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Belgian Nuclear Research Centre

The Belgian Nuclear Research Centre, SCK•CEN, was created in 1952. 
SCK•CEN is a foundation of public utility with a legal status according to 
private law, under the tutorial of the Belgian Federal Minister in charge of 
energy.  About 600 employees realise a turnover of 80 MEUR.
 
The statutory mission gives priority to research on topics of societal concern 
such as safety of nuclear installations, radiation protection, safe treatment 
and disposal of radioactive waste, fight against uncontrolled proliferation of 
fissile materials and education and training.

SCK•CEN's fields of expertise go - literally - from the deep underground to 
outer space. Our research activities are concentrated into the following main 
tracks:

Research is performed to improve the knowledge, understanding and numerical 
simulation of the behaviour of materials under irradiation, and from there on predict 
their performance. The aim is to develop, assess and validate new materials such as 
nuclear fuel, construction materials and radioisotopes to be used in nuclear 
applications. These activities secure SCK•CEN’s expertise and deliver high-quality 
services to nuclear industry.

Nuclear Materials Science

Extensive contributions are made to extend the present Belgian expertise in the field of 
developments related to GEN IV reactor systems and the fusion test reactor ITER in 
France. In co-operation with the industry and international research teams, R&D 
efforts are made to develop and test innovative reactor technologies and 
instrumentation. This will contribute to the construction of an experimental fast 
spectrum installation MYRRHA.

Advanced Nuclear Systems

Next to specialised R&D in the field of a.o. radiobiology and -ecology, environmental 
chemistry, decommissioning, radioactive waste management and disposal, SCK•CEN 
also delivers high-quality measurement services such as radiation dosimetry, 
calibration and spectrometry. Policy support, decision making and research on the 
integration of societal aspects into nuclear research contribute to meet complex 
problems related to radiation protection and energy policy.  

Environment, Health and Safety

Throughout its more than 50 years of research experience in the field of peaceful 
applications of nuclear science and technology, SCK•CEN has also earned a 
reputation as an outstanding centre for education and training (E&T). The E&T 
activities at SCK•CEN cover a. o. reactor physics, reactor operation, reactor 
engineering, radiation protection, decommissioning, waste management and 
emergency planning. Next to courses, SCK•CEN also offers students the possibility to 
perform their research work at its laboratories and research reactors. Final-year 
students and PhD candidates can enter a programme, outlined together with an 
SCK•CEN mentor, and in close collaboration with a university promotor. Docs and 
post-docs are recruited in specialised research domains that reflect the priority 
programmes and R&D topics of our institute. 

Education and Training
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 Main research facilities

One of the most powerful research reactors in the world, BR2 is used for the testing of 
fuels and materials for different reactor types and for the European fusion programme. 
BR2 is also a main instrument for the production of radioisotopes for medical and 
industrial applications and for silicon doping for the electronics industry. 

BR2

BR1 is a 4 MWth graphite-moderated, air-cooled reactor. It is extensively used as a 
neutron source for activation analysis, dosimetry calibration, neutrography and 
reference reactor experiments.

BR1

The VENUS zero-power critical facility allows the detailed analysis of core 
configurations, including MOX and high burn-up fuels. It was intensively used for the 
validation of reactor core configuration and criticality codes. VENUS is being 
converted in preparation of the GUINEVERE project and the study programme for 
MYRRHA, a multipurpose fast spectrum irradiation facility.

VENUS

BR3 was a prototype of the pressurized water reactors (PWR's). It was selected as a 
European pilot project for the optimization of dismantling and decontamination 
techniques and processes, for the realistic assessment of costs, and for developing 
techniques for minimization of secondary waste and minimization of radiation doses to 
the personnel.

BR3

The underground laboratory HADES, at a depth of 225 m, allows the study of clay as 
potential geological host formation for long-lived and high-active nuclear waste. It is 
operated by the Economic Interest Grouping EURIDICE, a collaboration set up 
between NIRAS/ONDRAF (the Belgian radwaste agency) and SCK•CEN. Recently 
this underground laboratory has been substantially expanded in order to perform 
large-scale tests to demonstrate the feasibility and safety of the disposal of heat-
generating nuclear waste. 

HADES

The Laboratory for High and Medium level Activity evaluates the effects of irradiation 
on materials at use in actual and future nuclear installations. A wide variety of 
mechanical, physico-chemical and microstructure research tools are available in and 
out of remotely-operated hot-cells. The laboratory is involved in applied and 
fundamental research supported by mathematical modelling to verify and predict the 
behaviour of the nuclear materials during service life. 

LHMA

SCK•CEN measures and evaluates the internal contamination of employees and 
operators of the nuclear industry and the contamination of the territory and the food 
chain. Its laboratories also support the research reactors and other labs for destructive 
and non-destructive research on highly radioactive materials. These laboratories also 
support the nuclear emergency planning to which SCK•CEN supplies an important 
contribution for the Belgian and European policy.

Nuclear analysis and chemical laboratories

www.sckcen.be
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Institute for 
Nuclear Materials Science

The general objective of NMS is to 
develop and assess new materials 
(i.e. fuels, structural materials and 

radioisotopes) for their suitability in 
nuclear applications. The overall 

approach comprises the experimental 
characterization of the materials 

behaviour when subject to irradiation, 
the improved scientific 

understanding thereof, and its 
implementation in numerical 

simulations that enable the behaviour 
of materials in a nuclear environment 
to be predicted. These activities aim 
both to safeguard our own expertise 

and to offer high added value 
services to the nuclear industry.

Structural Materials
• Assessment of the embrittlement of reactor 

pressure vessel steels
• Testing and analysis of surveillance capsules 
• Evaluation of the embrittlement and the 

stress corrosion cracking resistance of core 
structural materials 

• Fundamental understanding of irradiation 
damage mechanisms

• Mathematical codes predicting the material 
properties and their evolution in nuclear 
environment

Fuel Materials
• Qualification of nuclear fuel for present day 

reactors
• Development and qualification of new fuels 

(MTR, ADS-MYRRHA, GEN IV)
• Fundamental understanding of irradiated fuel 

phenomena through dedicated solid state 
research of actinide based systems

• Integral understanding of irradiated fuel 
phenomena

• Mechanistic thermo-mechanical fuel 
performance code applicable to new fuel 
types

Materials Chemistry
• Radiochemical research to support the 

production of new radioisotopes
• Studies into liquid metal coolant chemistry
• Scientific chemical services to the other 

expert groups
• Four infrastructural tools offering high added 

value services towards internal and external 
clients

Mechanical and Corrosion Analysis
• Mechanical properties of both unirradiated 

and irradiated materials by tensile, impact, 
fracture toughness, fatigue and creep testing, 
both in air and aggressive environments 
(corrosion tests)

• Sample design equipment, including 
reconstitution techniques

Microstructural and Non-destructive 
Analysis
• Hot-cell infrastructure for the non-destructive 

screening of fuel rods
• Fuel refabrication/instrumentation equipment to 

fabricate short rodlets from full-size rods and to 
encapsulate fuel rod remnants for disposal

• Extensive set of microscopes addressing both the 
µ-structure (OM, SEM, TEM, XRD) and µ-
chemistry (SEM-EDX, EPMA, XPS) of materials

Radiochemical Analysis
• Accurate, thorough (radio-)chemical analysis of 

materials from the nuclear fuel cycle
• Analysis of typical nuclear related physico-

chemical material characteristics 
• Support of the BR2 reactor with water control 

analyses
• Support of the research programmes by 

determining the (radio-)chemical composition of 
materials and process liquids

• Infrastructure for chemical sample preparation, 
including laboratories equipped with hot cells, 
gloveboxes and fume cupboards, to support 
experimentation on radioactive samples

Belgian Reactor 2
• Operation of the BR2 research reactor
• Production of radioisotopes for the medical 

industry
• Silicon doping for the electronics industry
• Experimental rigs to test fuels and structural 

materials

Infrastructure Operation
• Mechanical and electrical/electronic 

aspects of all research infrastructures 
within all insitutes

• Nuclear materials flows within the institute 
(transports, accountancy, waste)
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Institute for 
Advanced Nuclear Systems

ANS shall increase the expertise and 
Belgian involvement, both 

technically and economically, in the 
field of fourth generation fission 

reactors and fusion reactors ITER-
DEMO. Based on modelling, 

experimentation and numerical 
simulation, ANS shall produce the 
design for a fast spectrum facility 
with a European dimension at the 

Mol-site (the MYRRHA-project). 
Furthermore, ANS will develop and 

test technologies and 
instrumentation for innovative 
reactors, in collaboration with 

industry and other international 
research groups. The institute shall 

provide services and support to 
industry and nuclear installations on 

a national and international level.

Reactor Modelling & Safety
• Comprising experts in reactor physics, neutronics, 

reactor safety, radiation shielding and thermal-
hydraulics

• RMS provides services in the fields of:
- Neutronic calculation of critical and subcritical 

reactor cores
- Gamma and neutron shielding calculations 
- Thermal-hydraulics calculations for reactor 

safety evaluations
• RMS carries out the development and 

maintenance of neutronic codes

Research Reactor Operation
• Comprising nuclear reactor engineers, nuclear 

reactor operators and technicians
• Safe operation of the BR1 and VENUS 

research reactors
• Maintenance and modifications of the 

installations, particularly in the framework of 
the GUINEVERE project

Reactor Technology Design
• Comprising project engineers with expertise 

in the fields of mechanical, electrical, 
nuclear and chemical engineering

• Conceive, design, fabricate and test 
experimental devices for large research 
reactors, particularly BR2

Reactor & Nuclear Measurements
• Comprising physicists, engineers and highly 

qualified technicians with expertise in preparing 
and performing experiments in the field of 
nuclear measurements and nuclear dosimetry 

• Nuclear measurements, based on gamma 
spectroscopy and neutron measurements, on 
environmental samples, samples activated in 
the BR1 reactor and waste drums 

• Experimental programmes at research reactors 
such as BR1 and VENUS

Advanced Reactor Instrumentation
• Comprising physicists, engineers and highly 

qualified technicians with expertise in the fields 
of advanced instrumentation for application in 
fission and fusion reactors

• Development and characterization of advanced 
instrumentation (optical fibre sensors, neutron 
detectors, ultrasonic sensors, LIDAR). Attention 
will be focussed on the specific conditions of 
mixed radiation fields e.g. neutron-gamma 
generated by fission or fusion

• Development of large components for ITER-
DEMO 

Reactor Technology Research
• Comprising physicists, engineers and highly 

qualified technicians with expertise in the 
fields of nuclear physics, thermal-hydraulics 
and electronics

• R&D support for the development of the fast 
spectrum facility MYRRHA and the 
construction of new experimental devices

Drawing & Engineering Office
• Comprising design engineers and technical 

draughtsmen with expertise in mechanical, 
electro-mechanical, thermal and nuclear 
engineering, and design codes such as ASME

• Technical assistance during the design of new 
items and production of detailed drawing of 
the new designs 
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Institute for 
Environment, Health and Safety

EHS evaluates radiological effects 
on our health and the environment 
and studies the behaviour and the 
impact of radioactive materials in 
air, biosphere and geosphere by 

means of modelling and 
experiments. Radiation protection, 
decommissioning and waste and 
disposal are the main pillars. EHS 

also pays attention to services, 
safeguards and policy support, and 
examines the integration of social 

and ethical aspects in nuclear 
applications.

Molecular and Cellular Biology
• Study effects of low radiation exposure at cellular 

and molecular level to determine effects on 
health

• Emphasis on the influence of radiation on the 
developing organism and on biological effects of 
medical use of ionizing radiation and radioactive 
substances

• Epidemiological follow-up of nuclear workers and 
population living in vicinity of nuclear installation

• Contribution to ESA space programme by 
studying biological effects of space conditions on 
man and bacteria and on sustainability of life 
support systems

• Scientific underbuilding of legislation in the 
domain of radiation protection

Radiological Impact and Performance 
Assessments
• Study of behaviour of radioactive pollutants in 

geosphere, biosphere and air
• Integrated performance and safety assessment of 

radioactive waste repositories, e.g. as service to 
NIRAS/ONDRAF

• Impact assessment of radiological substances on 
man and environment and evaluation of options 
to influence impact

Society and Policy Support
• Research in decision support to contribute to 

transparency of decision making
• Emergency planning and management of 

emergency situations 
• Societal aspects of nuclear technology with 

emphasis on involvement of the population in the 
decision making and acceptability

• Services in frame of governmental radiological 
surveillance programme 

• Support of the government as expertise centre for 
Safeguards

• Services to the Federal Agency for Nuclear 
Control (FANC/AFNC) and the Federal Ministry of 
Internal Affairs 

Waste and Disposal
• Development and evaluation of solutions for 

a safe, acceptable and sustainable 
management of radioactive waste 

• Evaluation of radioactive waste streams 
that could be generated in future nuclear 
fuel cycles

• Close cooperation with the Belgian waste 
agency NIRAS/ONDRAF 

Radiation Protection Dosimetry and 
Calibration
• Research and services on gamma, X-ray and 

neutron personal (internal and external) 
dosimetry and on environmental dosimetry 

• Optimisation studies for individual doses in the 
medical sector

• Research in close cooperation with 
FANC/AFNC and the Superior Health Council

• Calibrations for internal and external clients 
according to strict QA procedures 

Low Radioactivity Measurements
• Services for  clients for 

surveillance of their personnel and environment
• Expertise in analysis of biological samples and 

environmental samples for alpha and bèta and 
very low gamma activity

• Use and development of chemical methods to 
achieve very low detection limits 

• Use of accredited methods

internal and external

EIG EURIDICE
Economic interest grouping between 
SCK•CEN and NIRAS/ONDRAF for the 
exploitation and further development of the 
HADES underground research facility and 
the performance of demonstration projects. 
• PRACLAY demonstration project for 

geological disposal of heat emitting vitrified 
waste

• Valorisation of installations and know-how 
through research projects and experiments 

• Communication about its activities

Decommissioning & Decontamination
• Internationally recognized expertise in 

decontamination and decommissioning of 
the obsolete nuclear installations of 
SCK•CEN, e.g. the BR3 reactor

• Tools for material management and ALARA 
for optimisation of the D&D tasks

• Development of chemical processes for the 
decontamination of installations and 
materials

• Valorisation of its know-how, in association 
with large industrial partners, by taking part 
in large commercial decommissioning 
projects

Management of Waste and Technical Liabilities
• Management of the nuclear waste and technical liabilities of SCK•CEN
• Book keeping of fissionable material
• Develoment of chemical processes for the treatment of special nuclear wastes
• Support of projects and installations in relation to their radioactive waste issues
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Gamma activity in Bq/g
Maltene effluent number Co-60 Cs-137 Am-241 Eu-154 

1b 18 1308 81 7,1
2b 4 213 15 <1,3
3b 7 410 29 2,7
4b 5 189 15 1,6

 
 

LABORATORY TESTING OF A ROOM TEMPERATURE SEPARATION 

TECHNIQUE AS PART OF A METHOD FOR THE RECONDITIONING OF 

BITUMINISED WASTE

 
Background 
Whereas in many countries the reference concept for the long-term management of intermediate-level 
bituminised radioactive waste is final disposal in a deep underground repository in a stable geological 
formation, the international interest in alternative solutions is growing. At SCK•CEN, a research project has 
been finalised on the possible alternatives to re-treat so-called 'homogeneous' bituminised waste such as 
Eurobitum. Eurobitum waste contains mixtures of nuclear fuel decladding slurries and waste concentrates 
from EUROCHEMIC, the former European research reactor fuel processing factory at Dessel, Belgium. It 
contains about 30% of NaNO3. The waste is mixed with blown bitumen (type R85/40) in a 40:60 ratio. This 
type of bitumen contains about 80% of maltenes and 20% of asphaltenes. 
 
One way to re-treat this type of waste would be plasma-incineration. Preliminary results showed that a very 
stable final vitrified waste can be obtained comparable to the stability of R7-T7 reference waste glass, and 
that the waste volume would be reduced to 75% of the original volume. The major disadvantages of this re-
treatment technique is the high-tech and 
high cost plasma installation needed and 
the safety aspects related to the higher 
radioactivity content of this waste type.  
 
The technique proposed in this paper is 
based on the dissolution of the bitumen 
in an organic solvent and the 
subsequent extraction of nitrates in 
water leading to the separation of (1) an 
organic effluent containing the maltenes, 
(2) an aqueous effluent containing the 
nitrates and (3) the final waste 
containing the asphaltene fraction and 
water insoluble salts including most of 
the radionuclides. This separation 
scheme together with the possible 
treatment of the secondary effluents is 
visualised on the right.  
 
Objectives 
This paper describes the lab-scale results of a room temperature separation technique applied to real 
radioactive Eurobitum samples, sampled from a drum that was produced in 1981.  
 
Principal results 
We applied the separation technique described in the main reference. The maltenes and water soluble salts 
are separated from the Eurobitum successively. The maltenes can be easily removed from Eurobitum taking 
into account the difference in solubility between the maltenes and the asphaltenes using organic solvents 
with a flash point above 60°C. Once the maltenes are removed from the Eurobitum waste, the water soluble 
salts can be removed using water. By performing the separations in this order, the best separation results 
are obtained without risk of emulsification. This resulted in 3 waste fractions (A, B and C on the scheme 
above). Mass balance checks were not performed with the radioactive samples but this was done with non-
radioactive simulates (in main reference), with satisfactory results.   
 
Fraction A is an 
organic solvent 
mixture containing the 
maltenes with a flash 
point above 60°C. 
Four tests with 
different solvent 
compositions have 
been performed. The results are in the table above and below. The uncertainty on the analytical results is 
30%. Experiments 2, 3 and 4 show that the alpha and gamma activities are below the limits of the operating 

C. Asphaltenes + insoluble salt
B. Dissolved salt

Eurobitum

A. Dissolved maltenes

Incinerable wasteIncinerable
waste

Towards nitrate destruction
Final waste (?)

C. Asphaltenes + insoluble saltC. Asphaltenes + insoluble salt
B. Dissolved saltB. Dissolved salt

EurobitumEurobitum

A. Dissolved maltenesA. Dissolved maltenes

Incinerable wasteIncinerable
waste

Incinerable wasteIncinerable
waste

Towards nitrate destructionTowards nitrate destruction
Final waste (?)Final waste (?)

Room temperature separation technique applied to Eurobitum. An 
organic (A) and an aqueous (B) fraction could be further treated at 
Belgoprocess, whereas the fraction C is the final stable waste to be 

pressed and placed in a drum for final storage 

γ activity of the organic effluent A  
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licences of CILVA at Belgoprocess. The amount of this effluent produced would be between 8 and 24 g per 
gram Eurobitum re-treated. Purification prior to incineration could be optimised. 
 

Alfa activity in Bq/mL
Maltene effluent  number Pu-239+Pu-240 Pu-238+Am-241 Cm-243+Cm-244 

1b 15 80 2
2b 6 23 0
3b 6 31 1
4b 6 25 1  
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Fraction B, the aqueous effluent, has also been analysed (table below). These effluents contain high 
concentrations of NaNO3, but the activities of Co-60 and Cs-137 are acceptable under current water 
purification exploitation licenses if small amounts (some tens of m3) would be produced, and the alpha 
activity is below the detection limits. Per gram of Eurobitum re-treated, about 24 grams of water are used. If 
large amounts of Eurobitum were to be retreated, this aqueous effluent should be purified prior to the normal 
aqueous waste re-treatment methods. In any case, a nitrate destruction method should be applied to convert 
the nitrate into N2. Various reviews on nitrate destruction applied to radioactive waste are available in 
international literature. These could serve as a basis to select and test the most appropriate technique. 

α activity of the organic effluents(A) 

 
Gamma activity in Bq/g Alfa activity in Bq/g

Aqueous effluent nr. Co-60 (Bq/g ) Cs-137 (Bq/g) Aqueous effluent nr. total alfa
1a 138 17,3 1a < 0.4
2a 100 31,1 2a < 0.2
3a 59,2 15,1 3a < 0.5
4a 132 17,3 4a < 0.3  

 
Activity of the aqueous effluents (B) 

 
Fraction C contains the asphaltenes and the insoluble salts. Fraction C represents 30% of the original mass 
of Eurobitum waste and can be easily pressed. Several lab tests simulating an industrial 2000-ton press 
showed that the volume of the waste was reduced with a factor 4 (without taking into account the emptied 
drums and the re-treatment installation). Due to some practical reasons, only one preliminary standard leach 
test has been performed, and therefore, only the order of magnitude of the result is relevant. The leach 
velocity of the final pressed waste is (only) about a factor 10 higher than the R7-T7 reference waste glass. 
 
The results are generally in line with the expectations based on the experiments with non-radioactive 
Eurobitum simulates. Differences can be explained by the different compositions and synthesis methods of 
real Eurobitum samples and non-radioactive simulates.  
 
The fractionation of the waste at room temperature prior to final waste re-treatment enhances the safety of 
the complete re-treatment. In this way, the maltenes can be safely incinerated, free from large amounts of 
inorganic substances and with reduced radioactivity. Also the separation of the nitrate salts into a α-poor 
aqueous fraction enhances the safety of the nitrate destruction. Furthermore, the final waste is almost free of 
leachable compounds, and is made of an asphaltene matrix containing the final radioactive waste. It has 
been shown in literature that the asphaltenes have affinity to complexate ionic substances. Furthermore, 
their poly-aromatic structure and high C:H ratio makes them quite resistant to radiolysis. Therefore, it is 
expected that the asphaltenes would serve as a good matrix for final disposal. 
 
Future work  
The robustness of the technique could be tested using other types of bituminised waste, such as other 
Eurobitum batches, or bituminised waste from France (AREVA - COGEMA) or Japan (JAEA). Other topics to 
be studied are the coupling with the existing radioactive effluent treatment methods, the selection and testing 
of a nitrate destruction technique, the gradual up-scaling, the nuclearisation, the secondary waste, the 
eventual re-use of the steel drums, a detailed and complete cost estimation, the public acceptance and 
comparison with other options. 
 
Main contact person 
Nathalie Impens, nathalie.impens@sckcen.be 
 
Main reference 
N. Impens, J. Van Laer, L. Vos, A. Leenaers, A. Fonteyne, P. Thomas, P. Van Bree, S. Dekelver, R. 
Vandevoorde, “Energy and Fuels”, 2005, 19, 1235-1244 

mailto:nathalie.impens@sckcen.be


   

www.sckcen.be   Operational Office: Boeretang 200, BE-2400 MOL – Scientific Report 2007 

 
 

 
TEM STUDY OF HIGHLY IRRADIATED BERYLLIUM 

ANNEALED AT 500-900 °C

 
Background 
In the design of a thermonuclear fusion reactor, beryllium is a candidate material for constructing the plasma 
facing material and the neutron multiplier.  Hereto, the behaviour of this material under high neutron fluences 
and high temperatures is being investigated.  The production and diffusion of gases like helium and tritium is 
an important issue as high quantities of these gases are produced as a result of neutron irradiation 
 
Objectives 
The second matrix of the Materials Testing Reactor BR2 made of S-200-E grade beryllium, has been 
irradiated at around 50 °C for 15 years up to a fast neutron fluence (>1MeV) of 4.67×1022 n/cm² and was 
replaced in 1995.  In this period about 2.2 % He was produced which is comparable to the amount of He 
expected in a typical Be fusion reactor at the end of its life.  Specimens from this matrix were annealed at 
temperatures of 500, 750, 825 and 900 °C.  In a previous study, the influence of the annealing temperature 
and time on the He content and the microstructure was investigated with optical and scanning electron 
microscopy.  To complement the observations made, transmission electron microscopy measurements on 
the same set of specimens were conducted to determine the helium behaviour at nanometer scale. 
 
Principal results 
Before annealing, the irradiated material shows a large number of irradiation induced dislocation loops but 
no helium bubbles.  The average loop size is 15 nm and the loop density equals 4×1021/m³.  There is a large 
amount of stress present in these specimens, which shows up as a stray contrast in the TEM images as in 
figure 1a.  This stress is induced by the presence of small helium clusters which are invisible in TEM. 
 

a)

  

b)

  
Figure 1: a) Dark field image showing the large amount of stress in the as-irradiated specimen. 
b) The helium bubbles formed after annealing at 500°C.  The inset shows an enlarged image of the unit cell 
of the beryllium lattice. 
 
After anneals at temperatures of 500 and 750 °C, a large amount of bubbles with a hexagonal prism shape is 
observed in the interior of the Be grains (see figure 1b).  The bubbles are coherent with the beryllium lattice, 
meaning that they are oriented parallel to the unit cell of the surrounding beryllium.  The average edge 
lengths are 8.6 nm in the basal plane and 12.3 nm in the c-direction.  They are comparable for both 
annealing temperatures and an increase of the annealing time does not have a significant effect on the 
bubble size.  The area close to the grain boundary, as shown in figure 2a, is found to be defect free, except 
for some <a> type line dislocations which are also found in the un-irradiated material.  The irradiation 
induced defects are annealed out of the specimen at these temperatures.   
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a)

  

b)

  
Figure 2. a) Bubble free zone close to the grain boundary in the specimen annealed at 500°C.  b) The defect 
structure of the specimen annealed at 825°C. 
 
Annealing at 825 and 900 °C results in the removal of virtually all small 4He bubbles observed in the grain 
interior (see figure 2b).  Only the line dislocations, also present in the specimen before irradiation, are 
observed.  The majority of the dislocations are <a>-type, but a small amount of <c>-type dislocations were 
observed as well.   
 
Regarding the helium mobility, the experiments show that at 500 °C the 4He atoms as well as the radiation 
induced vacancies are sufficiently mobile to create bubbles.  Small faceted bubbles are formed, which are 
still sessile themselves.  The mobility of the gas atoms increases with higher temperature and the saturation 
of the swelling at 750 °C suggest that all 4He is present in bubbles.  The small faceted bubbles are mobile 
above 825 °C and contribute to the further growing of the large grain boundary bubbles, but this does not 
induce a further significant swelling of the beryllium. 
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TEM INVESTIGATION OF IRRADIATED U-7 WT% MO 

DISPERSION FUEL

 
Background 
In the FUTURE experiment, fuel plates containing U-7wt% Mo atomized powder were irradiated in the BR2 
reactor.  At a burn-up of approximately 33% 235U (6.5% FIMA or 1.41×1021 fissions/cm³ meat), the fuel 
plates showed an important deformation and the irradiation was stopped. The plates were submitted to 
detailed PIE at the Laboratory for High and Medium level Activity. The results of these examinations were 
reported in the scientific report of last year and published in open literature.   
Since then, the microstructural aspects of the FUTURE fuel were studied in more detail using transmission 
electron microscopy (TEM), in an attempt to understand the nature of the interaction phase and the fission 
gas behavior in the atomized U(Mo) fuel. 
 
Objectives 
The FUTURE experiment is regarded as the definitive proof that the classical atomized U(Mo) dispersion 
fuel is not stable under irradiation, at least in the conditions required for normal operation of plate-type fuel. 
The main cause for the instability was identified to be the irradiation behavior of the U(Mo)-Al interaction 
phase which is formed between the U(Mo) particles and the pure aluminum matrix during irradiation.  It is 
assumed to become amorphous under irradiation and as such cannot retain the fission gas in stable 
bubbles.  As a consequence, gas filled voids are generated between the interaction layer and the matrix, 
resulting in fuel plate pillowing and failure. 
The objective of the TEM investigation was the confirmation of this assumption of the amorphisation of the 
interaction phase.  A deeper understanding of the actual nature of this layer and the fission gas behaviour 
in these fuels in general can allow a more oriented search for a solution to the fuel failures.  
 
Principal results 
Analysis of the interaction phase between the atomized particles and the matrix shows that it has a 
completely featureless character (Figure 1a) and is fully amorphous, as seen by its diffraction pattern 
(Figure 1b). The amorphous interaction phase is not a good host for the bubble superlattice and the 
progressing reaction between the pure Al and the U(Mo) will lead to the coalescence of the stored gas into 
large porosities. The additionally injected fission gas will have a high mobility in the glassy interaction 
product and will migrate towards the porosities, causing further swelling. 
 

     
Figure 1: a) Dark field image of the interaction layer with b) the diffraction pattern, demonstrating its fully amorphous 

character. 
 
A typical dark field image of a U(Mo) grain and its corresponding diffraction pattern are shown in Figure 2.  
Although the U(Mo) is very clearly crystalline and has a single orientation, as seen from the diffraction 
pattern, the dark field images contain a lot of grainy contrast.  The diffraction pattern (Figure 2c) also shows 
reflection rings belonging to the UO2 structure in addition to the sharp reflections of the γ-U structure of the 
U(Mo) phase.  This indicates that the material has oxidized by exposure to the electrolyte and the open 
atmosphere. 
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Figure 2 : Dark field images and the corresponding diffraction pattern of a transparent region in the U(Mo) fuel, taken 
using a) a (110) U(Mo) reflection and b) with part of the UO2 diffraction ring as indicated by the white circles in the 

diffraction pattern in c). 
 

When observed more in detail and at higher magnification in bright field, the U(Mo) cells show a lattice of 
regularly spaced bubbles or voids, which is particularly well visible at slightly under-focus conditions (Figure 
3a).  The bubbles or voids have a size of around 2 nm and a spacing of roughly 6-7 nm. The orientation of 
the superlattice is coherent with the U(Mo) lattice orientation, which was checked by observation of the 
superstructure reflection satellites close to the U(Mo) reflections in the diffraction pattern (see inset of 
Figure 3b). 
 

     

Figure 3 : a) Bright field image of the bubble superlattice found in the U(Mo) particles. b) Corresponding diffraction 
pattern, where the inset shows an enlarged image of the (222) reflection from the [-211] zone indicated by the square.  
c) Observation of the bubble superlattice in an adjacent grain at the same position.  Here, the orientation is such that 

individual bubbles can be more clearly observed. 
 
Formation of such gas bubble superlattices has been observed in many metals after implantation with He 
gas (see publications by P.B. Johnson) at temperatures below 0.2 Tm where Tm is the melting temperature 
of the metal.  In view of the irradiation temperature of ~150°C, the conditions for formation of these lattices 
are fulfilled. 
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FUEL RESEARCH FOR SUBCRITICAL AND CRITICAL GEN-IV 

SYSTEMS COOLED BY HEAVY LIQUID METAL

  
Background  
The participation of SCK•CEN in the worldwide GEN-IV research can be considered as an opportunity. 
Today's GEN-IV research at SCK•CEN is mainly driven by the interests of the project MYRRHA 
(Multipurpose hYbrid Research Reactor for High-tech Applications). The main goal of this project is to build 
at SCK•CEN in Mol a new generation fast spectrum, subcritical, research and materials testing reactor 
MYRRHA driven by a high-energy proton accelerator. This GEN-IV MTR is cooled by heavy liquid metal (Pb-
Bi) and will be used for the ADS concept demonstration, testing and qualification of new fuels, transmutation 
targets and innovative materials. On the European scale, MYRRHA is integrated in the Euratom FP6 
Integrated Project (IP) EUROTRANS (EUROpean research programme for TRANSmutation of high level 
nuclear waste in an accelerator driven system), as the small-scale experimental machine for transmutation 
demonstration called XT-ADS. Last but not least, this experimental facility will also demonstrate the 
technological feasibility of the LFR (Lead-cooled Fast Reactor) GEN-IV concept; in EU the LFR design 
studies are performed in the framework of the Euratom FP6 ELSY (European Lead-cooled SYstem) project, 
where SCK•CEN is a partner. 
Among the research needed to ensure a safe and reliable operation of the MYRRHA/XT ADS reactor, the 
development and qualification of fuel and cladding materials have been recognized as one of the main key 
issues to be addressed. 
 
Objectives 
The fuel research domain of GEN-IV as a whole is obviously too vast for SCK•CEN, and priorities have to be 
defined. Four scopes were identified in the GEN-IV fuel R&D that could be covered by the Institute for 
Nuclear Materials Science: 
1. Research and conceptual design of demonstration experiments ("proof-of-principle") for MYRRHA/XT 

ADS driver fuel; 
2. The MYRRHA/XT ADS driver fuel development, fabrication, qualification and licensing; 
3. Research on advanced fuels and targets dedicated to the transmutation of the minor actinides (MA) in 

MYRRHA /XT and other ADS and in the GEN-IV reactors; 
4. GEN-IV fuel research in a broader context (LFR, SFR, GFR, …). 

 
R&D for the MYRRHA/XT ADS driver fuel demonstration and development (items 1 and 2) are of the highest 
priority. Highly enriched PuO2/UO2 MOX (30-35 wt% of RG Pu in HM) as the fuel and the cladding made of 
advanced ferrite-martensitic steel (FMS) T91mod and austenitic stainless-steel (ASS) AIM1 are proposed to 
use for the fuel element fabrication. In spite of a large database existing in USA, France and Japan on 
qualification of the fuel rods with the highly enriched MOX and claddings made of ASS, 316SS, D9, AIM1 
and of FMS HT-9, EM10 in the typical environment of a fast reactor cooled by liquid sodium up to burnup of 
140-200 MWd/kg-HM, the compatibility of the system "MOX-T91mod/AIM1-PbBi" has still to be tested under 
conditions (temperature range, neutron flux, spectrum and doses) representative for MYRRHA/XT ADS.   
The second priority concerns the special fuel dedicated to the MA transmutation in the GEN-IV reactors 
(including ADS) (item 3). The main goal here is to collect and develop the database of properties and models 
for these dedicated fuels, to design fuel elements for future GEN-IV transmuters and to simulate their 
performances. These studies are mainly performed in the frameworks of the Euratom FP6 IP EUROTRANS, 
ACTINET Network, OECD/NEA international programmes and are considered as underlying long-term 
research. Studies in item 4 are performed only if they are useful for items 1-3, as it is in the case of the 
Euratom FP6 Project ELSY.   
 
Principal results 
The conceptual design of the MYRRHA first core, completed in 2004, was significantly updated. A detailed 
design is under way now. A large part of this work is performed in the framework of the FP6 IP EUROTRANS, 
which is progressing accordingly and has to be completed in 2009. A large volume of research was 
performed for the preparation of the properties database for MOX fuel, cladding materials and Pb-Bi(e) 
coolant, for the completing of the preliminary design of the MYRRHA/XT ADS fuel rod, fuel assembly and 
core, for the development/updating of the relevant fuel performance codes, and for the preliminary 
formulation of the fuel fabrication specifications and of a program for fuel demonstration. (A part of the 
MYRRHA properties database was included in the OECD/NEA "Handbook on Lead-bismuth Eutectic Alloy 
and Lead Properties, Materials Compatibility, Thermal Hydraulics and Technologies"). 
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The developed database was installed in the modified at SCK•CEN fuel performance code FEMAXI used for 
preliminary modelling of the MYRRHA/XT ADS driver fuel and in the SCK•CEN code MACROS devoted to 
the detailed analysis of the long-term behaviour of mixed actinide oxide fuel (MOX and inert matrix fuel 
containing MA). Safety analysis of the fuel elements behaviour under ULOF (Unprotected Loss-Of-Flow) and 
UTOP (Unprotected Transient of Over-Power) design extended conditions was also performed. The 
preliminary design of the driver fuel elements of the MYRRHA/XT ADS, proposed on the early stage of the 
project, has been significantly improved on the basis of the results obtained in the modelling. The acquired 
experience and knowledge was also used in the fuel pre-design for ELSY GEN-IV reactor.  
 
Fuel elements with the uranium free inert matrix (MgO and Mo) fuels containing MA were also designed and 
modelled to study their behaviour and efficiency of MA burning in MYRRHA/XT ADS and in EFIT (European 
Facility for Industrial scale Transmutation). The last is performed in the framework of the IP EUROTRANS.  
 
Future developments 
The work on the MYRRHA/XT-ADS driver fuel development and licensing is still at the beginning. The first 
steps were taken in this direction in 2002-2004 (Contract with BN, Contacts with Russian research centers 
and BOR-60, creating MAF task force to start preparation of documents for licensing). However, financial 
and man-power limitations did not allow at this time to advance substantially in this direction. The following 
actions, related to the detailed design, driver fuel development and licensing, should be lunched very soon:
  
 Analysis of the problems of the development and fabrication of the driver fuel for the MYRRHA/XT ADS; 
 The development of the specifications for the driver fuel rod production; 
 The development of the R&D programme for the demonstration and qualification of the driver fuel pin 

and a fuel assembly; 
 The preliminary analysis of licensing problems of the MYRRHA XT-ADS; 
 Updating and issue of the fast spectrum version of the MACROS code capable to deal with the highly 

enriched MOX and IMF (CERCER and CERMET) containing a large amount of MA; 
 Mechanistic modelling of high-burnup effects and individual processes in the MOX and innovative fuels. 
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THE EFFECT OF IRRADIATION-INDUCED DAMAGE ON THE 

HARDENING-EMBRITTLEMENT OF RPV-STEELS

 
Background 
For the safe operation of the NPPS (Nuclear Power Plants), the materials used for the reactors Reactor 
Pressure Vessel (RPV) steels need to be tested on regular basis as they are prone to embrittlement due to 
neutron irradiation. The study of defect formation under neutron irradiation and their stability is of paramount 
importance for the understanding of radiation damage of these materials. To extend the lifetime of the NPPS, 
there is an urgent need for predictive models based simultaneously on experiments and computer simulation.  
Nowadays, the progress achieved in advanced experimental techniques such as e.g. TEM (Transmission 
Electron Microscopy), PAS (Positron Annihilation Spectroscopy), TAP (Tomographic Atom Probe) and SANS 
(Small Angle Neutron Scattering) enables a detailed investigation of the nano-features induced by irradiation 
in RPV steels, in addition to the conventional mechanical tests in order to correlate the microstructure 
changes with the mechanical performance of the RPV steels. This work has been performed within the FP6-
PERFECT project aiming at building predictive theoretical tools for the behaviour of reactor components. 
 
Objectives 
The main aim of this work is to analyse in a quantitative manner, the nano/microscopic features induced by 
irradiation under very controlled conditions in well-defined materials. Thus, starting from electrolytic iron, 
seven different materials were made, covering different model alloys in growing chemical complexity, i.e. 
pure Fe, Fe-C, Fe-0.1%Cu, Fe-0.3%Cu, Fe-Mn-Ni, Fe-Mn-Ni-Cu and French RPV-steel. They were prepared 
using argon-arc melting and zone refinement methods. After, an appropriate heat treatment, the materials 
have been irradiated in the materials testing reactor BR2 at SCK•CEN to a dose of about 0.2 dpa 
(corresponding to about 60 years of effective operation of a PWR).  
Tensile properties have been performed, at room temperature, with a strain rate of about 2 10-4/s. The 
positron lifetime measurements were performed using the same procedure described elsewhere [3]. 
Transmission Electron Microscope using a JEOL, model JEM-2010 of 200 keV and LaB6 filament, has been 
carried out at CIEMAT (Spain). Data from TAP analysis are used to reconstruct the atomic-scale chemical 
microstructure of a material in three dimensions at CNRS-Rouen (France). This method allows the detection 
of clustering of few atoms although only small volumes are accessible (few thousand of nm3). Thus features 
with a number density of which is less than 1022 m-3 can not be detected. 
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The number density and mean size 
of the defects for all materials, using 
four different techniques. 
 
 
 

The SANS experiments (using the same samples as PAS) were 
performed by SCK•CEN at the SINQ facility of PSI as well as at 
LBL of Saclay, at a wavelength of 0.50 nm with a sample-
detector distance of 2 m.  The range of the magnitude of the 
scattering vector, Q, from 0.3 nm-1 to 2.7 nm-1 was covered.  The 
samples were placed in a saturation magnetic field.  For the 
analysis including corrections related to both sample holder and 
detector, absolute calibrations as well as separation of magnetic 
and nuclear contributions of SANS data were performed. In this 
report, the results obtained from the PAS-, TEM-, TAP- and 
SANS- investigations [1] are compared and discussed, in relation 
with the irradiation induced hardening data obtained from the 
same samples [2]. 
 
Principal results 
In this report and for briefness only the results obtained after 
irradiation to 0.1 dpa are described. Using all the above 
mentioned techniques, the number density and the mean size of 
the observed/detected defects have been determined and are 
reported in the figure. As it has been demonstrated earlier, the 
vacancies are clustering together shown with some alloying 
elements [2].  Nevertheless, the size, obtained from the lifetime 
measurement with PAS depends on the amount of vacancies 
only.  These "mixed" clusters should therefore be much bigger 
than estimated from PAS-results.  With positrons it is however 
possible to see all kind of defects containing vacancies.  Even a 
few vacancies pinned by foreign elements are detectable. 
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The mean sizes observed by TAP are a bit smaller than those deduced from SANS analysis, while the 
number density is a little lower with the latter. This can be explained by the fact that very small defects were 
not detected by SANS. The results of TEM do not correspond to the same kind of defects.  While the other 
techniques detect precipitates and vacancy-clusters, TEM is able to evidence interstitial- and vacancy-loops, 
but it is not capable of detecting defects/loops with sizes less than 2 nm. 
To estimate the irradiation induced hardening of the same materials using the data obtained from the 
microstructural analysis above, a simple approach such as the Orowan one can be used, as expressed by 
the equation below: 

 NdMGbασ =Δ  [1] 
Here M is the Taylor factor (equal to 3.06), G is the shear modulus (71.8 GPa) and b is the Burgers vector 
(0.249 nm). N and d are respectively the number density of defects and their mean size, that are obtained 
experimentally.  The obstacle strength is given by the constant α.  This value can vary between zero and 
one, and it is strongly dependent on the type of defect. 
In all the alloys, the hardening-contribution due to the loops has been calculated using the TEM-results in 
equation 1.  The different kind of defect in these alloys, observed by PAS has been explained in details in [2].  
For pure iron, next to loops, only nanovoids have been observed.  The contribution to the hardening of the 
voids has been calculated taking into account the results of PAS.  The total hardening is given by the root of 
the square sum of the two contributions.  For the Fe-Cu alloys, it has been demonstrated that the vacancies 
and copper are clustering together [4].  The size of these vacancy-copper clusters is given by the TAP-results 
and the number density is given by the PAS-results.  For the total hardening, the root of the square sum of 
the two contributions is used once more.  For the alloys containing nickel and manganese some precipitates 
are formed, but next to this also some of the vacancies are trapped by foreign elements, outside the clusters.  
These very small defects have also a low contribution to the hardening.  For the precipitates the TAP-results 
are used, while for the very small alloying-element-vacancy defects the number density is given by the 
difference between the PAS and the TAP, and the mean size is given by PAS.  The contribution of these very 
weak obstacles is a simple additional hardening to the root of the square root of the other two contributions. 
The hardening-contribution of the different defects are given on 
the figure on the right and calculated by following equations: 
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This analysis yields to the fact that the SIA-loops are the 
strongest obstacles inside the investigated alloys, but their 
influence on the hardening is limited due to their low density.  
Due to the small size of the precipitates, they behave as rather 
weak obstacles.  Nevertheless they are the main hardening 
features.  The vacancy-type of clusters has a negligible 
contribution to the hardening, due to their small size. 
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Future work 
It can be concluded that the combination of four techniques leads to a complete description of the defects 
inside materials.  The TEM-results informs about the SIA-loops created during irradiation.  A combination of 
PAS and TAP leads to a full understanding of the irradiation-induced voids and precipitates in the alloys.  
While SANS is used as confirmation technique for TEM and PAS findings. Within future work the values 
obtained by the advanced experimental techniques will be used as input for a more realistic theoretical model 
that is being developed within PERFECT-framework in order to validate the model and extract the exact 
pinning force associated with each type of nano-feature observed. 
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EFFECT OF STACKING FAULT ENERGY ON THE NEUTRON RADIATION 

INDUCED DEFECT ACCUMULATION IN STAINLESS STEELS

 
Background 
Current knowledge highlights the radiation induced segregation (RIS) [1] and the radiation hardening [2] as 
the two main effects on irradiation assisted stress corrosion cracking (IASCC). Stacking fault energy is 
considered as a key parameter of materials, which can influence IASCC of stainless steels in nuclear light 
water reactor (LWR), because it plays an important role in every process of plastic deformation, work 
hardening and creep behaviour [3]. The study of the impact of SFE variations on the plastic deformation and 
SCC behaviour of irradiated and unirradiated austenitic steels will contribute to the understanding of IASCC 
mechanism. 
 
Objectives 
The objectives of this work, as a task within the FP6-European Project PERFECT, are to investigate the 
influence of the SFE on IASCC susceptibility of stainless steels, to correlation n-irradiation induced defect 
production, accumulation and mechanical deformation behaviour with SFE by using the state of the art 
experimental tools such as transmission electron microscope (TEM), positron annihilation spectroscopy 
(PAS), slow strain rate tests (SSRT) in simulated LWR conditions. 
 
Principal results 
Detailed results are given in 3 SCK•CEN reports [4-6]. 
 
Materials  
3 model alloys named Ref SFE, LSFE and HSFE have been fabricated, cold rolled and then thermally 
annealed at high temperature in order to ensure full austenisation. Their compositions and experimental 
determined SFEs are listed in following table. 
 

Alloy C N Mn Ni Cr Si S P SFE ( mJ/m2) 

Ref 0.04 0.015 1.56 8.5 18.4 0.33 0.02 0.033 31 

LSFE 0.01 0.08 1.56 8.5 18.4 1.0 0.02 0.033 11 

HSFE 0.07 0.319 1.59 16.23 18.63 0.1 0.043 0.035 46 

 
The specimens were irradiated in the BR2 CALLISTO rig at the temperature about 300°C. The irradiation 

flux is , the fluence is  and the dose is about 0.9 dpa. The TEM 

irradiation specimens were mechanical and electro-chemical polished in hot-cell.  
)//(1051.7 213 scmn× )/(1027.5 220 cmn×

 
Microstructures of the 3 model alloys after irradiation 
Fig. 1 shows that, for the LSFE alloy, the microstructure consists of black dots, high density stacking fault, 
edge-on microtwins, dislocation loops and stacking fault tetrahedra (SFT). Cell structure dislocations and 
dislocation pile ups are also shown near the grain boundary. To sum up, LSFE alloy has the more 
complicated microstructure. For the Ref SFE alloy, the microstructure is similar to the LSFE alloy's except 
the density of the stacking fault is lower. For HSFE alloy, there are no SFTs, stacking faults and microtwins 
but a higher density of black dot and lower content of defect loops are observed.  
 

LSFE     
                     Fig. 1 Microstructures of 3 model alloys after irradiation observed by TEM 
 
SFTs and their nature determination 
Using special TEM techniques [6], the morphology of the SFTs was determined following Kojima et al 
method [7], See Fig. 2. Their nature was found as vacancy type of defects.  
 

LSFE Ref SFE HSFE 
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                                             Fig. 2 SFTs and their nature determination 
 
The nature of the defect loops determination 
Using different classical and special TEM techniques to determine the loops nature [6], both vacancy and 
interstitial loops are observed. See Fig 3.  

                                                 
                                            Fig. 3 Defect loops and their nature determination 
 
Densities and size distribution of dislocation loops in Ref SFE alloy 
Using special TEM technique [6], the dislocation loops were identified as double arc Frank loops. Fig. 4 
shows the dislocation loops, size distribution and density of Ref SFE alloy. 
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                           Fig. 4 Frank loops and their size distribution and density of Ref SFE alloy 
 
Future work 
The mechanical properties of the 3 model alloys after irradiation will be tested at selected temperatures and 
strain rates in order to highlight the effect of SFE on the deformation mechanisms after irradiation and 
therefore to IASCC. 
 
Main contact person 
Li Xiaoqiang, xiaoqiang.li@sckcen.be , Al Mazouzi Abderrahim, abderrahim.al.mazouzi@sckcen.be 
 
Main reference 

[1] J. T. Busby, G. S. Was, E. A. Kenik, J. Nucl. Mater 
[2]      S. M. Brummer, E. P. Simonen, P. M. Scott, P.L. Andresen, G. S. Was, J. L. Nelson, J. Nucl. Mater. 

274, p299. (1999) 
[3] D. Hull and D.J. Bacon, Introduction to Dislocations, International Series on Materials Science and 

Technology, Vol. 37, Pergamon Press, 1984, p 98. 
[4] X. Li, A. Al Mazouzi et al."Stack Fault Energy Determination-Theory and Procedure", SCK•CEN 

Report 4331, 2006 
[5] X. Li, A. Al Mazouzi et al. " Deformation mechanisms and deformation map building of stainless 

steels", SCK•CEN Report 4332, 2006 
[6] X. Li, A. Al Mazouzi et al. " Effect of SFE on Defect Accumulation in stainless steels", SCK•CEN 

Report 4546, 2007 
[7] S. Kojima, Y. Satoh, H. Taoka, I. Ispida, T. Yoshiie and M. Kiritani, Phil. Mag. A, 59, p.519, 1989. 
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IMPROVED SAFETY MARGINS FOR BELGIAN NUCLEAR POWER 

PLANTS BY THE APPLICATION OF THE MASTER CURVE APPROACH 

TO RPV STEELS

 
Background 
In the context of existing regulatory codes, the integrity assessment of the pressure vessel of a nuclear 
power plant (NPP) is based on the empirical assumption that the fracture toughness of the surveillance 
materials, expressed in terms of a lower bound curve indexed by a reference temperature RTNDT, undergoes 
a shift under irradiation by an amount equal to the increment of the T41J index temperature measured from 
surveillance Charpy tests. Nowadays, an alternative route exists, based on: reconstitution of previously 
tested specimens, execution of fracture toughness tests in the irradiated condition, Master Curve analysis of 
the results obtained and finally determination of an alternative toughness-based reference temperature 
(RTTo) which can be used to index the lower bound KIc curve. 
 
Principal results 
This "advanced" integrity assessment approach, based on specimen reconstitution, direct fracture 
measurements and application of the Master Curve analysis through the ASME Code Cases N-629 and N-
631, has been applied to the surveillance materials of several Belgian nuclear power plants. 
For none of the investigated Belgian plants, RTNDT is close to the PTS screening criteria for any of the 
surveillance materials (see figure below). 

  
Values of reference temperatures measured from Charpy (RTNDT) and fracture toughness tests (RTT0) for various Belgian 
NPP materials. 
 
 
The figure above also shows that significant advantages are entailed by the use of RTTo, as compared to the 
regulatory Charpy-based RTNDT, in terms of additional safety margins. These additional margins, more than 
50 °C for some of the investigated materials, were generally observed in association with one or more of the 
following conditions: 
 highly irradiated materials, corresponding to reactor operation times of 40 years and beyond; 
 highly irradiation-sensitive surveillance materials (Cu > 0.1-0.15%); 
 surveillance materials with limited RTNDT(unirr) in baseline condition (> -30 °C); 
 first generation NPP's (see figure below). 
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Dependence of the difference between RTNDT and RTT0 from the plant age. 
 
 
In Belgium, the toughness-based approach is presently used in a "defense in depth" perspective, to 
demonstrate the existence of important margins as compared to the regulatory approach, and to give an 
increased confidence in the integrity of the reactor pressure vessels at high doses.  It appears more 
beneficial for weld than for base metals (which normally have lower Cu content and are less irradiation-
sensitive). 
The "conventional" and the "advanced" integrity assessment methodologies appear substantially equivalent 
when materials from newer plants are investigated. 
 
Main contact person 
Enrico Lucon, enrico.lucon@sckcen.be  
 
Main reference 
E. Lucon, M. Scibetta, R. Chaouadi, E. van Walle and R. Gérard, " Improved Safety Margins for Belgian 
Nuclear Power Plants by the Application of the Master Curve Approach to RPV Surveillance Materials", 
International Journal of Pressure Vessels and Piping, Volume 84, Issue 9, September 2007, Pages 536-544. 
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SCK•CEN CONTRIBUTION TO THE STANDARDISATION OF IMPACT 

TOUGHNESS TESTS ON PRECRACKED CHARPY SPECIMENS

 
Background 
The application of experimental and analytical procedures for fracture toughness tests at elevated loading 
rates is presently the focus of several coordinated activities in the framework of standardization committees 
(ISO, ASTM) and international collaborations (IAEA CRP-8). In particular, emphasis is being placed on 
dynamic toughness measurements performed on precracked Charpy V-notch specimens tested using an 
instrumented pendulum. 
 
Objectives 
SCK•CEN has performed these tests for many years, and is obviously interested in both following and 
contributing to the worldwide activities in this field. 
 

Principal results 

ASTM 
The current version of ASTM E1921 (2005) only allows testing at quasi-static loading rates, by requiring the 
stress intensity rate dK/dt in the linear elastic regime to be in the range 0.1 – 2 MPam/s. Within this range, 
the reference temperature is expected to be insensitive to the loading rate within 10 °C. Below 0.1 
MPam/s, testing is allowed provided environmental effects are negligible. No provisions are currently made 
for dK/dt > 2 MPam/s. 
The proposal formulated by SCK•CEN to the responsible ASTM committee (E08.08) envisages the 
extension of the method to higher loading rates, including instrumented impact tests performed on 
precracked Charpy (PCCv) specimens. Indeed, the applicability of the Master Curve approach to impact 
toughness tests on PCCv specimens has been fully demonstrated and is now widely accepted. 
The new revision of ASTM E1921 is currently under Main Committee ballot. 

ISO 
During the ISO TC164/SC4F (Mechanical Testing – Fracture) meeting which took place at NPL, Teddington 
(UK) in October 2005, E. Lucon formulated a proposal aimed at the standardization of fracture toughness 
tests on PCCv specimens tested with an instrumented pendulum. The proposal raised enough interest and 
a new work item was officially launched; the basis of the document was the latest version of the draft test 
procedure produced by ESIS TC5 (25.4, December 2005). 
The new work item, which was assigned the code N465, was circulated to all committee members by the 
SC4F secretary in April 2006. Comments were received from Japan, Germany and Brazil. A new version 
has been produced after the discussion which took place at the ISO TC164 meeting in Pretoria, South Africa 
(October 2007); this will be circulated in the form of a CD (Committee Draft) at the beginning of 2008, for 
further comments. 
 
Future work 
 
ASTM 
During the recent ASTM E08.08 meeting in Tampa, Florida (November 2007), it was decided to implement 
the experimental procedure for impact toughness tests on precracked Charpy specimens into a future 
version of the unified ASTM fracture toughness test method, E1820. The first draft will be discussed during 
the next meeting in Denver, Colorado (May 2008). 

ISO 
All the comments to the CD document which will be received in 2008 will be discussed during the next ISO 
TC164 meeting in Hannover, Germany (October 2008). If no significant unresolved technical issues remain, 
the document will proceed to the following stage (DIS – Draft International Standard). 
 
Main contact person 
Enrico Lucon, enrico.lucon@sckcen.be  
 
Main reference 
E. Lucon and M. Scibetta, "Fracture Toughness Measurements at Elevated Loading Rates - SCK•CEN 
activities 2007 within ISO, ASTM and IAEA CRP-8 (topic area #2)", External Report SCK•CEN-ER-44, 
January 2008. 
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ADS-CLADDING FABRICATION AND QUALIFICATION: 

BURST TEST

 
Background 
The development of an Accelerator Driven System (ADS), such as the demonstrator MYRRHA, for the 
transmutation of high level nuclear waste, necessitates a dedicated R&D program for the development and 
qualification of structural materials. Assure fuel element cladding tubes structural integrity is a particular 
challenge owing to high stress, high temperature, high heat flux and high coolant velocity. The choice of 
cladding material is of critical importance both from economic and safety viewpoints. The cladding material 
should exhibit: 

a) reproducible fabrication, workability and weldability;  

b) mechanical resistance: sufficient strength with limited degradation of ductility and fracture toughness 
under irradiation in liquid metal; 

c) dimensional stability: resistance to irradiation-induced swelling and/or creep; 

d) heat resistance: limited decrease of strength and toughness with temperature; 

e) compatibility with LBE coolant. 

These fundamental properties are very sensitive to service conditions, in particular to temperature, irradiation 
(flux and dose), stresses (tensile, fatigue, creep), LBE coolant chemistry and velocity. Such operational 
conditions are very challenging issues for a material to be selected from the existing material database for 
nuclear applications, in order to comply with all the requirements.  
 
Objectives 
The objective of the present work is to develop a methodology to qualify the cladding tubes that are being 
developed in the framework of the FP6-EUROTRANS project and in collaboration with FZK/Germany and 
IPPE/Russia within the ISTC#2048 contract. Keeping in mind the fact that actual technical specifications for 
ADS-cladding tubes do not exist yet, an effort is being made to develop in-house methods based on the 
standard approach in use to qualify the actual cladding materials for the light water reactor [ASTM B-811]. 
Thus, the obtained cladding tubes will be controlled in terms of:  

 Dimensional control, chemical analysis, defect and flaw detection, microstructure by optical and 
electronic microscopy; 

 Burst test at room temperature and at 300°C; 
 Tensile test (strength, yield and elongation) at room temperature, 300°C and at 500°C; 
 Creep resistance determination with or without irradiation; 
 Oxide layer thickness measurements (if tubes require a surface oxide) by microscopy; 
 Hydrostatic or non destructive electric test (as eddy current). 

This report, describe the qualification of the burst testing method in comparison with tensile testing 
performed in the longitudinal direction. 

Principal results 
The burst test consists in increasing the internal pressure inside a cladding tube up to rupture and burst of 
the cladding. This test allows performing mechanical testing of cladding under biaxial loading condition that 
is more relevant for fuel cladding than uniaxial test.  
 
The fluid used in the burst test equipment developed at SCK•CEN is a high temperature oil generally used in 
heat exchangers. Low compressibility liquids have several advantages over the use of a gas: it allows 
monitoring cladding tube deformation that is correlated to the injected oil volume and reduces the energy 
stored in the system that could lead to a violent burst. However, the maximum operating temperature of the 
oil remains a limitation. The oil pressure is developed using a high pressure screw spindle pump that can 
deliver a pressure of 2100 bar and displace a volume of 12 cm³. All accessories such a capillary tubes, valve 
and pressure transmitter are dedicated to be used under very high pressure. 
 
To date the equipment has been qualified at 25 °C and 200 °C. During a burst test, pressure is measured as 
a function of time up to rupture. A typical result is given in Figure 1. This figure is very similar to a tensile test 
record, it contains a linear elastic, a hardening and localization region. 
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Figure 1: Pressure monitored during a constant speed burst test.  
 
In order to analyse the data in the more conventional tensile test framework, pressure test using a cap 
instead of a tube is performed to take the compliance of the system into account, the pressure and the 
resulting biaxial stress state is analytically converted into an equivalent uniaxial stress and the time scale is 
analytically converted into an circumferential strain using the information of the pump volume. The resulting 
analysis is compared to a conventional tensile test in Figure 2. Results demonstrate that material properties 
such as the yield strength are equivalent from both test method. However the hardening and uniform 
elongation are larger for the tenile test. This might be a consequence of the biaxial loading of the burst test 
leading to reduced deformation to rupture. The behaviour after maximum is not expected to be the same in a 
tensile test and a burst test as localization of strain occurs resulting in non uniform deformation. Such 
behaviour can only be further investigated using more advance techniques such as the Finite Element 
Method. 
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Figure 2: Comparison of tensile test and burst test results performed in the longitudinal orientation. 
 
 
Future work 
The future work will be intended to extend the methodology to higher temperature and to use the developed 
method to test the produced materials that have been already received. It is also planned to qualify cladding 
tubes irradiated within the ASTIR program and FP7-GETMAT-project. 
 
Main contact persons 
Al Mazouzi Abderrahim, abderrahim.al.mazouzi@sckcen.be  
Scibetta Marc, marc.verwerft@sckcen.be  
 
Main reference 
IP_EUROTRANS/ DEMETRA-Domain: http://nuklear-server.ka.fzk.de/eurotrans/  
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TREATMENT OF ELECTROCHEMICAL NOISE DATA BY THE HILBERT-

HUANG TRANSFORM

 
Background 
Most of the classical approaches for treating electro-chemical noise (ECN) data suffer from the non-linear 
and non steady-state character of the delivered signal. Very often, the link between time and the local 
corrosion events supposedly responsible for ECN data signatures is lost during treatment, as is obvious 
when using the classical Fourier Transform (FT), followed by an analysis of the response in the frequency 
domain. In this particular case, the information directly related to the corrosion events is distributed into the 
full spectra, thereby preventing the operator to derive clear and precise conclusions. In 2005, we suggested 
an alternative data treatment based on the Hilbert-Huang transform (HHT). The latter keeps track of the time 
variable and copes with non-linear and non steady-state behaviours of the system under examination. In 
2006, we demonstrated the applicability of the newly proposed data treatment in the case of ECN data 
collected under BWR (Boiling Water Reactor) conditions. In 2007, we collected additional ECN data and 
started a preliminary investigation of two mathematical restrictions that are susceptible to impair the 
interpretation of the results. We discovered a possible modification of the Hilbert transform allowing 
generating controlled phase shifts that are different from π/2 as is always the case for the Hilbert transform. 
 
Objectives 
On the long term, we aim to start tracking the relations between ECN time signatures and their 
corresponding translation after the application of the HHT. The HHT delivers a series of functions called  
Intrinsic Mode Functions (IMF's), whose essential property is that the mean of their upper and lower 
envelopes is about zero (i.e. lower than a given threshold) for all abscissa. Having noted that the HHT 
answers often appear under the form of burst-like signals distributed among the different IMF's, we expect to 
face two mathematical restrictions. The first one was originally identified by Bedrosian (1963), who states 
that the Hilbert transform of the product of two functions is the product of one of these functions by the 
Hilbert transform of the second function if and only if the Fourier spectra of both functions are totally disjoint 
in the frequency domain. The frequency content of the non-transformed function has to be located below the 
frequency content of the transformed function. The interpretation of burst-like signals may be impaired when 
the FT spectra of the envelope and of the underlying frequencies are not disjoined. The second restriction 
has been discovered by Nuttall (1966) who states that the Hilbert transform of a cosine with an arbitrary 
phase function is not necessarily the sine with the same phase function. This causes some difficulties in 
analysing the complex plane responses derived from the analytic signals. Therefore, we collected additional 
ECN data and located one burst in the HHT signatures. We aim to simulate the burst by a function resulting 
from the product of a Gaussian envelope and a sine of controlled frequency and phase.   
 
Principal results 
SS304 steel rod shaped samples were immersed in an electrolyte containing 0.05 M NaCl. ECN data were 
taken using three identical electrodes, the first one acting as working electrode, the second one being used 
as reference electrode and the third one being grounded. The sampling frequency was 2 Hz and the duration 

was fixed at 4096 s. Typical metastable pitting 
signatures were observed in the potential time series. 
The latter were submitted to the HHT, delivering 12 
intrinsic mode functions and one residual function. As 
is shown on the figure, experimental burst-like 
signatures are observed in the intrinsic mode 
functions. Note that the original time signatures 
translated into several burst-like answers distributed 
among the different intrinsic mode functions. At 
present, there subsists much controversy about the 
physico-chemical interpretation of the original time 
signatures associated to metastable pitting. Relating 
these interpretations to the shape of the burst-like 
answers as well as to their particular distribution 
among the IMF's will require further work. For now, we 
aim to focus on the mathematical restrictions defined 
above.  
 

 

Experimental signal observed after treatment 
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On-going work is presently devoted to the Bedrosian restriction. For this purpose, we constructed a function 
simulating burst-like answers. Such function is depicted on the figure and can be visually compared with the 
HHT signatures observed in practice. The simulating function results from the product of a Gaussian 
envelope and a sine function. We are now in the process of submitting this simulated function to the HHT in 
order to analyse the Bedrosian restriction in terms of FT 
spectra of the sine and the Gaussian envelope using 
different parameter sets. Furthermore, the Nuttall 
restriction is also being examined. In our home-made 
code, the Hilbert transform has been implemented on a 
very classical way, observing that the Hilbert transform is 
a convolution with 1/(πt), the FT of which being –j.sign(f), 
with )1(j −= and f being the frequency in the Fourier 

domain. Thereby, the Hilbert transform of a function can 
be obtained by multiplying its Fourier transform by (–
j.sign(f)) and calculating the inverse Fourier transform of 
the result. However, we observed that replacing –j by a 
more general complex number z = a + j.b allows 
controlling the phase shift between the original function 
and its transform. We are now in the process of 
examining the constraints to apply on z in order to keep 
the amplitude constant while generating controlled phase 
shift transforms. To our opinion, this approach could help coping with the Nuttall restriction in some cases. 
Finally, one useful figure delivered by the HHT is the so-called instantaneous frequency. The latter is 
generally defined as the first derivative of the phase angle associated to the complex analytical signal whose 
real part is the original function and the imaginary part is the Hilbert transform of the original function. This 
definition is questionable by virtue of the Nuttall restriction. Part of our future work will be devoted to the 
interpretation of the instantaneous frequency as defined above and to the eventual proposal of an alternative 
way for calculating these instantaneous frequencies.   

Simulated function 

 
 
Future work 
Future work will be devoted to: 
 

 the further analysis of the Bedrosian restriction by applying the Hilbert transform and its modified 
version to the simulated burst signal; 

 the further analysis of the Nuttal restriction by applying the modified Hilbert transform to a simulated 
signal involving known phase shifts; 

 an attempt to define an enhanced way to calculate instantaneous frequencies; 
 a very first attempt to associate the HHT output to the ECN signature in the case of metastable pits.  

 
 
Main contact person 
André Rahier, andre.rahier@sckcen.be  
 
Main reference 
A. Rahier, R. W. Bosch, "Treatment of ECN data by the Hilbert-Huang transform", Restricted contract report 
R-4291 (January 2006) 
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STRESS CORROSION CRACKING OF IRRADIATED STAINLESS 

STEELS IN PRIMARY WATER: EXPERIMENTAL STUDIES AND MODEL 

DEVELOPMENT IN THE FP7 PERFECT IP

 
Background 
The long term behaviour of the internal structures, surrounding the core of nuclear reactors, is a concern 
within the general framework of plant life management.  Due to their positioning in the reactor, the internal 
structures of a pressurised water reactor (PWR) receive a high neutron irradiation dose during their exposure 
to the primary environment.  The irradiation induced changes in the material and environment may cause or 
accelerate stress corrosion cracking of stainless steel internals, otherwise insensitive to stress corrosion in 
primary environment.  This phenomenon of irradiation assisted stress corrosion cracking (IASCC) is currently 
not well quantified.  At this stage, the understanding of the underlying mechanisms of IASCC is qualitative at 
best and no systematic database and descriptive model are available for IASCC in PWR conditions.  Since 
2004, a concerted European effort is ongoing within the framework 7 PERFECT integrated project to 
investigate and model IASCC. 
 
Objectives 
This work contributes to both the industrial need for quantitative data on the growth rate of stress corrosion 
cracks in irradiated stainless steel and also sets up a framework for a quantitative prediction of the crack 
growth rate as a function of material properties and environmental conditions.  The objective of the 
experimental part is to generate crack propagation data for irradiated stainless steel and to assess the effect 
of dose and load on the crack propagation rate.  The results are then linked to the observed irradiation 
damage in the material and the resulting modifications in the mechanical behaviour of the material.  
Simultaneously, the modelling of crack propagation in irradiated stainless steel exposed to PWR-relevant 
environments is being pursued. 
 
Principal results 
During the tests in simulated primary water environment, intergranular stress corrosion was observed on all 
specimens, pre-irradiated in the BR2 reactor at 300°C in a dose range from 0.1 to 3.8 dpa.  The crack 
propagation rate in irradiated material was found to increase strongly between 0.1 and 3.8 dpa, with the 
largest increase occurring in the 2-4dpa range.  From the limited amount of data available, a quadratic 
dependence of the crack growth rate on the applied stress intensity factor was found. 
When correlating the crack growth behaviour to the observed mechanical behaviour, the radiation induced 
hardening appears to saturate at about 2 dpa, while the crack propagation rate is still increasing (see figure 
1).  The irradiation induced microstructure changes are in line with the observed hardening behaviour; the 
build-up of irradiation induced defects also saturates around 2-2.5 dpa. 
The modelling of stress corrosion crack propagation is based on the slip dissolution model.  CGR-1, a 
software tool to calculate crack propagation rate in stainless steel in PWR-relevant environments, is being 
finalized.  It will allow performing parametric studies, i.e. to calculate the effect of geometry (crack length), 
material (Young’s modulus, yield strength, work hardening exponent, sensitization, repassivation exponent), 
flow (Reynolds number) and environment (boron, lithium and dissolved hydrogen concentration) on crack 
propagation rate. 
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Figure 1: measured IASCC growth rate and yield stress as a function of irradiation dose. 
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The model suggests an increase in crack growth rate with increasing repassivation current.  This prediction 
could explain the observed increase in crack growth rate at higher dose, where the mechanical behaviour is 
virtually unchanged, but radiation induced grain boundary segregation of alloying elements could still 
increase.  This increased level of segregation will cause an increased dissolution of material at grain 
boundaries, enhancing the crack growth rate. 
 
Future developments  
In a follow-up project, which is under preparation, more attention will be given to the development of 
radiation induced segregation models and the coupling thereof to the initiation of IASCC.  The project will be 
organised on a European level, within the 7th framework programme.  The innovative elements in the project 
will be the focus on crack initiation, radiation induced creep and the study of the interaction layer, formed 
between the environment and the irradiated material as a precursor to cracking. 
 
Main contact person 
Steven Van Dyck, steven.van.dyck@sckcen.be 
 
Main reference 
 
S. Van Dyck, SCK•CEN report R-4501, June 2007 
S. Van Dyck, SCK•CEN report R-4633, August 2008 
M. Vankeerberghen, S. Gavrilov, Journal of Nuclear Materials, Volume 377 - Issue 2, 2008, p.331-338 
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BR2 REACTOR: MEDICAL AND INDUSTRIAL APPLICATIONS

  
 
Background  
The radioisotopes are produced for various applications in the nuclear medicine (diagnostic, therapy, 
palliation of metastatic bone pain), industry (radiography of welds ...), agriculture (radiotracers ...) and basic 
research. Due to the availability of high neutron fluxes (thermal neutron flux up to 1015 n/cm².s), the BR2 
reactor is considered as a major facility through its contribution for a continuous supply of products such as 
99Mo (99mTc), 131I, 133Xe, 192Ir, 186Re, 153Sm, 90Y, 32P, 188W (188Re), 203Hg, 82Br, 41Ar, 125I, 177Lu, 89Sr, 60Co, 
169Yb, 147Nd, ... Neutron Transmutation Doped (NTD) silicon is produced for the semiconductor industry in 
the SIDONIE (Silicon Doping by Neutron Irradiation Experiment) facility, which is designed to continuously 
rotate and traverse the silicon through the neutron flux. These combined movements produce exceptional 
dopant homogeneity in batches of silicon measuring 4 and 5-inches in diameter by up to 750 mm in length.   
   
Objective  
To provide a reliable and qualitative supply of radioisotopes and NTD-silicon to the customers in accordance 
with a quality system that has been certified to the requirements of the "EN ISO 9001: 2000". This new 
Quality System Certificate has been obtained in December 2006 for the "Production of radioisotopes for 
medical and industrial applications" and the "Production of Neutron Transmutation Doped (NTD) Silicon" in 
the BR2 reactor.  
 
Principal results 
1. Since the restart of the BR2 reactor in 1997, after its refurbishment in 1995-1997, the income from the 

production of radioisotopes and NTD-silicon increased considerably as shown in Fig.1 in relative units. 
2. The loading of an additional PRF irradiation device in the reactor in 2004 enhanced the position of BR2 

on the European market for the production of 99Mo (T1/2=66 h), which is the major isotope produced in 
the BR2 reactor for the manufacture of 99Mo/99mTc (T1/2=6 h) generators. 

3. BR2 has consolidated its market position in the production of large quantities 'high specific' activities of 
192Ir (T1/2=74 d) for both therapeutic and industrial applications.  

4. Highly enriched 176Lu targets are routinely and successfully irradiated for the production of 177Lu, which 
is an ideal candidate for future targeted radiotherapy with radiolabelled peptides: long half life (T1/2=6.71 
d), good physical properties, emitting both beta (maximum 0.5 MeV; average 0.17 MeV) for therapy and 
gamma rays (113 keV and 208 keV) useful for imaging.  

5. BR2's silicon irradiation service performed very satisfactorily throughout 2007 in terms of its level of 
business and income that it generated.  

 
Future developments  
1. BR2 is working on a project to supply 188W (T1/2=69.4 d) for the manufacture of 188W/188Re generators. 

Several medical applications of 188Re (T1/2=16.9 h) are actively under consideration in cardiology and 
bone pain palliation. 

2. Construction of POSEIDON (POol Side Equipment for Irradiation and DOping of silicon by Neutrons), a 
new NTD-Silicon Pool Side Facility to increase BR2's NTD-silicon capability and meet today's 
increasing demand for irradiation of 6 and 8-inches diameter silicon ingots. 

 
Main contact person   
Bernard Ponsard; Project Manager 'Radioisotopes and NTD-Silicon'; bernard.ponsard@sckcen.be 
 
Main references 
1. B.Ponsard. "Production of Radioisotopes in the BR2 High-Flux Reactor", 5th International Conference on 

Isotopes, 5ICI, Brussels, Belgium, April 25-29, 2005. Published by Medimond S.r.l., International 
Proceedings Division, "Proceedings of the 5th International Conference on Isotopes – 5ICI", F425R0026, 
pp.63-68, ISBN 88-7587-186-8, 2005. 

2. A.Alberman, H.Blowfield. "Doping of Silicon by Neutron Transmutation", paper presented at the IAEA 
Technical Meeting on purpose-designed research reactors features, Vienna, Austria, June 30 - July 2, 
2003. 
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Evolution of the Income from Radioisotopes and 
NTD-Silicon Production in the BR2 Reactor
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Fig.1 : Evolution of the income from radioisotopes and NTD-silicon production in the BR2 
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THE MYRRHA BUSINESS PLAN

 
Background 
In parallel with the on-going MYRRHA design and research activities, attention should be paid in the project 
organisation and funding. Potential partners can only be approached for funding when both investment and 
operational costs have been estimated and that a proposal exists on the operational structure of the facility. 
Therefore we have produced a so-called "Business Plan", a project summary of limited size (about 50 pages 
length) but covering not only the purpose of the facility or its design, but also how we at present time 
envisage to operate it. 
 
Objectives 
As European partners have already expressed their interest for the MYRRHA facility, the first target group for 
the Business Plan was the core of Belgian partners. If such a facility is to be built in Belgium, then a 
reasonable part of the funding, for both the construction and its operation, should indeed be made available 
from Belgian partners. The report should also be made available before the general election of the national 
parliament in June 2007.  
 
Principal results 
The "Business plan" has been made available in April 2007 and was divided into the following chapters: 
 
 The purpose of the MYRRHA facility as a research infrastructure, its place on the European scene and 

several key dates for its construction; 
 
MYRRHA as fast-spectrum multi-purpose facility, together with the Jules Horowitz reactor in France (thermal 
spectrum) and the PALLAS project in the Netherlands (dedicated radioisotopes production), would put 
Europe as a whole in a strong position towards the support for Gen III and the development of Gen IV 
reactors. 
 
Taking into account the on-going design and research activities presented elsewhere in this report, we 
foresee to continue detailed design and specific research until 2013; while licensing and permitting activities 
should be started in parallel, in order to obtain the authorization of construction at the end of 2013. The 
different components would be made available on site until 2016 and assembled in 2017. Two years of 
commissioning will follow, so that the facility (see the picture below for its implanting on the site) could be 
made available in 2020. 
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 The project organisation; 

 
Because MYRRHA is a very innovative system, a turn-key industrial partner willing to be an engineering, 
procurement & construction company will be difficult to find. Therefore we propose to organise: 

- an International Entity with an International Advisory Council, able to guide the development of the 
facility; 

- an Owner Consortium, with partners interested in both realisation and later operation of the facility;  
- a Project Central Management Team, responsible for the daily project management, control and 

follow-up and  
- a Users/Customers Group, able to define the needs of the facility and survey its realisation. 

 
 A detailed explanation on both investment and operational costs; 

 
Investment costs have been estimated (in M€ 2007) for a total of 700 M€, including about 20% 
contingencies. This total includes direct costs (such as land purchase, civil and mechanical engineering or 
supplies), engineering design and licensing; administration and management. This total does not include 
R&D costs and dismantling of the facility at the end of its life cycle. 
 
Operational costs have been estimated to 38 M€/year and revenues to 15 M€/year. We have taken into 
account the experience with the BR2 facility and available figures for similar installations. The costs take into 
account personnel, supplies, external services and procurements as well as provisions for ten-year revisions 
and dismantling. 
 
 Our present view on the financing sources; 

 
We envisage that the core of Belgian partners would provide one third of all costs; the remaining costs would 
be covered by the international partners and the potential countries have already been envisaged. 
 
 The economical and environmental impact of the facility. 

 
A financial life cycle model has been drawn, in order to figure out when important cash flow would be 
needed. Taking into account the foreseen key dates (see above), 70% of the budget will be spent in the 
period 2014–2017 that corresponds to the construction phase. 
 
The impact of the construction and operation of the new facility in terms of employment has been studied. It 
should be noted also that for one job created in the nuclear sector in the Mol vicinity, more than two jobs are 
created in the surrounding. Potential components suppliers have been envisaged. A preliminary estimate of 
the share for all "Belgian" suppliers indicates a figure of 30% that corresponds well to the funding share. 
 
Finally we have drafted how the environmental impact of the facility would be assessed and then monitored 
for both construction and operational phases. Interaction with the public and the authorities has also been 
envisaged. 
 
Future developments 
The present version of the "Business Plan" has been widely distributed in Belgium. It is now foreseen to 
develop an "international" version of this document, which can be distributed within the European partners 
and possibly even outside Europe. 
 
Main contact person 
Didier De Bruyn, didier.de.bruyn@sckcen.be 
 
Main reference 
H. Aït Abderrahim,  D. De Bruyn, M. Giot,  P. Van Doorslaer, F. Hardeman, "MYRRHA Project, Multi-purpose 
hYbrid Research Reactor for High-tech Applications at Mol (Belgium), Business Plan 2007", SCK•CEN report 
ANS/HAA/DDB/31.B043000/85/07-17. 
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 MYRRHA/XT-ADS PRIMARY SYSTEM DESIGN  

AND EXPERIMENTAL DEVICES 
 

 
Background 
The EUROTRANS project is an integrated project in the 6th European Framework Program in the context of 
P&T (Partitioning and Transmutation). The objective of this project is to work towards an ETD (European 
Transmutation Demonstration) in a step-wise manner. The first step is to carry out an advanced design of a 
small-scale XT-ADS (eXperimental Transmutation in an Accelerator Driven System) for realisation in a short-
term (say about 10 years) as well as to accomplish a generic conceptual design of EFIT (European Facility 
for Industrial Transmutation) for realisation in the long-term. The MYRRHA-2005 design served as a starting 
basis for the XT-ADS. Many options have been revisited and the framework is now set up.  
While the MYRRHA-2005 design was still a conceptual design, the intention is to get at the end of the 
EUROTRANS project (March 2009) an advanced design of the XT-ADS, albeit a first advanced design. 
 
Objectives 
While the design work performed during the first years of the project (2005-2006) was mainly devoted to 
optimise and enhance the primary and secondary system configuration according to the suggestions and 
contributions of our industrial partners (Ansaldo Nucleare, Areva, Suez-Tractebel) within the DM1 (Domain 1 
"DESIGN"), the last year work objectives mainly consisted of: 
 the release of the Remote Handling Design Catalogue for XT-ADS (1st version); 
 the formulation of the specification of the experimental devices according to the XT-ADS objectives and 

adapted to the actual XT-ADS core and core support structure design; 
 the detailed calculations of the main XT-ADS primary and secondary system components. 

 
Principal results 
The RHDC (Remote Handling Design Catalogue) for XT-ADS provides information and guidance to 
engineers, CAD designers and technicians with a view to ensuring that the XT-ADS machine and its remote 
maintenance system as well, are designed in a way fully compatible with the remote handling requirements. 
The catalogue contents have been derived in cooperation with Oxford Technologies taking advantage from 
their experience with the fully remote maintenance of the EFDA-JET Fusion Tokamak.  

 
The first version of this design guide was released in 
April 2007 and is since then accessible on a 
SCK•CEN network server over the internet for 
selected users including Ansaldo and Areva 
engineers. It has been utilized so far by Ansaldo for 
the design of the in-vessel fuel assembly 
manipulators. 
 
 

 
The RHDC is viewed using a specially developed 
application (Mentor Browser) and was created 
and is maintained using a similar application 
(Mentor Creator). The user interface, as shown in 
the right picture, illustrates the wealth of 
information about how to design for RH 
compatibility and the wide range of compatible 
file formats. Finally, this version serves as the 
basis for expansion of information as XT-ADS progresses.                                                                
  
 

Design Guide (HTML/VRML) 
Search Data Base (SQL) 
Master files (Word/CAD/…) Technical Data 

The RHDC is implemented as an internet web-site

The Mentor Browser user-interface 
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The design of experimental devices was commenced for four different arrangements of test sections to be 
inserted into IPS (In Pile Sections) positions: 

 
 test sections for fuel pin irradiations containing 13 or 19 fuel pins; 
 test sections for structure materials irradiation campaigns containing 

31 samples; 
 a modified fuel assembly with a small test specimen. 

 
These configurations were applied as well for evaluation of their impact 
on the XT-ADS core neutron physics characteristics. Inserts into IPS 
positions contain first of all a two-fold safety tube arrangement which 
allows insertion of the test section from above and decoupling partially or 
totally the thermo-hydraulic conditions within the test sections from the 
core. In case of IPS for fuel pin irradiations, a separate forced convection 
cooling for the test specimens is to be foreseen. In case of IPS for 
structure materials irradiation campaigns it might be feasible to cool the 
test specimen arrangement by thermal conduction to the inter wrapper 
coolant flow. 

4 different arrangements of 
test sections in IPS 

 
Prior to finalising the sizing of the main components of 
primary and secondary cooling systems (e.g. heat 
exchangers and steam condensers), the primary system 
operating temperature & pressure management had to be 
defined. Several approaches were considered: 
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rradiated structures; 

 fuel manipulators. 

 constant core inlet temperature of 300°C over the whole 
power range (0-70 MWth); 

 steadily increasing core inlet temperature from 200°C to 
300°C between zero and full power (0-70 MWth). The 
main advantage of this concept is that the whole 
secondary system always can operate at much lower 
pressure (~ 1.6 MPa), mitigating consequences of a tube 
rupture in the heat exchangers and in the steam 
condensers or ruptures in the steam transport pipes. The 
secondary system nevertheless has to be designed for 
the maximum pressure that could be reached during 
incidental transients (~ 8.6 MPa). A technical note has been prepared by SCK•CEN justifying 
acceptability of lower operating temperature in terms of risks of radiation hardening and embrittlement, 
corrosion, creep and swelling for the candidate materials of i

Secondary cooling system scheme 

 intermediate option: steadily increasing temperature from 200°C to 300°C between 0 and 50 MWth and 
keeping constant temperature of 300°C over a limited range of power (50-70 MWth). 

As a result, the secondary cooling system components are conservatively designed for a maximum pressure 
of 8.6 MPa. 

Finally, the picture on the left illustrates the overall geometry of the XT-
ADS facility, showing the reactor vessel and lid, guard vessel, 
diaphragm, core structure, primary heat exchangers and pumps, 
spallation loop and in-vessel
 
Future developments 
The framework for XT-ADS design has been set up. The future work, 
until March 2009, end of the EUROTRANS project, is the continuation of 
the detailed design studies of every XT-ADS component. The main 
partners (SCK•CEN, Ansaldo, Areva, Suez-Tractebel) are sharing the 
work to be performed. SCK•CEN is in charge of the primary systems 
(including the reactor main cooling system, the reactor vessel and cover) 
and of the in-service inspection and repair studies. 
 
Main contact person 
Dirk Maes, dirk.maes@sckcen.be 
 
Main reference 

XT-ADS  overall geometry
D. De Bruyn, D. Maes, L. Mansani & B. Giraud (2007) "From MYRRHA 
to XT-ADS: the design evolution of an experimental ADS system", 
AccApp'07 Conference, Pocatello, Idaho, July 30 – August 02, 2007. 
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MYRRHA/XT-ADS CORE DESIGN

Background 
The EUROTRANS project is an integrated project in the 6th European Framework Program in the context of 
Partitioning and Transmutation (P&T). The objective of this project is the step-wise approach to a European 
Transmutation Demonstration. This project aims to deliver an advanced design of a small-scale Accelerator 
Driven System (ADS), XT-ADS, as well as the conceptual design of a European Facility for Industrial 
Transmutation (EFIT). The partners of this project accepted to use the MYRRHA "Draft-2" design file as a 
starting basis for the design of the short-term XT-ADS demonstration machine. Instead of starting from a 
blank page, this allowed optimising an existing design towards the needs of XT-ADS, and this within the 
accepted limits of the safety requirements. Many options have been revisited and the framework is now set 
up. 
 
Objectives 
The main two objectives of the XT-ADS machine are the following: to demonstrate the feasibility of the ADS 
concept and its performance as a multi-purpose irradiation facility. Special attention is paid to the possibility 
of testing fuel dedicated to transmutation of minor actinides and long-lived fission products. During the 
demonstration phase, the core will be loaded with MOX fuel in a "clean core" configuration. Since the XT-
ADS must be a representative prototype, it has to operate at a reasonable power, a minimum of 50 MWth 
was set in the objectives. After this phase, the core will house In-Pile-Sections of different types for 
irradiating material samples and new types of fuel pins. We aim to be able to provide irradiation conditions 
that are close to EFIT conditions so that XT-ADS can be used as a test-bed for EFIT parts. 
 
Principal results 
The main part of the work has been done in the framework of the so-called TaskForce: a group of scientists 
working in the different work packages of the project. In this way, different options were investigated by a 
team of reactor physicists, reactor safety engineers, mechanical engineers and material scientists.  
 
A first issue that received much attention in 
the TaskForce is the damage the different 
structural components undergo due to the 
neutron irradiation. In particular, the core 
vessel and core top grid plate are two 
components very close to the reactor core. 
The displacement-per-atom (dpa) was 
calculated in both the clean core and core 
loaded with In-Pile-Positions conditions. 
Combining these results with the temperature 
and stress distribution in these components 
led the TaskForce to the advice to enlarge the 
original core by two extra rows. Effects on the 
core performance of loading these rows with 
boron carbide pellets and steel to increase 
the shielding were too penalising. But already 
the effect of adding two extra rows, i.e. a 
larger amount of lead-bismuth coolant 
between the last ring filled with fuel elements 
and the core vessel, was sufficient to reduce 
the damage in this core vessel. Figure 1 
shows this new core layout. The core contains 
the original 99 positions and 84 extra positions  
summing up to a total of 183 positions.  
 
 
 
        
 
 
 
 

Figure 1: core layout of XT-ADS 
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Using the clean core configuration as a basis, a core 
configuration was set-up in which for eight positions the fuel 
assembly has been replaced by an In-Pile-Section (IPS).  In 
Figure 2 you can see the core layout with eight IPS positions. 
These In-Pile-Sections are accessible from above by a 
penetration through the reactor cover. In this way, these In-
Pile-Sections can be used to insert, for example, loops 
providing an environment (temperature, surrounding material, 
pressure) which is different than the reactor coolant 
environment. This allows MYRRHA/XT-ADS to house 
experiments of different types. To have a general idea on the 
impact of the presence of these In-Pile-Sections on the 
reactor core (reactivity loss, neutron fluxes at the positions), 
the Task Force proposed four generic designs: two designs 
containing only non-fissile material (steel rods to be 
irradiated) and two designs containing fuel pins (for fuel 
testing in the framework of a fuel qualification programme). 
Figure 3a and 3b show these generic elements. 
 
               Figure 2: A core loaded with 8 IPSs 
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Figure 3b: IPS with steel samples Figure 3a: IPS with fuel pins 

 
 
Finally, the TaskForce initiated a first series of burn-up calculations to study the neutronic behaviour of the 
core during the foreseen cycle. The keff-drop was calculated, together with other important parameters like 
the change in Doppler and moderator temperature coefficient and the effect of core compaction. These 
calculations were done in a simplified manner using an equilibrium cycle approach.  
 
Future work 
In the coming months, the neutronic calculations for the reference cases should be finalized. In parallel, a 
loading scheme for the first cycles should be calculated.  
 
Main contact person 
Gert Van den Eynde, gert.van.den.eynde@sckcen.be 
 
Main reference 
G. Van den Eynde et al., Neutronic design of the XT-ADS core with In-Pile-Positions, HPPA5 conference 
proceedings, Mol 2007  
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WINDOWLESS ELECTRON BEAM EXPERIMENTAL IRRADIATION 

WEBEXPIR

 
Background 
The design of the MYRRHA/XT-ADS, the European eXperimental Accelerator Driven System for the 
demonstration of Transmutation, includes a high power windowless spallation target operating with liquid 
LBE (Lead-Bismuth Eutectic) that will be irradiated with a 600 MeV proton beam at currents of up to 2.5 mA. 
When considering such a high power windowless target design, a number of questions need to be 
addressed, such as the stability of the free surface flow and its ability to remove the power deposited by the 
proton beam by forced convection, the compatibility of a large hot LBE reservoir with the beam line vacuum 
and the outgassing of the LBE in the spallation target circuit. These issues have been studied during 
previous experiments supported by numerical simulations. Another crucial point in the development of the 
spallation target is the demonstration of the safe and stable operation of the free LBE surface during 
irradiation with a high power proton beam. As a first step in this program, the WEBExpIr (Windowless target 
Electron Beam Experimental Irradiation) experiment was set up. 
 
Objectives 
The purpose of the WEBExpIr experiment was to investigate the influence of LBE surface heating caused by 
a charged particle beam in a situation representative of the MYRRHA/XT-ADS. More in particular, we wanted 
to assess possible free surface distortion or shockwave effects in nominal conditions and during sudden 
beam on/off transient situations, as well as possible enhanced evaporation. 
 
Principal results 
An experiment (TT-1000 Rhodotron) was conceived at IBA (Ion Beam Applications s.a., Louvain-la-Neuve), 
a 7 MeV electron accelerator which produces beam currents of up to 100 mA. Due to the small penetration 
depth of the 7 MeV electron beam and the high beam currents available, the TT-1000 allows to imitate the 
high power deposition at the MYRRHA/XT-ADS LBE free surface. Moreover, the use of an electron beam 
allows avoiding the experimental difficulties that arise when employing a high energy proton beam in view of 
materials activation and the production of radioactive isotopes. The geometry and the LBE flow 
characteristics in the WEBExpIr setup were made as representative as possible of the actual situation in the 
MYRRHA/XT-ADS spallation target. The table below shows a comparison between the beam and target 
properties for both the XT-ADS and WEBEXPIR case. Taking into account the different beam profiles, an 
electron beam current of at least 100 µA was needed during the WEBEXPIR experiment in order to get the 
same surface heating (less then 2 mm below the surface) at the position of the beam spot. 
 

 XT-ADS target WEBEXPIR target 
Target material LBE LBE 
Beam energy 600 MeV p 7 MeV e- 
Average power deposition < 2 mm 1.8 kW/mm/mA 2.2 kW/mm/mA 
Flow velocity 2.5 m/s 2.5 m/s 
Beam shape ~ Gaussian (10 mm FWHM) 

painted along annulus (54 mm ∅) 
~ Gaussian (3 mm FWHM ⊥ 
flow, 10 mm FWHM // flow) 

Beam current 2.5 mA 0.1 mA 
 
The distribution of the current along the beam profile was determined prior to the actual irradiation 
experiments. For this purpose a stack of electrically insulated collimators with decreasing diameters was 
mounted at the exit of the 270° bending magnet. The fraction of the beam current caught by each of the 
collimators was read out. The remaining fraction of the beam was deposited in a water cooled beam dump. 
Since the profile of the beam might change as a function of the total beam current, the beam profile was 
measured for currents of 100 µA up to 4 mA. Apart from this, the beam position and profile were also visually 
checked by inserting an Al2O3 coated and water cooled copper support in the electron beam at the position 
of the beam interaction point. The interaction with the 7 MeV electrons produces visual radiation which can 
be detected with an optical camera as can be seen in the figure below. The combination of both 
measurements resulted in a beam profile with an average full width at half maximum (FWHM) of 10 mm in 
the direction parallel and 3 mm perpendicular to the LBE flow. 
 
An optical camera was positioned both nearly perpendicular and parallel to the LBE surface, focussing on 
the beam interaction point. Visual images were recorded for beam currents of 100 µA up to 5 mA. No 
obvious distortion of the LBE surface was detected for any of the beam currents. 
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An infrared camera was positioned perpendicular to the LBE surface, focussing on the LBE surface just 
downstream of the beam interaction point. The camera was used to measure the surface heating of the LBE 
for beam currents of 100 µA up to 7.5 mA. Temperature increases at the LBE surface of over 250 K have 
been observed. 
 
The enhanced evaporation of the LBE as a result of surface heating by the electron beam was measured 
with a shieldless Bayard-Alpert vacuum gauge positioned close to the beam interaction point. The increase 
in pressure was monitored for beam currents of 100 µA up to 10 mA. Even at 10 mA, the pressure in the 
interaction chamber stayed well below 10-4 mbar which is the vacuum pressure level required in the 
MYRRHA/XT-ADS spallation target design. At currents above 5 mA, pressure spikes were observed which 
can possibly be attributed to evaporation of LBE droplets that are hit by the electron beam. Surface samples 
were taken at a number of cold positions in the interaction chamber for off-line determination of the amount 
of LBE condensation. Apart from solid droplets, which are due to spitting of the turbulent LBE flow, no LBE 
condensation was found. 
 

  
Beam profile on the Al2O3-surface (left) and LBE surface heating at 1.5 mA beam current observed with the infrared 

camera (right) 
 
The aim of the WEBEXPIR experiment was to check for any LBE surface distortion or enhanced evaporation 
as a result of surface heating with a 7 MeV electron beam in conditions representative of the MYRRHA/XT-
ADS spallation target. Various tests have been carried out at electron beam currents of up to 10 mA, which 
corresponds to up to 100 times the nominal beam current necessary to reproduce surface heating in 
representative conditions. No significant shockwave effects or enhanced LBE evaporation were detected. As 
a first conclusion it can be stated that the WEBEXPIR free surface flow was not disturbed by the interaction 
with the electron beam and that the vacuum conditions stayed well within the design specifications of the 
MYRRHA/XT-ADS. 
 
In the meantime, the WEBExpIr loop has been reassembled at SCK•CEN for use in a number of LBE flow 
experiments. Recently, a project for measuring the reflectivity of a turbulent LBE surface for laser light has 
been started at the WEBEXPIR loop. The results of these measurements will be used for the design of the 
MYRRHA/XT-ADS LIDAR system, which will monitor the level of the free LBE surface in the target nozzle. 
The loop has also been used for testing an electromagnetic flow meter, developed by FZR 
(Forschungszentrum Rossendorf, DE). 
 
Future work 
A detailed analysis of the measurements and the results obtained during the WEBEXPIR experiment will be 
reported in a forthcoming publication. The reassembled WEBEXPIR loop will be used in future LBE flow 
experiments at SCK•CEN for the optimisation of the spallation target nozzle design. 
 
Main contact person 
Jan Heyse, Jan.Heyse@sckcen.be 
 
Main reference 
Jan Heyse, Hamid Aït Abderrahim, Thierry Aoust, Marc Dierckx, Kris Rosseel, Paul Schuurmans, Katrien 
Van Tichelen, Arnaud Guertin, Jean-Michel Buhour, Arnaud Cadiou, Michel Abs, Benoit Nactergal, Dirk 
Vandeplassche, “WEBExpIr: Windowless target Electron Beam Experimental Irradiation”, Proceedings of the 
Fifth International Workshop on the Utilisation and Reliability of High Power Proton Accelerators, Mol, 
Belgium, 6-9 May 2007. 
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EUROPEAN LEAD-COOLED  SYSTEM (ELSY)

 
Background 
The international Generation IV (GEN IV) initiative has once more highlighted that fast reactors are 
indispensable for a sustainable development of the Nuclear Energy. Europe has historically a large 
experience in the field of sodium-cooled fast reactors and recently has made a big effort in the development 
of the Lead-Bismuth Eutectic (LBE) technology for use in the sub-critical reactors, starting from the Russian 
technology for the submarine propulsion programme. 
 
The evolution from the LBE technology towards the pure lead technology is a natural and logical way 
because lead is less expensive, less corrosive and of lesser radiological concern. Lead has chemical and 
neutronic characteristics which are unique for a safe fast reactor. Molten lead, namely, operates at low 
pressure and high temperature, is relatively inert to air and water. 
 
Objectives 
The ELSY consortium intends to design a Lead-cooled Fast Reactor (LFR) system that complies with all 
GEN IV goals and gives assurance of investment protection. The EC FP6-ELSY project aims to demonstrate 
that it is possible to design a competitive and safe fast critical reactor using simple engineered technical 
features. ELSY is a 36-months project (starting September 1, 2006) partially funded as a "Specific Targeted 
Research Project" entitled to the European Commission.  
 
Europe is best suited to successfully work out this ambitious project, owing to 
 the large experience in another liquid metal technology, namely sodium; 
 the experience in the heavy metal technology acquired in the frame of Accelerator Driven Systems (ADS) 

with design, construction and operation of several Pb-Bi or pure Pb experimental loops and Pb-Bi 
irradiation capsule in existing MTRs; 

 the ongoing ADS design and R&D activities performed within EURATOM FP6 IP EUROTRANS, in 
particular MYRRHA/XT-ADS and EFIT. 
. 

Synergy with IP EUROTRANS will allow to achieve the best performance with minimum effort, while getting a 
major role in the LFR development in the frame of GEN IV. The Consortium is constituted by partners from:  
 Industry (Ansaldo, Del Fungo Giera Energia, Empresarios Agrupados); 
 Utilities (EDF); 
 European Commission Joint Research Centre (JRC/IE-Petten); 
 National research organisations (CESI, CNRS, ENEA, FZK, INR, NRG, UJV-REZ, PSI and SCK•CEN); 
 Universities (AGH, CIRTEN and KTH); 
 Some international partners, namely SNU (Korea) and KESRI (Korea) are also involved. 
 
Due to the experience gained through the MYRRHA project, SCK•CEN is a major partner within the ELSY 
project  and  is responsible or involved  in the following tasks: 
 The definition of the core configuration parameters and the design of the fuel pin and of the hexagonal 

option of a fuel assembly; 
 The reactor physics design of the MOX-based core and its performance assessment for a whole 

operation period (from the reactor start to the end of the fuel life), including static, kinetic parameters and 
various reactivity effect and coefficients; 

 The assessment of Minor Actnide (MA) burning capability in such a system; 
 The safety analysis of the ELSY reactor; 
 The identification of the needed R&D support for ELSY. 
 
Principal results 
The definition of the ELSY core configuration and parameters has been achieved, and the preliminary 
designs of the fuel pin and of the fuel assembly have been delivered. A configuration of a 600-MWe (1500 
MWth) core has been proposed for the ELSY performance assessment.  

A detailed MCNP model has been successfully setup for the neutronics analysis of the ELSY core based on 
hexagonal fuel assemblies and MOX fuel. Reactor physics calculations have yielded a successful power 
peaks flattening using a 3 zone Pu-enrichment core loading pattern. The core performance assessment has 
been carried out at BOC (beginning of cycle) and after two effective full power years of operation. The 
preliminary simulation of a long-term behaviour of the critical fuel rods was also performed. 
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Neutronic MCNPX model of ELSY core 
 
Future work  
 Core design revision thanks to feedbacks from various teams. 
 MA burning performance in ELSY-LFR. 
 Thermal-hydraulics, thermo-mechanical and safety analysis. 
 Set up a catalogue of the needed R&D. 

 
Main contact persons 
Hamid Aït Abderrahim, hamid.ait.abderrahim@sckcen.be 
Edouard Malambu, edouard.malambu@sckcen.be 
Vitali Sobolev, vitali.sobolev@sckcen.be 
 
 
Main references 
[1] ELSY Work Program, European Lead Cooled System (ELSY) Project, FP-036439, 6th 
Framework Program, EURATOM, Management of Radioactive Waste, 2006. 
 
[2] V. Sobolev, E. Malambu, H. Aït Abderrahim, Definition of the ELSY core configuration 
parameters: Preliminary specifications for the ELSY-600 core, Deliverable M7, 
EURATOM FP6 ELSY Project, Contract N° FI6W-2006-036439, February 2007. 
 
[3] V. Sobolev, E. Malambu, H. Aït Abderrahim, Preliminary fuel pin and hexagonal assembly design (and 
drawings), 
ELSY project, Deliverable D5, Revision 1, October 2007. 
 
[4] L. Cinotti , G. Locatelli, H. Aït Abderrahim, S. Monti, G. Benamati, H. Wider , D. Struwe, A. Orden, "The 
ELSY Project", paper presented at ENC-2007, Brussels. 
 
[5] C. Artioli, S. Massara, E. Malambu, M. E. Ricotti, M. Sarotto and V. Sobolev, " ELSY: neutronic design 
approach", paper presented at ENC-2007, Brussels. 
 
[ 6 ] E. Malambu, C. Artioli, V. Sobolev, C. Antonucci, , P. Meloni, M. Sarotto, S. Massara, H. Aït Abderrahim, 
M. Schikorr, D. Struwe, " PRELIMINARY CORE DESIGN OF THE EUROPEAN LEAD-COOLED SYSTEM", 
PHYSOR-2008,  accepted for oral presentation. 
 
[7] E. Malambu, "Reactor Physics Design Analysis of the ELSY_600MWe core wit Hexagonal Fuel 
Assemblies", ELSY-PCC Meeting, PSI-Villigen, October 3-4, 2007). 
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THE GUINEVERE PROJECT AT THE VENUS FACILITY

 
Background 
The GUINEVERE project is a project within IP-EUROTRANS, a programme in the 6th Framework 
Programme (FP5) of EURATOM. The IP-EUROTRANS project addresses main issues for Accelerator Driven 
Systems (ADS) development in the framework of partitioning and transmutation for nuclear waste volume 
and radio toxicity reduction. The GUINEVERE project is carried out in the context of domain 2 of IP-
EUROTRANS, ECATS, devoted to specific experiments for the coupling of an accelerator, a target and a 
subcritical core. A major item to be investigated by these experiments is the validation of the subcriticality 
monitoring for an ADS since the guarantee of subcriticality is of fundamental importance for the safety of an 
ADS. Analyzing the outcome of the FP5 MUSE project with regard to this issue, two points were left open for 
significant improvement. To validate the methodology for reactivity monitoring, a continuous beam is 
needed, which was not present in MUSE. In the definition of MUSE, from the beginning also a strong request 
was made for a lead core in order to have representative conditions of a lead-cooled ADS which was only 
partially answered by the MUSE-programme. For this purpose, there is a need for a lead fast critical facility 
connected to a continuous beam accelerator.  
Since such a programme/installation is not present at the European nor at the international level, SCK•CEN 
has proposed to use a modified VENUS critical facility located at its Mol-site and to couple it to a modified 
GENEPI deuteron accelerator working also in continuous mode and with beam trips: the GUINEVERE-
project (Generator of Uninterrupted Intense NEutrons at the lead VEnus REactor).  
 
Objectives 
During 2007 and 2008, the VENUS facility will be modified in order to allow the experimental programme to 
start by the middle of 2009. These experiments aim to provide an answer to the questions of on-line 
reactivity monitoring, sub-criticality determination and operational procedures in an ADS by 2010. 
 
Principal results 
The execution of the GUINEVERE project will consist of two types of modifications at the SCK•CEN site. 
First of all, there are the modifications which are connected to the installation of the new GENEPI-C 
accelerator at the VENUS critical facility and its coupling to the core. The second type of modifications is 
linked with the adaptation of the VENUS critical facility to host a fast lead core, further on referred to as 
VENUS-F. The construction of the accelerator GENEPI-C will be carried out by the French research centre 
CNRS. For the penetration of the accelerator into the core, it was decided early in the project to have a 
vertical penetration because it has significant scientific advantages. An additional floor has to be constructed 
on top of the existing installation. The detailed technical drawings of the necessary modifications have been 
made and the stability studies of the existing foundations have been carried out. In the figure below you see 
the drawing of the additional floor with the ventilation system on top of the already existing bunker in the 
VENUS hall. 
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To obtain a fast lead core in the VENUS vessel, all internals were removed and will be replaced by a core 
made of lead and uranium fuel. The fuel is provided by CEA in the framework of the IP-EUROTRANS project 
and will be returned after completion of the project. Based on uranium rodlets of about 1.27 cm diameter, 
lead plates and square lead rodlets of 1.27 cm thickness a fuel assembly is made based on the pattern given 
in the figure below on the left. The active height of the core region is about 60 cm. About 80 to 90 fuel 
assemblies are needed to obtain a critical configuration. The core region is contained within a 12x12 square 
of assemblies. The other assemblies (green squares in the figure on the right) are lead assemblies 
simulating the reflector. To allow a safe shutdown in all situations, 6 safety rods made of boron carbide with 
a fuel/lead follower are foreseen in the core (yellow squares in the core region of the figure on the right). The 
control rods (yellow squares in the periphery region of the figure on the right) are made of boron carbide.  

 

                  
 

In order to validate the concept of the fuel assembly and to test the modalities of the assembling procedure, 
a dummy element has been constructed (see figure below on the left). The test of the dummy assembly was 
positive, only minor revisions were necessary. The assemblies are arranged in a square matrix surrounded 
by a radial and axial lead reflector of about 40 cm thickness (figure below on the right).  

                                             
 
At present most of the detailed design has been finished and safety studies have been initiated. Particular 
attention is given to possible reactivity effects, shielding aspects and radiological and industrial risks.  
 
Future work 
Future work will consist of adapting the VENUS facility in 2008, obtaining the license to operate the facility in 
2009 and carrying out the experimental programme in 2009 and 2010. 
 
Main contact person 
Peter Baeten, peter.baeten@sckcen.be 
 
Main reference 
P. Baeten et al., The "GUINEVERE"-project at the VENUS facility", HPPA conference proceedings, Mol 2007  
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ON-LINE FAST FLUX MEASUREMENTS IN THE BR2 REACTOR

 
Background 
Since 2001, CEA-Cadarache and SCK•CEN are collaborating on the development and in-pile qualification of 
subminiature fission chambers (1.5 mm).  Initially the efforts were concentrated on fission chambers for the 
in-pile measurement of thermal fluxes (with 235U as fissile material).  Meanwhile successful long-term tests of 
the prototypes have been performed in various environments: in low temperature (40-100°C) BR2 pool water 
(up to a thermal neutron fluence of 3  1021 n/cm²) and in the CALLISTO PWR loop (300°C, 155 bars).  The 
long-term qualification of derived industrial detectors (Photonis CFUZ53) in CALLISTO is still ongoing. 
However, for various types of irradiations in research reactors, the knowledge of the evolution of the fast 
neutron flux is even of more interest than the thermal flux data.  Therefore the collaboration program was 
extended to the development and the in-pile qualification of subminiature or miniature fission chambers (with 
3 mm diameter) for fast neutron detection, for which 242Pu was selected as the optimal fissile material.   
In order to achieve the on-line in-pile measurement of fast neutron flux, the fission chambers will be operated 
in the Campbelling mode (based on the mean square fluctuation of the detector current).  In this mode the 
gamma induced contribution to the signal can be efficiently suppressed. Moreover, a data processing 
software will take into account the evolution of the fissile deposit in order to assess on-line the fast flux 
sensitivity and to correct for the low energy neutron contributions.  
 
Objectives 
The final objective is to qualify a Fast Neutron Detector System (FNDS) able to provide on-line data for local 
fast neutron fluxes in Material Testing Reactors.  The on-line measurement of the fast neutron flux would 
contribute significantly to the characterization of the irradiation conditions during test experiments with 
materials and innovative fuel elements.   
 
Principal results 
In the BR2 thimble channels E30, G60 and K11 we tested a Ø1.5 mm 242Pu fission chamber (see figure 
below), manufactured by CEA-Cadarache and equipped with a suitable cable to allow measurements in 
pulse, Campbelling and current mode.  The linearity of the response, the current/voltage characteristics and 
the gamma suppression capability of the fission chamber were studied.  
 

 
Detail of the experimental rig with the 242Pu fission chamber together with other subminiature fission chambers. 

 
 
The 242Pu fission chamber shows a perfectly linear dependence on the reactor power, in current mode as 
well as in Campbelling mode (see figure on the next page).  Moreover, the recorded I/V curve features a 
well-established saturation regime.  The dependence of the Campbelling signal on the polarization voltage 
was also roughly determined, showing a more pronounced slope than in current mode. This behaviour will 
be studied in detail in an upcoming experiment. 
 
 
 
 
 

242Pu fission chamber 
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The experimental data of the Pu-242 fission chamber: linearity of the response and polarization voltage dependence of 
the signals in current and Campbelling mode. 
 
The main aim of the experiment was the verification of the suppression of the gamma-induced signal 
contribution in the Campbelling mode.  This information was obtained from the detector data recorded during 
the hours following a reactor stop: the neutron flux drops very fast after the stop, while the gamma heating 
rate decreases more slowly according to a multi-exponential function.  The figure below shows the 
normalized data and the fit curves for the 242Pu fission chamber, corresponding to relative gamma 
contributions to the signal (at full reactor power) of  50 % in current mode and 0.6 % in Campbelling mode.  
So in the latter mode the gamma induced contribution is suppressed by almost two orders of magnitude. 
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Normalized Pu-242 fission chamber data just after the reactor stop: signals in current and Campbelling mode together 
with the fitted curves.  After five hours the experimental rigs were unloaded from the reactor.  The recorded thermal 
neutron flux and gamma heating rate data are also shown. 
 
Future developments  
The concept of a 242Pu fission chamber operating in Campbelling mode as a fast neutron detector seems to 
be viable: in this mode the gamma-induced signal is almost completely suppressed – essentially the 
complete signal is due to neutron-induced fission.  Although a large fraction of the signal indeed comes from 
fast neutrons, the sensitivity to lower energy neutrons is not negligible and will evolve during the detector 
lifetime.  This contribution will be assessed by a code treating the evolution of the fissile deposit composition, 
in combination with a separate thermal flux measurement (using a 235U fission chamber or a self-powered 
neutron detector).  A dedicated signal acquisition system, including a module that performs these partial 
sensitivity calculations, is being developed.  The complete FNDS system will be tested at BR2 by end 2008 
or early 2009. 
 
Main contact person 
Ludo Vermeeren, ludo.vermeeren@sckcen.be 
 
Main reference 
Patent being deposited. 
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THE POSEIDON PROJECT

 
Background 
Concerns about clean air and global warming led car manufacturers to develop hybrid cars. A few models 
already reached the market but the manufacturers anticipate that the production figure will hit the million 
mark at the horizon 2010. Hybrid cars make an extensive use of power electronics, which implies – relatively 
- large size semi-conductor components. The initial doping of those components is best made by neutron 
irradiation, which achieves a better doping uniformity than chemical processes. Silicon doping becomes 
therefore a growing market for a number of research reactors, in supplement to their medical isotopes 
productions. 
 
With the SIDONIE facility in operation since 1992, the doping of silicon is not a new activity in the BR2 
reactor. However, SIDONIE is limited to 5" diameter ingots whereas the trend is to 6" and 8" diameter or 
even 12". 
.   
 
Objectives 
The purpose of POSEIDON (POol Side Equipment for Irradiation and DOping of silicon by Neutrons) is to 
allow the large scale irradiation of 6" and 8" diameter silicon ingots. 
 
Principal results 
Adequate doping conditions are met when silicon ingots are irradiated in 
a thermal neutron flux, with as little fast flux component as possible. In 
addition, the neutron and gamma fluxes should not be too important in 
order to avoid too much heat generation in the ingot. These conditions 
can be produced in the BR2 reactor by using a large block consisting of 
a neutron moderator.  This will be located in the reactor pool close to the 
BR2 vessel at core level. Due to the particular shape of the BR2 vessel 
– a hyperboloid – this irradiation position is not easy to access. 
 
Therefore, the large block that is referred to as the POSEIDON facility, is 
penetrated by six irradiation channels hanging like a pendulum at the 
working floor in the BR2 pool. In the loading position (vertical) it is clear 
of obstacles above, like the reactor top cover. In the irradiation position, 
it is pushed against the vessel by a system installed in the pool. 
 
The six irradiation positions are each sized for the irradiation of 8" 
ingots, loaded in baskets. Two ingots are stacked up in each position. 
The doping of 6" ingots will be performed in the same positions using 
special adaptors to fill the gap. 
  
The radial flux gradient will be compensated by the rotation of the ingots 
during the irradiation. The axial flux gradient will be compensated by 
switching the positions of the upper and lower ingot at mid-irradiation. 
 
The production capacity of POSEIDON is very much influenced by the 
target resistivity required by the customer (the lower the resistivity, the 
longer the irradiation duration). 
 
With the very high production rate that is anticipated, considerable effort 
is devoted to handling systems: assistance is needed for the loading of 
the irradiation baskets (an 8" ingot weighs 18 kg), for the switching of 
upper and lower ingot, for the storage before, during and after 
irradiation, for the recovery of the ingots, their decontamination, control 
and packaging before shipping. 
 
 POSEIDON 

irradiation basket 
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BR2 vessel and POSEIDON irradiation block in the loading position 
 
2007 was a very busy year. The procurement of the components proved to be more difficult than anticipated. 
Nevertheless, at the end of 2007, all large components of the irradiation system were delivered at SCK•CEN 
by their suppliers and installed in the test pit.   
The complexity of the ancillary systems, required for the handling of ingots before, during and after the 
irradiation, grew to become a little production plant in itself.  
 
 
Future work 
The final assembly of the components in BR2 will be performed begin 2008 and the first qualification 
irradiation is foreseen in the first half of 2008. 
 
 
Main contact person 
Philippe Benoit, philippe.benoit@sckcen.be 
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RETROSPECTIVE DOSIMETRY FEASIBILITY STUDY FOR THE 

ATUCHA I NUCLEAR POWER PLANT

 
Background 
The Reactor Pressure Vessel (RPV) of a nuclear power plant contains the nuclear fuel and is a primary loop 
barrier. The integrity of the RPV is a key component in the safety assessment of the plant. During reactor 
operation the RPV gradually degrades. The main damaging mechanism is the material embrittlement due to 
the neutron exposure. The embrittlement of the RPV steel is the limiting factor for the lifetime of the reactor. 
Therefore all modern nuclear power plants are equipped with a set of RPV surveillance capsules containing 
steel specimens of the same type of steel the RPV is made of (to investigate the material degradation) and 
neutron dosimeters (to determine the neutron exposure responsible for the degradation). The capsules are 
placed close to the RPV before the reactor start and dismantled and analysed on a regular basis during its 
lifetime. Surveillance capsules are ideally located near the beltline region (the section of the vessel wall 
closest to the fuel), at positions where the neutron flux is about two to three times higher than at the RPV 
wall. Such anticipated surveillance allows predicting the condition of the RPV. 
 
Reactor dosimetry aims at determining the neutron fluences accumulated by the RPV wall during the reactor 
operational lifetime. This information can be deduced from the measured nuclide specific radioactivity of the 
irradiated neutron dosimeters (from the surveillance capsules) and the detailed irradiation history (including 
neutron spectrum calculations). 
 
In some reactors no adequate RPV surveillance programme is available. In such cases one must rely on 
alternative techniques like e.g. ‘retrospective dosimetry’: steel specimens that are cut from structural material 
(like the RPV) are analysed and the neutron fluences that these specimens incurred are deduced. Even 
when routine dosimetry is available retrospective dosimetry can be a valuable technique to obtain 
complementary results. The RPV surveillance of the Argentinean reactor Atucha I is an example of a 
situation where retrospective dosimetry can be useful. Due to the lack of in-vessel positions, the surveillance 
capsules are positioned below the fuel elements resulting in irradiation conditions substantially different from 
those at the RPV beltline region. Since this does not allow a direct monitoring of the RPV neutron exposure, 
the dosimetry programme was complemented with an extensive 'ex-vessel' dosimetry campaign initiated in 
1994. These results could be supplemented by retrospective dosimetry. 
 
Retrospective dosimetry of fast neutron fluences is usually based on the reactions 54Fe(n,p)54Mn and 
93Nb(n,n')93mNb. For the first reaction a necessary requirement is that the irradiation and cooling times are 
not exceedingly long, the half life of 54Mn being 312 days. The latter reaction can only be applied if a 
sufficient amount of niobium impurities is present in the steel. 
 
In some cases retrospective dosimetry of thermal neutron fluences is also of interest. In Atucha I for example 
the surveillance capsules were positioned in a high thermal neutron fluence environment. Reactions that can 
be used for this purpose are for example 59Co(n,γ)60Co, 54Fe(n,γ)55Fe and 62Ni(n,γ)63Ni. 
 
Objectives 
Retrospective dosimetry needs a case by case evaluation. In the framework of a cooperation agreement 
between SCK•CEN (Belgium) and CNEA (Argentina), a feasibility study for performing retrospective 
dosimetry for Atucha I was performed. 
 
The objective was to investigate experimental techniques for retrospective dosimetry using RPV steel 
samples irradiated in the BR2 reactor at SCK•CEN and samples coming from an Atucha I surveillance 
capsule unloaded in 1987. 
 
Principal results 
The general procedure for performing retrospective dosimetry is schematically shown in the figure below. A 
sample is obtained from structural material like the RPV. On this sample γ-spectrometry measurements are 
performed. Then the sample is chemically dissolved and the different nuclide concentrations are determined 
via for example ICP-MS or neutron activation analyses. The initial solution often contains overwhelming or 
interfering activities perturbing the γ-spectrometry (or β−) measurements and therefore several chemical 
separation procedures are applied to obtain sub-samples better suited for γ-spectrometry (or β−) 
measurements. The separation yields evidently have to be accurately determined, for example via ICP-MS. 
The combined information, nuclide concentrations and induced activities, together with the sample irradiation 
history, allow determining the incurred neutron fluence. As neutron induced cross sections are needed to 
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convert specific activities to neutron fluence, the neutron spectrum has to be known or assumptions need to 
be made. 
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The measurements and results performed on and obtained from both types of Atucha I samples are 
chronologically summarised below. As the irradiation history of the samples from the surveillance capsule is 
not known, the neutron fluences are only determined for the samples irradiated in BR2. The neutron fluences 
accumulated by these samples are known from neutron dosimetry measurements which allows validating the 
retrospective method. 
 
In a first step γ-spectrometry measurements were performed to determine the 60Co and 54Mn activity of both 
sample types. Due to the relatively short half-life of 54Mn, this activity was only measurable on the samples 
irradiated in BR2. Then the samples were chemically dissolved and their isotopic composition was 
determined with ICP-MS.  
 
No measurable Nb quantities were detected. From the initial solution separated Fe and Ni fractions were 
prepared and the separation yields were determined via ICP-MS (more than 80 % for Fe and 50 to 60 % for 
Ni). 
 
The separated fractions were used for radioactivity measurements. From the Fe fractions thin deposits were 
prepared for measurement of the 55Fe X-rays with a low-energy germanium detector relative to 55Fe 
calibration samples. From the Ni fractions the 63Ni β-activity was determined with liquid scintillation counting. 
 
Finally the neutron fluences were calculated for the samples irradiated in BR2. The fast neutron fluence 
determination was based on the 54Fe(n,p)54Mn reaction. The results agree within 5 % with the expected 
value. The thermal neutron fluence determination was based on three different reactions: 59Co(n,γ)60Co, 
54Fe(n,γ)55Fe and 62Ni(n,γ)63Ni. All results agree with the expected value within the estimated uncertainties. It 
can therefore be concluded that via retrospective dosimetry the fast and thermal neutron fluence can be 
determined from Atucha I steel if neutron spectrum and irradiation history information is available. 
 
Future developments 
The feasibility of applying retrospective dosimetry techniques for Atucha I has been demonstrated. If 
requested it will be possible to provide neutron dosimetry results in this way. 
The technique of retrospective dosimetry can be further developed and standardised by investigating other 
types of material that are used as structural material in nuclear reactors.  
 
Main contact person 
Jan Wagemans, jan.wagemans@sckcen.be 
 
Main reference 
J. Wagemans, J. Longhino, H. Blaumann and L. Adriaensen, in Proceedings of the 13th International 
Symposium on Reactor Dosimetry, 25-30 May 2008, Akersloot (The Netherlands), in preparation. 
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RADIATION INDUCTION OF DEVELOPMENTAL EFFECTS DURING THE 

VERY EARLY STAGES OF PREGNANCY

 

 
 
Background 
Various studies have shown that early embryos of several mouse strains are sensitive to radiation-induction 
of congenital anomalies. The presence of mutations in particular genes seems to increase the sensitivity of 
embryos to such effects, but studies in that field are extremely limited. 
 
Objectives 
The aim of these studies is to determine 1) whether the sensitivity to radiation-induction of congenital 
anomalies during very early stages of gestation is transmitted to the following generation; 2) how mutations 
in genes involved in important cellular processes, like DNA repair, cell cycle regulation and apoptosis (cell 
suicide of a damaged cell), can influence the radiation sensitivity of the mammalian embryo during sensitive 
stages of early pregnancy. Emphasis is put on heterozygous mutations (in which only one of the two copies 
of the gene is mutated), which are relatively numerous in the human population and do not affect the viability 
and the fertility of individuals carrying them. The studies under way in that field are supported by contracts 
with the European Union and the Federal Agency for Nuclear Control (FANC-AFCN). 
 
Principal results 
The embryonic stages at which irradiation is delivered are the zygote or 1-cell stage (first day of gestation in 
mammals) and the gastrula stage (beginning of the second week in humans and mice). Both stages occur 
while women are, generally, not aware of pregnancy, meaning that irradiation of the embryo during a 
radiological examination of the mother cannot be excluded. Mouse embryos are irradiated with moderate 
doses of x-rays, e.g. 200 or 400 mGy. Our studies concentrate essentially on congenital anomalies, cytokine 
secretion in the amniotic fluid, chromosome instability and modifications of gene expression in the embryos.  
Cytokines are regulatory proteins which are released by cells of the immune system and act as intercellular 
mediators in the generation of an immune response. Measuring cytokines in the amniotic fluid will enable us 
to determine whether there is a correlation between specific cytokines and radiation-induced congenital 
anomalies. Chromosome instability has been reported in mouse foetuses from 2 strains (Heiligenberger and 
C57BL), after x-irradiation at the zygote stage. This phenomenon was characterized by an abnormally high 
frequency of chromosomal anomalies in the cells of the foetuses. The chromosomal anomalies had 
developed many cell cycles after x-irradiation of the zygotes. The long-term consequences of chromosome 
instability are still unclear, but, in the Heiligenberger strain, there was an apparent link between chromosome 
instability and the presence of external malformations in the foetuses. Early alterations of gene expression in 
the irradiated embryos could be a key component of the various developmental effects appearing later in the 
foetuses.  
Developmental effects are assessed in pregnant animals before delivery, i.e. on day 19 of gestation. A 
sample of amniotic fluid surrounding each foetus is collected. The pre-implantation and post-implantation 
losses are evaluated in the pregnant mice and the living foetuses are weighed and analyzed under the 
stereomicroscope for the presence of congenital anomalies 
The method used for the detection of cytokines in the amniotic fluid is based on the so-called “multiplex bead 
assay” or Luminex technology, which has been adapted recently in our laboratory.  

 
 
 
 
 
 
 
 
 
 
 
 
 

The Luminex technology allows the simultaneous detection and dosage of dozens of cytokines present in only 50 µl of 
amniotic fluid, with a sensitivity of a few pg/ml (picograms or 10-12 grams/ml) 

  
Chromosome aberrations are analyzed in the embryonic part of early gastrulas, because our studies on 
various mutants have shown that this part of the gastrula is much more sensitive to radiation induction of 
chromosome damage than the extra-embryonic part. For this purpose, total gastrulas (about 1 mm length) are 
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dissected under the stereomicroscope, and their embryonic parts are isolated and cultured in vitro for 6 h in 
the presence of colchicine, in order to block the cells in the metaphase of mitosis, at which stage 
chromosomes can be visualized.  
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The 
picture on the left illustrates the collection of early gastrulas, before their in vitro culture. Gastrulas are composed of an 

embryonic part (EP) and an extra-embryonic part (EEP) (picture on the right). Isolation of the embryonic part is 
performed under the stereomicroscope, using sharpened tungsten needles with extremely fine tips 

 
After culture, embryonic cells are fixed, spread on microscopic slides and stained for cytogenetic analysis, as 
illustrated on the following pictures.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Two metaphases from embryonic parts of mouse gastrulas, as they can be seen under the microscope. The first 
metaphase originates from a control embryo and shows 40 normal chromosomes, while the second is from an irradiated 

embryo and contains various aberrations (gaps and fragments) 
 
Analysis of gene expression in irradiated embryos is performed with our genomic platform which permits 
rapid, large-scale mapping of almost whole genomes (about 20,000 genes in the mouse) by directly analyzing single 
genomic DNA fragments. Our studies have shown that, after x-irradiation with a moderate dose (0.5 Gy), a high number 
of genes are down-regulated in the embryonic part of the gastrula, while the same genes are up-regulated in 
its extra-embryonic part. This might explain the high sensitivity of the embryo at this important stage and 
suggests a role of the extra-embryonic part in its protection. Down-regulation of several embryonic functions 
at the start of the organogenesis could have drastic consequences on survival and further development. 
 
Future developments  
Studies on the heritability of the sensitivity to radiation induction of congenital anomalies are under way in 
the CF1 and ICR mouse strains. Likewise, experiments on the influence of heterozygous mutation in the p53 
gene (the so-called “genome guardian”, which exerts a key role in the apoptotic process) are being pursued. 
Two other genes will be investigated in the near future for their influence on embryonic radiation sensitivity. 
The first of them -PARP- is involved in the repair of single-strand breaks in DNA, while the second -ATM- is 
involved in cell cycle regulation, DNA repair and apoptosis. 
 
Main contact person 
Paul Jacquet, paul.jacquet@sckcen.be 
 
Main reference 
P. Jacquet, Genetic susceptibility to radiation-induced effects in embryos, in "Effects of in utero exposure to 
ionising radiation during the early phases of pregnancy", Office for Official Publications of the European 
Communities, (Ed. European Communities), Luxembourg, ISBN-92 894-4536-X, pp. 17-36, 2002. 
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CALCULATION OF ORGAN DOSES IN X-RAY EXAMINATIONS 

OF PREMATURE BABIES

 
 
Background 
As ionizing radiation has enabled great progress in the diagnostic and therapeutic aspects of medicine, its 
use is in most cases easily justifiable. General radiation protection principles require additionally that 
radiation doses of the patients should be as low as reasonably achievable within the medical purposes. In 
Europe this is stipulated in the directive 97/43/Euratom. This directive also requires that special attention 
should be given to the patient doses in pediatric examinations, of which premature babies constitute an 
important sub-group. 
 
All babies born before 37 weeks of gestation are defined as being prematurely born. Newborn and 
prematurely born babies are particularly sensitive to the detrimental effects of X-rays. Risk of cancer 
induction is believed to be 2–3 times higher than that of the average population and 6–9 times higher than 
the risk from an exposure at 60 years of age, for equal dose. 
 
A premature born child may be exposed to a large number of diagnostic X-ray examinations. Several of 
these infants may have underdeveloped lungs, which may lead directly to the respiratory distress syndrome 
(RDS) or to (lethal) lunghypoplasia/hypertension. Diagnosis and follow-up of the respiratory distress 
syndrome by means of chest radiography is justified. Risks associated with X-ray examinations are low 
compared to the other medical risks that these patients face, but even in this case the radiation dose should 
be kept as low as possible. Knowledge of the radiation dose is a first step in the optimization process. A 
recent study on 255 premature children in the University Hospital of Gasthuisberg found that they undergo 
10 X-ray examinations, on the average. In this sample, the maximum was 78 X-ray examinations. 
 
 
Objectives 
Radiation risk estimates are based on the doses in various organs and tissues of the body. In practice, direct 
measurement of the organ doses is not possible and therefore organ doses must be estimated otherwise, 
most often by means of Monte Carlo simulations. 
 
To calculate doses in the entire body and in specific organs, computational models of the human anatomy 
are needed. Mathematical (equation based) phantoms resemble the human anatomy only roughly (figure a).  
More realistic human phantoms have become available based on medical imaging techniques, such as 
computed tomography (CT) or magnetic resonance imaging (MRI). These so called voxel phantoms provide 
a more realistic representation of the anatomical structures. 
  
While much effort has been devoted towards the creation of adult phantoms, only few research studies have 
proposed phantoms for pediatric radiology.  As far as we know, specific voxel phantoms for premature 
babies have not been presented earlier. In this study two voxel phantoms (figure b and c), representing 
prematurely born babies, were created from CT- and MRI-images. 
 
Results 
The phantoms described in this study are useful for calculating conversion factors from entrance air kerma to 
organ doses. For a chest radiograph the doses typically are low. For example, in the University Hospital of 
Gasthuisberg the lung dose in a 2 kg premature baby who is exposed to the average of 10 chest radiographs 
is of the order of 250 µGy. If 80 radiographs are required, the dose to the lung will be approximately 2 mGy. 
 
Future work 
The development of a voxel phantom in this age group was considered a first step towards optimization 
studies in the neonatal unit. MCNPX is not limited to calculating organ doses, but can also be used to assess 
image quality (figure d). In further work, the voxel phantoms will be used to link patient doses and image 
quality. 
 
 
Main contact person 
Kristien Smans, Kristien.Smans@sckcen.be 
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Main reference 
K. Smans, M. Tapiovaara, M. Cannie, L. Struelens, F. Vanhavere, H. Bosmans, Calculation of organ doses 
in X-ray examinations of premature babies, Medical Physics, to be published (februari 2008).  
 
 
 
 

                      
                     (a)        (b)         (c) 
 
 

 
   (d) 
 

(a) Mathematical phantom: model resembles human anatomy only vaguely 
(b) and (c) Voxel phantom: realistic representation of anatomical structures 

(d) Chest radiography created with MCNPX 
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RADIATION PROTECTION OF MEDICAL STAFF: A COORDINATED 

ACTION BY EURADOS ON EXTREMITY DOSIMETRY AND THE USE OF 

ACTIVE PERSONAL DOSEMETERS (CONRAD)

 
 
Background 
Monitoring of workers constitutes an integral part of any radiological protection program. However, 
unresolved issues in radiation protection of medical staff still remain. Research and establishment of 
guidelines are necessary on a variety of issues such as extremity dosimetry (fingers, eye lenses, etc), the 
use of double dosimetry above and below lead aprons, or the use of electronic personal dosimeters in 
interventional procedures. Medical practices are also evolving fast, and new techniques with ionising 
radiation emerge very regularly, thus implying the need of radiation protection measures for medical staff, 
and the implementation of new monitoring programs. In some medical applications of radiation there is an 
increased risk of high local exposures because of direct handling of sources or the use of beta-emitters. 
However, despite the large number of workers that are exposed in the medical field worldwide, only few 
measurements of extremity doses have been reported in the literature. 
 
Objectives 
Some activities of EURADOS Working Group 9 (WG9) were sponsored by the European Commission in the 
CONRAD project. This CONRAD project was aiming at the coordination of research on radiation protection 
at the workplace. Working group 9 has been involved in the coordination and promotion of European 
research in the field of Radiation Protection Dosimetry for Medical Staff. One of the objectives of this 
working group was to formulate the state of the art and to identify areas in which improvements were 
needed.  
For some of these medical applications the skin of the fingers is the limiting organ from the point of view of 
individual monitoring of external radiation. The wide variety of radiation field characteristics in a medical 
environment, and the difficulty of measuring a local dose that is representative for the maximum skin dose 
(usually with one single detector), makes it difficult to perform extremity dosimetry with an accuracy similar to 
whole-body dosimetry. Therefore a subgroup of WG9 dealt specifically with the use of extremity dosemeters 
in medical radiation fields.  
Active personal dosimeters (APDs) are very efficient tools to monitor occupational doses in real time during 
exposure and provide selectable alarm levels to avoid high doses. Interventional radiology operators belong 
to a specific worker category, which would benefit from a real time, accurate assessment of their dose. 
Another subgroup dealt with the adequate dosimetry of scattered photons, using APDs. They must be able 
to respond to low-energy [10-100 keV] and pulsed radiation with relatively high instantaneous dose rates. 
 
Principal results 
The first subgroup prepared an inventory of sites and situations presenting extremity dosimetry issues 
(conventional nuclear medicine, radiotherapy and PET (positron emission tomography), interventional 
radiology and cardiology, manual brachytherapy, together with a thorough literature review. For several 
countries, data has been collected on the number of extremity dosimeters used in the different fields, and on 
the magnitude of doses that are being measured. Moreover, early 2007, an intercomparison for ring 
dosimeters, coordinated by SCK•CEN, was organised between 24 European dosimetry services. The overall 
objective was to verify the performance of different extremity dosimeters in measuring the quantity Hp(0.07) 
in photon and beta reference fields. The irradiation fields comprised: (1) 137Cs gamma rays (irradiations at 0°, 
180°), (2) fields simulating interventional radiology (IR) workplace conditions (generated using 70 kVp X-ray 
beams and a phantom), (3) some beta radiation fields from 90Sr/90Y, 85Kr, and 147Pm sources (irradiations at 
0°and 60°) and (4) two fields simulating workplace conditions typical of nuclear medicine departments: an 
unshielded syringe containing 99mTc (without shield) and 18F (figure a). The following conclusions could be 
drawn after the first evaluation of the present intercomparison: 
 There are services that use 137Cs sources for calibration and still present a serious deviation from the 

conventional true value of Hp(0.07); 
 The general overestimation in the IR fields could be explained by the energy response of LiF; 
 The underestimated response of detectors to 18F is due to the positron flux that significantly contributes to 

the dose  from unshielded syringes; 
 There is a clear correlation between filter and detector thickness and response to beta particles; 
 Only a few dosimeters show good results for all radiation qualities, especially the ones with thin detectors 

and filters. 
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In March 2007, the second subgroup organised an intercomparison of five APD models deemed suitable for 
application in interventional radiology in France. Both pulsed and continuous X-ray beams were used. The 
reference value at point X (figure b) was based on measurements with a cavity ionisation chamber calibrated 
in the direct beam in terms of free-in-air kerma. The X-ray transport through the water-slab patient-phantom 
was calculated by IRSN, CEA and SCK•CEN using different codes: MCNP, MCNPX and PENELOPE 2006. 
The conversion coefficient was derived from the ratio, at point X, of calculated values of Hp(10) and Ka. The 
latter was calculated in a 1 cm radius sphere filled with air and centred at point X, in the absence of the 
radiologist-phantom. Hp(10) was calculated as the dose scored in a cell centred at point X, at depth 10 mm in 
a 30 cm × 30 cm × 15 cm phantom, representing the radiologist. The results of the intercomparison of the 
APDs were: 
 four dosimeters out of five are sensitive to the single pulse radiation; 
 the requirement of IEC standard in terms of energy response is not fulfilled for only one dosimeter (DIS 

100); 
 Except for model PM 1621A, a systematically larger response for the pulsed field than for the continuous 

one (13 % on average) is observed; 
 The observed standard deviations ranged between 0.3 and 1.5 % for a single APD (repeated irradiations) 

and less than or equal to 5 % for two APDs of the same type (14 % was observed for one type). 
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Pictures of the ring dosimeter intercomparison set-up for realistic nuclear medicine fields (a)  and for the intercomparison 

of APDs for realistic fields in interventional radiology (b) 
 
Future work 
The activities on the extremity dosimetry and active personal dosimeters in medical fields will be continued 
and elaborated in detail in the new European FP7 project ORAMED: Optimisation of Radiation Protection of 
Medical Staff. This project will be coordinated by the SCK•CEN.  
 
Main contact person 
Lara Struelens,  Lara.struelens@sckcen.be 
Filip Vanhavere, filip.vanhavere@sckcen.be 
 
Main references 
F. Vanhavere, E. Carinou, L. Donadille, M. Ginjaume, J. Jankowski, A. Rimpler and M. Sans Merce, "An 
Overview on Extremity Dosimetry in medical applications, Radiation Protection and Dosimetry", to be 
published (2008).  
I. Clairand, L. Struelens, J.M. Bordy, J. Daures, J. Debroas, M. Denozières, L. Donadille, J. Gouriou, C. Itié, 
P. Vaz and F. d'Errico, "Intercomparison of Active Personal Dosimeters in Interventional Radiology, 
Radiation Protection and Dosimetry", to be published (2008).  
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IMPACT MODELLING OF NATURALLY OCCURRING RADIOACTIVE 

MATERIALS (NORM) IN THE ENVIRONMENT

 
Background 
Remediation of sites contaminated by Naturally Occurring Radioactive Materials (NORM) is a current issue 
in many countries world wide. These materials could arise from many types of industries such as mining and 
milling of uranium, thorium and other metals, phosphate industry, coal mining and combustion, oil and gas 
industry, abandoned radium and thorium extraction facilities. Waste products originating from these 
industries need to be managed in a proper way. In recent years, new radiation protection legislation, growing 
awareness of radiation risks at some sites and public perception have created the necessity to develop 
remediation strategies for those sites. These strategies can be based on the exploration of hypothetical 
scenarios, where different exposure pathways are screened.  
 
Objectives 
SCK•CEN has been involved in an international comparison exercise under the IAEA EMRAS programme 
where the radiological impact of a hypothetical NORM waste dump site and the effect of corrective actions 
had to be assessed. The outcome of different radiological assessment models was compared. The waste 
dump (surface 1 km2, 10 m deep, containing 1 Bq g-1 of 238U in secular equilibrium with her daughters) is 
located above an aquifer which can be contaminated by the waste due to percolation of rain water. The 
waste dump is either uncovered or covered by a 2 m thick layer, with an erosion rate of 0.1 mm y-1 and an 
effective porosity of 0.2. The dose, resulting from living on top and at 200 m distance from the border of the 
waste dump was to be calculated. 
 
Principal results 
The SCK•CEN model DosDiM was used to assess the dispersion of the radionuclides in the biosphere and 
the resulting doses. The contaminant concentration in the aquifer was calculated by using the water and 
solute transport models HYDRUS 1D and 2D (see illustration). The highest concentration of 238U was found 
at the border of the waste dump (i.e. Section 2) due to migration of contaminants from the waste following 
percolation with rainwater and taking into account ground water flow. From this point onwards, radionuclides 

are being diluted. Dispersion of airborne contaminants (radon, dust) is calculated by using a multi source 
Gaussian dispersion model. External irradiation, inhalation from dust and radon, ingestion of contaminated 
drinking water (well) and consumption of contaminated food (self-sustaining farmer; food contamination by 
irrigation and watering of cattle) were the pathways considered.  
Living on and consuming products from the uncovered waste area (Section 1) give without any doubt the 
highest dose. The total dose (12 mSv y-1) remains unchanged with time. Inhalation is the most contributing 
pathway (61 % of which 56 % is due to radon inhalation). Ingestion of contaminated food accounts for 20 % 
of the total dose. Because no cover is applied, the external irradiation contributes to 19 % of the total dose.  
Living outside the uncovered waste area (Section 3), reduces the doses considerably. Maximal dose 
observed after 10000 years is only 3.3 % of the maximal dose calculated for residence on the waste area. It 
comprises 0.2 mSv y-1 during the first 1000 years, from which 38 % is due to radon and 62 % due to dust 
inhalation. After 1000 years the well starts to be contaminated, resulting in an increase of the ingestion dose. 
The contribution of ingestion comprises 0.084 mSv y-1 (30%) of the total dose after 5000 years but reaches 
values up to 0.182 mSv y-1 (48%) after 10000 years. The influence of external irradiation is negligible in 
comparison to the other pathways.  

 
Graphical illustration of the conceptual model combined with an output file from HYDRUS 2D which determines the 
concentration of 238U in the aquifer after 10000 year. Lowest concentrations in the aquifer are coloured red [150 Bq 
m-3], highest concentrations are coloured blue [18000 Bq m-3] 



   

www.sckcen.be   Operational Office: Boeretang 200, BE-2400 MOL – Scientific Report 2007 

c

For residents living on or in the vicinity of covered waste 
the total dose is a factor 100 lower than for the 
corresponding scenario with uncovered waste (Section 1 
and 3). Notwithstanding the fact that the waste is covered, 
radon can emanate through this layer. During the first 100 
years the inhalation pathway is responsible for all the 
annual dose contribution for residents living on the waste 
area (0.13 mSv y-1) as well as those living outside the 
waste area (1.5 10-3 mSv y-1). The inhalation dose 
increases progressively due to erosion of the cover. After 
5000 years the ingestion pathway also starts to be 
important. For residents living on the waste, 22 % of the 
total dose is due to ingestion (mostly drinking water), 
whereas the total contribution for residents living outside 
the waste area is mainly due to ingestion. Food 
ontamination is not direct because the waste is covered, 

but only indirect via irrigation with contaminated well water 
(adhesion and uptake from soil which becomes 
contaminated over time). Due to the application of a cover 
the exposure to external irradiation is negligible.  
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Overview of the relative contribution of inhalation, ingestion and external irradiation toward the total dose of 
residents living on and near the waste area in the uncovered and covered waste scenario for different time 
periods after the construction of the waste area 

5

Section 1 (centre of waste dump)
Section 2 (border of waste dump)
Section 3 (200 m from edge)
Section 4 (1 km from edge)

238U concentration in the well water [Bq m-3] after 
10000 years depending on the depth in the 
aquifer [m] and the section 

Uncovered waste 
On the  waste area At 200 m from the edge of waste area years after 

construction 
Inhalation Ingestion 

External 
irradiation 

Total dose 
[mSv y-1] 

Inhalation Ingestion 
External 

irradiation 
Total dose 
[mSv y-1] 

1 - 1000 61% 20% 19% 12.0 100% – – 0.20 

5000 61% 20% 19% 12.0 70% 30% – 0.28 

10000 61% 20% 19% 12.0 52% 48% – 0.38 

Covered waste 
On the  waste area At 200 m from the edge of waste area years after 

construction 
Inhalation Ingestion 

External 
irradiation 

Total dose 
[mSv y-1] 

Inhalation Ingestion 
External 

irradiation 
Total dose 
[mSv y-1] 

1 - 100 100% – – 0.13 100% – – 1.5 10-03 

1000 >99.9% <0.1% – 0.14 >99.9% <0.1% – 1.6 10-03 

5000 78% 22% – 0.23 2% 98% – 0.09 

10000 78% 22% – 0.32 2% 98% – 0.18 

 
Both scenarios clearly illustrated the importance of the leaching process, the ground water pathway, and the 
beneficial effect of applying a cover when dealing with near-surface disposal of waste.  A cover reduces the 
effect of radon emanation and eliminates the effect of resuspended contaminated dust. The NORM working 
group concluded that the scenario was complex and many choices, in terms of specification and choice of 
input data, had to be made. The exercise showed it is not always possible to specify a scenario without 
going through an iterative testing and modification process. Furthermore good communication between 
modellers is essential, to ensure that the same site specifications and environmental parameters are used. 
 
Future developments 
Though the general agreement between the different models was good, the DosDiM model will be further 
adjusted and improved by detailed benchmarking with other models. The availability or assembly of data 
sets from real sites is an important asset for further model testing and validation. Efforts will also be directed 
to the application of probabilistic calculations together with rigorous methods of estimating uncertainties in 
model predictions. 
 
Main contact person 
Geert Olyslaegers, geert.olyslaegers@sckcen.be 
 
Main reference 
Environmental Modelling for Radiation Safety – Final report of the EMRAS Working Group on modelling of 
naturally occurring radioactive materials (NORM) releases and of the remediation benefits for sites 
contaminated by extractive industries, IAEA- TECDOC-… (2008). In preparation. 
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ASSESSING SOIL AND PLANT PARAMETERS AFFECTING URANIUM 

AVAILABILITY AND PLANT UPTAKE

 
Background 
In the assessment of the potential impact of contaminants in soils and the requirement for the 
implementation of corrective actions, it is important to determine the contaminant’s mobility and 
bioavailability and to identify the processes and parameters ruling it. Mobility and bioavailability of 
contaminants are among others affected by the physicochemical characteristics of the environment itself and 
plant properties. This is also the case for uranium (U), reported to be the most frequent radionuclide 
contaminant in ground and surface water and soils. The actual failure of the available transfer factor (TF) 
data and their broad relation to soil type to be an appropriate measure for food chain transfer in assessment 
models, calls for a more mechanistic understanding of the individual processes affecting bioavailability.  
 
Objectives 
 Test if Diffusive Gradient in Thin film (DGT) measured concentrations adequately assess U bioavailability; 
 Evaluate if differences in U uptake by plants can be explained by variation in root-mediated changes in 
selected soil properties and assess the role of organic acids in this process. 

 
Principal results 
DGT derived concentrations is no universal bioavailability index for U 
In recent experiments, we aimed to quantify the influence of soil parameters on U uptake by ryegrass from 
18 soils with distinct soil properties, spiked with 238U (Vandenhove et al., 2007a). We did not find a significant 
relation between the U-TF and the U concentration in the soil solution (Csol). This could indicate that U in the 
soil solution is not the only pool from which uranium can be sequestered. There was, however, neither a 
significant relationship between the TF and the uranium recovered in several selective soil extracts tested, 
nor with any of the other soil parameters screened. We, therefore, wanted to test if the DGT approach, 
developed to assess metal bioavailability in soils, could be proposed as a tool to predict U bioavailability. The 
DGT device contains an ion-exchange resin which acts as a sink, inducing a flux of ions from the soil to the 
resin (through a diffusion layer and a membrane in contact with the soil) which mimics the action of a plant 
root (Fig. 1a). The approach was tested for the 18 spiked soils and for 6 soils with distinct soil properties and 
U contamination history (2 aged spiked soils, 2 soils impacted by the P-industry and 1 impacted by U milling 
activities, 1 soil with high natural background levels of U).  
Only when there was an important difference in U bioavailability, as was the case for the soils with different 
contamination history, a significant relationship between DGT-measured concentrations and uptake by 
ryegrass was found (Fig. 1b) but soil solution U concentrations predicted uptake even slightly better 
(R²=0.90). For the spiked soils CDGT did not explain the uptake observed (Fig 1c). The DGT method can 
hence not be put forward as a universal method to assess U uptake.  
In both experiments the importance of U speciation (forms of U) on uptake was featured. Improved 
correlations were obtained (R²=0.92) for soils with different contamination history when relating the U TF with 
the summed calculated soil solution concentrations of following species: free uranyl, uranyl carbonate 
complexes and UO2PO4

-. This observation highlights the complexity of U behaviour.  
 

 
 

 
Fig. 1a: The DGT device is pushed gently into 

the surface of a 1.5 cm depth of moist soil 

 
Fig. 1b: Relation between CDGT and U 

concentrations in ryegrass shoots for soils 
with different contamination history 
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Fig. 1c: Relation between CDGT and U 

concentrations in ryegrass shoots for U-
spiked soils 
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Plant-induced changes in root environment could not explain differences in uptake between plants 
The transfer factor (TF) of five plant species (maize, ryegrass, Indian mustard, wheat and pea) differing in 
their reported U uptake characteristics and uptake strategy in case of trace elements deficiencies was 
screened to elucidate the effect of plant-induced changes in the soil environment on the U TF. The 
experiment was performed in greenhouse using 238U-spiked alkaline and acid soil. U uptake was always 
higher on the alkaline soil than on the acid soil but differences in U uptake between the two soils and the five 
plants was only partially explained by the difference in U concentrations in soil solution (Csol) or differences in 
soil properties. The major plant induced change in the soil environment was the significant increase in Csol 
but induced differences in Csol or exchangeable U could not explain the difference in U uptake between 
plants for a given soil. Only for the acid soil, and this when excluding the data for mustard, a significant 
correlation was obtained between Csol and the U uptake by shoots. Organic acids are known to increase 
availability of many heavy metals, including U, but differences in organic acid concentration in the root 
environment could neither explain difference in the transfer observed. The results obtained on the acid soil 
point to the importance of plant physiological characteristics in governing observed shoot TFs. Csol of the 
acid soil varied 7-fold after growth of the 5 plants, their root U concentrations, however, only varied 2-fold, 
while the shoot concentrations 42-fold. This indicates that the physiological mechanisms by which root-to-
shoot U transfer is inhibited or promoted seemed at least as important as the plant-induced changes in soil 
characteristics in determining soil-to-shoot transfer of U.  
Additionally, hydroponics experiments also elucidated the lack of relationship between concentrations of root 
exudates (organic acids) or (root mediated changes in) culture conditions on uptake by roots or shoots. 
Indian mustard, showing the highest uptake produced most organic acids and was the only plant liberating 
malate and succinate, which can act as metal transporters in plants. We wanted to find out if U distribution in 
the roots could elucidate differences in root-shoot transport observed by XRF analysis of roots of maize and 
Indian mustard. Results showed that U is more or less equally distributed along the root of Indian mustard. 
For maize most U is concentrated in the first few mm from the root tip onwards and then decreases 
importantly. At the level of the root-stem interface, U was still detectable for Indian mustard but not for maize. 
U translocation to the upper plant parts (including the rest of the root) is hence strongly prohibited for maize 
but not for Indian mustard.  
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Fig. 2a: U soil-to-plant transfer factors for 

shoots and roots (acid soil only) of maize (M), 
Indian mustard (I), wheat (W), pea (P), 
ryegrass (R) and total concentration of 

organic acids in the rhizosphere of acid soil 

 
Fig. 2b: XRF area scan of root of Indian 

mustard where U is found all along the root 
 

Fig. 2c: XRF area scan of root of maize. All 
U is concentrated at the height of the root tip 

 

 
Future work 
Future work will concentrate on further elucidation of factors affecting U uptake and compartmentalisation. 
This information is important for assessing how plant mechanisms may affect global transfer to the shoots, 
which is relevant for food chain modelling. Information on U distribution within the plant and the influence of 
environmental conditions on U distribution is also important for the study of biological effects induced by U 
and elucidate differences observed between different plant compartments.  
Future work will also deal with application of soil amendments to alter U (bio)availability and screening of 
plants to search for optimal phytomanagement approaches for multiple contaminated sites.  
 
Main contact person 
Hildegarde Vandenhove, hildegarde.vandenhove@sckcen.be 
 
Main references 
Duquène et al., 2006. J. Environ. Rad., 90, 1-14. 
Vandenhove et al., 2007b. Sci. Tot. Environ., 373, 542-555. 
Vandenhove et al. 2007a. Environ. Pollut., 145, 577-586.  

   Operational Office: Boeretang 200, BE-2400 MOL – Scientific Report 2007 

mailto:hildegarde.vandenhove@sckcen.be


   

www.sckcen.be   Operational Office: Boeretang 200, BE-2400 MOL – Scientific Report 2007 

 
 

 
INDUCTION OF OXIDATIVE STRESS RELATED RESPONSES IN 

ARABIDOPSIS THALIANA AFTER URANIUM EXPOSURE

 
Background 
Uranium contamination in the environment has resulted from releases linked with nuclear fuel cycle activities 
and from industries extracting and processing materials containing naturally occurring radionuclides 
(e.g. phosphate industry). Uranium toxicity effects are predominantly studied on man and animal species, but 
little information is available for plants. If phytomanagement of uranium contaminated soils is considered, 
biological effects on the vegetation have to be investigated. Information on the contamination impact can 
also be used for risk assessment and derivation of clean-up standards.  
Plants can experience oxidative stress when they are exposed to environmental stress situations 
(e.g. exposure to heavy metals). Reactive oxygen species (ROS) are produced in both stressed and 
unstressed cells potentially leading to cellular damage. Consequently, plants have developed an 
antioxidative defence system comprising ROS-scavenging enzymes (e.g. SOD (superoxide dismutase), CAT 
(catalase) …) and metabolites (e.g. ascorbate, glutathione …). Previous results showed that uranium 
exposure can cause an imbalance between the oxidative and antioxidative capacities of the plant cells. 
 
Objectives 
The present study aimed to analyse biological effects induced in Arabidopsis thaliana after bioaccumulation 
of uranium and to define possible dose-effect relationships. Subtile effects on the antioxidative defence 
system (enzymes, metabolites …) viewed as early responses for individual disturbances (growth, nutrient 
profile …) were analysed. 
 
Principal results 
Three-week-old Arabidopsis thaliana seedlings 
were exposed to 0, 0.1, 1, 10 and 100 µM U 
(uranium) for 1, 3 and 7 days. After harvest, 
biometric parameters (fresh weight and root 
length), uranium content, nutrient profile, 
membrane damage, DNA integrity, enzyme 
capacities, metabolite concentrations and gene 
expressions were analysed for leaves and roots. 
After 7 days' exposure, fresh weight of leaves and 
roots was significantly decreased for seedlings 
treated with 100 µM U. After 3 days' exposure to 
100 µM U, leaves showed chlorosis and roots 
were stunted and turned yellow. The percentage 
dry weight increased for leaves and roots treated 
for 7 days with 100 µM U indicating that the plants 
started to wilt. Uranium concentrations were 
highest in leaves and roots treated with 100 µM U. 
For roots no time effect was visible suggesting 
uranium was precipitated on the root surface from 
the first day of exposure.  
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Uranium mostly accumulated in/on the roots and transfer to the leaves was limited suggesting more severe 
toxicity effects can be expected in roots of Arabidopsis thaliana seedlings.  
Uranium presence affected the nutrient profile of the plants. A decrease of most element concentrations 
(e.g. K, Na, S …) was observed in leaves and roots after exposure to 100 µM U.  
An increase in lipid peroxidation products was observed in leaves of Arabidopsis thaliana after treatment with 
100 µM U affecting membrane integrity and functionality. This was supported by the observed potassium 
leakage, an indicator of membrane instability. 
 

0

100

200

300

400

500

600

700

800

0 0.1 1 10 100

Added U concentration [µM]

T
B

A
-r

c
 [

n
m

o
l g

-1
 F

W
] 

1 day

3 days

7 days

 
The level of lipid peroxidation based on the amount of 

TBA-rc (thiobarbituric acid-reactive compounds) 
[nmol g-1 FW (fresh weight)] in leaves of Arabidopsis 

thaliana seedlings treated with 0, 0.1, 1, 10 and 
100 µM U for 1, 3 and 7 days 

 

0

200000

400000

600000

800000

1000000

1200000

1400000

1600000

0 2 4 6

Exposure time [days]

S
O

D
 r

o
o

ts
 [

m
U

 g
-1

 F
W

]

8

0 µM U

0.1 µM U

1 µM U

10 µM U

100 µM U

 
Enzyme capacity [mU g-1 FW] of SOD (superoxide 

dismutase) in roots of Arabidopsis thaliana seedlings 
exposed to 0, 0.1, 1, 10 and 100 µM U for 1, 3 and 7 

days. An enhanced capacity was observed after 7 days' 
exposure to 100 µM U

Within a cell, SOD's constitute the first line of defence against ROS, they transform O2
•- to H2O2. Increased 

SOD capacities were observed in roots treated for 7 days with 100 µM U suggesting an enhanced protection 
against ROS. After conversion of O2

•- into H2O2, several enzymes regulate the transformation of H2O2 into 
H2O (e.g. CAT, GPOD (guaiacol peroxidase), SPOD (syringaldazine peroxidase) …). Increased enzyme 
capacities of GPOD and SPOD were visible for roots treated with 100 µM U. The ascorbate-glutathione 
cycle, comprising several metabolites and enzymes, is also an important pathway in detoxifying H2O2. In this 
study, two enzymes (APX (ascorbate peroxidase) 
and GR (glutathione reductase)) and two 
metabolites (ascorbate and glutathione) from the 
ascorbate-glutathione pathway were analysed. An 
increase in total ascorbate (AsA (ascorbic acid) + 
DHA (dehydroascorbate)) was observed in leaves 
treated for 7 days with 100 µM U. This was due to 
an increase in AsA (reduced form) but a steady-
state situation in the amount of DHA (oxidized 
form). These results suggest an activation of anti-
oxidative defence via the ascorbate-glutathione 
pathway in leaves of Arabidopsis thaliana 
seedlings. 
Exposure of Arabidopsis thaliana seedlings to 
100 µM U caused a decreased growth, an 
unbalanced nutrient profile and membrane 
damage. It also induced oxidative stress and 
affected the antioxidative defence mechanism. 
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Future work 
As radionuclides often occur in combination with other contaminants/stressors (e.g. heavy metals, 
radiation …), investigation of biological effects induced in Arabidopsis thaliana should also focus on this 
multi-pollution context. Using a multi-biomarkers approach future work aims to investigate the 
additive/synergistic/antagonistic character of exposure to multiple stressors (uranium and gamma radiation).    
 
Main contact person 
Nathalie Vanhoudt, nathalie.vanhoudt@sckcen.be 
 
Main reference 
Vanhoudt N., Vandenhove H., Smeets K., Remans T., Van Hees M., Wannijn J., Vangronsveld J., Cuypers 
A., "Effects of uranium and phosphate concentrations on oxidative stress related responses induced in 
Arabidopsis thaliana". Submitted to Plant Physiology and Biochemistry in December 2007. 
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BACTERIAL GENOMIC ADAPTATION AND RESPONSE TO METALS

 
Background 
The β-proteobacterium Cupriavidus metallidurans CH34 (formerly Ralstonia metallidurans) has been 
intensively studied since 1976 in SCK•CEN and VITO, for its adaptation capacity to survive in harsh (mostly 
industrial) environments, to overcome acute environmental stresses, for its resistance to a variety of heavy 
metals and for applications in environmental biotechnology. Recently, CH34 has become a model bacterium 
to study the effect of spaceflight conditions in several space flight experiments conducted by SCK•CEN (e.g. 
MESSAGE, BASE). Furthermore, Cupriavidus and Ralstonia species are isolated from the floor, air and 
surfaces of spacecraft assembly rooms; were found prior-to-flight on surfaces of space robots such as the 
Mars Odyssey Orbiter and even in-flight in ISS cooling water and Shuttle drinking water, vindicating its role 
as model bacterium in space research. In addition, Ralstonia species are also the causative agent of 
nosocomial infections and are among the unusual species recovered from cystic fibrosis (CF) patients. 
 
Objectives 
The genomic organization of Cuprivavidus metallidurans CH34 was studied in-depth to identify the genetic 
and regulatory structures involved in the resistance to heavy metals. 
 
Principal results 
The resistance of Cupriavidus metallidurans CH34 to heavy metals was intensively studied in the unit of 
Microbiology from 1999 up to now, which led to the sequencing of the total genome of CH34 (in collaboration 
with DOE Joint Genome Institute), the structural and functional annotation of the genes, and the construction 
of a micro-array chip for transcriptomical analysis off all genes simultaneously. In addition, the genome of 
CH34 was subjected to an expert annotation, performed by our group via the MaGe Microbial Genome 
Annotation System (Genoscope, France) annotation platform, and which comprised the individual analysis of 
each of the 6941 predicted genes of CH34 and of the genome structure by synteny. This process identified a 
high number and variety of Mobile Genetic Elements (MGEs), which are DNA structures that can move 
within a given genome (intra-cellular mobility) or between bacterial cells (inter-cellular mobility) and are 
central players in mobilizing and reorganizing genes. Traditionally, MGEs have been classified as 
bacteriophages, plasmids or transposons. However, this classification becomes more and more obsolete as 
many chimerical elements are identified, therefore a comprehensive classification of the functional modules 
of MGEs at the protein, gene, and higher levels is necessary and is provided by the ACLAME database 
managed by our partners at the Université Libre de Bruxelles (ULB). 
 
This study revealed the structure and 
resistance features, specifically to heavy 
metals, of two main MGEs in C. 
metallidurans CH34, namely the large 
plasmids pMOL28 and pMOL30. Plasmids 
can be defined as typically circular and 
double-stranded DNA molecules separate 
from the chromosomal DNA and capable 
of replicating autonomously. Plasmid 
pMOL28 (171 kb) has a large backbone 
(B in figure) in synteny with plasmid 
pHG1, governing growth in autotrophic 
conditions (H2, CO2 and O2), of C. 
eutrophus, and pRATA, governing the 
symbiosis with legumes, of R. 
taiwanensis, and carries the genes 
involved in the resistance to mercury, 
chromate, cobalt and nickel, which are 
located on one region. This putative 
genomic island CMGI-28 is immobilized or 
trapped by modification of its mobilizing 
features near its extremities. 
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Plasmid pMOL30 (234 kb) has a large 
backbone (B in figure) with many orthologs of 
pBVIE01 of Burkholderia vietnamiensis and 
carries the genes involved in the resistance to 
cobalt, zinc, cadmium, lead and mercury, 
which are located on one region called CMGI-
30a, while the genes involved in the 
resistance to copper and silver are located on 
a second region CMGI-30b. A general 
characteristic observed for both plasmids is 
that genomic islands carrying the genes 
involved in heavy metal resistance are flanked 
by small MGEs on a gen
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Expression analysis of pMOL28 and pMOL30 
under various metal conditions indicated that 
the genes encoding resistance to a particular 
heavy metal are also induced by various other 
heavy metals. Therefore, it appears that the 
response of CH34 to heavy metals, which in 

contaminated environments are generally mixtures of multiple metals, consists of an initial upregulation of all 
metal resistance genes that could be followed by a more substrate-specific response. In addition, novel 
genes were found to be induced by heavy metals which encode for glycosyltransferases involved in cell wall 
biosynthesis and probably could act as maintainers of membra
 
Besides pMOL28 and pMOL30, a wide variety of other MGEs have been identified namely 13 Insertion 
Sequences (IS) elements and 5 transposons that can move around to different positions within the genome, 
and at least 11 genomic islands. A few of these MGEs will be highlighted. A genomic island identical to one 
found in P. aeruginosa clone C contains a P type ATPase (CadA) involved in Zn(II), Cd(II) and Pb(II) 
resistance and mer genes. Two additional genomic islands belonging to the family of catabolic transposon 
Tn4371 of C. oxalatica were found carrying genes involved in carbon dioxide fixation and in hydrogen 
reduction. Particularly, interesting was the discovery of two transposons, TnCme2 and TnCme3, which do 
not carry any selectable marker, therefore underlining the power of synteny for the discovery of MGEs with 
novel functional associations. The transposon TnCme2 was found in 7 copies in the genome of CH34 and 
contained next to the typical genes related to transposition one single gene encoding for protein involved in 
type II secretion. Transposon TnCme3 carried genes encoding for a sulphate permease, a universal stress 
protein and a DnaK suppressor protein. 
 
The genome sequence of C. metallidurans CH34 showed a wide variety of genetic traits probably acquired 
through horizontal transfer over time. These Mobile Genetic Elements (MGEs) played a central role in the 
genetic evolution and diversification of the bacterium CH34 and its adaptation to environmental or man-made 
changes. This work allows a new insight in the (up to now unnoticed) diversity of MGEs what will be of 
importance for our current and future biosafety studies linked to the monitoring and prevention of gene 
dissemination in confined environments (space research, planetary stations). 
 
Future work 
The regulation and organization of the genes involved in the resistance to heavy metals will be further 
analyzed. This genetic information will further unravel its adaptation capabilities and will render additional 
insights for potential experiments studying the interaction of CH34 with oxidative agents, radiation and 
radionuclides. A sound understanding of the global response of C. metallidurans CH34 to heavy metals (or 
other agents) allows further development of its biotechnological applications in e.g. bioremediation. 
 
Main contact person 
Rob Van Houdt, rob.van.houdt@sckcen.be  
 
Main reference 
Monchy S, Benotmane MA, Janssen P, Vallaeys T, Taghavi S, van der Lelie D, Mergeay M. Plasmids 
pMOL28 and pMOL30 of Cupriavidus metallidurans are specialized in the maximal viable response to heavy 
metals. J Bacteriol. 2007;189(20):7417-25. 
Mergeay M, Monchy S, Vallaeys T, Auquier V, Benotmane A, Bertin P, Taghavi S, Dunn J, van der Lelie D, 
Wattiez R. Ralstonia metallidurans, a bacterium specifically adapted to toxic metals: towards a catalogue of 
metal-responsive genes. FEMS Microbiol Rev. 2003; 27(2-3):385-410. 
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HUMAN SPACE BIOLOGY AT SCK•CEN: FROM IN VITRO CELL 

EXPERIMENTS TO THE FOLLOW-UP OF ASTRONAUTS 

 
 
Background 
Prolonged exposure to space radiation and extended microgravity has revealed profound physiological and 
clinical changes in astronauts. 
 
The health problems thought to be related to the effects of microgravity include a decrease in the heart and 
the respiratory rates, a loss of body weight, changes in bone calcium, a redistribution of body fluids with a 
greater amount in the upper body, a decrease in muscle tissue, a weakening of the veins and arteries in the 
legs, as well as an underproduction of red blood cells leading to anaemia. At the cellular and molecular 
levels, microgravity is known to induce both a loss of T-cell activation and changes in gene expression 
patterns, as well as a three-dimensional growth of normal cells and tumour cells, an alteration of the 
mitochondrial organization, a modification of the production of extracellular matrix proteins and apoptosis in 
some types of cells.  
 
The Earth's magnetic field protects us from harmful radiation. On Earth, we are still exposed to small 
amounts of radiation when we go for medical x-rays, when we travel on transcontinental flights or just from 
radon in the air. However, astronauts are exposed to 50 to 100 times as much radiation - and that is just in a 
low Earth orbit. In deep space, astronauts can be exposed to even higher doses. It is well known that large 
amounts of radiation can cause severe health effects by altering DNA in our cells. The health effects from 
space radiation are therefore a critical safety concern for long-term space travel. Possible health risks 
include cancer, cataracts, acute radiation sickness, hereditary effects, and damage to the central nervous 
system. 
 
Objectives 
The aims of this research are 1) to ensure the immunological monitoring of a cohort of astronauts (having 
spent around 6 months aboard the International Space Station ISS) and 2) to investigate the effects of an in 
vitro exposure of endothelial cells and other types of cells to radiation and/or microgravity conditions. 
 
Aim 1): Within the IMMUNO project (coordinator: Dr. A. Chouker, Munich, D), supported by the European 
Space Agency (ESA), a comprehensive biochemical analysis supplemented by psychological tests to 
investigate immune system changes in ISS long-term crews is being conducted. By comparing this data with 
studies of patients who are isolated or confined to bed, we expect to gain insight into the role of the various 
factors which weaken the immune system, as well as into the mechanism of the immune defence. Such 
knowledge constitutes the foundation of the development of new preventative or therapeutic methods, which 
may then be used equally on astronauts or on critically ill patients in intensive care. The aim of the ESA 
IMMUNO project is to determine the changes in stress and immune responses, during and after a long stay 
aboard the ISS. This involves the sampling of saliva, blood and urine to check for hormones associated with 
stress response and for radiation-induced DNA damage in cells. 
 
Aim 2): While one possibility is that the unique physical and psychological stresses of space flight might 
trigger immune-altering hormones, another possibility is that the weightlessness of space might be affecting 
the immune cells directly. The "rotating bioreactor" available at SCK•CEN (and represented in the second set 
of figures below) will help to define the possible effects of microgravity on cells without the complications of 
hormone effects. It is a rotating container full of fluid which allows cells to remain suspended for months at a 
time in continual free fall, just as they would be in Earth orbit. This system coupled to irradiation allows us to 
discriminate precisely between the effects of microgravity and irradiation on cells in the in vitro conditions. 
 
Principal results 
The IMMUNO project involves making several pre-flight, in-flight and post-flight measurements on 
astronauts. Blood collections are conducted to permit the analysis of blood and its various components. This 
project is carried out over multiple ISS increment astronauts, requiring at least six subjects in total. So far, 
three astronauts have participated in the study. Hormone concentrations are measured in the serum 
samples using the multiplex array assay technology available at SCK•CEN. Furthermore, the extent of DNA 
damage in the astronauts' lymphocytes is determined as shown below. 
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DNA damage in astronaut lymphocytes is revealed by γH2AX fluorescence. H2AX is phosphorylated by various proteins 
involved in the response to DNA damage (like ATM, ATR and DNA-PK). Its phosphorylated form (γH2AX) constitutes the 
marker of DNA double strand breaks (typical of radiation). In the left picture a nucleus of a control lymphocyte, in the right 

a nucleus from a lymphocyte 2 hours after X-irradiation with 10Gy.  
The green dots present in the right figure reveal the extent of DNA damage. 
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Endothelial cells respond to changes in blood pressure, oxygen tension and blood flow by secreting 
substances with powerful effects on the tone of vascular smooth muscle. In response to adverse stimuli such 
as wounds, infections or tumour challenge, the endothelial cells are activated and change their functions. 
Furthermore, they contribute to the formation of new vessels (tissue regeneration). Microgravity applied on 
endothelial cells induces the formation of multicellular spheroids/ tubular structures (shown below) within a 
short time, alters the cytoskeleton, induces apoptosis  (casp 3, TUNEL) and gene expression of Fas and 
FasL as well as changes in the secretion of various cytokines (ET1 vasoconstrictor and cell proliferation, 
Eotaxin, ICAM-1, cell adhesion, C-reactive protein, IL-8, IL-12, IL-15, VEGF) as shown by the recent 
multiplex array (Luminex) technology used at SCK•CEN. 

 

This figure depicts on the left, the bioreactor used to induce microgravity conditions; in the middle, endothelial cells 
forming spheroids; on the right, one of the hormone (here interleukin-8) measurements performed with our multiplex 

array assay (Luminex) facilities. 
 
Future developments  
Either under the conditions of space flight/microgravity or selective radiation or microgravity challenges in 
human cell-systems, the characterization of new physiological or pathological processes induced in space 
will be possible. In that way, the determination of many pro- and anti-inflammatory cytokines, tissue 
hormones and other factors orchestrating the host defence, the cell- to cell- communication, cell repair or cell 
death altogether will allow a broad extent of knowledge of space-related health effects.  
 
Main contact person 
Sarah Baatout, sarah.baatout@sckcen.be 
 
Main references 
- Infanger M, Kossmehl P, Shakibaei M, Baatout S, Witzing A, Grosse J, Bauer J, Cogoli A, Faramarzi S, 
Derradji H, Neefs M, Paul M, Grimm D. "Induction of three-dimensional assembly and increase in apoptosis 
of human endothelial cells by simulated microgravity: Impact of vascular endothelial growth factor", 
Apoptosis, 11(5), 749-764, 2006. 
- Infanger M, Ulbrich C, Baatout S, Wehland M, Kreutz R, Bauer J, Grosse J, Vadrucci S, Cogoli A, Derradji 
H, Neefs M, Küsters S, Spain M, Grimm D. "Transient and long-term effect of modelled microgravity on 
human endothelial cells", Journal of Cellular Biochemistry, 101, 1439-1455, 2007. 
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CHARACTERISATION OF PASSIVE DETECTORS 

FOR SPACE DOSIMETRY (DOBIES)

 
Background 
The effects of the complex radiation field in space (consisting of neutrons, electrons and high-energy heavy 
charged particles) on biological samples are of high interest in the fields of radiobiology and exobiology. 
Radiation doses absorbed by biological samples must be quantified to allow the determination of the 
relationship between observed biological effects and the radiation dose. Together with the microgravity 
condition, the cosmic radiation greatly contributes to the different behaviour of biological samples in space 
compared to earth conditions. Special techniques and correction methods combining luminescence 
detectors and track etched detectors are required due to the presence of particles with a wide range of LET 
(Linear Energy Transfer) values. These doses can be different from those to astronauts, due to a different 
position in the spacecraft, different compositions of the samples, and different shielding. Previous dosimetric 
studies have always concentrated on doses to astronauts, while dosimetry for the biological samples has 
seldom been studied. 
 
Objectives 
The objective of this project is to develop a standard dosimetric method (as a combination of different 
techniques) to measure accurately the absorbed doses and equivalent doses in biological samples. A 
procedure for these measurements and the associated calculations will be developed and a standard 
measurement kit will be made for different biological and microbiological samples, for different packaging 
materials and for different positions in a spacecraft. A special case will be the dosimetry of samples located 
in external modules, like the EXPOSE hardware. Research on the responses of different detectors is needed 
to allow the correction for the specific radiation field in space. Therefore ground based experiments are 
necessary as well as space irradiations. 
 
Different types of dosimeters are used:  
 thermoluminescent (TL) detectors of different composition (LiF:Mg,Ti, LiF:Mg,Cu,P, CaF2:Mn, Al2O3:C);  
 two different types of optically stimulated (OSL) detectors (Al2O3:C in amorphous and crystalline state); 
 two track etch detectors (American Technical Plastics CR-39, Page and Tastrak CR-39). 

In short, the DOBIES experiments will study the responses of different detector types in real and simulated 
space radiation fields. This will lead to a unique recommendation and description on dosimetric systems for 
radiobiological experiments in space.  
 
Principal results 
Different ground reference experiments have been performed with accelerators to simulate the radiation 
spectral shape found in space. Ground based tests will include characterising response of TLD’s, OSLD’s 
and track etch detectors to high LET radiation using heavy ion beams. 
In the reporting period irradiations have been done in: 
 the CERF field (CERN, Switzerland) at the end of 2006. Here we are able to simulate with accelerators 

the neutron spectrum encountered in space at the orbital altitude of the ISS;  
 the JRC-IRMM in Geel, Belgium in November 2006: mono-energetic neutron beams were used to 

characterize our detectors. This experiment was repeated and extended with higher neutron doses and 
other neutron energies with new irradiations in November 2007; 

 irradiations have been done at Dubna, Russia in September 2007: proton beams were used to 
characterize our detectors, at the entrance and in Bragg peak region;   

 irradiations have also been done at the iThemba laboratory (South Africa) where high energy neutrons 
(100 MeV and 200 MeV) have been used to irradiate the DOBIES detectors. 

During this first period, DOBIES participated to two space flights. Detectors were exposed in space 
alongside with the BASE-A experiment in September 2006. The dosemeter results were analyzed and 
compared to previous flights. The differences between the responses of the different detectors are not yet 
quantitatively explained. A paper on the BASE-A results was prepared. The DOBIES project participates on 
the BRADOS space intercomparison: our dosimeters were sent to the ISS in April 2007, together with the 
dosemeters from other international groups for the period of half a year.  
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Thermoluminescent detectors of SCK•CEN integrated in the experimental trays of the EXPOSE-EUTEF module 

 

 
 

The EXPOSE-EUTEF module ready to be integrated in the Atlantis Space Shuttle 
 
Future work 
The results from the last series of ground based experiments need to be analyzed and implemented in the 
procedures for the space measurements. 
A whole series of space exposures are planned. Dosemeters were prepared for the EXPOSE-EUTEF 
experiment, which will take place outside the ISS for the period of 1.5 year, starting at the beginning of 2008. 
Other confirmed experiments in 2008 are YING-B, BASE-B, CFSA-3 and Mobilisatsia-3 where the DOBIES 
dosemeters will measure the radiation exposure. Together with the DOSIS project the radiation mapping with 
passive detectors of the new Columbus module is foreseen in the following years. 
 
Main contact person 
Filip Vanhavere, Filip.vanhavere@sckcen.be 
 
Main reference 
F. Vanhavere, J.L. Genicot, D. O’Sullivan, D. Zhou, F. Spurny, I. Jadrníčková, G. O Sawakuchi, and E. G. 
Yukihara,  "Dosimetry of Biological Experiments in Space (DOBIES) with Luminescence (OSL and TL) and 
Track Etch Detectors", Radiation Protection Dosimetry, to be published (2008). 
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DEVELOPMENT OF A MICROBIOLOGICAL AMMONIUM TO NITRATE 

RECYCLING BIOREACTOR FOR SPACE CAPSULES

 

 
Background 
Since 1988, the Expertise group of Molecular and Cellular Biology (MCB) is an important partner in the 
development of the Micro-Ecological Life Support System Alternative (MELiSSA). The MELiSSA was 
designed to allow a small crew to survive on an Antarctic, lunar or Mars outpost, and is a joint research 
project currently fostered by the European Space Agency, ESA. The MELiSSA functions through a series of 
five interconnected compartments, of which four are microbial bioreactors and was engineered to degrade 
organic waste, regenerate the outpost’s atmosphere and water, and provide the crew with an additional 
vegetarian diet. 
 
The bioreactor of the third compartment provides the edible cyanobacteria and plants of the fourth 
compartment with nitrate instead of ammonium as a source of nitrogen. The two bacteria responsible for the 
biological transformation of ammonium to nitrate (nitrification) are Nitrosomonas europaea and Nitrobacter 
winogradskyi. Since all MELiSSA-reactors are to be relied on for a period of several years, reactor operation 
is to be studied exhaustively to allow optimal process- and reactor performance. Therefore, a pilot reactor for 
the third compartment was engineered and constructed at the Universitat Autònoma de Barcelona (UAB), 
where the pilot plant of the MELiSSA is installed. The reactor was able to perform nitrification with high 
efficiency for the entire trial period of nearly five years and was the subject of this study. 
 
Objectives 
Collaboration between the unit of MCB and researchers at Universitat 
Autònoma de Barcelona (UAB) allowed the development and validation of 
a mathematical model for the third compartment of the MELiSSA. A 
mathematical model will allow optimizing reactor operation and reactor 
performance even further. A Real-Time Quantitative Polymerase Chain 
Reaction (Q-PCR) was developed at MCB that allowed the quantitative 
assessment of the relative distribution of the two autotrophic nitrifying 
bacterial species along the reactor’s packed-bed. Thus, the experimentally 
obtained distribution profile could be compared with the mathematically 
predicted distribution profile.  
 
 
 
 
 
 
Principal results 
At UAB, a mathematical model was constructed using AQUASIM software, which takes into account 
aeration, biomass detachment from the biofilm, diffusion of substrates within the biofilm, and bacterial cell 
kinetics as dynamic parameters. The bacterial kinetic processes taken into account were cellular 
maintenance, cellular division and decay for both bacterial species. 
 
Using the data generated during reactor operation and after reactor dismantling, the model predicted 
biomass generation over the packed-bed length, total substrate conversion, and the distribution of both 
bacterial species on the packed-bed over a period of nearly five years. The calculated results for the 
distribution of both bacteria along the packed-bed were subsequently compared to the experimental data, 
provided by the MCB at SCK•CEN.  

Nitrifying packed-bed biofilm reactor after 1750 days of 
reactor operation at the Universitat Autonoma de Barcelona
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Because of the good correlation with the 
experimental Q-PCR data, it was concluded 
that the mathematical model could accurately 
predict the distribution of both nitrifying 
bacteria. However, the distribution profile 
generated with the mathematical model 
slightly overestimated the relative presence 
of Nitrosomonas europaea over Nitrobacter 
winogradskyi. Therefore, the influence of a 
number of parameters was studied more 
thoroughly. Thus, it was determined that the 
maximum density of the biofilm, biofilm 
porosity, and biofilm thickness only had minor 
influences on the relative distribution of both 
nitrifying bacteria, while liquid phase flow 
pattern, growth yield ratio between N. 
europaea and N. winogradskyi, the oxygen 
concentration and, to some extent, the 
presence of a heterotrophic population of 
bacteria, had a more important impact on the 
distribution of both autotrophic nitrifying 
bacteria. These parameters did not allow to 
completely model the profile. It could also be 
possible that other micro-organisms, playing 

a certain role in ammonium conversion, may have established themselves in the biofilm. Future research will 
hence be necessary to elucidate the identity and quantity of the other organisms residing in the biofilm to 
answer this question. 

Graph illustrating the relative distribution of both nitrifying 
bacteria (Nitrosomonas europaea and Nitrobacter 
winogradskyi) along the packed-bed height. Both 
approaches show the numerical dominance of 
Nitrosomonas europaea over Nitrobacter winogradskyi  
at the bottom of the reactor. 

 
Future developments 
Because the Q-PCR approach has proven to be a powerful tool to profile bacterial communities, its worth in 
this application, the technique will be further improved and expanded to fulfil future requirements, e.g. 
quantification of other nitrifying bacteria or quantifying contaminants in any of the MELiSSA reactors. 
 
A fruitful collaboration, between MCB of SCK•CEN and the academic research partners, UAB and UGent, 
was established and will aid the further development of the MELiSSA. 
 
Main contact person 
Benny Pycke, benny.pycke@sckcen.be 
 
Main reference 
Montras, A., B. Pycke, N. Boon, F. Godia, M. Mergeay, L. Hendrickx and J. Perez (2007). Distribution of 
Nitrosomonas europaea and Nitrobacter winogradskyi in an autotrophic nitrifying biofilm reactor as depicted 
by molecular analyses and mathematical modelling. Water Research. In press. 
 
 
 
 
 

   Operational Office: Boeretang 200, BE-2400 MOL – Scientific Report 2007 

mailto:benny.pycke@sckcen.be


   

www.sckcen.be   Operational Office: Boeretang 200, BE-2400 MOL – Scientific Report 2007 

 
 

 

THE ESDRED PROJECT: ENGINEERING STUDIES AND 

DEMONSTRATION OF REPOSITORY DESIGNS

 
Background 
The construction, operation and closure of a deep geological repository for spent fuel and long-lived 
radioactive waste in clay involves specific technologies. The demonstration of these techniques at an 
industrial scale is being carried out in the frame of a technological integrated project within the 6th 
Framework Programme of EURATOM. The Belgian design for high level waste disposal is based on the so-
called Supercontainer concept. Within this concept, the waste is encased in a carbon steel overpack, which 
is consequently fitted into a 70 cm thick concrete shell, in its turn enveloped by a stainless steel liner. A 
Supercontainer measures about 2 m in diameter. In the design of the repository, the Supercontainers will be 
emplaced, one after the other, in disposal galleries. The space between the Supercontainers and the gallery 
lining needs to be filled up with a solid material. The most essential function of this component, referred to as 
backfill, is to prevent a collapse of the gallery. A secondary function is to limit the presence of free oxygen, to 
limit corrosion. In the ESDRED project EIG EURIDICE, together with SCK•CEN and ONDRAF/NIRAS, 
investigates technologies to apply the backfill.  
 
 

 
 
 
Objectives 
After testing two techniques to apply the backfill in 2007 at limited scale (unite with granular material and 
grouting with backfill mortar), grouting was selected as the preferred technique. This technique then should 
be tested at full-scale (30 m long mock-up). First, a full-scale structure needs to built, including an extensive 
instrumentation programme. In addition, the logistical needs to ensure a continuous backfill operation have 
to be worked out. The objective is to have the almost 100 m³ backfilled in 4 hours. 
 
Principal results 
The large-scale test stand consists of a 30 m-long concrete tube, simulating an underground disposal gallery 
(see figure, left). The cross-section is at real scale. This tube is assembled from concrete segments with a 
steel liner at the inside. These liners are welded together, creating a continuous, hermetically sealed tube. 
The supercontainers are replaced by a steel tube placed inside the tube, and which rests on the gallery floor 
(see figure, right: installation of this tube). An electrical heater is placed inside this tube to simulate the heat 
dissipation of the supercontainer; the remaining volume is filled with sand to obtain a thermal mass 
comparable to that of a supercontainer. 
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Different sections are instrumented with temperature and level sensors to monitor the grouting process (i.e. 
filling without leaving gaps) and the temperature evolution (combination of heat dissipated by the 
supercontainer and the curing grout). Other sensors include strain gauges (to monitor long term shrinkage), 
Time Domain Reflectometers (to monitor the water evolution during curing and at longer term), and thermal 
conductivity sensors (to obtain the in situ value of the grout thermal conductivity). (Figure, right) shows a 
detail of the instrumentation, with a TDR sensor, vibrating wire strain gauge and several thermocouples. 
 

  
 
The grouting of the test stand requires an on site grout preparation and pumping facility, allowing a complete 
filling in 4 hours. The grout preparation consists of several concrete mixers working in parallel, delivering 
their output to the pumping machine. Several injection tubes are installed inside the tube; in principal, only 
one tube (bottom tube) has to be used, the other ones have been provided so that the grouting can continue 
should the bottom tube cause problems. 
 
Future work  
2008 will see the completion of a full scale mock-up test, with the actual demonstration of the grouting, 
followed by an extensive investigation of the results (on-line measurements and analysis of samples). 
 
Main contact person 
Jan Verstricht, jan.verstricht@sckcen.be 
 
Main reference 
1. www.esdred.info  
2. Van Humbeeck H., Bastiaens W., De Bock C., 2007. "Demonstrating the construction and backfilling 
feasibility of the Supercontainer concept for HLW". Proceedings not yet published. REPOSAFE 
Conference, Braunschweig, Germany.  
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THE TIMODAZ PROJECT: THERMAL IMPACT ON THE DAMAGED ZONE 

AROUND A RADIOACTIVE WASTE DISPOSAL IN CLAY HOST ROCKS

 
Background 
The management of spent nuclear fuel and other long-lived radio active waste is an important environmental 
issue today. Disposal in deep clay geological formations is one of the promising options to dispose of these 
wastes. In this context, the related research activities in the Euratom Framework Programme of European 
Commission are continually taking on an enhanced significance. The TIMODAZ is one of the STREP 
projects (Specific Targeted Research Project) in the Sixth EURATOM Framework Programme and 
contributes to the research related to the geological disposal of radioactive waste. The consortium is 
composed of a strong multidisciplinary team involving both European radioactive waste management 
organizations and nuclear research institutes, universities, industrial partners as well as consultancy 
companies (SME’s). Totally, 15 partners coming from 8 countries are involved with a total budget of about 
4000k€.  
Being the coordinator (through the EURIDICE expertise group), SCK•CEN plays the leading role in the 
project. Meanwhile, SCK•CEN participates the research in different work packages covering the laboratory 
tests, in-situ tests as well as the integration of TIMODAZ results within the safety case.  
 
Objectives 
An important item for the long-term safety of underground disposal is the proper evaluation of the DZ 
(damaged zone) in the clay host rock. The DZ is defined here as the zone of host rock that experiences 
THMC (Thermo-Hydro-Mechanical-Chemical) modifications induced by the repository, with potential major 
changes in the transport properties for radionuclides. The DZ is first initiated during the repository 
construction. Its behaviour is dynamic, dependent on changing conditions that vary from the open-drift 
period, to initial closure period and to the entire heating-cooling cycle of the decaying waste. The early 
THMC disturbances created by the excavation, the operational phase and the thermal load might be the 
most severe transient that the repository will undergo on a large spatial scale and in a relatively short period 
of time. Consequently the TIMODAZ research priorities are to study the combined effect of the excavation 
and the thermal output on the host rocks around a radioactive waste disposal.  
The knowledge gained will allow an assessment of the significance of the damaged zone in the safety case for 
disposal in clayey host rock and provide direct feedback to repository design teams. 
In order to ensure an appropriate link between end-user needs and the project priorities, an end-user group 
composed of major national agencies for management of radioactive waste has been formed.  
 
Principal results 
The structure of the project is given in the figure below.  
 

 
Structure of the project 

 
Starting from WP2 - Data review and priority set-up for end-user, participants in TIMODAZ will situate their 
results in the long-term performance contexts, with the constant support of WP6 - Significance of DZ in 
safety case. All experimental works to be performed in WP3 - Laboratory experiments and WP4- In-Situ 
experiments will contribute to a better understanding of the processes occurring within the clay around a 
disposal system for heat-emitting waste during the thermal transient phase. As this transient should span 
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over several centuries, the development and testing of sound, phenomenology-based models in WP5 - 
Modelling is an essential step in meeting the Safety Case requirement of adequate understanding of the 
long-term evolution. Knowledge management and the dissemination of results are also key elements of the 
TIMODAZ project and managed in WP7-Training and dissemination.  
Three types of clay will be investigated in the project: the Boom Clay (Belgium), the Opalinus Clay 
(Switzerland) and the Callovo-Oxfordian argillite (France).  
The project started in October 2006 and will last 4 years. During the first year of project, the main activities 
consisted in:  
 getting an overview on the State of the Art in the THMC behaviour of three studied clays;  
 identification of the end-user needs with respect of the project; 
 review and establishing the protocol of the laboratory tests, up-dating/developing the test equipments;  
 design and initiation of the in-situ tests.  

The state of the art in the field of THMC is mostly related to the laboratory characterization, in-situ 
investigation and modelling of selected THMC related in-situ tests. This state of the art allows to 
 delineate the most important temperature-dependent material properties; 
 notice the remaining uncertainties on the THM properties of the clays; 
 define the most important THMC coupled processes;  
 assess the effect of damage (fracturing) on the effective transport properties (permeability); 
 determine the importance of chemical impact;  
 derive/evaluate the most appropriate conceptual models and numerical codes.  

Consequently, it constitutes a database and a reference document for the present project and provides a 
guideline to optimize the testing procedures of the laboratory and in situ experiments to be performed in the 
present project.  
Based on the state-of-the-art report, the objectives of the test programme have been reviewed, the protocol 
of all tests was established and the laboratory apparatus have been developed and/or up-dated. Tests under 
well controlled temperature/stresses/pore pressure conditions with different loading paths will be performed 
to determine the parameters of the Thermo-Hydro-Mechanical constitutive models used for the numerical 
modelling. Some tests consist in simulating the excavation of a gallery in hollow cylinders and the impact of 
temperature on the excavation damaged zone. Specific tests are planned in order to study the thermally 
induced modifications of the clay mineralogy, which is a dominant factor influencing the key properties of the 
clays and their THM behaviour.  
Meanwhile, in order to identify the end-user needs with respect to the present project, a first End-User 
workshop has been organised during which, the end-users have reviewed the general framework of the 
project as well as the two reports during this first year: 

 Deliverable 2: Report on the State of the Art on THMC behaviour; 
 Deliverable 4: Significance and Current Handling of the Damaged Zone in Performance Assessment. 

The end-users have approved the foreseen programme in the project and recommended to further 
strengthen the interaction among experimentalists, modellers and performance assessors in order to better 
integrate the research results of the TIMODAZ project in a broader, safety case oriented context. The end-
users believed that the following five key questions, put forward within the Deliverable 4 and need to be 
answered by the TIMODAZ project from a safety case point of view, gave a good overview of the end-user 
needs: 
1. What is the expected evolution of the DZ around a disposal system for heat-emitting waste during the 

thermal period? 
2. What are the main uncertainties about the DZ evolution and how can these uncertainties be dealt with? 
3. Under which thermal, mechanical and chemical conditions can the favourable clay properties be modified 

during the thermal period and how much can these properties be affected? 
4. Under which conditions do the changes in clay properties become irreversible? 
5. To which extent can temporary or permanent alterations of favourable clay properties really affect 

individual barriers and the safety functions of the repository, i.e. to which extent are these alterations 
significant from a PA point of view? 

 
Future work  
The main future work consists in performing laboratory and in situ experiments, developing the constitutive 
laws and computer codes that can model the complex coupled thermal, hydrological, mechanical and 
chemical processes that will occur around the radioactive waste repositories. 
 
Main contact person 
XiangLing Li, xiang.ling.li@sckcen.be 
 
Main reference 
EURATOM FP6 Research Projects and Training Activities (2007), Project Synopses, Publication by the 
European Commission – Directorate-General for Research Communication Unit, Volume III. EUR 22385 
Website : http://www.timodaz.eu/ 
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ADVANCEMENTS IN THE STUDY OF THE INFLUENCE OF ORGANIC 

MATTER ON THE SORPTION BEHAVIOUR 

OF RADIONUCLIDES ONTO BOOM CLAY HOST ROCK

 

 
Background 
In Belgium the Boom Clay is considered as a reference formation for methodological studies for deep 
geological disposal of high level radioactive waste and spent fuel. The Boom Clay has many favourable 
physical and geochemical characteristics, like diffusion-dominated transport (very low permeability), and 
pronounced capability for an efficient retardation (by sorption processes) of mobile radionuclides (slightly 
alkaline pH and reducing conditions). A focussed research programme was started on radionuclide sorption 
on Boom Clay with a two-fold goal: 1) to acquire and select sorption parameters that serve as an input for 
safety assessment calculations 2) to scientifically underpin the selected data by demonstrating a 
comprehensive understanding of the radionuclide uptake processes in the host formation. This latter goal 
necessitates the ability to sufficiently describe the most relevant radionuclide uptake processes by means of 
quasi-mechanistic chemical formulations. 
In Boom Clay pore water, the most important reactions for lanthanide and actinide ions influencing their 
speciation and mobility, are hydrolysis and complexation with naturally occurring ligands such as inorganic 
carbonate and dissolved organic matter (OM ~ 100 ppm C). Interaction with dissolved OM generally leads to 
a decreased sorption to the mineral surface, thus increasing the mobility of the radionuclide. A good 
description of these interactions is therefore needed for making trustworthy predictions.  
 
Objectives 
 To obtain high quality sorption datasets for representative trivalent (Eu) and tetravalent (Th) RN 

(radionuclides) on Boom Clay while scoping the influence of organic matter on the sorption behaviour.  
 To describe RN uptake on Boom Clay in presence of OM by a (quasi)-mechanistic model which enables 

predictions to be made.  
 
Principal results 
The methodology followed is a bottom-up approach: from separate well-defined systems to more complex 
mixtures. First we investigate the interaction of the RN with OM in the aqueous phase (mostly by means of 
solubility-type experiments) and try to describe the observed behaviour by means of interaction constants.  
Secondly we investigate the interaction of the RN with a major component of the Boom Clay, e.g. illite and 
describe this in terms of (quasi-mechanistic) surface complexation constants.  
Thirdly, we investigate the interaction of RN with the selected major Boom Clay component in presence of 
OM and check if this can be described by combining the obtained interaction parameters of the subsystems 
into one consistent model.  
Finally, we check if RN sorption onto 
the complex Boom Clay matrix, 
consisting of more than 10 different 
components, can be described based 
on the model derived for the simplified 
systems. Currently this study is 
finalised for the system Eu-OM-illite.  
 
The interaction of Eu with OM was 
investigated by looking at the influence 
of dissolved organic matter on the 
solubility of Eu in Synthetic Boom Clay 
Water electrolyte (SBCW). Crystalline 
Eu(OH)3 was mixed with SBCW 
containing different concentrations of 
OM. With increasing OM, the Eu 
concentration increased which 
indicated a complexation-like 
interaction mechanism between 
inorganic Eu species and dissolved OM 
colloids. All of the data sets could be 
modelled (using PHREEQC 
geochemical modelling code) using a combination of solubility calculations (using the Nagra/PSI 
thermodynamic database) and complexation reactions between Eu3+ and OM functional groups. For the 
description of the interaction of Eu and NOM, a simple free ligand approach and a more sophisticated 
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Tipping humic ion-binding model VI were successfully introduced into the PHREEQC geochemical code and 
tested. Both models provided good fits to the data, but the parameters obtained from the first model are only 
valid for similar geochemical conditions ("conditional" complexation constants) while the latter model 
provides "intrinsic" binding constants between Eu3+ and NOM independent of the geochemical conditions.  
 
The sorption behaviour of Eu on purified illite in SBCW electrolyte (binary sorption system) was successfully 
modelled by the 2SPNE SC/CE model (2 site protolysis non-electrostatic surface complexation/cation 
exchange model, developed by Bradbury and Baeyens, 1997, 2005).  
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Eu sorption isotherms on illite in absence (left) and presence (right) of organic matter. The lines denote 
simulated sorption isotherms based on the 2SPNE SC/CE sorption model in combination with Tipping's 

Humic ion binding model VI 
 
With some reasonable modification to the Eu-OM interaction parameters obtained from the Eu solubility 
experiments, the influence of organic matter on the Eu sorption on illite (ternary sorption system) could be 
well described using the 2SPNE SC/CE model combined with the Tipping humic ion-binding model VI (using 
PHREEQC geochemical code). 
 
We are now able to describe in a (quasi-)mechanistic way the interaction of trivalent Eu onto illite clay in 
presence of complexing organic matter. This will help us to interpret and simulate the sorption behaviour of 
trivalent RN onto Boom Clay and it will enable us to make more trustworthy predictions.  
 
Future developments 
 Simulation of Am sorption onto BC in representative BC water based on the Eu-NOM-illite system.  
 Finalisation of a similar study for Th as a representative for tetravalent RN. 

 
Main contact person 
Christophe Bruggeman, christophe.bruggeman@sckcen.be 
Sonia Salah, sonja.salah@sckcen.be 
Norbert Maes, norbert.maes@sckcen.be 
 
Main reference 
D.J. Liu, C. Bruggeman, N. Maes, "Influence of Natural Organic Matter on the Solubility of Eu in Boom Clay 
pore water", submitted for publication in Radiochimica Acta (2007) 
 
D.J. Liu, C. Bruggeman, N. Maes, "Influence of Boom Clay Organic Matter on the adsorption of Eu3+ by illite", 
paper in preparation (2007) 
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CHEMICAL PERTURBATIONS OF THE BOOM CLAY: 
MODELLING THE LONG TERM INTERACTION OF 

CEMENTITIOUS WATER WITH BOOM CLAY

 
Background 
In Belgium, Boom Clay is studied as a reference host formation for geological disposal of radioactive waste. 
The current reference design of the engineered barrier system (‘supercontainer design’) plans to use a 
considerable amount of cementitious materials as construction material, buffer and backfill.  Interactions 
between the alkaline pore fluids from the concrete engineered barriers with the Boom Clay may change the 
retention properties of the Boom Clay in the vicinity of the interface with the engineered barriers.  
 
Objectives 
The objective of this work is to assess the extent of an alkaline disturbed zone in the Boom Clay for a period 
up to 105 years using reactive-diffusion model simulations. The sensitivity of different model parameters and 
of (major) model assumptions regarding the Boom Clay mineralogy and the choice of the secondary phases 
is assessed 
 
Principal results 
The diffusion of an alkaline plume is simulated for a period up to 105 years with the PHREEQC-2.12 
geochemical code (Parkhurst and Appelo, 1999) using the llnl.dat database in that code. To account for the 
mass balance and variations in the composition of the alkaline plume with time, the concrete material in the 
near field is explicitly included in the model. The concrete material is located between 0.22 m and 1.62 m 
from the centre of radial simulation geometry. The steel components in the supercontainer design are 
ignored, and an initial homogeneous concrete material was assumed.  
 
A reference model is defined including five minerals for the Boom Clay (quartz, kaolinite, illite, Na-
montmorillonite, and calcite), a pH-independent (clay minerals) and dependent (organic matter) cation 
exchange complex and surface acidity reactions on the illite and Na-montmorillonite (after Bradbury et al., 
2005). All mineralogical reactions are assumed to be in equilibrium. In addition to the reference case, other 
simulations assess the sensitivity of the capacities of the exchange and surface sites, the initial amount of 
primary minerals (plus and minus 25%) and the diffusion coefficient in the Boom Clay (five times smaller and 
larger). In addition, some alternative model formulations for the Boom Clay mineralogy and the choice of the 
secondary phases are tested. 
 
In all these simulations, there is no feedback of mineral precipitation and dissolution to changes in porosity 
and, subsequent, diffusion. For example, clogging of the pore space in the concrete due to calcite 
precipitation will certainly have an effect on the diffusion in and out the concrete. Nevertheless, the current 
simulations will give an idea of the possible extent of the alkaline plume perturbation in the Boom Clay. 
 
The figure shows the pH evolution in the reference model. Within the first 1000 years, the Na- and K-oxides 
in the concrete are depleted resulting in a pH decrease from 13.5 to 12.5. Portlandite is completely depleted 
up to 0.3 and 1.0 m from the concrete – Boom Clay interface after 25 000 and 105 years, respectively (pH is 
smaller than 12.5). At the concrete – Boom Clay interface, a substantial amount of calcite is precipitated 
(data not shown). Overall, the disturbance of the Boom Clay by the diffusion of an alkaline plume is limited 
up to 0.4 – 1.2 m from the concrete – Boom Clay boundary after 25 000 years (for different model 
formulations) and up to 2.0 – 2.5 m after 105 years (for the reference case). After 25 000 years, the volume 
occupied by minerals is increased by a maximum of 15 percent for the reference case (taken into account 
parameter uncertainty) and of 25 percent for the different model formulations. 
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Parameters defining the capacities of the cation exchange complexes or the surface acidity sites have no 
effect on the extent of changes in pH. The initial amount of the primary minerals has a slightly larger effect, 
especially kaolinite. The most crucial parameter is the diffusion coefficient. Although this parameter is 
relatively well defined for non-disturbed Boom Clay, it is still an uncertain parameter with respect to the 
altered Boom Clay by an alkaline plume. The pore diffusion coefficient depends on the porosity of the porous 
medium and the alkaline plume may change the porosity. However, these effects were not taken into 
account in the present simulations. 
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 the concrete – Boom Clay interface) 

 
The selection of mineral reactions and sequence is a crucial factor for assessing the spatial extent of the 
alkaline plume perturbation. Decreasing (e.g., neglecting exchange and surface acidity reactions or allowing 
primary minerals only to dissolve) or increasing (adding dolomite-dis as a primary mineral) the total buffer 
capacity in the model increase or decrease the spatial extent of the disturbed zone, respectively. An alkaline 
plume disturbed zone is most limited if the partial pressure of CO2 in the Boom Clay is buffered by an 
assemblage of minerals as proposed by De Craen et al. (2004). In that case, the disturbed zone is limited to 
0.4 m after 25 000 y. 
 
Future developments 
The conceptual models for the concrete and Boom Clay will be further developed, including e.g. solid-
solutions for cement phases as the CSH-phases or the role of the organic matter in pH buffering in the Boom 
Clay. Additional process to include are the feedback of mineralogical changes on porosity and, 
consequently, on the diffusion coefficient and the effect of temperature increases and decreases on the 
cement mineralogy and the interactions between cementitious and Boom Clay pore waters. 
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Acknowledgements 
This work is undertaken in close co-operation with, and also with the financial support of ONDRAF/NIRAS, 
the Belgian agency for the management of radioactive waste and fissile materials.  

mailto:diederick.jacques@sckcen.be
mailto:lian.wang@sckcen.be


   

www.sckcen.be   Operational Office: Boeretang 200, BE-2400 MOL – Scientific Report 2007 

 
 

CALIBRATION AND VALIDATION OF A LOCAL-SCALE 

TRANSIENT GROUNDWATER MODEL

 
Background 
Since the decision, in June 2006, of the Belgian government to locate the surface disposal facility for low and 
intermediate level waste -short lived (LILW-SL) in the municipality of Dessel, different detailed technical 
studies are being carried out to prepare different license applications with a view to enter the construction 
phase by 2011-2012. During the current project phase (2007-2010) an assessment basis will be established 
comprising detailed design, phenomenological description of the evolution of the installation and its 
environment, and safety assessment scoping calculations. Once a sound and defensible assessment basis 
has been formed, the formal compliance radiological long-term safety assessments will be conducted.  
 
Objectives 
One of the challenges within building the assessment basis is to investigate and document the dynamics of 
groundwater flow for the region Mol-Dessel. The transient behaviour of the shallow and deeper groundwater 
flow is analysed on the basis of time series of groundwater level observations belonging to the SCK•CEN 
regional and local piezometric network. In order to understand and reproduce this dynamic behaviour of 
groundwater, a local-scale transient groundwater model has been set up. 
 
Principal results 
Due to the complexity of the model input and the scope of this study, the transient model has a relatively 
limited extent of 18.6 km². Vertically, the transient model is divided into four numerical layers, representing 
the Mol Sands, Kasterlee Sands and Diest Sands aquifers and the Kasterlee-Diest transition layer (KTDL) 
aquitard (see Figure 1). Two types of boundary conditions are applied for the upper and lower aquifer. In the 
upper aquifer, the boundaries are formed by rivers that surround the modelling domain. In the lower aquifer, 
a time-varying head boundary condition is applied (see Figure 1). 
 

 

Figure 1: Three-dimensional sketch of the transient model with applied boundary conditions 
 
The transient infiltration input data were calculated using unsaturated zone modelling taking into account 
precipitation and potential evapotranspiration, along with other data measured at various climatological 
stations of the Royal Meteorological Institute. Calibration parameters for the transient groundwater model 
included the hydraulic properties of the hydrostratigraphic units, such as the hydraulic conductivities, specific 
storage and specific yield and the conductances of the local rivers and brooks. 
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Two modelling periods were considered, the calibration period from 2001 to 2005 and the validation period 
from 1990 to 2000. This sequence of time series was chosen to put more weight during calibration on the 
largest dataset of shallow groundwater level observations. During this calibration period, optimal parameter 
values were derived using manual and automated calibration techniques. These optimal parameters were 
then used to simulate the groundwater levels during the validation period. The simulated levels were 
compared to the observed ones at a number of piezometers from the SCK•CEN local and regional 
piezometric networks.  
Satisfactory agreement between the simulated and observed groundwater levels was achieved at the 
majority of observation points (see Figure 2). Most parameters derived during the transient model calibration 
are in agreement with the parameters used in a larger-scale steady-state model for the site. Besides 
validating the parameters, the transient model represents also a useful tool for further analyses of the local 
groundwater flow and transport. 
 
 
 

 

Figure 2: Observed versus simulated values at selected observation points after calibration 
 
Future developments  
The transient model is an important modelling tool within the assessment basis but should be further 
improved and updated as new information and data become available. Possible future developments are to 
test model’s robustness when a higher degree of heterogeneity in boundary conditions and hydrogeological 
parameters is accounted for.  
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THE EC INTEGRATED PROJECT NF-PRO 

ON NEAR-FIELD PROCESSES 

 
Background 
Since the 1970's, the Belgian Nuclear Research Centre SCK•CEN has played a leading role in international 
research on the geological disposal of radioactive waste. SCK•CEN's foremost position in this domain has 
been confirmed in the Sixth Framework Programme (European Commission), where SCK•CEN coordinates 
the Integrated Project NF-PRO. NF-PRO is a multi-disciplinary project integrating European research on the 
near-field of geological repositories for high-level waste disposal. With a total budget of more than 20 million 
EURO and a consortium consisting of 40 major nuclear research organisations, radioactive waste 
management agencies/implementing organisations, universities and consulting companies, NF-PRO is the 
principal and most comprehensive international R&D project on the near-field system. 
 
Objectives 
The near-field of a geological repository for high-level radioactive waste and spent nuclear fuel is an 
essential component of the disposal system: its principal safety function is to confine radionuclides and to 
minimise/retard radionuclide release from the waste to the host rock. The near-field is a complex 
environment consisting of multiple engineered barriers and repository components including the waste form, 
the waste canisters, backfills, seals, plugs and the disturbed zone of the host rock. Repository construction 
and operation as well as waste emplacement will disturb ambient conditions of the disposal site. After 
repository closure, the near-field environment will evolve as a result of geochemical interactions between 
various repository components, heat generation and radiation effects. The combined effects of processes 
occurring in the near-field will affect radionuclide transport and retardation. 
 
In recent years, substantial progress has been made in the scientific understanding of individual near-field 
processes. The main objective of NF-PRO is to strengthen knowledge on key processes affecting the barrier 
performance of the near-field and to apply results from detailed process investigations (experimental studies 
in surface and underground laboratories and detailed process modelling) into evaluations of the overall near-
field system. Knowledge generated by the project is applied in the national waste management programmes 
to optimise repository designs and to make barriers functional and resource-efficient. NF-PRO addresses 
various host rocks (salt, granite and clay) and different repository concepts currently considered in EU 
Member States. The level of integration achieved by NF-PRO has not been accomplished by previous 
European research projects. 
 
Principal results 
NF-PRO has addressed a wide range of processes and materials interactions affecting the overall 
performance of the near-field system. Main emphasis has been on the following five topics: 
 processes affecting the waste matrix (vitrified high-level waste and spent nuclear fuel); 
 chemical processes and interactions in the Engineered Barrier System; 
 coupled thermo-hydro-mechanical processes; 
 the initiation and the evolution of the excavation disturbed zone; 
 the evaluation of the overall performance of the near-field system, based on a series of reference cases 

taking into account various repository designs and host rocks. 
 
The figure below gives an overview of the main research areas covered by NF-PRO. 
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NF-PRO's main project components and structure 
 

NF-PRO has made major contributions to advancing knowledge on the near-field system and has led to now 
insights in, among others, the dissolution of vitrified waste in the presence of bentonite buffer materials and 
iron corrosion products and the effect of hydrogen gas on the dissolution of UO2. New information has also 
become available on the evolution of the porewater composition in the near-field system, chemical alteration 
processes, the formation of secondary phases and corrosion products and the impact of new-formed phases 
on sorption and radionuclide mobility. Substantial progress has been made in investigations on the combined 
effects of thermal, geomechanical and hydrological processes on the performance of bentonite buffer and 
crushed salt backfill and on the development and the evolution of the excavation damaged/disturbed zone. 
Also, NF-PRO has conducted integrated analysis of the near-field evolution. These analyses have been 
performed for different European geological disposal concepts and host rocks and have resulted in new 
insights in the release of radionuclide from the waste matrix and radionuclide transport in the near-field. 
Results from these calculations have confirmed that the near-field displays a high degree of robustness and 
redundancy. 
  
Future developments 
The Integrated Project NF-PRO means a major step forward in European research on the geological 
disposal of vitrified high-level waste and spent nuclear fuel. NF-PRO has integrated scientific disciplines and 
research teams that essentially worked independently in previous Community-supported Programmes. Also, 
a strong link has been established between detailed process investigations and assessments of the 
performance of the overall near-field system.  

 
The Integrated Project NF-PRO was concluded in 2007 and final reports will be published in 2008. 

 
Main contact person 
Alain Sneyers, alain.sneyers@sckcen.be 
nfpro@sckcen.be 
http://www.nf-pro.org/ 
 
Main reference 
Alain Sneyers, Bernd Grambow, Pedro Hernán, Hans-Joachim Alheid, Jean-François Aranyossy, 
Lawrence Johnson (2007). "The Integrated Project NF-PRO: Recent advances in European research on the 
near-field system", Proceedings of the 11th International Conference on Environmental Remediation and 
Radioactive Waste Management, ICEM2007, September 2-6, 2007, Oud Sint-Jan Hospital Conference 
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INVESTIGATIONS ON THE LONG-TERM BEHAVIOUR 

OF HIGH LEVEL WASTE FORMS

 
Background 
The Belgian Nuclear Research Centre (SCK•CEN) has a long-standing expertise in research concerning the 
compatibility of waste forms with the final disposal environment, in collaboration with NIRAS/ONDRAS. For 
high level waste, most attention goes to two waste forms that are relevant for Belgium, namely (1) vitrified 
HLW (High Level Waste) from the reprocessing of spent fuel, and (2) spent fuel as such, referring to the 
direct disposal scenario. The expertise lies especially in the study of the chemical interactions between the 
waste forms and the disposal environment. This is done by laboratory experiments, supported by modeling.  
Until 2004, the reference disposal design for HLW glass and spent fuel in Belgium was based on the use of a 
bentonite buffer. The experiments performed in that period therefore involved mostly the study of the 
influence of clay on the waste form behaviour. Since 2004 the Supercontainer design with Ordinary Portland 
Cement as buffer material (without bentonite) has been selected as the reference. The experiments related 
to this new design are therefore predominant now. Clay based disposal designs are still the reference in 
several other European countries. For this reason, the study of clay-waste interactions was not completely 
abandoned in the period 2004-2008, but continued in the framework of EC programmes. 
The first experiments focused on the Supercontainer design were started in 2006 (HLW) and 2007 (spent 
fuel). The first results are available now for HLW glass. Most results generated recently are, however, still 
related to the bentonite concept.  
 
Objectives 
 To evaluate the minimum guaranteed durability of the waste form, which will be used as input in the 

safety assessment. The objective is not to obtain an absolute value for the durability or an interval of 
values, which will always be subject to caution, but rather to determine a lower limit for the life time of the 
waste form, which is conservative, realistic and robust, and to describe the related uncertainties.  

 To give convincing qualitative or semi-qualitative arguments showing that the waste durability will most 
probably be larger than the proposed minimum life time, because a much lower 'residual rate' will be 
reached. 

The difference between the maximum initial 
release rate and the much lower long term 
residual rate is illustrated in the graph on the 
right, showing the estimation of the guaranteed 
life time of the waste based on a maximum, 
conservative dissolution rate (1), and comparison 
with the more likely, but less conservative and 
less robust life time estimation, based on the 
residual rate (2). With sufficient argumentation, it 
is possible to propose an intermediate rate (3), 
which is still conservative and robust, but closer 
to the probable longer life time. 
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Principal results 
The experimental programme consists of a large 
number of experiments. Here, we only illustrate 
this with a few examples. 
  
The maximum, initial dissolution rate in 
Supercontainer conditions (high pH) has been 
determined for several HLW glasses. An example 
is given for HLW  glass SON68 in the graph on 
the right. We see that the maximum glass 
dissolution rate (gram.m-2 day-1) increases at high 
pH, but not as much as predicted, based on 
calculated extrapolations of literature data. The 
resulting dissolution rates are nevertheless high, 
and correspond to a glass life time of only some 
thousands of years. 
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The much lower long-term rate is being determined in tests of long 
duration. These tests are done in realistic conditions, using 
percolation cells (left figure), which are filled with a layer of compact 
wet clay and a layer of glass, and placed in a furnace. At the end, the 
cells are opened and the glass and clay plug are pushed out. These 
tests allow monitoring of the evolution of the water composition and 
the amount of dissolved glass. Tests with a similar set-up have been 
running for 5 years at 30°C so far, for HLW glass SON68. The 
resulting glass dissolution is shown in the figure hereunder. 

 
We clearly see the expected gradual 
decrease of the dissolution rate, from 0.014 
to 0.0042 gram.m-2day-1. Such dissolution 
rate would give a HLW glass life time of 
several tens of thousands of years. The 
dissolution rate will probably continue to 
decrease in these tests, so the rate of 0.0042 
g.m-2d-1 is conservative. It is still an order of 
magnitude higher than the long term rate of 
0.00013 gram.m-².day-1 observed in tests of 
more than 12 years in pure water at 90°C.  In 
that case, the HLW glass life time will be 
several hundreds of thousands of years. 
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The presence of hydrogen gas formed by anaerobic corrosion of the metallic 
overpack materials in the engineered barriers may suppress the dissolution 
rate of spent fuel. To study this, tests were performed with UO2, doped with 
alpha emitters, in the autoclaves shown in the left picture. These tests were 
carried out in the presence of clay and hydrogen gas at room temperature. 
The results (figure hereunder) show that the addition of clay causes an 
increase of the initial uranium release, and that hydrogen gas has a 
mitigating effect. In absence of clay, hydrogen is not effective to reduce the 
UO2 dissolution at room temperature.    
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Future work 
The long term tests on HLW glass in clay conditions will be continued, to decrease further the uncertainty on 
the long term dissolution rate. Most attention will go, however, to the continuation of the experiments with 
glass and spent fuel for the Supercontainer disposal design. 
 
Main contact person 
Karel Lemmens, karel.lemmens@sckcen.be 
 
Main reference 
Karel Lemmens, Christelle Cachoir, Elie Valcke, Karine Ferrand, Marc Aertsens, Thierry Mennecart, 
"The strategy of the Belgian Nuclear Research Centre in the area of High-level waste form compatibility 
research", Proceedings of ICEM2007, September 2-6, 2007, Oud Sint-Jan Hospital Conference Center, 
Bruges, Belgium. 
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CORROSION PROPERTIES OF HLW AND SPENT FUEL OVERPACKS 

IN HIGHLY ALKALINE ENVIRONMENTS

 
Background 
Throughout the world, deep geological disposal in stable rocks with low groundwater flow is considered for 
the long-term management of long-lived radioactive waste (vitrified high-level waste – VHLW – and spent 
fuel – SF). 
Since a few years, the Supercontainer design (SC) is the 
Belgian reference design for the final disposal of VHLW 
and SF. This concept is schematically illustrated in the 
picture on the right. 
The SC consists of a 30 mm thick carbon steel overpack, 
containing two VHLW canisters or four SF assemblies, 
which is surrounded by a concrete buffer, which in turn is 
entirely encased in a 6 mm thick stainless steel 
envelope. 
The rationale behind the SC concept is the Contained 
Environment Concept (CEC). The CEC aims at 
establishing and preserving a favourable chemical 
environment around the carbon steel overpack, so that it 
will be exposed to essentially unchanged, benign 
conditions for at least the duration of the thermal phase. 
The main advantage of the SC design, with respect to corrosion, is that under the predicted conditions (i.e. 
highly alkaline concrete buffer), the carbon steel overpack is expected to undergo uniform corrosion (passive 
dissolution). 
 
Objectives 
The key objective of this study is to demonstrate that the carbon steel overpack will be able to ensure 
complete containment of the radioactivity at least during the thermal phase, i.e. the period during which the 
temperature of the host rock is expected to lie above the range of temperatures within which nominal 
radionuclide migration properties can be relied upon. 
 
Principal results 
Our current experimental programme is mainly aimed at investigating the interactions between carbon steel 
and concrete. An integrated R&D methodology has been developed to demonstrate and to defend that the 
integrity of the carbon steel overpack can be ensured during at least the thermal phase. This integrated 
approach consists of three steps: lifetime prediction, validation, and confidence building. 

The lifetime of the overpack is predicted on the basis of 
the corrosion evolutionary path (CEP), illustrated in the 
picture on the left. The CEP describes the evolution of 
the environmental conditions the overpack is exposed 
to during the different phases of, and also prior to, the 
disposal period. 
The environmental conditions surrounding the SC are 
likely to change with time: 
 oxidising conditions will gradually change to 

reducing conditions following repository closure; 
 temperature will decrease as heat production of the 

radioactive waste decreases, and also 
 the geochemistry of the concrete buffer surrounding 

the carbon steel overpack will gradually be modified 
as Boom Clay pore water penetrates the SC. 

The approach to predict the lifetime consists in dividing the evolutionary path in different phases (aerobic, 
anaerobic) and determining the 'best estimate' uniform corrosion rate for each of these phases. Lifetime 
predictions are then estimated by integrating these corrosion rates over the duration of the different phases. 
The prediction of the overpack lifetime as described above is based on the assumption that corrosion is 
uniform over the entire overpack surface. In the high pH environment of the SC, the carbon steel overpack is 
covered with a protective passive film. However, if the protective passive film is destroyed locally, localised 
corrosion (pitting, crevice corrosion) and stress corrosion cracking (SCC) may occur. Furthermore, our 
integrated approach aims at finding a sound argumentation that each corrosion mechanism, other than 
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uniform corrosion, cannot take place under the circumstances described in the corrosion evolutionary path. 
This is called the 'exclusion principle'. 
In a second step, the data of the corrosion evolutionary path, the suitability of the 'exclusion principle', and 
the newly developed interface models should be validated through a limited set of well-defined tests (e.g. an 
in situ experiment). 
An active publication policy (a.o. publications in peer reviewed journals), together with a periodical review of 
the programme by a panel of experts in the field, forms part of a third step. This should help to enhance the 
confidence in the predicted lifetime of the SC. 
 
Currently, only modelling studies have been performed, such as geochemical modelling of the evolution of 
the near-field environment surrounding a disposal gallery and of the concrete buffer surrounding the carbon 
steel overpack. 
 
The evolution of the near-field environment surrounding a disposal 
gallery is schematically illustrated, from right to left, in the graph on 
the right. 
Excavation of the gallery creates fractures up to about 1 m in the 
surrounding host rock. Oxygen will come in contact with the initially 
anoxic Boom Clay and will interact mainly with pyrite and organic 
matter, two important compounds of Boom Clay. Along the fractures, 
oxygen can easily intrude up to a depth of about 1 m. During the 
operational phase, a stiff concrete liner needs to be used to keep the 
plastic clay in place and to minimise traction. Because of the high 
plasticity of the clay, the fractures will seal fast. Water is 
continuously drained towards the gallery, limiting the oxygen 
intrusion into   the host formation.  Experimental  observations  and 

 

modelling results, neglecting the reactivity of the oxygen with remaining pyrite and organic matter, reveal that 
the in-diffusion of oxygen will not exceed about 2 m, even after 20 years of ventilation. Consequently, the 
extent of the oxidised zone remains limited to the first meters, while the degree of oxidation in this layer will 
increase with time. During the early closure phase, the heat-emitting waste will cause a temperature 
increase, lasting for several hundreds (VHLW) to thousands (SF) of years. Meanwhile, reactions between the 
high pH concrete and the slightly alkaline surrounding host rock will start to occur, resulting in mineralogical 
and geochemical changes (alkaline plume). As this is a very slow process, these reactions will mainly 
continue throughout the late closure phase. The extent of this alkaline plume within the Boom Clay is limited 
to about 2.5 m after 100,000 years. 
 
Calculations on the evolution of pH and the concentration of aggressive anionic species from the Boom Clay 
at the carbon steel overpack have also been carried out. The initial pH of the concrete pore fluid is about 
13.5, controlled by the dissolved alkalis (K+ and Na+), and decreases to 12.5, regulated by portlandite 
solubility, in about 1,000 years. The pH 12.5 is predicted to maintain for at least 80,000 years, after which it 
will slowly start to drop. The increase of the temperature (~80°C) during the thermal phase will decrease the 
pH to about 12, owing to the effect of temperature on hydrolysis properties of the system. 
 
Future work 
An experimental programme to study the effect of gamma radiation on the anaerobic corrosion rate of 
carbon steel in cementitious media, by means of measuring the hydrogen gas generation rate, was 
developed in 2007. This programme will be carried out in 2008 in co-operation with Serco Assurance (UK). 
 
Main contact person 
Bruno Kursten, bruno.kursten@sckcen.be 
 
Main reference 
Bruno Kursten and Frank Druyts, "Methodology to make a robust estimation of the carbon steel overpack 
lifetime with respect to the Supercontainer design", THIRD INTERNATIONAL WORKSHOP ON LONG-
TERM PREDICTION OF CORROSION DAMAGE IN NUCLEAR WASTE SYSTEMS,  May 14-18, 2007, 
Pennsylvania State University State College, Pennsylvania, USA. 
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IMPACT OF ADVANCED FUEL CYCLES ON RADIOACTIVE WASTE 

DISPOSAL IN A CLAY FORMATION

 

 
Background 
During the last 15 years the EC (European Commission) has initiated several research projects on the 
possibilities of introducing partitioning and transmutation techniques in nuclear fuel cycles in order to reduce 
the amount of long-lived isotopes present in the radioactive waste. One of these projects, Red-Impact 
(impact of partitioning, transmutation and waste reduction technologies on the final nuclear waste disposal) 
started in 2004; its main objective was to assess the impact of partitioning and transmutation on radioactive 
waste management and geological disposal. 
 
Objectives 
The main objective of SCK•CEN's contribution to the Red-Impact project is to evaluate the impact of some 
representative advanced fuel cycles, making use of partitioning and transmutation techniques, on radioactive 
waste disposal in a clay formation. 
 
Principal results 
The Red-Impact project started with the identification of a number of representative fuel cycle scenarios. Five 
basis scenarios are considered in the evaluations: three "industrial" scenarios, which are based on presently 
available technologies, and two innovative scenarios, which assume the availability of new reactor types and 
reprocessing techniques. The five analysed fuel cycles are: 
 A1: the reference fuel cycle, which is an open cycle based on LWRs (light water reactor) with low 

enriched uranium oxide fuel; 
 A2: fuel cycle based on LWRs with single recycling of Pu as MOX (mixed oxide) fuel; 
 A3: fuel cycle based on FRs (fast reactor) with multi-recycling of Pu as MOX fuel; 
 B1: fuel cycle based on FRs with infinite recycling of Pu and minor actinides; 
 B2: double strata fuel cycle based on a combination of LWRs, FRs and ADS (accelerator driven system). 

 
For each basis fuel cycle mass flow schemes were prepared and the corresponding neutronic calculations 
were made. On the basis of a number of assumptions on the reprocessing losses, the amounts and 
composition of the HLW (high level waste) and ILW (intermediate level waste) radioactive waste streams 
arising from the basis fuel cycles were estimated. 
 
Starting from repository concepts considered by ONDRAF/NIRAS in its SAFIR 2 report for disposal of high 
level and intermediate level waste in the Boom Clay formation, we have evaluated the impact of the 
advanced fuel cycles on the dimensions of the repository and on the long-term radiological consequences of 
the radioactive waste disposal. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Cross-section of the repository concept considered for the disposal of uranium oxide spent fuel 
 
The minimum needed length of the galleries for spent fuel and HLW disposal is determined by the thermal 
output of that waste. The main temperature limitation in the SAFIR 2 repository concept is that the 
temperature at the interface between the gallery lining and the Boom Clay has to remain below 100 °C. As 
the thermal output of ILW is about negligible, the length of the ILW galleries is determined by the number of 
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waste packages. For the disposal of intermediate level waste it is assumed that 19 canisters are placed in a 
gallery section. The estimated lengths of the disposal galleries per produced electricity are given in the 
following table. The results show that the introduction of fast reactors or ADSs in the fuel cycle results in a 
reduction with a factor 2 to 3 of the length of the galleries needed for the disposal of spent fuel and HLW. 
The length of the galleries needed for the disposal ILW is for all considered fuel cycles much smaller than 
the one needed for spent fuel and HLW disposal. 
 
Fuel cycle  A1 A2 A3 B1 B2 
       
Spent fuel and HLW gallery length (m/TWhe) 5.92 5.74 3.48 1.88 2.89 
ILW gallery length (m/TWhe) 0 0.08 0.18 0.18 0.11 
 

Estimated needed length of the galleries for disposal of HLW (after a 50 years cooling time) 
and ILW arising from the 5 basis fuel cycles 

 
To estimate the radiological consequences of the radioactive waste disposal, we make simulations of the 
transport of the radionuclides released from the disposed waste through the main components of the 
repository system. We consider a river draining the aquifer overlying the host formation as pathway to the 
biosphere. The following figure gives the doses (per produced electricity) due to the disposal of HLW and 
ILW in a repository in clay. The results show that the introduction of advanced fuel cycles has only a limited 
impact on the resulting doses. This is explained by the fact that the doses are mainly due to long-lived fission 
and activation products that are mobile in the geosphere. On the other hand transmutation strongly reduces 
the amount of actinides disposed of in the repository, but because of their low solubility in groundwater and 
their strong sorption on clay minerals, the actinides do not give a considerable contribution to the total doses. 
The doses due to ILW are for some fuel cycles of the same order of magnitude as the doses due to HLW; 
this is because the ILW contains relatively high amounts of mobile fission and activation products. 
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Doses via the river pathway due to disposal of HLW and ILW arising from the 5 basis fuel cycles in a repository in clay 

 
 
Future work 
In the framework of the Raphael project an analysis of the impact of a fuel cycle based on another type of 
advanced fuel cycle, i.e. a high-temperature reactor, on waste disposal will be made. 
 
Main contact person 
Jan Marivoet, jan.marivoet@sckcen.be 
 
Main reference 
W. Von Lensa, R. Nabbi, M. Rosbach (Eds.), "Red-Impact: Impact of Partitioning, Transmutation and Waste 
Reduction Technologies on the Final Nuclear Waste Disposal", Synthesis report (2008) FZ Jülich, Energy & 
Environment Series, Vol. 15. 
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SUPPORT TO OTHER NUCLEAR WASTE DISPOSAL PROGRAMS 

CONSIDERING CLAY AS A POTENTIAL HOST ROCK

 
 
Background 
SCK•CEN started to study the Boom Clay as potential host rock for nuclear waste disposal in 1974. Since 
then, SCK•CEN has been involved in other international projects studying clay as potential host rock in order 
to get a broader support for disposal in clay and to acquire broader insight in clay behaviour. Besides 
Belgium, France and Switzerland are currently investigating clay formations as potential host rock for the 
disposal of radioactive waste. In the Netherlands, clay formations have always been considered as an 
alternative to disposal in salt. The general interest in clays is increasing: in Germany and The United 
Kingdom, it was decided a few years ago that besides respectively salt and crystalline rock also clays need 
to be evaluated. In Eastern and Central Europe, the Slovak republic and Lithuania consider both clay and 
granite as possible host rocks for spent fuel while in Russia recently a project was started to study the 
possible disposal of low and medium level waste in a clay formation in the Leningrad area. Within the EC 
R&D framework programs and the OECD/NEA Clay Club, collaborations were developed between countries 
studying clay and with a strong involvement of SCK•CEN. The collaboration with the Eastern and Central 
European countries is supported through the support programme of the Belgian Ministry of Economic affairs. 
 
Objectives 
 To deliver expert services to other nuclear waste disposal programs considering clay as host rock; 
 To acquire broader international recognition of our expertise and support for the development of nuclear 

waste disposal in clay; 
 To get a broader insight in the properties and behaviour of clays. 

 
Principal results 
SCK•CEN was one of the founding members of the Mont Terri Consortium. This consortium was established 
in 1996 and is in charge of the exploitation of the Mont Terri Underground Research Facility, which is located 
in the Opalinus Clay at Sankt Ursanne, Switzerland. As part of the Mont Terri project, SCK•CEN adapted 
and applied its in situ techniques for the measurement of the porewater pressure (Figure 1) and 
hydrogeochemical characterisation to an indurated hard clay. Observations concerning e.g. excavation 
induced fracturing, anisotropy, microbial activity, derived from experimental work in the HADES underground 
research laboratory in Mol were confirmed in Mont Terri. This shows that, despite differences between the 
plastic Boom Clay and the Opalinus indurated clay, many mechanisms are similar and transferable. 
 
. 
 
 
 
 
 

Figure 1 Adaptation of porewater pressure measurement equipment to stiff clay using packers 
 
Since the underground laboratory in the indurated Callo-Oxfordian clay at Bure in France, has become 
available, SCK•CEN experts have acted as advisors to ANDRA for the in situ experiments concerning 
radionuclide migration. Recently this activity was extended to radioactive waste behaviour and corrosion 
experiments. Many similarities in the governing mechanisms could be demonstrated. 
 
In the Slovak Republic, SCK•CEN advised the Slovak Geological Survey on a first evaluation of the Secen 
Schlier, a 600 m thick silt-claystone formation, as potential host rock for spent fuel disposal. This evaluation 
showed that it is very likely that transport through this formation is dominated by a slow diffusion process. 
Accordingly, it is worthwhile continuing investigations on this formation as potential host rock. 
 
In Lithuania, SCK•CEN provides assistance and advise to the Geological Survey and the Nuclear Waste 
Agency RATA in the selection of a suitable clay formation(s) for geological disposal of nuclear waste near 
the site of the Ignalina NPP in N-E Lithuania. 
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In Russia SCK•CEN supports RADON St. Petersburg (Figure 2, 3) in assessing the suitability of the same 
clay formation as in Lithuania for the geological disposal of low and intermediate level waste. An interesting 
feature here is that these clays display characteristics similar to the Boom Clay despite the fact that these 
clays have undergone severe loading-unloading cycles during the last ice ages.  
 
 

 
 

Figure 2: Geological cross-section close to RADON Sosnovybor (Sint Petersburg) with indication  
of the Cambrian clay studied as potential host rock 

 

 
 

Figure 3: Core drilling and preparation of clay cores at RADON Sosnovybor (Sint Petersburg) 
(Figure 2 & 3 taken from V.G. Rumynin, et al. Research of Vendian and Cambrian clays as a medium for 

construction of a regional waste repository in N-W region of the Russion federation,  
The II International Forum, October 02-05 2007, Sint Petersburg) 

 
Future developments 
SCK•CEN will continue its activities in France, Switzerland, Lithuania and Russia in order to develop further 
our basis of comparison with the Boom Clay and extend our international recognition as "disposal in clay" 
experts. 
 
Main contact person 
Geert Volckaert, geert.volckaert@sckcen.be 
 
Main reference 
M. Hugi, P. Bossart and P. Hayoz (eds.), "Mont Terri Project, Proceedings of the 10th Anniversary 
Workshop", 16-17 May 2006, St-Ursanne, Switzerland, No. 2 Swiss Geological Survey, 2007, 
swisstopo, Wabern, Switzerland  
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BERYLLIUM RECYCLING: FEASIBILITY AND CHALLENGES

 
Background 
In future fusion reactors, beryllium may be used both as a first wall material and as neutron multiplier in the 
breeder blanket. Neutron irradiation of the beryllium during reactor operation yields important amounts of 
tritium and, due to the presence of metallurgical impurities in the beryllium metal, leads to a high level of 
activation. At the end of its reactor life, a waste management solution for this beryllium should be available. 
In the light of societal acceptability of fusion power, it would be desirable to dispose of a method to recycle 
the irradiated beryllium for re-use in fusion applications. At present, however, no recycling route is available 
that can accommodate the high tritium content and level of activation characteristic of fusion-irradiated 
beryllium. Therefore, at SCK•CEN, we set out to contribute to the development of such a route. 
 
Objectives 
 Propose a generic recycling route for fusion-irradiated beryllium; 
 Assess existing technologies that could be used for beryllium recycling; 
 Identify processes that require further development. 

 
Principal results 
Taking into account the characteristics of fusion-irradiated beryllium, any recycling route will have to exist of 
the following three generic steps: detritiation, removal of radionuclides and other impurities, and production 
of recycled beryllium pebbles (or tiles in the case of first wall applications) by powder metallurgy. As 
refabrication of beryllium pebbles and tiles by powder metallurgy is a largely mature practice, focus of this 
study is on the first two steps of the recycling route: detritiation and purification.  
Distinction has to be made between surface tritium and bulk tritium. The main mechanism responsible for the 
presence of a tritium-rich surface layer is co-deposition. Bulk tritium on the other hand, is mainly generated 
by neutron transmutation. The tritium-containing deposited film can be removed by in-reactor techniques, 
including the use of tokamak pulses possibly combined with ion cyclotron resonance heating, cleaning with a 
flash lamp, laser ablation, and plasma torch exposure. The bulk tritium can be removed by high-temperature 
annealing.  
The second step, purification, can be achieved by several types of processes, including vacuum distillation, 
zone melting, and chlorine processes. The chlorine route consists in the chlorination of the irradiated 
beryllium and the subsequent reduction of beryllium chloride to highly pure metallic beryllium. The vapour 
pressure of beryllium is relatively low, as discussed above. Beryllium halides, by contrast, are fairly volatile at 
high temperatures. This fact forms the basis of the chlorination process: beryllium chloride is much more 
volatile than the impurities present in irradiated beryllium and therefore chlorination should be able to yield 
high purity beryllium. Several processes for the volatilisation of beryllium have been proposed, including 
passing beryllium dichloride vapour at a reduced pressure over heated impure beryllium: 
 Be + BeCl2 = 2 BeCl    
and passing a sodium chloride vapour over the beryllium: 
 Be + 2 NaCl = BeCl2 + 2 Na   
High purity beryllium chloride can be obtained by fractional distillation.  
 
After the chlorination step, beryllium chloride can be reduced electrochemically, chemically, or thermally.  

Electrochemical reduction of beryllium chloride  
There are low and high temperature processes for the electrochemical reduction of beryllium chloride. The 
low temperature process consists in electrolyzing a mixture of approximately equal parts of beryllium chloride 
and sodium chloride at a temperature of 370°C in a nickel container which serves as the cathode for 
electrolysis. The anode is a centrally located graphite rod. A potential of 4 to 6 volts is used. The electrolysis 
is continued until the beryllium chloride is reduced to about 45% of the electrolyte, which after the removal of 
the beryllium flake is restored to 50% content to permit the continuation of the process. The metal thus 
removed is separated as completely as possible from any residual electrolyte and then quenched in ice 
water to effect a complete separation. After being quenched it is in turn separated from the quench liquor 
which is returned to the process for the recovery of beryllium as beryllium hydroxide. The flake is then 
alternately washed with dilute solutions of sodium hydroxide and nitric acid to effect, first, a reduction of 
aluminium content, and second, a removal of adhering surface oxides. As a final treatment the flake is 
washed with methanol and dried. 
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The high temperature process involves adding 13 to 15% beryllium to a mixture of equal parts of sodium and 
potassium chloride. The fusion temperature of this salt is about 760 to 790°C. This temperature must be 
increased during the electrolysis because of the depletion of beryllium chloride to a final temperature at 
completion of between 900 and 925°C. A direct current of about 6 volts is supplied between a graphite 
anode and the metallic container, which acts as cathode. Upon completion of the process, the entire content 
of the cell is transferred to another container where the salts are permitted to solidify. At this point, the 
reduced beryllium metal is in the form of flakes. After solidification, the flake is washed with dilute solutions of 
sodium hydroxide and nitric acid, to remove adhering surface oxides.  

Thermal reduction of beryllium chloride  
A potentially elegant solution for the reduction of beryllium chloride is to pass the gas over a SiC filament and 
decomposing it. Key questions remain the stability of the contact between the beryllium chloride gas and the 
filament (including the yield of the reaction, which was at best ‘variable’) and the volume of beryllium that 
could eventually be recovered by pursuing this method.  
Past experience with the electrochemical and chemical reduction of beryllium chloride showed that these 
methods resulted in substantial amounts of impurities in the metallic beryllium. The main advantage of 
thermal reduction is that no new impurities are introduced into the beryllium chloride stream, but on the other 
hand, a stable contact between the gas stream and the filament seems to be difficult to achieve. In the light 
of this information, we propose the further development of thermal reduction, by optimising the physical 
geometry of this step, which should lead to both an increased contact surface, and an increased through-put 
of the thermal reduction step. 
 
 
Main contact person 
Frank Druyts, frank.druyts@sckcen.be 
 
Main reference 
F. Druyts, K. Dylst, J. Braet, “Beryllium recycling: feasibility and challenges,” Proceedings of the 8th IEA 
International Workshop on Beryllium Technology, December 5-7, 2007, Lisbon, Portugal. 
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AGEING OF EUROBITUM BITUMINISED RADIOACTIVE WASTE

 
Background 
Since the end of the 1970s, about 3000 m³ of Eurobitum bituminised radioactive waste has been produced 
by the EUROCHEMIC/BELGOPROCESS reprocessing facility for the incorporation of precipitation sludges 
and evaporator concentrates originating from the chemical reprocessing of spent nuclear fuel.  Eurobitum is 
a homogeneous mixture of ~60 weight% (wt%) of bitumen and 40 wt% of waste, of which NaNO3 is the most 
important component (60-75 wt%).  The preferred option of ONDRAF/NIRAS for the long-term management 
of Eurobitum is final disposal in a geologically stable underground clay formation.  The Boom Clay is 
presently being studied as a reference host formation.  Due to a combination of favourable properties, the 
Boom Clay will delay and spread in time the migration of the radionuclides, allowing the majority to decay 
before reaching the aquifers.  Owing to the importance of the clay host formation in the overall repository 
safety, the processes induced by the emplacement of Eurobitum should not negatively affect the long-term 
safety functions of this barrier.  Basically, two types of disturbances can be distinguished:  
1. a mechanical disturbance, caused by the build-up of a pressure in and around the waste, (a) due to the 

uptake of water by the dehydrated salts embedded in the waste, and (b) due to gas generation by 
anaerobic corrosion of the steel drums, radiolysis, and microbial activity.   

2. a chemical disturbance by the release of large amounts of (a) NaNO3 and (b) of water-soluble, organic, 
potentially complexing molecules due to radiolytic and chemical degradation of the bitumen.  

The extent of some of these processes will be affected by the continuous evolution of the rheological 
properties of the bitumen, especially in the presence of oxygen and/or radiation.  This ageing results in a 
harder bitumen, which tends to loose its binding capacity and which becomes increasingly brittle.  Fissures 
and changes in membrane properties of bitumen in terms of oxygen and water diffusion are expected to 
favour the penetration of oxygen, thus amplifying the ageing deeper inside the product, and the infiltration of 
pore water, thus possibly affecting the swelling and the leaching of NaNO3 and radionuclides. 
 
Objectives 
The objective of this work is to obtain a semi-quantitative understanding of the ageing of Eurobitum 
radioactive waste, to be able (i) to estimate the degree of ageing at the time Eurobitum will come in contact 
with ground water, and (ii) to produce, by accelerated ageing techniques, non-radioactive Eurobitum 
samples that can be used in the studies on water uptake, swelling, and salt leaching. 
 
Principal results 
Because also radioactive Eurobitum samples were to be analysed, we opted for a characterisation technique 
that minimises radiation exposure, contamination risks, and secondary waste production.  Attenuated total 
reflectance Fourier Transform Infrared spectroscopy (ATR/FTIR) meets very well these criteria.  FTIR in the 
mid-infrared domain (4,000-400 cm-1) allows to follow the oxidation of bitumen by measuring the increase of 
the height of the C=O and C=C absorption bands.  ATR/FTIR requires almost no sample preparation as 
infrared spectra of the first few microns of the material are obtained after pressing a thin sample (10x70x3 
mm³) against a pre-heated internal reflection crystal made of ZnSe (figure below).  After a normalisation 
procedure, the height of the peaks at 1700 cm-1 (C=O) and 1600 cm-1 (C=C), referred to as H1700 and 
H1600 respectively, can be compared for different treatments.  Apart from the height of the C=O and C=C 
peaks, the normalised FTIR spectra of the radioactive samples were similar to those of the non-treated, 
heated, and irradiated sample (first figure on the next page). 

Principle of ATR/FTIR.  A small bitumen sample 
(10x70x3 mm³) is pressed on a pre-heated internal 
reflection ZnSe or Ge crystal, which is then placed 
in the IR spectrometer.  The incident IR beam is 
partly absorbed and partly reflected by the sample.  
The remaining IR light is finally re-directed towards 
the detector. 
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ATR/FTIR spectra of Eurobitum. An untreated sample is 
compared with a sample heated in air at 130°C for 2 hours, 
with one having absorbed a dose of 0.7 MGy of gamma 
radiation in air, and with one sampled from the upper layer 
of radioactive Eurobitum that was produced in 1981. 
Sulfates (~5 wt%) are responsible for the large band 
centered at 1145 cm-1. Nitrates (~28 wt% in all samples) 
have bands at 1380-1350 cm-1 (broad) and 835 cm-1 

(narrow).  The oxidation of bitumen results in an increase 
of the absorbance at 1700 cm-1 (C=O) and 1600 cm-1 
(C=C). Apart of this difference, the normalised FTIR 
spectra are similar for all four samples. 

   
 The figure on the right shows the height of the peaks at 

1700 cm-1 (C=O) and 1600 cm-1 (C=C), referred to as 
H1700 and H1600 respectively, as a function of distance 
from the surface, for samples that were taken from a 
drum of radioactive Eurobitum that was produced in 
1981.  It is seen that the surface of the Eurobitum is very 
heavily oxidised.  The material from that layer was very 
brittle and could be easily fragmented in small, hard 
particles.  The degree of oxidation decreases strongly 
with depth, but remains higher than for a reference non-
radioactive Eurobitum that was produced in 1977.  The 
self-irradiation of the Eurobitum thus contributes 
noticeably to the oxidation inside the waste.
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Future work 
We need to better understand the kinetics of the oxidation in the bulk of the Eurobitum, and, more 
importantly, the consequences of the ageing for the uptake of water and the resulting swelling or swelling 
pressure build-up, and leaching of salts and radionuclides.   
 
Main contact person 
Elie Valcke, elie.valcke@sckcen.be  
 
Main references 
1) F. Rorif, E. Valcke, P. Boven, H. Ooms, J. Peeters, and S. Smets, 'Ageing of Eurobitum bituminised 

radioactive waste under gamma irradiation', Mat. Res. Soc. Symp. Proc. Vol. 932, 2006, p. 689 – 696. 
2) E. Valcke, F. Rorif, and S. Smets, 'Ageing of Eurobitum bituminised radioactive waste', to be submitted to 

J. Nucl. Mat. 
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The figure on the left summarises the results of samples 
of a reference non-radioactive Eurobitum, produced in 
1977, that were heated.  Exposing thin layers of 
Eurobitum to air at a temperature of 130 °C results in a 
steady increase of the H1700 (C=O) and H1600 (C=C) 
values of the exposed surface.  The shape of the curves 
shows that first the more reactive and easily accessible 
molecules are oxidised, and that the less reactive and 
less easily reached molecules react more slowly.  When 
larger volumes of material are involved, for instance for 
water uptake and leach tests, the material needs to be 
continuously mixed to maximise the exposure of all 
molecules to oxygen.  However, despite continuous 
mixing during 8 hours at ~180 °C, the  H1700  (C=O) and  
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H1600 (C=C) values of several sub-samples were the same as the respective values for a thin layer of 
which the surface was exposed to air during only ~2 hours.  Since after 8 hours it became difficult to further 
mix the sample, we conclude that heating alone does not allow ageing Eurobitum to a degree that is 
expected to occur when it comes in contact with water in an underground repository.  

C=O active

C=O inactive

C=C active

C=C inactive

trend C=O

trend C=C

C=C C=O 

mailto:elie.valcke@sckcen.be


   

www.sckcen.be   Operational Office: Boeretang 200, BE-2400 MOL – Scientific Report 2007 

 
 

 
A PERFORMANCE COMPARISON OF NINE SELECTED LIQUID 

SCINTILLATION COCKTAILS

 
Background 
In the selection of an optimal liquid scintillation counting (LSC) cocktail, two important aspects are generally 
taken into consideration: overall cocktail performance and specific laboratory needs. 
Overall performance can be assessed by studying parameters like counting efficiency, intrinsic background 
contribution, quench resistance, sample stability over time, sample load capacity, sample compatibility and 
α/ß discrimination. These performance indicators then have to be balanced against the specific laboratory 
needs such as required detection limits, acceptable measurement uncertainty, sample volume used for 
routine measurements, chemical and/or physical properties of routinely measured samples, desired sample 
throughput and waste treatment regulations. 
 
Objectives 
The aim of this comparison study is to determine a single cocktail that best suits all measurement 
requirements of the liquid scintillation counting laboratory at SCK•CEN for the determination of low levels of 
radioactivity in biological and environmental samples. 
The results presented in this publication only intend to give information about some of the most important, 
overall performance indicators for 9 selected, commercially available LSC cocktails. The indicators presented 
here are sample load capacity, sample compatibility, counting efficiency, figure of merit (FOM), quench 
resistance and sample stability. The cocktails tested are Ecoscint A, Insta-Gel Plus, OptiPhase Hisafe 3, 
OptiPhase Trisafe, Ready Gel, SafeScint 1:1, Ultima Gold, Ultima Gold LLT and Ultima Gold XR. For the 
data acquisition a Packard TriCarb Model 1900CA and a Quantulus 1220 liquid scintillation counter are 
used. All samples are prepared in either 20 mL low potassium, borosilicate glass vials or 20 mL high density, 
polyethylene vials. 
 
Principal results 
To determine the Sample Load Capacity (maximum amount of sample a liquid scintillation cocktail will accept 
to form a homogeneous, single phase mixture), a set of 14 glass vials were prepared by mixing the 
appropriate volumes of each possible combination of liquid scintillation cocktail and sample solution. Sample 

solutions used were: pure reverse osmosis (RO) water, NaCl 
(1 mol/L), NaOH (1 mol/L), HCl (1 mol/L), HNO3 (1 mol/L) and 
human urine. The volume of sample solution in each series of 
vials increases in steps of 1 mL starting at 1 mL in the first 
vial, up to 14 mL in the last one. Scintillation cocktail is finally 
added to obtain a final volume of 20 mL. This way sample 
load ranges from 5% up to 70% in 5% increments. Finally a 
visual check is performed, registering the physical 
appearance of the mixture in the vials (homogeneity, 
transparency, viscosity, phase separation). 
 

Sample Load Capacity experiment with  
OptiPhase TriSafe and HCl 1M 
 
The expected decrease in counting efficiency with 
increasing sample load is caused by two different 
phenomena, acting in parallel. The first and most 
important aspect is quenching. The second effect is 
the stability of the cocktail/sample mixture and the 
possible occurrence of phase separation. 
 
A reliable way to assess the quench resistance of 
liquid scintillation cocktails is the determination of 
the volume of a quenching agent needed to reduce 
the counting efficiency by a factor of two (the quench 
half-volume, V½). For the presented results, carbon 
tetrachloride (CCl4) was used as quenching agent. 
 

Effect of Quenching on Counting Efficiency for 3H and 14C 
 in OptiPhase HiSafe-3 and Ready-Gel 
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A series of 15 polyethylene counting vials was prepared for each scintillation cocktail tested. To each vial, 18 
mL of the cocktail and 1 mL of a certified reference solution (either 3H or 14C) were added. Finally, an 
increasing volume of carbon tetrachloride was added, ranging from 0 µL to the first vial up to 1500 µL to the 
last vial. All vials were counted for 15 minutes each and the obtained spectral data recorded and used to 
calculate the corresponding counting efficiencies. These data were then plotted on a graph against the 
volume of CCl4 and fitted to a second order polynomial fit. The fit parameters were used to calculate the 
value of V½. 
 

Cocktail V½ (µL) 
for 3H 

V½ (µL) for 
14C 

Ecoscint A 190 713 
Insta-Gel 148 608 
OptiPhase HiSafe-3 208 833 
OptiPhase Trisafe 178 757 
Ready Gel 124 493 
SafeScint 188 673 
Ultima Gold 145 642 
Ultima Gold LLT 175 739 
Ultima Gold XR 134 551 
Average (± StDev) 166 ± 29 668 ± 107 

Quench Resistance equations and  calculated V½ for the different cocktails for 3H and 14C 
 
The detection limit of any measurement device is determined by the signal to noise ratio. In LSC this signal 
to noise ratio is expressed as a function of counting efficiency (E) and background contribution (B) and is 
generally known as the Figure of Merit (FOM = E2/B). To assess the values of FOM, a set of 7 polyethylene 
vials was prepared for each of the nine cocktails. Each vial contained 20 mL of the cocktail. To the first vial 
100 µL of RO water was added. This vial was used to measure the background contribution B. To the next 
three vials 100 µL of a tritiated reference solution was added (2121 ± 63 Bq/mL) and finally, to the last three 
vials 100 µL of a 14C reference solution was added (1902 ± 48 Bq/mL). These replicates were used to 
calculate the counting efficiency E after correction for the background contribution B. The small volumes of 
aqueous phase added to the vials were considered to have only a small or negligible influence on the 
behaviour of the scintillation cocktail (more specific to the quenching level). Two different sets of counting 
windows were used to determine the observed count rate: one for the 3H spiked vials and one for the 14C 
spiked vials. Once set, the same window was used for all vials to allow fair comparison and the values for E, 
B and finally FOM were calculated. 

 
TriCarb 1900CA Quantulus 1220 

Cocktail 
FOM 3H FOM 14C FOM 3H FOM 14C 

Ecoscint A 193 ± 6 398 ± 27 748 ± 87 1282 ± 155 
Insta-Gel 223 ± 7 425 ± 30 950 ± 122 1432 ± 182 
OptiPhase HiSafe-3 178 ± 6 421 ± 32 820 ± 106 1573 ± 211 
OptiPhase Trisafe 211 ± 7 423 ± 30 903 ± 118 1561 ± 208 
Ready Gel 202 ± 6 388 ± 26 766 ± 89 1190 ± 139 
SafeScint 163 ± 5 407 ± 28 766 ± 100 1689 ± 237 
Ultima Gold 185 ± 6 425 ± 30 789 ± 99 1612 ± 219 
Ultima Gold LLT 191 ± 6 411 ± 28 695 ± 78 1423 ± 181 
Ultima Gold XR 135 ± 4 361 ± 23 527 ± 60 1025 ± 112 
Average (± StDev) 187 ± 26 406 ± 21 774 ± 121 1421 ± 218 

Figure of Merit calculated for the different cocktails for 3H and 14C 
 
With the results of all tests taken into consideration, and balancing the performance of all tested LSC 
cocktails against the laboratory's requirements and field of application, the most suitable cocktail for use at 
the liquid scintillation counting laboratory of SCK•CEN was found to be OptiPhase Hisafe 3 (Perkin Elmer). 
This conclusion confirms the conclusion of a similar study, carried out over 10 selected LSC cocktails in 
1991. 
 
Main contact person 
Freddy Verrezen, freddy.verrezen@sckcen.be 
 
Main reference 
BLG report nr. 1052 (to be published first quarter of 2008); 
http://www.sckcen.be/sckcen_en/publications/other_reports/blgreports/BLG_1052.pdf 
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PREPARATION OF THE PRACLAY 

DEMONSTRATION & CONFIRMATION EXPERIMENTS: 
CONSTRUCTION OF THE PRACLAY GALLERY

Background 
The PRACLAY demonstration & confirmation experiments contribute to the Belgian research, development 
and demonstration programme to assess the safety and feasibility of geological disposal of radioactive waste 
in Boom Clay. Within this programme, the large scale PRACLAY heater experiment aims to verify that Boom 
Clay is suitable to host heat emitting radioactive waste. A 35 m long section of an experimental gallery in the 
underground research facility HADES (at 225 m depth) will be heated up to 95°C during ten years. The 
heater experiment focuses on the response of the host rock to the thermal load. The figure below shows the 
experimental lay-out. In 2007, an important milestone was reached with the realisation of the PRACLAY 
gallery (45 m long, external diameter 2.5 m). The design was made by Tractebel development engineering. 
Following an adjudication procedure, the construction contract was awarded to SMET Tunnelling. 
 

 
Overview of the PRACLAY heater experiment 

Objectives 
The design of the gallery needed to meet very specific requirements related to the heater experiment: 
 Gallery crossing  

The PRACLAY gallery was built perpendicularly to the HADES underground research facility. The existing 
gallery needed to be reinforced to allow for the crossing. 

 Gallery excavation  
The aim was not to use a starting chamber for the assembly of the tunnelling equipment. This implied that 
all the equipment had to be assembled inside the reinforcement structure. The targeted progress rate of 
the construction was 2 m/24 h. 

 Gallery lining  
The design of the lining did not only have to take into account the overburden pressure (4.5 MPa), but 
also the thermal load induced by the future experiment. 

 Measurements 
In the frame of the PRACLAY heater experiment, an extensive instrumentation programme was 
developed. The majority of the sensors were already installed in the host rock in 2006 in order to register 
the hydro-mechanical response of the Boom Clay during excavation. 

 
Principal results 
To reinforce the access gallery, a cast steel structure was placed at the crossing. Designing, manufacturing 
and assembling this structure was one of the important challenges of the project. Due to the limited size of 
the shaft and the maximum weight allowed, the reinforcement structure was composed of 11 segments, 
weighing over 30 tons all together. Because the structure was segmented, very strict construction tolerances 
and bolting procedures were imposed. After the manufacturing of the individual segments, the structure was 
assembled and milled to the correct dimensions as a whole. Afterwards, the structure was disassembled, 
painted, transported underground and re-assembled (August 2007). 
 
The actual construction of the gallery was performed during October 2007. The excavation technique used 
for the PRACLAY gallery was essentially the same as the one used for the previous construction of the so-
called connecting gallery. The excavation of the clay is performed under the protection of a tunnelling shield 
using a road header. Once all functional requirements of the equipment were successfully met during a trial 
assembly in the workshop, the equipment was disassembled, transported to HADES and re-assembled. Due 
to the small diameter of the gallery, the available working space was limited. This was reflected in a lower 
progress rate than achieved during the excavation of the connecting gallery. However, after a start-up zone 
of about 10 m, the target rate of 2 m/24 h could be reached for 90% of the time. 
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The construction of the gallery was a repetitive two-step process: first the clay was excavated over a length 
of about 50 cm and then a lining ring of prefabricated concrete segments was built. A wedge-block type of 
lining was used. In order to avoid damage to the lining, dilation joints were installed. Otherwise, thermal 
dilation of the gallery lining during the heater experiment would lead to stresses exceeding the strength of 
the concrete (C80/95). Materials such as compressible stainless steel foam panels, silicone rubber sheets 
and compressible concrete were used. As an experiment, some sections of the gallery were built without 
dilation joints. Special concrete with a strength over 125 MPa was used for these sections. 
 
During the excavation, the response of the surrounding host rock was successfully monitored. Measured 
parameters included pore water pressure, total stress, displacements, temperature, hydraulic conductivity 
and seismic properties. Furthermore, fracturing processes and geological features of the rock were studied 
and several of the lining segments were instrumented to characterise the interaction between the lining and 
the host rock. The measurements were consistent with previous observations. 
 

      
Reinforcement structure: milling of the structure as a whole (left) and assembly underground (right) 

 

      
The left picture shows the tunnelling equipment as it is positioned into the reinforcement structure: the road header 
(painted red) is visible at the front of the tunnelling shield; Boom Clay is visible in the opening of the reinforcement 

structure. The right picture shows a view of the PRACLAY gallery under construction. The concrete wedge-block lining is 
visible, as are the dilation joints made of compressible stainless steal foam (painted white). 

 
Future work 
The provisional delivery of the PRACLAY gallery took place in December 2007. All construction work was 
completed successfully and safely. However, the in-depth analyses of the acquired data about the host rock 
response during the excavation still needs to be carried out. The main work for the coming year is the further 
preparation and installation of the PRACLAY heater experiment. The main tasks to be completed are: 
 installation of additional instruments in the host rock from the PRACLAY gallery; 
 design and installation of the heater system, including the regulation; 
 installation of a bentonite seal which has to seal off the heated part of the experiment hydraulically while, 

at the same time, allowing all cables to pass (cf. instruments and heating system). 
 
Main contact person 
Wim Bastiaens, wim.bastiaens@sckcen.be 
 
Main reference 
Bernier F., Demarche M., Bel J.- The Belgian Demonstration Programme for the Disposal of High-Level and 
Long-Lived Radioactive Waste.- In: Symposium Proceedings. Scientific Basis for Nuclear Waste 
Management XXIX, Gent, Belgium, 12-16 September 2005 / SCK•CEN, Warrendale, United States, 
Materials Research Society, 2006, p. 103-110. 
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MANAGEMENT OF WASTE AND LIABILITIES

 
Background 
The department "Management of Waste and Technical Liabilities" is entrusted with the management of the 
decommissioning activities of SCK•CEN's own installations, the back-end of nuclear material and the waste. 
 
SCK•CEN launched its technical liabilities and waste management program in 1989.  The main 
decommissioning activities at SCK•CEN are focused on the BR3 reactor.  The BR3 decommissioning project 
started with a Full System Decontamination of the primary loop and of the associated circuits followed by the 
dismantling of the internals and the reactor vessel.  The dismantling of auxiliary components is almost 
completed.  During this phase of the project particular attention was paid to the waste minimization by using 
decontamination technologies and recycling techniques. The decontamination of parts of the infrastructure is 
now going on.  In the past, 4 laboratory buildings of SCK•CEN were fully cleaned before they were 
transferred for unrestricted reuse to a non nuclear institute.  Other decommissioning activities are also 
continuously carried out in other SCK•CEN facilities.  These activities mainly concern old equipments and 
experiments which have to be decommissioned to make room for new R&D projects.  
  
The management of spent fuel and nuclear material is also part of this program.  It mainly concerns the back 
end of BR2 HEU (Highly Enriched Uranium) spent fuel of the BR3 LEU (Low Enriched Uranium) and MOX 
(Mixed Oxide) spent fuel.  In 1994, an urgent relief of 240 HEU elements was decided due to saturation of 
the on-site storage capacity.  They were reprocessed at the UKAEA-Dounreay facility (UK). The recovery of 
U allowed fabricating fuel elements at 72 % U5.  The reprocessing of these spent fuel elements leads after 
cementation of the liquor to a production of cemented 500 l drums belonging to the MLW (Medium Level 
Waste) category.  At the end of 1996, it was decided to opt for a long term commitment with AREVA NC 
(former COGEMA La Hague France): reprocessing and dilution of the recovered uranium.  18 transports with 
a total of 1122 fuel elements were successfully carried out at the end of 2006.  The processing of the spent 
fuel elements leads to a production of vitrified waste belonging to the category HLW (High Level Waste) and 
some technological waste.  Regarding the BR3 LEU and MOX spent fuel, the possibility to reprocess the 
spent fuel was first studied. It became evident that this solution has to be disregarded due to the difficulty to 
reuse the recovered uranium and plutonium in the industrial production of fresh fuel and due to the low 
solubility of the Pu which imponed to an additional dissolution step and the use of a pilot reprocessing 
facility.  Therefore it was decided to keep as solution the dry storage of the spent fuel into 7 CASTOR® 
containers in a dedicated building on the site of Belgoprocess. 
 
Several processes were developed at lab and even at pilot scale to treat ³H bearing effluent/waste and 
contaminated Na/NaK and to recover boron from PWR coolant.   
 
Objectives 
The main objective of our nuclear and waste decommissioning programme is to participate in delivering a 
clean and safe environment to the next generations.  The tasks have to be performed in the most safe and 
economical way. To meet this main goal, we develop management tools, technologies and procedures for 
decommissioning, decontamination and waste minimisation. Our purpose is to protect man and environment 
from the potential hazards related to contaminated sites and radioactive waste and this starts by preventing 
and reducing the waste production during the entire lifetime of any nuclear installation i.e. from design 
through operation and decommissioning. We valorise the built up know-how around decommissioning and 
waste management by collaborating with the industry and by transferring the acquired know-how to the 
nuclear industry. We also provide training and education. 
 
Principal results 
In 2005, we issued an up-dated release of the decommissioning plans and of the inventory of nuclear 
liabilities.  These files give a complete picture of our nuclear and waste management programme including 
the provisions and financing issues.  These files were analysed and recently approved by 
NIRAS/ONDRAF (B). This new assessment was the 4th exercise since 1989.  It allows observing the 
changes over the period 1989-2006 impacting the costs and the long-term financing of the clean-up 
activities.  Changes like the development of the legislation regarding the decommissioning and the mission 
of the Authorities have some impact on the decommissioning costs but this impact is rather limited when 
comparing the impacts of the constant increase of the waste tariff and the new set of clearance levels.  The 
differences between the assumption regarding inflation and interest rate made by the State to secure 
the Technical Liabilities Fund and the observed economical conditions also lead to main concerns. 
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The reprocessing of the 240 HEU spent fuel elements by UKAEA (Dounreay, UK) will lead after cementation 
of the liquor to a production of 124 (± 5%) drums of 500 l belonging to the MLW category. These wastes 
have to be return to Belgium before 2019.  We subcontract the fabrication of 2 flasks to the consortium 
Robatel (F)/Transnubel (B).  In the early of 2007, we performed the return of 3 vitrified canisters.  This return 
was possible by using the free space in the 14th transport organised by SYNATOM.  These 3 canisters 
representing a total volume of 540 l of HLW correspond to the processing of 92% of the spent fuel sent up to 
now to AREAVA NC.  The next transports of spent fuel to AREVA NC and the return of the corresponding 
waste amount depend on the approval of a bilateral intergovernmental agreement between France and 
Belgium. 
 
In 2007 we spent a lot of effort to complete the characterization of historical special waste i.e. special waste 
produced before 1999.  This characterisation concerns waste belonging to the future processing campaign of 
Belgoprocess and allows after approval by NIRAS/ONDRAF to transfer the responsibility and ownership to 
the waste management agency. 
 
In 2007 we got two main valorisation contracts.  We enter into a contract with the University of Ghent for the 
management of the decommissioning of their Thetis research reactor including the management of its spent 
fuel.  We also enter into a contract with Belgonucleaire for the development of an integrated 
decommissioning software tool.  This integrated decommissioning software tool is based on software's 
developed by SCK•CEN to fulfil its legal duties in the management of nuclear material, radioactive waste and 
decommissioning project.  Both contracts are joined activities of the expertise groups D&D and MWL. 
 
Future work 
We intend to continue the implementation of our nuclear waste and decommissioning program.  In the future 
we are willing to update our decommissioning cost estimates based mainly on the return of experience from 
the BR3 decommissioning project.  We will also make the decommissioning of huge hot-cells and the clean-
up of several laboratories up to free release levels. 
 
We intend to resume the transport of HEU spent fuel to AREVA NC as soon as the bilateral 
intergovernmental agreement has been approved.  We also plan to launch the procedures for getting the 
approval by the Authorities and Agencies of the return of the cemented waste from UKAEA Dounreay. 
 
The research on waste management and minimization will concern the improvement of decontamination 
processes, the optimization of the treatment/conditioning of the secondary waste and the definition of the 
treatment/conditioning processes for new waste streams generated by new reactor types. 
 
We are willing to continue and to increase our activities in valorisation of our know-how. 
 
Main contact person 
Luc Noynaert , luc.noynaert@sckcen.be 
 
 
Main reference 
Maris P, "Radiological characterization of the nuclear waste streams of the Belgian Nuclear Research Centre 
SCKCEN", Proceedings of the 11th International Conference on Environmental Remediation and 
Radioactive Waste Management ICEM2007, September 2-6, 2007, Oud Sint-Jan Hospital Conference 
Center, Bruges, Belgium (ICEM07-7249) 
 
Noynaert L.(SCK•CEN), Verstraeten I. (NIRAS/ONDRAF), "Decommissioning of the BR3 reactor: Status and 
Perspectives" Proceedings of the 11th International Conference on Environmental Remediation and 
Radioactive Waste Management ICEM2007, September 2-6, 2007, Oud Sint-Jan Hospital Conference 
Center, Bruges, Belgium (ICEM07-7128) 
 
Noynaert L., Cornelissen R., "Management of Liabilities at SCK•CEN: Lessons learned" Proceedings of the 
11th International Conference on Environmental Remediation and Radioactive Waste Management 
ICEM2007, September 2-6, 2007, Oud Sint-Jan Hospital Conference Center, Bruges, Belgium (ICEM07-
7155) 
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DECOMMISSIONING & DECONTAMINATION

 
 
Introduction 
The SCK•CEN has built a large know-how in D&D, thanks to its BR3 decommissioning project. In 2007, the 
decommissioning activities at BR3 have been continued according to the strategy.  
 
Principal results 
The Neutron Shield Tank 
The Neutron Shield tank is the latest activated component at BR3; it is a tank that surrounded the reactor 
pressure vessel. The BR3 team uses therefore a telemanipulated arm that deploys an Abrasive Water Jet 
Cutting head (AWJC). All operations are carried out remotely and are visually controlled using camera 
systems. In 2007, the first phase was carried out. This concerns the inner surface of the cylindrical tank. 
First, holes were drilled into the metal surface, then cuts were carried out to cut a square segment out of the 
tank. The hole is used to hang up and later manipulate the cut piece and to put it, again remotely, into the 
dedicated waste rack. As the radioactivity levels of the cut pieces are different depending on the altitude they 
are coming from, the pieces will be distributed between low and intermediate level waste. 

 

ing. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Teleoperated arm and cutting head. 
At the tip of the cutting head, you 
see the water jet cutt
 
 

 
New ventilation for the controlled area, dismantling of the former one and characterization of the 
stack 
The confinement of the BR3 installation is ensured by a ventilation system. This system must also be totally 
decommissioned. To allow safe working conditions for the rest of the project, a new ventilation has been 
installed on the roof of the auxiliary building, the last building that will be decommissioned. This installation 
has been built, installed, qualified and put into service. Consequently, the former ventilation components that 
occupied almost the whole ventilation building could be dismantled and the arising material decontaminated, 
measured and finally free released. The 60 m height brick stack was thus also no more needed. The stack 
has been characterized on its whole height and the measurements have shown that with minor treatment 
operation, it can be free released. 
 



 
 
Some parts of the work needed to finally get a strong file to propose to our authorities the free release of the 

stack. 
 
Thanks to its pioneer role, to the long experience built up and to the European character of the project, 
SCK•CEN is involved in many different international committees and bodies concerned with the 
decommissioning of nuclear facilities: IAEA, OECD/NEA, EC, NATO, NRC, etc. 
 
Main contact persons 
 

D&D General Jérôme  Dadoumont jerome.dadoumont@sckcen.be 

Decontamination Eric Cantrel eric.cantrel@sckcen.be 

Dismantling Pierre Valenduc pierre.valenduc@sckcen.be 

Liability Manager Luc Noynaert luc.noynaert@sckcen.be  
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THE DEVELOPMENT OF SAFEGUARDS 

FOR GEOLOGICAL REPOSITORIES

 
 
Introduction  
Traditionally, R&D on geological repositories for High Level Waste (HLW) focuses on the short- and long-
term safety aspects of the repository. If the repository will also be used for the disposal of spent fuel, 
safeguards aspects have to be taken into account. Safety and safeguards requirements may be 
contradictory; the safety of a geological repository is based on the non-intrusion of the geological 
containment, while safeguards require regular inspections of position and amount of the spent fuel. 
Examples to reconcile these contradictory requirements are the use of information required for the safety 
assessment of the geological repository for safeguards purposes and the adaptation of the safeguards 
approach to use non-intrusive inspection techniques. 
The principles of an inspection approach for a geological repository are now generally accepted within the 
IAEA. The practical applicability of the envisaged inspection techniques is still subject to investigation. It is 
specifically important for the Belgian situation that an inspection technique can be used in clay, the 
geological medium in which Belgium intends to dispose its HLW and spent fuel. 
The work reported in this chapter is the result of an international cooperation in the framework of the IAEA, in 
which SCK•CEN participates. 
 
Implied facilities  
The part of the nuclear fuel cycle that is considered includes a conditioning plant, an open geological 
repository and a closed repository. In the encapsulation plant spent fuel elements are prepared for final 
disposal. In an open repository galleries are excavated and spent fuel canisters are emplaced. In the closed 
repository galleries and shafts will be backfilled and sealed, all facilities and equipment will be removed and 
the surface will be returned to its original state as far as possible.  
The conditioning plant will be inspected by classical safeguards techniques. The main problem is the 
accurate verification of the fissile material in the spent fuel. This is not a specific problem for the final 
disposal of spent fuel but is a general safeguards problem. There is still not an approved method for the 
verification of spent fuel on a pin level (cfr. contribution FORK detector). The operating and closed geological 
repositories do not resemble to present safeguarded installations. Since the disposed spent fuel is not 
accessible for inspection, an indirect way of inspection has to be used. 
 
Diversion path analysis  
A diversion path analysis has been performed for the three facilities. Specific features of the facilities are the 
fact that at a certain point there is no more verification of nuclear material possible, the geographical 
extension of the geological repository and the fact that the IAEA does not want to terminate safeguards on a 
closed geological repository. Apart from direct diversion of nuclear material, underground reprocessing in an 
operating repository is considered as a possible diversion strategy. 
 
Inspection techniques  
Classical safeguards techniques like monitoring, the application of seals, gamma and neutron 
measurements are envisaged to be applied, but also novel techniques like satellite monitoring, 
environmental sampling, ground penetrating radar, active and passive seismic techniques. Design 
Information Verification (verifying that the as-built facility meets the design specifications) will play a central 
role in the safeguards inspections.  
Specifically for the Belgian situation porewater pressure measurements are considered as an option to 
detect undeclared excavation activities. Due to the low resistivity of clay, the envisaged host medium for the 
Belgian repository, seismic techniques and ground penetrating radar are very hard to apply. 
 
Conclusions  
A generically applicable safeguards approach for a geological repository has been developed by the IAEA 
according to the following principles: 
 continuous Design Information Verification of the repository during the complete pre-operational and 

operational phase (verify that no undeclared access routes exist); 
 a last and accurate verification of the spent fuel by NDA, followed by a continuous monitoring and 

surveillance of the spent fuel until the closure of the repository. Once the spent fuel is underground, it 
suffices to verify there is no transport of spent fuel to the surface. No reverification is envisaged 
underground; 



   

www.sckcen.be

 verification that no undeclared activities (mainly reprocessing) are performed in the repository by e.g. 
environmental sampling of 85Kr.  

 
No termination of safeguards on a closed geological repository containing spent fuel is foreseen by the IAEA 
as long as there is a valid Safeguards Agreement with the concerned State.  
 
Once the repository is closed, verification of the repository is limited to see whether there are no undeclared 
excavation activities in the vicinity of the repository. For other repository sites a combination of satellite 
imagery and seismic monitoring is proposed. For the clay medium seismic monitoring will probably not be 
appropriate, while satellite imagery in itself is not considered as sufficient to detect undeclared activities. 
Porewater pressure measurements combined with temperature measurements are proposed as a possible 
solution here.  
 
 
 
 

 
 
 
 
Main contact person 
Klaas van der Meer, klaas.van.der.meer@sckcen.be 
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USE OF THE FORK DETECTOR IN SAFEGUARDS INSPECTIONS

 
Introduction  
Safeguards inspections on nuclear material are performed by the IAEA in the framework of the Non-
Proliferation Treaty to verify that no nuclear material is diverted from peaceful applications. Almost 75% of 
the nuclear material inspected by the IAEA consists of spent fuel. Spent fuel verification methods are less 
precise and accurate due to the high radiation fields of spent fuel. 
A candidate for more accurate verification is the FORK detector. The performance of the FORK detector as a 
so-called partial defect tester (i.e. being able to detect the diversion of 50% of the fuel pins) was investigated 
experimentally by a joint Finnish, Swedish and Belgian effort. It was concluded then that the FORK detector 
was not suitable as a partial defect tester, since fuel pin removal could not be detected in an unambiguous 
way for various possible scenarios. 
Later analysis of the results revealed that the measurement results could be interpreted unambiguously, if 
additional measurements at 90° of the original measurement position are performed. It was decided to 
perform simulation calculations for the configurations that were investigated during the joint effort by MCNPX 
for validation of the correctness of the simulation methodology and to investigate by simulation calculations 
the applicability of the proposed additional measurements for an unambiguous partial defect test. This work 
was performed under the Belgian Support Programme to the IAEA.  
 
Measurement principles  
The FORK detector consists of two arms that can be positioned around a LWR fuel assembly (figure 1). 
Each arm contains three detectors: one ionisation chamber for measuring gammas and two fission 
chambers for measuring neutrons (figure 2).  

          
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Whereas the neutron count rate for long cooling times is mainly due to the presence of 244Cm, the gamma 
count rate is mainly due to the presence of 137Cs. The production of 244Cm is not a linear function of the burn-
up, but a higher order power (~4) due to the increased formation of mother isotopes with increasing burn-up. 
The production of 137Cs in the fuel is linearly proportional to the burn-up. This results in a more or less 
constant ratio between neutron count rate Nc and the fourth power of the gamma count rate Gc (Nc/Gc

4= 
constant, where both Nc and Gc are corrected for decay).  
In case of a significant diversion of fuel pins this ratio should depart from its constant value. 
 
Results 
From a comparison between measured and calculated neutron and gamma count rates, it was concluded 
that the MCNPX model simulated appropriately the experimental measurement conditions. 
 
 
 
 
 

Figure 1. Horizontal cross-section of the FORK 
detector with a 17x17 PWR fuel assembly
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Figure 2. Vertical cross-section of an arm of the FORK 
detector, showing the position of the three detectors
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Figure 3 shows results of the Nc/(Gc)
4 ratio, normalised to the ratio of a full configuration, for several 

configurations of spent fuel with 50% of the fuel pins missing. It appears that configurations 74 and 76 show 
an extremely high value for Nc/Gc

4 whereas the other configurations show values that are around or slightly 
lower than 100%. The high values for the ratio Nc/Gc

4 for configurations 74 and 76 can be explained by the  

N/g^4 ratios for 90° symmetric FDET configurations
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Figure 3. Results of symmetric configurations 69-
76 with 50% fuel pins missing 

Figure 4. Configuration 69 and 70, where 50% of the 
fuel pins has been removed in a homogeneous way

fact that only one or a few pins are in the column close to the detectors and that gammas from the pins in the 
following columns are shielded by the pins in the closer columns. A closer examination of the calculation 
results confirmed this explanation, showing that taking away a column of fuel pins that is shielded by a closer 
column does not affect much the observed gamma signal. Shielding by the water is far less effective than 
shielding by fuel pins. This explains why configurations 74 and 76 show extremely low values for the gamma 
signal. The influence of these low values is amplified by the fourth power in the expression Nc/Gc

4. 
The neutron signal is much less affected by the form of the various configurations and its influence on the 
ratio Nc/Gc

4 is much less. 
To conceal a diversion, a diverter should obtain a ratio Nc/Gc

4 of 100% in order to have a signal similar to the 
full configuration. The results show that configurations with 50% fuel pins missing can be designed that result 
in a ratio Nc/Gc

4 of 100%. Configurations 69, 70 and 75 could serve directly for this purpose. For the other 
configurations both configurations with a ratio higher and with a ratio lower than 100% exist, so intermediate 
configurations will exist resulting in a 100% ratio of Nc/Gc

4. 
 
 
 
 
 
 
 
 
 
 

Figure 5. Configuration 71, 72 and 73.  50% of the fuel pins has been removed with the purpose to  have pins close to the detectors (71), far from the detectors (72) and an intermediate configuration (73) 
 
 
 
 
 
 

 
 
 
 Figure 6. Configuration 74, 75 and 76. 50% of the fuel pins has been removed 

with the purpose to have pins far from the detectors (74), close to the detectors 
(75) and an intermediate configuration (76)

 
 
Conclusions 
Simulations with MCNPX have shown that PWR fuel configurations can be designed so that a twofold FORK 
detector measurement at the normal measurement position and a position at 90° will not notice a difference 
between a full assembly and an assembly with 50% fuel pins missing. 
 
Main contact person 
Klaas van der Meer, klaas.van.der.meer@sckcen.be 

mailto:klaas.van.der.meer@sckcen.be


   

www.sckcen.be   Operational Office: Boeretang 200, BE-2400 MOL – Scientific Report 2007 

 
 

DECISION AIDING MODEL FOR THE EVALUATION OF AGRICULTURAL 

COUNTERMEASURES AFTER AN ACCIDENTAL RELEASE OF 

RADIONUCLIDES TO THE ENVIRONMENT

 
Background 
Implementation of remedial actions after a radiological contamination of the environment has to take into 
account, alongside with radiological and feasibility criteria, also the acceptability of the countermeasures, 
ethical and environmental considerations, as well as the spatial variation and the needs of people in urban, 
rural and industrial environments. This highlights multi-criteria analysis as a suitable tool, since it is able to 
structure discussions and to facilitate a common understanding of the decision problem, with the values and 
priorities of the actors involved. The related theoretical framework, multi-criteria decision aid (MCDA), has 
emerged from the operational research field as an answer given to a couple of important questions 
encountered in complex decision problems. Firstly, the aim is not to replace the decision maker with a 
mathematical model, but to support him to construct his solution by describing and evaluating his options. 
Secondly, instead of using a unique criterion capturing all aspects of the problem, in MCDA one seeks to 
build multiple criteria, representing several points of view. The methods belonging to MCDA can be classified 
as multi-attribute utility/value methods, outranking methods and interactive methods. 
Past attempts to apply multi-criteria analysis in the context of nuclear emergency management have 
highlighted however the need to better integrate the operational and socio-political context of the decision-
making process into the tools and models developed for decision-support. 
 
Objectives 
This PhD project had two main objectives: 1) to develop a multi-criteria decision aid model for the decision 
problem on countermeasures for contaminated milk, that better accommodates the nuclear crisis 
management context in Belgium and 2) to build prototype tools implementing and demonstrating the 
methodology developed.  
 
Principal results 
The nature of the problem addressed has inherently led to a number of multi-disciplinary research routes, all 
of these bringing their contribution to the problem definition, structuring and solving. Firstly, a critical review 
was made on the governmental use of MCDA, given that nuclear crisis management takes place in Belgium 
at a federal level. MCDA has seen a widespread decision support function in the last decades and 
sometimes is even legally prescribed. MCDA is generally chosen in order to gain insight into the complexity 
of public good decisions with consequences on multiple dimensions (economic, social, environmental and 
institutional, etc), or when these decisions are coupled with uncertainty. Some practical issues to be 
considered when using multi-criteria analysis are summarised in the table below. 
 

Strengths of multi-criteria analysis Difficulties in multi-criteria analysis 
Learning process, stimulates discussions, brings a common 
understanding of the problem  

Technical complexity, e.g. elicitation of parameters 

Openness to divergent values and opinions Choice of stakeholders and timing of their participation 
Capability to tackle qualitative and intangible factors User-driven subjectivity in the evaluation criteria 
Accountability (systematic, transparent) Decide on the degree of simplification of the decision content 
Conflict resolution; helps reaching a political compromise Potentially time consuming process 
Supports a broad stakeholder participation Experts’ reluctance to share their knowledge/power 
Helps legitimise decision-makers’ behaviour Decision-makers may prefer exemplary decisions  
Integration natural and increasingly used at local level for 
environmental decisions 

On a higher decision level, experts are more suspicious of new 
instruments 

Preferences revealed in a more direct and practical way Information bias from certain stakeholder groups 

Strengths and difficulties in the use of multi-criteria analysis in public decision-making 
 
The key elements of a multi-criteria decision aid model for the management of contaminated milk were 
derived through a stakeholders process. This allowed a thorough interaction with multiple stakeholders, as 
well as the exploration of a broad spectrum of decision aid methods. Related to the latter aspect, we see that 
in the context of nuclear emergency management, in a majority of situations when MCDA has been 
proposed for facilitating the decision-process, the use of such tools has been restricted to multi-attribute 
utility/value methods. On the other hand, a number of characteristics of the problem studied (e.g. tradeoffs 
between criteria are difficult to assess) suggest that outranking methods might be a valuable alternative. The 
stakeholder process had also an important learning dimension. The discussions about the definition of 
potential actions revealed for instance the need for more flexible and pragmatic modelling tools for 
evaluating feasible countermeasure strategies. We have addressed this by developing two prototype tools 
that integrate several types of data: geographical, production-related and food chain modelling data. An 
example is provided in the figure below. 
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Acceptance of countermeasures if 
contamination of milk is above legal norms

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

Dilution

Consume normally if
specialists say no risk

Processing to butter or cheese 
complying with legal norms

Feed additives

Slaughter dairy cows
 (long-lasting contam.)

Disposal

Clean feed

strongly disagree disagree undecided
agree strongly agree don't know/no answer

 
    

GIS data 
(municipalities, etc) 

Food Agency data 
 (farm locations, 
production, etc) 

  a)        b) 

Model and measurement data  
(ground deposition, etc) 

Integration of various types of data and selection of areas and countermeasures: concept (a) and user interface (b) 

A family of evaluation criteria for potential actions was built and may be used in future emergency exercises.  
One such criterion is public acceptance, which has been revealed as an essential criterion. To have a better 
assessment of it, we included in a public survey in Belgium (SCK•CEN 2006 Barometer) a number of issues 
relevant for the decision-making process: 1) public acceptance of various countermeasures; 2) consumer’s 
behaviour. A tendency towards a precautionary policy is revealed by these results: although normal 
consumption seems well accepted for contaminations below legal norms, this is not reflected by the 
expressed consumer’s behaviour. In 
order to compare the acceptance of 
various countermeasures at the level 
of the whole population, such that 
this information can be further used 
in a multi-criteria analysis, several 
methods are proposed. One of these 
methods is based on stochastic 
dominance and yields a preference-
based ordering of the various 
countermeasures. Despite the 
inherent uncertainty connected to 
assessing the public acceptance of 
countermeasures in “peace time” we 
consider that our study is useful for 
emergency planning purposes, 
especially for situations when there 
is a time constraint as it is the case 
for the management of contaminated milk. 
 
Concerning the relative importance of the evaluation criteria, most stakeholders interviewed inclined towards 
a qualitative expression of such information. We have therefore adopted an outranking approach and 
modelled comprehensive preferences through ordinal aggregation. The choice of the ranking procedure to 
be used subsequently took account of desirable properties and yielded satisfactory results for a set of case-
studies analysed. A number of algorithms touching on the robustness analysis of results have been 
proposed for the preference aggregation method chosen. To provide a clearer interpretation of the analysis, 
we have also proposed and implemented a visual representation of the resulting ranks together with the 
comprehensive preference relation. 
 
Future developments  
Further validation in exercises and workshops will contribute to improving the proposed methodology. 
Additionally, the codes of the prototype tools can be adapted for future use in connection with a 
Geographical Information System.   
 
Main contact person 
Catrinel Turcanu, catrinel.turcanu@sckcen.be 
 
Main references 
Turcanu, C. (2007) Multi-criteria decision aiding model for the evaluation of agricultural countermeasures 
after an accidental release of radionuclides to the environment. PhD Thesis, ULB, Brussels. 
Turcanu et al. (2006) J. Oper.Res.Soc (in press). 
Turcanu et al. (2007) Food Qual.Pref. 18(8): 1085-1095. 
Gamper and Turcanu (2007) Ecol. Ec. 62 (2): 298-307. 
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SCK•CEN 2006 BAROMETER ON RISK PERCEPTION 

OF THE BELGIAN POPULATION

 

 
Background 
Starting with 2000, the expert group "Society and Policy Support" carries out research on various aspects of 
risk governance. Measuring several risk perception items at regular intervals with the Belgian population is 
an important part of this research. SCK•CEN has organised a first risk perception barometer in 2002 and a 
second one in 2006. The 2006 barometer is based on 1063 Computer Assisted Personal Interviews, with a 
duration of ~35 min. The large scale of the survey ensures that general trends can be detected and allows 
specific and detailed analysis on subgroups of the population. Besides the classical background variables 
used to obtain a sample representative for the Belgian 18+ population (age, language, habitat, gender and 
social class), several questions were included assessing the sociological context and the psychological 
personality profile. 
 
Objectives 
A series of questions on risk perception, confidence in authorities and specific nuclear topics were repeated 
in 2006 and constitute a fixed core, allowing comparison over time in Belgium, as well as with the results 
from the IRSN French barometer. In addition, a number of topics such as acceptance of legal norms and 
management options for radioactively contaminated milk, energy, nuclear waste and the perception of the 
Chernobyl accident were covered in detail in the 2006 edition of the SCK•CEN barometer. 
 
Principal results 

The absolute figures of the risk perception drastically dropped (30 to 40% lower) for domains such as 
terrorism, chemical or nuclear waste or accidents in installations and terrorism compared to 2002, while for 
domains such as drugs, traffic accidents, environment pollution or traffic accidents they remain high. An 
overall rise in the confidence in authorities is observed, especially for domains where the Belgian authorities 
were often in the media with new actions or programmes. Comparing the 'nuclear' risk/trust items with the 
'chemical' analogues, we observe in 2006 a marginally lower risk perception and a higher trust in authorities 
for the nuclear, and this for all domains (risk perception for accidents, waste or terrorist attacks).  

Opinions on nuclear energy are further enquired in a more general series of questions on people's attitude 
and expectations on energy. The 66% majority supporting the 'reduction of nuclear power stations in Europe' 
in 2002 diminished to 51%, while disagreement rose from 12% to 24%. The statement that "NPPs 
irrevocably endanger the future of our children" was agreed by 37% (in 2002 47%), while opposed by 36% 
(in 2002 24%), both results illustrating a wider acceptance of nuclear power for energy production. Support 
for nuclear research rose from 46% in 2002 to 75% of the population in 2006.  

The analysis of the perception of the Chernobyl accident shows that 90% of the respondents believe that 
there are still problems with the radioactive contamination in the former SU and 40% think that the number of 
cancers in Belgium increased due to this accident. About 45% thinks an accident as serious can happen in 
Belgium, but 77% agrees that the Belgian installations are technically superior to those in the former SU. 

On the radioactive waste disposal, the opinions are somewhat ambiguous, for instance: 60% would prefer a 
deep underground disposal both for low and high level waste, although 60% agrees that retrievability is 
important; or nearly 55% agrees that "Belgium is too densely populated to build a nuclear waste disposal 
site" and a similar majority thinks that "it is unacceptable that Belgian waste is exported for disposal abroad". 
For the long-term safety of a surface repository for low level radioactive waste, 26% agrees that it is possible 
to guarantee safety provided sufficient control, while 34 % disagrees. 

Concerning management options for radioactively contaminated milk, the analysis of public acceptance and 
consumer's behaviour shows that people favour a precautionary policy, aiming at preventing any 
contamination in the food chain. This upholds options like clean feeding and food ban with destruction of all 
contaminated foodstuff. Feed additives can be a complementary option in case of a larger scale or longer 
time contamination, but presumably this would lead to a significant decline in the consumption of local 
products. Milk processing would have to count on a very limited market segment, whereas dilution of milk is 
strongly opposed in any circumstance.  

 
Future developments  
A new edition of the SCK•CEN barometer is planned for 2008. Along with the fixed part, a number of new 
issues supporting the ongoing research in the SPS group, such as sustainable development or risk 
communication, could be addressed in detail. 
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2006 "How do you evaluate the risks for an ordinary citizen of Belgium…" compared to 2002 "For the following 
domains, the risks in general are…"
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2006 Harmful substances in food

2002 Medical X-rays
2006 Medical X-rays
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2006 A terrorist attack in a busy shopping street
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Risk perception for a number of items in 2002 and 2006 
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Evolution of the public acceptance of nuclear research / energy 
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HISTORY OF THE BELGIAN NUCLEAR POWER CONTROVERSY

 
Background 
Partly because nuclear energy technology continues to provoke profound 
controversy, the ‘Flemish institute for technology assessment’ (viWTA) took the 
initiative to order a study aimed at mapping out the historical dynamics of the 
societal debate on nuclear energy.  This study was carried out by the ‘Belgian 
Nuclear Research Centre’ (SCK•CEN, under the research programme PISA) 
together with the ‘Free university of Brussels’ (VUB, research group MEKO) in 
2004.  In 2007, the report was updated and published by Acco (Leuven) under 
the title "Kernenergie (on)besproken". 
 
Objectives 
This study had three main objectives: 1) to discuss the societal debate on 
nuclear energy in Belgium in relation to major events (Chernobyl, TMI, etc.); 2) 
to elucidate the role of social actors in the controversy on both a national and 
international level and 3) to discuss possible alternatives for a better structuring 
of the debate in the future, building on existing approaches. 
 
Principal results 
The book is based primarily on findings of a literature and archive search complemented by interviews with 
key actors in the debate.  The book also gives an overview of the societal debate and policy-making 
initiatives in the Belgian and European context.  We have chosen to subdivide the historical part of the text 
into four big periods: the ‘prehistory’ (the early choice for a nuclear programme in Belgium, 1945-1970), the 
70’s, 80’s, and 90’s up to 2007. 
 
The book tries to situate the nuclear energy controversy in relation to the most important events or ‘hinge 
points’ (e.g. the impact of the Chernobyl accident on Belgian nuclear energy policy).  The historical ‘story’ 
gives attention to the role of interest groups, NGO’s, the authorities, experts, and other actors involved.  The 
book also includes a large annex of summaries of interviews with people who have played an active role in 
the controversy.  Because questions concerning the financing of the nuclear sector with public funds 
continue to play an important role in the societal debate, an overview of the funding of the SCK•CEN since 
its foundation is included.  This overview gives a first idea about funding mechanisms in the nuclear sector 
but at present, it was not yet possible to include other financial streams.  
 
The controversy itself is elucidated by the use of three parallel ‘axes’.  On the first axis, we sketch the 
evolution of public perception and the general cultural background: the post-war technological optimism, 
general faith in progress, the first report of ‘the Club of Rome’, the advent of the principle of sustainable 
development, etc.  Next to this cultural-historical evolution, the second axis is concerned with policy choices: 
policy-making initiatives and actions (e.g. the principal agreement on Doel, Tihange and Zeebrugge as the 
designated sites for nuclear power production, the resulting siting discussions, the structural reforms of the 
nuclear sector and the phase-out decision) and the influence of regulation on technological choices.  This 
allowed us to present a view on the level of involvement (of interest groups, NGO’s and the public) in policy 
making.  It is remarkable that throughout the history of nuclear energy in Belgium, a well-structured societal 
debate was never organised – setting aside a few isolated attempts on the political stands and in the field – 
despite the fact that clear choices concerning energy options have been made.  The third axis gives an 
image of the societal debate itself, i.e. the arguments used by the different actors in order to clarify their own 
position or undermine the position of other actors.  
 
Based on these ‘lessons from the past’, the book also aims to understand the present and to formulate some 
reflections that could be of help in a potential future debate on energy policy based on a vision of sustainable 
development.  
 
Main contact person 
Erik Laes, erik.laes@sckcen.be 
 
Main references 
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Leuven, 367 p. 

mailto:erik.laes@sckcen.be


   

www.sckcen.be   Operational Office: Boeretang 200, BE-2400 MOL – Scientific Report 2007 

 



 



 

  

 
 

 

 
 

Communication, Services 
and Administration 

 

 
 



   

www.sckcen.be   Operational Office: Boeretang 200, BE-2400 MOL – Scientific Report 2007 

 
 

 
EDUCATION AND TRAINING POSSIBILITIES: 

PREPARING A THESIS AT SCK•CEN

 
Introduction 
Thanks to its thorough experience in the field of peaceful applications of nuclear science, the Belgian 
Nuclear Research Centre SCK•CEN is reputed to be an outstanding centre of research and of training and 
education. Within the Expert Group "Communication, Education and Knowledge Management", education 
and training (E&T) projects are managed and initiated and contributions to related activities on national and 
international level are carried out. 
The E&T activities of SCK•CEN cover: 
 Guidance for young researchers in the preparation of their thesis; 
 Coordination and organisation of training and education programmes;  
 Policy support with regard to applied education and training on a national and international level; 
 Research on transdisciplinary aspects of education and training. 
 
Guidance for young researchers in the preparation of their thesis 
SCK•CEN offers students the possibility to perform their research work at its laboratories.  
On a regular basis, final-year Bachelor or Master students visit SCK•CEN and are guided by our researchers 
in their dissertation work. Each year, SCK•CEN awards the best Bachelor and Master thesis with a grant of 
respectively 1000 and 1500 euro. 
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In a conscious desire to increase its pool of highly specialised young researchers and to tighten its 
cooperation with the universities, SCK•CEN embarked in 1992 on a bold programme to hire every year about 
10 PhD candidates or post-doctoral researchers. These early-stage researchers are recruited in research 
domains that reflect the priority programmes and R&D topics of our institute.  
Today, about 30 young scientists are enrolled in this programme. It is our aim to attract more PhD and post-
doc researchers in the future and to work closer together with industry and national institutes such as FWO 
(Fonds voor Wetenschappelijk Onderzoek) and FNRS (Fonds de la Recherche Scientifique).   
Preparing a thesis at SCK•CEN offers students the best of both worlds: they stay in close contact with the 
academic world and they enjoy a unique international research environment. Thesis topics and information 
about the SCK•CEN procedures and selection dates can be found on http://www.sckcen.be/en/About-SCK-
CEN/Career-opportunities/Young-scientific-researchers. 
 
 
 

http://www.sckcen.be/en/About-SCK-CEN/Career-opportunities/Young-scientific-researchers
http://www.sckcen.be/en/About-SCK-CEN/Career-opportunities/Young-scientific-researchers
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Main contact person 
Michèle Coeck, Michele.coeck@sckcen.be 
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Overview: Courses for third parties – 2007 (as registered) 
 

 
 
Date Venue Title Public # students Language 

      

Radiation protection      

isRP      

      

February 26 - March 2 SCK•CEN Mol Course radioprotection EC DG TREN 7 E 

March 20 and 21 A-first, Louvain-la-Neuve Hogere opleiding brandpreventie (lesdeel: 
radioactieve straling) 

Fire brigade  F / D 

June 2007 SCK•CEN Mol Cursus stralingsbescherming (9dagen) NPP Doel 9 D 

September 10 - 14 SCK•CEN Brussel Cours de radioprotection Divers 11 F 

September 25 KHBO, Brugge Posthogeschoolvorming stralingsprotectie 
(module: fysica van radioactiviteit en interactie 
straling met materie) 

  D 

October 16 - 18 SCK•CEN Mol Vormingssessies radioactiviteitsmetingen (praktijk) Civiele bescherming, 
brandweer 

 D 

October 15 - 19 SCK•CEN Mol Cursus stralingsbescherming  Diverse 12 D 

November 12 - 16 SCK•CEN Mol Course radioprotection EC DG TREN 10 E 

November 20 Hogeschool Zuyd, 
Heerlen, Nederland 

Seminarie rond kernenergie   D 

November 21 and 28 SCK•CEN Mol Vormingssessies radioactiviteitsmetingen (praktijk) Civiele bescherming, 
brandweer 

 D 

January 25 / February 8 / 
November 29 / December 20 

Hogeschool Antwerpen, 
Merksem 

Opleiding radioprotectie (4 gastdocenten) Nurses  D 

December 7 PREVENT, Antwerpen Cursus arbeidshygiëne (lesdeel: ioniserende 
straling) 

  D 

Throughout 2007 EC DG TREN 
Luxemburg 

12 Refresher courses EC DG TREN 15-25 E 

Throughout 2007 SCK•CEN Mol / XIOS 
Diepenbeek 

Radiation Protection Expert course Diverse  D 
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Nuclear technology      

      

BNEN      

      

January 25 - 26 SCK•CEN Mol Excercise at BR1 reactor BNEN students  E 

January 10 - 26 SCK•CEN Mol Nuclear reactor theory BNEN students   E 

February 6 - 23 SCK•CEN Mol Nuclear thermal hydraulics BNEN students   E 

February 28 - March 16 SCK•CEN Mol Radiation protection and nuclear measurements BNEN students   E 

March 19 - 23 SCK•CEN Mol Operation and control BNEN students   E 

March 26 - 30 SCK•CEN Mol Reliability and safety BNEN students   E 

October 2 - 12 SCK•CEN Mol Nuclear energy: introduction BNEN students  11 E 

October 2 - 12 SCK•CEN Mol Introduction to nuclear physics BNEN students  9 E 

October 15 - 26 SCK•CEN Mol Nuclear materials I BNEN students  6 E 

October 15 - 26 SCK•CEN Mol Nuclear fuel cycle and applied radiochemistry BNEN students  8 E 

November 5 - 16 SCK•CEN Mol Nuclear materials II BNEN students  8 E 

      

Other      

      

January 2007 SCK•CEN Mol Exercices pratiques VENUS ULB  F 

 KC Doel  Reactorkinetica  15 D 

 IRMM Geel Resonance cross section data for reactor 
applications 

Scientists 30 E 

January 2007 SCK•CEN Mol Exercices pratiques BR1 + Pila sigma ULB 10 F 

November/December 2007 SCK•CEN Mol Suez Nuclear Training Programme - SNTP-2 GDF Suez 90 E 

December 2007 SCK•CEN Mol Exercices pratiques BR1 + Pila sigma ULB 11 F 

December 2007 SCK•CEN Mol Praktische oefening Pila sigma UGENT 4 D 
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VISIPLAN      

      

September 17 - 21 Beijing China CIAE Course VISIPLAN 3D ALARA planning tool Radiation protection 
engineers CIAE 

11 E 

      

Waste and disposal      

      

March 26 - 30 Piteste, Romania Uncertainty & sensitivity analysis in safety 
assessment 

ANDRAD (waste 
management 
organisation) 

5 E 

May 16 - 17 Sheffield (U.K.) Waste & disposal - glass Immobilisation Science 
Lab. 

20 E 

July 2 - 6 SCK•CEN Mol Safety studies waste & disposal  CNCAN (nuclear 
regulator), Romania 

6 E 

October 19 SCK•CEN Mol Safety studies waste & disposal (surface & 
geological) 

Staff SCK•CEN, BNEN, 
externen 

15 E 

October 22 - 24 SCK•CEN Mol Waste & disposal BNEN students 10 E 

November 19 - 20 SCK•CEN Mol Waste & disposal - advanced course BNEN students 7 E 

December 17 - 18 FANC, Brussels Waste & disposal FANC 10 E 

December 17 FANC, Brussel Veiligheidsstudies afvalberging  FANC 10 D 
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 SCIENTIFIC OUTPUT AND VISITORS IN 2007 
 

 
 
 
OUTPUT 
The SCK•CEN scientific output can be consulted on our website  

  
 

 

 
* The scientific output registration system has been improved.  Consequently, we also changed the 
statistics output (see table above).To give you the possibility to compare the figures over the last 10 
years, we still publish the table as used in our former scientific reports (see table below). 
 
 
 
 
 
 

  2005* 2006 2007 

Book Author   2 

 Editor 3 2 4 

Book chapter  9 9 10 

Course / Lecture / Training National 19 7 24 

 Internal  4 2 

 International 19 36 33 

Third Party Report  13 24 20 

In-proceedings paper International 85 53 45 

 National 6 3 2 

Journal Article International 92 84 128 

 National 3 7 5 

Presentation Poster 74 44 82 

 Presentation 174 170 179 

 Keynote 16 20 4 

SCK•CEN Report Book of abstracts 1 2 1 

 Restricted contract report 112 91 91 

 External report 8 18 15 

 Open report 14 7 6 

 Internal report 11 15 11 

Thesis Master 8 1 4 

 Phd 1 5 3 

 Other 7 2 - 

Promoted Work Bachelor 4 6 4 

 Master 16 12 13 

 Other  2 2 

 Phd 1 1 4 

Book of Proceedings   3 1 

Special Journal Issue   1 2 

     

  721 634 697 

http://www.sckcen.be/nl/Ons-Onderzoek/Scientific-publications
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Publications 
International journals 

National journals 
Proceedings 

31 
4 

33 

34 
5 

56 
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