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INTRODUCTION 

Pierre D'hondt – acting general manager
 
 
A new mission 
 
SCK•CEN has been founded in 1952 to support the launching of nuclear scientific and industrial activities in 
Belgium.  An important scientific research infrastructure and manpower is available to cover a 
comprehensive programme on the development of the nuclear fuel cycle.  In 1991 our mission has been 
focused on the safety aspects of this cycle.  
 
Today our mission is: 
 to perform research in priority to aspects related to safety, waste management, protection of men and 

environment, safeguarding of fuel and other strategic materials and to the social implications in an 
perspective of sustainable development; 

 to develop, collect and disseminate the necessary knowledge through education and communication; 
 to render services which are requested in our domain by the nuclear industry, the medical sector and the 

authorities 
 to make the necessary multi-disciplinary scientific contacts related to the energy issues. 

 
Our infrastructure and skills 
 
To perform our mission, SCK•CEN is running large infrastructures: 

 
 
 
BR1 is the first Belgian research reactor started in 1956 and is still operational. This 
reactor is used for scientific research and education. 
 
 
 

BR2 is our materials testing reactor and plays an important role in research towards the 
behaviour of materials and fuel under irradiation. This research contributes to the safe 

exploitation of our Belgian and international reactors for electricity production. 
 
 
Hot-cells: SCK•CEN has, besides his research reactor, also an important hot-cell 
infrastructure to test the highly irradiated materials. 
 

 
BR3 was the first pressurized water reactor in Western-Europe. After 25 years of 

operation, this reactor was stopped in 1987 and is now under dismantling. It serves as a 
tool to test different cutting, dismantling and decontamination techniques. 

 
 
HADES is an underground laboratory in clay and serves as a test facility to study the 
deep geological disposal for high radioactive waste. 
 
 

 
MYRRHA is an Accelerator Driven System, still under study and design and should 

be a test bank for the future for transmutation for high radioactive waste. This system 
is nowadays largely imbedded in the European programme on P&T (Partitioning and 

Transmutation) called IP-EUROTRANS. 
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Our personnel is our future 
 
The personnel of SCK•CEN consists of highly skilled people working in domains such as reactor safety, 
reactor physics, materials research, instrumentation, radiochemistry, radiation protection, waste 
management and disposal, fusion, safeguards...  These skills are needed now and in the future for the safe 
exploitation of nuclear installations and the related waste management and the protection of men and 
environment. 
 
Therefore, SCK•CEN continues to contribute to training and education of nuclear engineers through the 
BNEN programme, which is set-up together with six Belgian universities with lecturers and practical training 
within the SCK•CEN premises. 
 
Invitation to... 
 
Besides inviting the reader to discover the 2005 edition of our scientific report, I warmly thank all those who 
made it possible. 
 
 
 
 
Pierre D'hondt 
Acting general manager 
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FUSION: INTRODUCTION 
Marc Decréton 

The construction of ITER is starting in Cadarache 

The international nuclear fusion experiment ITER will be built in Cadarache, located in the south of France. 
This was decided  in June 2005,  following a ministerial meeting  in Moscow, where  the six  ITERpartners – 
Europe,  Japan, China,  the Russian Federation,  the USA,  and South Korea  –  gathered  to make  the  final 
choice  between  the  Japanese  site  Rokkasho  and  the  European  site.  The  decision  followed  months  of 
intense bilateral talks between the European Union and Japan, after the negotiations had been deadlocked 
for almost  two years. This decision has made the  fusion programme definitely change gear. The  licensing 
activities have been launched and the international legal entity will be probably established at the end of the 
year. In the meantime, India is negotiating its participation, and with this enlargement of the consortium, the 
ITER partnership would become  the  largest  scientific enterprise ever  formed, grouping more  than half  the 
world  population  and  three  quarters  of  the  world GDP.  This  is  in  phase  with  the  ambition  of  the  project: 
securing the world’s future needs for energy with a clean, safe and CO2free energy source and abundantly 
available  fuel  resources.  And  it  is  a  key  test  case  for  largescale  international  cooperation  in  the  area  of 
science and technology. 

ITER is the main element of the present fusion roadmap. It will integrate the different technologies that have 
been developed up to now, and assess the control capability of a burning plasma device up to actual ignition. 
ITER will be the first fusion device to produce thermal energy at the level of an electricityproducing power 
station. Together with the breeding blanket programme, the material research and the IFMIF testing facility, it 
will lead the way towards the foreseen demonstration power plant (DEMO). Discussions are now ongoing on 
a fast track option to provide commercial electricity production at the mid of the century. 

The decision on ITER construction questions however the present organisation of the fusion programmes in 
Europe. It requires specific adaptation inside each associated partner, and SCK•CEN in particular, to evolve 
from a research driven activity  towards a more  industrial approach, and  to orient  the ongoing work  into a 
real accompanying effort of the ITER initiative in the following decades. 

ITER  in  Europe  will  indeed  foster  a major  participation  of  the  European  industry  to  its  construction  and 
operation. Due to the high technological content of part of these deliverables, it offers a unique way to build 
up advanced competencies in view of broader realisations for the future fusion prototype reactors. Research 
institutes working in fusion technology projects for several decades, such as SCK•CEN, have a key role in 
this  coming  industrial  participation.  This  is  particularly  the  case  for  the  design  and  manufacturing  of 
advanced  systems  and  components  and  the  testing  of  prototypes  under  representative  environmental 
conditions, including radiation. 

The SCK•CEN involvement in fusion technology 

For several years, SCK•CEN articulates its fusion technology contribution towards a crucial question: "how 
do materials and equipment behave in severe radiation fields"? This involves materials for first wall, vessel 
assembly and blanket, but is also extended to  the radiation hardness of instrumentation components used 
for diagnostics and remote maintenance. This main fusion involvement is complemented by specific studies 
on environmental issues, in particular related to waste management, and to a few socioeconomic aspects of 
future fusion energy production. 

To perform its work, SCK•CEN relies on its core competences and available facilities, usually originated from 
its main  involvement  in  fission  reactor  technology:  irradiation  capabilities,  research  in  radiation  effects  on 
materials  and  instrumentation,  ongoing  programmes  in  dismantling  and  waste  disposal,  and  even  its 
involvement in the design of an acceleratordriven spallationsource reactor. The fusion activities are driven 
by and put in synergy with these strong poles. 

The  main  goal  of  evaluating  the  effects  of  radiation  on  materials  and  instrumentation  is  tackled  in  a 
comprehensive way, taking full use of all available facilities: the BR2 materials testing reactor of course, but 
also a wide range of fully equipped hotcells, a variety of gamma sources, specialised laboratories for tritium 
and beryllium handling.

http://www.sckcen.be/
http://insdell.tokai.jaeri.go.jp/IFMIFHOME/ifmif_home_e.html
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The quality of  this  involvement  is  recognised  by a coordination  role played  for performance  tests of new 
steels under radiation, and for radiation hardening of instrumentation. 

SCK•CEN covers approximately one half of the Belgian contribution to the European fusion programme, in 
complement  to  the  plasma  physics  research  conducted  at  KMS/ERM  and  ULB,  and  to  the  industrial 
contributions of Belgatom through EFET. The SCK•CEN involvement encompasses also the participation of 
three  additional  fusion  subpartners:  the  GRADEL  company  in  Luxemburg  (remote  handling),  the  IBA 
company in LouvainlaNeuve (IFMIF accelerator) and the KULeuven university (copper corrosion). 

Radiation effects on ITER materials: beryllium, tungsten and copper 

The vacuum vessel structure and first wall of a fusion reactor has  to withstand not only neutrons, but also 
very  high  heat  fluxes  at  some  locations.  Behind  the  first wall  covered  by  beryllium,  tungsten  or CFC,  an 
active cooling involves the use of copper ducts. Moreover, behind the blanket modules, attachment parts in 
inconel are also subject to severe environments. Beryllium is also used in the form of pebbles in the breeding 
test blanket module, to be installed in ITER. Swelling, creep and reactivity of this material are critical issues 
to study in order to ensure a high reliability and safety. SCK•CEN helps assessing these materials, in order 
to guarantee the challenging requirements of ITER by: 
§  measuring the swelling and creep behaviour of highly irradiated beryllium, coming from our BR2 matrix, 

as well as the helium release effects when annealed (see also this contribution). 
§  evaluating the reactivity of new types of beryllium alloys (titanium beryllides); 
§  studying the effect of both neutron irradiation and thermal shocks on the behaviour of the diverter armour 

materials:  beryllium,  tungsten  and  carbon  fibre  composites,  in  close  collaboration  with  FZJ  and  their 
JUDITH facility (see also appendix); 

§  assessing insitu the mechanical performance and lifetime of copper when subject to the combination of 
neutron  radiation,  high  temperature  and  mechanical  stress,  with  a  unique  insitu  fatigue  experiment 
operated in the BR2 reactor (see also this contribution) 

The material for DEMO: EUROFER97 

EUROFER97 is the reference steel for the future fusion reactors. It is a reduced activation ferritic martensitic 
steel with 9% chromium. Assessing its mechanical performance under neutrons and in the presence of liquid 
metals are critical questions to answer: 
§  a 2year irradiation campaign has been completed on EUROFER97 specimens, including also joints and 

the oxide dispersion strengthened (ODS) version of the steel.  The ongoing postirradiation examination 
will provide the necessary data for the reactor design ; 

§  a  series  of  corrosion  tests  for  irradiated EUROFER97  in  liquid  lithiumlead  is  about  to  start,  after  the 
construction of a dedicated hot cell environment ; 

§  the modelisation of irradiation effects is crucial to extrapolate the experimental data obtained with fission 
reactors: the binary alloy FeCr is studied as a model alloy for EUROFER97, both theoretically (down to 
the atomic scale) and experimentally (see also this contribution) 

Radiation effects on diagnostics systems 

Diagnostics systems have been developed on existing tokamaks where no radiation constraints are present. 
ITER sets a particular challenge to these developments by requiring a high radiation tolerance in a severe 
environment. SCK•CEN has focused its work on four items: 
§  optical fibres allowing optical diagnostics to become more flexible and performant; 
§  degradation effects on insulation ceramics; 
§  radiation tolerance of bolometers and 
§  radiation effects in mineral insulated cables. 

The activities involve: 
§  optimisation of the hydrogen treatment as a hardening technique for diagnostics fibres with metal coating 

and large core diameter and evaluating the performance of optical fibres for infrared thermography ; 
§  assessment  of  the  radiation  degradation  of  insulators  with  representative  inreactor  hightemperature 

tests under vacuum ; 
§  insitu qualification of radiation hardened bolometers ; 
§  evaluation of the radiation and thermal effects appearing in mineral insulated cables .

http://www.sckcen.be/
http://www.mil.be/fmn/units/index.asp?LAN=nl&ID=771
http://www.ulb.ac.be/
http://www.belgatom.com/
http://www.efet.org/
http://www.gradel.lu/
http://www.iba-worldwide.com/root_hq/index.htm
http://www.kuleuven.ac.be/
http://www.fz-juelich.de/portal/
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Radiation effects on remote handling sensing systems 

The  remote maintenance of  ITER will  require sufficiently  long  lifetimes  for  the different components of  the 
handling  units  to  be  used  inside  the  vessel.  SCK•CEN  coordinates  the  European  efforts  in  this  domain, 
maintains  a  database  of  the  radiation  tolerance  information,  and  sets  particular  emphasis  on multiplexing 
techniques to alleviate umbilical problems of the handling units. The activities involve: 
§  the assessment of a radiationhardened multiplexed electrooptic transmission  link for  remote handling 

sensors and the investigation of embarked dosimetry capabilities for remote handling equipment; 
§  the settingup of a qualification methodology and quality assurance scheme for the radiation  tolerance 

assessment of the ITER instrumentation. 

Fusion waste management 

Assessing  the  behaviour  of  materials  under  radiation  must  be  complemented  by  studies  on  their 
management as nuclear waste. The  fusion option  is particularly attractive  for  its waste characteristics, but 
particular problems are  to be solved for  tritiated waste and special materials such as beryllium. SCK•CEN 
helps optimising the detritiation techniques in collaboration with FZK and studies specific waste issues such 
as recycling, disposal criteria and conditioning performance. 
§  The water detritiation system to be installed for JET can be seen as a prototype for the ITER installation. 

SCK•CEN  evaluates  the  performance  of  a  catalyst  for  this  installation,  studies  the  water  purification 
requirements,  assesses  the  capabilities  to  detritiate  organic  liquids,  and  conducts  a  small  scale 
demonstration of the liquid phase catalytic exchange process . 

§  The fusion waste disposal strategy tends to avoid any deep geological burying. SCK•CEN evaluates the 
impact of present waste disposal acceptability criteria on this statement, in particular when considering 
beryllium  and  tritiated  waste.  For  the  particular  case  of  beryllium,  conditioning  aspects  have  been 
studied, with particular attention put on longterm corrosion behaviour in a clay environment. 

§  Recycling  is  a  critical  issue  in  fusion waste management,  especially  for  high value materials  such  as 
beryllium. An orientation study has been performed in collaboration with industrial foundries to evaluate 
the feasibility of a recycling option in case of highly radioactive metals. 

Socioeconomic studies 

The waste problem  touches a sensitive aspect of energy production:  its acceptation by  the public. Socio 
economics aspects are therefore important in this debate, and must be considered with great attention. As 
part of its social science programme, SCK•CEN is evaluating communication aspects, related to the use of 
energy model argumentation (see also this contribution). 

Organisation of scientific events 

A series of fusion related events were organised or coorganised by SCK•CEN, such as 
§  two workshops on reduced activation steels and on the ethical perspective of fusion in Mol (December 

2004) 
§  the 17th Conference on Optical Fibre Sensors (OFS17) organised in Bruges (May 2005), and the 12th 

International Conference on Emerging Nuclear Energy Systems (ICENES) in Brussels (August 2005). 
§  SCK•CEN  sponsored  a  fusion  colloquium  (Energy  in  the  21st  Century:  From  Einstein  to  Controlled 

Fusion) in Brussels (March 2005) 
§  and contributed to an Agoria workshop on ITER in Brussels (December 2005). 
§  SCK•CEN  insured  a  set  of  lectures  on  fusion  in  Belgian  universities  and  is  organising  in  Mol  the 

interuniversity  "Master  of  Nuclear  Engineering"  teaching  under  the  framework  of  the  Belgian  Nuclear 
Higher Education Network (BNEN), with fusion is part of the curriculum. 

§  moreover,  in  January  2006,  a  fusion  information day  especially  focused  on  industrial  opportunities  of 
ITER  for  the  Belgian  industry  will  be  organised  in  Mol  in  collaboration  with  the  Belgian  Fusion 
Association, Belgatom and the federal/regional entities responsible for industrial policy 

Contact 
Marc Decréton, marc.decreton@sckcen.be

http://www.sckcen.be/
http://www.sckcen.be/sckcen_en/activities/research/reactorsafety/fusion/fusiondaybrussels/index.html
http://www.sckcen.be/bnen/
http://www.sckcen.be/sckcen_en/activities/conf/td/td_fusion2006/presentations.shtml
mailto:marc.decreton@sckcen.be
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MODELLING OF RADIATION EFFECTS: FROM IRON TO EUROFER97 

 
Background 
High chromium ferritic/martensitic steels are promising candidate structural materials for future fusion 
reactors. The safe application of these materials requires a careful assessment of their mechanical stability 
under high energy neutron irradiation. However, no experimental facility is currently capable of reproducing 
the expected hard neutron spectra and high neutron fluxes. Thus, the in-service behaviour of these steels 
must be extrapolated to the real conditions, from data obtained in existing irradiation facilities. In order to do 
so in a rational way, it is vital to reach a good level of understanding of the physical phenomena driving the 
material response to irradiation for different chemical compositions. For example, it has been observed that a 
yet unexplained minimum in radiation-induced ductile-brittle transition temperature shift appears at about 
9 wt.% Cr. In addition, neutron irradiation experiments on Fe-Cr alloys show that adding Cr up to 
concentrations of 12-15 wt.% leads to a pronounced decrease in swelling compared to pure α-Fe, although 
for the highest concentrations embrittlement becomes an issue, due to α' phase formation.  
 
Objectives 
The present task aims at shedding light on the fundamental physical mechanisms producing the above-
mentioned dependence on Cr concentration of important macroscopic parameters defining the mechanical 
stability under neutron irradiation of high-Cr steels, such as Eurofer97. For this purpose, a bottom-up 
multiscale modelling approach, using computer simulation techniques combined to state-of-the-art 
experimental examination of Fe-Cr model alloys, has been applied during the last few years at SCK•CEN in 
collaboration with other European labs. 
 
Principal results 
 
Computer simulation 
Displacement cascades produced by recoiling atoms are the physical processes whereby damage, in terms 
of point-defects (vacancies and interstitials) and their clusters is produced in neutron-irradiated materials. It  
can be simulated using MD (molecular dynamics) computer techniques. About 300 displacement cascades 
in Fe and Fe-10%Cr with recoil energies up to 50 keV, have been simulated. We thereby found out that the 
main effect of the presence of Cr is to modify the chemical composition of interstitial defects. Namely, about 
60% of the interstitial atoms are Cr atoms and interstitial clusters tend to contain more than 20% Cr atoms 
[1,2,3]. The discovery of this association of Cr atoms to interstitial clusters motivated a detailed MD study of 
the mobility of single interstitial and interstitial clusters in Fe-Cr alloys as a function of Cr concentration. The 
latter study has shown that interstitial clusters are indeed slowed down by Cr and that the largest reduction in 
mobility is obtained for small clusters at intermediate Cr concentrations (e.g. 7%), the slowing down being 
less pronounced for higher Cr content (e.g. 12%) [4]. This behaviour is similar to that observed in 
experimental data of swelling as a function of Cr concentration and indeed there exist a theoretical 
framework to establish a link between interstitial cluster mobility and swelling [4]. We rationalised these 
findings by an analytical model of a given cluster in Fe-Cr given the diffusion coefficient of that cluster in Fe, 
enabling us to extend the results to any concentration and any temperature [5]. The application of this 
analytical model for the mobility of clusters is compared to MD simulations and experimental data on swelling 
in the figures below, where the relationship between the two phenomena clearly appears. 
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Fig. 1a – Reduction of the diffusion coefficient of a 7-interstitial 
clusters versus Cr concentration according to: MD simulations in 
random and ordered Fe-Cr alloys; analytical model. 

 
Fig. 1b – Experimental data on Fe-Cr swelling [from E.A. Little and 
D.A. Stow, J. Nucl. Mater. 87 (1979) 25]. 
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A- Experimental validation A- Experimental validation 
In order to provide experimental support to the models and to produce well documented results to be 
modelled, a campaign of neutron irradiation was launches in SCK•CEN's BR2 reactor of pure Fe, ultra-pure 
Fe-9%Cr, Fe-12%Cr and Fe-15%Cr single crystals, and Fe-(2 to12%)Cr-C model alloys, together with 
Eurofer97 and T91 steels. The as received materials have been characterised in detail using advanced 
experimental techniques for the observation of the microstructure and the determination of the macroscopic 
properties, especially the mechanical ones [6]. The irradiation campaign at 300°C is underway to achieve 
three different irradiation doses, from few tens of dpa to more than 1 dpa, to study the evolution of the 
microstructure under cascade damage conditions. The post-irradiation examination will consist of the 
identification of the type of defects produced under irradiation, their size and density, as functions of neutron-
dose, in each material. The ultimate goal is to link the microstructural evolution under irradiation with 
changes in both the flow properties of the material and its mechanical resistance. Fig. 2a shows results of 
tensile tests after irradiation to 0.06 and 0.6 dpa for the binarys alloy containing ~100 ppm C, as compared to 
the two technological steels, T91 and EUROFER 97. As it can be seen, already at very low dose all 
materials harden by about 100 MPa, with a tendency to decrease when the Cr content becomes higher than 
5%. The increase of the irradiation dose by one order of magnitude makes all materials much harder, by 
about a factor 2.5. The material containing 12%Cr is the hardest, indicating different mechanisms of damage 
accumulation in these alloys depending on Cr concentration. Fig 2b, illustrates the ductility properties of the 
same alloys and doses: by increasing irradiation dose, all materials lose to some extent their uniform and 
total elongations, but EUROFER 97 seems to have lost almost all its ability to deform plastically. This 
unexpected behaviour of this steel compared to the others shows the need for a quantitative characterisation 
of the defects created by irradiation and also the mechanisms of interactions between dislocations and these 
defects. 

In order to provide experimental support to the models and to produce well documented results to be 
modelled, a campaign of neutron irradiation was launches in SCK•CEN's BR2 reactor of pure Fe, ultra-pure 
Fe-9%Cr, Fe-12%Cr and Fe-15%Cr single crystals, and Fe-(2 to12%)Cr-C model alloys, together with 
Eurofer97 and T91 steels. The as received materials have been characterised in detail using advanced 
experimental techniques for the observation of the microstructure and the determination of the macroscopic 
properties, especially the mechanical ones [6]. The irradiation campaign at 300°C is underway to achieve 
three different irradiation doses, from few tens of dpa to more than 1 dpa, to study the evolution of the 
microstructure under cascade damage conditions. The post-irradiation examination will consist of the 
identification of the type of defects produced under irradiation, their size and density, as functions of neutron-
dose, in each material. The ultimate goal is to link the microstructural evolution under irradiation with 
changes in both the flow properties of the material and its mechanical resistance. Fig. 2a shows results of 
tensile tests after irradiation to 0.06 and 0.6 dpa for the binarys alloy containing ~100 ppm C, as compared to 
the two technological steels, T91 and EUROFER 97. As it can be seen, already at very low dose all 
materials harden by about 100 MPa, with a tendency to decrease when the Cr content becomes higher than 
5%. The increase of the irradiation dose by one order of magnitude makes all materials much harder, by 
about a factor 2.5. The material containing 12%Cr is the hardest, indicating different mechanisms of damage 
accumulation in these alloys depending on Cr concentration. Fig 2b, illustrates the ductility properties of the 
same alloys and doses: by increasing irradiation dose, all materials lose to some extent their uniform and 
total elongations, but EUROFER 97 seems to have lost almost all its ability to deform plastically. This 
unexpected behaviour of this steel compared to the others shows the need for a quantitative characterisation 
of the defects created by irradiation and also the mechanisms of interactions between dislocations and these 
defects. 
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Fig. 2a – Change of tensile properties in Fe-Cr-C model-alloys and in 
T91 and Eurofer97 versus Cr concentration, for two neutron irradiation 
doses. 

Fig. 2a – Change of tensile properties in Fe-Cr-C model-alloys and in 
T91 and Eurofer97 versus Cr concentration, for two neutron irradiation 
doses. 

Fig. 2b – Uniform and total elongation for the same materials  Fig. 2b – Uniform and total elongation for the same materials  
and radiation doses as in Fig. 2a. and radiation doses as in Fig. 2a. 
  

Future work Future work 
Further studies of interstitial cluster mobility in Fe-Cr alloys as a function of different variables, including 
phase transformation (formation of Cr-rich α' phase) using improved interatomic potentials are ongoing. 
These results are expected to allow the longer term simulation of radiation damage accumulation using 
kinetic Monte Carlo tools, capable of providing direct comparison with experimental data, including those 
produced in the BR2 irradiation campaign at SCK•CEN. The materials extracted from the reactor will be 
characterised in terms of microstructure as a function of their composition and irradiation dose. In a later 
stage their deformation mechanisms will also be studied. 

Further studies of interstitial cluster mobility in Fe-Cr alloys as a function of different variables, including 
phase transformation (formation of Cr-rich α' phase) using improved interatomic potentials are ongoing. 
These results are expected to allow the longer term simulation of radiation damage accumulation using 
kinetic Monte Carlo tools, capable of providing direct comparison with experimental data, including those 
produced in the BR2 irradiation campaign at SCK•CEN. The materials extracted from the reactor will be 
characterised in terms of microstructure as a function of their composition and irradiation dose. In a later 
stage their deformation mechanisms will also be studied. 
  
Main contact persons Main contact persons 
Abderrahim Almazouzi, abderrahim.al.mazouzi@sckcen.beAbderrahim Almazouzi, abderrahim.al.mazouzi@sckcen.be; Lorenzo Malerba, lorenzo.malerba@sckcen.be
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SWELLING, HELIUM RELEASE AND CREEP OF IRRADIATED BERYLLIUM 
AFTER ANNEALING 

 
 
Background 
Beryllium has been selected for the HCPB (Helium Cooled Pebble Bed blanket) in the European fusion 
technology long term program. Beryllium acts as a neutron multiplier that will allow tritium production in the 
lithium ceramic breeder. Before using the HCPB concept in a power reactor (e.g. DEMO) it has to be fully 
qualify and tested in experimental programs and in fusion reactor (e.g. ITER). Tritium production and 
retention is a potential safety and waste issue. Another important issue is the dimensional stability of the 
HCPB. Indeed, due to helium produced by irradiation and migration into bubble, swelling will occurs. It will 
induce large compressive stresses in the pebble bed, undesirable loads on structural components and will 
modify heat transfer coefficient. Thermal creep can play an important role to reduce and redistribute stresses 
in the pebble bed. 
 
Objectives 
The objective of this task is to complement the beryllium database on radiation effects, with lacking data on 
helium build-up and release, the associated microstructure evolution, and the macroscopic swelling and 
creep phenomena. All these parameters are to be evaluated at conditions relevant to the end of life of a 
fusion power reactor: i.e. helium concentrations up to 30,000 appm and temperature up to 800 °C. The 
ultimate goal is to extend the validity of the ANFIBE code, developed at FZK in the context of the Helium 
Cooled Pebble Bed blanket design. 
 
Principal results 
 
Creep 
The experiment is performed on a home-designed creep machine housed in an alpha tight box on a 
dedicated machine that has been design and qualified in 2004 [3]. It is a dead weight machine allowing 
loading a cross section of 16 mm² in compression from 2 MPa to 20 MPa. Specimen can be heated in a 
controlled manner up to 900 °C. Tests are performed on non irradiated and irradiated annealed condition. An 
example of test is given in the figure below where temperature and specimen length reduction is monitored 
as a function of time. A primary and secondary creep region can easily be identified.  
 

   Operational Office: Boeretang 200, B-2400 Mol – Scientific Report 2005 

0

100

200

300

400

500

600

700

0 50 100 150 200
Time (hours)

T
em

p.
 sp

ec
im

en
 (°

C
)

-0.01

0.04

0.09

0.14

0.19

0.24

D
is

pl
ac

em
en

t L
V

D
T

 (m
m

).

Pr
im

ar
y 

cr
ee

p

Se
co

nd
ar

y 
cr

ee
p

 
Example of a creep test performed at 700°C 

 
Creep results are presented in the figure below as a function of temperature and applied stress (the disk is 
proportional to the measured secondary creep rate). From this figure, we can clearly see that temperature 
and stress strongly increase the creep rate. It is also found that irradiation increase material susceptibility to 
creep.  
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Secondary creep rate of Beryllium as a function of temperature and stress 

 
Beryllium annealing and He-content/swelling/µ-structure evaluation 
In 2004 the microstructure and He content was already reported on [3].  We performed the remaining and 
key measurement is the evaluation of swelling in 2005 using a mercury pycnometry available in hot-cell. 
Swelling has been measured on beryllium irradiated and annealed for 50 and 200 hours at different 
temperature. Results presented in the figure below shows that swelling increase with annealing temperature. 
The swelling level does not depend on the annealing duration. Therefore, we can claim that swelling occurs 
in relatively short time scale (<50 hours). Swelling increases exponentially with temperature up to 750 °C. 
Above this temperature, saturation occurs. Using the conjunction of helium and optical microscopy results 
we can explain this saturation by the fact that the generated helium release through percolation and venting. 
Once helium is release swelling due to high internal helium bubble pressure is disable. A model proposed in 
[4] allows rationalizing swelling as a function of temperature and fluence. The model applies very well to the 
generated data up to the saturation level. 
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Swelling measured on highly irradiated beryllium 

 
Future developments 
Ongoing studies are done to understand the physical reason and mechanism for creep and swelling. It will 
allow useful predictive model to be developed.  
 
Main contact person 
Marc Scibetta, marc.scibetta@sckcen.be
 
Main reference 

[1] L. Sannen, M. Scibetta, S. van den Berghe, A. Leenaers, G. Verpoucke, Thermal activated helium 
induced swelling of Beryllium irradiated up to fusion reactor relevant doses, to be presented at 
ICFRM12 December 2005, and published in Journal of Nuclear Material 

[2] M. Scibetta, E. Rabaglino, A. Pellettieri, L. Sannen, Experimental Determination of Creep 
Properties of Beryllium Irradiated to Relevant Fusion Power Reactor Doses, to be presented at 
ICFRM12 December 2005 and published in Journal of Nuclear Material 

[3] http://www.sckcen.be/sckcen_en/activities/research/reactorsafety/fusion/annualreport2004 
[4] L. Sannen, F. Moons, Y. Yao, Helium content and swelling of low temperature irradiated/post-

irradiation annealed beryllium, Paper presented at the IEA "workshop on beryllium for fusion 
applications" at Karlsruhe, 4-5 October 1993 
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RADIATION PROTECTION: INTRODUCTION 

Mark Loos
 
 
 
Introduction 
 
SCK•CEN is a unique independent nuclear research foundation in Belgium. It has a statutory responsibility to 
maintain and increase knowledge and expertise in the nuclear field, including radiation protection. It places 
this knowledge at the disposal of the society. 
 
Research in radiation protection is characterised by a strong multidisciplinary approach. Disciplines like 
measurement techniques, radiation dosimetry, health physics, radiobiology and microbiology, radioecology 
and the safeguarding of nuclear materials are essential for this research. This research will contribute to the 
global understanding of the phenomena related to the effects of ionising radiation. Combined with 
radiological evaluation, decision analysis, policy support and consideration for social aspects, it also 
contributes to the safe application of these effects for the benefit of mankind. 
 
Some of the highlights in the field of "Methods of Measurement", "Policy Support" and "Life Sciences" are 
described in this report. 

 
Contact 
Mark Loos, mark.loos@sckcen.be
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EVIDOS: INDIVIDUAL DOSIMETRY IN MIXED NEUTRON AND PHOTON 
RADIATION FIELDS 

 
 
Background 
The EVIDOS project (partly funded by the European Commission RTD Programme: Nuclear Energy, 
Euratom Framework Programme V, 1998-2002, Contract No FIKR-CT-2001-00175) aimed at improving 
individual monitoring in mixed neutron-photon radiation fields by evaluating the performance of routine and 
novel personal dosimeters for mixed radiation, and by giving guidelines for deriving sufficiently accurate 
values of personal dose equivalent from the readings of area survey instruments and dosimeters. This 
project ran over a period from April 2002 till December 2005 and involved the collaboration of seven 
European institutes: PTB, IRSN, HPA-RPD, DIMNP, PSI, SSI and SCK•CEN. 
 
Objectives 
The main objective was to evaluate different methods for individual dosimetry in mixed neutron-photon work-
places in nuclear industry. This implied a determination of the capabilities and limitations of personal 
dosimeters and the establishment of methods to enable sufficiently accurate values of personal dose 
equivalent from spectrometers, area survey instruments and routine personal dosimeters. Also novel 
electronic personal dosimeters were investigated. To this end spectrometric and dosimetric investigations in 
selected representative workplaces in nuclear industry where workers can receive significant neutron doses 
were performed. The following tasks were foreseen: 
 determination of the energy and direction distribution of the neutron fluence; 
 derivation of the (conventionally true) values of radiation protection quantities; 
 determination of the readings of routine and innovative personal dosimeters and of area monitors; 
 comparison between dosimeter readings and values of the radiation protection quantities. 

 
Principal results 
The different nuclear industries visited included a fuel element factory (BELGONUCLEAIRE, Dessel Belgium), a 
research reactor (Venus at SCK•CEN, Mol Belgium), a boiling water reactor (BWR) (Kernkraftwerk Krümmel 
Germany), a pressure water reactor (PWR) (Statens Vattenfall, Ringhals Sweden) and a fuel processing 
plant (BNFL, Sellafield United Kingdom). Before the campaigns, the responses of the instruments were 
investigated in neutron reference fields at Cadarache (France). Measurements were carried out at these 
different environments permitting a thorough testing of the dosimeters since they differ widely in terms of 
dose rates, neutron/photon relative intensity, energy distributions and also temperature, pressure, humidity, 
acoustic noise, vibration, electromagnetic fields, etc.  
All together about 500 measured values were collected at the nuclear sites. 
Because no current dosimeter can provide correct results in all neutron fields, reference values were derived 
from spectrometry (with respect to energy and direction of the radiation) and fluence-to-dose equivalent 
conversion coefficients. We primarily performed reference field spectrometry with a Bonner-sphere system. 
Measurements of the double-differential (energy and direction) neutron fluence were performed with novel 
instruments based on superheated drop detectors and Si-diodes. Values of ambient dose equivalent H*(10) 
and personal dose equivalent H

p
(10) for the main direction of incidence were derived by multiplying the 

fluence distributions by the corresponding fluence-to-dose conversion coefficients. In every workplace field, 
all available personal neutron dosimeters were exposed. Six commercial types of active neutron dosimeters 
and two pre-commercial types were used. One novel reference method for H

p
(10), and two novel area 

monitors were tested as well. Also the performance of conventional area monitors for neutrons and photons 
as well as passive individual dosimeters for routine monitoring were examined. 
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Characteristics of measurement devices used 
 
Name of device Short description Commercial (c) 

or prototype (p) 
BAE SYSTEMS Novel area monitor for H*(10) and Hp(10,α) measurements p 
Berthold LB 6411 Moderator type area monitor c 
Harwell N91 Moderator type area monitor c 
Sievert Instrument Low pressure proportional counters (one of tissue-equivalent plastic and 

one of graphite) evaluated according to the variance/covariance technique 
p 

Studsvik 2200’s Moderator type area monitor c 
Wendi-2 Moderator type area monitor with Tungsten loaded moderator c 
Aloka PDM-313 Electronic neutron dosimeter with 1 silicon detector c 
BTI-PND Fast neutron bubble detector c 
DISN 1,25 % (2 mm) Differential reading of two ionization chambers which are based on direct 

ion storage 
p 

DOS 2002 Electronic photon/neutron dosimeter with 1 silicon detector p 
HpSLAB  Superheated drop detector inside a slab phantom p 
PADC (CR-39) Track etch detector (chemical + electrochemical etching) p 
PND + BDT Combination of fast and thermal neutron bubble detector c 
Saphydose-n Electronic neutron dosimeter using a segmented silicon diode c 
Siemens EPD N Electronic photon/thermal neutron dosimeter with 3 silicon detectors c 
Siemens EPD N2 Electronic photon/thermal neutron dosimeter with 3 silicon detectors c 
 
 
All results are published in the final report.  
 
An example: 
In the figure, the values Hp(10) and the effective dose E are given with respect to  H*(10) for the FRONT 
direction. E is derived by folding the fluences from all directions with corresponding conversion coefficients. 
A conservative estimate of the uncertainty of Hp(10)/ H*(10) is 30% in this case. 
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Ratio of dose values for different workplace fields. 
 
Main contact person 
Filip Vanhavere, filip.vanhavere@sckcen.be 
 
Main reference 
H. Schuhmacher, D. Bartlett, T. Bolognese-Milsztajn, M. Boschung, M. Coeck, G. Curzio, F. d’Errico, A. 
Fiechtner, J.-E. Kyllönen, V. Lacoste, L. Lindborg, M. Luszik-Bhadra, M. Reginatto, R. Tanner, F. Vanhavere, 
Evaluation of Individual dosimetry in Mixed Neutron and Photon Radiation Fields, Neutronenphysik, PTB N-
49, Braunschweig 2006. 
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IDEAS: ESTIMATION OF COMMITTED DOSE FROM INCORPORATION 
MONITORING DATA 

 
 
Background 
The ICRP has recently developed a new generation of more realistic internal dosimetry models, including the 
Human Respiratory Tract Model (HRTM, ICRP Publication 66) and recycling systemic models for actinides 
(ICRP 67 and 69). The 3rd European Intercomparison Exercise on Internal Dose Assessment considered the 
effects of the new models and the choice of input parameter values on the assessment of internal doses 
from monitoring results. Results were received from 50 participants, and it was by far the largest exercise of 
this type carried out. Most participants attempted more than half of the cases. The results in terms of intake 
and committed effective dose were log-normally distributed with the geometric standard deviation ranging 
from 1.15 for the cases dealing with 3H and 137Cs, up to 2.4 for the cases dealing with 239Pu.  These figures 
reflect the large differences in the individual results, which varied in the worst cases over a range of five 
orders of magnitude. Reasons for the differences in the results were identified, including different 
assumptions about the pattern of intake, and the choice of model.  The most important conclusion of the 
exercise was the need to develop agreed guidelines for internal dose evaluation procedures in order to 
promote harmonisation of assessments between organisations and countries. This is especially important in 
the EU because of the mobility of workers between member states. 
 
Objectives 
This project addresses specific problems and issues encountered in the nuclear industry, and other users of 
radioactive materials, in the area of internal dose assessment. The innovative aspects relate mainly to the 
development and application of new methods, rather than the acquisition of new knowledge or information 
on biokinetics and internal dosimetry. The project has three main scientific/technological objectives: (1) the 
creation of a database of well-documented cases, and the filling during and after the project to provide a 
source of basic information about internal exposure for a large number of radionuclides; (2) the development 
of a general philosophy for the evaluation of monitoring data from the practical experience of the scientific 
community; (3) the definition of general guidelines according to the general philosophy. 
 
Principal results 
The IDEAS project is divided into Work Packages (WP), one for each of the five major tasks. 
 
Work package 1 (Collection of incorporation cases) was devoted to the collection of data both by means of 
bibliographic research (survey of the open literature) and collecting data from specific organisations. This 
included the use of information from existing databases on incorporation cases (e.g. RBDATA, which is co-
ordinated by a member of the IDEAS consortium). All the participants in the project were involved in 
collecting data from these and other sources of information. Two databases (the bibliographic database and 
the internal contamination database) were prepared and some reference cases for the performance of Work 
Package 3 were selected.  
 
In Work Package 2 (Preparation of evaluation software) an existing code was improved by means of a new 
algorithm for data interpretation. The software was then provided to the partners for the evaluation of the 
reference cases. In this WP, new methods of data interpretation were studied and compared, the pilot 
program unit was developed and tested, the procedure of input and output data from the incorporation cases 
database (WP1) was implemented and advice on the use of the code was given to the partners. 
 
Work Package 3 dealt with the Evaluation of incorporation cases by means of the software provided by WP2 
and using the reference cases from WP1. Some cases were evaluated by at least two partners. The 
evaluations were compiled in a database, pointing out common assumptions for similar scenarios, applied 
models and parameters and procedures to assess uncertainties, the handling of outlying data and 
measurements below the limit of detection. We produced a report on the basic principles to use in dose 
assessment based on the general features used by internal dose assessors during the evaluation. 
In Work Package 4, which was the core of the project (Development of the general guidelines), the partners 
derived a common strategy for the evaluation of monitoring data. A first draft of the Guidelines was 
distributed to experts involved in internal dosimetry for comments by means of a so-called Virtual Workshop 
on the Internet (www.ideas-workshop.de). The consortium discussed the comments and a revised draft was 
produced in close co-operation with the ICRP Committee 2 Task Group on Internal Dosimetry (INDOS). 
 
Work Package 5 (Practical testing of general guidelines) provided a practical test of the draft guidelines by 
means of a dose assessment intercomparison exercise conducted in collaboration with the IAEA. Six cases 
were prepared and distributed over the Internet with the guidelines, and the participants were invited to use 
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them in the assessment of the incorporation cases. Most partners were involved in the preparation of the 
intercomparison exercise, evaluation of the answers from participants, and drafting the report on the 
intercomparison. A Workshop (open to all the intercomparison participants) was held (Vienna, April 2005) to 
discuss the results and any improvements to the draft guidelines identified. The last step of WP5 was the 
publication of the final version of the general guidelines and their submission to national and international 
bodies for approval. 
 
Future work 
In the frame of CONRAD (A Coordinated Network for Radiation Dosimetry, Contract no. FP6-12684, 6th FP 
EURATOM, PRIORITY RAD PROT-2004-3.3.5.1-1, Protection in the Workplace) future work will consist in: 

 investigation of the uncertainties associated with the assessment of doses after intakes of radionuclides;  
 refinement of the IDEAS general guidelines for internal dose evaluation after their initial use by internal 

dosimetry services.  
 
Main contact person 
Christian Hurtgen,  christian.hurtgen@sckcen.be
 
Main reference 
 
Project IDEAS – EU Contract No. FIKR-CT2001-00160 
 
Publication 
H. Doerfel, A. Andrasi, I. Aubineau-Lanièce, M.R. Bailey, V. Berkovski, E. Blanchardon, C.-M. Castellani, C. 
Hurtgen, J.-R. Jourdain, B. Le Guen, I. Malatova, J. Marsh, M. Puncher. (2005) Guide practique pour estimer 
la dose interne à partir des résultats de mesure de surveillance. General guidelines for the assessment of 
internal dose from monitoring data (projet IDEAS). Radioprotection 40(1), 47–55. 
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VISIPLAN 3D ALARA PLANNING AND COMMUNICATION TOOL 

 
 
Background 
Human operations are required in nuclear installation, during maintenance, outage, repair and 
decommissioning. This leads to the exposure of the worker to radiation. It is clear that these operations must 
be performed according to the ALARA principle (to reduce the dose As Low As Reasonably Achievable). The 
person responsible for planning the job needs to evaluate different scenarios based on the exposure of the 
worker. This involves the manipulation of a lot of information specific to the work place such as the geometry, 
materials, radiological and technical boundary conditions to assess the dose. A lot of communication 
between the ALARA stakeholders is needed during this pre-job study. A communication that can be 
cumbersome and tedious when based on written documents and paper plans. The use of 3D calculation and 
simulation tools provide a solution to this problem. They provide an excellent means to make the above 
mentioned process more efficient and effective by calculating and visualising the environment and the 
associated radiological risk.   
 
Objectives 
 To enhance the communication capabilities of the VISIPLAN 3D ALARA planning tool enabling the 

transfer of the results from dose calculation and 3D data using internet technology.  
 To make the results of the dose evaluations exploitable by the ALARA stakeholders without the 

implementation of the VISIPLAN base software on the stakeholder's stations. 
 
Principal results 
The VISIPLAN 3D ALARA planning tool is developed and designed by SCK•CEN as a dose assessment tool 
enabling the user to calculate the dose in a 3D environment for work scenarios. This software is very 
successful in the ALARA field. At present 22 companies in Europe use the VISIPLAN software in the field of 
dose assessment in maintenance and decommissioning.  
The method used for the dose assessment is based on a point-kernel calculation with an infinite media build-
up correction. The tool calculates the dose account for different work scenarios defined by the ALARA 
analyst, taking into account worker position, work duration and subsequent geometry and source distribution 
changes in a 3D computer simulation of the work place. 
The results can be examined using the software and can be exported to text documents. The export to text 
documents restricted the possibilities of the ALARA stakeholders to examine the results in more 
detail.Therefore we developed the ARGUS web site generator as a communication tool between the ALARA 
stakeholders. The web generator enables the user to generate a full web site based on the information 
calculated using VISIPLAN. The information contains a full overview of different scenarios including 
information on the dose uptake on trajectories and work positions. Detailed information is made available on 
the contribution of the different sources to the worker dose at a work position. Each trajectory is represented 
in a fully examinable and interactive 3D environment. The work environment can be viewed from different 
positions, including the worker perspective. 
The information is stored in a compact form enabling the easy transfer over the internet or intranet. Special 
features are available to add comments to the 3D representation in VRML. A mail back system allows 
reviewing the comments of the different stakeholders on the proposed scenarios. 
The availability of a 3D representation of the workplace, the trajectories and the dose assessment also helps 
in the group decision process in the ALARA concept. The different stakeholders are confronted with the 
same data presented in a user friendly format allowing more efficient discussions and the introduction of 
possible new alternative work plans. 
 
The VISIPLAN tools have been applied to many dose optimization problems at SCK•CEN and other nuclear 
installations. Recently we performed a simulation of the procedure to load a spent fuel bundle in the zero 
power critical facility VENUS of SCK•CEN. In this procedure we were confronted with a lifting operation that 
restricted the mass of the spent fuel shielding. With the simulation (see figure) we were able to show that the 
amount of shielding that was allowed was sufficient to keep the dose reasonable taken into account the total 
duration of the operation. The simulation of the dose rate field near the spent fuel container was used to 
inform the workers allowing them to position themselves in a lower dose rate field during the lifting operation. 
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Simulation of the spent fuel loading operation using VISIPLAN 3D ALARA planning tool. Simulation of the spent fuel loading operation using VISIPLAN 3D ALARA planning tool. 

  
Another example is the dismantling of the high level liquid waste tanks of the Belgian Reactor 3 (BR3). One 
of the preparatory operations is the cleaning of the tanks with a high pressure cleaner. The sequence of the 
operation is represented in the next figure. The figure is a direct result of the VISIPLAN simulation and is 
used to inform and prepare the workers. 

Another example is the dismantling of the high level liquid waste tanks of the Belgian Reactor 3 (BR3). One 
of the preparatory operations is the cleaning of the tanks with a high pressure cleaner. The sequence of the 
operation is represented in the next figure. The figure is a direct result of the VISIPLAN simulation and is 
used to inform and prepare the workers. 
  
  
  
  
  
  
  
  
  
  
  

Simulation of the cleaning of the high level waste tanks at BR3 (from left to right the placement of the scaffolding, the 
placement of the high pressure cleaner and the cleaning operation with a gradually reducing source strength). 

Simulation of the cleaning of the high level waste tanks at BR3 (from left to right the placement of the scaffolding, the 
placement of the high pressure cleaner and the cleaning operation with a gradually reducing source strength). 

  
Future work Future work 
The future work will be along two main axes. The first will be the further improvement of the calculational 
kernel of VISIPLAN. The second will be the further improvement of the 3D representation and the 
introduction of avatar with a restricted set of postures to simulate certain operations. 

The future work will be along two main axes. The first will be the further improvement of the calculational 
kernel of VISIPLAN. The second will be the further improvement of the 3D representation and the 
introduction of avatar with a restricted set of postures to simulate certain operations. 
  
Main contact person Main contact person 
Fernand Vermeersch, fernand.vermeersch@sckcen.beFernand Vermeersch, fernand.vermeersch@sckcen.be
 
Main reference 
www.visiplan.be
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SYNTHETIC MULTI-ELEMENT STANDARDS (SMELS) USED FOR THE 
VALIDATION OF K0-NAA 
 

 
 
Background 
As more and more labs dealing with nuclear analytical techniques are working under a quality assurance  
system, the need for demonstrating the analytical quality of the method becomes more and more important. 
For non-standard methods, such as k0-standardisation Neutron Activation Analysis (k0-NAA), this means a 
full validation report demonstrating amongst others the bias and the reproducibility of the method and a 
continuous quality control using appropriate control material.  In environmental laboratories using chemical 
techniques for example several multi-element liquid solutions are available for this purpose.  For k0-NAA a 
set of synthetic multi-element standards (SMELS) was made in cooperation with INW, Gent (B) and IRMM, 
Geel (B). The SMELS material is based on a phenol formaldehyde resin (Bakelite) that was spiked with 33 
different elements. Three types of materials were produced: 
 Type I: Au, Cl, Cs, Cu, I, La, Mn and V; forming short-lived radionuclides after irradiation; 
 Type II : As, Au, Br, Ce, Mo, Pr, Sb, Th, Yb and Zn; forming medium-lived radionuclides ; 
 Type III : Au, Co, Cr, Cs, Fe, In, Sb, Sc, Se, Sr, Th, Tm, Yb, Zn and Zr; forming long-lived radionuclides. 

These elements have cross-sections and resonance energies with Q0-values ranging from very low to very 
high and thus serve as quality control of the irradiation facility and the calibration of detectors. 
 
The homogeneity of the material was demonstrated by IRMM for a minimum sample intake of 50 mg. In the 
reactor of Řež near Prague it was proven that the Bakelite matrix has an excellent radiation stability and this 
up to high fluence density of both thermal and fast neutrons (up to 1.1014 n.cm-2.s-1 and 3.1013 n.cm-2s-1 
respectively). 
 
Objectives 
The last step before SMELS can be used by k0-NAA laboratories is the elemental characterisation of the 
material. SCK•CEN took the initiative for this and organised in 2005 an inter-laboratory comparison 
comprising eight expert labs that already had participated extensively in international inter-comparisons at 
the highest level such as CCQM and thus their methods have been compared to other well validated 
techniques.  The aim was to obtain consensus values (later called the "assigned" values) for the elemental 
concentration. Different NAA techniques were used: relative NAA, k0-NAA, k0-NAA with internal comparator 
or relative standardisation derived from the k0-NAA approach.  
  
Principal results 
 

 
Systematically we verified for all of the 33 
elements, yielding about 40 radionuclides 
and about 60 gamma lines, that each 
result for specific nuclides and gamma 
lines corresponded well and if it was 
justifiable to pool all the results of each 
participant. This is e.g. illustrated in the 
figure for 65Cu (n,γ) 66Cu with a half-live 
5.12 min and a main gamma energy peak 
at 1039.2 keV, which as irradiated for  5 
min and counted for about 2 min on a 40 
% HP Ge detector. 

3600

3800

4000

4200

4400

Cu
-6

6 
/ 1

03
9,

2 
/ L

01
Cu

-6
6 

/ 1
03

9,
2 

/ L
02

Cu
-6

6 
/ 1

03
9,

2 
/ L

05
Cu

-6
6 

/ 1
03

9,
2 

/ L
06

Cu
-6

6 
/ 1

03
9,

2 
/ L

07
Cu

-6
6 

/ 1
03

9,
2 

/ L
08

Cu
-6

6 
/ 1

03
9,

2 
/ L

09
Cu

-6
6 

/ 1
03

9,
2 

/ L
10

(3934 ± 117) mg/kg , k = 2

SMELS Type I, Copper

 

 

m
as

s 
fra

ct
io

n 
(m

g/
kg

)

Laboratory results
(individual resuls & mean ± 1s)

 
 
 
 
 
 
 
 

 
 

www.sckcen.be   Operational Office: Boeretang 200, B-2400 Mol – Scientific Report 2005 
 



  
We have shown that the SMELS material is a unique material for the k0-
NAA users since it can be used for short, medium and long lived radio-
isotopes and that it is fit for its purpose:  

We have shown that the SMELS material is a unique material for the k

 it is an inert material  it is an inert material 

0-
NAA users since it can be used for short, medium and long lived radio-
isotopes and that it is fit for its purpose:  

 it is a material with a well characterised inhomogeneity with a 
between-bottle reproducibility of less then 1 % for most elements; 

 it is a material with a well characterised inhomogeneity with a 
between-bottle reproducibility of less then 1 % for most elements; 

 it is radiation stable even at very high fluxes;  it is radiation stable even at very high fluxes; 
 it has an elemental concentration with assigned values for up to 33 

elements with an expanded uncertainty in the order of a few percent, 
except for Type II: Ce, Mo, Sb, Th and  Yb, the maximum being 5,5 
% for Yb. 

 it has an elemental concentration with assigned values for up to 33 
elements with an expanded uncertainty in the order of a few percent, 
except for Type II: Ce, Mo, Sb, Th and  Yb, the maximum being 5,5 
% for Yb. 

  
  
On this basis we made a certificate for analysis for this material and labelled the bottles, as seen on the 
picture, ready for dispatching. Unfortunately there is only a limited number of bottles available for the 
scientific community, but the people involved in the production of SMELS decided that from September 2005 
on, the material can be distributed freely to the k0-users. SCK•CEN will be the gatekeeper for this process. 

On this basis we made a certificate for analysis for this material and labelled the bottles, as seen on the 
picture, ready for dispatching. Unfortunately there is only a limited number of bottles available for the 
scientific community, but the people involved in the production of SMELS decided that from September 2005 
on, the material can be distributed freely to the k0-users. SCK•CEN will be the gatekeeper for this process. 
  
Future work  Future work  
The thermal to epithermal neutron flux ratio (f) and the deviation of the epithermal neutron spectrum from the 
1/E shape (α) are essential parameters for the correct application of k0-standardised neutron activation 
analyses. Several methods are applied for the determination of f and α. They are based on Cd-ratio or Cd-
covered multi-monitor methods or on bare-irradiations methods. SMELS Type III contains Au and Zr, thus 
also allowing the direct determination of f and α with only this material. SMELS can also be used as a quality 
control material to monitor the irradiation facility and the detector, thus replacing the traditional flux monitors. 
Future work will present the accuracy of the f and α determination in channels Y4 and S84 of the BR1 
reactor.  

The thermal to epithermal neutron flux ratio (f) and the deviation of the epithermal neutron spectrum from the 
1/E shape (α) are essential parameters for the correct application of k

  

0-standardised neutron activation 
analyses. Several methods are applied for the determination of f and α. They are based on Cd-ratio or Cd-
covered multi-monitor methods or on bare-irradiations methods. SMELS Type III contains Au and Zr, thus 
also allowing the direct determination of f and α with only this material. SMELS can also be used as a quality 
control material to monitor the irradiation facility and the detector, thus replacing the traditional flux monitors. 
Future work will present the accuracy of the f and α determination in channels Y4 and S84 of the BR1 
reactor.  

Main contact person Main contact person 
Peter Vermaercke, peter.vermaercke@sckcen.bePeter Vermaercke, peter.vermaercke@sckcen.be
 
Main reference 
 
P. Vermaercke, P. Robouch, M. Eguskiza, F. De Corte, G. Kennedy, B. Smodis,  
C. Yonezawa, H. Matsue, X. Lin, M. Blaauw, J. Kuĉera, Nuclear Instruments and Methods in Physics 
Research Section A, to be published in 2006 
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PERFORMING BETTER NUCLEAR EMERGENCY MANAGEMENT 
EXERCISES IN BELGIUM 

 
 
Background 
The recently revised Royal Decree of 17 October 2003 (the Belgian Monitor of 22 November 2003) 
stipulating the nuclear emergency plan for radiological risks on the Belgian territory aims at reducing the 
impact of a radiological or nuclear accident to the population. It describes the organisation, tasks and 
necessary interactions between the different participating entities at the federal, provincial and communal 
level. It also foresees that each major nuclear installation holds regularly exercises with the different off-site 
entities to test and improve the response procedures. Under contract with the Ministry of Interior, and in 
consortium with AVN and IRE, SCK•CEN has been assigned as co-ordinator for the improvement of the 
methodology for emergency exercises, and to apply this for the 2005 exercises of the nuclear installations of 
Doel and Tihange.     
 
Objectives 
The main objective of this project is to define a methodology allowing to conduct exercises in a more efficient 
way. The methodology is based on the IAEA EPR-EXERCISE (2005) publication. This should in turn (1) 
allow the principal actors to train the different aspects of a nuclear crisis, (2) allow easier detection of 
deficiencies in the emergency plan and its application, and (3) result in the necessary corrective actions to 
improve future responses to crises.   
 
Principal results 
A compromise between different possible exercise objectives has to be found in a coherent and meaningful 
way. The elaborated methodology encompasses following steps: 
 defining the global scope, type and scale of the exercise;  
 assigning the exercise management team (co-ordinator, scenario developers, exercise controllers and 

exercise evaluators); 
 consultation of the different entities and bodies involved to define their different wishes and objectives;    
 building a consistent and coherent accident scenario compatible with the selected exercise objectives and 

containing the necessary simulated data and events; 
 establishing the full technical scenario, including the expected response schemes of the different actors, 

in the Main Event List; 
 establishing an Exercise Convention to be distributed in advance to the participating actors which 

contains the scope of the exercise, the objectives of the emergency plan to be tested, the list of 
participating entities, the agreements made, and finally all deviations particular for the exercise with 
respect to the emergency plan; 

 establishing a guide for the controllers, allowing them to keep the exercise on track with the objectives;  
 establishing a list of evaluation criteria for the team of evaluators;   
 holding the exercise; 
 debriefing allowing to draw lessons to improve the exercise methodology and to define action lists (short 

term and long term) to improve the implementation of the emergency plan and, if necessary, to review the 
emergency plan.   

Attention has to be given that successive exercises cover a sufficient range of objectives and emergency 
conditions allowing testing the different aspects of the emergency plan. 
 
Future work 
The different actors were very positive about this new approach to conduct and play exercises. As a 
consequence the methodology will be repeated and extended for forthcoming exercises in 2006.  
 
Main contact person 
Alain Sohier alain.sohier@sckcen.be
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Define global scope, type
and scale of exercise

Assign exercise
management team

Enquire involved entities for
their objectives

Build consistent and
coherent accident scenario

Establish Main Event List

Establish Exercise
Convention

Establish guide for
controllers

Establish evaluation criteria

Hold the exercise

Debriefing

Improve exercise methodology
Improve implementation of Emergency Plan

Revise Emergency Plan

Coordinator
Scenario developers

Controllers
Evaluators

Compatible with selected exercise objectives
Simulated events, data and information

Full technical scenario
Expected response scheme of involved players

Distributed in advance to participating players
Contains exercise scope and objectives

Contains agreements and deviation with respect
to emergency plan

Allows keeping exercise on track with objectives

 
 
 
The realisation of nuclear emergency management exercises for the main nuclear installations is a legal 
requirement of the Belgian nuclear emergency plan and helps to test and improve the overall organisation to 
protect the population and the environment in case of a radiological emergency. The elaboration of exercises 
encompasses the steps shown above. 
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ISCRAM: INFORMATION SYSTEMS FOR CRISIS RESPONSE AND 
MANAGEMENT  

 
 
Background 
Information sharing and communication is a key challenge in any crisis situation. With new technologies 
appearing increasingly faster, and crisis management becoming more complex as more stakeholders get a 
say in emergency preparedness, the research in the information systems used in emergency preparedness 
and crisis management is emerging as a multi-disciplinary area.  
Research and development on decision support systems for radiation protection experts and decision 
makers and organising complex emergency response exercises are traditionally key domains of expertise in 
our research group. Together with the UvT (University of Tilburg), and other research groups, we started a 
series of activities to build a community allowing us to set up collaboration structures and participate in larger 
projects. The focus of the activities is on all the aspects of design, development, use and evaluation of 
information systems for crisis response and management. 
 
Objectives 
The main objective of this project is to establish a community where both information systems researchers 
and practitioners (crisis managers and field responders) exchange their experiences and opinions, and learn 
from each others work. The community helps researchers to get an insight on real life cases and informs 
professionals about new developments and research. The first goal is to close the loop between research 
and reality. Formulating new ideas and priorities for research policy makers is an important spin-off of our 
community building work.  
 
Principal results 
Today, ISCRAM is a user community with more than 750 registered members from about 80 countries, 
engaging in several information systems conferences, and organising the main conference for researchers 
working in our domain. The history of our activities illustrates the growing impact:  
 ISCRAM started with a successful 2-day workshop in SCK•CEN's headquarter on April 19, 2004 where 

about 30 papers were presented and about 80 people from 21 countries attended.  
 With this occasion, a community supporting web server was launched, and by the end of 2004 over 300 

registered users frequently accessed the server and participated to on line discussions. The ISCRAM 
Community members are researchers, scholars, teachers, students, practitioners and policy makers 
interested or actively involved in the domain. The appeal is very international, with a participation of over 
30% from North America, about 40% from Western European countries and 30 % from every other corner 
of the world. 

 The ISCRAM community actively supported a study trip and mentored the related student research in 
post tsunami crisis response and rehabilitation projects in Sri Lanka. 

 On April 18-20 2005, the 3 days conference ISCRAM2005 took place at the Palace of the Royal Flemish 
Academy in Brussels (Belgium). About 150 participants from 30 countries listened to over 40 papers, 
selected after a peer review, with an acceptance rate of 50%. Each day, the conference program was 
kicked-off with excellent keynotes. 

 We organised special ISCRAM sessions and mini tracks in other IS-conferences such as the HICCS39 
(January 2006, Hawai), AMCIS2004 (August 2004, New York, US) and AMCIS2005 (August 2005, 
Nebraska, US). 

 Discussions on the elaboration of an association are in final stage. 
In the last months, we were invited to contribute ISCRAM's views in two workshops identifying and 
formulating the capability needs and research priorities in crisis management research areas for European 
research policy makers. 
 
Future work 
While we prepare new initiatives to expand the impact of our community server, we prepare our next big 
conference, the ISCRAM2006 in Newark, New Jersey. 24 special sessions and workshops are announced, 
and we anticipate 75 presentations in this 3-day conference.  
 
Main contact person 
Benny Carlé, benny.carle@sckcen.be
  
Main reference 
ISCRAM2004 and ISCRAM 2005 proceedings
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CONTRIBUTION TO THE ACTION PLAN OF THE IAEA FOR 
EMERGENCY MANAGEMENT 

 
 
Background 
In late 1986, the Convention on Early Notification of a Nuclear Accident and the Convention on Assistance in 
Case of a Nuclear Accident or Radiological Emergency were established to provide a legal basis for 
improved international cooperation in responding to nuclear and radiological emergencies. This convention 
was acceded by a number of International Atomic Energy Agency (IAEA) member states. In 2000, the IAEA 
General Conference encouraged Member States to participate in the process of strengthening international, 
national and regional capabilities for responding to nuclear and radiological emergencies and to make those 
capabilities more consistent and coherent. In 2002, the General Conference encouraged Member States to 
contribute to the international efforts to develop a consistent, coherent and sustainable joint programme for 
improved and more efficient international response to nuclear and radiological emergencies.  
The IAEA Secretariat and the National Competent Authorities Co-ordination Group together worked out an 
Action Plan and in June 2004 the International Action Plan for Strengthening the International Preparedness 
and Response System for Nuclear and Radiological Emergencies, 2004–2009 was approved by the IAEA 
Board of Governors. 
In the framework of the new action plan, the working group on International Assistance (WG-B) with its 
expert groups is preparing documents aiming to enhance and harmonise international assistance in the 
event of a nuclear or radiological incident/emergency. SCK•CEN leads the Expert group B5 and is working 
on enhancing atmospheric dispersion products for nuclear events and their delivery mechanism by Regional 
Specialised Meteorological Centres (RSMCs). 
 
Objectives 
To Update – in collaboration with World Meteorological Organisation (WMO) - standard 
meteorological products, and enhance arrangements for providing associated assistance. 
 
Principal results 
The expert group has made a number of recommendations, which have been submitted to a number of IAEA 
national competent authorities (NCAs) for feedback. According to these recommendations, RSMCs are to 
produce trajectories, plume arrival time and dispersion calculations, including: 
1. Airborne concentration (Bq.m-3) by using as a default continuous release of 72 hours duration with 1 

Bq.h-1 of Xe-133, I-131. Cs-137; 
2. Time integrated airborne concentrations (Bq.h.m-3) by using as a default a continuous release of 72 

hours duration with 1 Bq.h-1 of Xe-133, I-131. Cs-137; 
3. Total deposition (Bq.m-2) by using as a default continuous release of 72 hours duration with 1 Bq.h-1 of  I-

131. Cs-137. 
The concept of operations is through secure web connection as the standard delivery platform and in case a 
member state does not have access to internet, a reduced set of atmospheric dispersion products will be 
made available by fax. The latter will also be kept for backup purposes in case of possible vulnerability of 
internet due to web traffic during a severe nuclear emergency. 
 
Future work 
Timeline 
 By February 2006 a set of enhanced products to be reviewed by both a select group of NCAs (with and 

without atmospheric dispersion capabilities) and WMO 
 IAEA and WMO to work on the implementation plan of the enhanced atmospheric dispersion products. 
 By February 2006 a demonstration of harmonised presentation of dose assessment products from 

different national and international systems. 
 New arrangements and products formally in effect and fully operational by Dec 2006 

 
Main contact person 
Carlos Rojas Palma,  carlos.rojas.palma@sckcen.be
 
 Main  reference 
Ugletveit and Molhoek Radiat Prot Dosimetry.2004; 109: 149-150 "Ongoing efforts to improve the 
international nuclear and radiological emergency". 
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RADIOLOGICAL DISCHARGES INTO THE MOLSE NETE COMPARED 
WITH OTHER OPTIONS 

 
Background 
Since 1956 radioactive effluents are discharged in the Molse Nete river through a 10 km pipeline. Nowadays, 
the radioactive effluents are coming mainly from the test reactor BR2 and the radioactive laboratories of 
SCK•CEN and the waste treatment operations of Belgoprocess. The recent yearly discharges in the Molse 
Nete were about 2200 GBq tritium and 1.4 GBq for the other β emitters.  
 
Objectives 
The purpose of this radiological impact study was to evaluate the current situation i.e. discharge of 
radioactive effluents via a pipeline into the Molse Nete and to compare it with other options. 
 
Five options have to be considered: 
 option 1: the current situation (reference option) 
 option 2: discharge in another river 
 option 3: discharge into the Molse Nete after transport with a tanker 
 option 4: evaporation of the effluents with atmospheric discharge of jodide-131 and tritium and 

concentration of the other radionuclides in the solid phase 
 option 5: detritiation of the tritium containing effluents coming from BR2 (contains more than 99% of the 

tritium) with storage of tritium and discharge of the other radionuclides in the Molse Nete 
 
Principal results 
The doses to an adult person staying in the surroundings of the discharges are calculated for the year 2002 
and 2052. It is assumed that the mean discharges of the years 1998 -2002 are continued until 2052. 
Also potential exposures for accident scenarios with low probability are considered for the five options. For 
the discharge via a pipeline, a crack in the pipeline was considered and for transport with a tanker to the 
river, a traffic accident is considered resulting in leakage of the radioactive effluents.  
 
In the figure, the exposure pathways for the discharges in a river are given. It is assumed that the river is 
used for fishing, drinking water and irrigation of kitchen garden and pasture leading to a contamination of 
food crops (potatoes, root crops, leafy vegetables, pods), milk and meat. It is also assumed that sediment of 
the river was put on the river banks. The doses to man due to ingestion of food products, due to external 
irradiation of the irrigated soil and the river banks and due to inhalation of contaminated dust are calculated 
for an adult living in the surroundings of the river.  
The accidental scenario is a leakage from the pipeline which might result in a contamination of the kitchen 
garden, leading to an ingestion dose for the food crops mentioned above. Conservatively, it is assumed that 
the ground water in the kitchen garden is replaced by radioactive effluents. 
  
  

 
 

Exposure pathways from a river 
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For option 3, a tanker instead of a pipeline is used to transport the radioactive effluents to the river. This will 
result in an additional exposure pathway compared to the first two options, i.e. an external dose for the driver 
during the transport. In case of an accident, spectators might be exposed to external irradiation if the 
effluents leak out of the tank.  
For option 4, tritium and I-131 will spread via air and eventually will be deposited on the soil. Possible 
exposure pathways are the inhalation of contaminated air, external irradiation and ingestion of food crops by 
people living within the area covered by the plume. For option 6, the exposure pathways are the same as for 
the first two options. 
The total doses are given in the table. It is shown that the doses of the non-accidental options remain under 
the exemption level of 10 µSv per year and therefore all these options are acceptable from radiological point 
of view. The comparison also shows that the alternative options are not really better than the current 
situation and consequently implies that it is not reasonable to invest in these options. The potential exposure 
due to an accidental scenario, i.e. leakage from pipeline, might lead to a much larger dose due to the 
conservative approach that was used. However, because of its low probability, the radiological risk of this 
option will be much lower than that of the non-accidental option. 
 
Calculated effective doses to an adult in the year 2052. 
 
Option Non-accidental exposure 

(µSv/year) 
Accidental exposure 

(mSv) 
Discharge into Molse Nete 5.0 0.66 
Discharge into Witte Nete: Witte Nete 5.8 0.66 
                                          Molse Nete 0.14 (a)  
Discharge via tanker into Molse Nete:   
                                          Molse Nete 5.0  
                                          Driver of tanker  0.5 < 1E-05

Atmospheric release of H-3 and I-131: 5.6  
                                          Molse Nete 0.14 (a)  
Detritiation                         Molse Nete 4.3 0.64 
(a) residual doses for people living in surroundings of Molse Nete due to past discharges 
 
Future work  
In this study, only the radiological aspects were considered. In order to determine the best option also 
economical and social factors need to be included.  
 
Main contact person 
Lieve Sweeck, lieve.sweeck@sckcen.be
 
Main reference 
Sweeck L., Zeevaert Th., Vanmarcke H., Loos M., Sohier A. and Vermeersch F. Impactstudie van de 
effluenten van Belgoprocess: huidige situatue en alternatieven. Studie uitgevoerd in opdracht van NIRAS. R-
3921 (Juni 2004). 
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PHYTOACCUMULATION OF URANIUM BY PHASEOLUS VULGARIS 

 
 
Background 
Radioactive contamination of the environment surrounding facilities where uranium (U) has been mined and 
processed has occurred in many countries. If phytomanagement of uranium contaminated areas is 
envisaged, the impact of the contamination on the vegetation has to be investigated. Uranium is a radiotoxic 
and chemotoxic heavy metal. Mechanisms of toxicity have been predominantly studied on man and on some 
animal species. For plants, little information on uranium toxicity at the cellular level is available. In plants 
facing environmental stress (e.g. contamination by heavy metals) an increase in the formation of highly 
reactive oxygen species (ROS) is often observed. ROS are naturally produced in the plant cells and 
consequently, cells have developed several anti-oxidative defense mechanisms in order to control the redox 
state of the cell, an essential parameter for normal physiological and biochemical functioning. The defense 
system comprise antioxidative enzymes (superoxide dismutases, peroxidases, catalases, glutathione 
reductase) and antioxidants (e.g. glutathione, ascorbate,…). The presence of heavy metals (in particular 
uranium) results in an enhancement of the antioxidative defense mechanism.  
 
Objectives 
The objective of the study was to analyze the biological effects (biometry, stress enzyme and antioxidant 
content, DNA integrity) induced by bioaccumulation of uranium in the bean Phaseolus vulgaris, to evaluate 
whether the various investigated biomarkers are related and to define possible dose-effect relationships.  
 
Principal results 
We exposed ten-day-old bean seedlings to 0 to 1000 µM (micromolar=micromole/liter) U. Following a 7 day-
exposure, plants were sampled for determination of U uptake, biometric parameters (shoot and root length 
and weight, leaf area index) activity of enzymes involved in the plant antioxidative defense mechanisms, 
level of the antioxidant glutathione and DNA integrity (comet assay). The enzymes studied cover enzymes 
for the ascorbate-gluthatione cycle (gluthatione reductase), enzymes capable of quenching reactive oxygen 
species (guaiacol, syringaldazine peroxidase and superoxide dismutase) as well as enzymes that catalyze 
reactions leading to the reduction of NAD(P)+ (malic enzyme, glucose-6P-dehydrogenase).  
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Total plant height of beans exposed to different U 
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clearly affected at 1000 µM U 

Glutathione reductase (GLUR) activity of bean roots 
exposed to different U concentrations for 7 days, is only 
significantly reduced for roots exposed to 1000 µM U 
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Generally we did not observe a significant difference in plant development between control and treated 
plants based on biometric parameters, except at 1000 µM U where growth was clearly hampered.  
Antioxidative stress enzyme activity in roots was generally stimulated with increasing U concentrations 
(though not always significantly). However, for roots exposed to 1000 µM U, enzyme activity was generally 
significantly reduced.  
Only at 1000 µM, DNA damage at the root level was observed (fully dispersed DNA in Comet assay) . 
In primary leaves (leaves accumulate 1000 times less U than roots), no significant difference in activity of 
oxidative defense enzymes was observed nor any effect on the DNA integrity.  
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Levels of reduced GSH, oxidised GSSG and total glutathione 
for primary leaves of bean exposed for 7 days to different U 
concentrations. 

Dispersion of DNA in COMET assay for bean roots 
exposed to to 0-100 µM U (top) or to 1000 µM U 
(bottom) 

 
U treatment caused an accumulation of the antioxidant glutathione in the primary leaves (except at 1000 µM 
U). The ratio of reduced glutathione (GSH) to oxidised glutathione (GSSG) that plays an important role in the 
cellular redox status, was shown to be higher in exposed plants. Root glutathione content was not clearly 
affected by uranium treatment but the GSH/GSSG was higher than for the control. The observed increase in 
GSH and GSH/GSSG ratio points to an effective defence reaction to uranium induced stress.  
For plants exposed to 1000 µM U the important reduction in total glutathione content (to zero in case of the 
roots) and the drop of reduced glutathione levels to zero indicates a complete disruption of the cellular redox 
status. This may explain the important drop in enzyme activity (GLUR activity was also importantly reduced) 
and the DNA damage observed for roots exposed to 1000 µM U. 
These data indicate that uranium can cause oxidative stress and cellular redox imbalance. The reduction in 
enzyme activity and DNA integrity is clearly a marker for prospected significant reductions in plant 
development at the highest uranium concentrations. Toxicity thresholds for plant growth, DNA damage and 
enzyme activity hence correspond. Further research is needed to unravel the mechanisms by which the plants 
(in particular beans) defend themselves against high external uranium levels and the (indirect?) mechanisms 
by which oxidative stress is induced.  
We were not able to deduce any dose-effect relationship for any of the biomarkers screened: a reason might 
be the limited sensitivity of beans to uranium.  
 
Future work  
Further study on the biological effects induced by external radiation or uranium accumulation by Arabidopsis 
thaliana, using a multi-biomarker approach is under progress. Furthermore, a thorough analysis of subtle 
effects (DNA damage, oxidative stress, metabolites, gene expression, …) viewed as early responses for 
individual disturbances (growth, reproduction) will be performed. A comparison between the effects observed 
for uranium (and external radiation) and the ones induced by a more conventional pollutant (Cd) will be 
completed and multiple stressor studies will also be performed.  
 
Main contact person 
Hildegarde Vandenhove, hildegarde.vandenhove@sckcen.be
 
Main reference 
Vandenhove H., A. Cuypers, M. Van Hees and J. Wannijn. 2005. Effect of uranium and cadmium uptake on 
oxidative stress reactions for Phaseolus vulgaris. Uranium in the Environment: Mining Impact and  
Consequences, Eds. B.J. Merkel and A. Hasche-Berger, Springer-Verlag, Berlin-Heidelberg. 175-182. 
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SCK•CEN GENOMIC PLATFORM: THE MICROARRAY TECHNOLOGY 
 

 
Background 
The human body contains approximately 1014 cells, wherein each one is a nucleus. The nucleus contains 2x23 
chromosomes, or two complete sets of the human genome, one set coming from the mother and the other from 
the father. In principle each set includes 30.000-40.000 genes. If the genome was a book, it would be twenty-
three chapters, called chromosomes,each chapter with several thousand stories, called genes. Each story made 
up of paragraphs, called exons and introns. Each paragraph made up of 3 letter words, called codons. Each word 
is written with letters called bases (AGCT). But the whole is written in a single very long sentence, which is the 
DNA molecule or deoxy nucleic acid. The usual state of DNA is two complementary strands intertwined forming a 
double helix. In the cell, DNA is duplicated during each cell division to ensure the transmission of the genome to 
the daughter cells. For expression, the DNA is transcribed to messenger RNA. The RNA is edited and finally 
translated to a protein, each three bases coding for one amino acid. When the whole message is translated, the 
chain of amino acids folds itself up into a distinctive shape that depends on its sequence. Proteins are the 
effectors of the genes, and are responsible for all metabolic, hormonal and enzymatic reactions in the cells. The 
expressed RNA determines the amount of proteins to be produced and subsequently the desired effect (strong or 
weak) in the cell. 
The microarray technology aims at quantifying the amount of RNA present in the cell from each expressed gene, 
and at evaluating the changes of these amounts after exposure of the cell to toxic chemicals, ionising radiation or 
other stress components. The global picture of expressed genes helps to understand the affected genetic 
pathways in the cell at the molecular level. The microarray technology is used in the Radiobiology & Microbiology 
topics to study the effect of ionising radiation on human cells (FigB) and mouse tissue, as well as the effect of 
harsh environment and space conditions on micro-organisms. 
 
Microarray spotting 
Consists of depositing an amount of nucleic acid, protein or antibody using high precision spotting pins capable of 
creating 100µm diameter spots on precoated glass slides as horizontal support. Performed with a high precision 
spotting device (MicroGrid), using 48 spotting pins and capable of printing 1.000 single strand DNA molecules 
(probes) on 100 precoated glass slides in 1 hour time. Each spotting pin is able to print an area of 24 x 24 spots, 
which means 576 spots per pin and a total of 27.648 spots in 10cm square area on the slide using 48 pins (FigA). 
Each spot corresponds originally to the sequence of one specific gene or probe. After spotting, the DNA is cross-
linked to the glass slide by exposure to UV light. 
 
Experimental set-up & hybridisation 
The aim of microarray experiments is to compare in a quantitative way the amount of RNA from each expressed 
gene between two experimental conditions. The two expressed RNAs are then used to produce differentially 
labelled complementary DNA during reverse transcription procedure. This labelling is performed with fluorescent 
dye labelled nucleotides. In our case we use the Cy3dCTP which gives a green colour with the control condition 
and the Cy5dCTP which gives a red colour with the experimental condition (FigA). The remarkable ability of 
nucleic acids to form duplex from two strands with complementary base sequences is the basic microarray. The 
mix of the differentially labelled cDNAs (control Cy3 and treated Cy5) is then deversed on the top of the spotted 
glass slide. 
 
Microarray scanning and analysis 
Fluorescence measurements at the respective emission values of Cy3 and Cy5 (532nm and 635nm) is performed 
by a laser scanner. The shape and morphology of the spots is analysed after scanning.  
Quantification of fluorescence values is combined with deep statistical analysis to determine the ratios of up and 
down regulated genes. Modulated genes with similar expression patterns are then clustered in metabolic 
pathways. 
 
Principal applications 
The genomic platform has been financed mainly via space projects from the European Space Agency (ESA) to 
study the effect of microgravity and cosmic radiation on the behaviour of living micro-organisms such as 
Cupriavidus metallidurans in space conditions. The technology is used also in radiobiology for the investigation of 
the effects of ionising radiation on the molecular level. 
 
Main contact person 
Abderafi Benotmane, abderafi.benotmane@sckcen.be
 
Main reference 
F. Thierry,  M.A.  Benotmane, C. Demeret, M. Mori, S.Teissier, C.Desaintes,A genomic approach reveals a novel 
mitotic pathway in papillomavirus carcinogenesis. Cancer Res. 2004 Feb 1;64(3):895-903.  
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The microarray process from microarray spotting, hybridisation with experimental conditions and laser scanning of the spots 
on the glass slide. 
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BIOSAFETY IN MANNED SPACE FLIGHT 

 
 
Background 
The main goal of manned exploration is to achieve a prolonged stay in space e.g. in an orbital station (such 
as the International Space Station (ISS)) or in planetary bases on the Moon and/or Mars. It goes without 
saying that such missions can only be realized when the astronaut's health and well-being is secured. In this 
respect, the characterization of the microbiological contamination on board spacecraft and orbital stations 
and the influence of cosmic radiation and microgravity are of paramount importance. Microbial contamination 
may originate from different sources and includes the initial contamination of space flight materials during 
manufacturing and assembly, the delivery of supplies to the orbital station, the supplies themselves, 
secondary contamination during the lifetime of the orbital station, the crew and any other biological material 
on board e.g. animals, plants, micro-organisms used in scientific experiments. Although most 
microorganisms do not threaten human health, it has been reported that in a confined environment, such as 
a space cabin, microorganisms may produce adverse effects on the optimal performance of the space crew 
and the integrity of the spacecraft or habitat. These effects range from infections, allergies, and toxicities to 
degradation of air and water supplies. Biodegradation of critical materials may result in system failure and 
this may jeopardize the crew. 
 
Objectives 
The research aims at monitoring the biological airborne and surface contamination during manned space 
flight. The ISS has been selected as primary test bed for this study. The majority of the investigations are 
being done by the Russian Institute of Biomedical Problems (IBMP), which is responsible for monitoring the 
biological contamination in the habitable compartments of the ISS for safety and hygienic reasons. Within the 
frame of a collaboration between IBMP and the European Space Agency (ESA), SCK•CEN is able to 
participate in the analyses. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Artist's impression of the current status of the International Space Station (ISS). 
The green dots indicate where the SCK•CEN samples have been taken. 

 
 
 
Principal results 
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From 1998 till today, IBMP has processed samples from nine main missions and seven Soyuz taxi flights to 
the ISS. A total of 419 samples from the air and surfaces inside the ISS were screened for the presence of 
bacteria. Bacteria were recovered in 71% of the cases (i.e. 297 samples). In addition, the fungal 
contamination was investigated by analyzing 378 samples from air and surfaces. Fungi were obtained from 
92 samples, which is 24% of all the samples. The large species diversity that was obtained from the 
environmental samples was more pronounced in the surface samples than in the air samples. A total of 36 
and 15 bacterial species were isolated from surface and air samples, respectively. A total of 32 and 5 fungal 
species were isolated from surface and air samples, respectively. Air samples have also been analyzed at 
the SCK•CEN. A total of 33 samples were taken at different locations in the ISS during three different Soyuz 
taxiflights (October 2003, April 2004 and October 2004). Forty eight percent of the samples scored positive 
for the presence of bacteria. 
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The highest bacterial concentration amounted to 1.1×102 CFU/m³. A total of 66 isolates has been obtained 
and the bacteria were identified using molecular biology tools. The majority of the population consists of 
different Staphylococcus sp. (at least 60%) and Enterococcus faecalis (18%). Generally, the contamination 
levels reported by SCK•CEN are comparable with the observations made by IBMP and research groups of 
NASA. 
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The Russian Surface pipette kit for sampling 
internal surfaces and structural materials 

The Ecosphere kit includes a spaceflight-
certified SAS air sampler and sets of Petri 

dishes containing nutrient-rich media 

  
  
  
  
  
  
  
  
  
  
  

  
  
  
  
  

Future work Future work 
Together with ESA, SCK•CEN is extending its activities in bio contamination monitoring. Our current strategy 
is to monitor microbial presence at the different stages of the lifetime of the habitable space module i.e. from 
development/assembly over the testing campaign to module integration and on-orbit/ground based 
exploitation of the module. In this respect, SCK•CEN is involved in the characterization of the biological 
contamination of the Automatic Transfer Vehicle and Colombus that are being constructed and tested in ESA 
cleanrooms in the Netherlands and Germany. These modules will be coupled to the ISS. Furthermore, 
monitoring of the ISS bio contamination will be continued. It is envisioned that a systematic bio 
contamination monitoring will allow a better assessment of bio safety issues during a prolonged manned 
space expedition. 
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View inside the ATV module 
currently assembled at ESA 

(The Netherlands); 

Air samples taken inside the 
ATV to characterize microbial 

airborne contamination 

 
 
 
 

Main contact person 
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Main reference 
N.Novikova, P.De Boever, S.Poddubko, E.Deshevaya, N.Polikarpov, N.Rakova, I. Coninx, M. Mergeay, 
Survey of the environmental bio contamination on board the International Space Station. (2006). Accepted 
for publication in Research in Microbiology. 
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PROTECTING EARTH & PLANETS AGAINST ALIEN MICROBES   PROTECTING EARTH & PLANETS AGAINST ALIEN MICROBES   
  

  
Background Background 
Protecting Earth and planets against the invasion of ‘alien life forms’ is not military science fiction, but it is the 
peaceful daily job of engineers and scientists of space agencies. ‘Planetary Protection’ is preventing 
microbial contamination of both the target planet and the Earth when sending robots on interplanetary space 
mission. It is important to preserve the ‘natural’ conditions of other planets and to not bring with robots 
‘earthly microbes’ (forward contamination) when looking for ‘spores of extra terrestrial life’. The Earth and its 
biosphere must be protected from potential extraterrestrial biological contamination when returning samples 
of other planets to the Earth (backward contamination).  
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The NASA–Caltech Laboratory for Planetary Protection of Dr. Kasthuri Venkateswaran at the Jet Propulsion 
Laboratory (JPL) (California, USA) routinely monitors and characterizes the microbes of NASA spacecraft 
assembly rooms and space robots prior to flight. They have repeatedly isolated Cupriavidus and Ralstonia 
strains pre-flight from spacecraft assembly rooms (floor and air) and surfaces of space robots such as the 
Mars Odyssey Orbiter (La Duc et al., 2003). Cupriavidus and Ralstonia strains have also been found in-flight, 
in ISS cooling water and Shuttle drinking water (Venkateswaran et al., Pyle et al., Ott et al., all unpublished). 
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The NASA Mars Odyssey Orbiter, from 
which surface a cleaning resistant Ralstonia 
pickettii strain 31V3 was isolated after the 
robot had undergone aseptic assembly and 
severe cleaning prior to flight. 

Aseptic integration of the NASA Mars Rover Spirit in the 
Payload Hazardous Servicing Facility (PHSF), Kennedy 
Space Center, Florida, USA. From the air taken in the 
north east corner of the PHSF a cleaning resistant 
Cupriavidus metallidurans strain NE12 was isolated. 

 
Objectives 
The main objective of this study is to characterise the Cupriavidus and Ralstonia strains isolated at JPL and 
compare them to the Cupriavidus metallidurans CH34T model strain, isolated from a Belgian contaminated 
soil and studied since 25 years at SCK•CEN and to enhance our knowledge by performing additional tests at 
JPL and gathering information regarding the environmental conditions and the cleaning and isolation 
methods used in such spacecraft assembling facilities. 
 

A B 

The Spacecraft Assembly Facility (SAF) at Jet 
Propulsion Laboratory, (Pasadena, California, 
USA) where space robots are build and tested 
and the ‘dress code’ for all personnel entering this 
facility. 

Some microbes isolated from (A) the floor and (B) the 
air of Spacecraft Assembly Facility (SAF) at Jet 
Propulsion Laboratory, (Pasadena, California, USA). 
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Principal results 
We showed that these Cupriavidus and Ralstonia ‘space’ isolates have accumulated an extraordinary variety 
of resistances to physical and chemical antimicrobial cleaning agents such as UV-irradiation, heavy metals, 
organic solvents (ethanol, acetone), organic acids, halogens (iodine), oxidizing reagents (hydrogen 
peroxide), quaternary ammonium compounds, surfactants, antibiotics, etc. Some of them are able to form 
biofilms, i.e. attached organized layers of microbial cells, on plastic and metal materials used for space 
robots. Some of these resistances were encoded in ‘mobile’ DNA fragments (plasmids), i.e. pieces of DNA 
that can be passed on from one bacterium to another. This suggests that these ‘resistances’ have been 
collected from other bacterial cells over time and can be passed on to the next generation or neighbours.  
This bacterial survival strategy, to accumulate a whole variety of moderate resistances in stead of being 
resistant to only one specific environmental parameter to the extreme, is certainly an advantage to survive 
different ‘life-threatening’ acute and chronically stresses in harsh and constantly changing man-made 
environments such as clean rooms. Similar, multi-resistant bacteria survive also in ultra clean hospitals. 
 
Future work 
The further study and characterization of such ‘cleaning resistant’ β-Proteobacteria is of importance to 
improve contamination prevention, monitoring and disinfection tools for the future. These results could also 
be applicable to a hospital environment 
It is difficult to predict whether such cleaning resistant bacteria, going to space stowed away in a space 
robot, would be able to survive the trip (space vacuum, cosmic radiation, cold temperature, etc.). And when 
finally reaching their destination (e.g. Mars), if they would be able to adapt and survive in an extraterrestrial 
(e.g. Martian) environment. It is even more difficult to predict, what the impact of such alien microbe could be 
on the planet environment.  
 
Main contact person 
Natalie Leys, natalie.leys@sckcen.be
 
 
Main reference 
Leys N., Dams A., Coninx I., Bossus A., Provoost A., Mergeay M., Venkateswaran K. (2005) Comparison of 
strains isolated from an American space craft assembling clean room with environmental metal resistant 
strains. Poster presentation, 3rd International Workshop on Space Microbiology (SM2005), 22-25 May 2005, 
Mol, Belgium. 
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REACTOR SAFETY: INTRODUCTION 

Pierre D'hondt
 
The Reactor Safety Division focuses its programme on the development of expertise on materials behaviour 
under irradiation for fission and fusion oriented applications.  

Furthermore, as nuclear energy needs international public acceptance with respect to safety and efficient 
management of natural resources and wants to reduce the burden of nuclear waste, the Reactor Safety 
Division enhanced its efforts to develop the MYRRHA project.  MYRRHA, an accelerator driven sub-critical 
system, might have the potential to cope in Europe with the above mentioned constraints on acceptability 
and might serve as a technological platform for Gen.IV reactor development, in particular the LFR (Liquid 
Metal Fast Reactor). 

The Reactor Safety Division gathers three research entities that are internationally recognised:  the Reactor 
Materials Research department (RMR), the Reactor Physics and MYRRHA department (RF&M) and the 
Instrumentation department (INSTR). 

The objectives of Reactor Materials Research are: 
 to evaluate the integrity and behaviour of structural materials used in present and future nuclear power 

industry; 
 to perform research to unravel and understand the parameters that determine the material behaviour 

under or after irradiation; 
 to contribute to the interpretation and modelling of the materials behaviour in order to develop and 

assess strategies for optimum life management of nuclear power plant components. 

The programmes within the Reactor Materials Research department concentrate on four distinct disciplines: 
 ?? 
 Irradiation Assisted Stress Corrosion Cracking (IASCC); 
 Nuclear Fuel; 
 Reactor Pressure Vessel Steel (RPVS) 
 Fusion and advanced nuclear fission materials. 

The corrosion research programme aims to clarify the mechanisms that contribute to (IA)SCC and since a 
few years also addresses corrosion due to heavy liquid metal (HLM), in particularly  Pb-Bi, on structural 
materials. Four complementary activities are developed: 
 experimental studies of (IA)SCC in LWR conditions in order to generate reference data for modelling; 
 the experimental assessment of HLM-induced corrosion on pre-selected steels for ADS applications; 
 the modelling of (IA)SCC and related phenomena in a computer code, that takes crucial parameters of 

the material, its environment and their interaction into account; 
 the development of dedicated instrumentation to detect and monitor the occurrence of (IA)SCC. 

The fuel research activities combine both applied and fundamental aspects. The investigations focus on solid 
state research of nuclear fuel, on modelling of fuel behaviour and on the definition, technical preparation and 
execution of in-pile instrumented irradiation experiments. The applied research essentially remains market-
driven and concentrates on post-irradiation evaluation of fuel elements. The tendencies of future research 
are the long-term intermediate storage of spent fuel and issues related to further increase discharge burn-
ups. 

The safe operation of present nuclear power plants relies primarily on the integrity of the reactor pressure 
vessel. Neutron exposure induces temperature dependent embrittlement of the vessel and alters the 
mechanical properties of the vessel materials. It is, therefore, of prime importance to monitor the material 
degradation by surveillance programmes. SCK•CEN is in charge of the RPVS surveillance for the Belgian 
nuclear power reactors and runs in parallel a research project called the Electrabel-SCK•CEN Framework 
agreement that supports the development of tools and methodologies for use for the Belgian NPP's or 
international community. Important efforts are made to integrate the discipline of mechanistic material 
modelling into the research programmes and to support experimental projects for RPVS, candidate fusion, 
ADS and Gen.IV reactor materials with modelling tools. 

On the microscopic side, most RMR programmes are supported by an extensive battery of state-of-art 
microscopes and on multi-scale modelling to unravel the material degradation. The BR2 reactor plays a 
major role to accomplish the RMR objectives. 

 

 

 
   Operational Office: Boeretang 200, B-2400 Mol – Scientific Report 2005 



   

www.sckcen.be

The objectives of the Reactor Physics & MYRRHA department are: 

 to design, to complete and to analyse benchmark experiments in SCK•CEN facilities (VENUS, BR1, 
BR2) or elsewhere, leading to reference data for code validation in the fields of: 

 reactor dosimetry; 
 core physics; 
 reactor physics; 
 neutron and gamma shielding; 
 ADS systems; 

  and for specific conditions or new situations such as: 
 MOX fuel in LWR; 
 transmutation of tran-uranics (TRUs) and long lived fission products (LLFPs) in burner reactors; 
 development of MYRRHA; 
 burn-up credit. 

 to maintain, improve and develop experimental and computational capabilities and tools in the above 
fields and new areas such as: 

 high energy particle physics; 
 reactor physics in sub-critical systems. 

To comply with these objectives RF&M has, in collaboration with RMR, continued the international 
programme REBUS (Reactivity tests for a direct evaluation of the Burn-Up credit on selected irradiated BWR 
fuel bundles) for the investigation of the burn-up credit. The programme aims at establishing a neutronic 
benchmark for reactor physics codes that calculate the burn-up credit.  

Maintaining high level skills in the nuclear field can only be ascertained if ambitious and innovative projects 
with clear objective and milestones are conducted. This is the main objective behind the MYRRHA project 
that in a first phase aims to design an experimental ADS followed by its construction if the technical and 
financial requirements are met. As such it was decided to open the finalized DRAFT-2 conceptual design of 
MYRRHA to European partners of the FP6 IP EUROTRANS projects to serve as a basis for the development 
of an advanced design of the so-called XT-ADS experimental accelerator driven system. The R&D-activities 
on the topics that could lead to drastic changes in the chosen options are: 
 the hydraulic flow design of the window-less target; 
 the vacuum interface compatibility for the window-less design; 
 the corrosion behaviour of the structural materials in liquid metal; 
 the structural material behaviour under irradiation; 
 the visualisation under liquid metal; 
 the remote-handling operation of MYRRHA. 

Within the FP6 IP EUROTRANS project, the MYRRHA-team is coordinating the Domain 1 (DM1) treating the 
design of the XT-ADS experimental ADS and the conceptual design of EFIT an industrial scale ADS. 

In all irradiation experiments, appropriate instrumentation technology is of primordial importance. The 
Instrumentation department evaluates the potentials of novel instrumentation technologies for data 
acquisition, processing and transmission under severe constraints of nuclear applications, such as the 
control of nuclear power plants, the remote monitoring of waste repositories and the remote handling of 
hazardous materials. 

The Instrumentation department pays particular attention to: 
 the application of optical fibre technology for both remote-handling and plasma diagnostic applications 

for future fusion reactors; 
 the radiation hardening of remote-handling and plasma diagnostic systems; 
 the study and development of new reactor instrumentation. 

Its projects also cover: 
 assessments of radiation-hardened sensors; 
 developments of new approaches for dose, temperature and strain measurements; 
 space radiation effect studies for the European Space Agency; 
 studies of cable ageing in nuclear power plants. 

 
Contact 
Pierre D'hondt pierre.dhondt@sckcen.be
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DETERMINATION OF LOW LEVEL C, S, SI AND P IN FERRITIC STEELS 

 
 
Background 
Many essential properties of ferritic steels commonly used in the nuclear industry are known to depend on 
the presence and the concentration of alloying elements and impurities. The resistance to corrosion and the 
susceptibility to embrittlement are two examples among several other characteristics governing the evolution 
of the mechanical and chemical properties of the steels submitted to irradiation in the long term. Under 
particular conditions, segregation effects may also happen e.g. as a result of thermal treatments or during 
welding, or simply by ageing, thereby affecting the local properties of the material. Therefore, the 
surveillance of the material integrity relies not only on the examination of the microstructure, but also on the 
precise analytical determination of low concentrations of key chemical components. However, such 
determinations are often complicated by the nature of the matrix. Whatever the analytical technique being 
used, interferences are likely to play an adverse role affecting the detection limit of the method as well as the 
accuracy and the precision of the results.  
 
Objectives 
We aimed to qualify and implement specific analytical techniques for the determination of low concentrations 
of four elements, namely C, S, Si and P in ferritic steels. In the framework of a contract with an external 
client, we had to respect the constraints reported in the table hereafter.  
 

Targeted element Expected range of concentration (wt. %) Expected precision 1 σ for given concentration 
(wt. %) 

Si 0.40 – 0.75 0.01 
P 0.015 – 0.030 0.001 
C 0.05 – 0.10 0.005 
S 0.020 – 0.040 0.001 

 
Constraints as imposed by contractual agreement 

 
Principal results 
 
The determination of low concentrations of silicon 
Most standardised methods rely on the colorimetric measurement of a partially reduced 
silicododecamolybdate absorbing light at 820 nm. Unfortunately, many interferences affect this technique 
since several other chemical elements (As, Bi, P, Ge, Sb etc.) form similar heteropolyacids with molybdates, 
all absorbing light between ~800 and ~850 nm. Therefore, we opted for an electrochemical selective 
detection of the silicododecamolybdate, after having adapted the procedure to ensure the full and fast 
conversion of all silicon species into the said heteropolyacid. The achievements are as follows: 
 we optimised the make-up of the complex: we found experimental conditions under which other species 

would not interfere as long as their concentrations do not exceed specific thresholds. In particular, a 
molar P/Si ratio up to 40 does not impair the result; 

 we discovered also a catalyst acting efficiently on the complex formation, thereby reducing the reaction 
time down to 7 minutes; 

 we tuned finely all electrochemical variables. The effective measurement consists in carrying out a 
DPASV (Differential Pulse Anodic Stripping Voltammetry) on a hanging mercury drop electrode; 

 we wrote a VBA (Visual Basic Application) code to efficiently separate the faradic response from the 
baseline, thereby facilitating the data treatment in routine operation;   

 we validated the method using 5 ASTM certified standard steels. Both the accuracy and the precision 
were found to be better than 12 % relative to the mean values. We adapted the method to cope with the 
expected range of concentration as mentioned by our client. Using the present set-up, the detection limit 
is around 0.005 wt. % of Si in the original sample; 

 the calibration remains linear up to at least 200 ng Si.mL-1 in the measuring cell. 
 
The method can be adapted to the detection of much lower concentrations. Taking advantage of the 
favourable stoichiometry of the complex (Si : Mo = 1 : 12) and of the perspectives offered by DPASV, the 
detection limit may be reduced down to 0.0001 wt. % Si in the sample. 
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The determination of low concentrations of C and S 
We carried out exploratory research, thereby identifying several possible techniques. Considering the fast 
production of quality results at the expense of minimal routine operation work, we opted for a standardised 
method based on the full combustion of the sample in a tubular oven under an oxygen stream. According to 
the manufacturer, the addressable concentration ranges are 10 ppm to 100 wt. % for C and 10 ppm to 
10 wt. % for S, depending on the weight of the sample, the claimed accuracy being better than 2 % relative 
to the mean values. Using this equipment, we carried out the following tasks: 
 we validated the technique, using 5 ASTM standard steels. The practical detection limits appear to be 

100 ppm for both C and S. The precision was better than 5 % for C and better than 10 % for S. However, 
we observed a slight lack of accuracy in some circumstances. This led us to formulate appropriate 
recommendations, especially regarding the sample preparation and the regulation of ambient 
temperature; 

 we carried out the successful measurement of samples of unknown composition delivered by our client; 
 we examined the perspective of applying the method to Ni-base alloys.  

 
The determination of low concentrations of P 
The case of P is pretty similar to the case of Si. Most standardised methods rely on the colorimetric 
determination of a heteropolyacid complex formed by reaction with ammonium molybdate. Again, we opted 
for a selective electrochemical detection of the P containing complex. However, the observed response is 
now related to the change of the double layer capacitance caused by the adsorption of the complex on a 
hanging mercury drop electrode. The current wave is observed during a fast CV (Cyclic Voltammetry) scan 
at 250 mV.s-1. Appropriate research work yielded the following achievements:  
 we optimised the make-up of the complex: we found experimental conditions under which interferences 

are minimised; 
 we tuned all electrochemical variables. The effective measurement consists in carrying out a fast CV on 

a hanging mercury drop electrode; 
 we wrote a VBA (Visual Basic Application) code to separate the adsorptive response from the baseline; 
 we validated the method using 1 ASTM certified standard steel. Further validation work is now running.  

 
So far, two methods have been implemented for the determination of three elements (Si, C and S). The P 
measurement technique still requires further tuning prior to reach its final development stage. The main 
characteristics of the methods are given in the table below. 
 

Element Range of applicability (wt. %) Precision 1 σ for mid-range 
concentration (wt. %) 

Detection limit (wt. %) 

Si 0.005 - 1 0.001 0.005 
P 0.005 - 1 0.002 0.005 
C 0.01 – 100 0.001 0.01 
S 0.01 – 10 0.002 0.01 

 
Main characteristics of the implemented methods 

 
Future work 
We will bring the P measurement technique to its final development stage. This would allow us to further 
explore the applicability of the techniques to other cases (e.g. Ni-base alloys, stainless steels etc.), which will 
require to precisely define the scope of application as well as to quantify more exactly the acceptable ranges 
of concentrations of possibly interfering species and elements.  
 
Main contact person 
André Rahier, andre.rahier@sckcen.be
 
Main references 
A. Rahier, S. Lunardi, C. Triki, "Practical Measurement of Silicon in Low-Alloy Steels by Differential Pulse 
Stripping Voltammetry", BLG-1008, SCK•CEN, February 2005 
 
A. Rahier, "Analytical Determination of Total Carbon and Sulphur in Solid Samples by Full Combustion and 
Integrated NDIR Detection", BLG-1013, SCK•CEN, August 2005 
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GERONIMO & TOPGUN: RESEARCH ON ADVANCED MOX FUELS 
FOR BWR'S 

 
Background 
Although in some countries the use of Mixed Oxide (MOX) fuel in Light Water Reactors is today not or no 
longer considered, several other countries continue the MOX route or have a policy to keep the MOX option 
open. The same trend of reducing fuel cost and to reduce total waste volume applies for MOX fuel as for 
conventional UO2 fuel. When novel fuel or fuel assembly designs are introduced in nuclear reactors, these 
new designs need to be validated experimentally. In view of the considerable costs associated with such 
research, this is generally organised in an international context with several institutes and industrial groups 
involved.  GERONIMO and TOPGUN are two such projects, managed by BELGONUCLEAIRE, where SCK•CEN 
was the central institute for the Post-Irradiation Examination and transient tests in BR2.  The majority of the 
work was executed in the period 2003 to 2005.  The programs will be finished in 2006 with the back-
shipment of the fuel rod remnants, properly encapsulated, to the power station. 
 
Objectives 
The purpose of the GERONIMO & TOPGUN is to establish a validation data base of high burn-up MOX fuel 
for 9x9 fuel assembly designs for Boiling Water Reactors (BWR). It concerns MOX fuel produced by 
BELGONUCLEAIRE according to the MIMAS process and irradiated in the Gundremmingen BWR units B and C 
during 3, 4 or 6 cycles and a peak burn-up ranging between 35 and 65 GWd/tM (GERONIMO) and up to 80 
GWd/tM (TOPGUN). Since it is the first time that MOX fuel with such high burn-up was available for detailed 
post-irradiation examination and testing, several samples of the fuel have been taken to serve in other 
International Projects (REBUS, MALIBU) and samples or segments have been sent to other laboratories and 
institutes for further research (CEA, Halden Reactor Project).    
The post-irradiation examination programme comprised extensive non-destructive testing (NDT) to 
investigate the evolution of the fuel rod as a whole (diameter changes, clad oxidation, overall fission product 
migration, pellet-clad interaction etc.).  A very extensive destructive analysis campaign was conducted 
including rod puncture (fission gas release!), optical and electron microscopic observations, microprobe 
analysis, thermal diffusivity analysis, radiochemical burn-up determination etc.  While the NDT together with 
the puncture results provide quantitative data for fuel performance code validation, the destructive 
investigations help to deepen our understanding of nuclear fuel evolution at high and very high burn-up and 
serve to develop the fuel performance codes themselves. Transient testing in a materials test reactor serves 
to demonstrate that the fuel rods can also withstand harsh conditions that normally are not encountered in a 
Nuclear Power Plant and the further investigations after such transient tests helps developing our 
understanding of fuel behaviour in off-normal conditions. 
 
Principal results 
 It was the first time that MOX fuel irradiated to such elevated burn-up (80 GWd/tM) in a commercial light 

water reactor could be investigated. It is not expected that in the near future these conditions will be 
reached on standard basis and the TOPGUN program is expected to remain the reference programme 
that provides “envelope” data on MOX behaviour for a substantial period of time.   

 For the GERONIMO programme, it is the wealth of data that is generated that makes the value of this 
programme.  With valuable data on MOX fuel of different enrichment, linear power and accumulated burn-
up between 35 and 65 GWd/tM, GERONIMO provides reference data for a broad range of MOX. 

 The successful transient tests performed in the BR-2 reactor demonstrated that the important efforts 
during the past years to improve the calibration of this reactor for such tests were really effective and that 
BR-2 can again be used for reliable transients. 

 
Future work  
The GERONIMO and TOPGUN projects will be concluded in 2006 with the back-shipment of the fuel rod 
remnants to the power station for final disposal, but the calculation and code validation work is just starting 
now.  It is expected that new insight in MOX behaviour at high burn-up will lead to improved modelling of 
MOX in the coming years. 
 
Main contact persons 
Marc Verwerft,marc.verwerft@sckcen.be, Leo Sannen, leo.sannen@sckcen.be
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Medium BU (40 GWd/tM), base 
irradiation 

 

 High BU (60 GWd/tM), base 
irradiation 

 Ultra-high BU (80 GWd/tM), base 
irradiation 

 

 

 

 

 

Medium BU, transient to 400 W/cm, 
24h hold time 

 

 Medium BU, transient to 465 
W/cm, 1h hold time 

 Medium BU, transient to 
465 W/cm, 24h hold time 

 
Metallographic sections of a selection of MOX fuels from the GERONIMO & TOPGUN programme.  Top row: a 

comparison of the microstructure evolution from medium (top left) high (top centre) to ultra high burn-up (top right).  Note 
the change in structure of the peripheral zone at elevated burn-up.  Bottom row: cross sections of fuel segments that 

have undergone transient testing.  Bottom left: medium level transient for long hold time; centre: high level transient for 
short hold time, right: high level transient for long hold time.  Note the change in crack pattern between transient tested 

fuel and base irradiated fuel (top left). 
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NEW POSITRON ANNIHILATION SETUPS FOR ACTIVE MATERIALS 

Background 
Positron annihilation spectroscopy (PAS) is a well established technique for studying defects in materials. 
Various nanostructures in materials can be effectively examined by means of PA techniques because of 
their high affinity to trap positrons. After injection of the positron in a material it diffuses and is drawn by 
defects where it can be trapped and thereafter annihilates. Further, if the material contains more than one 
type of defect of additional elements, the positron preferably interact with one type of atoms: selective 
trapping. The improvement of the theoretical understanding of positron trapping and the refinement of the 
microelectronic components allow the technique to give reliable qualitative and quantitative information on 
defects in materials. PAS techniques have been shown to provide valuable fundamental understanding of 
the microscopic processes that contribute to irradiation embrittlement of nuclear materials [1, 2]. 

Objectives 
At SCK•CEN, a big effort is devoted to the parametric study of neutron radiation damage in nuclear reactor 
components (PWR, BWR, ADS, Fusion, ...) as function of many parameters such as chemical composition, 
irradiation temperature, neutron flux and dose. New PA spectrometers measuring radioactive materials have 
been recently added to the microstructural techniques available at RMO. 

Principal results 
Positron lifetime spectrometer 
The positron lifetime spectrometer (PLT) has been recently installed at LHMA in compliance with ALARA 
rules [3]. The  PLT setup consists of a digital oscilloscope (LeCroy WaveRunner 6100A, 1GHz, 4Channel, 5 
GS/s, 4 Mpts), three movable scintillation detectors based on single crystal BaF2 scintillators and 
Hamamatsu H337851 photomultipliers (PM) (optimal selected for transit time spread, typical 0,37 ns, HV = 
3000 V). Time differences are measured between the arrivals of a 1274 keV start gamma (birth of postron) 
from 22 Na and two positronelectron annihilation gammas (stopγrays) of 511 keV. The digitalisation of the 
PM signals in the oscilloscope allows a clear definition of the coincidence events and also a reduction of the 
background signals. The time resolution of 170 ps fullwidth at halfmaximum (FWHM) is achieved for the 
positron lifetime measurements of radioactive specimens. The measurement of irradiated steels was 
possible thanks to the mobility of the detectors that allow the decrease of their dead time even in the 
presence of high activity sources. 
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Coincident Doppler broadening spectrometer 
The  Coincident  Doppler  broadening  spectrometer  (CDB)  setup  consists  of  two  movable  high  purity  Ge 
detectors (coaxial HPGe type GC3018) with high energy resolution (FWHM = 0.8 keV at 122 keV and FWHM 
= 1.8 keV at 1332 keV) with buildin preamplifier (model 2101P), a digital signal processor (DSP Canberra 
Model  2060)  for  each  detector  and  personal  computer  (PC)  with  LabView  acquisition  board  card  and 
acquisition program. Both the electronics (two detectors and coincidence) as well as the hardware (biological 
shielding, mobility  of  detectors)  have  been  optimized  to  measure  highly  active  specimen  with  moderate 
detector dead time (< 20%) and very low background. 
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A 2D spectrum obtained from a highly active specimen 
CDB ratio curves of irradiated Curich material 

Future work 
In the current lifetime spectrometer an external coincidence unit is used to reduce the amount of events to be 
digitized. It is possible to eliminate these steps by realtime processing of the incoming events. Therefore an 
additional processing with high speed computers is planned. 
For high activity sources the detector distance is enlarged but the detection efficiency decreases while the 
measurement time increases dramatically.  To reduce this effect extra detectors are planned to be added in 
parallel to the main stop detector. 

Main contact person 
Maarten Jardin, maarten.jardin@sckcen.be, Abderrahim Al Mazouzi, abderrahim.al.mazouzi@sckcen.be 

Main reference 
[1] L. Van Hoorebeke, A. Fabry, E. van Walle, J. Van de Velde, D. Segers, L. DorikensVanpraet, Nucl. Instr. 

And Meth. A 371 (1996) 566571 
[2] Y. Nagai, K. Takadate, Z. Tang, H. Ohkubo, H. Sunaga, H. Takizawa, M. Hasegawa, 

PhysRevB.67 (2002) 224202 
[3] K. Verheyen, M. Jardin and A. Almazouzi SCK•CENBLG982 & M. Jardin, K. Verheyen, A. Almazouzi 

SCK•CENBLG983 (2005) 
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COMPUTER SIMULATION OF REACTIONS BETWEEN  
SELF-INTERSTITIAL ATOM CLUSTERS IN BCC-FE 

 
Background 
Irradiation with high-energy particles, such as neutrons, ions and electrons, produces microstructural 
changes in materials. This happens because point defects, i.e. SIA (self-interstitial atoms) and vacancies, 
are generated in quantities well above the thermodynamic equilibrium concentration and aggregate to form 
clusters (dislocation loops and small cavities) and then more complex structures (dislocation networks, ...) or 
interact with impurities and solute atoms, thereby enhancing or inducing phenomena such as precipitation 
and phase segregation. These microstructural changes will in turn affect the macroscopic properties of the 
material. It is therefore of fundamental importance, in order to understand and possibly predict the behaviour 
of materials under irradiation, to be able to model the corresponding microstructural evolution. This evolution 
is driven mainly by processes taking place at the atomic level, thus at the scale of nanometers and pico- or 
nanoseconds, and in many cases it is experimentally impossible to obtain detailed information about them. 
For the study of these processes atomistic computer simulation is therefore a powerful tool and in fact often 
the only one that can be used. 
The most important class of structural materials for nuclear applications are iron alloys and for this reason 
atomistic computer simulation has been extensively applied to the study of radiation damage in these 
materials. Yet, there are still features of their microstructural evolution under irradiation that are not fully 
understood. As a matter of fact, TEM (transmission electron microscopy) studies of irradiated iron, both pure 
and alloyed, revealed already 40 years ago that two types of dislocation loops can be created in these 
materials, namely ½a〈111〉 and a〈100〉, whose effect on the macroscopic properties can be drastically 
different. Atomistic simulations in iron clearly show the formation of ½a〈111〉 loops, but these are invariably 
found to be energetically more favourable than a〈100〉 loops and despite the number of proposed possible 
mechanisms to form a〈100〉, no definitive conclusion has yet been drawn to explain their existence.  
 
Objectives 
In this work we have performed molecular dynamics (MD) studies of SIA cluster properties and interactions 
between them in iron, with the purpose of finding an explanation for the formation of a〈100〉 loops under 
irradiation. These studies have been performed using a recent interatomic potential, capable of reproducing 
more closely than previous ones the energetics of interstitial configurations in iron. The ultimate aim of the 
work is to be able to parameterise more correctly larger scale models, such as those based on the use of 
rate equations and numerical Monte Carlo techniques, capable of actually describing the microstructural 
evolution in irradiated materials and to provide results comparable with the experimental ones. 
 
Principal results 
We have considered interactions between fast gliding ½a〈111〉 SIA loops and observed several types of 
reaction products, depending on the angle of interaction between clusters, cluster sizes and also 
temperature. Only the most relevant interaction found is described in what follows and illustrated by 
snapshots in the figure. 
When two ½a〈111〉 loops of similar size (~4 nm Ø) approach each other along directions intersecting at 
acute angles, they rotate their habit planes (HP) to (110), while keeping their initial Burgers vector. As soon 
as they join, they get to share the same (110) plane, creating a junction where the Burgers vector becomes 
〈100〉:  

[110
2
1111

2
1111

2
1

→+ ]  - immobile cluster with 〈100〉 junction 

 
If now the product of interaction this reaction, i.e. the immobile planar cluster with (110) HP, interacts with 
another ½a〈111〉 loop, whose Burgers vector must be non-collinear with those of the first two interacting 
clusters, then the formation of a planar SIA loop with (100) HP and a〈100〉 Burgers vector is produced.  

[ ] 100111
2
1110

2
1

→+  - immobile cluster 

 
Both these successive reactions lead to a decrease of the energy of the system, which means that the final 
products are stable. The binding energies of the formed complexes depend on the sizes of the reacting 
species and are of the order of tens of eV. Although further studies are needed, this three-loop reaction 
appears to be a possible mechanism for the formation of a〈100〉 loops. 
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Future work 
The introduction of the reactions obtained by MD simulation in rate equation and kinetic Monte Carlo models 
is expected to allow a more correct prediction of the microstructural evolution of iron alloys under irradiation. 
The following step will be the investigation of the stability of SIA loop configurations and of the above 
described reactions in iron alloys. In particular, alloys containing up to ~15% Cr (range of composition of 
high-Cr ferritic/martensitic steels for nuclear applications) will be studied, since it has been already shown 
that Cr affects the mobility of SIA clusters and may therefore have an effect on their stability and interaction 
as well, as also suggested by a number of experimental studies.  
 
Main contact persons 
Terentyev Dmitry, dmitry.terentyev@sckcen.be; Lorenzo Malerba, lorenzo.malerba@sckcen.be
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CALCULATION OF CRACK PROPAGATION IN STAINLESS STEELS IN 
HOT WATER 

 
 
Background 
Stress corrosion cracking (SCC) is a significant age-related degradation mechanism for loaded structural 
materials such as stainless steel used in the core and in coolant circuits of light water reactors. SCC is a 
synergetic interaction between a stressed material and its environment. The micro scale of the phenomena, 
the complex nature of the crack’s electrochemistry and the large deformation at the crack tip, make 
mathematical modelling the most suitable approach to investigate, understand and predict SCC. 
 
The crack propagation rate depends, inter alia, on the dissolved oxygen and sulphur content, the 
temperature, the stress intensity, the crack length, the fluid flow, degree of sensitization and the yield 
strength of the material. Irradiated Type 304 stainless steel (SS304) is susceptible to SCC in the cooling 
water of nuclear reactors. The relatively pure, high-temperature water of a boiling water reactor (BWR) can 
be contaminated by sulphur due to resin intrusion and this can accelerate cracking. Therefore crack growth 
tests of SS304 in dilute sulphuric acid (H2SO4) solutions are often used to simulate SCC of SS304 in BWRs 
components. 
 
Objectives 
SCK•CEN developed a physico-electrochemical simulation tool based on the Finite Element (FE) method. It 
calculates the crack’s environment based on the mass-transport of species, chemical reactions in 
environment, electrochemical reactions at the metal surface and the mechano-corrosive interaction at the 
crack tip. 
 
Mathematical modelling of the chemistry and electrochemistry in a crack provides a suitable framework for 
(a) the prediction of the influence of a range of variables, (b) the isolation of the factors controlling crack 
chemistry and electrochemistry and (c) linking to models of crack-growth kinetics. This activity is a part of a 
European Community sponsored integrated project PERFECT (www.fp6perfect.net). 
 
Principal results 
The crack propagation rate (CPR) of a number of SS304 cracks in diluted sulphuric acid solutions were 
calculated based on the slip-dissolution model, the finite element calculations of the chemical and 
electrochemical conditions within the cracks and an analytical expression for the crack-tip strain rate. 
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Crack geometry and typical finite element grid at the crack-mouth and crack-tip 
 
Although the model strives to make it feasible to independently determine all of its parameters, this is not 
presently the case.  Hence, the model is calibrated against one experimental data point, the reference case 
(a SS304/H2SO4 system at 288°C with 200 ppb dissolved oxygen and a room temperature conductivity of 
0.266 µS/cm). Subsequently the influence of various parameters was calculated: dissolved oxygen, sulphuric 
acid content, stress intensity, crack length, temperature, flow rate, sensitization and yield strength. 
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The calculated CPR increases with the dissolved oxygen concentration, the sulphuric acid content, the 
stress intensity, the flow rate, sensitization and the yield strength, decreases with the crack length and shows 
a maximum in its temperature dependence.  
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Calculated crack growth rates for the cases.  The left bar represent the reference case 

 
A material exposed to neutron irradiation hardens and shows grain boundary segregation, which leads to 
sensitization.  The simultaneous effect of hardening and segregation on the CPR is shown in the figure 
bellow.  The predicted increase in CPR with yield strength and sensitization corresponds to an 
experimentally observed acceleration of CPRs in irradiated SS304. The predicted CPR increases by more 
than an order of magnitude in comparison with the reference case. 
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Sensitivity study in respect of the crack propagation rate of SS304 in diluted sulphuric acid solutions: radiation damage. 

Diamonds non-sensitized, squares & triangles are moderate and high degree of sensitization respectively 
 
Future work 
The influence of radiolysis will be taken into account in the model for the environmental chemistry. We are 
also looking for the link between deformations at the crack tip and changes in the material microstructure 
under irradiation. These two steps will allow to extend the existing crack growth model to calculate the CPR 
in reactor internals under irradiation.  
 
Main contact person 
Serguei Gavrilov, serguei.gavrilov@sckcen.be
 
Main reference 
S. Gavrilov, M Vankeerberghen and J. Deconinck, “Finite element calculation of crack propagation in type 
304 stainless steel in diluted sulphuric acid solution under stress corrosion conditions”, Proceedings of 12th 
International Conference on Environmental Degradation of Materials in Nuclear Systems-Water Reactors, 
TMS, 2005.  
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MYRRHA Draft-2 Design accomplishments

 
Background 
One of the main SCK•CEN research facility, namely the Materials Testing Reactor (MTR) BR2, is nowadays in 
operation for more than 40 years. The need for a safe and economic operation of the European nuclear park for 
preserving the natural resources, demand the start-up of one or more new MTRs in a very near future. On the 
other hand the closing of the fuel cycle as well as the development of future energy systems request clearly the 
use of fast spectrum irradiation facilities. 
 
Objectives 
The MYRRHA project started at SCK•CEN in this context, the concept of a new irradiation and testing facility to 
replace BR2. MYRRHA, being a fast neutron facility, would be a complementary project to the thermal MTR 
Jules Horowitz Reactor in France. That would give Europe a full research capacity in terms of nuclear R&D for 
Gen.III and IV reactors. 
At mid-2002, a first pre-design file of MYRRHA (namely the "MYRRHA Draft – 1" file with a core nominal power 
of 30 MWth) has been submitted to an International Technical Guidance Committee (ITGC) for reviewing. No 
show stopper has been identified in the project. Nevertheless, the ITGC members have recommended: 
 to give more attention to safety studies and iterate to the pre-design before entering the detailed engineering 

phase;  
 to address some R&D topics to avoid bottlenecks such as fuel pin and assembly development and 

qualification;  
 to make a decision on the accelerator option (cyclotron or LINAC) and possibly revisit the beam parameters 

that were already at that moment fixed to 350 MeV*5 mA but mainly derived from the cyclotron technology 
possibilities.  

The objective of this effort in the period 2003-2005 was to update and progress the MYRRHA Draft-1 design 
based on the ITGC evaluation results, the consequences of the safety studies that had to be accomplished on 
basis of the Draft-1 design and holding the initial objectives of the MYRRHA facility. This resulted at mid-2005 in 
producing the MYRRHA Draft-2 design file. 
 
Principal results 
MYRRHA Draft-2 design meets the objectives of the experimental ADS Facility in terms of demonstration and the 
aimed performances, and proposes solutions that satisfy the key issues related to the LBE ADS such as: 
 limiting the LBE corrosion and erosion by leaving the major parts of the system at “cold” conditions and by 

limiting the LBE velocity below 2.0 m/s in the hot parts; 
 avoiding the risk of criticality insertion during fuel handling by leaving the spallation target in position and 

loading fuel assemblies from underneath; 
 eliminating the risk of spallation target window break by choosing the windowless design; 
 reducing the risk of the core melting by adequate design of fuel elements and cooling systems; 
 reducing the personnel exposure and achieving a high availability of the facility (~75%) by performing the in-

service inspection and repair (ISI&R) and the operation and maintenance (O&M) from the conceptual design 
on, by means of robotics and ultrasonic visualisation. 

 
The accelerator of MYRRHA is now based on LINAC technology in order to be fully demonstrative for the 
industrial scale ADS and to be responding to the very demanding conditions in terms of beam reliability (less 
than 5 beam trips per MYRRHA cycle of 3 months). The windowless spallation target concept of MYRRHA has 
been progressed in terms of design and demonstration on the basis of an important international experimental 
programme complemented by an international CFD effort for the free surface treatment. The evidence of the 
feasibility of the proposed design is no longer questioned with respect to its fundamental aspects. The 
conceptual design of the spallation loop is finished, including its stable and safe operation in both steady-state 
and transient conditions, vacuum generation and LBE conditioning. The off-centre servicing of the spallation loop 
(see figure below) has an added value. Indeed, it limits the central hole where the spallation module will be 
housed increasing thereby the maximal flux levels. On the other hand, the radiation damage of all the sensitive 
components of the spallation loop will be reduced. The chosen core maximum sub-criticality level of keff ~ 0.950 
(ks ~ 0.96) assures a comfortable margin for safe operation (~2400 pcm margin with beam off when accounting 
for all reactivity insertion sources and still ~1300 pcm even when the proton beam is on). The total power of 
MYRRHA is now amounting to ~50 MWth with acceptable values of the radial and axial power form-factors; 1.1 
and 1.3 respectively in the hottest fuel assembly. The high fast (E > 0.75 MeV) and total neutron flux levels are 
achieved within the facility (1.0 1015 and 5.0 1015 n/cm².s respectively) in large irradiation volumes in the core 
(about 20.000 cm³ in total), in the neighbourhood of the spallation target. 

http://www.sckcen.be/MYRRHA/
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The fast fluxes are ranging between 1.0 1014 and 5.0 1014 
n/cm².s in about twice this totalvolume located further on in the 
radial direction. The MYRRHA fuel design (pellet, fuel pin and 
fuel assembly) proposed in Draft-2 design is based on the FBR 
MOX fuel technology taking into account the targeted objectives 
of the MYRRHA facility in terms of performances and the 
present day knowledge concerning the ferritic-martensitic steel 
T91 that is considered as prime candidate material for the 
cladding and for the fuel assembly wrapper. The targeted 
performances to operate at high peak power density (about 1.5 
kW cm-3) in order to provide the needed neutron flux level in the 
core during a long term operation up to peak burn-up level of 
100 GWd/tHM and clad damage up to 100 dpa are estimated to 
be within the achievable range.  The primary system of the 
MYRRHA facility is designed in such a way as to limit abrupt 
flow changes of the LBE in order to mitigate the erosion 
problems. Moreover, the operation temperatures were chosen 
in order to mitigate the corrosion due to LBE. The 
implementation of chicanes in the HLM circulation from the hot 
to the cold zone in the casing containing the heat exchangers 
will prevent water ingress in the core.  

The fast fluxes are ranging between 1.0 10

The MYRRHA building has been conceived taking into account 
the remote handling (RH) and robotics based operation and 
maintenance within a controlled atmosphere limiting the LBE 

contamination by O2 trapping. The remote handling for both out-of-vessel and in-vessel operation and 
maintenance has been developed on the basis of existing and demonstrated technology in the JET facility. Its 
estimated life time is 15 years in the MYRRHA working conditions. 
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MYRRHA off-centre spallation target loop 

MYRRHA being a first of a kind ADS, is intended to be operated in a conservative way in terms of availability 
during the first years. For the moment, it is foreseen to have an operating cycle of a 3 months operation followed 
by a 1 month shut-down period for preventive maintenance for the reactor as well as for the accelerator. The keff 
drop during the 3 months operation is limited to ~1700 pcm, and in the present design it is not considered to 
compensate for it during the MYRRHA short operation cycle. This will result in an integral flux loss of 18 % over 
the 3 months cycle. 
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A visualisation system based on ultrasonic technology is proposed for the in-vessel, under-LBE inspection based 
on fixed camera to be deployed on “periscope”-like systems or on moving “snake”-like systems. A support R&D 
programme has been launched and has already produced promising results. 
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compensate for it during the MYRRHA short operation cycle. This will result in an integral flux loss of 18 % over 
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The safety analysis of the main initiating events in protected conditions (beam off) shows that the MYRRHA 
system - despite the very high power density targeted in the project - will survive without major difficulty. In 
particular the efficiency of the emergency cooling by natural circulation in the primary system is established. The 
conclusions are less favourable for the unprotected events - at least for some of them. For instance, loss of heat 
sink (LOHS) can lead to the maximum temperature limits of the cladding after 9 minutes even if the emergency 
cooling system (ECS) is activated. Also, loss of flow (LOF) will lead to cladding damage since a hot spot jump of 
the cladding temperature up to 1060°C can occur in 25 seconds. However the feedback effects of the primary 
system behaviour on the spallation target performance, that most likely would mitigate the accident 
consequences in unprotected situations, were not taken into account in the study.  
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A preliminary cost assessment of the investment has been conducted and led to a 440 M€ (June 2004) total cost 
as a average (best estimate) value and 560 M€ (June 2004) for the high figure when taking into account the 
contingencies on the most innovative components. These figures are the one based on the LINAC accelerator. 
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Future work Future work 
In the frame of the integrated FP6 project, EUROTRANS, the MYRRHA design parameters and choices are open 
to a larger European community in order to better meet the objectives of the experimental ADS for transmutation 
presently considered within the EUROTRANS community namely the XT-ADS facility. During the FP6 
EUROTRANS period (2005-2008), the following topics are to be investigated: 
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to a larger European community in order to better meet the objectives of the experimental ADS for transmutation 
presently considered within the EUROTRANS community namely the XT-ADS facility. During the FP6 
EUROTRANS period (2005-2008), the following topics are to be investigated: 
 producing an advanced Pre-design File of XT-ADS starting from MYRRHA and keeping in mind EFIT;  producing an advanced Pre-design File of XT-ADS starting from MYRRHA and keeping in mind EFIT; 
 answering the potential show stoppers in Basic Technological (material, HLM technology, instrumentation);  answering the potential show stoppers in Basic Technological (material, HLM technology, instrumentation); 
 designing, building and testing the Key Accelerator components;  designing, building and testing the Key Accelerator components; 
 designing the spallation module from the point of view of hydraulic, vacuum and mechanical design;  designing the spallation module from the point of view of hydraulic, vacuum and mechanical design; 
 realising a coupling of the ADS components at realistic power.  realising a coupling of the ADS components at realistic power. 

  
Main contact person Main contact person 
Hamid Aït Abderrahim hamid.ait.abderrahim@sckcen.beHamid Aït Abderrahim hamid.ait.abderrahim@sckcen.be
 
Main reference 
H. Aït Abderrahim et al., "MYRRHA Pre-Design File – Draft 2", SCK•CEN Report R-4234, June 2005 (2005). 
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 IP EUROTRANS: FROM MYRRHA TOWARDS XT-ADS 

 
 
Background 
The integrated project (IP) EUROTRANS (EUROpean Research Programme for the TRANSmutation of 
High-Level Nuclear Waste in an Accelerator Driven System) has been launched in the Euratom Sixth 
Framework Programme (FP6) and has officially started in April 2005 for a duration of four years. This project 
is the logical continuation of several activities worked out within the previous Framework Programme (FP5), 
namely the ADOPT network, the FUETRA, BASTRA and TESTRA clusters and the PDS-XADS project. 
 
The project is divided into five main sub-projects or domains (DMs). SCK•CEN coordinates the DM1 
DESIGN described hereafter. The aim of DM2 ECATS is to provide validated experimental input from 
relevant coupling experiments of an accelerator, a spallation target and a sub-critical blanket, while the 
development and demonstration of the associated technologies is devoted to the remaining DMs, DM3 
AFTRA (fuels), DM4 DEMETRA (heavy liquid metal technologies) and DM5 NUDATRA (nuclear data). 
 
Objectives 
The objective of the DM1 DESIGN of IP EUROTRANS is to proceed by a significant jump towards the 
demonstration of the industrial transmutation through the ADS route. The strategy of European 
Transmutation Demonstration (ETD) is carried out with two interconnected activities: 
 
 The first activity is to develop an advanced design file leading to a short-term (i.e. realisation within the 

next 10 years) experimental demonstration of the technical feasibility of Transmutation (at 50 to 100 
MWth) in an Accelerator Driven System (XT-ADS). Liquid lead-bismuth eutectic (LBE) is used as primary 
coolant and material for the spallation target and the core is designed with standard MOX fuel.  

 The second activity is to carry out in parallel a reference conceptual design for a modular EFIT (European 
Facility for Industrial Transmutation) machine with a power of up to several 100 MWth, as a basis for a 
cost estimate and safety studies for an ADS-based transmutation system. For the EFIT, liquid lead is 
used both for the primary coolant and the spallation material. A back-up gas cooling option for EFIT will 
be studied based on the effort of the PDS-XADS concept, but limited to Minor Actinide (MA) core based 
EFIT. No primary neither auxiliary systems detailed design works are to be conducted. 

 
The XT-ADS core will be designed in such a way to be able to host a full MA fuel assembly in representative 
irradiation conditions in terms of dpa and burnup of the EFIT machine. The XT-ADS is intended to be a test 
bench for the main components and operation scheme for the EFIT and will govern its future design effort. 
Nonetheless, XT-ADS core performances are also aimed to be typical of a fast spectrum irradiation facility. 
 
The size and power of EFIT, a first-of-a-kind ETD, should be carefully selected based on the experience 
gained when introducing the LWR- and FBR-technology in Europe. It should be compatible with the state of 
science and technology at the end of FP6 to guarantee realisation of an EFIT without a too high risk of 
failure. 
 
Principal results 
During the first months of IP EUROTRANS, SCK•CEN proposed to use MYRRHA (see the figure below) as 
starting point for the XT-ADS design work. The DM1 partners have approved this proposal. In order to better 
meet the objectives of XT-ADS, we agree to revisit some options of MYRRHA, mainly: 
 investigate the feasibility of core loading from top in order to gain visibility (after a certain amount of LBE 

has been pumped out) in case of fuel manipulation difficulties without jeopardizing the easy and flexible 
access to the core for In-Pile sections (IPS) manipulation; this should also enhance the natural circulation 
for decay heat removal since the distance between cold (emergency heat exchangers) and hot (core) 
sources might be increased; 

 to reduce the pressure in the core by revisiting the P/D ratio of the fuel assemblies; 
 to optimise the number of irradiation positions to minimise the number of IPS in the core and the number 

of penetrations through the diaphragm; 
 to re-assess the choice of the proton beam parameters (Ep and Ip) and  
 to revisit the diaphragm design taking into account the modifications listed above and the representativity 

of EFIT. 
 
Having in mind that EFIT is intended as an industrial-scale transmutation facility, the characteristics of EFIT 
have been defined bearing in mind the efficiency of transmutation, the easiness of operation & maintenance 
and the high level of availability in order to achieve an economical transmutation. 
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Overview of the present-day MYRRHA concept 

 
Future work 
Besides the mechanical design work that is required to revisit the original MYRRHA options (see above), 
several other aspects of the XT-ADS can now be further worked out, due to the decision to use MYRRHA as 
a starting point, namely: 
 designing the MOX fuel core, in order to reach acceptable levels of fast and thermal fluxes; 
 designing the spallation loop, similar to the MYRRHA loop, but to be integrated in a larger core; 
 a first iteration from MYRRHA to XT-ADS on plant layout and remote handling operation; 
 and for safety considerations, determining the approach and the acceptance criteria for both XT-ADS and 

EFIT machines; the safety calculations can only be performed later, when a preliminary design would be 
available. 

 
Main contact person 
Didier De Bruyn didier.de.bruyn@sckcen.be
 
Main reference 
D. De Bruyn & J.U. Knebel (2005) "The Integrated Project EUROTRANS: EUROpean Research Programme 
for the TRANSmutation of High Level Nuclear Waste in an Accelerator Driven System (ADS)", 38th annual 
meeting of the IAEA Technical Working Group on Fast Reactors & Accelerator Driven Systems, Sao Paolo & 
Rio de Janeiro (Brazil), May 23 – 27 
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REBUS-BWR INTERNATIONAL PROGRAMME AT THE  
VENUS CRITICAL FACILITY  
 

 
 
 
Background  
Present criticality safety calculations of irradiated fuel often have to model the fuel as fresh fuel, since no 
precise experimental confirmation of the decrease of reactivity due to accumulated burn-up exists. The 
disregard of this so called burn-up credit limits the stacking density of spent fuel and hence has serious 
economical implications for transport, storage and reprocessing of irradiated fuel. For long-term geological 
storage it is almost imperative to apply burn-up credit. 
 
Objectives  
The aim of the REBUS programme (Reactivity Tests for a Direct Evaluation of the Burn up Credit on 
Selected irradiated LWR fuel bundles) is to establish an experimental benchmark data base for the validation 
of reactor physics codes for the calculation of the loss of reactivity due to burn-up for LWR fuel. 
The present second phase - following a first PWR UO2 and MOX fuel phase carried out 2002-2004 - studies 
the reactivity effect induced by the burn-up of BWR high burn-up MOX fuel rods together with a thorough 
non-destructive characterisation of the irradiated BWR MOX rods and a radiochemical analysis of a 
representative sample from the irradiated BWR MOX fuel. 
 
Principal results 
The fuel involved is industrial spent MOX fuel rods extracted from 9×9 BWR assemblies from the German 
Gundremmingen nuclear power plant. Out of the ~ 4 m long industrial rods, 16 ~ 1 m rodlets – fitting in the 
VENUS facility – were successfully refabricated. The burn up of these rodlets ranges from 50 to 70 GWd/tM. 
Their geometry was accurately measured by profilometry and their axial burn-up profile by combined gross 
gamma scanning and gamma spectroscopy. In order to preserve the contamination-free water pool of the 
VENUS critical facility, the refabricated rodlets were verified for their leak tightness by He leak testing, were 
extensively cleaned with the MEDOC process (Metal Decontamination by Oxidation with Cerium – developed 
at SCK•CEN) and subsequently subjected to a second He leak-test. All these measures resulted in an 
acceptable strongly reduced β-γ-activity transfer to water and insignificant α-activity transfer from the spent 
fuel rodlets. 
 

 
 

The REBUS bundle 
 
The 16 rodlets were then assembled in the REBUS bundle in a 1 over 2 loading scheme (to increase the 
reactivity effect), together with 8 fresh MOX rods that are positioned near the corner structural tubes. The 
REBUS bundle was transferred from the hot-cells, were all foregoing preparatory works were performed, 
towards the VENUS facility in a special designed REBUS container (appropriate for loading the bundle in the 
VENUS facility) that was in his turn enclosed in a transport container (suited for outdoors inter-building 
transport). 
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REBUS BWR MOX configuration consisting of a central 7x7 test zone 
surrounded by a pure UO2 feeding zone. A and R stand for the axial and 
radial fission rate measurement positions. The black dots indicate axial 
flux measurement positions. 
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REBUS container on top of VENUS REBUS container on top of VENUS 
  
At the VENUS facility, the REBUS container was positioned on top of the reactor and after closing the 
reactor room the bundle was lowered into the VENUS reactor remotely.  The REBUS-BWR experiment used 
the same core layout as the foregoing REBUS-PWR experiment, i.e. the driver zone is made up of a square 
27x27 configuration of fresh VENUS UO2 fuel rods. In this way advantage is taken of the work already 
performed in the PWR phase: the configuration with the irradiated MOX BWR bundle is compared against 
the REBUS-PWR one with fresh PWR MOX fuel rods.  
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The critical water level together with the reactivity coefficient of the water level was determined. The axial 
and radial fission-rate distribution outside the REBUS bundle was derived by γ-scanning of specific rods that 
were unloaded after one day irradiation at full power (max. flux 5 × 109 n/cm2/s). Furthermore, the γ-activity 
analysis of Co foils – being mounted both inside the bundle and outside in the feeding zone – provided the 
radial Co-reaction distribution from which the relative radial flux distribution can be derived. 
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The experimental programme was successfully carried out and the REBUS bundle transferred back to the 
hot-cell where the bundle was disassembled. As anticipated, the water of the VENUS facility showed an 
increased β-γ activity up to 3000 Bq/l and no increase in α-activity. The water could easily be evacuated and 
the VENUS vessel and associated hydraulic circuits easily were then cleaned to remove the residual activity. 
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At the hot-cells, a representative radiochemical sample was cut out of one of the rodlets. A radiochemical 
analysis will be performed to determine the top 19-absorbing nuclides, representing almost 80% of the 
neutron absorbing power, together with different burn-up indicators and the main minor actinides. This 
analysis has started and is scheduled to finish around summer 2006. 

At the hot-cells, a representative radiochemical sample was cut out of one of the rodlets. A radiochemical 
analysis will be performed to determine the top 19-absorbing nuclides, representing almost 80% of the 
neutron absorbing power, together with different burn-up indicators and the main minor actinides. This 
analysis has started and is scheduled to finish around summer 2006. 
  
Main contact person   Main contact person   
Peter Baeten, peter.baeten@sckcen.bePeter Baeten, peter.baeten@sckcen.be
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DEVELOPING NEUTRONICS CALCULATION TOOLS FOR MYRRHA 

 
 
Background 
The design of the Accelerator Driven System MYRRHA requires adequate and specialised tools in the field 
of neutronics calculations. In order to "fill the gaps", several PhD programmes were launched. In 2005 three 
such PhD projects were running. Each of them focuses on different stages in the computation of a core of 
MYRRHA. The first project "Improvements of the spallation reaction model", a collaboration with the 
University of Liège, deals with the characterisation of the spallation neutron source using the INCL (Intra-
Nuclear Cascade of Liège) model. Since at high energies, nuclear data are sparse, calculations rely on 
models. Especially for spallation reactions that occur at proton energies of several hundreds of MeV, models 
are the only means to evaluate the spallation source in MYRRHA. The second project "Neutron transport 
with anisotropic scattering", a collaboration with the Université Libre de Bruxelles, works on the development 
of a neutronics code, CASE-BSM, for systems with highly anisotropic scattering. The presence in large 
amounts of both lead and bismuth atoms in the MYRRHA core results in a highly anisotropic scattering of the 
neutrons in the bulk of the coolant. Neglecting this effect has large consequences on both global parameters, 
like keff, as well as on local parameters, like the neutron flux seen by the vessel. The third project, "ALEPH: 
An integrated Monte Carlo bun-up tool", a collaboration with Ghent University, treats the last phase of a core 
calculation: the depletion of the fuel during irradiation. For an experimental machine like MYRRHA it is of 
utmost importance to have a fast calculational tool to evaluate the incineration of both isotopes present in the 
fuel as isotopes present in experimental devices. 
 
Objectives 
The main objective is to improve the current quality of the neutronics codes focused on ADS applications 
and to have this knowledge "in-house".  
 
Principal results 
The intranuclear cascade model of Liège (INCL) consists of the tracking in space and time of particles inside 
the nucleus using Monte Carlo techniques. Given the energy range of validity of this reaction model (200 
MeV to 3 GeV), the particles tracked are neutrons, protons, deltas and pions. 
 

In the INCL model, nucleons are assumed to move inside a 
nuclear mean field described by a potential well of constant depth, 
of about 45 to 50 MeV. However it has been recognised since a 
long time that the nuclear mean field depends on the nucleon 
(isospin) and varies with its energy. A better description of the 
mean field of the nucleons and of the delta-particles is now 
implemented in the model. Above 300 MeV, pions are 
progressively produced and can play a non-negligible role to 
accurately describe spallation reactions. The description of the 
physics of the pions as implemented in the INCL model is 
improved by the introduction of an optimal pion mean field and 
from then reflection or refraction of pions on the nuclear surface 
and the implementation of pion-nucleon cross section around the 
delta-resonance. 

 
Spallation event and intra-nuclear cascade 
 
CASE-BSM is a one-dimensional neutron transport module based on the Boundary Sources Method that 
allows for arbitrary order anisotropic scattering. One can say that the theory for neutron transport with 
anisotropic scattering really started in 1961 with a paper by Janusz Mika. He clearly identified the duality of 
the spectrum of the neutron transport operator: the discrete spectrum and the continuum spectrum. In the 
case of anisotropic scattering there can be a large number of discrete eigenvalues. We have developed a 
methodology to find all - and this can be guaranteed by the code - eigenvalues for any type of anisotropic 
scattering.  For the continuum spectrum, we have set up a computational framework to evaluate this, based 
on numerical quadrature.  
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All this has been combined in a one-dimensional 
neutron transport code, CASE-BSM. We found that our 
code can stand next to the major known benchmark 
codes when comparing the number of correct digits on 
neutron fluxes, in- and out-going currents and critical 
widths for low anisotropic orders. For high anisotropic 
scattering orders, we believe our code to outperform 
both on speed as on accuracy the current available 
codes. This PhD work has been successfully defended 
on May 12th, 2005 at the Université Libre de Bruxelles. 
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ALEPH is a C++ interface code between NJOY 99.112, ORIGEN 2.2 and any version of MCNP or MCNPX. 
Through a deeper understanding of the Monte Carlo game, we have developed an optimum approach to 
reaction rate calculation which we have called the multi-group binning approach where the Monte Carlo code 
provides a very fine multi-group spectrum that is used to calculate the reaction rates outside the Monte Carlo 
simulation.   
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provides a very fine multi-group spectrum that is used to calculate the reaction rates outside the Monte Carlo 
simulation.   

This new approach allows us to reduce the calculation 
time of every burn-up step to that of the basic Monte 
Carlo simulation process. A time reduction factor up to 
900 is shown to be achievable. ALEPH has already been 
applied to fuel cycle studies and full 3D reactor 
calculations in the MYRRHA project. The nuclear data for 
both ALEPH and MCNP(X) is being handled by ALEPH-
DLG (Data Library Generator), a utility code to ALEPH. 
ALEPH-DLG automates the entire process of generating 
library files with NJOY and verifies the processing 
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Future work  Future work  
At intermediate energy (20 MeV to 200 MeV) most theoretical tools are based on various pre-equilibrium 
models for which the theoretical justification has not yet been provided. Since the INCL model is giving 
satisfactory results at 100 MeV incident energy, theoretical approaches will be compared with INCL. Finally 
the previous improvements and comparisons will be applied to the design of spallation target. 
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Now that the methodology in CASE-BSM has been validated, the module will be included in HEXNODYN, a 
time-dependent neutron transport code under development at ULB and SCK•CEN. Meanwhile, we are 
constantly improving our code, both on speed and accuracy.   
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For now, ALEPH only recalculates the reaction rates for the burn-up calculation. In future versions of ALEPH 
we will also calculate spectral averaged fission yields and branching ratios for isomer production. The 
development of ALEPH-DLG will continue in the framework of the NEA-OECD JEFF Nuclear Data Project.  
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FIBRE OPTIC TEMPERATURE SENSORS MONITORING FUTURE 
LARGE NUCLEAR FACILITIES 

 
 
Background 
The use of optical fibre distributed sensors for temperature sensing is a powerful way of monitoring, quasi 
simultaneously, thousands of points avoiding the requirement of optimum positioning of discrete temperature 
sensors. Their range of applications is rapidly expanding in the industry and nowadays this fibre optic sens-
ing technology is mature for industrial applications such as fire detection inside buildings and tunnels, proc-
ess vessel monitoring, leak detection in cryogenic storage vessels (liquid natural gas, ammonia, ethylene) or 
oil wells and the measurement of energy cable thermal distribution for the power supply industry. These ap-
plications rely on the well known immunity of fibre optic sensors to electromagnetic interference and the abil-
ity of fibre sensors to be operated in hazardous environments. 
 
On the other hand, the nuclear industry shows a growing interest for the possibilities offered for temperature 
sensing applications. Raman distributed fibre optic temperature sensors are attractive for the monitoring of 
large nuclear infrastructures such as containment buildings of nuclear power plants, coolant loop systems 
and nuclear waste repositories. Its radiation tolerance needed to be assessed up to high gamma total doses.  
 
Objectives 
A major problem in the application of optical fibres in nuclear environments is the presence of ionizing radia-
tion fields that induce an increase of the optical fibre attenuation. This radiation-induced degradation of the 
measurement signal could be critical since most commercially available distributed temperature sensors de-
rive the temperature profile from the measurement of the Raman backscattered light intensity along the fibre, 
using optical time domain reflectometry techniques. The objective is therefore to investigate whether such a 
distributed sensing system can withstand radiation doses that can be encountered in nuclear facilities. 
To do so we relied on commercial grade multimode fibres in a double ended Raman detection scheme to 
cope with radiation induced losses. We evaluated the double-ended Raman detection scheme up to more 
than 300 kGy in the 60Co gamma irradiation facility BRIGITTE (SCK•CEN).  
 
Principal results 
We used an industrial Sensa DTS 800 system to perform the temperature distributed measurement. The 
DTS 800-M8 uses 50-125 µm, graded index, multimode optical fibre of up to 8 km in length, in either a dou-
ble-ended (loop) or singled-ended configuration. Its spatial resolution is 1 m and its accuracy is ±0.5 °C be-
tween 0 and 85 °C. The system can cope with a maximal total loss of 17 dB at its operating wavelength of 
1064 nm.  
 
The dual loop arrangement performs well under gamma radiation. When the temperature remains constant 
in each zone, the Raman Distributed Temperature sensor (RDTS) read-out remains constant, within its accu-
racy of ± 1 °C, as shown in  this for zones 1 and 2.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Evolution of the temperature profile as a function of  
the irradiation time (acrylate-coated fibre). 
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The total attenuation, including radiation loss and connection loss, is about of 6.3 dB for the polyimide-
coated fibre and 7.5 dB for the acrylate-coated fibre. These losses could therefore be compensated by the 
SENSA DTS800 system, with its dynamic range of about 17 dB, up to the MGy dose level. The figure below 
shows the difference between the two temperature measurements for fibre 1 in zone 1 (with the highest dose 
rate).  
 

 
 

 
Temperature difference between the RDTS and the thermocouple T1 in zone 1 as a function of time, recorded before 

and after a gamma irradiation of 326.8 kGy. 
 
This difference is lower than 0.5 °C, which falls within our measurement errors (thermocouple accuracy is ± 1 
°C and RDTS resolution ± 1°C). A long-term accuracy lower than 0.5 °C is nevertheless sufficient for the 
monitoring of large nuclear infrastructures. 
 
Our results have shown that double-ended RDTS systems can cope with power losses induced by ionising 
radiation beyond 300 kGy. No specific calibration technique is needed to correct for the radiation effects in 
commercially-available optical fibres, making double-ended RTDS systems applicable for temperature moni-
toring and fire detection in large nuclear infrastructures. 
 
Future work 
Distributed sensors based on stimulated Brillouin scattering also have an interesting potential for distributed 
strain and temperature monitoring in the nuclear industry. Since the sensing information is frequency-
encoded, it should also exhibit a good radiation tolerance. We will investigate the radiation effect on the Bril-
louin shift for application in ionizing radiation environments. 
 
Main contact person 
Fernandez Fernandez, alberto.fernandez.fernandez@sckcen.be

  
Main reference 
A. Fernandez Fernandez, P. Rodeghiero, B. Brichard, F. Berghmans A.H. Hartog, P. Hughes, K. Williams 
and A.P. Leach, "Radiation-tolerant Raman distributed temperature monitoring system for large nuclear in-
frastructures", to be published in IEEE Transaction in Nuclear Sciences, December 2005. 
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MATERIALS FOR SPACEBORNE LASER SYSTEMS 

 
 
Background 
Advanced laser systems are attracting a growing interest for space missions, in particular for LIDAR (LIght 
Detection And Ranging) applications. An important issue for the LIDARs is the very strict requirements on 
the optical performance and more specifically the need for a high optical output power combined with a 
nearly perfect output beam quality. These features are traditionally in conflict with each other. Thermally 
induced phase distortions indeed corrupt the beam quality of high-power solid-state lasers and it becomes 
increasingly difficult to maintain a good beam quality while increasing the output power. A possible solution 
of the problem is to use the optical phase conjugation, which provides a method to dynamically correct for 
those aberrations.  
A process by which phase-conjugated waves can be generated is the SBS (stimulated Brillouin scattering). 
SBS mirrors commonly used in terrestrial application are based on liquids or gases, which are not "space-
friendly" and often toxic. The solid-state alternative seems the most appropriate for space. Such PCMs 
(Phase-Conjugating Mirrors) have been the subject of many research efforts in recent years and a significant 
progress in improving their characteristics has been achieved. However, the issue of space qualification 
remains open. To address it, the European Space Agency initiated in 2004 the research project named 
"Solid-State Phase Conjugation, Radiation Testing and Evaluation for Core Laser Technologies" with the 
TRT (Thales Research & Technology), France, as the prime contractor, and the CSL (Centre Spatial de 
Liège) and SCK·CEN as the subcontractors. The project is to be completed in 2006.  
 
Objectives 
To qualify a PCM for a spaceborne laser system, one has to address a number of specific issues. Such a 
component must be mechanically rugged to sustain vibrations during the launch phase, provide a low out-
gassing to prevent optical surfaces contamination in vacuum, be highly reliable to operate properly without 
interventions during prolonged mission times. In addition, the presence of radiation in space means that it 
must be radiation tolerant.  
Our objective was to define the list of candidate PCM materials, which can sustain the space radiation 
conditions, to perform radiation testing of the selected materials and components, and draw conclusion 
about the sensitivity of the tested materials to radiation.  
 
Principal results 
Several effects can contribute to the radiation-induced performance degradation of the PCMs. Based on the 
data available in the literature, we concluded that the radiation-induced optical transmission degradation 
(coloration of glasses) may have the strongest impact on the performance. Fused silica (SiO2) and telluride 
oxide (TeO2) have been identified as suitable radiation-tolerant materials and tested under gamma and 
proton radiation. SCK•CEN performed gamma-irradiation in the RITA facility. For the proton radiation tests, 
the cyclotrons of the VUB (Vrije Universiteit Brussel) and of the Paul Scherrer Institute (PSI) in Switzerland 
have been used. At the VUB a dedicated set-up was designed and built to allow for in-air irradiation 
(previously irradiations were performed under vacuum). 
 
The radiation tests showed that at a dose level ~1 Mrad (10 kGy), which is often considered as the figure of 
merit for space applications,  the induced optical absorption at the working wavelength is indeed very low, 
i.e. below  0.02 and 0.002 cm-1 for silica and TeO2, respectively. In a standard optical system such levels 
would not create any problem. However, theoretical estimations indicate that for a SiO2 based PCM the 
thermally induced self-focusing may play a role even at absorption levels of ~0.001 cm-1. Therefore, to 
complete the qualification, actual PCMs have been irradiated and the impact of radiation will be assessed by 
checking the performance of the laser system operating with the irradiated components. That will be done in 
January-February 2006 by the TRT.  
 
In addition to the transmission measurements at the working wavelength, the optical properties of radiation 
induced colour centres in the UV were investigated with the intention to derive a correlation between proton 
and gamma radiation. There are contradictive opinions in literature whether the effects produced by two 
types of radiation can be scaled to one another. Our results show that for both types of radiation the induced 
absorption is dominated by the same types of radiation defects, generated with a comparable efficiency.  
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Proton-irradiation set-up at the VUB Proton-irradiation set-up at the VUB 
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Variation of the 216-nm absorption band amplitude with radiation dose increase for different types of silica.  Diamonds – 
Lithosil, squares – SU1, triangles- SU311.  

 
For example, the amplitude of the 216-nm absorption band for three different types of silica (Lithosil, SU1 
and SU311) as a function of the radiation dose for 37 MeV protons with a dose-rate of 100 kGy/h (left hand 
side graph) is similar to that observed under Co60 gamma-radiation with a much lower dose-rate of 300 Gy/h 
(right hand side graph). The differences observed between the graphs can be explained by taking into 
account the differences in the dose-rates.  
 
Future work 
Spectroscopic measurements on the irradiated silica samples will be continued to address the effect of long-
term post-radiation relaxation.  
 
Main contact person 
Andrei Gusarov, andrei.goussarov@sckcen.be
 
Main reference 
A. Gusarov, Technical Note 4: Irradiation campaign (WP1400), Restricted Contract Report, SCK•CEN-R-
4261, October 2005, 20p. 
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MECHANICAL RELIABILITY ASSESSMENT OF OPTICAL FIBRES IN 
RADIATION ENVIRONMENTS 

 
 
Background 
After more than two decades of intensive research and even some pioneering applications in space, optical 
fibres are now finding their way in various radiation environments, including both fission and future fusion 
nuclear-power plants, and high-energy physics experiments. For example, next to distributed monitoring 
applications of large nuclear infrastructures, fibre-optics can also be used for data communications during 
maintenance operations in the reactor vessel of the future ITER (International Thermonuclear Experimental 
Reactor), or for plasma diagnostics applications during operation of the reactor. These maintenance and 
diagnostics tasks require the optical fibres to withstand extremely high doses of radiation, up to MGy dose 
levels and temperatures above 150°C. 
 
Objectives 
The reliability assessment of fibre-optic systems for their qualification in nuclear environments often requires 
to meet stringent radiation tolerance levels. The majority of (usually accelerated) radiation assessments have 
so far focused on optical properties, such as wavelength-dependent radiation induced attenuation and radio-
luminescence. The relation of these radiation effects with the fabrication methods and other environmental 
parameters has been the subject of years of research. Only a few results are available on the long-term 
evolution of mechanical properties of irradiated optical fibres. As a first step towards understanding the long-
term reliability of fibre-optic composite cables in hostile radiation environments, we therefore performed 
dynamic fatigue tests with different commercial-grade optical fibres, both multi-mode and single-mode types. 
 
Principal results 
We selected for testing four standard telecom acrylate-coated Ge-doped single-mode fibres from three 
different manufacturers, and one acrylate-coated Ge-doped multi-mode fibre. Fibre samples of 50 m were 
loosely coiled with a diameter of 60 mm and exposed during a first experiment with a dose rate of 27 kGy/h 
up to a total dose of 15 MGy at an ambient temperature of approximately 55 °C. 
 
In collaboration with both Draka Comteq Optical Fibre in Eindhoven and with the School of Engineering 
(Metallurgy and Materials Department) at the University of Birmingham, we performed several mechanical 
tests before and after irradiation, including the two-point bend test. These destructive two-point bend tests 
allow to determine the fibres' strength (50 % failure stress) and the dynamic fatigue factor. Both physical 
quantities are estimated from the measurement of the failure stress as a function of the applied stress rate 
[GPa/sec], resulting in typical Weibull plots as presented in the picture hereunder, which presents the 
probability of failure versus the applied stress with logarithmic scales. 
 
Our Weibull analysis reveals a strength reduction of about 50 % at these MGy dose levels. SEM (scanning 
electronic microscope) images of the fibres samples, which were uncoated after irradiation, further suggest 
that roughening of the outer glass surface can explain this degradation. These first results indicate that the 
long-term mechanical strength of optical fibres could be seriously affected when exposed to MGy dose 
levels. 
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Evolution of the mechanical strength as a function of the applied stress rate, after irradiation up to MGy dose levels. 

(Courtesy of Draka Comteq Optical Fibre, Eindhoven) 
 
 
Future work 
During a second irradiation, we exposed three pristine samples from one single-mode fibre at 55 °C with a 
dose rate of 1.7 kGy/h, 3.4 kGy/h and 17 kGy/h up to total doses of respectively 1.0 MGy, 2.0 MGy and 
10.1 MGy. In parallel, we thermally aged an identical pristine fibre sample in a climate chamber at 55 °C with 
a relative humidity of 50 %. This complementary experiment was conducted in order to distinguish between 
thermal ageing and combined radiation-thermal ageing effects, while we also look for mechanical 
degradation mechanisms at intermediate dose levels. 
We also intend to evaluate the potential impact of different protective coating materials on the mechanical 
reliability of optical fibres in radiation environments, including hermetic amorphous carbon and polyimide 
coatings. 
 
Main contact person 
Marco Van Uffelen, marco.van.uffelen@sckcen.be
 
Main reference 
M. Van Uffelen, S. Kukureka, Y. El Shazly, P. Matthijsse, G. Kuyt, F. Berghmans, Mechanical reliability 
studies of optical fibres under high-dose gamma radiation, accepted for presentation at the conference on 
“Reliability of Optical Fiber Components, Devices, Systems, and Networks III,” part of the SPIE Photonics 
Europe Symposium, 3-7 April 2006 in Strasbourg, France. 
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RADIOACTIVE WASTE & CLEAN-UP: INTRODUCTION 

Guy Collard
 
 
 
 
The primary mission of the “Radioactive Waste and Clean-up” division is to propose, develop and assess 
solutions for a safe, acceptable and sustainable management of radioactive waste.  
 
Managing the past and preparing the future. 
 
 
We believe that nuclear energy will be necessary for the sustainable development of mankind in the 21st 
century, but we well understand that it would not be maintained if it is not proven that within benefits of 
nuclear energy a better protection of the environment is included. 

 
“The scientists hesitate to make assertions in public because, by definition, they are never 
completely sure to be right. This behavior goes hand in hand with the attitude of humility and rigor, 
which characterizes the scientific spirit. But vis-a-vis with the militants who affirm without any other 
proof than their personal conviction, the scientist is in difficulty. The two languages are incompatible. 
However, we scientists, have the duty to defend the truth against the forgers. I consider that we must 
be able to moderate our prudence when the truth is obviously threatened: the respect of the truth 
implies to care with its defense.”  
Translated from Christian de Duve, Nobel price in medicine, Hors-série Sciences et Avenir, p.6, 
November 2005 

 
Therefore we claim that the current waste management practices are both technically and from the 
environmental point of view adequate,  
 
Nevertheless we agree that alternative solutions could consolidate the present waste management. 
Therefore, the new and innovative reactors, fuel cycle and waste management processes and installations 
should be designed so that the waste generation can be kept in minimum. In addition to the design, the 
installations should be operated so as to create less waste; consideration should be given e.g. to keeping 
water chemistry clean and to other quality factors. SCK•CEN in general and the "Radioactive Waste and 
Clean-up" division in particular are present in international groups preparing the development of innovative 
nuclear reactors.  
Therefore we also examine or develop new conditioning techniques to allow the responsible bodies to 
enlarge their scope and to make the best choices. It is the reason why we are testing new conditioning 
methods for bituminized waste, radioactive sodium or previously separated minor actinides. 
 
Contact 
Guy Collard, guy.collard@sckcen.be
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MODELLING URANIUM LEACHING FROM AGRICULTURAL  
SOILS TO GROUNDWATER 

 
 
Background 
Phosphate (P) fertilizers are typically applied annually to agricultural fields, partly in inorganic form.(e.g. 
Ca(H2PO4)2 ). Mineral P-fertilizers contain some natural alpha-activity due to the presence of 238U (among 
other alpha emitters). Uranium concentrations in P-bearing fertilizers have been reported to be in the range 
of 300 to 9200 Bq kg-1 of fertilizer (for both 238U and 234U).  
The migration of U and other elements in soils depends on a large number of processes, including their 
interactions with other aqueous components and the solid phase (e.g., cation exchange, surface 
complexation) as well as time-variable water fluxes and water contents between the soil surface and the 
groundwater table. Predicting U transport hence requires an advanced reactive transport model integrating 
water flow, multiple solute transport and biogeochemical reactions. At SCK•CEN, a new reactive transport 
code for transient flow conditions, HP1, was recently developed. The HP1 code results from the coupling of 
the HYDRUS-1D water flow and solute transport model with the PHREEQC geochemical speciation model. 
The capabilities of the HP1 code are illustrated considering natural uranium leaching from agricultural soils to 
groundwater.  
 
Objectives 
The objectives of the study are (1) to provide insight into the complex system of interacting biogeochemical 
processes that govern uranium mobility in soils using a new state-of-the-art coupled transport model (HP1), 
with special  emphasis on effects of the imposed water flow boundary condition (steady-state infiltration 
versus atmospheric) on the migration of U in an acid sandy soil profile, and (2) to use the calculated uranium 
fluxes from soils to groundwater as yardsticks or reference levels for alternative or complementary safety 
indicators such as radionuclide fluxes from surface repositories for low- and intermediate level short-lived 
waste. 
 
Principal result 
The new biogeochemical transport code HP1 provides useful insights into the complex U-migration through a 
soil profile. Processes included in the model were non-specific binding to a multi-site cation exchange 
complex, specific binding on Fe-oxides, and aqueous complexation reactions. The soil (dry podsol) consists 
of 7 horizons with different hydraulic and geochemical properties. Photo indicates the different soil layers 
with the depth distribution of organic matter and Fe-oxide content indicated. Each year, we assume 0.161 
mol of Ca(H2PO4)2 fertilizater is applied containing 3.77 x 10-6 mol U. A synthetic 200-y time series of 
precipitation and potential evaporation represents the upper atmospheric boundary condition. 
The top figure shows the depth profiles of simulated Ca, P, and U concentration after 100, 150 and 200 y. All 
three elements accumulate in the Bh-horizon, rich in organic matter and iron oxides (see photo). Ca is the 
most mobile element, followed by U, while P is mostly retained in the Bh-horizon. U reached the bottom of 
the soil profile after 100 year. The most important observation is that U moved faster under transient than 
under steady-state flow conditions. HP1 revealed that water content variations induced pH variations: when 
the soil is dry, the pH is lower (results not shown). The combination of the multi-site cation exchange model 
and the surface complexation model for competitive adsorption resulted in a smaller sorption potential at 
lower pH. This resulted in K-values (=adsorbed U (mol/l) / aqueous U (mol/l) changing at least one order of 
magnitude (right figure second row). The lower K-values resulted in a faster U-flux at the bottom of the soil 
profile compared to the fluxes under steady-state flow conditions (figure last row).    
By comparison, the estimated 238U flux from a low-level waste surface repository (as designed in the Belgian 
reference concept) accounting for approximately 70,000 m³ of conditioned waste is around 3 Bq year-1 ha-1 
for an optimistic scenario when all concrete barriers are working properly for more than 105 years. In the 
case the engineered barriers are degraded (i.e., no resistance to rain water infiltrating the repository), this 
flux increases to 103 Bq year-1 ha-1. These fluxes, which would occur over several tens of thousands of years 
after repository closure, are comparable to the simulated fluxes from a soil profile at 100 cm depth after 150 
year of continuous fertilizer application assuming transient flow conditions. However, fluxes from a repository 
would be much lower (up to two orders of magnitude) than “natural” U fluxes from soil when much longer 
time periods of fertilization would be considered (e.g., after 200 years the figure). For a surface repository, 
calculated radionuclide fluxes released after several hundreds of thousands to groundwater, can be used to 
demonstrate qualitatively that serious radiological effects due to waste disposal are not expected. Reference 
values may then be helpful in evaluating such fluxes from a repository. Uranium fluxes from agricultural fields 
could be used as potential reference values. 
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e work e work 
resent study was a first analysis in which most, but still not all, soil processes were incorporated. 
r studies will expand these simulations by incorporating the effects of nitrates, carbonates (soil 
tion), initial U in the soil profile, different surface sites (weak and strong sites), root U uptake, and 
 a more typical agricultural soil profile. 

resent study was a first analysis in which most, but still not all, soil processes were incorporated. 
r studies will expand these simulations by incorporating the effects of nitrates, carbonates (soil 
tion), initial U in the soil profile, different surface sites (weak and strong sites), root U uptake, and 
 a more typical agricultural soil profile. 

contact person contact person 
ik Jacques, diederick.jacques@sckcen.beik Jacques, diederick.jacques@sckcen.be

reference 
s, D., and Šimunek, J., 2005. User Manual of the Multicomponent Variably-Saturated Flow and 
ort Model HP1. Description, Verification, and Examples. Version 1.0. BLG-998 Report, SCK•CEN, 
elgium. 
ckcen.be\hp1
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IMPACT OF ADVANCED FUEL CYCLES ON DISPOSAL OF  
HIGH-LEVEL RADIOACTIVE WASTE  

 
 
Background 
During the last decade various international initiatives have been taken to investigate the role and feasibility 
of advanced nuclear energy systems. Such advanced nuclear systems aim at optimizing the utilisation of 
natural resources and minimizing the generation of long-lived radioactive waste. In the framework of the NEA 
project "Impact of Advanced Nuclear Fuel Cycle Options on Waste Management Policies" SCK•CEN studied 
the impact of advanced fuel cycles on the geological disposal of high-level radioactive waste in a clay 
formation. 
 
Objectives 
The main objectives of the study are assessing the impact of advanced fuel cycles on the design of 
repositories for the disposal of high level radioactive waste and on their long-term radiological 
consequences.  
 
Principal results 
The NEA project identified 10 representative fuel cycle scenarios and 3 variants, of which 4 scenarios were 
selected for detailed quantitative analyses. The considered fuel cycle scenarios are divided into 3 categories: 
(1) cycles based on current industrial technologies and extensions, (2) partially closed cycles, in which 
selected actinides are recycled, and (3) fully closed cycles, in which all actinides are recycled.  
 
The four analysed fuel cycle scenarios are: 
 1a: reference fuel cycle: "once through" cycle based on PWR plants with uranium oxide fuel; 
 1b: fuel cycle based on PWR plants with uranium oxide fuel and the generated Pu is recycled once as 

mixed oxide (MOX) fuel; 
 2a: fuel cycle based on PWR plants with uranium oxide fuel and the generated Pu is continuously 

recycled as mixed oxide (MOX) fuel; 
 3c-v1: fuel cycle based on a gas cooled fast neutron reactor with carbide fuels, in which all the actinides 

are recycled. 
 
To illustrate the potential impact on waste disposal of separation of fission products from the high-level 
waste, a variant of scenario 3c-v1, in which it is assumed that Cs and Sr are separated, is also considered. 
 
Starting from repository concepts that have been developed within the Belgian national radioactive waste 
management programme for disposal of vitrified high-level waste and spent fuel in a clay formation, we 
evaluated the impact of the innovative fuel cycle scenario on the repository dimensions.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Repository concept considered for the disposal of uranium oxide spent fuel 
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Thermal calculations determine the maximum allowable disposal density: a temperature limit of 100 °C at the 
interface between the gallery lining and the clay has to be respected. The following table gives the resulting 
relative lengths of the galleries required for the disposal of the high level radioactive waste for a 50 years 
cooling time.  

Thermal calculations determine the maximum allowable disposal density: a temperature limit of 100 °C at the 
interface between the gallery lining and the clay has to be respected. The following table gives the resulting 
relative lengths of the galleries required for the disposal of the high level radioactive waste for a 50 years 
cooling time.  

  
Fuel cycle Fuel cycle Relative length of required disposal galleries  Relative length of required disposal galleries  

(cycle 1a is taken as reference) (cycle 1a is taken as reference) 
1a 1.000 
1b 0.963 
2a 0.947 

3c-v1 0.287 
3c-v1 (removal of Cs and Sr) 0.107 

 
The second step of the analyses consists of an evaluation of the radiological impact of the HLW disposal. 
We made simulations of the transport of radionuclides contained in the disposed high-level waste types 
through the main components of the geological repository system for the case of the expected evolution of 
the disposal system. The following figure gives the total doses calculated for the 4 considered fuel cycle 
scenarios and the variant considering removal of Cs and Sr.  
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waste. The more compact disposal configuration in case of advanced fuel cycles strengthens the 
contribution of solubility limits to the confinement of radionuclides. Doses due to actinides occur after 3 
million years, they are at least 2 orders of magnitude lower than the doses due to fission products. 
 
T
reduction of the needed size of the geological repository. However, the impact on the radiological 
consequences is rather limited. Indeed, the maximum dose, which is expected to occur a few tens of 
thousands of years after the disposal of the waste, is essentially due to fission products such as 129I, 79Se 
and 126Sn, and their amount is about proportional to the heat generated by nuclear fission.  
 
F
In the framewo
Technologies on the Final Waste Disposal) project of the European Commission, SCK•CEN will make in 
2006 analyses for a larger set of fuel cycle scenarios, including transmutation and partitioning scenarios. 
 
Main contact person 
Jan Marivoet, jan.marivoe
 
Main reference 

Weetjens, Assessment of the disposal of HLW from advanced fuel cycle scenarios in the J. Marivoet and E. 
Boom Clay formation. Appendix H in Advanced Fuel Cycles and Waste Management. OECD/NEA, Paris. 
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EFFECTS OF CLAY ON THE DISSOLUTION BEHAVIOUR OF  EFFECTS OF CLAY ON THE DISSOLUTION BEHAVIOUR OF  
NUCLEAR WASTE GLASS  NUCLEAR WASTE GLASS  
  

  
Background Background 
In the concept for the geological disposal of vitrified nuclear HLW (high-level waste), the biosphere is protected 
from the waste by multiple barriers, each with their specific safety functions. A first barrier is the waste matrix 
itself, which should be resistant against leaching, resulting in a slow radionuclide release into the surrounding 
host rock. As a second barrier, the previous reference disposal design for HLW glass in Belgium foresaw a 
bentonite buffer. The third barrier would be the Boom Clay host rock. Therefore, our laboratory has performed 
many experiments with glass in contact with bentonite or Boom Clay, making from the interaction of waste 
glass and clay an important field of expertise. 

In the concept for the geological disposal of vitrified nuclear HLW (high-level waste), the biosphere is protected 
from the waste by multiple barriers, each with their specific safety functions. A first barrier is the waste matrix 
itself, which should be resistant against leaching, resulting in a slow radionuclide release into the surrounding 
host rock. As a second barrier, the previous reference disposal design for HLW glass in Belgium foresaw a 
bentonite buffer. The third barrier would be the Boom Clay host rock. Therefore, our laboratory has performed 
many experiments with glass in contact with bentonite or Boom Clay, making from the interaction of waste 
glass and clay an important field of expertise. 
  
Objectives Objectives 
The objectives of the studies on the stability of waste glass in conditions representative of the relevant disposal 
concept, are to create a database for the evaluation of the radiological long-term safety, and to validate certain 
simplified hypotheses in these evaluations, which allow the modelling of the glass dissolution behaviour. 

The objectives of the studies on the stability of waste glass in conditions representative of the relevant disposal 
concept, are to create a database for the evaluation of the radiological long-term safety, and to validate certain 
simplified hypotheses in these evaluations, which allow the modelling of the glass dissolution behaviour. 
  
Principal results Principal results 
For a long time the sorption of silica by clay has been considered as a key driving force for glass dissolution, 
but the process was not sufficiently quantified. Thanks to the combined efforts of the laboratories of the 
sections R&D Waste Packages and Geological Disposal of SCK•CEN, we now have a more precise picture of 
the dominant processes, based on three types of experiments: (1) dynamic experiments with silica rich 
solutions passing over Boom Clay suspensions, (2) batch sorption experiments with 32Si, and (3) 
migration/percolation experiments with 32Si labelled clay water. It appears that Si-sorption on Boom Clay can 
be described relatively well by a single Kd (distribution coefficient) value for the Si concentrations expected in 
situ. Kd is about 0.011 – 0.025 m³ kg-1 in diluted suspensions, and about 0.025 – 0.075 m³ kg-1 in compacted 
clay. A comparison of the main Si diffusion and sorption parameters for compact FoCa-clay (a candidate 
backfill bentonite) and Boom Clay at 25°C suggests a slightly higher sorption for the FoCa-clay. 

For a long time the sorption of silica by clay has been considered as a key driving force for glass dissolution, 
but the process was not sufficiently quantified. Thanks to the combined efforts of the laboratories of the 
sections R&D Waste Packages and Geological Disposal of SCK•CEN, we now have a more precise picture of 
the dominant processes, based on three types of experiments: (1) dynamic experiments with silica rich 
solutions passing over Boom Clay suspensions, (2) batch sorption experiments with 

  

32Si, and (3) 
migration/percolation experiments with 32Si labelled clay water. It appears that Si-sorption on Boom Clay can 
be described relatively well by a single Kd (distribution coefficient) value for the Si concentrations expected in 
situ. Kd is about 0.011 – 0.025 m³ kg-1 in diluted suspensions, and about 0.025 – 0.075 m³ kg-1 in compacted 
clay. A comparison of the main Si diffusion and sorption parameters for compact FoCa-clay (a candidate 
backfill bentonite) and Boom Clay at 25°C suggests a slightly higher sorption for the FoCa-clay. 

The parameter values obtained in this way can be used directly in a model calculating the glass dissolution as 
a function of time. To validate this model and the previously measured parameter values, we have performed 
combined glass dissolution – diffusion experiments in Boom Clay with 32Si doped glass. In these experiments, 
glass samples slowly dissolve due to contact with the water-saturated clay, and the diffusion profile into the 
clay of 32Si released by the glass is measured. The resulting data (glass mass loss, clay water concentrations, 
and 32Si diffusion profiles) are then modelled. Below, we show the experimental set-up, the 32Si diffusion profile 
in the clay of an experiment of 887 days at 30°C, and the corresponding fitted profile by the model, combining 
the effects of glass dissolution and silica sorption/diffusion in the clay. 

The parameter values obtained in this way can be used directly in a model calculating the glass dissolution as 
a function of time. To validate this model and the previously measured parameter values, we have performed 
combined glass dissolution – diffusion experiments in Boom Clay with 

  

32Si doped glass. In these experiments, 
glass samples slowly dissolve due to contact with the water-saturated clay, and the diffusion profile into the 
clay of 32Si released by the glass is measured. The resulting data (glass mass loss, clay water concentrations, 
and 32Si diffusion profiles) are then modelled. Below, we show the experimental set-up, the 32Si diffusion profile 
in the clay of an experiment of 887 days at 30°C, and the corresponding fitted profile by the model, combining 
the effects of glass dissolution and silica sorption/diffusion in the clay. 
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A good fit was obtained with parameter values within – or close to – the anticipated range. This corroborates 
the confidence in the model, and the applied parameter values.  
Based on these experiments, we conclude that silica precipitation in the clay is not important at low 
temperature on the short term. On the long term, however, this may change. To study the long-term effects, we 
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have performed experiments where the glass is put in contact with clay presaturated with silica by the addition 
of silica-rich components (glass frit). This system simulates the long term situation, where enough glass has 
dissolved to saturate the sorption sites of the contacting clay. The experiments have been performed with 
diluted Boom Clay and FoCa clay suspensions, and with compact clay. A typical result for the suspensions is 
given in the figure below (glass SON68 in contact with Boom Clay at 40°C). It shows the boron (B) and silica 
(Si) concentrations in the water of the clay suspension contacting the glass. Boron (B) is an important glass 
corrosion indicator, whereas silica is the most important glass matrix component. The glass coupon was added 
to the clay suspension after 238 days, when the clay was presaturated with silica, due to the partial dissolution 
of the glass frit. After the addition of the glass, the boron and silica concentrations do not change any more. In 
agreement with this, very low glass mass losses were registered.  
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Evolution of the concentration of boron (B) and silica (Si) in the clay water of a suspension of Boom Clay, which was 
presaturated with silica by addition of glass frit (first 238 days), after which a SON68 glass coupon was added. The boron 
and silica evolution in the first 238 days is due to the dissolution of the glass frit. The concentrations do not change any 
more after the addition of the glass coupon. The glass mass losses were much lower than in similar tests with fresh 
(unsaturated) clay. The test temperature was 40°C. 
 
Similarly, very low glass mass losses were measured in contact with compact, Si-saturated FoCa clay.  
These experiments prove that an initially aggressive clay will eventually become almost inert towards the glass, 
irrespective of the clay concentration. 
 
We conclude that the experiments performed in the last years have allowed us to better understand and model 
the impact of clay on glass dissolution. Extrapolations to the long term become increasingly reliable, but 
experimental confirmation of the long-term behaviour remains important. 
 
Future work 
To obtain long-term data, we have started glass dissolution experiments with Boom Clay and presaturated 
FoCa-Clay with durations of more than 10 years. To further refine the model concept, we need to better 
understand the impact of distance between interactive materials like overpack corrosion products or backfill 
clay, and the glass. This will allow us to determine whether materials that are separated from the waste by the 
engineered barriers (e.g. the Boom Clay layer, or even the outer part of the backfill clay) can still have an effect 
on the glass dissolution. In this respect, we will study the effect of a layer of metallic corrosion products, in the 
frame of the EC-co-funded NF-PRO (Near Field PROcesses) project. 
 
Main contact person 
Karel Lemmens, karel.lemmens@sckcen.be
 
Main references 
K. Lemmens, M. Aertsens, V. Pirlet, N. Maes, H. Moors, P. Van Iseghem, “Measurement of glass corrosion in 
Boom Clay disposal conditions : first results of the experimental programme 2000-2003 of SCK-CEN”, CD-Rom 
Proceedings of ICEM '03 (icem03-4774), September 21-25, 2003, Oxford, England 
 
K. Lemmens Karel, M. Aertsens, “Validation of glass dissolution and Si diffusion parameters with a combined 
glass dissolution-diffusion experiment in Boom Clay”, Proceedings of MRS-2005 (Ghent, September 12-16, 
2005) 
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A REPOSITORY SCALE IN-SITU PROGRAMME: 
THE PRACLAY EXPERIMENTS 

 
 
Background 
The Belgian design for the disposal of the vitrified High-Level radioactive Waste considers the host-rock as 
the main barrier for the long term isolation in the normal evolution scenario. The effect of a large scale 
thermal load on the behaviour of Boom Clay is one important remaining issue in the feasibility study of the 
disposal. Indeed, the impact of the thermal load generated by the waste is particularly important since it will 
significantly affect the temperature and the stress profiles on the whole thickness of Boom Clay in the short 
term after the disposal. Therefore the early transient THM perturbation can be considered as the most 
severe impact that the repository system will undergo on a large spatial scale and in a relatively short period 
of time. 
 
Objectives 
The PRACLAY experiments are managed by ESV EURIDICE GIE (European Underground Research 
Infrastructure for Disposal of Nuclear Waste in Clay Environment). The main objective of the PRACLAY 
experiments is to verify that Boom Clay is suitable, in terms of performance of the disposal system, to 
undergo the thermal load induced by the vitrified waste. The test will focus on the study of the combined 
effect of the EDZ (Excavation Damaged Zone) and the thermal impact at repository scale. The influence of 
the temperature increase on the EDZ evolution as well as the possible additional damage created by the 
thermal load will be studied. The impact of the THMC (Thermo-Hydro-Mechanical and Chemical) response 
on the transport properties of the Boom Clay will also be assessed. A long term (more than 10 years) large 
scale heater test would be representative of the most penalizing conditions that could be encountered in the 
real disposal. The results of the test will constitute an important input for the SFC (Safety and Feasibility 
Case)-1, 2003 and 2, 2020. 
 
Principal results 
The design of the PRACLAY experiments is now fixed based on numerical simulations. The design phase 
included the definition of the geometry, the boundary conditions and the instrumentation programme. We 
developed the PRACLAY in-situ experiments to be design-independent to overcome possible future changes 
in the reference disposal design. The PRACLAY experiments will be performed within “The PRACLAY 
Gallery”, which will be 45 m long with an internal diameter about 2 m, lined with concrete segments and 
perpendicular to the connecting gallery. The heater length will be about 30 m. The PRACLAY in-situ 
experiments regroup a set of three tests, as you can see on the picture: 
 The gallery and crossing test 
 The heater test 
 The plug test 
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The excavation will be performed under the protection of a shield and using the wedge block system for the 
lining. The method has to allow an excavation rate (excavation + installation of the lining) greater than 
2m/day. At the end of the gallery a test will be done to assess the difficulty to restart with the tunnelling 
machine after a stopping period. The construction of the PRACLAY gallery requires a steel reinforcement 
ring in the connecting gallery. The maximum possible diameter for the opening in the connecting gallery is 
2.55 m. Consequently, the nominal diameter of the extrados of the PRACLAY gallery has been fixed to 2.5 m 
taking into account the convergence. A diameter about 2.5 m corresponds to the range of diameters 
considered for the repository designs. The results of the gallery and crossing test will give additional 
information for the optimisation of the tunnel excavation and will demonstrate the feasibility to construct a 
crossing between an access gallery and a disposal gallery.  
 
A large scale heater test is considered as a generic issue for all repository design, since at a distance larger 
than a few metres from the waste, the influence of the specific design on the temperature profile is limited. 
The large scale heater test has to demonstrate that the damaged zone of the host rock remains acceptable 
in terms of long term performance of the repository. It will be important to verify that fracturing remains 
acceptable and that the decrease of effective stress due to the increase of pore water pressure will not lead 
to the liquefaction of Boom Clay. The impact of the chemical processes on the transport properties of the 
Boom Clay will also be investigated. It has been chosen for the PRACLAY In Situ Experiment, to use a 
heater system imposing a as constant as possible temperature of about 80°C at the extrados gallery wall. 
However a second heater working at constant flux will also be installed as a back up of the first heater in 
case of failure. This back-up heater can be retrieve during the PRACLAY Heater Test. 
 
Plugs (within disposal galleries, between disposal and main galleries, between main galleries and shafts) are 
considered, at least as a conservative measure, in the overall repository design in order to e.g., limit 
interactions between various repository zones (compartmentalisation through cutting the hydraulic 
connection along the gallery lining and EDZ), increase the resilience of the repository to intrusion, and avoid 
gas migration. The “PRACLAY Plug Test” aims at demonstrating that it is possible to cut-off hydraulically the 
EDZ and the engineered barriers of the disposal galleries with a horizontal plug. 
 
The figure below gives an overview of the instrumentation programme including temperature, pore water, 
total stresses and displacements measurements as well as the follow-up of the chemical evolution in the 
Boom Clay around the test. 
 

 
Lay-out of the instrumented boreholes around the PRACLAY gallery 

Future work 
The PRACLAY gallery will be constructed in the first semester of 2007 so that the experiments can be 
installed in 2008. The start of the heating phase is planned in the first semester of 2009. The EC project 
TIMODAZ (Thermal Impact on the Damaged Zone Around a Radioactive Waste Disposal in Clay Host 
Rocks) has been introduced in the frame of the 6th Framework Programme. In total 8 countries are 
represented (BE, FR, CH, DE, NL, ES, CZ, UK). If approved, the TIMODAZ project will give an important 
added value to the PRACLAY experiments.  
 
Main contact person 
Frédéric Bernier, frederic.bernier@sckcen.be
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THE GEOCHEMICAL BEHAVIOUR OF SELENIUM IN BOOM CLAY  

 
Background  
For the disposal of high-level radioactive waste (HLW) in a deep geological formation such as the Boom 
Clay, safety assessment studies have shown that the long-lived 79Se (T½ presently reassessed to ~ 295 ka) 
is one of the more critical fission products. Therefore, the understanding of its migration properties (diffusion, 
retention, sorption, solubility) through the geological barrier is of prime importance. The migration behaviour 
of selenium strongly depends on its chemical speciation. Under the reducing conditions prevailing in Boom 
Clay, selenide, [Se(-II)], is the thermodynamically stable species, and HSe– is expected to be the dominant 
selenium species in solution. The selenium migration should mainly be controlled by the low solubility of iron 
selenide such as FeSe or FeSe2, or solid solutions with seleniferous pyrite. However Se species are often 
found in redox disequilibrium and more soluble higher oxidation state [selenite: Se(+IV), and selenate: 
Se(+VI)] might also coexist if their reduction is kinetically hindered. Due to the unknown oxidation state of 
selenium in the waste form and the uncertainties related to the redox disequilibrium it is important to study 
the behaviour of selenium in all its oxidation states.  
 
Objectives  
The aim of the study on the behaviour of selenium in Boom Clay is to understand its chemical speciation 
under in situ conditions and especially the “redox stability” of selenite (SeO3

2–) and selenate (SeO4
2–) whose 

reduction kinetics can be extremely slow. Then, to determine for the various selenium species present in 
solution, their solubility, their sorption distribution coefficient (Kd approach), and their diffusion coefficient in 
Boom Clay to provide relevant conceptual models and associated transport parameters for safety 
assessment purposes. To achieve this objective, an interdisciplinary study was undertaken by SCK•CEN for 
ONDRAF/NIRAS in close collaboration with KULeuven and AEA Technology.  
 
Principal results  
Diffusion and percolation experiments on small clay cores with selenite (SeO3

2–) have been affected by the 
effects of reactive transport. The obtained diffusion patterns are intricate and cannot be used to determine 
migration parameters. It indicates that precipitation reactions due to reduction have occurred. A slow 
reduction of SeO3

2–, followed by precipitation of phases, such as, e.g., Se(0) or FeSe, likely arises, but, no 
information could be obtained on the exact nature of the precipitate and its solubility.  
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Schematic principle of a percolation experiment with a 75Se source sandwiched between two clay cores.  
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Electromigration tests made by Beauwens et al. (2005) with selenate (SeO4
2–) have indicated that selenate 

did not sorb and did not undergo any reduction, nor precipitation in the conditions and time scale of the 
experiments. So, selenate migrates as a non-retarded and soluble divalent anion (Dapp = 5 × 10-11 m2 s-1). 
Similar electromigration experiments performed with selenite (SeO3

2–), revealed that, at the contrary of 
selenate, selenite was sorbed and underwent a slow reduction to finally precipitate as Se(0) or FeSe.  
 
Complementary to the migration tests, batch experiments were performed with different synthetic selenium 
solid phases. The solubility of Se(0) and FeSe was investigated. Furthermore, the interaction of the Se-
oxyanions with pyrite and Boom Clay was studied to elucidate the interaction mechanism: sorption, 
reduction, and precipitation. Solubility tests were carried out with initial selenium concentrations respectively 
higher and lower than the value expected at saturation. Results indicate no reduction or sorption of selenate 
after one year equilibration time with pyrite or Boom Clay suspensions.  
 
The interaction of SeO3

2– with FeS2, can be described by sorption followed by a slow reduction and 
precipitation of a Se-solid phase with a solubility of 10-9 M which corresponds to the solubility of the prepared 
crystalline Se(0) phase. The reduction kinetics were slow but the rate was faster for suspensions with low 
concentration of dissolved selenite and high amount of pyrite. In Boom Clay, a competition also likely exists 
between two different sorption sites: selenite can sorb onto clay minerals (60 wt. %), or onto pyrite (2 wt. %). 
The affinity and the extent of sorption of SeO3

2– for clay minerals appears to be stronger than for pyrite. So, 
before that reduction can take place onto the pyrite reactive surface, a desorption of selenite from the clay 
sites must first occurs. As a consequence, the reduction kinetics at the pyrite surface were slowed down but 
resulted in a Se concentration close to the solubility value. An interaction between Se and organic matter 
colloids was also observed.  
 
So, experiments in reducing environments starting from selenium oxyanions proceed only very slowly to 
thermodynamical equilibrium. If selenium is released as selenate from spent nuclear fuel and if selenate 
reduction is exceedingly slow under Boom Clay conditions because of redox-disequilibrium, 79Se is presently 
expected to migrate as an unretarded species without solubility limit. Then, it would be one of the main 
contributors to the dose.  
 
Noticeable progresses, resulting in a higher degree of confidence in the system, have been achieved thanks 
to a better understanding of the geochemical behaviour of selenium in Boom Clay. On the basis of the 
present results safety assessment calculations can now be updated to reduce the remaining uncertainties.  
 
Future works  
In order to unravel the intricate sorption mechanism of selenite, a more detailed study of its chemisorption 
onto clay minerals frayed edges is needed and currently under study by our partners of KULeuven. Now that 
the transport parameters of Se-oxyanions are available, new migration experiments dedicated to selenide 
(HSe–) must be performed again with freshly prepared sources of reduced selenium (Se0 or FeSe).  
 
Recent publications indicate that selenate reduction can be catalysed by “green rust” a corrosion product of 
iron (from canisters and overpacks). Other works in the field of geo-microbiology also suggest that 
bacterially-mediated reduction of selenate should not be excluded in the near-field environment. Because of 
the redox-disequilibrium of selenate under in situ Boom Clay conditions, these unusual, but possible, 
reduction mechanisms and their kinetics certainly deserve further attention.  
 
Main contact person  
Pierre De Cannière, pierre.de.canniere@sckcen.be  
 
T. Beauwens, P. De Cannière, H. Moors, L. Wang, N. Maes, "Studying the migration behaviour of selenate in 
Boom Clay by electromigration". Engineering Geology 77, 285–293. (2005) 
 
C. Bruggeman, A. Maes, J. Vancluysen, P. Vandemussele,  "Selenite reduction in Boom Clay: effect of FeS2 
, clay minerals and dissolved organic matter". Annex 8 to WP 3, pp. 18, of the extended Final Scientific and 
Technical Report of the EC Trancom-II Project. In: Maes N. (Ed.) (2004a) Migration case study: transport of 
radionuclides in a reducing clay sediment (TRANCOM-II), (2004) SCK•CEN, Report BLG-988 (04/NMa/P-
50).  
 
P. De Cannière, C. Bruggeman, A. Maes, L. Wang, N. Maes, T. Beauwens, H. Moors, M. Aertsens, M.M. 
Cowper, S.J. Williams,  "Solubility, sorption and migration behaviour of selenium in Boom Clay. Chemistry 
and migration behaviour of actinides and fission products in the geosphere", (2003), Migration’03 
Conference, Gyeongju (Korea), Sept 21 – 26, 2003. p. 140-141, Abstract N° PB1-6.  
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NF-PRO RESEARCH ON A REPOSITORY FOR VITRIFIED  NF-PRO RESEARCH ON A REPOSITORY FOR VITRIFIED  
WASTE AND SPENT FUEL  WASTE AND SPENT FUEL  

  
Background Background 
NF-PRO is a four-year (2004-2007) Integrated Project (IP) supported by funding under the Sixth Research 
(EURATOM) Programme of the European Commission. NF-PRO is coordinated by SCK•CEN and 
investigates key processes in the near-field of geological repositories for the disposal of high-level vitrified 
waste and spent nuclear fuel. 

NF-PRO is a four-year (2004-2007) Integrated Project (IP) supported by funding under the Sixth Research 
(EURATOM) Programme of the European Commission. NF-PRO is coordinated by SCK•CEN and 
investigates key processes in the near-field of geological repositories for the disposal of high-level vitrified 
waste and spent nuclear fuel. 
  
The near-field of a geological repository consists of the area surrounding the waste packages and is 
composed of several engineered barriers that enclose and confine the disposed waste (see figure below). 
These barriers include the waste form, the waste canisters, backfills, seals, plugs and the part of the host 
rock that has been modified by the excavation of the repository. In all repository designs under investigation 
within EU Member States, the near-field plays an important role in ensuring the overall safety of disposal: its 
principal function is to retain radionuclides over extended periods of time and to minimise their release from 
the waste to the host rock. 
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Objectives Objectives 
The main objective of NF-PRO is to integrate European research on the near-field with the aim of enhancing 
common understanding of the long-term changes taking place in a deep repository. NF-PRO assesses how 
these changes affect the containment of the disposed radioactive waste. Knowledge generated by the 
project can be applied in waste management programmes to optimise repository designs and to make 
barriers functional and resource-efficient. The integration of results from detailed process studies in 
assessments on the overall near-field system performance is a key objective of NF-PRO. The level of 
integration envisaged by NF-PRO has not yet been achieved in earlier research projects supported by the 
European Commission. Accordingly, NF-PRO represents a major step forward in the establishing of the 
scientific and technical basis for geological disposal and the safe management of radioactive wastes. 
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Principal results Principal results 
Research within NF-PRO is structured in five so-called Research and Technology Development (RTD) 
Components (see figure below). Each RTD Component addresses a series of dominant processes or 
specific section of the near-field system. 
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RTD Component 1 investigates processes having an effect on the performance of spent fuel and the vitrified 
high-level waste matrix. RTD Component 2 studies the chemical evolution of the near-field. Specific 
emphasis is on chemical interactions between various components of the engineered barrier system. 
NF-PRO’s RTD Component 3 investigates thermal, mechanical and hydraulic changes in the area 
surrounding heat-producing waste. RTD Component 4 considers process related to the development and the 
evolution of part of the host rock that has been modified by the excavation of the repository. Process 
couplings and integration in performance assessment are dealt with in Component 5.  
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NF-PRO aims to develop a comprehensive understanding of the overall near-field system performance and 
evolution. To this end, results from detailed process investigations obtained in RTD Components 1 to 4 are 
applied and integrated into assessments of the overall near-field system performance (RTD Component 5). 
This is implemented in the NF-PRO project through the project structure and organisation: 
 Input from performance assessment groups (RTDC 5) to the process/component level experiment and 

modelling groups (RTDC1 to 4) and vice versa has been planned from the start of the project onwards; 
 Five reference cases have been defined. Each reference case represents a combination of a waste form 

(vitrified waste or spent fuel) with a number of materials constituting the engineered barrier system. These 
reference cases are used as a (generic) basis for integrating results from detailed process investigations 
into assessments of the overall system performance in a structured way. The reference cases are also 
used for testing the importance/relevance of various processes through modelling exercises. For each of 
these reference cases, a phenomenological description has been made and a first set of mass and 
energy balance calculations has been defined.  
 

Experience from the first two years of the project has shown that this approach is successful: an increased 
understanding of each others work and terminology is observed, interest in and awareness of added value of 
process and PA level modelling is growing, and consensus on key processes is increasing. Also, an 
increased willingness to adapt the work programme to the needs of various types of expertise and needs 
represented in NF-PRO is observed. 
 

Scope 

An FP6 project investigating key 
processes in the near-field of geological 
repositories for HL waste and spent fuel 
disposal 

Host rocks studied Crystalline rock, clay, salt 
Project duration 4 years 

Starting date January 1st ,2004 
Consortium 40 organisations (see Website) 

Coordinating organisation SCK•CEN (Mol, Belgium) 
Granted EC contribution 8,000,000 € 

Total budget 18,000,000  to 19,000,000 € 
 

Key facts concerning the Integrated Project NF-PRO 
 

Future work 
Research within NF-PRO is ongoing and major outcomes from experimental work will become available in 
2006 and 2007. These results consist of data from laboratory testing on vitrified high-level waste and spent 
fuel and from large-scale in situ experiments performed in Underground Research Facilities. In situ 
experiments within NF-PRO include among others investigations on gas migration in a saturated bentonite 
buffer (the LASGIT experiment performed at the Aspö Hard Rock Laboratory (Sweden)), research on the 
excavation disturbed zone (as part of the PRACLAY project at the HADES facility (Belgium)) and 
investigations on thermo-hydro-mechanical processes in the bentonite buffer (as part of the FEBEX 
experiment at the Grimsel Test Site (Switserland)). Also, several topical reports on cross-cutting issues will 
be drafted. At present, three reports are under preparation, in particular a topical report on gas generation 
and transport in the near-field, a report on chemical interactions and gradients of pH, and a topical report on 
coupled chemical and thermo-hydromechanical processes. 
 
Main contact person 
Alain Sneyers, alain.sneyers@sckcen.be
nfpro@sckcen.be
http://www.nf-pro.org/
 
Main reference 
EURATOM Research Projects and Training Activities (2005). Publication by the European Commission – 
Directorate-General for Research EURATOM. Volume I. EUR 21228 
 
Alain Sneyers, Geert Volckaert (2005). “NF-PRO: An Integrated Project on key-processes and their 
couplings in the near-field of a repository for the geological disposal of vitrified high-level radioactive waste 
and spent fuel”, Proceedings of the OECD/NEA EBS Workshop (La Coruña,  24-26 August 2005). 
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A HOT TEST WITH CMPO/SIO2 EXTRACTION RESIN A HOT TEST WITH CMPO/SIO
  

2 EXTRACTION RESIN 

  
  
Background Background 
P&T (Partitioning and Transmutation) could allow optimizing the future nuclear fuel cycle. Worldwide there is 
an increasing interest for advanced spent fuel reprocessing techniques whereby not only U and Pu but in 
addition the minor actinides Np, Am and Cm and preferably also the long-lived fission products are 
separated from the to-be-disposed waste. In accelerator driven systems and/or fast reactors the recovered 
elements could then be transmuted into short-lived or stable fission products. SCK CEN is testing such an 
advanced aqueous reprocessing technique on contractual order from IRI (Japanese Institute of Research 
and Innovation). Their ERIX (Electro Reduction and Ion eXchange) process for MOX (Mixed OXide) fuel from 
fast breeder reactors consists of anion exchange as main separation method, electrolytic reduction for 
reducing U(VI) to U(IV) and extraction chromatography for the isolation of the minor actinides Am and Cm.  

P&T (Partitioning and Transmutation) could allow optimizing the future nuclear fuel cycle. Worldwide there is 
an increasing interest for advanced spent fuel reprocessing techniques whereby not only U and Pu but in 
addition the minor actinides Np, Am and Cm and preferably also the long-lived fission products are 
separated from the to-be-disposed waste. In accelerator driven systems and/or fast reactors the recovered 
elements could then be transmuted into short-lived or stable fission products. SCK CEN is testing such an 
advanced aqueous reprocessing technique on contractual order from IRI (Japanese Institute of Research 
and Innovation). Their ERIX (Electro Reduction and Ion eXchange) process for MOX (Mixed OXide) fuel from 
fast breeder reactors consists of anion exchange as main separation method, electrolytic reduction for 
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Objectives Objectives 
In a sufficiently concentrated nitric acid solution, U, Pu and Np form anionic nitrato complexes that are 
adsorbed on an anion exchanger, while Am, Cm and most FP (Fission Products) exist as cations that do 
nearly not interact. In the ERIX process further partitioning of Am and Cm from the FP is based on their 
different affinity for the specific chelating agents of the extraction resin.  
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nearly not interact. In the ERIX process further partitioning of Am and Cm from the FP is based on their 
different affinity for the specific chelating agents of the extraction resin.  
The first step in the partitioning of the waste is the separation of Am and Cm together with t he chemically 
very resembling Ln (Lanthanides) from the FP by extraction chromatography on a CMPO/SiO2-P column. 
Simultaneously, Zr and Mo are also isolated. IRI prepared a novel silica-based extraction resin by 
impregnating CMPO into a styrene-divinylbenzene copolymer, which was immobilized in 50 µm porous silica 
particles. Compared to conventional polymeric matrix resins, these new type of silica-based extraction resins 
have rapid adsorption kinetics and a significantly low pressure drop in a packed column.  
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After preliminary evaluation of the separation in "cold" conditions, our objective was to examine the 
separation behaviour of Am and fission products with a real HLW (High-Level Waste) solution.    
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Principal results Principal results 
We studied the partitioning of a U, Pu & Np free HLW solution on CMPO/SiO2-P as stationary phase with 
nitric acid as mobile phase. We noticed that the multi element solution, under the described circumstances, 
is separated in three different groups of elements as illustrated in the figure below.   
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The (radio)nuclides in the first group (133Cs, 134Cs & 137Cs, 88Sr) show no interaction with the stationary phase 
and migrate with the mobile phase during the loading process. The majority of both tracers are already 
detected in the effluent at the end of the loading procedure. Both elements are recuperated quantitatively 
during the cleaning process with 6 M HNO3.   
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Am and the Ln, i.e. Y, Ce, Nd and Eu were completely adsorbed by the CMPO/SiO2-P extraction resin and 
the adsorbed Am and Ln were eluted efficiently by water as mobile phase. The trivalent metal ions such as 
Am(III) and Ln(III) are adsorbed by CMPO extraction resin as neutral nitrato-complexes. Therefore, the 
elution effect of Am and Ln is considered to result from the decomposition of the complexes with the 
decrease of NO3

- concentration in the resin bed by supplying water to the column.  Note that the Am and Ln 
showed sharp elution peaks with almost no tailing.  This indicates that the silica-based CMPO extraction 
resin has rapid kinetics.   
On the other hand, the Zr and Mo contained in the HLW solution were strongly retained by the CMPO/SiO2-
P.  The adsorbed Mo and most of the Zr were eluted effectively by 0.5 M H2C2O4.  A small portion of Zr is 
finally eluted by water.  Zr and Mo are known to form complexes with oxalic acid and the complexes are not 
adsorbed by the CMPO extraction resin. All of the detected nuclides were quantitatively recovered from the 
extraction resin.  
The results of this hot-cell test demonstrate that successful separation and recovery of Am together with 
some Ln from HLW can be achieved.  Moreover, one has noticed in a previous study that CMPO/SiO2-P has 
relatively excellent resistance against radiation in strong nitric acid medium.  
These indicate that the proposed MA-Ln separation process is essentially feasible, though further 
investigations such as pilot-scale testing and evaluation of the process regarding practical use conditions are 
necessary. 
 
Future work 
Future work shall focus on the next step in the process: the separation of Am and Cm from the Ln in view of 
the production of targets for transmutation.  
 
Main contact persons 
Aimé Bruggeman, aime.bruggeman@sckcen.be, Patrick Goethals, patrick.goethals@sckcen.be
 
Main reference 
P. Goethals, L. Vos, D. Penneman, A. Bruggeman, Y. Wei, H. Hoshi, M. Kumagai, "Chromatographic 
separation of actinides and lanthanides from fission products on CMPO/SiO2-P extraction resin.", 
International Conference on Nuclear  and Radiochemistry, 29 August to 3 September 2004, Aachen, 
Germany. 
 
Y. Wei, H. Hoshi, M. Kumagai, P. Goethals and A. Bruggeman, "A hot test on minor actinides separation 
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Background Background 
According to the present Belgian reference scenario, Eurobitum bituminised radioactive waste has to be 
disposed off in a deep underground repository in a stable geological formation such as Boom Clay. This 
waste originated mainly from mixtures of nuclear fuel decladding slurries and waste concentrates from the 
nuclear fuel cycle. Even though safety assessment studies up till present do not show that this waste is 
unacceptable for deep underground disposal, a final decision about the disposal of the bituminised waste 
has not been taken so far, and alternative solutions are still conceivable. To support the decision-making we 
investigate methods to recondition this bituminised waste.  
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We continued studying a room temperature re-
treatment method for Eurobitum. The aim of the 
method is the stabilisation and minimisation of final 
waste, and the free release of recovered materials. 
The method comprises the recovery of maltenes and 
water soluble salts. The recovery of maltenes is 
performed by dissolving the complete bitumen matrix 
with a "solvent", followed by the precipitation of the 
asphaltenes by addition of a so-called "nonsolvent". 
The "solvent" is a 50% aromatic blend of Shellsol 
A150 and Shellsol H, whereas the "nonsolvent" is 
aliphatic Shellsol T. The recovered maltenes 
represent 40 % wt of the waste, as shown in the 
inner pie chart. Part of the maltenes could not be 
recovered and remain in the asphaltene matrix, as 
can be seen from the difference between the inner 
and outer pie chart, representing the real 
composition and the weight fractions after 
separation, respectively. A second step of the room temperature re-treatment method covers the complete 
removal of the water soluble (nitrate) salts, and is described in the main reference and references therein.  
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Application of the room temperature re-treatment method results in a final waste that consists of water 
insoluble salts embedded in an asphaltene matrix which is less sensitive towards radiolysis than the 
bitumen. Moreover, the removal of maltenes and soluble salts results in an important volume reduction of the 
primary waste. The room temperature method is quite safe, as liquids with high flash points are used, and 
because volatilisation of radionuclides is avoided.  
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Objectives Objectives 
The aim is to study the elemental composition of the non-aqueous secondary waste streams of the room 
temperature re-treatment method for Eurobitum. It is necessary to assess the purity of maltene solutions 
recovered from Eurobitum simulates in order to define experimental conditions leading to the free release of 
the recovered maltene solutions. As the detection limit should be very low and as we only used self-made 
non-radioactive Eurobitum simulates, NAA is the most suitable technique for this study. 
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Principal results Principal results 
The complete waste matrix of Eurobitum can be dissolved in a solvent which is sufficiently aromatic. 
Decreasing the aromaticity by adding some nonsolvent results into the settling of the asphaltenes. The 
obtained solid contains the waste salts and the asphaltenes. The clarified zone containing the maltenes 
could be used as an organic fuel for e.g. waste incinerators, if the radionuclide content is low enough. The 
total amount of impurities in the clarified zone can be measured by ash analysis or NAA if the detection limit 
of the ash analysis is inadequate. To combine the results of the ash and NAA analyses, NAA results have to 
be converted into the corresponding amount of oxides as if the recovered maltene solution would be 
incinerated. The figure shows the ash content of recovered maltene solutions of a set of experiments as a 
function of bitumen – solvent (B:S) and solvent – nonsolvent (S:NS) weight ratios. The ash content of the 
maltene solutions of experiments with B:S equal to 6:100 is almost one order of magnitude lower than any of 
the other experiments. In addition, the amount of impurities in these experiments is not affected by the S:NS 
ratio.  
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The low ash quantities suggest that the maltene recovery is very promising. The results invite us to study the 
concentration of the radiotoxic waste elements in the recovered maltene solutions. The NAA analyses of 
pure bitumen type R85/25, solvent, nonsolvent (blanks) and the best recovered maltene solutions (samples) 
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presented in the table, as only these elements 
are relevant for assessing the use of the room 
temperature re-treatment method to recover the 
maltenes. A lot of the waste salt elements are 
below the detection limit in the recovered 
maltene solutions even for NAA. For example 
Ce, which imitates the chemical behaviour of Pu 
present in the real Eurobitum waste is below the 
detection limit. However, Na, Co, Cs and Sb are 
detectable with NAA. The Na present in the 
maltene solutions is anyway not radioactive. 
This is not the case for Co: some 60Co is present 
in the real Eurobitum waste. Therefore it is 
important to distinguish between the active Co 
from the waste and the inactive Co present in 
both the waste and the blanks. The amount of 
radioactive Cs and Sb in the recovered maltene 
solutions should also be assessed. Therefore, 
repeating the best experiments using real 
radioactive Eurobitum waste is necessary.  
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Main reference 
N. Impens, M. Bruggeman, S. Dekelver, P. Vermaercke

f Maltenes from Bituminised Wast

Elements Nonsolvent Solvent R85/
Na (µg/g) / / 14.77
Co (µg/g) 0.011 0.009 0.300
Cs (µg/g) / / / 
Sb (µg/g) / / / 
Ru (ng/g) / / / 
Fe (mg/g) / / / 
Zr (mg/g) / / / 
Ba (mg/g) / / / 
Cr (ng/g) / / / 
Ce (ng/g) / / / 
Pt (ng/g) / / / 
Sr (µg/g) / / / 

of the Recovery o
Conference on Petroleum Phase Behaviour and Fouling
Ash fraction of recovered maltene solutions as a function of 
bitumen – solvent and solvent – nonsolvent ratio.  
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RADIOCHEMICAL ANALYSIS OF NUCLEAR FUEL BURN-UP AND SPENT 
FUEL KEY NUCLIDES 

 
Background 
Destructive radiochemical analysis of spent nuclear fuels is an important tool to determine burn-up with high 
accuracy and to better understand the process of depletion and formation of actinides and fission products 
during irradiation as a result of fission and successive neutron capture. The resulting isotope inventories and 
nuclear databases that are created, are of high importance to evaluate the performance of nuclear fuels in a 
reactor, to evaluate computer codes applied for a safe transport, storage and disposal/reprocessing of spent 
fuels and to safeguard fissile material.     
 
Objectives 
The objective is to provide chemical and radiochemical analyses procedures for an accurate determination of 
isotopic compositions and concentrations of actinides and fission products in different types of industrial 
(UO2, MOX) and experimental nuclear fuels (UAlx, U3Si2, UMo, …). For a burn-up determination program 
typically 21 actinides and fission products are analyzed. For an extended characterization program this can 
increase to up to ~ 50 isotopes.   
 
Principal results 
A first requirement for a successful radiochemical analysis is a quantitative dissolution of the spent fuel. The 
highly radioactive spent fuel samples, typically ranging from 1 to 25 g, are dissolved in a lead-shielded 
facility. For industrial UO2 and MOX fuels with homogeneous fuel pellets that are packed in a cylindrical 
zircaloy cladding, a two step procedure using nitric acid as main solvent is applied resulting in a dissolution 
of the fuel but leaving the cladding intact. Dispersion fuels, where the fuel particles (UAlx, U3Si2, UMo) are 
mixed with Al-powder and confined as a thin wafer between aluminum plates, require the dissolution of the 
fuel together with the Al matrix and cladding. After the acid dissolution steps a small amount of residue is 
possibly left that contains primarily metallic fission products such as Mo, Tc, Ru, Rh, Ag and Sb-isotopes. For 
an extended characterization this residue is dissolved using a molten salt procedure in a shielded cell. 
 
 

The accurate detailed radiochemical analysis of irradiated fuel requires a well designed analysis scheme incorporating 
appropriate separations, measurements and cross-checks  –  

as illustrated for a typical extended spent fuel characterization. 
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The actinides and fission products in the fuel solutions are analyzed using mass-spectrometry (TIMS and 
ICP-MS) and radio analytical techniques (α-, β- and γ-spectrometry). These are all techniques with analyses 
methodologies under the scope of QA accreditation according to the international ISO/IEC 17025 standard. 
Prominent γ- and α-emitters and most of the metallic isotopes can be directly measured on a diluted spent 
fuel solution. However the majority of the isotopes need to be separated before they can be properly 
analyzed.  
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In radiochemistry burn-up is expressed as %FIMA, i.e. the number of Fissions that have occurred per Initial 
100 heavy Metal Atoms (U and/or Pu). The number of fissions that occurred during irradiation can be derived 
from the concentration of selected key fission products in the spent fuel sample under investigation. At 
SCK•CEN, the stable Nd-isotopes 143Nd, 144Nd, 145Nd, 146Nd, 148Nd, 150Nd and the γ-emitters 137Cs and 144Ce 
are selected as fission product monitors. Both groups of fission products are analyzed with different analysis 
techniques, i.e. the Nd-isotopes by isotopic dilution TIMS after a complex separation procedure and the γ-
emitters by γ-spectrometry directly on a diluted spent fuel solution. The initial number of heavy metal atoms 
can then be calculated by summing the number of fissions and the analyzed number of actinides after 
irradiation, usually predominantly U and Pu isotopes.  
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The excellent agreement between 
the burn-up derived from the Nd-
isotopes measured with TIMS and 
the burn-up derived from 137Cs 
measured with γ-spectrometry 
illustrates the excellent performance 
of the analysis methodology applied 
at SCK•CEN over the whole burn-
up range of present-day nuclear 
fuels.    
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During the year 2005 the running programs at the analytical laboratories of SCK•CEN requiring destructive 
radiochemical analyses were GERONIMO (9×9 BWR fuel licensing), REBUS-PWR (criticality burn-up credit 
validation), RJH-UMo (reduced enrichment research reactor fuel qualification) and MALIBU (extensive 
radioisotope inventory assessment of spent fuel), representing a total of 12 fuel samples from which 5 
samples were burn-up programs and 6 samples were extended characterization programs. 
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Future work  Future work  
In the near future a new shielded cell for the treatment of highly γ-emitting samples for radiochemical 
analyses will be taken into operation. For application in this new cell a closed system allowing the treatment 
of samples that can not be dissolved in nitric acid thus requiring the use of more aggressive acids will be 
developed.   
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Presently, the isotopes analyzed in the spent fuels are selected to address fuel performance and safety 
issues.  In the future additional procedures for the analyses of critical radionuclides at trace-level, that are 
important from the viewpoint of deep geological disposal, will be developed. 
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THE DECOMMISSIONING OF THE BR3 STEAM GENERATOR 

 
 
Background 
A steam generator is a crucial component in a PWR (Pressurized Water Reactor). It is the crossing between 
the primary, contaminated, circuit and the secondary water-steam circuit. The heat from the primary reactor 
coolant loop is transferred to the secondary side in thousands of small tubes. Due to several problems in the 
material of those tubes, like SCC (Stress Corrosion Cracking), insufficient control in water chemistry, which 
can be the cause of tube leakage, more and more steam generators are replaced today. Only in Belgium, 
already 17 of them are replaced. The old 300 ton heavy SG's are stored at the 2 nuclear power plants of 
Doel and Tihange .  
While it was foreseen in the BR3 strategy to dismantle the steam generator (only 30 ton), we took the 
opportunity to search for a complete package in the decommissioning of a steam generator. The complete 
management consists of a decontamination of the primary side followed by the complete dismantling. The 
first step, the decontamination with MEDOC® (water box + tube bundle) has already been achieved in 2002. 
It has led to an important DF (Decontamination Factor) between 100 and 1000 and an important dose rate 
reduction. This hard chemical decontamination process has been described earlier in the scientific report 
2002 ("The BR3 steam generator decontamination with the MEDOC process" – M. Ponnet). The second 
step, the complete dismantling of the SG has been executed in 2005. 
 
Objectives 
With the BR3 SG, the main goal was to dismantle it in a safe way and to free release a maximum of material. 
We've used two cutting tools to perform the job: A HPWJC (High Pressure Water Jet Cutting) tool in 
combination with a hydraulic robot and a water cooled diamond cable. The last technique was done in close 
collaboration with the external company Husqvarna. It was important to have an idea of the performance, the 
efficiency of the cable and the quantity and the type of secondary waste. 

 

Tube bundle cutting with HPWJ and the MAESTRO arm as a tool carrier 

A HPWJC tool is an equipment which can cut material by means of water under very high pressure 
(380 Mpa). For cutting metal, additional abrasives are added to the water jet to increase its cutting power. 
These abrasives (Q = 450 g/min) and the used water (~ 4,5 l/min) are considered as secondary waste. In 
order to optimize the cutting parameters, with the result to find a good compromise between cutting time and 
production of waste, we did a lot of cold tests on simplified work pieces and mock ups. In parallel to these 
cold tests, we developed a two stage filtration system with a hydro cyclone filter and a cartridge filter in order 
to collect this secondary waste and to separate the water and the abrasives. 
The second tool used was a diamond cable. This cable consists of a chain of diamond perles which was 
pushed against the outside wall of the steam generator. Due to the abrasive effect of those perles, material 
of different type and layers can be cut. Both techniques were used for the first time on our steam generator. 
 
Principal results 
The steam generator has been cut in slices of about 1000 mm length. The outside shell is completely free 
released with a minimal follow up treatment (sandblasting and grinding of the contaminated surfaces). The 
tube bundle and the waterbox including the tubeplate will be sent to a nuclear foundry. The total residual 
waste will be about 2 % of the initial mass.  
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In contrast with earlier HPWJ dismantling activities on the RPV (Reactor Pressure Vessel) and the 
pressurizer, the used abrasives show a rather low contamination, just above the free release limit between 
0.27 Bq/g and 15 Bq/g. About 14 m³ water used for the cutting has been free released.  
 

 

Diamond cable cutting on the BR3 SG 

We did 3 cuts with the diamond cable in the lower part of the steam generator. Each cut was done through 
the outside and inside shell and the tube bundle in 1 pass. We collected 70 kg dry swarfs with an activity of 
about 3 Bq/g. This activity is clearly due to the residual contamination of the steam generator.  
The HPWJC tool in combination with the hydraulic arm is a very flexible cutting tool for massive pieces, but 
not very efficient to dismantle a tube bundle. Therefore the test with the diamond cable was interesting and 
can be seen as a complementary tool besides the HPWJC. 
The following scheme gives an overview of the final destination. 

 
Future work 
With the complete steam generator decommissioning, we showed that it is possible to treat those large 
components in a safe way, with an interesting dose reduction and a minimum of residual waste. This is 
interesting in prospect of all the steam generators (PWR, VVER) that are waiting for a further treatment. 
For the future work at BR3, we will start the dismantling of the NST (Neutron Shield Tank). This component, 
which is the last large, even activated, component inside the reactor building, will be dismantled in 2006 
using the HPWJC in combination with the hydraulic MAESTRO arm. 
 
Main contact person 
Luc Denissen, luc.denissen@sckcen.be
 
Main reference 
P. Valenduc, E. Cantrel, L. Denissen, The dismantling project of the BR3 reactor, Conference SFEN – ENC 
2005, Versailles, 12-16 Décembre 2005 
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PRE DECOMMISSIONING RADIOLOGICAL SURVEY OF BR3 
INFRASTRUCTURES 

 
Background 
The decommissioning of the BR3 (Belgian Reactor 3) approaches its final phase, in which the buildings 
infrastructures are being decontaminated targeting either the reuse or the conventional demolition after 
denuclearisation. In a PWR with a significant operation lifetime, such as the BR3, maintenance operations, 
failure and/or leakages, incidents occurring in the different circuits of the plant result in the contamination of 
the buildings infrastructures at various activity levels with contaminants penetrating/migrating up to several 
cm inside the material bulk structure. Moreover, the BR3 bioshield has been exposed to rather high neutron 
leakage fluxes during the reactor operation and is therefore activated. The different radiological situations 
faced require the implementation of different characterization methodologies based on the use of an 
adequate combination of measurement devices and/or sampling devices. The non-destructive assay of 
activation depth using the ISOCS (In Situ Object Counting System) and a specific spectra analysis protocol 
has been tested in 2004. The first results obtained were encouraging and the qualification program for 
activated material is running. We are now investigating the possibilities to extend the methodology to building 
materials contaminated in-depth with 137Cs.  
 
Objectives 
The overall process of dismantling/denuclearization of the BR3 building infrastructure consists of: 
 a preliminary characterization and determination of the contamination or activation depth; 
 the determination of the decontamination method; 
 the effective decontamination and clean up; 
 a possible intermediate characterization followed by an additional decontamination step; and 
 the characterization for clearance. 

The more accurate the preliminary survey is performed the less additional control/decontamination cycles 
are needed to reach clearance levels. The 
pre-decommissioning characterization 
process includes a preliminary 
categorisation (see picture as per contra) 
of building surfaces based on a detailed 
analysis of the room history: identified 
contamination risks, reported incidents, 
processes applied during operation, etc. 
Specific characterization methodologies 
making use of destructive as well as non-
destructive measurements have been 
defined for each category taking into 
account the implementation feasibility, the 
cost effectiveness and the ALARA 
principle. The main objective of the preliminary 
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Categorization of the BR3 surfaces 
characterization is to measure the thickness  
of the contaminated layer in order to define the most cost effective way to clean it down to clearance levels. 
Within this process we are using the traditional characterization methods, such as scanning of the surface 
using hand-held monitors (Selectra, Electra, Eberline), destructive analysis consisting of sampling by core 
drilling, sample treatment and gamma spectrometry but also, more recently, non-destructive assay using a 
mobile gamma spectrometry unit, the so-called ISOCS. The figure below presents the proposed 
methodology for category 3 surfaces. Core drilling and subsequent analysis of slices is a time consuming 
process and particular care must be taken to minimize cross contamination during sample preparation. We 
aim to use the ISOCS system to obtain quantitative information on contaminant in-depth distribution profile, 
but, for 137Cs, the detector response in the X-Ray range (< 45 keV) still has to be modelled so that we can 
use the emission ratio 32/661 as an indicator of its penetration. Finally, all radiological data are gathered in 
the Concrete Management Database (CMD) which ensures, in particular, traceability of the radiological 
measurement, follow up and planning of the project. 
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Principal results Principal results 
The controlled area of the BR3 plant represents a total 
surface area of 14000 m². The actual concrete 
radiological inventory estimates the total amount of 
contaminated concrete at 65 m³ and activated concrete 
at 150 m³. About 2000 m² of surfaces of different 
categories have already been characterized and are 
now waiting for treatment. The BR3 team, assisted by 
TECHNUBEL, has recently performed the 
decontamination of a large area (~ 400 m²) of the 
auxiliary building cellars where, in particular, the 
refuelling pool and decay storage pond 
demineralization circuits were located. Considering the 
high ambient dose rates and the history, the floors of 
the demineralization cells were classified in category 3, 
while floors of the adjacent rooms were assumed to 
belong to category 2 and walls and ceilings to category 
1. Core drilling samples of the floor hot spots have 
been taken and the characterization of the rooms’ walls 
was completed by successive grinding and on-line 
sampling of the dust. For the other category 1 
surfaces, punctual ISOCS measurement allowed us to 
control the absence of contamination after removal of 
the coating/painting layer. The selected point were 
measured as follows: collimation on a 1 m² large 
surface, background acquisition with the detector 
blinded with a 5 cm lead shield, acquisition on a small 
sub-sample to control homogeneity of the residual 
activity distribution. For evaluation purposes, selected 
sampling points on category 2 surfaces have been 
both measured by in situ γ spectrometry and 
destructive analysis. When checking the categorization 
hypothesis (category 2 surfaces),  a perfect agreement 
was found between the qualitative diagnoses issued by 
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Future work Future work 
Strategies for the final clearance survey of BR3 infrastructures still
authorities. The methodologies applied must take into account radio
during the pre-decommissioning survey. The percentage of the su
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Main contact persons Main contact persons 
Eric Cantrel, eric.cantrel@sckcen.beEric Cantrel, eric.cantrel@sckcen.be - Sven Boden, sven.boden@s
 
Main reference 
S. Boden, E. Cantrel, “In-situ gamma measurements in view of bu
dismantling: an appetizer”, EPRI International Decommissioning an
Spain, October 25-27, 2005 
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BR2: INTRODUCTION  

Pol Gubel

 
  
  
The Reactor BR2 traditionally provides irradiation services for its internal (within SCK•CEN) and external clients. 
The services supplied range from the neutron and gamma irradiations of materials and fuels within the 
framework of scientific programs belonging to the internal and external customers, to commercial productions in 
the field of radioisotopes for medical and industrial uses and NTD-Silicon for the microelectronic industry. These 
commercial activities are exclusively directed to external customers and are of prime importance to provide 
financial support for the operating costs of the reactor.  
  
For some years we try to exploit our know-how gained from the operation of the reactor by promoting services 
specifically oriented to the safety and operation of existing research reactors and the development of new ones. 
These efforts were fully realized for the first time in 2002 and 2003 by two contracts related to the behavior 
under irradiation of structural materials and the development of new fuels. A third program was launched end of 
2004 aiming at the in-pile qualification of a replacement fuel for a future research reactor. We started and 
finalized in 2005 the conceptual design of a half-open loop, called EVITA. It will be loaded in the central 200 mm 
channel of the reactor and will allow the irradiation of a full size 94 mm diameter fuel element in representative 
conditions of heat flux, water velocity and surface temperature. The expected irradiation program will extend 
over three years starting in 2008.  
  
Also the synergy between our knowledge in irradiation technology and the scientific collaboration with external 
partners led to the development and the successful irradiation of new and first of its kind irradiation rigs for the 
in-situ testing of materials. After a previous successful demonstration with in-situ uniaxial testing, we built in 2004 
a new device and the required out-pile equipment to investigate in-situ the dynamic effects of cyclically applied 
stresses on fusion materials. The first two in-situ creep fatigue experiments were successfully performed in 
2005.   
  
Development work on a new concept for ramping fuels was continued in 2005. It combines a variable neutron 
screen on one hand and the strong flux gradient across a peripheral 200 mm channel on the other hand.  The 
detailed design is expected to be finalized in 2006.   
  
In the frame of an EC funded project, metallurgical samples will be irradiated under Pb-Bi. Specially designed 
capsules were built for loading in the Callisto loop and a new gas capsule is still being designed for a later 
irradiation at higher temperatures. The irradiation program is now planned to start in the Callisto loop early in 
2006 for two years.  
 
In 2005 the OMICO (Oxide fuels: MIcrostructure and COmposition Variations)-MIMAS-PV (MIMAS Process 
Variation) program was continued. A twin bundle consisting of 8 instrumented- and 8 non-instrumented fuel pins 
is being tested in the high-pressure high-temperature loop CALLISTO under typical PWR-conditions. The 
program is expected to be finalized late in 2006. 
  
Nowadays the irradiation programs require a very specific description of the irradiation conditions that they will 
be subjected to. For this reason, we have developed an in-house competence for reactor physics at BR2 which 
has involved the implementation of the required computational tools. These tools are now being systematically 
used for prediction and evaluation of irradiation conditions of all experiments. Major evaluations conducted 
concern new fuel and material irradiation programs in Callisto, preparation of an irradiation program of advanced 
MTR fuel in the central H1 channel, the optimization of irradiation devices containing Pb-Bi and of a new pool-
side facility for irradiation of 6 and 8 inches diameter Silicon ingots. In 2006, beside the evaluations needed for 
new programs, a number of evaluations will be needed in the framework of the 2006 decennial safety 
reassessment of the BR2 facility.  
  
Advanced irradiations in research reactors require the on-line monitoring of crucial parameters like neutron 
fluxes, gamma dose rates, central fuel rod temperatures, fission gas release pressures and small geometry 
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changes. Our activities in this field aim at a detailed understanding of the sensor behavior in the irradiation 
conditions in order to extract reliable real-time information.  Major work performed in 2005 concerned the testing 
in various conditions of new miniaturized fission chambers in collaboration with CEA and the assessment of 
radiation-induced electromotive forces in mineral-insulated cables. Future work will concern the development of 
in-pile instrumentation, with emphasis on the research in the framework of the SCK•CEN-CEA Joint 
Instrumentation Laboratory (fast neutron detection system, gamma selective self-powered detector,).  
   
These activities in reactor physics and in-core instrumentation are part of a global program that allows us to fully 
exploit the exceptional capabilities of the reactor facility. This program also deals with the development of 
data/acquisition systems and of new multipurpose reusable irradiation devices. All instrumented irradiation 
devices are now connected to an in-house built data acquisition system allowing the scientific researchers and 
the project engineers to follow their experiments on-line using their office PC’s.  
  
The CALLISTO loop is still our most important irradiation facility for materials and fuel experiments. It comprises 
three in-pile sections that are connected to a common out-pile equipment. The principal purpose of this device is 
to simulate the irradiation conditions representative of PWR reactors. One of the in-pile sections is completely 
inserted within the reactor core to maximize the fast flux conditions.  We foresee in 2006 the further utilization of 
the CALLISTO loop for testing of materials and fuels. 
 
The exploitation of the reactor was again successful in 2005. The availability of the plant reached 93.59 %, no 
incident was recorded and the commercial revenues reached a new record.  In collaboration with the SCK•CEN 
Physical Control, we obtained the approval of our Licensing Authority for a detailed action plan in the frame of 
the 2006 decennial safety re-evaluation: the main objective is to guarantee the operational safety and the 
reliability of the facility until at least 2016 as decided by the board of governors of the SCK•CEN. The planning of 
execution of the inspections, upgrading and studies is now spread over several years starting in 2006. 
 
In 2005 the board of governors of the SCK•CEN decided to allow an extension of the annual operating regime of 
the reactor with a sixth cycle for the benefit of all present and future scientific and commercial users of the 
facility. 
  
 
Contact  
Pol Gubel, pol.gubel@sckcen.be
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OPERATION OF THE BR2 REACTOR 
  

 
Background   
The BR2 is still SCK•CEN's most important nuclear facility.  After an extensive refurbishment of 22 months 
to compensate for the ageing of the installations, to enhance the reliability of operation and to comply with 
modern safety standards, it was restarted in April 1997.  The facility is mainly used for the irradiation and testing 
of fuels and materials and for commercial productions – including radioisotopes for the medical and industrial 
uses, and NTD-Silicon.  
  
Objectives  
To keep the reactor facility available for the scientific irradiation programmes and commercial productions along 
the whole predefined operation schedule, while maintaining safety during operation as the top priority.  
  
Principal results  
The reactor was operated for 125 days at the mean power level of 52 MWth.  The normal operation period was 
extended for two weeks for the production of radioisotopes for the radiopharmaceutical industry. Two 
complementary low power runs were also organized for the RIED experiment. 
 
The reactor was operated with an average availability of 93.59 % (time at power over scheduled time at power).  
Two interruptions of operation, totalling 5 days, were recorded due to failures of fuel rods in the OMICO 
experiment. Another two days interruption of the operation was due to a failure on the external electrical 
distribution network.  
  
The Board of Directors approved the extension of the operating schedule to a sixth cycle, starting from 2006, on 
production of a detailed business plan. 
 
 
 

 

 
 

Top View of the Reactor Vessel 
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Plant Operation Data Plant Operation Data 

   
Year  Availability %
1998  99,94
1999  99,97
2000  93,05
2001  96,15
2002  100,00
2003  97,81
2004  96,65
2005 93,59

                                                      
 
 
Routine maintenance activities and inspections during the scheduled shutdowns guarantee the continued safe 
and reliable operation of the facility and provide the basis for a secure long-term future. Previous recurrent 
problems on control rod drive mechanisms were fixed by systematic control and replacement of critical 
components. Tests on new control rod drive mechanisms are still foreseen in 2006.  
 
We started a new project aiming at the replacement of the primary pumps of the Callisto loop. The objective is to 
have the new pumps in operation in 2007. 
 
A first full batch of high density fuel elements with a reduced (73%) enrichment was received on site and is being 
irradiated successfully. A second and last order was placed for delivery in 2006. 
  
We introduced a request to the USNRC for procurement of HEU. This request is motivated by the absence of 
adequate and qualified LEU fuel still for some years from now and the commitment of SCK•CEN to operate the 
facility until at least 2016. 
 
After the approval of an action plan in the frame of the 2006 decennial safety re-evaluation we worked on the 
definition of the different tasks and their planning. The main objective is to guarantee the operational safety and 
the reliability of the facility until at least 2016.  
  
Future developments  
For 2006, we foresee:  
 a standard operation schedule with an extra week of operation for the cycles 02 and 04/2006;  
 various maintenance activities aiming at maintaining a secure and reliable operation;  
 two transports of spent fuel elements to Cogema-La Hague;  
 various activities (studies, inspections, maintenance...) as foreseen in our action plan in the frame of the 2006 

decennial safety re-evaluation.  
  

Main contact person  
Pol Gubel, pol.gubel@sckcen.be
  
Main reference  
E. Koonen, F. Joppen, P. Gubel, "Safety challenges encountered during the operating life of the almost 40 years 
old research reactor BR2", IAEA-CN-82: International Conference on Topical Issues in Nuclear Safety, 3-6 
September 2001, Vienna, Austria.  

 

www.sckcen.be   Operational Office: Boeretang 200, B-2400 Mol – Scientific Report 2005 
 

mailto:pgubel@sckcen.be


   

www.sckcen.be

 

 

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 
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 November 2003 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 
 

Evolution of the Income from Radioisotopes and 
NTD-Silicon Production in the BR2 Reactor
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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 the figure 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 2005 in terms of its level of 
business and the record income that it generated.  

 
Future work  
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, 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, 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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SCIENTIFIC ACTIVITIES IN SUPPORT OF THE BR2 OPERATION  
AND IRRADIATION PROGRAMMES 

 
 
Background 
One of the major characteristics of the BR2 reactor is the fact that the core configuration is essentially 
variable. This allows to optimize the irradiation conditions of various experiments and to minimize the fuel 
consumption. In order to do that, BR2 has its own autonomous reactor physics cell.   
In order to allow for on-line measurements of the major irradiation parameters, BR2 has extended its own 
proven data acquisition system to serve this purpose. This system, called BIDASSE (for "BR2 Integrated 
Data Acquisition System for Survey and Experiments"), originally designed for the follow-up of all BR2 
operational parameters, is since several years extensively used for experiments. 
 
Objectives 
 to evaluate and adjust provisional irradiation conditions by adjustments of the environment, axial and 

azimuthal positioning of the samples, global power level, ... ; 
 to deliver reliable, well defined irradiation condition and fluence data during and after irradiation;  
 to assist the designer of new irradiation devices by simulations and neutronic optimisations of design 

options;     
 to provide the experimenters with accurate on-line information on the evolution of their ongoing 

irradiation projects.   
 
Principal results 
The major evaluations conducted by the reactor physics cell in 2005 are regrouped here below under 3 main 
headings:    
1.  Ongoing irradiation programs: 

 OMICO-MIMAS-PV irradiation programme: calculation of the power distribution in the experimental 
MOX fuel rods to allow for online absolute LHGR measurements; 

 U3Si2 MTR fuel qualification at high heat fluxes: preparation and follow-up of an irradiation 
programme of advanced MTR fuel U3Si2 fuel plates inserted as the outer ring in a 6NG standard BR2 
fuel element; detailed determination of the burn-up distribution; 

 optimization of the Mo-99 production yields in the PRF-type devices for various target geometries 
and loading schemes.  

2.  New irradiation devices:  
 neutronic evaluations (available fluxes, spectra, deposited power, gamma heating) of various design 

proposals for a new pool-side facility for Si-doping;  
 neutronic evaluations of various proposals for the realisation of power ramps on fuel pins (e.g. 

rotating screens, asymmetrically loaded rotating devices, variable concentration of absorbing 
materials in the cooling water);  

 optimisation of irradiation devices under Pb-Bi environment.  
3.   BR2 specific evaluations: 

 optimization of the BR2 fuel cycle using burnable absorbers (e.g. Cd-wires in the side-plates of the   
fuel elements);  

 various safety evaluations as illustrated in the figures here below.    
     
Concerning data acquisition, about fifty users have the rights to access the information provided by the 
BIDASSE system. 
More than 700 analogue and 1100 digital inputs are presently available in real time. The PC terminal for the 
operator, which is directly connected on the BIDASSE network, has a response time always less than one 
second. The response time for the end-users on the global network can vary in function of the traffic but is in 
general less than 3 seconds.  
In particular the CALLISTO loop (simulating PWR conditions) is also connected, including an event recorder 
with 370 channels connected and 240 high-resolution analogue signals with one storage per minute on each 
channel. 
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Detailed heat flux distributions in the standard BR2 fuel elements in Detailed heat flux distributions in the standard BR2 fuel elements in 
function of the BR2 configuration, the burn-up in the fuel plates and the azimuthal orientation function of the BR2 configuration, the burn-up in the fuel plates and the azimuthal orientation 
of the concerned fuel element. of the concerned fuel element. 
                                                                                                                                                                              
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
Typical control and acquisition installation for an irradiation experiment: on left side the main control panel of the 
PWC/CCD irradiation device and on the right side the BIDASSE front end cabinets. 
Typical control and acquisition installation for an irradiation experiment: on left side the main control panel of the 
PWC/CCD irradiation device and on the right side the BIDASSE front end cabinets. 
  
  
Future work Future work 
Much of the work foreseen for 2006 concerns items related to the 2006 decennial safety reassessment of the 
BR2 reactor. Typical examples are the detailed evaluations of the poisoning of the beryllium matrix in 
function of various operation schemes and a detailed evaluation of the distribution of the fluences of the 
walls of the aluminium pressure vessel.    

Much of the work foreseen for 2006 concerns items related to the 2006 decennial safety reassessment of the 
BR2 reactor. Typical examples are the detailed evaluations of the poisoning of the beryllium matrix in 
function of various operation schemes and a detailed evaluation of the distribution of the fluences of the 
walls of the aluminium pressure vessel.    
  
Main contact person Main contact person 
Edgar Koonen, edgar.koonen@sckcen.beEdgar Koonen, edgar.koonen@sckcen.be
 
Main reference 
S.Kalcheva, E.Koonen, B.Ponsard, "Accuracy of Monte Carlo Criticality Calculations during BR2 Operation", 
Nuclear Technology, August issue 2005, vol. 151 
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IN-PILE INSTRUMENTATION DEVELOPMENT 

 
 
Background 
A proper interpretation of data from advanced irradiations in research reactors requires the on-line 
monitoring of neutron fluxes, gamma dose rates, central fuel rod temperatures, fission gas release 
pressures, small geometry changes, etc.  Our activities in this field aim at a thorough understanding of the 
sensors’ behaviour under the irradiation conditions in order to extract reliable real-time information. 
 
Objectives 
 On-line in-pile measurement of thermal and fast neutron fluxes and gamma heating rate; 
 Study of parasitic currents and voltages in instrumentation cables due to radiation and temperature 

effects 
 
Principal results 
 
1. Wide-range in-core fission chamber testing 
In collaboration with CEA-Saclay-DETECS fission chambers of type CFUR64 have been successfully tested 
in PWR simulating conditions.  These fission chambers and their associated electronics provide the 
possibility to measure thermal neutron fluxes over a very wide range by automatic selection among different 
acquisition modes (see figures below).  The drastic reduction of the gamma-induced signal when using the 
Campbelling mode is of particular interest for the development of a fast neutron flux detector (see item 3). 
 
2. Qualification of sub-miniature fission chambers of type CFUZ53 
After the testing of CEA sub-miniature fission chambers for the in-core detection of high thermal neutron 
fluxes, first prototypes of their industrial version (CFUZ53 type from the PHOTONIS company) were qualified 
in the CALLISTO loop of the BR2 reactor in PWR-like conditions (see photo below).  Various parameters 
were investigated: neutron sensitivity, linearity to thermal neutron flux, current/voltage characteristics, 
gamma contribution, temperature effects and long term behaviour (mechanical integrity, uranium burn-up). 
We also compared the experimental data with results from a fission chamber theoretical model. The CFUZ53 
signals show consistent signals in PWR conditions up to thermal neutron fluences beyond 2×1020 n/(cm²·s). 

 

CFUR64
CEA prototype 
fission chambersRh SPND

Activation dosemetersGamma thermometer

CFUZ53

Photo of the experimental arrangement for the testing of the CFUZ53 and CFUR64 fission chambers, 
 including the reference sensors for independent neutron and gamma field determination. 

1.E+07

1.E+08

1.E+09

1.E+10

1.E+11

1.E+12

1.E+13

1.E+14

0.00001 0.0001 0.001 0.01 0.1 1 10 100
Relative BR2 power (%)

T
he

rm
al

 n
eu

tr
on

 fl
ux

 (n
/c

m
²s

) current

Campbelling

pulse

 
 

Raw thermal neutron flux data recorded on-line using a CFUR64 fission chamber as a function of relative BR2 power, 
according to the three measurement modes indicated.  Depending on the flux range, the data acquisition system 

automatically selects the appropriate mode, yielding a linear flux response over a very wide range. 
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3. Development of an on-line fast neutron flux detection system  3. Development of an on-line fast neutron flux detection system  
In the framework of the Joint Instrumentation Laboratory which is being set up between CEA and SCK•CEN 
a research program was defined for developing an on-line fast neutron flux detection system based on 242Pu 
subminiature fission chambers.  Test irradiations were performed to determine the fast neutron sensitivity as 
well as the relative signal contributions from thermal neutrons and gammas; the data are under analysis. 

In the framework of the Joint Instrumentation Laboratory which is being set up between CEA and SCK•CEN 
a research program was defined for developing an on-line fast neutron flux detection system based on 

  

242Pu 
subminiature fission chambers.  Test irradiations were performed to determine the fast neutron sensitivity as 
well as the relative signal contributions from thermal neutrons and gammas; the data are under analysis. 

4. Gamma-selective self-powered detector modelling and testing 4. Gamma-selective self-powered detector modelling and testing 
Another topic of the Joint Instrumentation Laboratory concerns the development of a gamma-selective self-
powered detector based on a bismuth emitter design, in collaboration with CEA-Saclay.  First gamma 
irradiation tests carried out at CEA-Saclay show promising results, in qualitative agreement with Monte Carlo 
model calculations performed at SCK•CEN. 

Another topic of the Joint Instrumentation Laboratory concerns the development of a gamma-selective self-
powered detector based on a bismuth emitter design, in collaboration with CEA-Saclay.  First gamma 
irradiation tests carried out at CEA-Saclay show promising results, in qualitative agreement with Monte Carlo 
model calculations performed at SCK•CEN. 
  
5. Radiation and thermally induced currents and voltages in mineral insulated cables 5. Radiation and thermally induced currents and voltages in mineral insulated cables 
The combined effects of radiation and temperature gradients on cable currents and voltages were studied by 
irradiation tests in the BR2 reactor.  As a preparation, purely thermal tests were performed using a scanning 
oven, establishing a well defined temperature profile (ranging from 20°C to 305°C). Thermally induced 
differential voltages in mineral insulated cables with copper, stainless steel and nickel cores have been 
measured, before and after 16 hours’ exposure of cable sections to 305°C and 720°C.  For fresh Cu core 
cables distinct variations in the thermal gradient induced voltage with amplitudes of a few µV were observed 
(see figure).  For stainless steel core cables, similar amplitudes were found, but the axial variations are 
smoother.  Similar tests with Ni core cables show slow variations with amplitudes as large as 50 µV.  After 
exposure of the cables at 305°C, hardly any change was observed.  For copper core cables exposed to 
720°C, changes in Seebeck coefficient lead to voltage changes of the order of 1 µV, which can be 
interpreted in terms of a simple model.  

The combined effects of radiation and temperature gradients on cable currents and voltages were studied by 
irradiation tests in the BR2 reactor.  As a preparation, purely thermal tests were performed using a scanning 
oven, establishing a well defined temperature profile (ranging from 20°C to 305°C). Thermally induced 
differential voltages in mineral insulated cables with copper, stainless steel and nickel cores have been 
measured, before and after 16 hours’ exposure of cable sections to 305°C and 720°C.  For fresh Cu core 
cables distinct variations in the thermal gradient induced voltage with amplitudes of a few µV were observed 
(see figure).  For stainless steel core cables, similar amplitudes were found, but the axial variations are 
smoother.  Similar tests with Ni core cables show slow variations with amplitudes as large as 50 µV.  After 
exposure of the cables at 305°C, hardly any change was observed.  For copper core cables exposed to 
720°C, changes in Seebeck coefficient lead to voltage changes of the order of 1 µV, which can be 
interpreted in terms of a simple model.  
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Recorded thermally-induced differential voltages between the ends of a Cu core cable with a 103 cm long oven at 305°C 
scanning over the cable (two successive runs) as a function of the oven position relative to a reference starting point. 

  
Future work  Future work  
We will continue the development of in-pile instrumentation, with emphasis on the research in the framework 
of the SCK•CEN-CEA Joint Instrumentation Laboratory (fast neutron detection system, gamma selective 
self-powered detector,…) 

We will continue the development of in-pile instrumentation, with emphasis on the research in the framework 
of the SCK•CEN-CEA Joint Instrumentation Laboratory (fast neutron detection system, gamma selective 
self-powered detector,…) 
  
Main contact person Main contact person 
Ludo Vermeeren, ludo.vermeeren@sckcen.beLudo Vermeeren, ludo.vermeeren@sckcen.be
 
Main references 
L. Vermeeren, “Project IRINA: On-line monitoring of thermal neutron fluxes using SPNDs”, SCK•CEN-R-
4207, August 2005. 
M. Wéber, “Project IRINA: irradiation report”, SCK•CEN-R-4266, November 2005. 
L. Oriol, Ch. Blandin, S. Breaud, L. Vermeeren, and M. Wéber,  “In-pile CFUZ53 sub-miniature fission 
chambers qualification in BR2 under PWR conditions” , TRTR-IGORR meeting, Gaithersburg, MD, USA, 
September 12-16, 2005. 
L. Vermeeren, “Report on thermal effects on RIEMF for selected MI cable coils: study of thermal induced 
differential voltages along copper and stainless steel core MI cables”, Final EFDA-report (part 1 of 2), TW4-
TPDC-IRRCER Del.6, October 2005. 
L. Vermeeren, “Experimental study of radiation-induced currents in copper and stainless steel core mineral-
insulated cables in the BR2 research reactor”, Fus. Eng. and Des. 74, 885-889 (2005). 
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IRRADIATION OF LWR MATERIALS IN BR2 

 
Background 
The behaviour of construction materials of Light Water Reactors (LWR's) under irradiation, in particular the 
pressure vessel steel and internal core components is a constant concern to nuclear power plant (NPP) 
operators and to scientists. A better understanding of material degradation is essential and experimental 
proof of material properties is needed to identify when the replacement of specific components is required or 
if extended life service is aimed at. The CALLISTO facility, operating at Pressurised Water Reactor (PWR) 
conditions, allows performing in-pile testing of structural materials from reactor pressure vessel and internal 
core components under representative conditions of temperature, pressure and water chemistry. 
 
Objectives 
Using the dedicated experimental devices installed in the BR2 reactor, we perform irradiation of LWR 
material under conditions representative to their in-service environment to build up the data base needed to 
improve and/or to validate material degradation models and to get information on the behaviour on existing 
power plants materials after accelerated irradiation. 
 
 
Principal results 
 
1. The LEMONIZ programme 
Specimens extracted from the stainless steel cladding of the pressure vessel of the LEMONIZ power plant 
(Spain) have been irradiated in the In-Pile Section nr 2 (IPS 2) of CALLISTO during cycle 01/2005. The 
material involved in this experiment is a stainless steel weld deposit. A macrograph of the cladding is shown 
in next picture. Three zones can be identified: from bottom to top: base material, first layer (~ 4.5mm), 
second layer (~4.5mm). We have extracted tensile specimens in the L & T orientation and compact tensile 
specimens in the LT & LS orientation from both top layers. 
 

Macrograph of the cladding. From bottom to top three zones can be identified: base material, first layer and 
second layer. Total cladding thickness is about 9 mm. 

 
2. The CUPRIVA programme 
Unexpected behaviour of metal welds from the Garoña nuclear power plant (Spain) has been observed. 
Weld material should be evaluated at higher neutron doses in order to further study the irradiation effect. 
Higher doses can be achieved in Garoña from other surveillance capsules or through irradiation in a material 
test reactor. In this frame, the Garoña nuclear power plant has selected BR2 to evaluate the weld behaviour 
under higher neutron doses. The irradiation at 295°C took place in reactor cycle 04/2005. Post Irradiation 
Examinations (PIE) of the specimens have been done in the LHMA at SCK•CEN 
 
3. The FRISCO programme 
The Heavy-Section Steel Irradiation (HSSI) Program, funded by the U.S. Nuclear Regulatory Commission 
(USNRC) at Oak Ridge National Laboratory (ORNL), has proposed to collaborate with SCK•CEN on a 
project to investigate the effects of relatively high fast neutron flux on reactor pressure vessel steels and on 
fusion materials.  
The irradiation programme called FRISCO (Fusion and Reactor material Irradiation SCK•CEN – ORNL) 
consists of 2 separate experiments: characterization of fusion materials and characterization of reactor 
pressure vessel (RPV) steels. 
Specimens from the FRISCO-R experiment are made of different RPV steels; most of them have been 
irradiated in IPS 3 of CALLISTO during 2 cycles, starting from cycle 04/2005. They were assembled to form 
5 needles and have been loaded in the positions A, B, D, E & I of the CALLISTO basket, which was rotated 
by 180° between the 2 cycles. For the higher flux irradiation of the Palisades weld material (US power plant), 
a similar set of specimens were inserted for one cycle (cycle 03/2005) in IPS-2, such that the fast neutron 
flux (E > 1 MeV) was about 1×1014 n/(cm2.s), resulting in a fluence of about 1.7×1020 n/cm2, a value about 
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the same as another Palisades weld currently located in an unopened surveillance capsule in the Palisades 
reactor storage pool. 
the same as another Palisades weld currently located in an unopened surveillance capsule in the Palisades 
reactor storage pool. 
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4. The PERFECT programme 
The PERFECT experiment aims to test 3 dedicated materials in the framework of the study of the Stack 
Fault Energy (SFE) i.e. to make a link between the physical properties of a material (hardening, 
micro-structure …) and its behaviour under irradiation. It is made of 36 tensile specimens, 18 Positron 
Annihilation Spectroscopy (PAS) specimens and 60 Transmission Electron Microscopy (TEM) specimens. 
 
5. The MIRE-Cr  programme 
The MIRE-Cr irradiation campaign is the experimental part of the scientific program "Modelisation of 
irradiation effects, modelling oriented experiments on pure Fe-Cr-C alloys". The experiment consists of a 
total of five irradiation cycles that started in the 5th BR2 cycle of 2004. 
The objective is to provide the necessary experimental support for the validation and further development of 
the existing computational models for material irradiation damage effects. These experiments can even offer 
a good reference point to study the effect of additional elements, such as W, V, and Ta, on the defect 
accumulation behaviour. 
We loaded 777 mini specimens from six different materials in the CALLISTO loop; the samples were 
encapsulated to prohibit reaction with the coolant and to control the temperature by making good use of 
gamma heating and thermal barriers. 
 
Future work 
 Extension of the MIRE-Cr programme to test specimens made of very special Fe-Cr alloys (single 

crystals oriented in specific directions). 
 Negotiations to prepare the further materials irradiation programmes managed by the Institute for 

Materials Research (IMR) at the Tohoku University are about to be completed successfully. 
 Collaboration with the Heavy-Section Steel Irradiation (HSSI) Program, funded by the USNRCat ORNL 

will continue. 
 
 
Main contact person  
Marcel Wéber, marcel.weber@sckcen.be
 
Main reference 
R.W.Bosch, M. Wéber, M. Vankeerberghen, "In-pile electrochemical measurements on AISI 304 and AISI 
306 under PWR conditions: the first results", EUROCORR 2005 - The European Corrosion Congress, 
Lisbon, 4 – 8 September 2005 
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IRRADIATION OF FUSION MATERIALS 
 

 
 
Background 
In collaboration with the EFDA (European Fusion Development Agreement), SCK•CEN irradiates several 
materials in the BR2 reactor at different temperatures and up to different doses to study their mechanical and 
physical properties during and after the irradiation. 
These materials are candidates for the construction of different parts of the ITER (International 
Thermonuclear Experimental Reactor) fusion reactor and of the long-term DEMO (DEMOnstration) reactor. 
 
Objectives 
 To irradiate RAFM (Reduced Activity Ferritic Martensitic) steel joints and RAFM ODS (Oxide Dispersion 

Strengthening) at 300°C up to 2 dpa. 
 To irradiate RAFM steel and different FeCr alloys at 300°C above1.5 dpa. 
 To irradiate Beryllium and Tungsten specimen at 300°C up to 0.75 dpa. 
 To irradiate copper/stainless steel joints at 150°C up to 0.1 dpa. 
 To perform in-situ creep-fatigue tests with CuCrZr specimens under neutron irradiation. 

 
 
Principal results 
 
1. Survey of irradiations in 2005 
 
IRFUMA IV experiment 
In 2005 we continued the IRFUMA IV (IRradiation of FUsion MAterials) specimens irradiation. The materials 
involved in this IRFUMA IV experiment are RAFM steel with denomination EUROFER97. 
The irradiation was conducted at 300 °C in the D180 channel (IPS 2) of the CALLISTO loop in the BR2 
reactor. The test section was shared with specimens irradiated for the FRISCO and IBETUS experiments 
which are also Fusion tasks. 
 
FRISCO-F experiment 
The Heavy-Section Steel Irradiation (HSSI) Program, funded by the U.S. Nuclear Regulatory Commission 
(USNRC) at Oak Ridge National Laboratory (ORNL), has proposed to collaborate with SCK•CEN on a 
project to investigate the effects of relatively high fast neutron flux on reactor pressure vessel steel and on 
fusion materials.  
The irradiation programme called FRISCO (Fusion and Reactor material Irradiation SCK•CEN – ORNL) 
consists of 2 separate experiments: characterization of fusion materials (FRISCO-F) and characterization of 
reactor pressure vessel (RPV) steel (FRISCO-R). 
In 2005, we irradiated 8 different fusion materials (FeCr alloys with at least 9% of Cr) at 300°C in the D180 
channel (IPS 2) of the CALLISTO loop in the BR2 reactor. 
 
IBETUTS  experiment 
The experiment IbeTuTS, which stands for Irradiation of Beryllium and Tungsten Thermal Shock specimen, 
aims to investigate the thermal shock behaviour of ITER relevant first wall materials under irradiation. 
The irradiation was conducted at 300 °C in the D180 channel (IPS 2) of the CALLISTO loop in the BR2 
reactor. 
 
CUSSIR experiment 
CUSSIR stands for copper (Cu) / Stainless Steel joints Irradiation. The aim of that experiment is to irradiate 
specimens of Cu/SS joints. These specimens underwent different heat treatments. These materials are 
candidate materials for the future fusion reactors (ITER and DEMO). This project is jointly carried out with 

RIS (Denmark) and VTT Industrial Systems (Finland) who supply the samples. 

The irradiation was conducted at 150 °C in the ROBIN basket (ROtating Basket with Instrumented Needles) 
loaded in one BR2 thimble tube. 
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COFAT experimentCOFAT experiment 
The aim of the COFAT experiment (COpper FATigue) is to investigate in-situ the dynamic effects of cyclically 
applied stresses in the copper components of ITER on the neutron damage accumulation and to assess the 
mechanical performance during neutron irradiation.  
The COFAT rig contains 2 creep-fatigue test modules designed in teamwork with VTT. Each module is made 
of 2 bellows (one to push and the other to pull on the specimen) and of one LVDT (Linear Variable 
Differential Transformer) to measure the gage length variations. 
 
 LVDT CuCrZr Specimen Bellows 
 
 
 
 
 
 
 
 
 
 

Fatigue module with a CuCrZr specimen loaded 
 
In 2005, we performed the first two in-situ creep fatigue experiments with a 0.5% strain (strain controlled 
experiments). The first experiment was carried out with 10 seconds creep time and the second with 100 
seconds creep time. One can see on the following chart the preliminary results of these experiments 
showing the evolution of maximum stresses versus the number of fatigue cycles. 
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COFAT : Evolution of maximum stresses with the number of cycles 
 
 
Future work 
 Perform other in-situ creep-fatigue experiments with copper alloys at low temperature in water. 
 Perform in-situ tensile tests of copper alloys and FeCr alloys at low temperature in water. 
 Irradiations of RAFM specimens with implanted helium at 350°C up to 0.2 dpa. 
 Continue irradiations of IRFUMA, FRISCO, IBETUTS and CUSSIR experiments 

 
Main contact persons 
Patrice Jacquet, patrice.jacquet@sckcen.be, Wéber Marcel, marcel.weber@sckcen.be
  
Main reference 
Marc Decréton, November 2005, Fusion Annual Report 2005, BLG-1017. 
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BR2 REACTOR: IRRADIATION OF FUELS 

 
 
Background 
Safe, reliable and economical operation of reactor fuels, both UO2 and MOX types, requires in-pile testing 
and qualification up to high target burn-up levels. In-pile testing of advanced fuels for improved performance 
is also mandatory. 
 
Objectives 
 Neutron irradiation of LWR (Light Water Reactor) fuels in the BR2 reactor under relevant operating and 

monitoring conditions, as specified by the experimenter's requirements. 
 Improvement of the on-line measurements on the fuel rods themselves. 

 
Principal results 
In 2005 the OMICO (Oxide fuels: MIcrostructure and COmposition Variations)-MIMAS-PV (MIMAS Process 
Variation) program has continued. A twin bundle consisting of 8 instrumented- and 8 non-instrumented fuel 
pins is being tested in the high-pressure high-temperature loop CALLISTO under typical PWR-conditions 
(155 bar, 300°C, controlled PWR water chemistry). The bundle comprises UO2, (U,Pu)O2 as well as 
(Th,Pu)O2 pins. Each pin in the upper part of the twin bundle is provided with a gas pressure transducer 
connected via the upper end plug and a high temperature thermocouple type W5/W26 connected via the 
lower end plug. A total number of 40 instrumentation wires are installed on the pins and in the upstream and 
downstream section of the fuel bundle. The lower basket containing the 8 non-instrumented pins has been 
removed after the first irradiation cycle for hot-cell examinations and power calibration purpose. It has been 
coupled again to the upper basket, the irradiation could then be resumed with both the instrumented and the 
non-instrumented bundles. 
 
The thermal neutron flux at the level of the instrumented rods was monitored on-line by SPNDs (self-
powered neutron detectors) with rhodium and vanadium emitters, positioned in-between the fuel rods.  The 
signals of the V SPNDs were strongly influenced by beta rays which were emitted by fission products in the 
OMICO fuel and stopped in the vanadium, limiting the reliability of this type of SPND for neutron flux 
monitoring near fuel rods. The observed amplitude and time evolution of this fuel beta contribution are in 
good agreement with the results from detailed Monte Carlo calculations. The Rh SPNDs on the other hand 
yielded excellent results, with absolute neutron flux data in agreement with full BR2 core Monte Carlo 
calculations and with accurate monitoring of flux changes down to the 0.1 % level, as illustrated below. 
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Normalized central fuel temperature data (T1) and rhodium SPND signals corrected for delayed response. 
Both the temperature and SPND data follow closely small changes in irradiation conditions due to SIDONIE movements. 

 
 
The centreline temperature reflects also the power gradient between the fuel rods in the bundle; next picture 
shows the centreline temperature evolution of the six instrumented rods from the OMICO programme during 
the four first irradiation cycles. 
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Future work  Future work  
After solving the problem due to a rod failure in cycle 03/2005, it is foreseen to resume irradiation of the 
OMICO fuel bundle for achieving a burn-up of 25 GWd/tM and 2-5% fission gas release.  
After solving the problem due to a rod failure in cycle 03/2005, it is foreseen to resume irradiation of the 
OMICO fuel bundle for achieving a burn-up of 25 GWd/tM and 2-5% fission gas release.  
  
Main contact person Main contact person 
Marcel Wéber, Marcel.Wéber@sckcen.beMarcel Wéber, Marcel.Wéber@sckcen.be
 
Main reference 
L. Vermeeren, J. Dekeyser, Ph. Gouat, S. Kalcheva, V. Kuzminov, A. Verwimp, M. Wéber, "Qualification of 
the on-line power determination of fuel elements in irradiation devices in the BR2 reactor", SCK•CEN 
BLG-1006 Report, January 2005 
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NEW IRRADIATION DEVICES 

 
 
Background 
Transients can be required for fuel qualification. In this case, the fuel may have to withstand a single 
transient in which the power is multiplied by a factor two or more in a fraction of one or a few minutes.  
Transients can also be required in order to investigate the physics of the fuel behaviour, such as the 
conditions of fission gas release, or the measurement of the heat conductivity. This type of research usually 
requires the execution of a succession of numerous small transients.  
The execution of power transients on LWR fuel rods is an activity which dates back in the seventies. 
Successful research programmes, such as DOMO (DOdewaard MOx), or HBC (High Burnup Chemistry), or, 
more recently GERONIMO, used the PWC (Pressurised Water Capsule) device, coupled with the CCD/VNS 
(Control and Calibration Device – Variable Neutron Screen).  
 
Objectives 
The refurbishment of existing installations was recently undertaken. A serious drawback of the CCD/VNS 
device is linked to the use of He-3 as removable neutron absorber. Tritium leaks plagued the operation of 
CCD/VNS for years. Instead of re-building a similar installation, possibly with improved components but with 
the same trouble factor, we opted for the development of radically different concepts which would enable us 
to get rid of the problem. 
 

Principal results 
The solutions envisaged still use the successful PWC 
capsule and a modified CCD. The transient system is a 
combination of PWC, VANESSA and RODEO. PWC top  
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RODEO 
RODEO (ROtatable Device for the Execution of 
Operation transients) uses the flux gradient across a 
peripheral 200 mm channel of BR2 to perform 
transients. A PWC device is inserted in an eccentric 
penetration of a rotatable plug mounted on top of a 200 
mm channel.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

A 180° rotation allows a maximum displacement of 106 
mm towards BR2 centre, leading to up to more than 
threefold increase of the linear power of a fuel rod in 
PWC.  
As start and finish positions can be selected anywhere 
between the extremes, any amplitude within the two 
extreme limits can be achieved, possibly with a small 
angular motion.  
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Furthermore, there is no limit on the number of transients that can be achieved during a cycle and there is no 
production of radioactive, hazardous or voluminous waste. And on top of that, the device uses little sought-
after irradiation positions in BR2.   

Furthermore, there is no limit on the number of transients that can be achieved during a cycle and there is no 
production of radioactive, hazardous or voluminous waste. And on top of that, the device uses little sought-
after irradiation positions in BR2.   
It is however necessary to tune the average power level in the system, in order to cope with variables of 
each specific experiment, such as the residual enrichment of the fuel, the load of BR2, etc… This is the role 
of the VANESSA device. 

It is however necessary to tune the average power level in the system, in order to cope with variables of 
each specific experiment, such as the residual enrichment of the fuel, the load of BR2, etc… This is the role 
of the VANESSA device. 
    
VANESSA VANESSA 
In VANESSA (VAriable Neutron Screen System with boric Acid), the controlled neutron absorber is a 
variable concentration solution of boric acid in water, circulating in a CCD-like screen.  
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variable concentration solution of boric acid in water, circulating in a CCD-like screen.  
A device like VANESSA allows a further threefold increase when passing from almost saturated boric acid 
solution to pure water. To avoid crystallisation problems in the circuits, we limit ourselves to a twofold 
amplitude. 

A device like VANESSA allows a further threefold increase when passing from almost saturated boric acid 
solution to pure water. To avoid crystallisation problems in the circuits, we limit ourselves to a twofold 
amplitude. 
Boric acid does not produce active by-products and so, the tritium tightness problems that plagued the 
operation of the previous CCD/VNS are eliminated. The out-of-pile installation does not need anymore to be 
located in a glove box. 

Boric acid does not produce active by-products and so, the tritium tightness problems that plagued the 
operation of the previous CCD/VNS are eliminated. The out-of-pile installation does not need anymore to be 
located in a glove box. 

Axial linear power (W/cm) in a fuel rod 
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Axial power profiles limits obtained for extreme positions of PWC, with and without boric acid in VANESSA. Axial power profiles limits obtained for extreme positions of PWC, with and without boric acid in VANESSA. 

  
  
Future work  Future work  
Due to the rotating plug, RODEO is not compatible with the present PWC devices. The design will have to be 
adapted and the devices rebuilt.   
Due to the rotating plug, RODEO is not compatible with the present PWC devices. The design will have to be 
adapted and the devices rebuilt.   
Detail drawings of VANESSA were issued. Detail drawing of RODEO has been started. Detail drawings of VANESSA were issued. Detail drawing of RODEO has been started. 
  
Main contact person Main contact person 
Philippe Benoit, philippe.benoit@sckcen.bePhilippe Benoit, philippe.benoit@sckcen.be
 
Main references 
"RODEO Project: Rotating plug in a 200 mm BR2 channel for multiple transients on LWR fuel" 
CEE 1st phase report – NT.57/D085032/01/PB – Internal Report I-74 
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PROGRAMME OF INTEGRATION OF SOCIAL SCIENCES INTO NUCLEAR 
RESEARCH (PISA) – INTRODUCTION 

    Gilbert Eggermont
 
 
 
SCK•CEN started six years ago the structured programme PISA with support of young researchers in social 
sciences from different disciplines and universities. They joined technical teams within SCK•CEN to increase 
our scientific insight and objectivity. PhD and post-doc projects were organised within the specific research 
tracks mentioned below. The concept of reflection groups became more organised and output-directed within 
universities. The reflection groups on Ethics and Expert Culture, extended to Public Involvement, operate 
with external experts (e.g. university professors and promoters) and interested SCK•CEN colleagues from 
different divisions. Two PhD's are being finalised in 2005. An evaluation of the PISA programme led to a 
more focussed project with the research more vertically integrated within the DSR department of the 
Radiation Protection Division. 
 
The original objectives of the PISA programme as mentioned in earlier scientific reports were achieved. In 
order to tackle constraints such as the lack of transdisciplinary culture in universities and the historical 
problems of the nuclear sector, we strive to gain a better insight in the interaction between nuclear culture 
and society. It is the aim to apply transdisciplinary problem-oriented methods in PhD's work, in contract 
research, in international networking and to take challenging opportunities in conferences. PISA is 
reconsidering its integration within the SCK•CEN structure and its cooperation with universities. The social 
science research demand of departments is conditioning the project development towards a more clear 
focus on involvement and perception. It is the aim to improve risk management and to contribute to the 
development of governance at EU level, taking the precaution concept into account within the framework of 
sustainable development. 
 
Contact 
Gilbert Eggermont, gilbert.eggermont@sckcen.be
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REFLECTION GROUPS    

 
 
 
 
Background 
In 2005, PISA organised proactive meetings of reflection groups on involvement in decision making, expert 
culture and ethical aspects of radiation protection. 
 
Objectives 
All reflection group meetings address particular targeted audiences while the output publication in book form 
is put forward 
 
Principal results 
Most meetings were set-up within different universities in collaboration with academic research. Two 
workshops on Risk Management and Safety Culture were linked to PISA PhD promotions in 2004. Other 
focussed on actualities such as nuclear terrorism and ICRP proposals on basic safety standards (BSS). 
Finally Belgian local nuclear waste partnerships for ongoing European network research were brought 
together into a dialogue on community involvement.  
The workshops (VUB, ULg, UCL, UGent and SCK•CEN) have succeeded in generating interesting 
discussions, valorising and enriching SCK•CEN competences. They were a learning experience in 
transdisciplinarity for the PISA researchers while they involved at the same time also a number of technical 
staff members of SCK•CEN. 
 
1. At VUB four lunch talks on nuclear terrorism and proliferation challenges were set up with the Permanent 

Education Department (UPV) and the Philosophy of Science Department (Prof. G. Cornelis). Experts 
introduced different aspects of nuclear terrorism and proliferation and were, on their turn, confronted with 
discussants. The threat of dirty bombs, its risk assessment and the impact for emergency preparedness 
were analysed. Recent evolutions on proliferation were considered in an historical, organisational as well 
as legal context. Philosophy students summarised the outcoming ethical challenges for society. A panel 
of multidisciplinary experts introduced the debate and expressed concern on human rights. The 
presentations were reviewed for publication as a book by VUB Press (2006). A broad public shared great 
interactive interest. 
 

2. At ULg the PhD thesis of Isabelle Fucks (defended in 2004) was presented to an audience of regulators, 
utilities and university researchers. It was situated within a broader context, paying attention to gas 
distribution safety (accident case Ghislenghien, Belgium) as well as to nuclear safety management in 
general. Both the approach of EdF (being the most important European electricity producer) as IAEA 
expertise were confronted with the results of the PhD work. Particular attention was given to informal 
aspects of safety culture, group dynamics at all levels and the skills of workforce. As safety culture exists 
independently of management initiatives, it is important to identify existent subcultures in order to build a 
bottom-up approach. Some requirements (management commitment, follow-up, evaluation and 
viewpoints) have yielded an added value in the improvement of safety culture as structured at IAEA 
level. A final debate allowed to associate the Senate chairperson Ms. A.M. Lizin, mayor of Tihange, as 
one of the involved actors. Within SCK•CEN (BR2/BR3) safety culture experience could be used for 
incident feedback and improved communication. These research results should also be integrated in 
future in nuclear engineering education initiatives such as ENEN. 
 

3. At UCL, a two day international workshop on justification and optimisation proposals of ICRP was set up 
with CITES (Prof. B. Feltz and Dr. A. Gosseries). The role and challenges of responsibility, ethical 
choices, precaution and soft law were analysed and extended to the transgenerational dimension in 
genetic effects and nuclear waste issues. Invited international experts such as O. Godard (Fr), C. Vlek 
(NL), St. Gardiner (USA), Chr. Dessaintes (EC), M.Cl. Cantone (It),  P. Wikman (Sw) and others were 
challenged by PISA and academic or agency experts. The proceedings of the workshop will be available 
in 2006. SCK•CEN was invited to transfer its reflection results to the University of Milano, the 
interdisciplinary initiative Crosstalks of VUB, as well as to the Dutch Health Council, preparing a report 
on precaution. An international post-doc proposal was developed with UCL and the Royal Institute of 
Technology (Stockholm) on the link of justification with precaution. 
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4. As a preparation to the European COWAM network seminar in Ljubljana, the Belgian Partnerships on 
low level waste management, researchers studying the subject and local actors were brought together in 
the reflection group 'Involvement' at SCK•CEN in order to exchange Belgian experiences and to report 
them to the European level. Particular social dynamics at Fleurus-Farciennes were considered with local 
politicians involved in the local partnership PaloFF. 

 
5. At UGent, the PhD thesis of Gunter Bombaerts (defended in 2004) was introduced to a broader 

audience of nuclear waste management actors and academic philosophers. The impact of group think 
mechanisms and changing context elements on nuclear waste decision making was analysed, re-
situating the theoretical frame of risk assessment. The sociological concepts of local partnerships in their 
Belgian variety set-up, on demand of the nuclear waste agency NIRAS/ONDRAF, were discussed and 
confronted with new governance challenges such as respresentativity and the critical role of the expert. 
Particular attention was given to the RISCOM (RISk COMmunication) model. In collaboration with its 
Swedish authors, this model for transparency in risk communication was tested to the case of the 
Belgian partnerships. Referring to the model, it is clear that the role of stretchers and guardians has to 
be clarified within the Belgian processes. 
 

6. The viWTA study on the history of nuclear controversies in Belgium (carried out by PISA) was distributed 
in 2005 and reported to the Parliament and different audiences, in particular to the Master of Science 
Communication Programme of the University of Milano. Dossiers were prepared by PISA with regard to 
the ethical committee of SCK•CEN related to the selection criteria. The report on ethical and legal issues 
of ICRP for the Art 31 group of EC was finalised with experts of FANC/AFCN and UCL.  

 
Contact 
Gilbert Eggermont, gilbert.eggermont@sckcen.be
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PISA RESEARCH PROJECT PORTFOLIO    

 
 
 
 
Background 
In 2005, the programme of integration of social sciences into nuclear research participates in several 
research projects. 
 
Objectives 
It is the aim to apply transdiciplinary problem-oriented methods in PhD's work, in contract research, in 
international networking and to take challenging opportunities in conferences. 
 
Principal results 
1. Within the research track Sustainability and Nuclear Development a  PhD thesis entitled "Nuclear energy 

and sustainable development. Theoretical reflections and critical-interpretative research towards a better 
support for decision making" is under preparation. The most salient results and findings of this work are: 
 the introduction of a particular philosophical framework (i.e. constructivism) for studying sustainability 

questions,  
 an analysis of the use of the sustainability principle in combined scientific-political practices (i.e. 

ExternE, the Belgian phase-out decision),  
 the development of guidelines for governance in the field of sustainable energy based on both 

theoretical and case-study research,  
 an evaluation of the practical implementation of this new governance model using participatory 

technology assessment tools.  
 
2. In EC FP6 COWAM2 ("Community Waste Management"), guidance was provided on the use of 

participatory technology assessment tools in the context of local dialogues on radioactive waste 
management.  A focus group was organised with Slovenian stakeholders.  As in previous years, PISA 
researchers observed the international negotiation processes within the United Nations Commission on 
Sustainable Development (CSD) and the United Nations Framework Convention on Climate Change 
(FCCC). Seen through a participatory technology assessment lens, we can observe that negotiation 
processes on this global (international) level clearly still struggle with the issue of representative authority 
versus participation, resulting in the fact that negotiations between national authorities remain 
obstructed, while participation of major groups is relegated to a level of observation. Research on how 
principles of deliberative democracy can be implemented and used at this global level will continue, 
using the negotiations on the energy theme within the CSD and climate change and nuclear energy 
within the FCCC as case studies. Finally, a new project was started up by viWTA (the Flemish 
Institute for Technology Assessment), using a citizen panel to define and assess long-term energy 
scenarios for the Flemish region, in which SCK•CEN-PISA participates as a partner (together with 
Tri.Zone, Time-Out! and the University of Antwerp).   

 
3. In the frame of the Transgenerational Ethics and the Disposal of Radioactive Waste research, Gunter 

Bombaerts valorised his PhD research "Waste Depositionism, A philosophical inquiry on technoscientists 
and nuclear waste" with lectures and book reviews. In this context, PISA organised also the colloquium 
"Nuclear waste management and the social scope of its decision-making" in collaboration with Ghent 
University. In a related project, Gunter Bombaerts applied the RISCOM model to the nuclear low-level 
waste partnerships in Belgium. The RISCOM model and the Belgian partnership model for low level 
waste were compared. International discussions with the RISCOM authors and with MONA partnership 
(Mol) in Belgium gave concrete input that can be summarised in four points: (1) A broad national public 
debate on the participation experiments preceding the start of the participation process is needed. (2) 
The local participation should also focus on the intercommunity level. (3) A guardian of the process at 
the national level seems missing. (4) The partnership model focuses largely on the local level, ignoring 
the regional and federal level. 

 
4. In SERF3 ("Socio-Economic Research on Fusion"), research looked at how the results of energy 

modelling can be used in communication on fusion energy scenarios, analysing the different views with 
respect to modelling results. In this frame, interviews and focus groups have been carried out throughout 
2005, as it was also done in the framework of COWAM2 in order to contribute to long term governance. 
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5. Within the Ethics and Expert Culture research track, the main research topics of Michel Bovy were the 
funding for decommissioning activities, the involvement of local stakeholders and the sense of justice as 
embodied value in expert's assessments. Within COWAM2, attention was given to the importance of 
long term generations and the responsibilities towards society. Research also contributed to a project on 
the ethical approach of the funding management for decommissioning activities in collaboration with the 
Working Group for Decommissioning and Dismantling Activities (WPPDD of NEA/OECD). The results of 
a previous inquiry on expert culture were discussed at the French Institut de Radioprotection et de 
Sûreté Nucléaire (IRSN) and the preparation of a new public opinion survey on risk perception was 
started in collaboration with the university of Antwerp, focused on aspects related with nuclear 
technology.  Our new "2006 Risk barometer" builds on the experiences with our 2002 barometer, 
organised in parallel with IRSN, and will focus more on emergency preparedness and waste aspects. 

 
6. The Legal aspects and Liability research was focalised on the further implementation of the 

Precautionary Principle in nuclear law and practice. The Phd thesis of Chloée Degros at the Catholic 
University of Leuven, Louvain-la-Neuve (UCL) on the safety regulation of nuclear installations took 
further shape in exploring how the many soft law instruments (as e.g. the Safety Series IAEA) are 
implemented and controlled. The final work will be done at UCL and shall concentrate on the 
responsibilities following administrative, criminal and civil law. In particular the role of Peer Review and 
Third Party control on "Best Practices" will be examined. The Legal aspects and Liability staff will assist 
in streamlining the knowledge centre around the central themes: the Precautionary Principle, 
Involvement and Participation, Sustainable Development, as the role of Human Sciences in bridging the 
gap between experts and lay people concerning nuclear risks (with a focus on nuclear waste) has shown 
to be essential in today's risk society. Ludo Veuchelen will continue to question the link between nuclear 
law and environmental law and is chairing the Working Group on licensing and decommissioning of the 
INLA (International Nuclear Law Association) and of the Legal Advisory Committee of ELINI (European 
Liability Insurance for the Nuclear Industry). 

 
Future work  
Activities of PISA will focus more and more on the improvement of particular risk management issues within 
the framework of sustainable development (SuND). Due to limited resources risk perception, governance 
and the policy related to the precaution principle will receive higher priority than philosophical and legal 
issues. 
Involvement research such as COWAM and FUSION contract work on participation, as well as the Risk 
barometer, will remain research headlines within PISA. 
The reflection groups will continue to challenge universities towards more second mode science. The 
programme contains PhD valorisation on Nuclear Sustainability and participative TA at KUL. 
The issue of uncertainty within risk assessment and precaution will be considered with JRC ISPRA and 
universities in the Netherlands. PISA will examine uncertainties in Extern E nuclear cost externalities as well 
as employment perspectives in the nuclear sector. Together with the VUB, PISA will organise a new series of 
lunch talks on energy policy and nuclear phase-out. At UCL the finalisation of a PhD on nuclear safety 
regulation will be taken up as a workshop topic. Finally the viWTA study on the history of nuclear 
controversies will be discussed within SCK•CEN, in order to test the feasibility of the reflection group concept 
for internal dialogue. 
 
Contact person 
Gaston Meskens, gaston.meskens@sckcen.be
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MANAGING NUCLEAR KNOWLEDGE MANAGING NUCLEAR KNOWLEDGE 
CONNECTING PAST AND FUTURE  CONNECTING PAST AND FUTURE  

Marie-Laure  RuyssenMarie-Laure  Ruyssen
 
Since several years SCK•CEN has acknowledged the importance of Nuclear Knowledge Management. In 
recent years, a number of trends have drawn attention to the need for better management of nuclear 
knowledge. At the Lisbon European Council in 2000 the role of R&D was recognized as the driving force for 
a competitive and dynamic knowledge-based economy and linked to the economy's capacity to turn new 
knowledge into technological innovation. Knowledge management (KM) is therefore becoming more and 
more critical to exploit R&D results effectively and expect sufficient returns to balance the risk inherent in the 
large investments required by today's nuclear research.  
 
The SCK•CEN practical approach towards Nuclear Knowledge Management is twofold. First, the capture of  
tacit knowledge before the loss of key individuals as well as the preservation of various knowledge 
repositories address the complex issues of aging of the nuclear workforce and reduction of the number of 
students taking nuclear subjects. Secondly, the set up of education networks at international level aims to 
prevent further dilution of nuclear education and training programmes while pooling nuclear research 
resources in order to meet future requirements for qualified nuclear staff. Knowledge management combines 
therefore different sources of information with human knowledge capital. 
 
Managing Nuclear Information 
 
Nuclear information management aims to get the best value from all the different types of information 
generated or used within an organisation. This information may be from internal or external sources, 
structured or unstructured, published or not, useful for a short time or longer period. Its format may be paper 
or electronic and its significance purely local and administrative or enterprise-wide and strategic. This variety 
calls for an effective information management system designed to support our staff in their day-to-day work. 
Consequently, the Knowledge Centre portal which integrated initially external scientific information sources 
with online library services has been upgraded to cope with the management of the SCK•CEN Scientific 
Output produced by our researchers (publications, conferences or reports).  
 
Although based on a Quality Assurance (QA) procedure for the registration of publications implemented 
since 1991, the old repository system exhibited the well-known limitations of paper-based workflows: hardly 
accessible information stored in paper collections, duplicated storage of identical documents by different 
research groups and inconsistent or missing vital metadata. It provided therefore an inaccurate base to 
analyse the performance of on-going research projects.  
 

 
 

Screenshot of the personalized Scientific Output system with workflow 
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In February 2005 we launched an improved Scientific Output registration system. This system provides 
primarily a central repository for collecting and preserving SCK•CEN scientific publications and reports. As 
the integration of a knowledge management tool into everyday work is a prerequisite for its success, it 
supports the review processes through a web interface matching the original QA workflow. 
The positive effects are reduced information handling costs and optimized process time. The author can 
assess at any time the status of a registered publication and receives automatically by e-mail the results of 
the review process. Secondly this system acts as an efficient performance assessment tool in terms of 
project evaluation by year. More accurate management information is offered through real-time detailed 
statistics organised by author, by project or by organizational unit. Furthermore the Scientific Output system 
will not only open new ways for preserving and assessing but also for promoting SCK•CEN research by 
selecting the most outstanding research results through an Open Access institutional repository of published 
and unclassified material. 
 
The necessity to share information and knowledge among organizations in times of diminishing resources is 
manifest in the establishment of international and European networks. Participating in networks of excellence 
funded under the Sixth Framework programme (FP6) is an invaluable source of accessing knowledge at 
outside organizations. SCK•CEN is not only participating in different networks through scientific work 
packages but actively promotes the use and dissemination of this knowledge by coordinating and setting up 
web-based knowledge portals and communication websites. In 2005 SCK•CEN successfully launched the 
collaboration portal of the Network of Excellence on Micro-Optics (NEMO), with an e-inventory of the pooled 
equipment infrastructure and experts and e-spaces for collaborative work (www.micro-optics.org).  
 
Networking Education and Training 
 
SCK•CEN initiated different European and national efforts to address the need for greater numbers of 
qualified and trained nuclear staff. In 2005 the European 5th Framework Programme project European 
Nuclear Engineering Network (ENEN) evolved itself into the European Nuclear Education Network (ENEN) 
Association, a non-profit-organisation according to the French law. Its main objective is to foster the 
international exchange of students and teachers. The different ENEN members offer courses according their 
expertise in the field of nuclear engineering, while putting at disposal of students the unique experimental 
and training nuclear infrastructure throughout Europe. SCK•CEN is currently ensuring the Association's 
Secretary. Moreover, the Nuclear European Platform for Training and University Organisation (NEPTUNO) 
was created under the European 6th Framework Programme. This project coordinated by SCK•CEN focuses 
on harmonising the approach for nuclear engineering education and training in Europe and on better 
integrating both national and industrial resources and capabilities. Finally, the FP6 project ENETRAP started 
with the goal to integrate existing Education & Training activities in radiological protection across European 
countries providing the necessary competence and expertise for the continued safe use of nuclear radiation 
by industry, medicine and research.  
 
In September 2005 started the fourth academic year of the Belgian master program in nuclear engineering 
under the umbrella of the Belgian Nuclear Education Network (BNEN), initiated by SCK•CEN and five 
Belgian universities. The programme extensively benefits from the staff, laboratories and lodging facilities of 
SCK•CEN. The courses of BNEN programme on Nuclear Reactor Theory, Nuclear Thermal Hydraulics, 
Radiation protection and Nuclear Measurements, Operation and Control, Reliability and Safety were 
successfully opened to ENEN students in order to encourage participation of foreign students. Furthermore 
in order to provide reactor operators with a basic understanding of the main concepts relevant to nuclear reactors, 
SCK•CEN continues the tradition to organise a course on Nuclear Reactor Physics at the request of the Belgian 
Nuclear Industry. The theoretical lectures on are followed by practical sessions on the BR1 and VENUS research 
reactors at the SCK•CEN site.   
 
Recently the Faculty of Medicine of the Catholic University of Leuven initiated a graduate in radiation 
protection for occupational medical practitioners, students in medical physics, specialists in radiotherapy and 
specialists in nuclear medicine. Thanks to its extensive knowledge and expertise in radiological protection 
SCK•CEN experts lecture academic courses on the organisational, legal and risk communication aspects 
regarding radiation protection. 
 
The retirement of senior scientists and experts could lead to further reduction of the available core 
competencies. By contrast, maintaining innovative edge requires developing new ones while attracting 
young blood and retaining staff. In this context, the effective management of the pool of our corporate 
knowledge as a strategic resource is required. Our knowledge management approach tries to tackle the 
Nuclear Knowledge Management issue not only inside SCK•CEN but also through research networks, 
education and training platforms at national and European level. 
 
Main contact person 
Marie-Laure Ruyssen, marie-laure.ruyssen@sckcen.be
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ENETRAP: TRAINING AND EDUCATION IN RADIOLOGICAL 
PROTECTION 

 
 
Background 
The development of a common European radiation protection and safety culture and, based on that, the mutual 
recognition of radiation protection courses and the acquired competencies of radiation protection experts (RPE) and 
officers (RPO) is becoming a real need. The ENETRAP project ("European Network for Education and Training in 
RAdiological Protection" - 6FP project n° 516529) aims at bringing together different ideas and approaches of 
education and training (E&T) in radiological protection (RP) in order to better integrate and harmonise national E&T 
activities on a European level.  
The project started in April 2005. 10 partners are involved in ENETRAP: SCK•CEN (coordinator), CEA-INSTN, FZK-
FTU, BfS, ENEA, NRG, CIEMAT, HPA-RPD, UJF and UHI-NHC. These partners have years of experience with 
established E&T programmes and play an important role in the development of specific techniques such as e-
learning or On-the-Job Training (OJT) related to RP. As a result of their fundamental scientific research, collaboration 
with industry and practical experience, the partners have a solid scientific knowledge of all aspects of RP and are 
ideally placed to transfer the know-how and estimate the needs in this field. 
 
Objectives 
The ENETRAP project aims at establishing a sustainable E&T infrastructure for RP as an essential component to 
combat the perceived decline in expertise and to ensure the continuation of the high level of RP knowledge. 
The main objectives of the ENETRAP project are (1) to better integrate existing E&T activities in the RP infrastructure 
of the European countries in order to combat the decline in both student numbers and teaching institutions, (2) to 
develop more harmonised approaches for E&T in RP in Europe, (3) to better integrate the national resources and 
capacities for E&T and (4) to provide the necessary competence and expertise for the continued safe use of radiation 
in industry, medicine and research. Any such infrastructure must ensure that provision is made for both the 
appropriate initial training (“Education”) and for the subsequent gaining and maintaining of specific expertise and 
competencies ("Training") at all levels. This approach is hoped to favour the mobility of students, teachers and 
workers and will help to initiate a confidence building across institutional and national borders which is a prerequisite 
for mutual recognition. 
 
Principal results 
The project will produce a state-of-the-art report on radiation protection E&T activities in the enlarged European 
Union. Assessment of training needs and capabilities within the EU Member States, the New Member States and the 
Candidate States and an evaluation of the current situation with regard to recognition of competencies and diplomas 
are the keys for developing a common radiation protection E&T infrastructure in Europe. The required qualifications 
for key professional functions in industry, medicine, research and the public sector along with the training available to 
support those qualifications will be assessed, including on-the-job training programmes and e-learning opportunities. 
To this end a survey (by questionnaire) is being undertaken across the EU countries to elicit detailed information.  
Past and current training programmes will be studied and the current European Radiation Protection Course (ERPC) 
will be revised. Special attention will be given to the compliance of European and International E&T requirements in 
RP with the Basic Safety Standards for protection against ionising radiation established and promoted by the 
European Union and by the IAEA. A pilot session of one or two revised modules of the ERPC will be organised. 
 
Future developments 
In order to better integrate and harmonize national E&T activities on a European level, ENETRAP will assemble 
different ideas and approaches, ultimately delivering an operational network of different institutes conducting or 
promoting radiation protection E&T activities on different levels. 
Linking those European countries with established and active programmes in E&T (BE, DE, ES, FR, IT, NL, UK) via 
a structured network will facilitate the integration and optimisation of existing resources within Europe. In a later 
phase, extension to other Member States will be established. Such extension should be performed in close relation 
with the European Training and Education in Radiation Protection (EUTERP) platform which could play a role in 
reaching consensus about an internationally agreed system of recognition of RPEs. The network aims to achieve 
close and sustainable collaboration between the main E&T providers in Europe.  
In the field of "Education", a project proposal for a European Master in Radiation Protection (EMRP) will be submitted 
to the DG Education. 
 
Main contact person 
Michèle Coeck, michele.coeck@sckcen.be
 
Main reference 
www.sckcen.be/enetrap
proceedings of the ETRAP2005 conference 
proceedings of the ENC2005 conference 
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ENEN   EUROPEAN NUCLEAR EDUCATION NETWORK ASSOCIATION 

Background 
After the pioneering initiative of BNEN, the Belgian Nuclear higher Education Network, other countries, e.g. 
Italy, United Kingdom, Germany, Switzerland,  etc.,  created  their  own  pool  of  education.  At  the European 
level the ENEN Association (European Nuclear Education Network) is a sustainable product generated by an 
FP5 project. 

Objectives 
The  main  objective  of  the  ENEN  Association  is  the  preservation  and  the  further  development  of  higher 
nuclear  education  and  expertise.  This  objective  is  realized  through  the  cooperation  between  European 
universities,  involved  in education and  research  in  the nuclear engineering  field, nuclear  research centres 
and nuclear industry. 

Principal results 

ENEN, more than a network: a European project 
The BNEN experience can be considered as pioneering in the sense that the achievements performed at the 
scale  of  a  small  but  tricultural  country  has  been  extrapolated  at  the European  scale.  In  order  to  ensure 
sustainability both from an organisational and a financial point of view, the participants in the ENEN project 
have  founded  the  ENEN  Association,  a  nonprofit  association  under  French  law.  This  international 
association can be considered as a step towards the creation of a virtual European Nuclear University. . The 
ENEN  association  operates  for  two  years  (www.enenassoc.org).  It  has  currently  41  members  and  has 
contributed to and benefited from the NEPTUNO project which involved 35 partners. 

The European Master of Science in Nuclear Engineering (EMSNE) certificate 
The  first  European Master  of  Science  in Nuclear Engineering  certificates has  been  granted  in December 
2005 to students having obtained a part of their credits (at least 20 ECTS out of the total of 60 ECTS) in a 
foreign institution member of the ENEN association. 

Nuclear engineering students preparing for the EMSNE certificate 

The NEPTUNO communication system 
The NEPTUNO communication data base  includes more  than 200  nuclear courses offered by  the ENEN/ 
NEPTUNO partners (www.neptunocs.de). 

Participation in the EUROTRANS project 
Training  of  doctoral  students  and  young  researchers  in  the  objectives  of  the  ENEN  Association.  An 
opportunity to achieve this is achieved in the IP EUROTRANS project. The IP EUROTRANS is an integrated 
project of FP6 for the TRANSmutation of High Level Nuclear Waste in an Accelerator Driven System (ADS). 
During the whole duration of the project ten “Internal Training Courses” are organised for doctoral students. 
ENEN is responsible for the general organisation of these internal training courses

http://www.sckcen.be/
http://www.sckcen.be/BNEN/
http://www.enen-assoc.org/
http://www.enen-assoc.org/
http://www.neptuno-cs.de/
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The five ENEN Committees 
The activities of the ENEN Association are organized in five committees. 
The Teaching and Academic Affairs Committee establishes  the equivalence between nuclear engineering 
education  curricula,  awards  the  ENEN  Master  of  Science  Certification,  promotes  student  and  teacher 
exchanges, and organizes International ENEN courses. 
The Advanced Courses and Research committee ensures  the  link between ENEN members and research 
laboratories  in  the  European  Community.  In  particular,  education  and  training  courses  materialize  in  the 
EMSNE  core  curricula.  The  Training  and  Industrial  Projects  Committee  identifies  the  industrial  needs  for 
continued  professional  development.  Pilot  editions  of  courses  and  tryouts  of  training  programmes  have 
been successfully organized with support of nuclear industries and international organisations. 
The Quality Assurance Committee examines the quality assurance practices adopted in partner institutions. 
It collects information about rules and practices such as selection, training and certification of teachers, and 
proposes a scheme for their harmonization. 
The Knowledge Management Committee identifies and monitors deficiencies in scientific knowledge relevant 
to nuclear technology and safety. It implements an action plan to ensure that valuable scientific knowledge is 
not lost. 

Future work 
Although the working field of the ENEN Association started with and is still focused on nuclear engineering 
education,  the  activities  expand  into  the  definition,  harmonisation  and  transnational  recognition  of 
professional training for several key functions in nuclear industries and regulatory bodies. With the support of 
its members and the endorsement of its activities by the European Commission, future extensions towards 
education and training in radiation protection, nuclear and radiochemistry, nuclear applied sciences, nuclear 
instrumentation, accelerators,  radioactivity measurements, and even  into nuclear waste management may 
be expected. The expansions  from engineering  into other nuclear disciplines and  from  the academic  field 
into the industrial and regulatory areas form the backbone of a new project introduced for the final call of the 
6th EC framework programme. It will be for the ENEN association a challenging task, which will significantly 
contribute to the dissemination and management of nuclear knowledge within the European Union as well as 
on a worldwide level, through the ENEN Associations’ international contacts with its sister Network ANENT 
in Asia, and by its participation to activities of the World Nuclear University. 

Main contact person 
Peter De Regge, peter.deregge@sckcen.be 

Main reference 
P.  De  Regge,  The  European  Nuclear  Education  Network  Association  –  ENEN,  Nuclear  Energy  for  New 
Europe,  58 September 2005, Bled, Slovenia. 
P.  De  Regge,  'The  role  of  the  European  Nuclear  Education  Network  Association  in  the  academic  and 
industrial  environment',  ETRAP,  3 rd  International  conference  on  Education  and  Training  in  Radiological 
Protection, 2325 November 2005, Brussels, Belgium.

http://www.sckcen.be/
mailto:peter.deregge@sckcen.be
http://www.etrap.net/aspx/viewabstract.aspx?id=495d927b-51bc-443b-a433-64b8b2f46158&returnurl=/programme_thursday24_session3.htm
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NUCLEAR REACTOR PHYSICS COURSE FOR REACTOR OPERATORS  NUCLEAR REACTOR PHYSICS COURSE FOR REACTOR OPERATORS  
  
  

Background Background 
The education and training of nuclear reactor operators is important to guarantee the safe operation of 
present and future nuclear reactors. Therefore, a course on basic "Nuclear reactor physics" in the initial and 
continuous training of reactor operators has proven to be indispensable. In most countries, such training also 
results from the direct request from the safety authorities to assure the high level of competence of the staff 
in nuclear reactors.  

The education and training of nuclear reactor operators is important to guarantee the safe operation of 
present and future nuclear reactors. Therefore, a course on basic "Nuclear reactor physics" in the initial and 
continuous training of reactor operators has proven to be indispensable. In most countries, such training also 
results from the direct request from the safety authorities to assure the high level of competence of the staff 
in nuclear reactors.  
  
Objectives  Objectives  
The aim of the basic course on "Nuclear Reactor Physics for reactor operators" is to provide the reactor 
operators with a basic understanding of the main concepts relevant to nuclear reactors. Seen the education 
level of the participants, mathematical derivations are simplified and reduced to a minimum, but not 
completely eliminated.  

The aim of the basic course on "Nuclear Reactor Physics for reactor operators" is to provide the reactor 
operators with a basic understanding of the main concepts relevant to nuclear reactors. Seen the education 
level of the participants, mathematical derivations are simplified and reduced to a minimum, but not 
completely eliminated.  
  
Course content Course content 
Depending on the request, two 
separate courses can be given. 
One being more focussed on the 
description of the reactor physics 
in stationary (critical) conditions, 
whereas the second course treats 
more the kinetic aspects of reactor 
operation.  

Depending on the request, two 
separate courses can be given. 
One being more focussed on the 
description of the reactor physics 
in stationary (critical) conditions, 
whereas the second course treats 
more the kinetic aspects of reactor 
operation.  
  

  
  

Schematic view of a PWR Schematic view of a PWR 
  
The one-day course on "Nuclear Reactor Statics for reactor operators" treats the following subjects: Concept 
of nuclear fission and energy production, Nuclear chain reaction, Fissile fuel and absorbers, Energy 
distribution of neutrons in the reactor, Simplified derivation of diffusion equations, Spatial power distribution 
in the reactor. The one-day course on "Nuclear Reactor Kinetics for reactor operators" treats the following 
subjects: The concept of prompt and delayed neutrons, Neutron multiplication constant, Simplified derivation 
of point kinetics, Kinetics and control of a nuclear reactor, Temperature feedback effects, Effect of poisoning 
by fission products on the reactor operation. 

The one-day course on "Nuclear Reactor Statics for reactor operators" treats the following subjects: Concept 
of nuclear fission and energy production, Nuclear chain reaction, Fissile fuel and absorbers, Energy 
distribution of neutrons in the reactor, Simplified derivation of diffusion equations, Spatial power distribution 
in the reactor. The one-day course on "Nuclear Reactor Kinetics for reactor operators" treats the following 
subjects: The concept of prompt and delayed neutrons, Neutron multiplication constant, Simplified derivation 
of point kinetics, Kinetics and control of a nuclear reactor, Temperature feedback effects, Effect of poisoning 
by fission products on the reactor operation. 
    
Optional laboratory sessions  Optional laboratory sessions  
In addition to the theoretical 
courses, lab sessions on the BR1 
and VENUS research reactors at 
the SCK•CEN site can be followed 
covering the following topics: 
Subcritical approach, Control rod 
worth determination, Reactor 
kinetics analysis, Axial Buckling 
measurement, Prompt Jump 
analysis, Control rod calibration,  

In addition to the theoretical 
courses, lab sessions on the BR1 
and VENUS research reactors at 
the SCK•CEN site can be followed 
covering the following topics: 
Subcritical approach, Control rod 
worth determination, Reactor 
kinetics analysis, Axial Buckling 
measurement, Prompt Jump 
analysis, Control rod calibration,  
Temperature coefficient 
measurement, Measurement of  
Temperature coefficient 
measurement, Measurement of  
diffusion length and coefficient.                        BR1 reactor   VENUS reactor diffusion length and coefficient.                        BR1 reactor   VENUS reactor 
  
Relevant experience Relevant experience 
At present, SCK•CEN organizes such a course for the reactor operators of the BR2-reactor (MTR) at the 
SCK•CEN site and for the reactor operators and operation team heads of the PWRs situated at the DOEL 
site (Belgium). 

At present, SCK•CEN organizes such a course for the reactor operators of the BR2-reactor (MTR) at the 
SCK•CEN site and for the reactor operators and operation team heads of the PWRs situated at the DOEL 
site (Belgium). 
  
Main contact person Main contact person 
Peter Baeten, peter.baeten@sckcen.bePeter Baeten, peter.baeten@sckcen.be
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EXTERNAL ADVISORY COMMITTEES 

 
External advisory committees continuously evaluate the scientific programmes of SCK•CEN. Their 
members are selected by the board of governors among the academic world and among senior actors 
of the nuclear community. 

 
 SCIENTIFIC ADVISORY COMMITTEE (SAC) 

 
Yvan Bruynseraede  - chairman  Katholieke Universiteit Leuven em. 
Michel Giot – vice chairman Université Catholique de Louvain-la-Neuve 
Benoît De Boeck  Association Vinçotte Nucléaire 
Fred Decamps Former ONDRAF/NIRAS (Belgian Agency for  
 Radioactive Waste and Enriched Fissile Materials) 
Frank Deconinck  SCK•CEN 
General Manager SCK•CEN 
Chris Huyskens  Universiteit Eindhoven 
Frans Moons  SCK•CEN 
Ernest Mund  Université Libre de Bruxelles 
Jacques Sinnaeve  Former European Commission 
Etienne Vansant  Universiteit Antwerp 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
DEPARTMENTAL ADVISORY COMMITTEES (DAC'S) 

 
 

 
 
                                                                                                                             
 

DAC - Radiation Protection & Site Restoration 
 
Chris Huyskens -  chairman Universiteit Eindhoven 
Augustijn Janssens European Commission 
Mark Loos SCK•CEN 
Patrick Smeesters FANC/AFCN (Federal 

Agency for Nuclear Control) 
Hubert Thierens Universiteit Gent 
Hans Vanmarcke SCK•CEN 
Micheline Kirch-Volders Vrije Universiteit Brussel 
André Wambersie Université Catholique de  
 Louvain-la-Neuve em. 
 

DAC – Reactor Safety, Materials & Fuels 
 
Benoît De Boeck – chairman Association Vinçotte 

Nucléaire 
William D’haeseleer Katholieke Universiteit 

Leuven 
Pierre D’hondt SCK•CEN 
Didier Haas European Commission 
Edgard Koonen SCK•CEN 
Jacqueline Lecomte-Beckers Université de Liège 
Tim van der Hagen Universiteit Delft 
Georges Van Goethem European Commission 
Luc Vanhoenacker Tractebel Engineering 
 

DAC – Radioactive Waste, Dismantling & Radiochemistry 
 
Etienne Vansant – chairman Universiteit Antwerpen 
Guy Collard SCK•CEN 
Peter De Preter ONDRAF/NIRAS (Belgian Agency for 

Radioactive Waste and Enriched Fissile 
Materials) 

Jean Fuger Université de Liège em. 
Véronique Halloin Université Libre de Bruxelles 
Alex Hermanne Vrij Universiteit Brussel 
Alain Sneyers SCK•CEN 
Harry Vereecken Forschungszentrum Jülich/Universität Bonn 
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MEMBERS OF THE BOARD OF SCK•CEN  
 

 
 
 
 
 
 
 
SCK•CEN is governed by a board of governors.  The board has the widest ranging authority to perform all 
management and disposition actions related to SCK•CEN. 
 
 
 
 
 Chairman 

 
Frank Deconinck 

Vice Chairmen
Paul Dirven 

Didier Hellin 

Managing Director
 

Claude Truffin 
 
 
 
 
 
  
 
 

Henri Bonet – Yvan Bruynseraede -  Kurt De

Francis Schep

 
 
 
 
 
 
 
 
 

Honorary member 
 

Baron André Jaumotte 

Governme
Kar

Nele

 
 
 
 
 
 
 
 
 
 Acting  

General Manager 
 

Pierre D'hondt  
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DOCTORAL THESIS PREPARED AT SCK•CEN  
AND DEFENDED IN 2005 
 

 
 

 
Name Lara Struelens 

 
Subject 

 
Optimization of patient doses, linked to image quality, in vascular radiology. 
 

University Free University of Brussels 
Faculty Applied Sciences 

Date January 27, 2005 
Promoters Prof. Dr. R. Van Loon (VUB) – Prof. Dr. H. Bosmans (KUL) 

SCK•CEN Mentor Dr. Filip Vanhavere 
 

 
Abstract 
 
Vascular radiology includes procedures in which the radiologist or other medical specialist uses the 
radiological image to diagnose or treat a specific vascular structure. In the published MIRA-2004 report 
(Milieu- en natuurrapport Vlaanderen) is mentioned that in 2001 the diagnostic vascular procedures 
comprised only 0.9% and the interventional (cardiology) procedures only 0.4% from the total number of 
performed radiological medical examinations in Flanders. Notwithstanding the frequency is low, their 
contribution to radiation exposure in medicine is considerably higher in respect to all X-ray examinations.  
Due to the complexity of these procedures, the application of the ALARA-principle, keeping doses as low as 
reasonably achievable without jeopardizing image quality, is a great challenge. It is obvious that optimization 
of patient doses necessitates a reliable insight in dose levels associated with the different examinations. 
However, in Belgium there is a great lack of quantitative data in vascular radiology and no explicit 
instructions are available on how the work could be done practically. Therefore, the first purpose of the study 
was to define, to measure and to calculate doses to patients in 7 different hospitals. 
 
In the thesis, patient doses are measured and calculated for 3 specific vascular procedures: angiography of 
the lower limbs, angiography of the carotid arteries and cerebral embolisations. The doses are evaluated 
against different technical parameters of the equipment and of the working procedure. In view of optimization 
purposes, a protocol for performing dose audits in vascular radiology is suggested. From the results and 
conclusions in this study, some practical guidelines could be given for the radiological protection of the 
patient. 
 
For 158 patients, relevant parameters as tube voltage (kVp), tube load (mAs), field size, number of frames, 
fluoroscopy times etc. were recorded. With a flat ionization chamber, positioned in the radiation beam, the 
product dose*field area (DAP) was measured for every beam projection separately. Skin doses were 
measured with thermoluminiscent dosimeters (TLDs) attached to the skin of the patient. These 
measurements confirmed that radiation doses are high and that for every procedure a large dose variability 
exists between the different hospitals and between the patients within one hospital. The quantification and 
analysis of patient doses for procedures of this kind was not easy, as the procedures are complex and not 
performed frequently.  
The study also learned us that 'effective dose' is a useful quantity to estimate in view of dose optimization. 
The effective dose is the weighted sum of organ doses and therefore can not be measured directly. By 
means of the Monte Carlo computer code, new and appropriate conversion coefficients were determined for 
the calculation of effective dose for vascular radiology procedures. If every beam projection in the procedure 
is considered separately, the calculation of effective dose is very complex and only suitable for studies with a 
small amount of patients involved. For that reason, also a practical method to calculate the effective dose 
was worked out, for which only one conversion coefficient is used in combination with the total DAP-value of 
the procedure.  
Different national and international organizations have recommended the use of patient dose audits in 
diagnostic radiology as a means of interinstitutional comparison and the establishment of reference dose 
levels. Several studies2,3,4 indicated that the performance of dose audits could reduce the difference between 
the highest and lowest measured dose with a factor of 2. Because of the high doses associated with 
vascular radiology, dose surveys could here also be of obvious benefit, but will not be straightforward due to 
the complexity of the procedures.  
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The thorough analysis of the patient doses against all possible technical parameters of the equipment and 
the work procedure, made it possible to set up a protocol for the performance of dose audits in vascular 
radiology. We propose to register, in addition to the total DAP-values, also parameters as total number of 
frames, average kVp en possible copper filtration. These data can be used to set diagnostic reference levels 
(DRLs) or to compare them with existing DRLs per procedure. The information about the energy spectrum of 
the radiation (kVp and filtration) also makes it possible to estimate the effective dose.  
Finally, the extensive dose analysis leads to the proposition of some practical guidelines, in order to restrict 
patient dose, while maintaining an appropriate image quality. Although the current digital systems for 
vascular radiology need a lower radiation intensity compared to the conventional film-screen systems, it was 
found that in practice much more images were taken with the digital systems. If the number of frames is 
sufficiently reduced and if an appropriate dose level is set at the entrance of the image intensifier, depending 
on the type and the purpose of the procedure, the dose could already be substantially reduced. Although 
such guidelines can be raised by medical physicists, it will remain the choice of the radiologist if and how 
they will be implemented in practice. Keeping the medical staff informed and alert about radiation protection 
is therefore an important issue in the process of optimization.   
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DOCTORAL THESIS PREPARED AT SCK•CEN  
AND DEFENDED IN 2005 
 

 
 

 
Name Gert Van den Eynde 

 
Subject 

 
Neutron Transport with Anisotropic Scattering. Theory and Applications 
 

University Université Libre de Bruxelles 
Faculty Faculté des Sciences Appliquées 

Date May 12th, 2005 
Promoter Prof. Dr. Ir. Robert Beauwens 

SCK•CEN Mentor Dr. Edouard Malambu 
 

 

Abstract 
This thesis is a blend of neutron transport theory and numerical analysis. We start with the study of the 
problem of the Mika/Case eigenexpansion used in the solution process of the homogeneous one-speed 
Boltzmann neutron transport equation with anisotropic scattering for plane symmetry. The anisotropic 
scattering is expressed as a finite Legendre series in which the coefficients are the ``scattering coefficients'. 
This eigenexpansion consists of a discrete spectrum of eigenvalues with its corresponding eigenfunctions 
and the continuous spectrum [-1,+1] with its corresponding eigendistributions. In the general case where the 
anisotropic scattering can be of any (finite) order, multiple discrete eigenvalues exist and these have to be 
located to have the complete spectrum. We have devised a stable and robust method that locates all these 
discrete eigenvalues. The method is a two-step process: first the number of discrete eigenvalues is  
calculated and this is followed by the calculation of the discrete eigenvalues themselves, now being able to 
count them down and make sure none are forgotten.  

During our numerical experiments, we came across what we called near-singular eigenvalues: discrete 
eigenvalues that are located extremely close to the continuum and hence lead to near-singular behaviour in 
the eigenfunction. Our solution method has been adapted and allows for the automatic detection of such a 
near-singular eigenvalue.  

For the elements of the continuous spectrum [-1,+1], there is no non-zero function satisfying the associated 
eigenequation but there is a non-zero distribution that does satisfy it. It is not feasible to compute a 
distribution as such but one can evaluate integrals in which this distribution appears. The continuum part of 
the eigenexpansion can hence only be characterised by its (angular) moments. Accurate and fast numerical 
quadrature is needed to evaluate these integrals. Several quadrature methods have been evaluated on a 
representative test function.  

The eigenexpansion was proved to be orthogonal and complete and hence can be used to represent the 
infinite medium Green's function. The latter is the building block of the Boundary Sources Method, an integral 
solution method for the neutron transport equation. Using angular and angular/spatial moments of the 
Green's function, it is possible to solve with high accuracy slab  

problems. We have written a one-dimensional slab code implementing this Boundary Sources Method 
allowing for media with arbitrary order anisotropic scattering. Our results are very good and the code can be 
considered as a benchmark code for others.  

As a final application, we have used our code to study the discrete spectrum of a well-known scattering 
kernel in radiative transfer, the Henyey-Greenstein kernel. This kernel has one free parameter which is used 
to fit the kernel to experimental data. Since the kernel is a continuous function, a finite Legendre 
approximation needs to be adopted. Depending on the free parameter, the approximation order and the 
number of secondaries per collision, the number of discrete eigenvalues ranges from two to thirty and even 
more. Bounds for the minimum approximation order are derived for different requirements on the 
approximation: non-negativity, an absolute and relative error tolerance.  
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DOCTORAL THESIS PREPARED AT SCK•CEN  
AND DEFENDED IN 2005 
 

 
 

 
Name Marcella MORI  

 
Subject 

 
Profiles of Gene Expression Induced by Ionizing Radiation in Different Human 
Cell Types 
 

University Free University of Brussels 
Faculty Medicine and Pharmacology 

Date June 17th, 2005 
Promoter Prof. Hooghe-Peters Elizabeth 

SCK•CEN Mentor Dr. Desaintes Christian 
 

 

Abstract 
Ionizing radiation disrupts chemical bonds in biomolecules, such as proteins and DNA, which result in 
important cellular damage. Exposure to relatively high doses of ionizing radiation such as those delivered to 
the tumor in a radiotherapy protocol is generally lethal for the cell. However, non-lethal dose of ionizing 
radiation can be delivered during radiotherapy to the healthy tissue surrounding the tumor. Although the 
effects of ionizing radiation at the cellular level are quite well established (cell cycle arrest, senescence, 
apoptosis, mitotic catastrophe), questions remain concerning the molecular pathways regulating these 
cellular responses, including those differentiating the responses between tumor and normal cells. In normal 
cells, the p53 protein plays a central role. However, the efficacy of radiation treatments on tumor cells is 
often reduced because of the frequent inactivation of the p53 protein in those cells. Our study used the 
microarray technology to investigate the molecular pathways induced by irradiation in transformed and 
nontransformed human cells. Profiles of gene expression obtained with cDNA microarrays were regarded as 
steps to characterize the general response to ionizing radiation and, possibly also, differentiating the 
response between transformed and nontransformed cells. Possible implications of such research include the 
development of radiosensitizing (to maximize the effect of radiotherapeutic irradiation) and of radioprotecting 
strategies. Transcriptional profiles were investigated in transformed (Jurkat, HL60) and non-transformed 
(freshly isolated lymphocyte subpopulations) cells of hematopoietic origin. Also, because HeLa carcinoma-
derived cells expressing human papilloma virus (HPV) 18 derived E2 protein represent a reliable model to 
study the p53 pathway, which is normally activated in response to radiation, molecular profiles were obtained 
to characterize this pathway in these cells. 
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AWARDS 

 
 
BEST UNIVERSITY AND COLLEGE FINAL-YEAR THESES 
 
Very keen to encourage high-quality research, the Belgian Nuclear Research Centre grants several awards. 
SCK•CEN attributes yearly prizes of respectively 1 500 and 1 000 € to the best university and the best 
college final-year theses carried out in its laboratories.  
 
The 2004-2005 award for the best university theses was granted to: 
 
 
Name   LIESBETH GOMMÉ 
 
Titel Thesis Assessment of space radiation effects on materials for Brillouin phase-conjugated mirrors 
Universiteit  VUB 
Mentor   Andrei Goussarov 
Promotors Prof. Dr. Ir. Francis Berghmans and Prof. Dr. Ir. Hugo Thienpont, VUB 
  
 
The award for the best final-year theses was granted to: 
  
Name  HANNE DEKIEN
 
Titel Thesis Ontwerp van een ontmantelingsinstallatie voor bestraalde capsules in een hotcel 
Hogeschool  Hogeschool West-Vlaanderen 
Mentor   Rik-Wouter Bosch 
Promotors  Dr. Ir. Jan Detand, Hogeschool West-Vlaanderen 
 
 
SCK•CEN'S SCIENTIFIC AWARD - PROFESSOR ROGER E. VAN GEEN 
 
SCK•CEN allocates every two years 12 500 € to the best original work in nuclear research.  The selection is 
performed by the Belgian National Fund for Scientific Research (NFWO/FNRS).  
 
The 2005 award was allocated to  
DR. STEVEN LAUREYS 
Université de Liège  
 
For his work   
"Tomographie par émission de positons chez des patients sévèrement cérébrolésés: 
fonctionnement cérébral résiduel et plasticité neuronale en coma, état végétatif, état de conscience minimal, 
syndrome de verrouillage et mort cérébrale” 
 
PHD CANDIDATES & POST-DOCTORAL RESEARCHERS - SELECTION 2005 
 
PhD Name  Research Topic 
Instrumentation Sofie Put Study and design of radiation tolerant electronic semiconductor 

devices for communication under high radiation levels. 
Microbiologie Nicolas Morin Studies on the response to spaceflight related conditions in the 

cyanobacterium Arthrospira sp. PC8005 using a pangenomic 
approach. 

Reactor 
materials 

Giovanni Bonny Semi-empirical many-body interatomic potentials for binary alloys 
based on phase diagrams. Applications to model alloy for RPV 
steels. 

Radiation 
Protection 
Research 

Nathalie Vanhoudt Study of biological effects induced following bioaccumulation of  
U and Cd by Arabidopsis thaliana: applying a multi-biomarkers 
approach. 
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Reactor 
materials 

Marlies Lambrecht Advanced experimental techniques for the comprehension of 
hardening and embrittlement mechanisms in RPV steels 

 
Post doctoral   
Microbiology Fabienne Giraudeau Individual Radio sensitivity: Heritability & Genetics 
Reactor 
materials 

Olivier Gregoire Effect of surface modification of steels on the corrosion kinetics in 
lead-bismuth eutectic. 
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SCIENTIFIC OUTPUT AND VISITORS IN 2005 
 

 
 
OUTPUT 
 
The SCK•CEN scientific output can be consulted on our website (results of 2005 not finalised yet)
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International journals 

National journals 
Proceedings 
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55 
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60 

50 
7 
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37 
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3 

73 
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6 

98 
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Conferences 
International Presentations 

National presentations 
International posters 

101 
13 
17 
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45 
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17 
28 

82 
6 

23 
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17 
38 
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38 
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20 
18 
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31 
40 
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37 
62 
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31 
66 

Reports 

Contract reports 
SCK•CEN reports (restricted) 

SCK•CEN reports (public) 
External contract reports 

Preprints 

118 
31 
19 

82 
10 
19 

61 
14 
38 

62 
11 
16 

98 
5 

24 

62 
5 

36 

78 
9 

27 
16 

4 

77 
17 
24 
25 

3 

136 
19 
23 
39 

1 

119 
15 
22 
24 

2 

(Parts of) books 4 12 7 6 8 12 18 12 18 13 

 Patents 3 4 2 1 1 3 1 0 0 0 

Theses 
Doctorate theses 

Final-year theses (university) 
Final-year projects (college) 

1 
15 
17 

2 
19 
18 

2 
5 

10 

4 
2 

17 

5 
3 

13 

5 
4 

11 

5 
8 

18 

2 
11 
14 

3 
8 
9 

4 
15 
15 

Participation in expert groups 7 7 8 3 9 9 11 11 12 9 

Training courses 6 3 13 12 10 8 11 19 25 22 

Miscellaneous output 9 14 11 6 10 3 25 17 24 16 

TOTAL 429 519 415 357 472 415 490 606 784 725 

  
 

VISITORS 
 

Visits Type  EIG EURIDICE BR1 BR2 BR3 LHMA SCH RP Total * 

71 Industry: Nuclear 211 16 85 66 24 21 13 390 

33 Industry Other 118 13 22 26 7 2 19 195 

9 Political 65 9 25 0 0 0 1 94 

5 Press 3 0 1 0 0 0 10 12 

52 Scientists 223 38 42 47 50 1 4 351 

25 Socio-economical 438 69 10 0 20 0 20 477 

76 Students 388 198 231 33 107 19 146 777 

12 Miscellaneous 56 17 15 0 0 2 9 69 

          

283  1502 360 431 172 208 45 222 2365 

* several groups visited more than one building 
 
EIG EURIDICE Underground Research Facility and Demonstration hall EURIDICE 
BR1  Research reactor 
BR2 Materials testing reactor 
BR3 Dismantled PWR 
LHMA  Laboratory for High and Medium Level Activity 
SCH  Chemistry labs 
RP  Radiation protection labs 
  

   Operational Office: Boeretang 200, B-2400 Mol – Scientific Report 2005 

http://www.sckcen.be/sckcen_nl/publications/scientrep


   

www.sckcen.be

 

 
EVENTS IN 2005 
 

 
 
Conferences 
  
28 February - 4 March MCNPX workshop - intermediate level
April 18-20 International Workshop on Information Systems for Crisis Response and Management
May 22-25 3rd International Workshop on SPACE MICROBIOLOGY
June 27-29 6th MEGAPIE - Technical Review Meeting
August 21-26 12th International Conference on Emerging Nuclear Energy Systems
September 12-15 MRS 2005: 29th Symposium on the Scientific Basis for Nuclear Waste Management
12-16 September 29th International Symposium on the Scientific Basis for Nuclear Waste Management" 
November 23 - 25 3th International Conference on Education and Training in Radiological Protection
 
Topical days 

 
March 21 Nuclear Data for Innovative Energy Systems & Fuel Cycle
October 7 Life management for current research reactors 
November 8   Heavy liquid metal technology
 
OUTLOOK ON FUTURE TOPICAL DAYS 
 
Outlook on Academic year 2005 – 2006 
October 7 Life management for current research reactors 
November 8 Heavy liquid metal technology 
December 6 Clay formations and geological disposal of radioactive waste 
February 7 Trends and developments in irradiation technology 
February 21 Improvement of techniques for multi scale modelling 
  
Outlook on Academic year 2006-2007 
January 26 Topical day on Fusion: ITER - An opportunity for the Belgian Industry  
February 6 Experience with full scale MCNP modelling of research reactors 
February 21 Towards a multi scale modelling approach of radiation damage in high-Cr steels: 

Computer simulation and experimental validation  
February 23 Modelling vadose zone flow and transport processes in radioactive waste management 
February 27 Minimising waste production in a complex nuclear centre: from conception to the 

decommissioning; the SCK•CEN reference case. 
November 7 Interaction: radiation – semiconductor materials  
November 21 Waste characterization needs and practices: for free release, reception, intermediate 

storage, long term management  
December 5 Emergency Planning (Benelux)  
February 6 Experience with full scale MCNP modelling of research reactors 
February 27 Minimising waste production in a complex nuclear centre: from conception to the 

decommissioning; the SCK•CEN reference case.  
   
 
Monthly Lunch talks 
 

 

January 31  Public participation in the siting of a LLW repository in Mol 
 A philosophy of science introduction to the SCK•CEN. Programme of Integration of 

Social Aspects into nuclear research. 

March 25  Antartica Expedition : Some like it cold: cyanobacteria in Livingstone Islands, 
maritime Antarctica 

 Multi-Scale Approach for Fe-Cr Alloys: Understanding Chromium effects in Fe alloys 
under irradiation 
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April 29  Artificial Intelligence in Nuclear Applications : FLINS examples and major lessons 
learned 

 Artificial Intelligence applied to Radiation Damage – Computational study of radiation 
damage production in Reactor Pressure Vessel steels 

May 30  Nuclear Fuel Qualification: SCK•CEN's Contribution to Fuel Licensing 
 Nuclear Fuel Qualification: Fuel Rod Refabrication for Dedicated Research 

Applications, the REBUS case 
June 23  RMO – Microstructure Research: Microscopy and Spectroscopy at SCK•CEN 
September 30  A patent Strategy for the SCK•CEN 

 Intellectual Property Right at the Katholieke Universiteit Leuven 

October 28  A geological timescale perspective for future climate change 
 Three Mile Island : a meltdown of public trust 

November 25  IBA : Fighting Cancer by Particle Therapy 
 Physics of Nanostructured Materials 

December 16  Hadrontherapy in the world and Belgian experience: when did it start, where is it 
applied, which particles are used, how is the beam delivered? 

 Innovative cancer treatment: Can Belgium play a role? 
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TRAINING 

 
ISRP (INTERNATIONAL SCHOOL FOR RADIOLOGICAL PROTECTION) 
 
February 21-24 Opfrissingscursus stralingsbescherming voor (ervaren/minder ervaren) agenten 

stralingscontrole van Electrabel KC Doel 
 
June 20-29 & July 1 Grondige cursus stralingsbescherming (for Electrabel KC Doel) 
 
September 15, 16, 29, Cursus stralingsbescherming voor SCK•CEN medewerkers 
30 & October 7 
 
September 19-23 Cours de Radioprotection - open registration (French) 
 
October 3 & 6 Opleiding stralingsbescherming voor het Provinciaal Instituut voor Brandweer- en  
November 3 & 17 Ambulanciersopleiding vzw (PIBA) 
December 1 
 
October 10-14 Cursus Stralingsbescherming - open registration (Dutch) 
  
March 24 & "Basisbegrippen radioactiviteit" en "interactie van straling met materie" 
 Posthogeschoolvorming Stralingsprotectie, Katholieke Hogeschool Brugge-&  
September 27 Oostende (KHBO) 
 
November 18 “Ionizerende stralingen”, opleiding “technicus arbeidshygiëne”, PREVENT, 
 Antwerpen 
 
Throughout 2005 Organisation of, and contribution to, the third academic year of the ‘Radiological 

Protection Expert Training’ in co-operation with the XIOS Hogeschool Limburg 
 
OUTLOOK ON FUTURE COURSES ORGANISED BY THE ISRP IN 2006 
 
January 30 – Opleiding agenten stralingscontrole voor ISS Industrial Services nv 
February 7 
 
February 8 & 15 Opleiding voor nieuwe animatoren van ISOTOPLOS 
 
February 13 & 16 Practical exercise on transport and measurement of radioactive material in case of 

emergency for SPERANSA2006 
 
May 31, June 1 & 2 Opleiding radioactiviteit en stralingsbescherming (basisbegrippen) SCK•CEN 

medewerkers 
 
September 14, 27 & 28 Opleiding stralingsbescherming voor wetenschappelijk medewerkers van SCK•CEN  
October 5 & 6 
 
September 18-22 Cours de Radioprotection - open registration (French) 
 
October 9-13 Cursus Stralingsbescherming - open registration (Dutch) 
 
Throughout 2006 Organisation of, and contribution to, the forth academic year of the ‘Radiological 

Protection Expert Training’ in co-operation with the XIOS Hogeschool Limburg 
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INTERUNIVERSITY PROGRAMME IN NUCLEAR ENGINEERING ORGANISED WITHIN THE FRAMEWORK OF THE 
BELGIAN NUCLEAR HIGHER EDUCATION NETWORK (BNEN). 
BNEN is an interuniversity programme in a collaboration between SCK•CEN and the Vrije Universiteit Brussel, 
VUB, Universiteit Gent, UGent, Katholieke Universiteit Leuven, KULeuven, Université de Liège, ULg, Université 
Catholique de Louvain, UCL. After successful completion of the programme the academic degree "Masters of 
Science in Nuclear Engineering" is awarded. 
 
Courses  
 
 Nuclear energy: introduction 
 Introduction to nuclear physics 
 Nuclear reactor theory and experiments
 Nuclear thermal-hydraulics 
 Operation and control 
 Reliability and safety 

 Nuclear fuel cycle and applied radiochemistry
 Nuclear materials I
 Nuclear materials II
 Radiation protection and nuclear measurements
 Advances courses (on the above topics) 
 Project and internship 

 
 
ENEN (EUROPEAN NUCLEAR ENGINEERING NETWORK)   
The partners in the FP5 European Nuclear Engineering Network organised themselves in a sustainable non-
profit-making organisation to deliver the European master of Nuclear Engineering, to promote PhD studies in 
nuclear engineering, to encourage exchange of students and professors, to establish a framework for mutual 
recognition, to foster and strenghten the relationship with research laboratories, industry and regulatory bodies. 
The courses on Nuclear Thermal Hydraulics, Nuclear Reactor Theory and Radiation Protection of the Belgian 
academic postgraduate programme on nuclear engineering are organised in a modular way and taught in 
English to facilitate and enhance participation of European students. The courses make full use of the 
laboratories and infrastructure of SCK•CEN. In total some 25 students, of which 30% from abroad, participated 
in the courses. 
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