functioning and maintenance of
health physics equipment.

a To enlarge the field of gammaspectrometric
measurements in order to cope with activity
determination for complex geometries and to

improve measurement accuracy for those samples
that substantially deviate from the standard
geometry.

8! Extend the in-vivo measurement methods to
detect activation products in the human body pro-
duced in criticality accidents by use of room tem-
perature diodes .

B To upgrade hardware and software for waste
characterisation equipment.

Achievements

Dosimetry

The dosimetry service is in charge of the personal
dosimetry of more than 4600 workers in different
companies and hospitals. Of this 4600. about 800 are
for SCK'CEN. We also supply extremity and ambi-
ent dosemeters. All these dosemeters are based on
the thermoluminescence principle (TL).

While the QA-system for the environmental dosime-
try service is in operation, we took the: first steps for
QA accreditation of the personal dosimetry. Next to
the finalisation of the first set of instructions, several
quality control measures are already operational.
These include a systematic control of the glow
curves, a daily check of the read-out system and the
introduction of a "dummy" customer.

The fading of the thermoluminescent dosimetry sys-
tem at SCK'CEN was studied. The study showed
clearly that next to the fading of the induced signal,
there is also a fading of the sensitivity of the unirra-
diated detectors. We use the results of this study now
in the quality control programs. The study also
showed that in the routine operation, no corrections
for fading are necessary.

SCK'CEN participated actively in the EURADOS
action group concerning the "Harmonisation and
Dosimetric Quality Assurance in Individual
Monitoring for External Radiation". The final report
was published in 2000 in Radiation Protection and
Dosimetry and received a lot of attention. The report
gives for all EU member states plus Switzerland, a
comparison of the present procedures and regula-
tions for personal dosimetry, a catalogue of the exist-
ing dosimetry systems and the results of an extensive
intercomparison for gamma's, beta's and neutrons.

Calibration

The calibration service calibrates all radiation detec-
tors at SCK'CEN. We also calibrate neutron moni-
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tors, gamma monitors and electronic personal
dosemeters for external customers. In total about 220
calibration orders were treated in 2000.

The calibrations with 252Cf neutrons and those of the
Siemens Electronic Personal Dosemeters obtained a
BKO (Belgian Calibration Organisation) QA accred-
itation in the beginning of the year. Such accredita-
tion is also being prepared for calibrations with l37Cs
and "Co in different set-ups. The horizontal calibra-
tion set-up has already been successfully audited
internally.

Instrumentation

The instrumentation service is responsible for the
maintenance of all the electronic measuring devices
used in radiation protection at SCK«CEN. We also
maintain the radiation and meteorological survey sta-
tions located near SCK«CEN. We did in total 110
repairs in the field and in the laboratory.

Gamma-ray spectrometry

The laboratory for gamma-ray spectrometry makes
gamma spectrometric analysis on various low to very
low activity samples. In 2000, we made more than
1800 analyses. We perform routinely analyses of
foodstuff and environmental samples in the frame-
work of the Belgian radiological surveillance pro-
gramme, the monitoring programme of the Institute
for Veterinary Control (IVK) on meat and fish, and
for shipping companies. Another important part of
the work is done in the frame of safe operation of the
BR2 reactor and more generally for SCK«CEN's
radiation protection services. The laboratory has
been accepted by the Ministry of Public Health for
making analyses on foodstuff samples.

There is an increasing demand for analyses of sam-
ples containing radionuclides resulting from specific
experiments performed at SCK«CEN. Well specified
uncertainty estimations are often required. For this
reason, we started the calibration of our detector
chains complemented with numerical calibrations
based on computations with SOLCOI and SOLMAR
(DSM Research BV Geleen, Nl). These softwares
allow to compute correction factors for density,
material composition and geometric differences
between the sample and the reference calibration as
well as true coincidence summing effects. Previous
validations of the measurement methods are comple-
mented with data from these simulations now and a

more detailed approach to uncertainty estimation in
the analysis is made.

Whole Body Counting

For routine measurements, we use very large Nal(Tl)
scintillators for whole body counting, while a dual
Low Energy Germanium (LEGe) detection system is
used for the quantification of 241Am and possible
other low energy gamma emitters in the lungs. The
assessment of 232c28Th burden in the lungs is now
done also with the LEGe detector system, in parallel
with the previous method using a large Nal(Tl) scin-
tillator.

Techniques for the in-vivo measurement of low-
energy gamma-ray emitters with room temperature
diodes are progressively applied to measure contam-
inated wounds and to track localised contamination.

In collaboration with other organisations, the labora-
tory has finalised the writing of procedures to be
adopted in the development and use of a facility for
in-vivo counting. This book will be published by the
ICRU (International Committee for Radiological
Units) with the title "Direct Determination of the
Body Content of Radionuclides".

In 2000, the laboratory performed 1127 in-vivo
measurements, consisting of the regular control of
workers from a nuclear environment and measure-
ments made in case of accidents involving the risk of
internal radioactive contamination.

We are progressively upgrading the analysis software
to run under Windows.

Preparation of Standard Sources

This laboratory is equipped with the required instru-
ments for making absolute (47tp-y coincidence
counter, source preparation tools) and relative
(Nal(Tl) well detector a chamber) activity measure-
ments and to make dilutions of reference solutions by
gravimetric methods. The laboratory produces
sources for internal and external customers and
offers a particular service by producing sources of
quite uncommon geometry (e.g. simulating an exter-
nal contamination of a fuel pin, surface sources ...)
which cannot be obtained from standard source sup-
pliers. Recalibrations of a-sources are also per-
formed.

The laboratory also measures the alpha activity in
radon monitors using track etch analysis (see Radon
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in the Indoor Environment). In 2000 we made more
then 50 track etch analyses.

Non-detructive assay

The laboratory performs non-destructive assay of
SCK«CEN's nuclear waste packages (mostly low
level waste) and for external customers. In 2000 we
measured 100 drums with the Q2 Low Level Waste
Assay System. The 3Ax gamma scanner, developed
in 1999, was installed; we made preliminary calibra-
tions , and a first set of 4001 drums was assayed with
this system.

Maintenance ofEuratom Fork detectors

We have given support to Euratom's verification of
spent fuel and of fresh MOX fuel in reactor storage
ponds, by assuring maintenance, repair, test, upgrad-
ing of the existing Fork detectors for PWR and BWR
fuel assemblies and for fresh PWR type MOX fuel,
in order to increase performance and reliability of the
detectors.

Perspectives
a A large programme of type tests with the different

dosemeters is in progress. These tests are required
for the QA accreditation of the dosimetry sys-
tems.

a The current OCR (Optical Character
Recognition) labels on the personal dosemeters
will.be changed to barcodes.

8! A basic set-up will be prepared to do optically
Stimulated luminescence experiments.

H A new EURADOS project will be started, contin-
uing the work previously mentioned.

ffi A continuous effort will be made for the BKO
(Belgische Kalibratie Organisatie) accreditation
of each type of calibration that is being done.

m We will calibrate each detector in use for spec-
trometry analysis by means of the SOLCOI and
SOLMAR software. Analyses requiring correc-
tions for sample geometry and configuration will
be automated in order to minimise possible errors
and to maximise traceability of correction proce-
dures and data used.

a Equipment for in-situ gamma-ray spectrometry,
in the past mainly used for the survey of soil con-
tamination, will be updated with new hardware
and software. The aim is to use the gamma spec-
trometer together with the home made software
package Solidang, which assists in making

numerical calibrations even for complex counting
configurations.

SS Improve the quality of lung measurements by a
better estimation of the background, signal and by
improving the uncertainty estimation.

« In order to minimise human errors and to max-
imise traceability, the implementation of a digital
readout of the instruments by computer and of
well documented data files will be pursued.

B Further develop the software for the 3 Ax scanner.

Publications

J.W.E. Van Dijk, I.M. Bordy, F. Vanhavere, C. Wernli
and M. Zamani-Valasiadou, "A Catalogue of
Dosemeters and Dosimetric Services within EU
Member States and Switzerland able to Estimate
External Radiation Doses as Personal Dose
Equivalent", Rad. Prot. Dosim. 89 (1-2), pp. 53-105
(2000).

F. Hardeman, J-L. Genicot, S. Pomme, J-P. Alzetta,
P. Willeborts, "Experiences and specific problems
during the accredition of the Nuclear Measurements
Laboratory", Proceedings of the International
Workshop on Quality Requirements of NDA
Measurements, C. Foggi, E. Petraglia eds., Ispra,
Italy, 2000, pp. 129

J. Uyttenhove, S. Pornme, B. Van Waeyenberge,
"Measurement of natural gamma radiation in
Belgium by means of high resolution in-situ spec-
trometry", Annalen van de Bejgische Vereniging
voqr Stralingsbescherming 25 (2000) pp. 227-232

J.L. Genicot, "L'anthroporadiametrie: Une technique
evolutive pour repondre aux directives de la CIPR."
Annales de ^Association Beige de Radioprotectipn-
Belgische Vereniging voor Stralingbescherming",
Vol. 25, n° 2, pp. 175-192 (2000).

D. Franck, J.L. Genicot, P. Pihet, K. Schnuer, H.
Spitz: Proceedings of the International Workshop
"In-Vivo Monitoring for Internal Contamination:
New Techniques for New Needs" Mol, Belgium 21-
24, 1999, Radiat. Prot. Dosimetry Vol. 89 Nos. 3-4
2000 - EUR 19618/EN.

J.L. Genicot, "The In-Vivo Detection of Low Energy
Photon Emitters in Radiation Protection and in
Nuclear Medicine. A New Philospophy for New
Needs in In-Vivo Counting".

Radiat. Prot. Dosim. 339-342 (2000).

Radiation Protection 119



Presentations

F. Vanhavere, "The Fading of Thermoluminescent
Detectors LiF:Mg,Ti", Harshaw TLD Users' Group
Symposium (invited), Washington, September 17-
20, 2000.

F. Vanhavere, M. Coeck, "Comparison between
Thermoluminescent and Electronic Dosimetry
Results at the SCK'CEN", European Workshop on
Individual Monitoring of External Radiation,
Helsinki September 4-6, 2000.

J.L. Genicot: "In-Vivo Measurement of Internal
Contamination in the Low Energy Range: A study of
the Background Effect." Poster presented at the 10th

Intern. Congress of the International Radiation
Protection Association held in Hiroshima,
Hiroshima, Japan, May 14-19, 2000.

120 Radiation Protection



CHRISTIAN HURTGEN

LOW-LEVEL RADIOACTIVITY MEASUREMENTS

BE0100019

Background

The Low-level radioactivity measurements service

performs measurements of alpha or beta emitters on

various types of low-radioactivity biological samples

and environmental samples from internal and exter-

nal clients.

Objectives
ss to maintain and develop techniques concerning

the measurements of low-level radioactivity of

alpha and beta emitting radionuclides in environ-

mental and biological samples;

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

ground counters (liquid scintillators, proportional

counters, ZnS counters and alpha-spectrometers);

B to support and advise the nuclear and non-nuclear

industry on problems of radioactive contamina-

tion and or low-level radioactivity measurement;

a to maintain the quality assurance (QA) system

according to the EN45001 / ISO17025 standard

for which we obtained the Beltest accreditation in

1998 and to expand this QA system to all our rou-

tine measurements;

K to assess the internal dose from occupational

intakes of radionuclides for workers of the

nuclear industry.

Programme

Our laboratories propose low-level radioactivity

measurements of

s total alpha and beta activity with proportional and

ZnS counters;

M 3H, I4C and other low energy beta emitters by liq-

uid scintillation;

131I activity measurements with propor-

tional counters;

Si 226Ra and 222Rn by the emanation method;

a natural uranium by fluorimetry:

s& polonium, thorium, uranium, plutonium americi-

um and curium by alpha spectrometry.

These measurement are performed on biological and

environment samples.

Achievements

In 2000, the Low-level Radioactivity laboratories

have measured more than 9800 samples. These ser-

vices were provided for half to SCK'CEN and half to

external firms.

Our laboratories analysed some 5140 biologic sam-

ples (381 nose-blow, 12 faeces and 4747 urine).

These analyses were requested for 91% by Health

Physics of external firms for the control of workers

handling radioactive materials. The main elements

measured in these samples are plutonium, uranium,

americium and tritium. A special feature in the urine

sample analysis are the 3236 samples measured for

uranium in urine from the Belgian military contin-

gent on their return from Kosovo. Until now, we

have not found any positive results in these samples

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. We measured

daily airborne dust samples collected on SCK'CEN's

site at Mol, for total alpha and beta activities. Weekly

rainwater samples collected at SCK-CEN were also

measured for alpha and beta activities. The results

obtained in 2000 were similar to those measured pre-

viously. Our laboratories 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, I3II, 226Ra, uranium, plu-

tonium and americium. These samples consisted of

surface water, river water, soil, sediment, fish and

milk.

We made our measurement capabilities also avail-

able to researcher's groups of our institution. In par-

ticular for the division Radioactive Waste & Site

restoration, 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 around our institute.

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

our analyses, our laboratories participate successful-

ly to the yearly intercomparison exercises organised

by PROCORAD. These exercises involved bioassay

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

Cm.
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Perspectives

Our laboratory will set-up a new analytical procedure

for the analysis of uranium using a KPA (Kinetic

Phosphorescence Analyser). This will allow us to

improve the limit of detection for the measurement

of uranium in aqueous samples .

As an ongoing process, we will continue document-

ing our routine analysis methods according to

EN45001 / ISO17025 regulation and the overall

SCK'CEN's QA procedures 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 scintillation measurement procedure. In

1999, our accreditation was confirmed and expanded

to the 9°Sr analytical procedure. For 2001 we will

extend our accreditation to the 131I and Nose-blow

analytical procedure.

In the 5th Frame Work Programme of the European

Commission, our laboratory will take part in the

project OMINEX Optimisation of Monitoring for

Internal Exposure. This project aims to develop prac-

tical methods that could be used by monitoring labo-

ratories to optimise the design and implementation of

internal exposure monitoring programmes for specif-

ic exposure situations. The outcome of the project

should be a common, harmonised approach to the

design and implementation of internal dose monitor-

ing programmes throughout the EU.
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Association pour la Promotion du

Controle de qualite des analyses

de biologie medicale en radiotoxi-
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from 17 different countries).
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Belgium).
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Antwerpse Waterwerken
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Belgoprocess (Dessel, Belgium).

BELGONUCLEAIRE (Dessel,

Belgium).

DSM Research BV (Geleen The
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IRMM

MHKA

PIDPA

UM

Ulg
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FBFC International (Dessel,
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Interdisciplinaire Dienst voor het
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(Brussels, Belgium).
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Universite de Liege (Liege,

Belgium).

Vlaamse Instelling voor

Technologisch Onderzoek (Mol,

Belgium).

KCD Electrabel Doel (Doel, Belgium).

Conferences

C. Hurtgen, "Uranium measurements in human biosam-

ple.", Mini-Symposium on Depleted Uranium. VUB

Brussels, October 26, 2000

C. Hurtgen, "Natural radioactivity in bioassay by alpha

spectrometry measurements.", 5th International conference

on methods and applications of radioanalytical Chemistry.

- MARC V. Kailua-Kona, Hawai'i, USA, April 9-14,2000

Publications

P. Vermaercke, F. Verrezen, S. Boden, "Implementing qual-

ity assurance in an R&D environment at the Belgian

Nuclear Research Centre - SCK-CEN", Accred. Qual.

Assur. 5, pp. 21-27, 2000

C. Hurtgen, S. Jerome, M. Woods, "Revisiting Currie -

How low can you go?", Applied Radiation and Isotopes,

53, pp. 45-50, 2000

F. Verrezen, C. Hurtgen, "A multiple window deconvolu-

tion technique for measuring low-energy beta activity in

samples contaminated with high-energy beta impurities

using liquid scintillation spectrometry.", Applied Radiation

and Isotopes, 53, pp. 289-296, 2000

E. Holm, S. Jerome, C. Hurtgen, "Proceedings of the

ICRM Low-Level Radioactivity measurements Techniques

122 Radiation Protection



Conference.", Applied Radiation and Isotopes, Volume 53,

Number 1-2, 2000

C. Hurtgen, "Natural radioactivity found in bioassay meas-

urements.", Kerntechnik, 65, pp. 40-44, 2000

C. Hurtgen, "Extraction Chromatography: Application in

Radiobioassay.", Int. Workshop on the application of

extraction chromatography in Radionuclide measurement,

November 9-10, 1998, IRMM, Geel, Belgium., 2000

Reports

H. Doerfel, A. Andrasi A., M. Bailey, C.-M. Castellani, C.

Hurtgen, N. Jarvis, L. Johansson, B. Leguen, G. Tarroni,

"Third European Intercomparison Exercise on Internal

Dose Assessment.", FZKA 6457, Forschungszentrum

Karlsruhe, 2000

C. Hurtgen, A. Andrasi, A. Birchall, C.-M. Castellani, H.

Doerfel, L. Johansson, B. LeGuen, G. Tarroni, "Database

on Radionuclides in Workplaces.", BLG-839, SCK'CEN,

2000

Thesis

Jan A. A. Cornells " Alfabus32: Integratie van ZnS tellers in

een bestaand QA-systeem") - Hogeschool voor

Wetenschap en Kunst (De Nayer Instituut)

Radiation Protection 123



BE0100020
THEO ZEEVAERT, HANS VANMARCKE AND JOHAN PARIDAENS

RADIOLOGICAL ASSESSMENTS AND ENHANCED

NATURAL RADIOACTIVITY

Scientific staff

SAM GEUENS,

DIRK MALLANTS,

JAN RONSYN,

LIEVE SWEECK,

JOHAN PARIDAENS,

HANS VANMARCKE,

GEERT VOLCKAERT,

THEO ZEEVAERT

Supporting staff

RENE BUBBE,

JEAN-PIERRE ALZETTA,

PAUL WHXEBORTS

Background

The observance of the basic principles of radiation
protection (justification, optimisation and limitation
of individual dose) requires that the radiological
doses from practices or dose savings from counter-
measures be assessed. The group is addressing radi-
ological optimisation in important issues such as
radioactive waste disposal and remediation of
radioactively contaminated environments.

An important aspect in the growing concern amongst
the population about the quality of their living envi-
ronment is the occurrence of enhanced levels of nat-
ural radioactive isotopes such as radium. Mapping
such contamination, evaluating the seriousness and
proposing possible and feasible solutions is becom-
ing an important aspect of health physics measure-
ments.

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

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

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

2 to apply new techniques for retrospective radon
measurements in real field conditions and to
assess radon decay product exposure by combin-
ing these techniques;

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

Programme

Radiological assessments

In the field of radiological impact assessment our
department is in charge of optimising models for
evaluating biospheric concentrations and doses to
humans. To keep in touch with the international
developments in that field and to upgrade our assess-
ment models, we participate in the IAEA programme
BIOMASS (Biosphere Modelling and ASSessment
methods). The three themes in BIOMASS are
radioactive waste disposal, environmental releases
and biosphere processes. In the first and in the third
theme we are participating on behalf of
ONDRAF/NIRAS in the framework of our radiolog-

ical impact assessments for radioactive waste dispos-
al. In the second theme we are leading the working
group on remediation assessment with a test scenario
about the site of Olen, around the Bankloop brook.

We perform radiological impact assessment and opti-
misation studies in the frame of restoration of
radioactively contaminated sites and land disposal of
radioactive waste, as a support to the competent
authorities and other clients. On behalf of Union
Miniere, we carry out a comprehensive impact
assessment study with respect to the radium storage
facility at the Olen plant of UM, with the support of
the department of Waste and Disposal. On behalf of
EdF (contract from ANTEA), we assessed the radio-
logical impact of envisaged liquid 22Na discharges
into the Rhone at Creys-Malville, in consequence of
the dismantling of the Superphenix reactor.

A PhD thesis is going on, aiming at the development
of a transport model for small rivers of the Nete-
basin, contaminated with NORM (naturally occur-
ring radioactive material), in particular 226Ra.

Support is also provided to the R&D project on envi-
ronmental restoration (4 year programme) co-ordi-
nated by the section of radioecology. The contribu-
tion consists in an adaptation of the dynamic bios-
phere model (DOSDIM) and the development of a
vegetation model.

Enhanced natural radioactivity

The database of retrospective radon data, collected in
various villages of Yugoslavia, will be further
analysed. The final aim is to obtain a valid image of
the radon exposures of these populations. A new
sampling campaign is foreseen in Russia, as a sup-
port for epidemiological studies. The expected radon
concentrations here are between 100 and 200 Bq/m3.

The radiological impact of the installation of a flue
gas purification system of a coal-fired power station
was partially studied for Electrabel. The programme
foresees in the completion of this study as soon as the
flue gas scrubbing system is fully operational.

We conducted two measuring campaigns, for the
VLM (Vlaamse Landmaatschappij) to accurately
map the 226Ra contamination of the farmland in the
whole of the former flooding zone of the Bankloop,
as a result of the historic Union Miniere activities.
The programme foresees a follow up of the situation
here.
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Achievements

Radiological assessments

International validation studies - BIOMASS

In BIOMASS Theme 1, Radioactive waste disposal,

we participate in three task groups:

si TGI, dealing with guidance on the definition of

exposed groups;

B TG2, providing guidance on the application of

data to assessment models;

a TG6, dealing with the elaboration of models for

example reference biospheres. The emphasis in

this task group during the last year, has been on

changes in the biosphere with time. In a first

approach a generic description of biosphere

changes is considered. The changes may be due

to volcanism, seismic events, meteorite impact,

orogeny, climate change (from a natural origin or

man-induced), social/institutional developments.

In a second approach the methodology is applied

to real example sites, namely Aspo in Sweden and

Harwell in England. The changes in these cases

are considered to be due essentially to climate

changes.

In BIOMASS Theme 2, Environmental releases, the

working group on remediation assessment, of which

SCK»CEN is group leader, has achieved the task rel-

ative to the second approach which is related to the

assessment of the effectiveness of potential remedial

actions (removal of contaminated soil and capping)

at the Bankloop riverine site. Deterministic and prob-

abilistic model calculations have been carried out,

including uncertainty and sensitivity analyses. With

respect to the probabilistic assessments, 95% confi-

dence intervals have been calculated and most influ-

ential parameters identified. The figure shows the

results of five participating models (among which the

SCK-CEN model DOSDIM) for the exposure path-

way radon inhalation before remediation. The reduc-

tion of the dose through the remediation measures

considered were shown to be rather restricted. The

95% confidence intervals ranged from less than 1

order of magnitude up to two orders of magnitude.

The parameters related to this exposure pathway

were shown to be the most influential ones for the

total dose. The results of the model calculations have

been compared and the reasons for differences

analysed. A first draft of a TECDOC (IAEA) report

concerning the work of this working group has been

elaborated. In the beginning of following year it has

to be finalised.
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We compared various models for the calculation of the indoor and outdoor Radon
inhalation dose of the radium-contaminated farmland without remediation at year 1.
The graph shows that results were comparable, but 95% confidence intervals were
large.

In BIOMASS Theme 3, Biosphere processes, we

participate in the working group on iiuit modelling.

In this working group testing scenarios were set up

concerning the contamination of soil, fruit and leaves

of strawberries, apples and black currents due to

releases of 137Cs, 90Sr, ml. Two typus of scenarios

were applied: hypothetical and real cnes. The hypo-

thetical scenarios, including continuous and spike

releases, permitted the models and modelling results

only to be compared. The real ones, based on pot

experiments with strawberries, contaminated

through soil and foliar deposition, allowed for the

accuracy of the model predictions to be verified. The

comparison of the modelling results among them-

selves and with the experimental results, showed a

good performance of the SCK'CEN model (DOS-

DIM).

Modelling of the transport of radium in small
rivers

The PhD thesis concerning the modelling of the fate

and transport of NORM, in particular radium, in

small rivers, started in September 1999. Most of the

year 2000 has been devoted to the preparation of

measuring campaigns at the river and the examina-

tion of possibly relevant surface water models.

Laboratory experiments for the investigation of sorp-

tion phenomena of radium on river sediments were

carried out by a student on work placement.
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Radiological impact assessment for industrial
clients

The impact assessment study of the radium storage

facility of Union Miniere in Olen, ordered by UM, is

being carried out. Various evolution scenarios, iden-

tified in a preceding scenario study, are being con-

sidered, including the normal as well as altered evo-

lution scenarios. We executed a first part of the study,

consisting in the examination and measuring of the

physical and chemical data of the site, the waste and

the technical barriers and the calculation of the leach-

ing and transport of the contaminants from the stor-

age facility to the groundwater. We prepared also the

formulation of the concentrations of the radionu-

clides in the biosphere media and the resulting annu-

al individual doses to the critical group for the vari-

ous scenarios. For the modelling of the groundwater

transport of the contaminants (by the Department of

Waste and Disposal) and the assessment of the doses,

we have to wait for the results of the modelling of the

groundwater flow (to be carried out by Prof. Van

Autenboer, LUC).

The contract obtained from EdF (co-ordinator

ANTEA) for a radiological impact assessment of liq-

uid 22Na discharges into the Rhone at Creys Malville,

in consequence of the dismantling of the

Superphenix reactor, has been carried out. Because

of the low radioactive half-life of 22Na (2.6 a) and the

delayed discharge of the most contaminated efflu-

ents, the annual individual doses to the critical group

turned out to be negligible (much less than 1 mSv/y).

.

a

tc
m

p
o

t
ro

 /
 c

o
n

9

oi

10.00 -

1.00 4.

0.10 -

; i : 36 J :5; ; f;i

• ' 0 . 8 5 ; ..•_•.• . : : : : :

: i lVT/CONTl •

; I:.'. ST / CONT I ;

1 2 3 4 5 6 7 8 9 10
Uzice house number

1
0.41 ;

11 12

5.2

13 14

Ratio of the long-term retro radon concentrations to the contemporary (CONT)
ones, for volume traps (VT) and surface traps (ST) respectively, from the
Yugoslavian village Uzice. The dashed lines delimit the area where the deviation
between retro and contemporary is less than 100 %. Less than half of the cases fall
within these limits, urging for caution in extrapolating contemporary radon data for
retrospective purposes.

Enhanced natural radioactivity

A first analysis of the retrospective database from

several rural Yugoslavian villages, containing com-

bined radon volume trap and surface trap retrospec-

tive radon data, together with contemporary radon

data has shown some interesting results. It appears

that often radon concentrations in the same house

may vary a lot between different rooms. This should

be taken into account for radon exposure assess-

ments. Another striking fact was that contemporary

radon concentrations, even if they are based on 12

month measuring campaigns, are often not represen-

tative for the long-term radon concentrations. This is

demonstrated in the figure. Extrapolating contempo-

rary radon concentrations to assess long-term radon

exposures is therefore to be considered a question-

able practice.

For Electrabel, we performed a radiological impact

assessment of a coal-fired power. The plant had been

equipped with a flue gas purification system, desul-

phurisation (SOX) and denitrification (NOX), the so-

called DENOX and DESOX installations. Only the

DESOX installation worked properly at the time of

the study, so only the effects of this one could be

studied so far. We made a radiological mass balance,

considering incoming products (coal, limestone) and

the outgoing products such as fly ash, bottom ash and

gypsum. The naturally occurring radioactive materi-

als concentrate in the fly ash and bottom ash, as

could be expected, but due to the low radioactivity

contents of the utilised coal, this does not pose any

problems from a radiation protection point of view.

The gypsum produced during the wet scrubbing pro-

cedure with lime in the DESOX installation showed

no increased NORM concentrations and is in this

respect comparable to natural gypsum.

For the VLM (Vlaamse Landmaatschappij), we

measured the 226Ra contamination of the whole of the

area of farmland in the former flooding zones of the

Bankloop. About 45 hectares of land were investi-

gated, the most contaminated 25 ha of which is now

available in grid points indicating the surface gamma

dose rates every 10 m. The figure shows these 25 ha

of land. We found that about 16 ha had to be cata-

logued as radioactively contaminated of which about

1 ha quite heavily. For these contaminated areas,

another type of land use was suggested.

Perspectives

Next to the execution of the present impact assess-

ment study on behalf of Union Miniere, a new study
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Overview of the most contaminated areas of the former flooding zone of the Bankloop, receiving the liquid
effluents of the Olen radium facility. About 16 hectares of land had to be catalogued as radioactively contami-
nated (>100 nSv/h), of which about 1 ha quite heavily (>500 nSv/h). For certain areas a change of land use
was recommended.

concerning the elimination of the radium sources
from the storage facility has been asked for by UM
and will be carried out in the year 2001, with support
of the department of Waste and Disposal.

SCK'CEN took part in two project proposals for the
2nd call for key actions in the 5th Framework pro-
gramme of the European Commission. The first proj-
ect is called BIOMOSA: Biosphere Models for the
Safety Assessment of radioactive waste disposal
based on the application of the Reference Biosphere
methodology. The intention is to apply the Reference
Biosphere methodology, developed in the BIO-
MASS programme of the IAEA, to several actual
sites in Europe, belonging to different climatic
regions, and to contribute in this way to the confi-
dence building in biosphere models for application in
performance assessment of nuclear waste disposal.
The second project is called HELIMENT: Health and
Social Impacts from contamination of aquatic and
terrestrial environments. The purpose is to develop a
methodology to assess the health and social impacts
and risks to populations and environments being
exposed to radioactive as well as non-radioactive
contaminants.
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Background

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

Objectives
1 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;

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

m 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;

M to provide the national and international authori-
ties with adequate information, enabling them to
reliably assess the consequences of past, present
and potential, routine and accidental releases for
populations, and to select the most adequate mit-
igating actions.

Programme

The group gains more in-depth knowledge on the
fate of radionuclides in the terrestrial environment
and develops expertise in the application and effec-
tiveness of countermeasures and remediation options
through internal R&D programmes. In the past,
emphasis was mainly on radiocaesium. Research is
now also directed towards the natural radionuclides
radium and uranium. An important programme in
this respect is the multidisciplinary R&D^pro-
gramme on Environmental Remediation.

The radioecology research team is involved in sever-
al international collaboration projects supported by

EC contracts. These programmes deal with the fate
of radionuclides and/or evaluate the most effective
countermeasures or remediation options in agricul-
tural or forest ecosystems:

The PHYTOR Inco-Copernicus project (Evaluation
of willow plantations for the phytorehabilitation of
contaminated arable land and flood plain areas) stud-
ies the feasibility of different applications of willow
short rotation coppice for the re-valuation and reme-
diation of contaminated areas in the CIS;

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

Our expertise in conceptual modelling in fate of
radiocaesium in forest ecosystems is shared in the
IAEA-BIOMASS Forest Working Group project;

The objective of the newly established EC-Project
MYRRH (2000-2003) is to unravel the effect of the
mycorhizosphere on radionuclide availability and its
importance in the phytostabilisation/phytoremedia-
tion of contaminated areas.

The phytoextraction technology for decontamination
of low-level uranium contaminated soil was evaluat-
ed on request of FBFC International

Achievements

Factors affecting radionuclide
availability and transfer

In order to predict the contamination level in
exploitable plant parts, an understanding of the
important biological and physico-chemical processes
governing the flux of radionuclides in agricultural
and forestry ecosystems is important. This knowl-
edge will also enable us to propose countermeasures
directed to limit radionuclide availability and uptake.

Factors affecting Cs-availability

Soil solution composition ruling Cs-uptake

In the frame of own R&D on soil factors affecting
Cs-availability, we aimed at a better quantification of
the effect of soil moisture, soil physico-chemistry
and agricultural practices (K fertiliser addition) on
the transfer of radiocaesium to food crops. Results
point to the central role of the soil solution composi-
tion when attempting to assess radiocaesium fluxes
in soil-plant systems. High K concentrations in soil
solution induce high 137Cs activity concentrations in

130 Radiation Protection



the soil solution due to the competition of both ions

for Cs-selective sites on weathering clay minerals.

On the other hand is 137Cs in competition with K for

uptake by the plant roots. Thus high K concentra-

tions reduce 137Cs-crop uptake. A model is developed

by which K and 137Cs uptake is simulated. One of the

main hypotheses in the simulation model is the

assumption that the 137Cs-activity in the biomass,

built up during a certain period of time, is determined

by the actual solution-to-plant 137Cs concentration

factor, affected by the K concentration at the root sur-

face during this period of time. To validate this

hypothesis, a solution culture experiment was carried

out with ryegrass grown in 137Cs-spiked nutrient

solutions in which the K concentration was allowed

to deplete. At each point in time, a simulation pro-

gram calculated the K concentration in the nutrient

solution, the corresponding concentration factor,

shoot biomass and the 137Cs concentration in the

shoot. The 137Cs concentrations in the shoots were

slightly overpredicted. At the lowest K concentration

(10 uM), the shoot activity concentration was a fac-

tor 2.3 overpredicted. At these extreme low K con-

centrations, very high concentration factor-values are

extrapolated, although it is not known how the con-

centration factor changes in function of the K con-

centration in that concentration range. In all other

cases, shoot activity concentrations are well predict-

ed within a factor 2.

These results allow us to conclude that the 137Cs-root

uptake at each moment in time is determined by the

K concentration in solution at that time and to use

this theory in the root uptake simulation model.

Role of rhizosphere in Cs-mobilisation

Experiments were set up to broaden our knowledge

on the mechanisms affecting radiocaesium uptake at

the rhizosphere level. In a previous column experi-

ment with mica acting as sole source of both K and
l37Cs, acute K depletion involved the preferential

mobilisation of radiocaesium from the rhizosphere

and the extraction of interlayer K from mica.

Complementary experiments were set up to refine

the effect of rhizosphere processes affecting caesium

uptake. We investigated the effect of these processes

on radiocaesium mobilisation by willow (Salix vim-

inalis L.) grown in columns filled with a quartz-sili-

cate mixture involving: (1) phlogopite particles pre-

viously equilibrated with increasing level of potassi-

um in the solution (0 to 2 mM), (2) muscovite, biotite

and phlogopite acting as sole source of potassium. In

each scenario, micas were similarly loaded with

identical contamination of 134CsCl.

K depletion hence induced mobilisation of both

radiocaesium and K in the rhizosphere. In the K-free

scenario, radiocaesium uptake was 25 times higher

than in the K-scenario (0.83 mM). X-ray diffrac-

tograms of "rhizospheric" phlogopite showed a char-

acteristic 1.0 nm reflection in both scenarios and an

additional 1.4 nm spacing only in the K-free sce-

nario. This was associated with the weathering of the

mica due to structural K release leading to a partial

opening of micaceous interlayers.

Cs and K mobilisation was tested for four micas. At

harvest, a clear 1.4 nm peak, appeared on the X-ray

diffractograms of the trioctahedral minerals (phlogo-

pite and biotite) isolated from the rhi2;ospheric soil.

Root mobilisation of radiocaesium and potassium

was considerable (up to 8 % of initial radiocaesium

and 2 % of initial K contents of the minerals). Since

vermiculites contain only small amounts of K, plant

growth was limited due to insufficient K supply.

However, percentage root mobilisation of radiocae-

sium and K was comparable to that from phlogopite

minerals. The dioctahedral muscovite was weather

resistant. Only small amounts of the interlayer radio-

caesium and K were available for plants. The exter-

nal potassium supply affects the interlayer radiocae-

sium and K release. Only at an external K-concen-

tration of 0.4 mM or lower, the 'fixed' interlayer

radiocaesium and potassium of the phlogopite is

mobilised.

Potential use of bentonites to limit
soil-to-plant transfer

Our R&D work on bentonites, potentially very effi-

cient Cs-binders was continued. It was earlier

demonstrated that the addition of K-bentonite and

subsequent wetting drying lead to a dose-dependent

raise in the soil radiocaesium interception potential

which is characteristic for the bentonite used but

which is independent of the type of soil treated. It

was further shown that on the basis of soil chemical

characterisation and soil-to-plant transfer data, the

application of 0.5-2 % dose of K-bentonite

(Wyoming) to a sandy soil leads to a tenfold decrease

in radiocaesium availability.

A potted soil experiment was set up with two

Sardinian bentonites (Padulazzu and Putifigari)

added to the surface soil layer (10 %) or mixed with

the soil (1 %) in presence or absence of extra K (2

meq g-> bentonite added). Initially, K-additions

Radiation Protection 131



resulted in a more than 10 fold decrease in the radio-

caesium transfer factor to ryegrass and the presence

of bentonites in an additional three- to sixfold

decrease. However, from the 4lh harvest onwards, the

effect started to decrease and bentonite additions did

not result in a significant reduction of the transfer

factor at the 6th harvest. The K-effect was reduced to

a factor two. Although the modified Sardinian ben-

tonites (wetting drying in presence of K2CO3) had

shown more pronounced radiocaesium fixation prop-

erties than the modified Wyoming bentonite, the

Sardinian bentonites seem to release the fixed Cs fol-

lowing prolonged cropping whereas the Wyoming

bentonite did not. Reasons may become clear after

detailed soil analysis.

Additionally, two bentonites (Wyoming and

Padulazzu) subjected to 20 wetting drying cycles or

not, in the presence or absence of K2CO3 were placed

in contact with the rhizosphere of ryegrass after con-

tamination by radiocaesium the different systems. It

was clearly demonstrated that the Cs transfer factor

is significantly reduced by the presence of the ben-

tonites subjected to wetting drying in presence of K.

Moreover, there was a significant linear correlation

between the reduction in transfer factor and the

radiocaesium interception potential of the system.

Naturally occurring radionuclides (NOR)

Apart from contamination by artificial radionuclides,

enhanced levels of naturally occurring radionuclides

may be associated with abandoned waste dumps,

installations and surroundings from industries,

involved in the extraction and the processing of raw

materials (uranium mining and milling, phosphate

industry, oil and gas drilling, power production from

coal,...). In this framework, research is conducted on

the fate of NORs in the terrestrial environment.

226Ra soil-to-plant transfer

An experiment was set up to test (1) to what extent

the behaviour of 85Sr and 133Ba is comparable to that

of 226Ra (long half-life, decay into the noble gas
222Rn) so that they could be used as tracer and (2)

what are the major soil factors ruling Ra-availability.

It could be concluded that Ba is a better tracer for

radium than Sr. Moreover, a significant exponential

relationship was found between the Ra and Ba trans-

fer factor and the concentration of bivalent cations in

the soil solution.

Role of mycorhizosphere in U-uptake

The general objective of the MYRRH project is to

unravel the scientific foundations of the use of

mycorhizal fungi in the phytostabilisation/phytore-

mediation of radio-contaminated areas like former

U-mining and milling sites. For that purpose, we

need:

n to develop a collection of U contaminated materi-

als (mining waste),

i to assess the influence of material properties on

the 'mycorhizospheric' mobilisation of U.

The first U-bearing materials were collected from U-

mining relics. The physico-chemical characterization

with standard methodologies will allow a ranking of

the various materials in term of element content,

mobility and binding properties. Most representative

U-bearing phases will be identified and further syn-

thesised in the laboratory (phosphate, oxide,...) to

provide reference material for further investigations

involving myco-rhizospheric mobilisation tests.

Contaminated land management

Phytoextraction

We tested the potential to phytoextract uranium from

a low-level-contaminated sandy soil from a nuclear

fuel production facility (FBFC) in greenhouse. Two

soils were tested: a control soil (317 Bq/kg 238U) and

the same soil washed with bicarbonate (69 Bq/kg
238U). Ryegrass, Indian mustard and Redroot

Pigweed were used as test plants.

The annual removal of the soil activity with the bio-

mass was less than 0.1 %. The addition of citric acid

(a complexing agent increasing U availability: 25

mmol kg'1 soil) one week before the harvest

increased uranium uptake up to 500-fold. With a rye-

grass and mustard yield of 15 t/ha and 10 t/ha,

respectively, up to 3.5 % and 4.6 % of the soil activ-

ity could annually be removed with the biomass.

With a desired activity reduction level of 1.5 and 5

for the bicarbonate-washed and control soil, respec-

tively, it would take about 10 to 50 years to attain the

release limit.

The linear agreement between the uranium concen-

tration in the plant and the uranium concentration in

the soil solution of the control, bicarbonate washed

or citric acid treated soil, points to the importance of

the soil solution activity concentration in ruling ura-

nium uptake and hence to the importance of solubil-

ising agents to increase plant uptake. Citric acid

132 Radiation Protection



addition did however result in a decreased dry weight
production and crop regrowth (only applicable to
ryegrass).

Management of large contaminated areas

When dealing with large-scale environmental con-
taminations by radionuclides, a sustainable remedia-
tion strategy should be advocated, which should con-
sist of a combination of measures adapted to the site-
specific situation. It goes without saying that differ-
ent approaches are required in case of contamination
of arable land, meadows or forest ecosystems.

Energy crops as alternative landuse

The project on the evaluation of short rotation cop-
pice for energy purposes as a bioalternative for the
re-valuation of contaminated farm land, on radiolog-
ical, technico-agricultural and economic grounds
was finalised mid 1999, but research on the fluxes of
radiocaesium in a coppice ecosystem was continued
in the frame of a doctoral research (October 2000).
An in-depth study was performed at the experimen-
tal plots of SCK»CEN for the first entire cutting cycle
of the willow. Radiocaesium export from the field
with the harvested wood is very low (< 0.02 %).
Wood activity concentrations increased strongly
when potassium concentrations in the soil solution
decreased. A large fraction of the radiocaesium max-
imal uptake in the aboveground plant parts was
translocated to the root system in autumn (23-64 %)
or returned by litter or throughfall (19-51 %).
Potassium was found to be more mobile in the plants
than radiocaesium is.

Phytostabilisation of contaminated land

The purpose of the PHYTOR-project is to evaluate
(i) the use of willow plantations for energy produc-
tion as an agricultural alternative crop and (ii) the
application of willow vegetation systems for vertical
migration and erosion control and pond (sediment)
reclamation in the Pripyat river flood plane.

The study of willow trials in Belarus was continued.
Given the high Cs and Sr transfer factors observed
and the high deposition levels, radionuclide levels in
the wood exceeded the exemption levels for fuel-
wood. New willow trials were established on 3 major
soil types in the contaminated area of Pales, Ukraine.
Due to limited precipitation following planting and
competition by weeds, the willow growth was limit-

ed to nihil. Establishing short rotation coppice in the
contaminated areas of Belarus and Ukraine should be
carefully evaluated before engaging in large-scale
plantations. Only a limited number of soils are suit-
able for these plantations and given trie limited Cs-
fixation properties of most soils and low fertilisation
level (low K), expected Cs transfer factors are high
and these plantations can only be established on soils
with limited contamination (< 350 kBq/m2).

The predicted maximal effect of the biomass produc-
tion on the depth of the ground water table (100-200
cm) was obtained in case of fertilisation and with 10-
year old willows. Preliminary estimates of the effect
of decreased groundwater depth (1 m) on radionu-
clide migration showed that over a period of 20
years, the migration depth was decreased with 10 cm.
The suitability of willow mats (SALIMAT) for the
stabilisation of wet sediments to limit erosion was
tested and showed to be a promising reclamation
technique. The performance of imported willows,
selected for high biomass production, was better than
for the local willow clones. Computer simulations
showed that even in case of extremely high flooding,
dense willow vegetation is very effective in reducing
the horizontal erosion. These preliminary results
show that phytostabilisation with willows may be an
effective remediation tool in contaminated flood
plane areas.

Forest management

In the field of contaminated forest management, an
original methodology to predict the evolution with
time of 137Cs distribution in tree and accumulation in
(commercial) wood is developed in the frame of doc-
toral research and collaboration in the W00DM0DE
project and IAEA-BIOMASS Forest Working Group.
A comprehensive study of different Sco :s pine (Pinus
sylvestris L.) edaphotopes (soil-tree associations)
located close to Chernobyl was initiated, in order to
(1) improve the estimation of l37Cs accumulation in
wood in the long term, (2) link this accumulation in
wood with the 137Cs availability from the different
forest soil layers, and finally (3) use the acquired
information to formulate real scale management
advises for contaminated forest resources of a typical
rural district in Ukraine.

Following the Chernobyl accident, several models
were developed to simulate the 137Cs cycling in con-
taminated forests. Nine of them were recently com-
pared with real measurements using reference con-
tamination scenarios (IAEA-BIOMASS). A statisti-
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cal analysis of the results obtained on 137Cs accumu-

lation in stem-wood revealed that simulations from

any of the models are in relatively good agreement

with the measurements during the 10 first years after

the 137Cs deposition, but also that the time trends dif-

fer between models in the long term. In these mod-

els, the behaviour of 137Cs is usually described using

site-specific soil-plant transfer factor. The use of

transfer factors does, however, not allow to isolate

the long term root uptake contribution to the total
137Cs content in wood from the 137Cs initially inter-

cepted by the canopy, nor to consider the real bio-

available pools of I37Cs in the different soil layers,

which are expected to largely depend on stand age.

In this context, the distribution of l37Cs and nutrients

between tree parts in a chronosequence of contami-

nated Scots pine stands (17-, 37- and 65-years old)

were determined and their cycling dynamic were

assessed. At the stand level, the contribution of

perennial organs (stem wood, branches) to the total
137Cs content in tree was high compared to K and

increased with tree age. At the tree level, the appar-

ent accumulation rate of 137Cs was ~3 times higher

compared to K between the 17- and 65-years old

stands. These observations indicate that the initial

interception and the subsequent incorporation of
I37Cs were more important in the older trees. The

comparative analysis of 137Cs and K cycling dynam-

ics suggested possible variations between stands

concerning the 137Cs bio-availability from the soil.

Therefore, a methodology to estimate the long term
137Cs accumulation in wood due to root uptake (wood

immobilisation potential), deduced from the trend of

radial 137Cs distribution, was introduced. This

approach allows highlight the lasting effect of the
I37Cs initial interception to the current total I37Cs con-

tent in the old stand. The wood immobilisation

potential values are in good correlation with the bio-

available 137Cs pool from the organic soil layers,

making clear that the current 137Cs accumulation is

essentially governed by root uptake.

Multidisciplinary approach to environmental

remediation

A 3-year multidisciplinary R&D programme on

environmental restoration was started in April 2000.

Different research groups of SCK'CEN

(Radioecology, Radiological Evaluations,

Performance Assessment and Geological Disposal)

collaborate in this project. During this first project

year, the handbook on site characterisation was pre-

pared, the existing chemical codes were updated for

oxidising conditions, with emphasis on the radionu-

clides of major interest (U, Ra, Pb), a start was given

to the coupling of the soil model and the geochemi-

cal model, existing vegetation models were screened

for their potential use given our own requirements,

and first experiments were set up (Ra (Ba, Sr>

uptake, U availability in soil (MYRRH project)) for

which the results will serve as data input for the envi-

ronmental restoration programme.

Perspectives

As already mentioned, our activities are focussed on

a better understanding of the fate of radionuclides in

the bio-geosphere, indispensable for assessing the

radiation exposure resulting from a contamination

and for the proposal of efficient remediation options.

Our efforts will continue in the domain of the identi-

fication and quantification of parameters that affect

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

lowing year we will put extra emphasis on the study

of rhizosphere processes affecting radionuclide

uptake and on the study and modelling of radionu-

clide cycling in perennial vegetation systems. Beside

radiocaesium and radiostrontium, on which major

emphasis was put after the Chernobyl accident,

future efforts will concentrate more on the natural

radionuclides uranium and radium.

We will be able to prove our capacities in a multidis-

ciplinary approach towards environmental remedia-

tion in a TACIS project on the Remediation of

Uranium Mining and Milling Tailings in the Mailuu

Suu District of Kyrgyzstan.

Alex Stuart Assayers, Ltd.:

(Bishkek, Kyrgyzstan)

Belgatom (Brussels, Belgium)

FRAMATOME (Paris, France)

GEOPRIBOR (Bishkek,

Kyrgyzstan)
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Kara Balta Mining Combinate

(Kara Balta, Kyrgyzstan)

University of Utrecht (Utrecht,
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(Cadarache, France)
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CHRISTIAN DESAINTES AND LUC HOLMSTOCK

RADIOBIOLOGY AND EPIDEMIOLOGY

BE0100022

Background

Radiobiology contributes to public health by provid-
ing the necessary scientific background 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. Our
research programmes cover the radiosensitivity of
the developing mammalian organism, genetic dam-
age in the child in utero and soon after birth, and the
individual susceptibility to ionising radiation.

SCK-CEN is involved in a retrospective epidemio-
logical study to determine the cancer mortality in
workers from 5 Belgian nuclear facilities
(SCK«CEN, BELGONUCLEAIRE, Belgoprocess
and Electrabel (power plants of Doel and Tihange),
as part of an international multi-centre programme,
co-ordinated by the International Agency for
Research on Cancer (IARC/WHO, Lyon).

Objectives

B to study cancer mortality in nuclear workers in
Belgium, and to co-ordinate the Belgian part of
the "International Collaborative Study of Cancer
Risk among Radiation Workers in the Nuclear
Industry" from the International Agency for
Research on Cancer (IARC/WHO, Lyon);

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

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

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

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

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

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

Programme and Achievements

Epidemiology

The main activities of 2000 were finalising the data
for SCK-CEN, BELGONUCLEAIRE and
Belgoprocess. For Electrabel, the completion of the
data set is impossible for this moment due to more

recent interfering privacy protection legislation in
Belgium. We await the publication of a specific
Royal Decree (foreseen: spring 2001 ; a draft was
already approved by the board of ministers on
September 15th 2000). Standardised mortality ratios
(for males, females, exposed- and nori exposed) have
been calculated for all above mentioned cohorts
except for the Electrabel workforce. No statistical
significant increases were observed.

Effects of ionising radiation on the
mammalian embryo

Cell cycle is a tightly regulated process during which
a cell first replicates its genetic material (DNA repli-
cation), and subsequently evenly partitions it among
the two future daughter cells (mitosis). Ionising radi-
ation can block progression of the cell cycle, either
before the cell replicates its DNA (Gl arrest), or
before entry into mitosis (G2 arrest;. Both Gl and
G2 arrests are considered as active cellular respons-
es to irradiation, in order to allow time for repair of
damaged DNA or chromosomes. In the past, research
in this area at SCK'CEN has shown that irradiation
at the 1-cell stage of embryos from the BALB/c
mouse strain caused an extended G2-arrest. In order
to better characterise this phenomenon, and to evalu-
ate the repair of chromosome damage after irradia-
tion of 1-cell embryos, we developed two different
techniques of PCC (premature chromosome Conden-
sation). PCC is an alternative to the conventional
metaphase analysis and is independent of the cell
cycle so that chromosomes can be condensed and
visualised in any phase of the cycle. The efficiency
of the "fusion" technique, consisting in fusing indi-
vidual 1-cell embryos with oocytes in the first meiot-
ic division, was compared to that of the "chemical"
technique, in which irradiated embryos were exposed
in vitro for a short time to calyculin A, a potent
inhibitor of phosphatases 1 and 2A.

The easiness of the chemical technique made it gen-
erally preferable to the fusion method, which
required a great expertise, and was much more time
consuming. Both PCC techniques yielded similar
results when chromosome aberrations, were com-
pared in irradiated embryos at different times during
G2-arrest. The level of chromosome fragments and
chromatid exchanges, the most frequent aberrations
found in irradiated embryos, remained almost con-
stant during all G2-arrest, further supporting the idea
that BALB/c 1-cell embryos are defective in some
DNA damage repair mechanisms (see figure).
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A fairly high proportion of irradiated BALB/c 1-cell

embryos are normally unable to divide after G2-

arrest and die by a process that is not yet completely

characterised. The chemical and the fusion PCC

techniques were used in an attempt to force mitosis

of such embryos. PCC could be observed in a low

number of embryos exposed to calyculin A, but the

quality of the spreads was very poor and did not

allow an objective analysis of the G2 chromosomes.

Using the fusion PCC technique, low numbers of

cytogenetically analysable preparations could be

obtained. In those, the proportion of chromosome

fragments and chromatid exchanges appeared to be

similar to those observed in embryos fixed at earlier

time intervals during G2-arrest. Surprisingly, beside

the expected G2-PCC, some of the preparations

showed PCC with a pulverised aspect evoking S-

PCC, with thick and thin portions normally corre-

sponding to replicated and non replicated DNA. This

suggested that some irradiated 1-cell embryos had

been able to undergo mitosis (= nucleus division)

without cytokinesis (= cell division) and enter a new

DNA synthesis phase. When compared to results

obtained very recently in human cell lines, these

results evoked some deficiency in the newly discov-

ered p53/14-3-3c pathway, possibly due to the

impossibility for the embryos to express one or

another component of this pathway at this early pre-

transcriptional stage. Further work will be undertak-

en in 2001 in order to challenge this hypothesis.

induced DNA double-strand breaks is DNA-PKcs

kinase, which can act notably by phosphorylating the

p53 tumour suppressor protein in response to ionis-

ing radiation. The ability of an organism to repair

DNA damage varies among individuals, and is likely

to be related to the propensity to develop cancers. In

an attempt to develop animal models for the study of

the individual radiation sensitivity, we have previ-

ously reported that the BALB/c mouse strain shows

an extreme susceptibility to ionising radiation, clear-

ly manifested by an extended G2 block or delayed

death in the 1-cell embryo, in addition to an

increased tendency to develop radiation-induced

mammary carcinomas during adulthood. It has

recently been shown that BALB/c mice have a poly-

morphism in the DNA-PKcs gene, which might ren-

der these mice less efficient in repair/signalling of

radiation-induced DNA double strand breaks. In

order to address whether DNA-PKcs is involved in

the increased sensitivity of BALB/c mice to ionising

radiation, we have started generating congenic mice

by crossing Fl from BALB/c x C57BL (which do not

exhibit a radiation-induced G2 arrest) back with

BALB/c mice. Only the progeny that retained one

allele of the C57BL DNA-PKcs was used for further

backcrosses with BALB/c mice. This turbo-congenic

approach leads to enrich the genome of each new

generation with chromosomes from the BALB/c

strain, while maintaining one allele of the C57BL

DNA-PKcs gene (see figure).

Role of DNA-PKcs in the radiation-
induced G2 arrest of 1-cell embryos

A substantial part of the damage caused to cellular

DNA by ionising radiation is repaired before it

results in tissue injury and genetic alterations. One of

the key players in signalling and repair of radiation-
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fPCC preparation obtained after fusion of an irradiated 1-cell embryo with an oocyte
in metaphase of the first meiotic division. The normally blocked embryo has been
forced to enter mitosis, allowing its cytogenetic analysis. Oocyte chromosomes are at The turbocongenic approach to generate BALB/c
the left, while embryonic chromosomes are at the right. In the latter, a chromatid mice possessing 2 alleles of the C57BL DNA-PKc
exchange can be seen (arrow). gene.
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We have also performed the reverse backcrossing

with C57BL (maintaining the DNA-PKcs allele from

BALB/c). To date, we have obtained BALB/c F7

mice (99.2% BALB/c genomic DNA) containing

one allele of the C57BL DNA-PKcs. One more cross

(scheduled in March 2001) between the F7 genera-

tion will allow to select almost pure BALB/c mice

with the two DNA-PKcs alleles from the C57BL

strain. F3 mice of the reverse backcrossing are

presently available (87.5% C57BL genomic DNA

with one allele of the DNA-PKcs BALB/c). Further

backcrosses will be performed in 2001 to obtain

homozygous F7 mice. The sensitivity of these con-

genic mice towards radiation-induced G2 arrest of

single cell embryos will be compared to the parental

strains in 2001.

Role of p53 in the developmental
damage caused by ionising radiation on
the embryo

In humans, a germ line mutation affecting one allele

of the p53 gene (p53+/~ heterozygous mutation) caus-

es the rare Li-Fraumeni syndrome, characterised by a

high frequency of familial cancers and an increased

sensitivity to ionising radiation. In order to assess the

influence of a p53 mutation on radiation-induced

developmental effects, we used p53 knockout mice

obtained from the CNRS at Orleans (France). Males

heterozygous for the p53 mutation (mimicking the

human Li-Fraumeni syndrome) were crossed with

C57BL females, and their heterozygous p53+/~ proge-

ny were mated with each other, in order to obtain

p53+/-, p53+ and p53+/+ embryos. Pregnant females

were X-irradiated with 0.5 Gy on days 1 (pre-

implantation period), 8 or 11 (organogenesis period)

of gestation. Dissection of the pregnant females

occurred on day 19 of gestation. Prenatal losses were

recorded and the living foetuses were weighed and

examined for the presence of external malforma-

tions. P53 genotype was determined by PCR from

small pieces of soft foetal tissues. Additionally, skin

fragments were dissociated and fibroblast cultures

were established from all the foetuses for future cyto-

genetic analyses.

In non-irradiated animals, slightly less p53 + foetuses

were found at dissection, as compared to the expect-

ed frequency (25 %), probably reflecting a predomi-

nant elimination of these embryos in the course of

gestation. Exencephaly was the only external malfor-

mation found in foetuses from this group. It occurred

at a rather high frequency and affected only p53 + or

(at a lesser extent) p53+/- foetuses. In animals irradi-

ated on days 1, 8 or 11 of gestation, an even

increased elimination of the p53"A embryos was

noticed, compared to the control group. Furthermore,

mortality was found to affect essentially female

embryos. Exencephalies were found at a low fre-

quency after irradiation on day 1. When irradiations

occurred either on days 8 or 11, the frequency of

externally malformed foetuses was significantly

increased. In addition to exencephaly, malformations

included cephalic oedema, gastroschisis, polydactyly

and cleft palate. All malformed foetuses were p53~'\

Although they have still to be completed, these

results point to the importance of the p53 tumour-

suppressor protein for normal development. They

also strongly suggest that homozygous p53 + (or het-

erozygous p53+/- at a lesser extent) embryos may be

more at risk for radiation-induction of external mal-

formations during the organogenesis period, though

they might be also preferentially eliminated at early

developmental stages.

Genetic risks of maternal exposure to
ionising radiation

Beside its role in the cell cycle control, p53 also

exerts a key role in the process of apoptosis ("pro-

grammed cell death"). However, p53-independent

pathways of apoptosis induction have been reported

in normal and tumour cells. In particular, recent stud-

ies in the mouse have shown a lack of requirement

for p53 in chemotherapy-induced female germ cell

death. The influence of a lack of p53 on fertilization

and further embryonic development of irradiated

oocytes was, therefore, assessed. Homozygous p53 +

and p53+/+ mice were obtained by the same method

as that used for the above-reported experiments.

Females were X-irradiated with 0.5 or 1 Gy 9 h

before hormone-induced superovulaion, which is

the time of highest sensitivity of oocytes for radia-

tion-induction of chromosome aberrations. Directly

after irradiation, p53+ and p53+h females were mated

with either p53 + or p53+/+ males in order to obtain

p53 + , p53+/" or p53+/+ embryos, and the pregnant

females were killed 12-15 h after superovulation. At

dissection, no differences were seen in the levels of

fertilized oocytes between the various groups, and

cellular fragmentation indicative of apoptosis affect-

ed a low proportion of oocytes in all control and irra-

diated groups. These results confirm that, in the

mature mouse oocyte, apoptosis can hardly be

induced by ionising radiation, contrasting with its

high sensitivity observed in guinea pig. A significant

decrease of cultured embryos able to reach the bias-

Radiation Protection 139



tocyst stage was observed only after a dose of 1 Gy.
There appeared to be no differences according to the
genetic constitution of the embryos, indicating that
p53 had no delayed effect on DNA damage repair
and embryonic survival after fertilization.

Effects of ionising radiation on the
developing central nervous system

One of the most important factors aside from dose, in
determining the nature of the damage to the embryo
from exposure to ionising radiation, is the develop-
mental stage. Indeed, radiosensitivity is usually
recognised as the vulnerability of the mitotic cell to
ionising radiation. Since the brain is the final result
of a series of well timed consecutive or concomitant
waves of cellular proliferations and migrations, an
acute irradiation during pregnancy should selectively
damage components which, at that particular time of
exposure, are proliferating or migrating. Embryonic
brain response to ionising radiation shows a maxi-
mum sensitivity during brain organogenesis i.e., in
the mouse, during embryonic days 15 to 17. With a
dose of 200 cGy, mitotic progenitor cells are killed,
resulting in depleted cortex layers. However at lower
doses, damage resulting from injury to the progenitor
cells is not so evident and rather difficult to detect. It
could be minimised by the normal overproduction of
neural cell during development. Some very delayed
responses are observed. In humans, it results lately
most often, in mental retardation, acute or chronic
neurodegenerative process including ischemia, trau-
ma and Alzheimer's disease.

We have shown that brain cells, in the rat and mouse
embryo, elicited an apoptotic response after exposure
to a dose of 60 cGy of X-ray. Apoptosis was clearly
evidenced by DNA ladder within 6 hours following
exposure. Such immediate response, which could be
prevented either by blockade of glutamatergic neuro-
transmission with NMDA receptor antagonists, or by
blockade of calcium dependant proteolytic enzymes
like calpain, suggested that post-mitotic but still
immature neurons were the target cells in these
process. Apoptosis is an essential event in normal
brain development for eliminating excess cells. It
allows the survival only of the healthy and rightly
migrated and connected neural cells. An increased
apoptotic process elicited by radiation might elimi-
nate post-mitotic but immature neural cells and
deeply impair the establishment of the neural cell
network, leading to subsequent brain pathologies that
can appear later at birth or during the adult life.

We have further shown that the neuronal apoptosis in
the foetal brain is p53 gene dependent. Only
homozygous p53+/+ mice showed a clear apoptotic
response to irradiation while homozygous p53+ mice
never showed DNA ladder.

The neuronal apoptotic mechanism is now being fur-
ther investigated with an in vitro model.

We developed neural cell cultures from mouse brain
hippocampus. Those cells are shown to keep in vitro
the capacity to elaborate neuronal network with
synaptic differentiation. Such a model should allow
studies of gene expression by DNA Suppression
Subtractive Hybridisation (SSH), and of caspase
sequence activation by immunological techniques.

Alteration of the profile of gene
expression in human cells

In the frame of a post-doctoral work and a new Ph.D.
thesis, we have started to study the effect of ionising
radiation on the profiles of gene expression in
humans. We are using the DNA micro-array technol-
ogy to identify human genes that are modulated by
ionising radiation (X-rays) at doses relevant in radia-
tion protection or for normal tissue during radiother-
apy (10 mGy to 2 Gy), or at doses relevant in frac-
tionated radiotherapeutic treatment of solid tumours
(2-8 Gy). In addition, since cytokines play a role as
mediators of radiation effects on normal tissue and
tumours, we will study how these factors, such as
Interleukin 1 and 3 (IL1 and IL3), Tumour Necrosis
Factor (TNF), kit-ligand/Stem Cell Factor (SCF),
and Tumour necrosis factor-Related Apoptosis-
Inducing Ligand (TRAIL), interfere with ionising
radiation on the profiles of gene expression and sig-
nal transduction pathways.

For these experiments, total RNA is extracted from
control and irradiated samples, and tested at the level
of purity (ratio of absorbencies 260/280nm) and
integrity (agarose gel electrophoresis). When the
quality of total RNA has been ranked high enough,
polyA+ mRNA is isolated using the Oligotex mRNA
extraction kit (QIAGEN). PolyA+ mRNA is then
used as a template for reverse transcription yielding
complementary DNA (cDNA). This cDNA is then
used to quantify the expression of some known genes
by using real-time quantitative PCR (polymerase
chain reaction). mRNA samples that fulfil all the
quality criteria will be included for the analysis of the
expression of thousands of genes by using the DNA
micro-array technique. Preliminary results have been
obtained, in collaboration with the Janssen Research
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Foundation, from an experiment with polyA+
mRNA from HeLa cells different times (0,5; 3; 21
hours) after irradiation with 2 Gy X-rays. The results
show that, out of 4330 genes present on the micro-
array, 18 are differentially regulated. Among these,
one half shows an increased expression and corre-
sponds mostly to genes involved in DNA synthesis
and DNA replication. The other half is repressed by
radiation, and includes integrins and amino-trans-
ferases. The collaboration with Janssen Research
Foundation will be extended in 2001 with other RNA
samples. In parallel, micro-array experiments will be
performed in early 2001 at the VIB facility in
Leuven, using micro-arrays spotted with more than
4000 DNA sequences representing known and
unknown genes. These experiments will include
RNA from human normal blood cells (CD4+ T
clone, T and B lymphocytes, Natural Killer cells,
macrophages, monocytes, CD34 cells) and will be
compared to malignant cell line counterparts, such as'
Jurkat, Raji and HL-60. The behaviour of these cells
following ionising radiation (cell cycle distribution,
apoptosis, and survival) has already been charac-
terised by flow cytometry, and for some of them,
RNA has been purified. As an alternative approach,
we have started the development of the SSH method
in order to selectively identify genes specifically
induced by ionising radiation.

Action of natural antioxidants in cancer
cells following X-irradiation

Over the past 15 years, some potential anticarcino-
genic and anti-inflammatory effects of antioxidants
have been defined. Antioxidants are known to act as
powerful free-radical scavengers. Free radicals are
able to induce DNA strand breaks and oxidative
modifications of DNA bases and are not only pro-
duced naturallyjm the cell following a stress or res-
piration but also following ionising radiation. In
2000, a project was started in order to explore
whether some antioxidants naturally present in the
food can protect normal tissues against X-radiation-
induced DNA damage while inducing apoptosis (or
programmed cell death) of cancerous cells. The
antioxidants chosen for/this study were epigallocate-
chin gallate (EGCG) present in tea, resveratrol from
wine and curcumin, the yellow colorant of curry. The
action of these compounds, alone or in combination
with X-irradiation, was tested on various human can-
cerous cell lines: HeLa (derived from cervical carci-
noma), K562 (chronic myelogenous leukaemia), IM-
9 (multiple myeloma) and EOL-1 (eosinophilic

leukaemic cell line). The parameters investigated
were cell proliferation, morphological changes, cell
cycle and apoptosis. Our preliminary results showed
that in certain conditions depending an the concen-
tration and on the cell line, EGCG could act as radi-
ation enhancer on cancerous cell lines. So far, such
effects were not seen in X-irradiated cancerous cells
incubated in the presence of resveratrol or curcumin.
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GILBERT EGGERMONT

SOCIAL SCIENCES IN NUCLEAR RESEARCH

BE0100023

Background

In 1998, the president of the Board took the initiative
to associate social sciences and humanities into the
research programme of SCK'CEN. The Centre made
an inventory of the needs for contributions from "soft
sciences", followed by a call towards interested uni-
versity teams as potential suppliers. To initiate the
dialogue between different scientific cultures we
organised a Topical Day early 1999 as meeting ini-
tiative between different scientific cultures.
SCK'CEN's Board and the supervising authorities
approved this new strategic option and implemented
it. A program set-up with an associated annual budg-
et of about 400 k€ consists of an original transdisci-
plinary approach.

A horizontal program manager co-ordinates 4 proj-
ects, joining 4 senior project leaders, 7 young scien-
tists in social sciences and humanities, and numerous
interested SCK'CEN experts. University professors
and experts accompany the projects. All researchers
involved meet bimonthly in 2 reflection groups, with
active participation of SCK'CEN's top management
and its safety manager. These working groups dis-
cuss two broad items:

ethical choices in radiation protection

role and culture of nuclear experts

The projects are:

IS Sustainability & Nuclear Development

!S Transgenerational Ethics related to the Disposal
of long-lived Radwaste and Cognitive
Dissonance effects

Legal aspects and liability

Non-radiological aspects of nuclear emergencies
and safety

The project Sustainability & Nuclear Development
performs transdisciplinary research on the techno-
logical aspects of nuclear science & technology in
interaction with human sciences (economics, philos-
ophy, social sciences, ethics, law) in view of sustain-
ability.

Long-lived radioactive waste from nuclear energy
production raises specific problems. In particular, the
specific context and time scale of the geological dis-
posal of high-level and long-lived waste together
with the different strategies and policies, sometimes
still pending, regarding e.g. reprocessing, support the
consideration of ethical aspects in the relation
between present and future generations.

The polarised debate on nuclear energy and waste
disposal in particular, with its complex perception
was and is feeding a lot of dilemmas for concerned
experts.

Nuclear Law can be categorised as a technocratic and
supranational law system, that is related with envi-
ronmental and safety law. For some years already,
SCK»CEN has acknowledged the need to examine
the specific character of the nuclear law, as a way
forward in explaining the interactions between the
nuclear sector, the decision-makers and the public.

Decision-making in emergency situations is a very
complex task. It requires a profound knowledge of
technical parameters, radiological assessments, oper-
ational issues, etc. Furthermore, the countermeasures
might have an impact on a large group of the popu-
lation, and they may involve a lot of public services.
Moreover, the fear for emergencies is certainly one
of the factors influencing negatively the public
acceptance of the nuclear industry. SCK»CEN has a
long tradition in radiological assessments, and has
since a few years also been tackling the operational
and economical dimensions of nuclear emergency
preparedness. Starting 2000, SCK'CEN paid atten-
tion to communication, media coverage, the role of
experts, and managerial and organisational aspects of
safety.

General Objectives
g! to improve the nuclear research approach by inte-

grating social sciences - where needed - to solve
complex problems in interaction with society;

S3 to stimulate university collaboration with social
disciplines in learning process towards transdisci-
plinarity and improved societal responsibility;

13 to improve the training of nuclear experts of
SCK«CEN by gaining insight in their expert cul-
ture and implicit ethical choices;

82 to develop projects and an original transdiscipli-
nary program and project management by involv-
ing young and senior scientists, a variety of uni-
versity opinions and relevant actors from industry
and society.

Achievements

Reflection Group "Ethical Choices in
radiation protection"

The first reflection group is focussing on ALARA
(As Low As Reasonably Achievable) and the precau-
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tionary principle within the context of new trends in
low dose effects, such as genetic susceptibility.

We analysed ethical options in radiation protection
for the Belgian Academy of Science. The coverage
of information on the Tokaimura accident by interna-
tional press was analysed by a researcher in political
sciences from the University of Liege (Ulg) as
explained in the contribution on non-radiological
aspects of nuclear emergencies and safety further in
this text.

At the beginning of 2000 we paid particular attention
to the development of the precautionary principle by
the EC with input of law and academic risk assess-
ment specialists considering different new techno-
logical risks such as GSM and progress in ALARA.
New trends in research on low-level risks such as
genetic susceptibility were considered, including
their ethical consequences. A comparison was'made
with present considerations in medical care regard-
ing the costs of different life-saving measures.

A workshop fall 2000 in collaboration with the
Belgian Health Council has extended the approach to
non-nuclear fields. The recent Belgian dioxin crisis
(in food) was compared to the Belgian Chernobyl
experiences in 1986. Relevant lessons could be
learned on communication. Health effects, regulation
and crisis management of dioxin pollution compared
with radiation have been in a retrospective way
examined.

We contributed to the European ALARA network
workshop in November 2000 in Antwerp, organised
by the Health and Safety office of SCK-CEN. The
workshop focussed on risk governance, comparing
approaches in other sectors than nuclear, confronted
with other risks and challenged by risk assessment as
well. A first Belgian ALARA workshop was organ-
ised following this conference in order to compare
experience as well in industrial, medical as universi-
ty radiation protection practice.

Results of both conferences have been discussed in
the reflection group where the usefulness and limita-
tions of formalisation of ALARA was focussed.

Reflection Group Role of the Expert

The second group analyses expert attitudes, behav-
iour, criteria and dilemmas in nuclear problem solv-
ing and communication. It focussed by the end of
2000 on the development of ethical guidance for the
SCK-CEN expert.

In parallel the group develops a new communication
approach for SCK»CEN. Nuclear energy communi-
cation practices and prospects were analysed in this
context.

Trends in environmental policy also in the non-
nuclear field were discussed.

We looked at new involvement experiments. A con-
sensus conference in nuclear waste, was considered
very useful for the nuclear sector.

Finally we gave attention to the war of disciplines,
which still undercuts all interdisciplinary research
projects. Language was pointed out as the main cul-
prit for communication where particular caution is
necessary concerning the use of metaphors.

After presentations on the mandate and role of the
expert in radiation protection, on expert dilemmas
and on the particular role of the expert in a risk soci-
ety, discussions in the reflection groups lead to the
definition of two research projects in order to organ-
ise a more in depth analysis.

We gave particular research priority to the cognitive
dissonance theory of Festinger (social psychology)
in relation to nuclear expert behaviour. The research
of a PhD aims to contribute to risk governance in
nuclear waste disposal and safety assessment by
examining the cognitive dissonance mechanisms of
experts and decision-makers when they cope with
uncertainty. This theory predicts that experts who are
very committed to their own theory, will sometimes
react not purely scientifically when dealing with
uncertainty. Social psychology will be studied and
applied to the scientific undertaking through some
Belgian case studies, focussing on nuclear waste dis-
posal and safety assessment. Its final goal is to con-
struct a methodology that assesses the involvement
of nuclear experts and decision-makers, that gives
guidelines for the composition of expert commis-
sions and that enables experts to enquire their own
deeds. The aim is to reduce the not purely scientific
factors in expert uncertainty assessment coping of
experts and ultimately to improve risk governance.

Since the beginning of May 2000, another research
project about the role and needs of experts, has been
started. The purpose of this research is a better under-
standing of the constraints and liberty of interpreta-
tion imposed on the experts. The needs of the experts
are examined from the point of view of a set of crite-
ria linked to the societal complexity. The work of a
nuclear expert differs from the role usually assigned
to scientists. The researcher emphasises the impor-
tance of communication through all these aspects,
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leading to the definition of pedagogical supports
needed. The information will present a valuable
input for ethical guidance. Further detail is given in
the contribution on non-radiological aspects of
nuclear emergencies and safety.

The people involved in the reflection groups used the
internet based discussion technology to continue and
develop more in depth the discussions started during
reflection group meetings. After two fruitful e-
reflections, we may conclude that these e-discus-
sions are an efficient supplementary communication
channel, for those people willing to invest enough
time in participating in the discussions. This new
communication tool can be used as an efficient sup-
porting tool for normal meetings or can be used as a
interactive communication channel to larger groups
of people.

(International Atomic Energy Agency) and the
OECD (Organisation for Economic Co-operation
and Development) dealing with energy policy, in
meetings within the UNFCCC (United Nations
Framework Convention on Climate Change) and in
sessions and hearings of the European Parliament.
We made contacts with universities and the Belgian
Federal Planning Office and formed a "Sustainability
and Nuclear Development" Steering Committee, dis-
cussing the methodologies to be used.

We made a contribution to the critical review of the
Belgian governmental plan for sustainable develop-
ment.

A great interest was noticed for the SuND transdisci-
plinary research on the occasion of invited talks at
several nuclear conferences in France, the UK and at
the Climate Change summit COP6 in The Hague.

Sustainability and Nuclear Development
(SuND)

Within this research project, we intend to:

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

a map the diverging views on sustainability;

e compare different sets of methods and indicators
used to put sustainability into practice;

la 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.

The project started in September 1999 with a Ph.D.
of an engineer, who graduated also in philosophy and
environmental sciences.

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

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

m economical aspects (competitiveness);

ffi efficient use of resources;

a safety (reliability, robustness, 'catastrophe free1);

H proliferation.

Project members participated in conferences and net-
works in relation to sustainable development, tech-
nology assessment and energy policy in nuclear and
non nuclear fields, in expert groups of the IAEA

Transgenerational Ethics related to the
Disposal of long-lived Radwaste and
Cognitive Dissonance effects

Within this research project we intend:

a to explore ethical aspects when dealing with the
time scales considered in the High Level Waste
disposal program;

M to initiate a sensitisation program in order to stim-
ulate answers to the ethical questions raised;

a to gather the philosophical, sociological and his-
torical dimensions of the problem with a view to
set up objective criteria for handling'the problem
further;

88 to study the cognitive dissonance in general terms
but for experts in particular when coping with
uncertainties in the frame of nuclear energy.

This project is managed in collaboration with the
universities of Ghent (PhD work) and Brussels
(VUB) (post-doc), with support of
ONDRAF/NIRAS.

With regard to ethics, we started investigating more
in detail the questions that can be raised around basic
principles like precautionary, responsibility, bur-
den/rights and the answers that can be provided to
handle the problem further.

We extended the project with a social psychological
research approach studying scientists and decision-
makers themselves, when dealing with nuclear ener-
gy controversy. The importance of the Auman factor
was earlier acknowledged in reactor safety. Within
this project,„ the cognitive dissonance theory is
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applied to case studies in the nuclear world, includ-
ing waste disposal. We also looked for participation
in EC projects to extend our network of partnerships.

Regarding ethical aspects, we decided, after discus-
sion within the steering group, to give priority to the
three following topics in the frame of the 2000's
activities:

E a philosophical evaluation of the precautionary
principle in view of transgenerational ethics.
Active protection and passive safety are reference
issues that are dealt with in a precautionary
approach. They have e.g. led to the design of a
multi-barrier concept;

E a philosophical evaluation of the retrievability
option, sometimes put forward as an ethical
responsible approach to waste management.
Issues as political stability and culture, knowl-
edge management and traceability may not be
forgotten in this frame;

3 the elaboration of a questionnaire to get input
from the experts and other stakeholders of the
public on the way ethical situations are felt or
experienced. We considered a phased approach to
improve this questionnaire at different stages,
starting with a first trial within our own depart-
ment.

Regarding the cognitive dissonance of experts, we
recently started a PhD thesis in collaboration with the
University of Ghent in order to enlarge the scope of
performance assessment of nuclear waste facilities to
human sciences as well.

We can relate part of this study to the previous one,
e.g. as far as insight, perception and interaction with
society are concerned. Both projects are therefore
steered by the same structure as already defined for
transgenerational ethics but extended with regard the
study of the cognitive dissonance analysis. The for-
eign representation in the steering committee was
also recently enlarged from Sweden (SKB: Svensk
Karnbranslehantering AB) to Switzerland (ETH:
Eidgenossische Hochschule Zurich).

We are involved in steering the EC project COWAM
(Community WAste Management). The general
objective of this concerted action is to develop prac-
ticable recommendations in order to improve the
decision-making process related to nuclear waste
management facility siting at the local and regional
levels while taking into account the specificity of
national, cultural and historical contexts of Europe
member states.

We were also involved with the consultation of local
population at large through respectively the MONA
group, working at Mol in the frame of the "Low
Level Waste" partnership and the NIREX
"Consensus" conference held in London.

Legal Aspects and Liability

The scope envisaged by SCK»CEN is broad. We pay
attention to the need for a better compensation
regime for large nuclear accidents via the interna-
tional treaties. But it became clear that also the
broader uses of nuclear technology represent a dis-
tinctive character and necessitate appropriate legal
research.

In line with the programme, outlined in 1999, the two
headlines that were examined in depth in 2000 and
will further be examined in the forthcoming year are:

S the role of law in high-technological sectors, as
for the nuclear applications as a whole;

S the place of general principles as ALARA (As
Low as Reasonably Achievable) and the precau-
tionary principle in the (nuclear) law system.

Many lawyers defend the position that strict liability
has to be generalised, as was noticed in the White
Paper on Environmental Liability adopted by the
European Commission. It aims to explore how the
"polluter pays" principle can be best applied.

Others defend the position that, taking into account
the importance and the complexity of certain risks,
these risks are to be born by society and have to be
financed in a collective way - while for the "foresee-
able risk", the fault system has to be restored follow-
ing its natural origins - in which the ethics and the
deterrence-effect play a predominant role. This leads
to a societal debate on priorities between protection
of the environment and supporting the economy.

The legal rules on liability have always played an
important role for the acceptability of nuclear appli-
cations.

As environmental law has broadened the scope of
protection of the environment and necessitates more
precautionary measures, the challenge consists in
examining how nuclear law faces these fundamental
changes. In many countries, as France, Austria and
Germany, new atomic laws have been implemented
or are in preparation. The changes due to this
process, accelerated by European Union Directives
should be studied in depth in relation to its practical
implications (the nuclear field becoming more con-
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trolled under environmental law) and its impact on
law (such as new atomic laws focussing on "stepping
out" options as in Germany).

In the frame of a PhD-thesis, a comparison of the
Civil Law Regimes and the Common Law Regimes
has been started, at the Georgetown University, the
University College London and the institute for
advanced legal studies.

The first headline culminated in an international
Workshop organised by SCK'CEN in Brussels on
May 5th, 2000. Lawyers from different fields had a
round table discussion about their findings on how
law could efficiently give a follow up to the
increased attention given by the international finance
community and industry to risk-management and
optimisation. Focussing the legal sanctions on the
residual risk could lead to an approach of finding
"the deepest pocket".

The second headline was explored at the 4th ALARA
(As Low as Reasonably Achievable) Network
Workshop in Antwerp on 20-22 November 2000 - by
a group of lawyers. One of them is preparing under
contract with SCK-CEN, his PhD-thesis "Liability
for the use of radioisotopes and ionising radiation in
a medical context" at the University of Antwerp.

This PhD-thesis is examining, closely integrated in
the other projects on Nuclear Research and Society,
how policy principles as the precautionary principle
find their way to the law and to the courts, sanction-
ing from time to time also individual behaviour.
Since the 80-ies, law (on liability) has to respond to
the societal and scientific evolution towards a new
era: the risk of the unknown. Recent crises like the
BSE-crisis, the dioxin-crisis or the Coca-Cola-crisis
show that this evolution can influence social concep-
tions about the appropriate roles of science, econom-
ics, ethics, politics and the law in pro-active environ-
mental and health protection and management. It is a
common understanding amongst lawyers that princi-
ples as ALARA (As Low as Reasonably Achievable)
need a clearer definition to become principle of law
and to avoid a conflict with other legal principles or
rules as for the proportionality principle or the stan-
dard of care.

The thesis also considers the role of the (nuclear)
expert before the courts and the interaction between
lawyers (judges) and scientists.

Non-radiological aspects of nuclear
emergencies and safety

Within this research project we intend:

B to study the non-radiological aspec :s of decision-
making in crisis situations or rekted to safety,
including economic, organisational and behav-
ioural aspects;

H to transform results of this research into publica-
tions and recommendations, and to make these
available to all relevant levels within the decision
making process;

is to contribute to improvements in the organisation
related to the management of expertise, and to
have input for the elaboration of an ethical code.

The programme has covered the following topics in
2000:

s< the finalisation of the research related to the
impact of nuclear emergencies in industrial
regions;

m the coverage of the criticality accident of
Tokaimura (Japan) in the written press in various
countries;

S the role of the expert of SCK»CEN, in a broader
context than the emergency situation;

ss the organisational and managerial aspects of safe-
ty within a nuclear research centre.

We analysed the coverage of the Toka:.mura critical-
ity accident in the written press under contract with
the University of Liege. It included an analysis both
of "quality" press and "popular" press, in Belgium
(both the Dutch and the French papers) and abroad
(France and USA). The analysis covered many
dimensions: the accident, the victims, the environ-
ment, the responsibility, the role of the authorities,
the feelings of the population, but also the discussion
of the Japanese energy policy and reflections about
the Japanese society.

In the course of 2000, SCK'CEN engaged a post-
doctoral researcher (PhD in Environmental Sciences,
Fondation Universitaire Luxembourgeoise - FUL,
Arlon). His work related to the experts of SCK'CEN
covers their reflections and attitudes; their relations
with other experts, colleagues, the authorities and the
media; their opinions about SCK'CEN's organisation
related to expertise, etc. Rules of the organisation
and their interaction with experts' implicit and
explicit mandate also are taken in account. The
experts' advises and judgements are then defined as
integrated parts of legitimacy and ways for acknowl-
edgements between other scientists.
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At the end of 2000, we engaged a doctoral
researcher. In collaboration with the University of
Liege, she will work on the impact of the manage-
ment and the organisation upon safety. Within
SCK>CEN, the Department of Decision Strategy
Research and the Health Physics & Safety
Department jointly follow-up her work. Some topics
to be covered are: the role of a safety culture as a tool
to achieve continuous improvements in risk manage-
ment; the role of the "ALARA" (As Low As
Reasonably Achievable) principle in the organisation
of safety; the study of particularities related to
research centres as compared to industrial facilities
and the management of nuclear and non-nuclear
risks. Within the short lapse of time available until
now, an effort has been made to study literature, to
make an introduction into "ALARA" and radiologi-
cal protection and to establish an international net-
work of points of contacts and collaboration.

The economic research focussing on emergency pre-
paredness in industrialised regions - in collaboration
with the UFSIA (Universitaire Faculteiten Sint-
Ignatius Antwerp) - has been finished successfully as
described in the Scientific Report of 1999. The can-
didate defended his doctoral thesis with success in
the beginning of 2000. His work contains theoretical
developments within the field of options theory,
fieldwork in 9 enterprises in the Antwerp harbour
region and numerical simulations based on the
empirical data in combination with 9 emergency sce-
narios. It led to several management conclusions we
communicated to the Belgian authorities. They are
briefly summarised below:

a there is a need for a more efficient communica-
tion scheme;

B the economic impact of a crisis is such that a spe-
cial cell dealing with the special needs of the
industry is recommended;

S all necessary data should be collected and man-
aged using a Management Information System;

c the non-radiological hazards also have to be taken
into account in the decision making process.

Various conclusions can be drawn from the
Tokaimura analysis, but the most relevant to us are:

£ there are very large differences between the vari-
ous countries and newspapers; this is valid as well
for the contents of the papers, Aut also for the
duration of coverage, the aspects dealt with, etc.
Also the general feeling about the Japanese peo-
ple and the economic relations between the coun-
try and Japan play an important role;

the media coverage in the French speaking part of
the Belgian press was much more elaborate, and
much more oriented versus the Belgian context as
compared to the Flemish press;

it is not always possible to get insight in which
way the press consulted experts, and how their
information was used; also here, large differences
exist between the categories of press and the var-
ious countries.

Experts explained their own situation with details
and offered the researcher the opportunity to draw up
conclusions not only with a sociological approach,
but also with historical aspects. We developed two
questionnaires, after multiple discussions with scien-
tific collaborators covering a large spectrum of sci-
ences, but also with the hierarchy and the reflection ,
group on the role of experts. Try-outs with a "guinea
pig" test group have been performed. The first ques-
tionnaire is a multiple choice one including also
intensity scaled questions and best - worst choice
selections, which yield a lot of information about the
topics covered. It also acts as an introduction and a
mental preparation to the second questionnaire. This
one contains open questions, and the experts are
interviewed by one of the researchers. We selected
experts based on a number of criteria, including con-
tacts with media, place in the hierarchy, scientific
output etc.

Perspectives

We will give particular attention to perception and
communication research and to involvement experi-
ments.

We will analyse new trends in international networks
to make value judgements more explicit.

The main perspective is a new kind of collaboration
of disciplines and company levels. The reflection
groups are testing this as a meeting point and
exchange forum of views and experiences. We will
present the results of internal inquieries and reflec-
tions at a Topical Day in 2001

We plan to extend the exploration of the role of
experts and their communication towards crisis situ-
ations.

The more specific project perspectives are:

a for the coming working years, SuND wants to
enrich the research with a critical socio-econom-
ic approach. A new Ph.D. project should focus on
the understanding of the perception of economic
factors, and the related influence on energy poli-
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cy decision making. In co-operation with the Paul
Shelter Institute (PSI Switzerland), SuND will
study the role and the implementation of criteria
and relevant indicators within comparative
assessment studies of energy systems. SuND will
contribute to the development of social and insti-
tutional criteria through an organised consultation
with involved stakeholder groups, in accordance
with the participation principle as defined in
Agenda 21;

m we will extend the application of the question-
naire on ethics regarding nuclear waste to other
departments and institutions, providing the neces-
sary improvements suggested by the first exer-
cise.

We will pay special attention to the way scientists
and decision-makers cope with uncertainty, consider-
ing the benefit of understanding psychological mech-
anisms at the expert level. The Centre will stimulate
the Belgian participation to the COWAM project,
approaching this problem at first from the point of
view of the local and regional communities currently
or potentially concerned by the siting and the opera-
tion of the nuclear waste management facilities. The
first step in this collective reflection will be the cre-
ation of a European "Platform of Dialogue for local
and regional Communities";

a future work on legal aspects is going to be struc-
tured along the lines of the PhD thesis and on a
programme for a new Workshop to be held in
May 2001 entitled: "Efficiency of liability
regimes to prevent and to compensate damage in
a technological society". With the Universite
Catholique de Louvan, a new project is consid-
ered in order to compare the legal sanctions fore-
seen in criminal, public and private law, in the
nuclear field. It is the objective to examine how
sanctions have a proportionated effect and what
purpose they serve;

a we will contribute to the redaction of a deonto-
logical code in collaboration with the reflection
group on the role of the expert. Afterwards, focus
of the work will more be oriented towards com-
munication in emergency situations
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Background

The Belgian Nuclear Research Centre SCK>CEN has
gained broad experience in the last four decades in
the field of radiological protection, nuclear science
and technology and radiobiology. Thanks to its close
interaction 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. In this view, four years ago, the International
School for Radiological Protection (isRP) was
founded within SCK'CEN.

We organise the training programs on radiological
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 summer courses 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 a risk for
off site consequences.

Concerning the private sector, we organised a variety
of training programs for nuclear workers from the
Belgian Utilities and from companies active in the
Belgian nuclear industry and services. For the med-
ical sector, SCK«CEN's isRP co-operates closely
with Belgian universities. The isRP courses on radi-
ological protection for medical staff people are offi-
cially recognised as a part of their training as speci-
fied 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
the European Commission, the European ALARA
Network and the IAEA.

Achievements

In 2000, isRP organised 11 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 the basic principles of radiological pro-
tection, covering both theoretical lectures and practi-
cal laboratory exercises.

Perspectives

Continuing on past year initiatives, isRP is finalising
the software development phase of two projects on
distance learning with regard to radiation protection
course programmes. We aim to use both software
tools within SCK'CEN in the first place. They will
be commercialised in a second stage. The first pack-
age is an interactive computer course on the basics of
radiological protection. The second, VISIPLAN is an
introductory learning tool to be used for external
nuclear workers involved in maintenance projects in
SCK«CEN's nuclear installations. This PC-based tool
calculates a detailed dose account for different work
scenarios defined by the ALARA analyst, taking into
account worker position, work duration and subse-
quent geometry and source distribution changes.

Besides being a performant tool for planning, the
tool also displays educational properties. This makes
it useful in ALARA training courses where persons
can see the effect of there actions in a dose account
without being exposed during the training of ade-
quate ALARA planning. The Virtual Reality Make
up Language output of the system, with a full 3D rep-
resentation of the work area's, has proven to be an
effective communication tool.

As far as isRP is concerned, we will make more con-
tacts to extend the isRP activities towards the French
speaking part of Belgium, as well as towards nuclear
companies in the neighbouring countries.
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Background

The Department of Decision Strategy Research was

created in the course of 2000. This decision was driv-

en by the need to regroup the existing research relat-

ed to decision support and decision making and the

activities carried out on behalf of the Belgian author-

ities. These cover mainly emergency planning and

radiological surveillance of the Belgian territory. The

department also encompasses the new initiatives

related to medical applications of radiation.

Although the main field of research is still related to

nuclear emergency preparedness, this department

involves a number of multi-disciplinary activities.

Originally, the main expertise was the radiological

assessment needed for decisions on early counter-

measures in the case of a nuclear or radiological

emergency. Later on came training and teaching, fol-

lowed by the economic dimension and aspects of

group decision making with computer support. In the

course of 2000, we initiated further evolutions

towards social sciences and towards a better opera-

tional knowledge related to agricultural countermea-

sures. Other activities include the assessment of the

impact of former military sites contaminated with

nuclear material.

The introduction of medical applications of radia-

tion, strategically decided upon by our Board of

Governors, has also started. SCK'CEN will try to

contribute to the scientific and technical progress in

this field using its core competence and available

expertise. Possibilities for the future are: production

of relevant isotopes using the BR2 reactor; dosimetry

of workers or patients; calibration and quality control

of devices; quality assurance; safety and radiological

protection.

Objectives

to study the process of decision making in a

nuclear context, especially related to emergency

preparedness, and including all relevant dimen-

sions (radiological assessments, operational and

technical issues, socio-economic factors, devel-

opment and use of new decision aiding tools and

technologies);

"' to organise activities to disseminate the knowl-

edge on nuclear emergency preparedness, such as

courses, in the field of off-site emergency

response to nuclear accidents;

to co-ordinate the efforts of SCK'CEN in the field

of medical applications of radiation;

to support the projects and reflection groups relat-

ed to inter-disciplinary research on non-technical

dimensions of radiation protection or nuclear

applications;

to give advice and support to the authorities and

the industry for any topic related to radiation pro-

tection, and to make our expertise and infrastruc-

ture available to them. Focus is laid upon surveil-

lance of the territory and emergency prepared-

Programme

For a coherent and effective off-site emergency man-

agement, it is necessary to take optimised decisions

regarding the protection of the population and the

environment. To achieve this, a number of issues

need to be addressed: the assessment of the potential

risks and radiological impact, the definition of the

most sensible intervention scheme which is accept-

able to the society, the decision itself and finally its

implementation. Besides the purely radiological

aspects other important factors such as economical,

psychological, sociological and political aspects will

influence the decision-making process. As a conse-

quence, a great deal of R&D activities focus on the

development and use of integrated decision support

systems for nuclear emergencies in Europe. The

acquired knowledge is disseminated towards

involved stakeholders through the organisation of

specific events, such as Training Courses, Topical

Days, relevant publications and support to the

authorities.

2000 was a year of transition for the research related

to decision support and emergency preparedness. A

number of projects submitted to the European 5lh

Framework Programme were approved and success-

fully led to contracts for shared cost research proj-

ects. They started by the end of the year: DAONEM,

DSSNET, FARMING and SAMEN. In the mean

time, we alsd prepared other projects for submission

in the beginning of 2001.

The Decision Strategy Research department will

play an active and leading role in the EU's 5th

Framework Programme, within the Nuclear Fission

- Radiation Protection key action programme in the

area of off site emergency management. Within this

framework programme SCK«CEN will be the scien-

tific, administrative and financial co-ordinator of the

Data Assimilation for Off site Nuclear Emergency

Management project (DAONEM).
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In the event of a nuclear accident requiring off-site
intervention, decision-makers will concentrate on
efforts to reduce or avoid population exposure to ion-
ising radiation, and this will trigger a number of
countermeasures. These countermeasures will be
based upon a conservative estimate of the amount of
radioactive material potentially available for release
taking into account plant status, together with off-site
dose assessments from model predictions. However,
models cannot describe the conditions in the envi-
ronment due to a number of uncertain factors, and
hence model predictions may and will differ signifi-
cantly from the true situation. On the other hand,
decision-makers cannot wait until enough field
observations are available to implement protective
action recommendations.

Bearing this in mind, there is a need for developing a
methodology that enables one to use observations to
update model predictions, hence reducing the uncer-
tainty associated with model-based dose and conse-
quence assessments, in the light of available moni-
toring data. Such a methodology is known as data
assimilation. Application of data assimilation in a
model spreads the information obtained from point
measurements to the entire domain in a consistent
manner, according to the model dynamics (interpola-
tion in space). Furthermore, by updating the model-
ling system whenever measurements are available
ensures that the model will not drift away from the
measurements (interpolation in time).

In the 4th Framework Programme, a considerable
amount of effort has been devoted to integrating a
suite of computer codes, with different degrees of
complexity, into a European real-time, on-line deci-
sion support system for off-site management of
nuclear emergencies (the RODOS system). The
modelling system describes the transport and disper-
sion of radionuclides in both atmospheric and aquat-
ic systems, as well as their impact on the food chain.

The SCOPE-RADSITE (Radioactivity from Military
Installation Sites and Effects on Population Health
and Environment) Project aims to provide a unique
international scientific forum where the radioactive
wastes generated in the development of nuclear
weapons, including their potential impact on the
environment and human populations, are studied and
reviewed. Slated to be completed in three years
(1999-2002), the project will ultimately produce an
integrated world-wide assessment of sources of
radioactivity, subsequent and potential radionuclide
releases into the environment, and associated poten-
tial risks to the population health and environment.

Achievements

Decision support and emergency
preparedness

In off-site emergency management, data assimilation
will prove useful throughout the different stages of
the accident. These stages are mainly the assessment
of the consequences during the early phase, the
improvement of prior assumptions based solely on
expert judgement, and when there is a clear need for
longer-term predictions to assess the radiological
impact on the food chain.

The main objective of the DAONEM project is to
improve the predictive capabilities of the RODOS
system by developing and implementing data assim-
ilation tools. More specifically, the objectives of the
project are:

a to investigate data assimilation techniques based
on Bayes theorem and Kalman filtering methods
to identify those aspects, which can be used in the
project and where common developments are
required;

53 to incorporate appropriate data assimilation tools
in the existing (4th Framework Programme)
RODOS atmospheric dispersion model, for appli-
cation during the early phase of a nuclear acci-
dent;

3 improve existing data assimilation algorithms in
the deposition estimation and in the food chain
modelling, to assess their limitations by testing
them against existing data sets, and to define
ways to improve them;

s to incorporate appropriate data assimilation tools
in the existing RODOS hydrological model
chain;

H to develop measurement strategies which allow
an optimum use of field observations in the data
assimilation process.

The DAONEM project gathers researchers and engi-
neers from 9 European institutes and will have a
duration of 45 months. It officially started on
October lst, 2000.

SCK'CEN takes part in another European endeav-
our: DSSNET. This European network aims at estab-
lishing an effective and accepted framework for bet-
ter communication and understanding between the
participants. These participants in the network are
nuclear off-site emergency centres with (pre-) opera-
tional installation of RODOS and end users of the
information provided by RODOS. Interested insti-
tutes operating other decision support tools, in par-
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ticular monitoring systems, will be integrated. As
counterpart, the leading R&D institutes involved in
developing, customising and/or maintaining RODOS
are partners in the network and interested institutes
further developing other decision support tools will
be integrated. Thus, creating and adequate forum for
users and system developers.

Another project approved for funding in the 5th

Framework Programme and where SCK'CEN plays
a role, is called FARMING. The objective of the
FARMING project (Food and Agriculture
Restoration Management Involving Networked
Groups) is to create a European network of stake-
holder groups. The programme is co-ordinated by the
National Radiological Protection Board (NRPB). It
initially involves 5 member states (United Kingdom,
France, Finland, Greece and Belgium) and more than
50 individual stakeholders, to assist in the develop-
ment of robust and practicable strategies for restoring
and managing contaminated rural land in a sustain-
able way. Lines of communication will be estab-
lished between those organisations that have not
hitherto collectively considered the implications of
contamination of the food chain. The network will
provide a European focus for tackling future nuclear
incidents and have the advantage of being more gen-
erally applicable to non-radiological contaminants.

Last but not least, SCK»CEN is responsible for the
co-ordination of the thematic cluster SAMEN, which
- so far - gathers 7 projects that have been accepted
for funding within the EU's 5th Framework
Programme in the radiation protection key action.
These projects belong to the areas of off site emer-
gency management and restoration of contaminated
environments. This thematic cluster will serve a
number of purposes:

M keep coherence;

a exchange of information;

B co-operation;

U help maintain the focus of each individual project
on practical issues rather than academics;

B strengthen the link between the user and develop-
er communities;

U last but not least, help define new areas where
R&D work is needed bearing in mind the general
objectives of the research programme.

The thematic cluster SAMEN will have a duration of
48 months and it officially starts on January 1st, 2001.

Apart from the activities associated with subsidised
research in the framework of European projects, the

Decision Strategy Research department has been
actively involved in the evaluation of emergency
exercises. As a result of this, communication prob-
lems between the different involved, persons and
groups have been identified. We concluded also that
needs to be available in timely fashion in order to
improve the decision making. On the other hand,
communication and information technology devel-
opments in the past decades offer new facilities for
combining information exchange and decision sup-
port. While the decision support systems such as
RODOS focus on the availability of radiological and
other 'hard' information for nuclear emergency man-
agement, the Decision Strategy Rese;irch contribu-
tion in the Cohesion project, an ITA-II financed soft-
ware development project (Vlaams Actieprogramma
Informatietechnologie - II), is focused on the infor-
mation exchange process itself. The goal of the
Cohesion project is to develop an adaptive, integrat-
ed framework for collaborative learning and work-
ing.

While using a computer for communication and
access to information during emergency exercises
can solve the need for fast and coherent information
distribution to all people involved, the introduction
of such an Information Technology-based system in
emergency preparedness needs to be taken on cau-
tiously. Experiments with the communication soft-
ware in SCK«CEN's emergency room showed that
only when all group members contribute to the infor-
mation and communication system, the added value
from the system becomes more important than the
extra effort it demands, and this will translate in a
better acceptance of these systems.

Another activity is to build group decision function-
alities on top of a computer supported learning envi-
ronment. The system would act as a knowledge base,
on top of which the experts can use communication
functionalities designed for working in-group. For
supporting emergency decision making, these func-
tionalities will be oriented towards fast information
diffusion and clear individual responsibilities, while
in non-emergency situations, they are oriented to
achieving consensus in-group decisions.

In partnership with the company Advanced Projects
and Products (AP&P), SCK-CEN carries out
research (literature study) in three fields. Firstly on
how decision models expressing preferences can be
used in groups; secondly on how information should
be made available and finally on what conditions can
be important in the consensus building process, in
relation to the dynamics of information and the social
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interactions. AP&P rebuilds a software platform
adding new features and functionality to support
group processes and decision aiding techniques.

Training

Within the framework of the E.C.'s ERPET - pro-
gramme (European Radiation Protection Education
and Training) we developed a revised edition of the
Training Course on 'Off-site Emergency Planning
and Response to Nuclear Accidents'. A coherent
course structure built-up of 11 well-fitting course
modules subject to clear-cut didactic aims has been
defined. The principal parts of the course are dedi-
cated to the state-of-the-art of the different aspects
related to off-site accident management, i.e. radio-
logical assessments, the international and European
principles of intervention, the application of these
principles, the emergency plan, and decision aiding
and decision making. We organised practical ses-
sions in the form of workshops, fora to discuss and
explore issues taught. We developed a full-day exer-
cise simulating a nuclear accident, plunging the stu-
dents in the decision-making process, facing them
with uncertainty and the real difficulties.

Policy support related to emergency
preparedness

SCK'CEN has participated in the nuclear emergency
exercises organised by the Ministry of Internal
affairs in collaboration with the main nuclear sites in
Belgium. It has supported both the evaluation and
measurement cells in case these were activated for
the exercise. The main effort was made for the bilat-
eral French - Belgian exercise for the Chooz nuclear
power plant. SCK»CEN assisted the evaluation cell
(advisor to the authorities; support with radiological
assessment calculations; observation of the organisa-
tion and communication within the evaluation cell
and at the interface with decision-makers).
SCK'CEN also sent a measurement team to the
region and an observer to the French local opera-
tional emergency centre at Fumay. Reports were
written and sent to the authorities.

The negotiations for a convention with the Ministry
of Internal Affairs, and in collaboration with the
National Institute for Radio-elements (IRE) and the
Association Vincotte Nuclear (AVN), were resumed.
They lead to concrete proposals of a general conven-
tion, to more detailed annexes describing the various
tasks, to a work plan for the next few years and to a

budgetary evaluation. We expect that this progress
will turn into a concrete collaboration in due time.

Medical applications

We took three initiatives in relation to medical appli-
cations:

O negotiations with various partners in order to start
a very promising research project related to Re-
188 and its applications;

1 a research project related to the optimisation of
patient dose linked to the image quality in classi-
cal and modern diagnostic radiology;

si a contract with the Belgian Superior Health
Council for the scientific secretariat of the divi-
sion III/4, Radiation, and its working groups.

Re-188, a high-energy beta-emitter with only weak
gamma-emission, is a very promising isotope for
various medical applications (e.g. cardiovascular
brachytherapy, palliative treatment of bone metasta-
sis). It is a daughter product of W-188, an isotope
with a suitable lifetime (approximately 2 months) to
allow the construction of a generator. We started
negotiations that are still ongoing to start-up collab-
oration with partners that show expertise in at least
one of the stages needed to successfully come to
medical applications. These include:

the enrichment of natural W;

the target preparation and its irradiation;

the production of a generator;

the optimisation of the chemistry and the devel-
opment of new radio-pharmaceutical products;

- the quality control and quality assurance;

the registration;

the aspects of safety for operators;

J the contacts and first tests with hospitals; medical
staff and patients.

A Ph.D. student started to work on the optimisation
of patient dose and image quality in radiology. We
will seek links between effective dose and measura-
ble quantities like Dose-Area Product and Entrance
Surface Dose. This will be done through patient and
phantom irradiations, and through Monte Carlo cal-
culations. The objective determination of the image
quality is an important aspect of this research.

In collaboration with a working group from the
Belgian Health Council, SCK-CEN held a workshop
on cardiovascular brachytherapy in Mol in
September 2000. Lectures were given on the clinical
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aspects and the state-of-the-art, and on the aspects of
radiation protection.

The SCK-CEN concluded a contract with the
Belgian Superior Health Council for the function of
the scientific secretariat of the Council, division
III/4, Radiation, and its working groups. These
groups are dealing with the following topics: inter-
ventional radiology, nuclear medicine, radio - ecolo-
gy and non-ionising radiation; the latter task has been
subcontracted to VITO, which has more expertise in
this domain

The introduction of social sciences in
radiation protection research

Several researchers of the department have actively
participated to the various initiatives related to the
introduction of social sciences into the SCK«CEN
research. Several projects hierarchically belong to
this department, and several contributions to the
reflection groups were made, including the support
and analysis of discussions via the use of information
technology (so-called e - discussions). These initia-
tives are described in more detail in the contribution
on "Social Sciences in Nuclear Research" in this
Scientific Report.

Policy support

SCK«CEN continued the contract with DBIS/SPRI
for the radiological surveillance of the Belgian terri-
tory as in the previous years. Our contribution to this
programme includes the measurement of a variety of
environmental samples (surface and rainwater, sedi-
ments, soil, aquatic plants, aquatic animals, dust in
the air, etc.) and milk samples. These samples are
mainly collected close to the Mol-Dessel and Doel
sites, and to a lesser extend close to the Chooz
Nuclear Power Plant. Furthermore, analyses on fish
caught in the North Sea are also part of this pro-
gramme. We perform some analyses related to the
releases of Ra-226 as well (at Boom and Antwerp).

Under contract with ONDRAF/NIRAS, we per-
formed an Aerial Gamma Survey of the Mol-Dessel
site. This campaign is part of a broader task to report
on the present values of radioactivity levels at and
near the nuclear enterprises, and to make a summary
of historical data. A team of the Scottish Universities
Research Reactor Centre performed the campaign
with instrumentation in a helicopter. This team has a
large expertise in similar studies in the UK. The sites
of SCK-CEN, VITO, FBFC International,

Belgoprocess and IRMM were overflown during two
days, with measurements of the gamma-radiation at
approximately 80 - 100 m height. The same team
performed a similar campaign at Fleurus at and near
the site of IRE. The huge amount of spectra resulting
from this campaign has been analysed and this result-
ed in a preliminary report that was distributed to the
participants for comment and review.

SCK«CEN participated in the Open Executive
Committee held in Beijing (China) to present the
achievements and perspectives of this programme to
date.

In Moscow and Krasnoyarsk, we discussed with
Russian specialists from MINATOM and other insti-
tutions the progress made in the investigation and
monitoring of the radiological impact :xom a Pu-pro-
duction reactor site at Krasnoyarsk (Mining &
Chemical Combine-M&CC), primarily in the Yenisei
River floodplain and around the "Severnyi" radwaste
disposal site. An inventory of man-made radionu-
clides in flood-plain deposits of the Yenisei River
and the long-term assessment of the radioactivity
entrying into the Kara Sea is being carried out.
Valuable scientific information gained on radionu-
clide transfer pathways to man and environment was
the basis of development of an original model to esti-
mate the population dose status. Models of radionu-
clide migration in the liquid radwaste disposal sites
in geological formations have been created and esti-
mates of predicted doses have been derived. Future
work will also include assessments of the impact of
radionuclide exposure on the environment, agricul-
ture, fishing, and water quality.

We co-organised an international symposium in
Moscow together with MINATOM, ARRICT, RF
Acad. Of Sci., IAEA, ISTC and EC. This conference
"RADLEG 2000: Radiation Legacy of the 20th cen-
tury: environmental restoration" was attended by 250
participants. Through 32 oral presentations and more
than 100 posters the problems raised by the disper-
sion of radioactivity around the military nuclear
installations and U-mining and milling sites, as well
as the remediation options, were presented.

We organised a working group meeting in Brussels
to design the structured of the final report due mid-
2002 and nominate section chairpersons and contrib-
utors.
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Perspectives

In the course of 2001, the European research pro-
grammes related to emergency preparedness will get
going. Furthermore, we introduced several new pro-
posals within the 5th Framework programme. The
Cohesion project will finish at the end of June 2001.

SCK'CEN has obtained a grant from the E.C. DG
ENV to organise a course on 'Off-site Emergency
Planning and Response to Nuclear Accidents', adapt-
ed to the Bulgarian context. This course will be held
in Bulgaria during the Autumn of 2001 with collabo-
ration of the Bulgarian Committee on the Use of
Atomic Energy for Peaceful Purposes. SCK'CEN
has also obtained a grant from the E.C. DG ENV to
edit a European Manual on 'Off-site Emergency
Planning and Response to Nuclear Accidents' based
on the course material made available during the last
edition of the Training Course.

The negotiations related to a convention with the
Belgian Ministry of Internal Affairs have not been
finalised in 2000; we hope, however, that 2001 will
be successful on this issue. The contract with
ONDRAF/NIRAS shall lead to a report in the course
of 2001, and to discussion of the results with the
local partnerships ONDRAF/NIRAS has with the
population of Mol and Dessel.

The medical research related to Re-188 and its appli-
cations shall start-up in 2001; the collaboration with
the partners will be formalised as "Medara". The
partners involved expect the first results related to a
better design of the generator by the end of 2001.

The Health Council will recommend a proposal to
the Federal authorities. The purpose is to perform
representative patient dosimetry and to determine
reference levels in interventional radiology, and to
determine the doses to the personnel via a measuring
campaign; this work will be performed in collabora-
tion between the different major universities in
Belgium, with SCK'CEN as one of the partners.

We will continue the programme of the surveillance
of the Belgian territory according to the programme
of the last decade; however, the responsibility for
supervision and financing of this work will be trans-
ferred to the FANC. This might lead to a redefinition
of the programme in the next few years.

AP&P

AVN

CEPN

FZK

IRE

JRC

KULeuven

Middelheim

KRPB

SURRC

VUB

DBIS/SPRI

EC

FANC

IWT

ONDRAF/NIRAS

Advanced Projects and Products

bvba (leper, Belgium).

Association Vincotte Nucleaire

(Brussels, Belgium).

Centre d'Etudes sur l'Evaluation de

la Protection dans le Domaine

Nucleaire (Fontenay-aux-Roses,

France).

Forschungszentrum Karlsruhe

(Karlsruhe, Germany).

Institut National des Radio-ele-

ments (Fleuras, Belgium).

Joint Research Centre (Ispra,

Italy).

Katholieke Universiteit Leuven

(Leuven, Belgium).

OCMW Hospital Middelheim

(Antwerp, Belgium).

National Radiological Protection

Board (Didcot, United Kingdom).

Scottish Universities Research and

Reactor Centre (East Kilbride,

Scotland, United Kingdom).

Vrije Universiteit Brassel

(Brussels, Belgium).

Service for the protection of the

population against the dangers of

Ionising Radiation, Ministry of

Public Health, (Brussels,

Belgium).

European Commission, DG RTD

and DG ENV (Brussels, Belgium).

Federal Agency for Nuclear

Control, (Brussels, Belgium).

Instituut voor de aanmoediging

van Innovatie door Wetenschap en

Technologie in Vlaanderen

(Brussels, Belgium).

Belgian Agency for Radioactive

Waste and Enriched Fissile

Material. (Brussels, Belgium).

Ris0 National Laboratories

(Roskilde, Denmark).
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Publications and reports

D.E. Walling, V.N. Golosov, E.V. Kvasnikova, CM.

Vandecasteele, "Radioecological aspects of soil pollution

in small catchments", ncraBOBefleHHe (Soil Science), 7,

pp. 888-897. (in Russian, English summary) (2000)

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

doses actuels utilises en temps de crise nucleaire", Annalen

van de Belgische Vereniging voor Stralings-bescherming,

24:°4, 2000.

CM. Vandecasteele., L. Sombre, J.M. Lambotte ,

"Application of Countermeasures to mitigate the conse-

quences of large scale radioactive contaminations",

Annales Assoc. Beige Radioprotection, 24: 4, pp. 259-282,

2000.

G. Eggermont (contribution as technical expert) -

Management of radioactive waste from the use of radionu-

clides in medicine, IAEA-TECDOC-1183, November

2000

"L'accident de Tchernobyl, son impact sur l'environ-

nement et la gestion des territoires contairines", Certificat

de Maitrise Environnement & Sante, Univ. Rennes-I,

Rennes (France), April 3, 2000.

CM. Vandecasteele, "Impact of the Chernobyl accident on

the environment and management of contaminated areas",

"Countermeasures in agricultural ecosystems", GGS -

Environmental Sciences & Technology Module

Radioactive hazards and waste management, VUB, March

28, 2000.

CM. Vandecasteele, "Transfer of radionuclides in terrestri-

al ecosystems and modelling", "Transfer of radionuclides

in aquatic ecosystems and modelling", University

Polytechnics Bucharest (Romania), May 02-05, 2000

CM. Vandecasteele, "L'accident de Tchernobyl, son

impact sur l'environnement et la gestion des territoires

contamines", DES Cancerologie, Univ. Rennes-I, Rennes

(France), May 30, 2000.

Presentations

A. Sohier, C. Rojas-Palma, "Data assimilation methods

during the early phase of a severe nuclear accident", 10"1

IRPA conference (International Radiation Protection

Association), Hiroshima, Japan, May 14-19, 2000.

C. Rojas-Palma, J. Ehrhardt, A. Sohier, "Data assimilation

and off site nuclear emergency management", 10* National

Radiological Emergency Preparedness Conference, Reno,

Nevada, U.S.A, April 10-13, 2000.

H. Vandenhove, CM. Vandecasteele, G. Collard,

"Conclusions and recommendations of the SCOPE-RAD-

SITE workshop on remediation achievements after urani-

um mining and milling", Proc. Int. Symp "RADLEG 2000:

Radiation Legacy of the 20th century: environmental

restoration", Moscow, October 30-November 2, 2000, in

press.

Courses

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

Planning and Response to Nuclear Accidents', Mol,

October 2000.

Lectures

CM. Vandecasteele, "Cours de Radioecologie", Universite

Libre de Bruxelles, 160 pp, 2000.

CM. Vandecasteele, "Les sources de radiations ionisantes

dans l'environnement", "Le transfert des elements radioac-

tifs dans les ecosystemes terrestres et aquatiques",
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BE0100026

DOCTORAL THESES PREPARED AT SCK«CEN

Name NOEL PAUWELS

Subject PRECAUTIONARY INTERVENTIONS IN INDUSTRIAL AREAS. AN OPTIMAL STOPPING APPROACH

University

UNIVERSITAIRE FACULTEITEN

SINT-IGNATIUS ANTWERP

Faculty

APPLIED ECONOMICAL

SCIENCES

Date

FEBRUARY 4,2000

Promoter

PROFESSOR DR. IR. KAREL

SOUDAN

Abstract

Nuclear emergency response decision theory and
practice mainly have focused on interventions during
and after a radiological release. The decision process
in case of a threat received far less attention. In par-
ticular, the ability to defer the intervention decision
till additional information is obtained has not explic-
itly been dealt with so far. Furthermore, previous
research concentrated on interventions in residential
and agricultural areas, whereas the far-reaching
implications of interventions in industrial areas with
a concentration of chemical and petrochemical plants
have been studied hardly. This work has contributed
to filling up this dual hiatus, dealing with the precau-
tionary evacuation of an industrial facility's work-
force threatened by a radiological release from a
nuclear power plant nearby.

The problem studied is a risk neutral governmental
decision to shutdown a plant, seeking to minimise
cost and taking into account the following parame-
ters: shutdown-mode of the plant; magnitude of loss-
es and staff; irreversibility of the decision; potential
to defer till further information is available; health
cost if a release occurs before the decision is made.
The theoretic framework is options theory: the abili-
ty to delay an irreversible decision holds an option to
adjust the decision and its timing depending on the
subsequent information. Dynamic programming and
real options theories have been compared. A simple
two-period decision model, comparing the myopic
(without options theory) and the options approaches
has been studied in detail. Further continuous time
models for companies having only one shutdown
mode have been solved analytically. Evacuation is
deferred longer in case the severity of the potential
release is very uncertain, evacuation is expensive or
requires a considerable amount of time to be carried
into effect. Attaching higher monetary values to pos-
sible health effects or more workers being present at
the industrial facility result in earlier evacuation
decisions. The influence of the probability of a

release actually taking place and of the discount rate
is ambiguous, and their effect depends on the other
parameter values. Numerical models also were
developed, allowing more realistic hypotheses for
the decision problem (more shutdown modes, opti-
mal time of shutdown, finite threat etc.). These lead
to similar conclusions. However, the importance of
taking into account option characteristics was found
to decrease, as the time required to complete a shut-
down increases.

Empirical results have been obtained from inter-
views with the prevention advisors from 9 industrial
companies near Antwerp. They revealed two shut-
down modes: a very fast emergency stop (yielding
higher costs, and a non-zero but moderate environ-
mental risk) versus a slower one, which is complete-
ly safe and has lower costs. These findings, and the
real data, were introduced into the theoretic model
described above. Calculations were performed for
nine release scenario's from the WASH-1400 study
(varying in severity and duration of the releases). It
was shown that sub-optimal decisions might occur
neglecting the options value of waiting for further
information. This is very clear for intermediate val-
ues of the estimated severity of the threat and is
increasing with uncertainty with respect to the evolu-
tion of this severity.

The most relevant management guidance originating
from this work can be summarised as follows:

El There is a need for a more efficient communica-
tion scheme;

S The economic impact of a crisis is such that a spe-
cial cell dealing with the special needs of the
industry is recommended;

i.; All necessary data should be collected and man-
aged using a Management Information System;

S3 The non-radiological hazards also have to be
taken into account in the decision making
process.
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BEO100027

Name STEFAAN VAN WINCKEL
Subject EXPERIMENTAL STUDY OF LASER ABLATION AS SAMPLE INTRODUCTION TECHNIQUE FOR

INDUCTIVELY COUPLED PLASMA - MASS SPECTROMETRY

Abstract

In a relatively short period (since 1980), Inductively
Coupled Plasma - Mass Spectrometry (ICP-MS)
became a powerful and versatile technique for the
analysis of trace elements, mainly in solution (ug/1
and even lower concentration levels). One of the
many research domains in ICP-MS concentrates on
sample introduction techniques as ICP-MS with its
ion source working at atmospheric pressure, can be
coupled to a lot of alternatives for the "classical"
combination of nebuliser and spray chamber. Laser
Ablation (LA) for the direct analysis of solids is an
example of such an alternative sample introduction
technique. In this study, several complementary
applications of LA were tried out in order to charac-
terise in an experimental way LA as sample intro-
duction technique for ICP-MS.

The research strategy was the following: first, ICP-
MS is reviewed in its more "classical" configuration
for the analysis of solutions. After a brief description
of its working principle, the instrumentation of ICP-
MS is discussed in more detail. Then the influence of
different instrumental parameters on the final meas-
urement signal is verified in an optimisation study.
This part of the study is concluded with an illustra-
tion of the performance of ICP-MS for the analysis
of solutions (participation to the certification of trace
elements in estuarine water, CRM 505 (BCR)).

In the next chapter, the difference between a "wet"
and a "dry" plasma is highlighted. Besides a litera-
ture study of this subject, relative elemental response

factors, experimentally determined under both plas-
ma conditions, are given.

Before the experimental applications of LA as sam-
ple introduction technique, a brief review of the his-
tory, the working principle and the different pulse
modes of lasers are given, together with a description
of the instrumentation used in this study. The laser -
solid interaction is also briefly discussed and an
overview of some literature data concerning the use
of lasers for analytical purposes is given.

Finally, three applications are presented to illustrate
different aspects of LA as sample introduction tech-
nique. The first application, the microchemical
analysis of the patina of weathered marble, illustrates
the spatial resolution of LA sampling, the use of an
internal standard and more generally, :he calibration
strategy. The second application illustrates the possi-
bility to measure isotope ratio's, in this case the Pb
isotope ratio's in archaeological bronze. The
LA/ICP-MS results are compared with ICP-MS
results after dissolution and with Theimo Ionisation
MS (TIMS) results. In the third application, the
determination of Si in Al as part of a dosimetric study
of the BR2 reactor vessel, the difficulties encoun-
tered are caused by interferences, the need for (inter-
nal) standardisation and the radioactivity of the sam-
ples.

Together, these applications give a gocd idea of what
can be expected from LA as sample introduction
technique for ICP-MS.

University

UNIVERSITY OF ANTWERP

Faculty

SCIENCE

Date

JUNE 29, 2000

Promoter

PROFESSOR DR. R. GUBELS
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BE0100028

Name KRISTEL VAN OUYTSEL

Subject INTERNAL FRICTION OF PRESSURE VESSEL STEEL EMBRITTLEMENT

University

VRIJE UNIVERSITEIT BRUSSELS

Faculty

SCIENCE

Date

SEPTEMBER 27, 2000

Promoter

PROFESSOR DR. FREDDY

POORTMANS (VUB) & PROF.

RENE DE BATIST (RUCA)

Abstract

The PhD thesis comprises a literature survey, a chap-
ter on the construction of the torsion pendulum and a
results & discussion chapter.

Forming part of the literature survey, the non-
destructive internal friction (IF) technique finds its
place within a structure building the elastic-to-plastic
region founded on dislocation theory. This provides
the environment in which IF can prove its aptitude to
provide a microstructural basis for damage model-
ling within the frame of enhanced commercial sur-
veillance of nuclear reactor power plants in Belgium.

A summary of a literature survey on the influence of
the chemical composition and various point and dis-
location-type defects on the effect of neutron irradia-
tion and thermal treatment is given.

The literature survey ends with a description of the
relaxation phenomena in iron and steel of interest in
this field of research.

Next, the construction details of a new inverted tor-
sion pendulum designed to investigate pressure-ves-
sel steels at high strain amplitudes (lO^-lO2) over a
wide temperature range, 90-700K, at approximately
1 Hz in the irradiated condition are related.

The results of the measurements by means of the tor-
sion penduli at the EPFL (Ecole Polytechnique
Federale de Lausanne) in Switzerland and the
SCK-CEN (Belgian Nuclear Research Centre Mol)
in Belgium are subsequently discussed.

The measurements were carried out on a variety of
reactor pressure vessel (RPV) steels: A533B Class 1
(JRQ), Belgian RPV steels: Doel-I-II and Doel-IV,
an SA508 Class 3 steel, German 22Ni-Cr-Mo37,
MnNiMoV and 20Mn-Mo-Ni55 steels and an
American HSSI (73W) steel, and provide support for
the applicability of the research described herein to
commercial surveillance of pressure vessels.

Temperature-dependent (TD) and amplitude-depend-
ent (AD) internal friction experiments have been car-
ried out, the former providing evidence of the exis-
tence of the Snoek and Snoek-Koster mechanisms
and proposing the combined influence of seven dis-
location-related relaxations in these steels and the
latter providing a non-destructive means to deter-
mine the yield stress.

B a nitrogen Snoek peak was detected in a Si-killed
C-Mn steel from which we conclude that the
influence of strain ageing can be investigated in
these RPV steels by means of the new torsion
pendulum.

S a model involving seven dislocation-type relax-
ations has been introduced to explain the post-
deformation IF behaviour. Effects of neutron irra-
diation (at 290°C), thermal ageing (at 300°C) and
post-irradiation annealing are explained.

S the Snoek-Koster process is found to exist in
these pressure-vessel steels and has contributed to
a more profound understanding of effects of ther-
mal ageing on both TDIF and ADIF.

S from the ADIF investigations, a transition region
was determined furnishing a critical strain ampli-
tude which is related to the yield stress of the
material; the results for the materials in the unir-
radiated, thermally aged, irradiated and post-irra-
diation-annealed condition compare excellently
with static tensile data and with a two- or three-
component model for the yield stress.

The TDIF results support and provide an explanation
for the ADIF results.

Internal friction is shown to represent a strong non-
destructive microstructural investigation technique
worthy of its introduction into future commercial
surveillance programmes of nuclear reactor pressure
vessels with the potential of truly understanding on a
qualitative and quantitative basis the influence on
embrittlement of dislocation
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BE0100029

Name ANDRE RAHIER

Subject CAPILLARY ELECTROLYSIS OF LIGHT AND HEAVY WATER

Abstract

The fuel of the future thermonuclear fusion reactors
will be a mixture of deuterium and tritium that will
be regenerated and recycled after reduction of highly
tritiated water. For this purpose, one has conceived
and developed a particular electrolysis cell whose
liquid feed is based on capillarity. The gas separator
is mounted vertically. This configuration allows lim-
iting the total amount of tritiated water confined into
the cell. The present work focuses on the analysis of
the working of the cell. All experiments have been
carried out without tritium, using either light or
heavy water.

In a first step, one analyses and one discriminates
many macroscopic models, which leads to a trusty
prediction of the cell voltage in function of the dif-
ferent independent variables. This result is essential
to ensure a safe working of the process. Indeed, any
non-regular deviation of the system from its normal
working point induces important variations of the
cell voltage. Besides this result, and in spite of their
simplicity, the macroscopic models lead also to the
first conclusions regarding the microscopic phenom-
enons that govern the working of the cell. The cath-
ode behaves as an irreversible electrode while the
anodic models show the importance of the migration
through significant ohmic contributions. At this
point, one concludes qualitatively that both the dis-

tribution and the movement of the ionic species
inside the electrolyte play an important role in the
establishment and the stabilisation of the working
point that has been observed during more than 5,000
hours. In order to better understand ths microscopic
working, one has measured the temperature profiles,
the concentration profiles and the current density
profiles along the height of the gas separator. After
having shown that these profiles are mutually
dependent, one discusses the results of a first simula-
tion carried out to assess the orientation of both the
equipotential and the current lines into the gas sepa-
rator. These results confirm the essential role played
by the migration to maintain steady state conditions.
When the system is running free of constraints, the
combined action of the migration and the electrode
reactions compensate completely the tendency of the
electrolyte to concentrate in the upper part of the gas
separator as a result of capillarity.

To increase the treatment capacity while keeping the
inventory of tritiated water at a constint value, one
suggests to decrease the ratio obtained by dividing
the height by the width of the gas separator. Next, the
present results will have to be consolidated through
experiments carried out with the nominal specific
activity of tritium.

As a conclusion, one recommends the capillary elec-
trolysis as one of the best choices for the reduction of
highly tritiated water.

University

UNIVERSITE DE LIEGE

Faculty

SCIENCE

Date

SEPTEMBER 21, 2000

Promoter

PROFESSOR DR. B. GILBERT
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BE0100030

Name NICOLAS LEWYCKYJ

Subject RETENTION OF RADIOCAESIUM TRACES IN CLAYS: A DYNAMIC SEMI-EMPIRICAL MODELLING

APPROACH

University

UMVERSITE CATHOLIQUE DE

LOUVAIN, LOUVAIN-LA-NEUVE

Faculty

SCIENCE

Date

DECEMBER 13, 2000

Promoter

PROFESSOR DR. B. DELVAUX

Abstract

After a severe nuclear accident, important amounts

of radiocaesium can be released into the environ-

ment, thereby contaminating various ecosystems and

particularly their soils. After deposition, Cs+

bioavailability in soil is a key parameter regarding

the exposure of the population, as it governs the

transfer to the vegetation and, subsequently, to the

entire food chain. In soils, frayed edge sites (FES)

born by weathered mica are known to fix radiocae-

sium. Understanding and modelling the interaction

between Cs+ and 2:1 clay minerals is thus of major

interest for long-term predictions and counter-meas-

ure implementations. This interaction was charac-

terised through Cs+ sorption-desorption carried out

on seven 2:1 clay minerals (4 smectites, illite, biotite

and vermiculite).

Though the sorption yields were often very similar,

the Cs+ net retention values largely differed between

the various minerals. The reference smectites, virtu-

ally free of mica contamination, exhibited the small-

est Cs+ net retention values. These values were much

larger in soil beidellite, biotite and illite than in the

reference smectites. Vermiculite exhibited the largest

Cs+ net retention, probably because of partial col-

lapse of interstratified mica-vermiculite layers.

Experimental data obtained for illite-biotite mixtures

indicated a preferential initial Cs+ sorption on illite,

followed by a transfer of trace Cs+ from illite to

biotite. In illite-vermiculite mixtures, initial sorption

of trace Cs+ was larger in vermiculite than in illite.

During sorption, there was a marked transfer of Cs+

from illite to vermiculite. Therefore, sorption yields

and Cs+ net retention values of clay mixtures cannot

be simply calculated from the results obtained in

pure clay minerals. These results also show that Cs+

net retention is largely depending on the nature of the

desorbing agent.

Decreasing the pH of the liquid phase around illite

involved a delay in Cs+ sorption as well as a decrease

in Cs+ net retention in this clay. These effects were

probably due to Cs+-H+ competition on FES during

sorption and/or to mineral dissolution. The Cs+-H+

competition on FES during sorption was confirmed

in illite and vermiculite. However, when present in

small amounts, K+ induced some collapse in the ver-

miculite and thus, enhanced the net retention of trace

Cs+.

A dynamic semi-empirical model was developed to

describe the retention of trace Cs+ in illite. The model

implied three kinds of sorbing pools (rapidly des-

orbable, slowly desorbable and non-desorbable cae-

sium). The model was applied to both the clay min-

erals and clay mixtures. The results obtained were

generally consistent with the clay mineralogy (CEC,

layer charge). The increase of Cs+ net retention with

increasing sorption duration was observed for the

minerals with micaceous zones. This increase was

attributed to a time-dependent loading of Cs+ on the

"non-desorbable" (nod) sites. For the minerals free of

such zones, modelling indicates a Cs+ sorption main-

ly located on the "rapidly desorbable" (rad) sites.

Under acid conditions, the simulations indicated a

Cs+ desorption from the nod sites of illite. With

increasing PAR values of the equilibrium solution,

Cs+ was less sorbed on the nod sites (in favour of the

rad sites) in both illite and vermiculite.
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BEST UNIVERSITY AND 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 50 000 and 25 0000 BEF to the best universi-
ty and the best college final-year theses carried out in
its laboratories.

In 2000 the awards for the best university theses was
granted to:

Maria Grazia FERRI: "Modelisation thermohy-
draulique d'une section en-pile"

Universite Catholique de Louvain (UCL) +
Universita degli Studi di Pisa

Mentor: Philippe Benoit, promoter: M. Giot, G.
Forasassi, S. Zanelli

The award for the best final-year theses was granted
to:

Katrien AERTS: "Een bijdrage tot da synthese van
corrool-precursoren"

Technologische Hogeschool Leuven Groep T

Mentor: Nathalie Impens, promoter: C. Block

SCK*CEN'S SCIENTIFIC AWARD

PROFESSOR ROGER E. VAN GEEN

SCK«CEN allocates every two years 500 000 BEF to
the best original work in nuclear research. The selec-
tion is performed by the Belgian National Fund for
Scientific Research (NFWO/FNRS). In 2000 the
award was allocated to dr. Kristiaan Temst from

the Katholieke Universiteit Leuven for his work:
"Toepassing van diffractie en refleclie van neutro-
nenbundels voor de studie van de magnetische
ordening in dunnefilmen en nanostructuren".

PHD CANDIDATES & POSTDOCTORAL RESEARCHERS -

SELECTION 2000

Name
PhD candidates

Postdoctoral

Gunter Bombaerts

Isabelle Fucks

Marcella Mori

Lara Streuelens

Marleen
Van Bocxstaele

Katrien
Van Tichelen

Lorenzo Malerba

Research topic
Omgaan met onzekerheid. Een onderzoek naar cognitieve dissonatie-mechanis-
men bij experten, toegepast op de berging van nucleair afval

La culture de la securite dans I'industrie nucleaire a travers les facteurs organisa-
tionnels et managerial

Use of DNA micro-arrays to identify the alterations in the profiles of gene
expression induced by ionising radiation and cytrokines in different human cell
types

Optimisation of patient and staff dose linked to image quality in conventional
and digital radiology . ,

Trace element analysis in nuclear materials by ICP-MS

Coupling of thermal-hydraulic and 3D-neutron transport codes for the analysis of
Accelerator Driven Systems

Modelling of radiation damage in reactor pressure vessel steel at SCK«CEN:
support to the REVE project
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SCIENTIFIC OUTPUT 2000

Scientific output

Publications

Conferences

Reports

(Parts of) books

Patents

Theses

Participation in
expert groups

Training courses

Miscellaneous output

international journals
national journals
proceedings

international presentations
national presentations
international posters

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

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

1992

11
4
13

39
5
7

83
11
11

5

1

0
10
6

8

7

13

1993

19
3
11

79
7
19

82
27
11

2

1

1
11
20

5

10

3

1994

17
2
14

94
14
17

116
28
9

1

5

1
18
16

18

9

5

1995

31
4
33

101
13
17

118
31
19

4

3

1
15
17

7

6

9

1996

34
5
56

153
36
45

82
10
19

12

4

2
19
18

7

3

14

1997

43
6

46

104
17
28

61
14
38

7

2

2
5
10

8

13

11

1998

42
9
55

82
6

23

62
11
16

6

1

4
2
17

3

12

6

1999

50
2
60

119
17
38

98
5
24

8

1

5
3
13

9

10

10

2000

50
7

49

95
18
38

62
5
36

12

3

5
4
11

9

8

3
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WORKSHOP & CONFERENCES IN 2000

Month from

August 28-aug
October 17-okt

November 20-nov

March

December

April
September
November

December

Februari
March

May
October

January

February
March
April
May

June
October

November

December

May
October

December

Annexes

14-mrt

14-dec

11-apr
9-sep
2-nov
3-nov

23-nov
7-dec

29-feb
3-mrt

17-mrt
24-mrt
29-mrt
31-mrt
4-mei
16-okt

18-jan
19-jan
21-feb
2-mrt
3-apr

22-mei
25-mei
31-mei

8-jun
12-okt
10-nov
13-nov
17-nov
27-nov

8-dec

15-mei
24-okt
6-dec

until 2000

Conferences
30-aug FLINS 2000 - Fuzzy Logic in Nuclear Science
23-okt IGRDM:The International Group on Radiation

Damage Mechanisms in Pressure Vessel Steels
22-nov ALARA: As Low as Reasonably Achievable

RADECS (Decreton of Coenen)

Plutonium 2000

Place

Bruges

Leuven
Antwerp
Louvain-la-
Neuve
Brussels

Lectures
Millennium conference: "Universite et entreprise,
choc de culture" SCK'CEN
Millennium conference: "Why we do need genetically
modified plants" SCK'CEN

Workshops
13-apr Seminar Glass Bruges

Cardiovasculaire Brachytherapie SCK'CEN
Journee de rencontre avec les universites SCK'CEN
Ontmoetingsdag met de universiteiten SCK'CEN
First Belgian ALARA Day Antwerp

8-jan COST-Meeting Brussels

Training
Onthaal nieuwe personeelsleden SCK'CEN
Opleiding: SCK'CEN en de nucleaire wereld SCK'CEN
Opleiding: SCK'CEN en de nucleaire wereld SCK'CEN
Opleiding: SCK'CEN en de nucleaire wereld SCK'CEN
Lerarenopleiding fysica secundair onderwijs SCK'CEN
Opleiding: SCK'CEN en de nucleaire wereld SCK'CEN
Lerarenopleiding fysica secundair onderwijs SCK'CEN

20-okt European Radiation Protection and Training (ERPET)
course SCK'CEN

Training: isRP (international school for Radiological Protection)
Kalibratietechnieken SCK'CEN

21-jan Basisbegrippen stralingsbeschering: SCK'CEN
23-feb Basisbegrippen stralingsbeschering: SCK'CEN

Informatieronde stralingsbescherming SCK'CEN
7-apr Grondige cursus stralingsbescherming SCK'CEN

Informatieronde stralingsbescherming SCK'CEN
Informatieronde stralingsbescherming SCK'CEN
Informatieronde stralingsbescherming SCK'CEN
Informatieronde stralingsbescherming SCK'CEN
Theorie en Praktrijk SCK'CEN
Theorie en Praktrijk SCK'CEN

17-nov Grondige cursus stralingsbescherming SCK'CEN
Ioniserende stralingen SCK'CEN

1-dec Grondige cursus stralingsbescherming SCK'CEN
14-dec Nucleaire vorming ingenieurs SCK'CEN

Topical Days
16-mei Phytoremediation SCK'CEN

R&D activity in support of ADS development SCK'CEN
Photonics in nuclear environment SCK'CEN
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January

February

March

28-jan
28-jan
25-feb
25-feb

30-mrt

April

May

June

August

September

October

November

December

30-mrt

28-apr

28-apr

26-mei

26-mei

30-jun
30-jun

30-aug
30-aug

29-sep

29-sep
27-okt

27-okt
17-nov
17-nov
15-dec

15-dec

June 22-jun

November 24-nov

2001 February
May

Lunch Talk
Y2K at SCK'CEN the assessement SCK'CEN
Marketing at SCK'CEN SCK'CEN
The OECD Halden Project SCK'CEN
Radiation hardening issues: multiplexing as an
illustrative example SCK'CEN
The geomechanical behaviour of the Boom Clay:
some achievements and remaining key questions
relating to the geological disposal of high level
heat emitting radioactive waste SCK'CEN
Short Rotation Coppice vegetation for the revaluation
of contaminated arable land SCK'CEN
The use of the Code "Noodplan Kerncentrale Doel"
in the framework of the Belgian Nuclear Emergency
Plan SCK'CEN
The Tokaimura criticality accident: history,
consequences, lessons to be learnt SCK'CEN
Visual Management and Risk Prevention:
Application and Limitations SCK'CEN
The Nuclear Emergency Plan Exercise at
SCK'CEN on November 16, 1999: What lessons
have we learned SCK'CEN
The Rebus Programme for Burn-up Credit Validation SCK'CEN
MYRRHA: A multipurpose ADS for R&D, a first step
towards Waste Transmutation May 2000 status SCK'CEN
Ethics involving RMW: why what we're doing right SCK'CEN
Integrated Safety Assessment of Research Reactor
(INSARR) SCK'CEN
An interesting data set on (high burnup) spent fuel:
TheARIANE-project SCK'CEN
Nuclear Emergency Response American Style SCK'CEN
Reconstruction of Buhovo Tailings Pond, practical
execution Iva Pallemanst BP: sanering van de BP site SCK'CEN
Internal friction of pressure vessel steel embrittlement SCK'CEN
Cold-heat storage in aquifer SCK'CEN
Rheniumproject SCK'CEN
Permeable barriers: the best available technology for
plume control in case of organic or inorganic
contamination of groundwater SCK'CEN
The perception of nuclear: recent national and
international developments SCK'CEN

PHD-day
Presentation of the work progress by the young
scientists . SCK'CEN
Presentation of the work progress by the young
scientists SCK'CEN

Outlook on future events
(for latest information see www.sckcen.be)

20 Topical Day: Ethics, Culture and Role of the Expert SCK'CEN
15 Topical Day: Fusion and ADS materials research SCK'CEN
24 3rd International kO-users workshop

(SCK'CEN & IRMM) Bruges
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October 16 Topical Day: Reactor Physics codes:
applications and validation SCK'CEN

December 11 Topical Day: Molecular Biology SCK'CEN
2002 February 19 Topical Day: Ethics and Radioactive Waste SCK'CEN

April 10 50th Anniversary of SCK'CEN: press conference Brussels
11 50th Anniversary of SCK'CEN: Academic session Brussels
12 50th Anniversary of SCK'CEN: of the staff SCK'CEN

13&14 50th Anniversary of SCK'CEN open door SCK'CEN
May 2 Topical Day: SAFIR 2 (Safety Assessment and

Feasibility Interim Report 2) SCK'CEN
August 18 11 th ISRD (International Symposium on Reactor

Dosimetry) Meeting Brussels
October 15 Topical Day: Medical applications and liability SCK'CEN

December 10 Topical Day: Corrosion in nuclear materials SCK'CEN

VISITORS IN 2000

Industry: nuclear

Industry: other

Politicians

Press

Scientists

Socio-economic

Students

HADES/PRACLAY

186

47

17

20

169

219

264

922

BR1

0

28

0

0

37

47

74

186

BR2

40

0

0

0

2

54

0

96

BR3

40

0

0

0

6

55

0

101

LHMA

0

0

0

0

0

6

0

6

SCH

0

0

0

0

0

6

0

6

RP

0

0

0

0

0

18

62

80

TCH Total

0

0

0

0

11

0

0

11 1408

HADES/PRACLAY: Underground Research Facility

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)

acceptability
Agenda 21
ALARA

alkali metals
alpha-spectrometers
ARIANE
assessment

backfill
benchmark
bio-availability
biological samples
Boom clay

BR1

bubble detector
burnup credit
BWR
cardiovascular brachytherapy
characterisation

chemical reactivity
clay

clean-up
clearance
CLIPEX
cognitive dissonance
collaborative learning
communication

conditioning processes
contaminated soil
CORALUS
core physics
corrosion

critical nuclides
criticality accident
culture of nuclear experts
DAONEM
data assimilation
decision strategy research
decision support
decommissioning
decommissioning management
decontamination
DEMATO

46, 50, 61, 76, 80, 84, 86, 87, 88, 92, 93, 96,103,
110, 111, 169, 170
86,109,146
2, 3,149
29, 30, 32, 36, 65,100,143,144,146,147,148,
150, 152, 165
29,38,40,41,50
121
22, 23, 24, 26, 170
3,4,5, 6, 7,10,11,12,14, 15,16,17, 36, 41,49,
51,52, 54, 59, 64, 68, 71, 74, 76, 78, 79, 82, 89, 91,
92, 93, 108, 111, 115, 118, 123, 124, 125, 126, 127,
128, 129, 134, 144, 145, 146, 149, 150, 153, 154,
156, 157, 170, 171
5, 7, 18, 19, 20
65,76, 77,78, 80, 85, 93, 96,104
134
108. 121
4, 5, 7, 8, 9, 10, 11, 12, 14, 15, 16,17,18, 19, 21,
26, 66, 170
35, 41, 47, 69, 70, 76, 78, 79, 82, 84, 85, 110, 112,
121, 171
110
84
28,35,49,76, 101, 119
156
5, 6, 10, 12, 18, 20, 22, 24, 25, 26, 32, 39, 41, 46,
49, 54, 55, 59, 61, 63, 65, 70,101,108,112, 113,
116,117,131,134
64,67
4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18,
19, 20, 21, 24, 25, 26, 40, 66, 131, 166,170
1, 2, 3, 26, 28, 29, 32, 36, 101, 102, 136
33,35
18,19,20
143,144, 145, 146
155
15, 16, 68, 71, 74,108, 109, 115, 143, 144, 145,
148, 149, 150,152, 154, 155, 156, 162
28,65
26, 125,130,136
7, 12, 15,17
76, 77, 92
5,7, 8,9,12,13,14,15, 16,17, 19, 34, 46, 47, 48,
49, 50, 52, 56, 58, 61, 62, 63,72,73, 89, 96,101,
105, 171
22, 23, 24, 25, 26
110,147,170
143
153,154
109,153,154,159
vi, 109,148,153,155
153, 154, 155
3, 28, 29, 30, 32, 35, 36, 40, 41, 42, 43, 56, 67, 150
28,35
28, 31, 32, 33, 34, 35, 40, 41, 42, 43, 56, 100, 130
35
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disposal vi, 2, 3, 4, 5, 6, 7, 8, 11, 12, 13, 14,15, 16, 17, 18,
19, 21, 30, 37, 61, 64, 65, 66, 67, 68, 70, 76, 124,
125, 126, 127, 130, 134, 143, 144, 145, 146, 157,
170

distribution coefficients 23, 27, 38, 42
dose-area product 156
dosimetry 21, 68, 70, 72, 74, 76, 79, 80, 81, 82, 108, 110, 111,

117, 119, 120, 135,153, 158, 171
DSSNET 153, 154
electrochemical behaviour 61
embryo 137,138, 139, 140, 142
embryonic brain response 140
emergency planning v, 152, 153, 156, 158, 159
emergency preparedness 109, 143, 148,153,154,155, 156,158, 159
enhanced natural radioactivity 124, 126, 130
entrance surface dose 156
ENTRAP 7
environmental impact 3, 36
environmental remediation 11, 108, 130,134
environmental restoration 12, 14, 124,128,129,134,136, 157,159
environmental samples 117, 118, 121, 157
epidemiology 137
e-reflections 145
ERPET - programme 156
ethical choises 109, 143
ethical guidance 144,145
EURIDICE iv, 18, 19, 20
EUROFER97 61,62
FARMING 153, 155
FEBEX 19,20
FLINS 76, 82, 83, 84, 169
fluorimetry 121
food chain 154,155,166
foodstuff samples 117, 118
free release 32, 34, 40, 43
fusion 7,16, 24, 37,46, 47, 59, 61, 62, 64, 65, 66, 67, 68,

70, 71, 72, 73, 74, 79, 83, 96, 99, 100, 101, 102,
103,115,137,138,165,170

fusion reactor materials 46, 61, 96, 103
fuzzy logic 76, 82, 84, 115, 116,169
gamma sensors 72
gamma-ray spectrometry 14,118,119
gene expression 137, 140, 167
geological disposal 3, 4, 5, 6, 7, 8, 12,14, 16, 17, 21, 66, 70, 134, 143,

170
HADES 11, 15, 171
health physics measurements 117, 124
hot-cell 22, 23, 32, 47, 50, 52, 56, 65, 101, 103
human factor 109, 145
hydrogen sensors 100
hydrogeology 11,14
IAEA 2, 14, 16, 20, 36, 41, 42, 43, 47, 56, 58, 59, 67, 83,

84,92,106,108,114,124,125,127,130,133, 145,
152,157,159

ICP/AES 22, 24, 25
ICP/MS 22, 23,24, 25,26
image quality 109, 156,167
information exchange 11, 41, 85, 92, 155

Annexes 173



instrumentation vi, 18, 19, 20, 34, 46, 47, 48, 50, 56, 58, 61, 65, 68,
69,70,72, 74, 75,79, 81, 84, 96, 97, 99,100,103,
104, 105, 117, 118, 157, 163

insulating ceramics 61
insulation materials 70, 71
interactive computer course 152
internal contamination 117,119,120
irradiation assisted stress corrosion cracking (IASCC) 47, 48, 96
irradiation creep 59, 62, 67
irradiation facility 86, 88
Kosovo 108, 121
laser ablation 22, 25, 163
LHMA 22, 23,29, 32,47, 48, 59, 101,171
liability 35, 40, 109,121, 143, 146, 147, 149, 150, 171
liquid scintillators 121
low-level radioactivity measurements 108, 121, 122
management information system 148, 162
maternal exposure 137,139
medical applications 36, 86, 99, 108, 109, 111, 153, 156, 171
MEDOC 33, 34, 35, 36, 39, 40,41
microchemistry 48,49
migration 4, 5, 6, 7, 10,11, 12, 14, 15, 16, 17,19, 24, 25, 26,

49, 89, 121, 129, 133, 157, 165
Monte Carlo 55,79, 80, 84,90, 92,93,104,105,110,156
Monte Carlo calculations 79, 110, 156
multi-barrier concept 146
MYRRHA vi, 46, 68, 72, 74, 75, 76, 79, 80, 84, 85, 86, 87, 88,

89, 90, 91, 92, 93,103,110, 111, 170
natural analogue 4, 14, 16
natural antioxidants 141
near field 5
neutron activation analysis (NAA) 78, 108, 112, 113
neutron dosimetry 76, 81, 108, 110, 111
non-destructive assay 7, 108,114, 115, 117, 119
non-radiological aspects 109, 143,144,145,147
NOR 132
NORM 22, 124, 125,126
nuclear calibrations 117
nuclear fuel 2, 23, 37, 41, 47, 50, 52, 58, 111, 132
nuclear fuel cycle 2,41, 111
nuclear materials accountancy 114
nuclear training 108,152
OMINEX 122
OPHELIE 18, 19, 20, 21
optical communication 68, 74
optical fibres 20, 21, 68, 69, 70, 73, 74, 102
organic material 29, 39
organic matter 5, 8, 9,11, 12, 13, 16
oxide dispersion streghtening (ODS) 61, 62, 63
P&T 92
patient dose 109, 156
performance assessment 4, 5, 6, 7, 11, 12, 14,15, 16, 17, 93, 124, 127, 134,

146
PHEBUS 82
phytoextraction 26, 130, 132, 136
policy support 156,157
post irradiation examination (PIE) 47, 56, 59, 61
PRACLAY 18, 19, 20, 21, 171
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precautionary principle
processing
PROCORAD
proportional counters
PWR

quality assurance (QA)

radiation protection research
radioactive contamination
radioactive waste disposal
radioactive waste safety
radioactively contaminated sites
radiobiology
radiochemical analyses
radidecology
rhizosphere
radiological assessment
radiological impact
radiological optimisation
radiological surveillance
radiology
radium

radon
radon volume trap
radwaste
reactor dosimetry
reactor instrumentation
reactor materials
reactor materials research
reactor physics
reactor pressure vessel steel
reactor safety
REBUS
recycling
reduced activation ferritic-martensitic (RAFM)
rehabilitation
remediation

reprocessing

RESEAL
residual risk
retrievability
reuse
risk governance
RODOS
safeguards
safety

safety assessment
safety culture
SAFIR
SAMEN

144, 146, 147
2, 3, 37, 68, 70, 80, 92, 128, 130, 132, 135
121, 122
121
22, 25, 29, 41, 48, 49, 50, 51, 52, 58, 59, 65, 72,
74, 76, 79, 81, 96, 97, 99, 100, 101, 114, 115
vi, 4, 22, 24, 108, 110, 116, 117, 118,119,121,
122,123,153, 156
vi, 108,157
117, 118, 121, 130
3, 124, 125,127
2
3, 28, 124, 128
137,152
23, 24, 26
124,130, 134
131, 132, 134
153,156
124, 126, 128, 153, 154, 157
108,124
118, 153, 157
109,135,156,157,158,167
5, 6,16,108,124,125,126,127,128,130,132,
134
118, 124,125, 126, 128
126
25, 40, 143, 145,157
76, 79, 80
68, 72, 74
vi, 37, 46, 47, 61, 86, 96, 99, 103
vi, 37, 47
46,76, 78,79, 80, 81, 84, 86,103,171
47, 52,102, 167
vii, 45, 46, 76, 78, 82, 99, 145
76, 77, 84, 170
33, 38, 41, 43, 65, 76, 79, 89
47, 61, 62
3
11,12, 22, 108, 124,125,126,130, 133, 134, 157,
159
12, 16, 22, 23, 24, 25, 27, 32, 37, 40, 41, 42, 56,
57,68,76,97, 101,115,143
5, 12, 13, 15, 17
147
146
32, 33, 97
144
154,155
vi, 76, 83,108, 114,115,116
v, vi, vii, 2, 3, 4, 5, 6, 7, 10,11, 12, 14, 15, 16,18,
20, 30, 31, 33, 36, 38, 41,45, 46, 61, 64, 67, 68,
71, 76, 78, 82, 84, 86, 89, 90, 91, 96, 97, 98, 99,
101, 102, 109, 127, 129, 143, 144, 145, 146, 147,
148,153,156,170,171
4, 6, 7, 10, 64, 127, 144, 170, 171
148
6, 10, 171
153, 155
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SANDS
sensors
site restoration
social sciences
soil-to-plant transfer
space applications
spallation
special nuclear material
spent fuel

standard sources
stress corrosion cracking (SCC)
sub-critical system
summer courses
surveillance capsule
sustainability
sustainable development
themoluminescent materials
thorium
Tokaimura
traceability
training

TRANCOM
transdisciplinarity
transgenerational ethics
transmutation
tritium
ultrasonic viewing
uncertainty

underground research laboratories
VENUS
virtual reality
VISIPLAN
waste conditioning strategies
waste disposal

waste forms
waste management

waste management system
waste minimisation
weapon grade MOX

whole body counting
ZnS counters

38
18, 19, 20, 46, 68, 69, 71, 72, 73, 74, 75, 100, 106
vi, 28, 65, 82,121
109, 143,150,153,157
131, 132, 134, 135
68, 70,72, 79
72, 86, 87, 88, 89, 90, 91, 92
114
2, 4, 7,14, 15, 16,19, 22, 23, 24, 25, 26, 28, 32,
36, 37, 41, 50, 66, 70, 76, 84, 97, 114, 119,170
117,118
47, 48, 49, 50, 58, 59, 61, 62, 72, 73, 96, 101
90
152
55,56
109, 130, 143,145, 150
3,145,150,151
110
22, 23, 24, 25,121
144,147, 148, 151,170
112,119,146
v, 7, 23, 28, 36, 43, 78, 79, 98, 108, 142, 143, 152,
153, 156, 158, 159, 168,169
5,11,12,16
143, 145
109,143,145,146
46, 80, 84, 85, 86, 90, 92, 97, 170
36,37,42,121,165
72
10, 23, 51, 77, 81, 84, 112, 113, 115, 118, 119, 125,
144, 149, 154, 156, 162
4
35, 76, 77, 78, 79, 80, 83, 85, 110, 111, 115
152
30, 36,152
65
3, 4, 5, 12, 18, 61, 65, 68, 124, 125, 127, 130, 143,
144, 145, 146
4,5,7,12,16
2, 3, 6, 7, 14,15, 16, 28, 35, 36, 41, 42, 46, 61, 65,
68,146,149,150,159
2
28,31,32,33,40
22, 23, 24, 26, 32, 52, 59, 76, 77, 78, 79, 80, 84,
85,90,100,101,115,119
118
121
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