





on promising trial designs and strategies and to identify the
type of tumours that should be targeted in future trials. The
organizers also discussed their own strong interest on the
possibilities on how to continue patient treatments in Petten.
The workshop attracted almost 50 participants, including
guests from outside Europe (Japan and Taiwan).

European Workshop, “Boron Analysis and Boron
Imaging for BNCT”, Bucharest, November 2007
The meeting was organised jointly by the Institute for
Energy/JRC Petten, University Hospital Essen of the Univer-
sity Duisburg-Essen and the Institute for Nuclear Research
& Nuclear Energy in Bucharest and sponsored by the JRC's
Enlargement and Integration Action (E&IA) and under the
auspices of the International Society for Neutron Capture
Therapy. The workshop focused on one of the critical pre-
requisites in Boron Neutron Capture Therapy (BNCT),
namely: knowledge on the boron-10 concentration, and
its intra- and inter-cellular distribution in tissue, including
blood. As such, a wide range of European experts were
invited to Bucharest to present the many aspects of bo-
ron measurement. The workshop also looked at standards,
which have not yet been established, in order that the
results coming from the different methods can compared
and used correctly for BNCT. Over 60 participants were
present. The workshop included satellite meetings on boron
standards and an executive meeting of the ISNCT. It was
concluded that in order to come to a standard method, a
multi-centre measurement should be performed, compar-
ing the boron-concentration measurements in tissue. The
tissue to be used would be from actual cancer patients.
The general consensus was that this workshop had been
extremely useful and thanks were given to both the JRC for
the funding provided by the Enlargement and Integration
Action and to the local organisers in Bucharest.

Figure 28 - [In Memoriam] Prof. Schmidt (Hamburg University)
taking measurements at the Petten BNCT facility in 2006
[Prof. Schmidt passed away early 2008]

Figure 27 - Irradiation of cells under infra-
red heating at the BNCT radiation facility

Workshop for Young Researchers in BNCT,
Birmingham, UK

This biennial meeting is intended for the PhD researchers
in BNCT around the world. The meeting was attended by
the four young researchers from Petten, each of whom gave
presentations on their work. Some 50 participants were
present representing many of the BNCT programmes from
around the world including Russia, Argentina and USA.

Workshop on Diamond Fingerprinting,

October 2007, IRMM, Geel

As a spin-off of one of techniques used in BNCT, namely
Prompt Gamma Ray Spectrometry, an invitation was re-
ceived fo participate and present the technique at an expert
workshop on the feasibility of source region identification of
conflict diamonds using analytical techniques organised by
DG RELEX and JRC-IRMM. To avoid illegitimate trade in dia-
monds, internal controls are required from mine to export, to
ensure that only legitimate diamonds are exported.

The workshop had the objective to clarify, as far as possible,
whether a feasibility study should be realized in order to
experimentally determine if source region identification of
diamonds, using analytical techniques, is possible. One pos-
sible technique is neutron activation analysis, which is avail-
able as one of the techniques used in the BNCT project to
measure boron concentrations in tissue. The technique was
presented by Dr. Finn Stecher-Rasmussen, consultant to the
Petten BNCT Group.



IAEA Technical Expert: Institute for Nuclear
Research and Nuclear Energy (INRNE),

Bulgarian Academy of Science, Sofia, Bulgaria
The Action Leader (R. Moss) was invited as an IAEA Techni-
cal Expert to give a week’s course on BNCT in Bulgaria.
Some 30 participants were present. The course included a
visit to the research reactor at the institute, where BNCT is
planned, and interviews on Bulgarian TV.

International Workshop on “Nuclear Data for
Science and Technology: Medical Applications”,
November 2007, Trieste

Amongst other actions, first contacts with Third Country
representatives were initiated with the participation at the
Workshop, which was organized by IAEA and held at the
International Centre for Theoretical Physics, which is part of
UNESCO. The participants were coming from several Third
Countries, among them Argentina and India, who showed a
great interest towards BNCT.

Visitors

Visitors to Petten to discuss BNCT and possible collaborations
included representatives from Comitato EUROSEA, Torino (on
the development of a neutron generator for BNCT), Leiden
University (on a joint project to treat liver cancer), Halle Uni-
versity Germany (visit of the Medical Physics department),
and the Institute for Nuclear Research and Nuclear Energy,
Bulgaria (as part of the agreement under the IAEA contract.

EDUCATIONAL AND DISSEMINATION ACTIVITIES

Seminars in 2007

The educational programme for young BNCT researchers
continued with seven seminars organised in 2007 and held
at |E Petten. The invited speakers covered a wide variety of
topics related to the disciplines of BNCT. For the programme
of 2007, see the table below.

Dissemination

Two articles on BNCT following interviews with journalists
appeared in the Dutch national newspapers: Financieél
Dagblad and De Telegraaf.

Publications
The BNCT group wrote and co-authored nine peer-reviewed
papers in 2007.

Ph.D. success

During the course of 2007, Sander Nievaart (Ph.D. student
in the Petten BNCT Group) was awarded his doctorate by
the Delft University of Technology. His thesis was entitled
“Spectral Tailoring for Boron Neutron Capture Therapy” '°.

(19 Nievaart, V.A., “Spectral Tailoring for Boron Neutron
Capture Therapy”, Ph.D. Thesis, Delft University, IOS Press,
ISBN 978-1-58603-762-8 (2007)

Month Name Institute Title of Talk/Presentation
February | Prof. Hans Zoetelief | IRI, Technical University of Induction of new primary tumours after conventional
and Xander Rijkee Delft, The Netherlands, radiotherapy and IMRT of prostate tumours
March Prof. Andrzej Wojcik | University of Kielce, Poland Biological basis of Radiotherapy
April Prof. Barry Allen University of Sydney, Autralia | Dosimetry and dose distribution in
alpha-immunotherapy
May Dr. Steven van der NRG, Petten, The Netherlands | ORANGE, a tool to calculate dose distributions
Marck
June Dr. Nina Steckel University Hospital Essen, Patient Care in Oncology
Germany
July Prof. Francesc Salvat | Universitat de Barcelona, Spain | PENELOPE. Specific features and applications
September | Prof. Ben Slotman VU medical Center Amsterdam, | 4D stereotactic radiotherapy for lung cancer
The Netherlands
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MEDICAL RADIO-ISOTOPE PRODUCTION

In 2007 the HFR again demonstrated it's essential role as
the largest producer of medical isotopes in Europe. The fotal
volume and value of isotopes supplied from the HFR grew
again in 2007 to new record levels. This was achieved de-
spite the loss of two weeks (approx. 5%) of production time
due to technical problems with the reactor.

The supply of the main medical isotopes, in particular Mo-
lybdenum/Technetium continued to grow and during 2007
an additional in-core Molybdenum production rig was add-
ed to the production capacity. This brings the total of fixed
in-core facilities to three and these continue to be supported
by a large number of pool-side Molybdenum production fa-
cilities that can be deployed in a flexible manner during the
reactor cycles. The production levels of Molybdenum and
isotopes in general are constrained by the total workload on
the HFR for all experiments. This total workload continues to
grow; driving the need to increase the operating efficiency
in all areas of activity.

The HFR operated as the only major Isotope Production Re-
actor (IPR) in Europe for a record level of more than 100
days during 2007. However, during December 2007; the
staff and facilities were called upon to perform extraordi-
nary duties when the Canadian NRU Reactor was unexpect-
edly unavailable. For a period of around one week the HFR
was the only major IPR operating in the world and during
that HFR cycle, Molybdenum production was doubled in
an effort to maximise the supply of material to the world-
wide market. During that period emergency planning efforts
were quickly put into place to position the HFR ready to
provide (for a short term period) a further 30% increase in
Molybdenum irradiation capacity. Ultimately the situation in
Canada was resolved and the additional emergency meas-
ures were not introduced; which was fortunate as the action
would have had significant disruptive effects on other HFR
programmes.

During 2007, a number of new developmental programmes
continued to make good progress and an interesting range
of potentially new therapy products started out into early
developmental phases. On the negative side, a number
of key customers decided to discontinue the production
of some older therapy products and to stop an important
research isotope. These losses for the year were offset with
growth in other areas and by switching utilisation of pro-
duction facilities.

In the industrial isotopes area, growth was more limited
as the production capacity for these products is full. Some
growth was achieved by the conversion to enriched target
materials to use the possibility of increasing production ef-
ficiency from the same base capacity. This general trend of
target conversion had positive progress through the year.



Fission Reactor Technology

HIGH TEMPERATURE REACTOR
FUEL IRRADIATIONS

Background

The High Temperature Reactor (HTR) is a gas-cooled graph-
ite moderated nuclear reactor concept. The high tempera-
ture coolant output, effective fuel use, large R&D experience
and robust safety concept make it a very attractive heat and
power generating system. The HTR is specifically intended
for deployment in an industrial environment.

HTR fuel consists of TRISO-particles which are uranium oxide
kernels coated by a porous graphite buffer layer and a pyro-
carbon-siliconcarbide-pyrocarbon coating. 10,000-14,000
of these particles (1 mm diameter) are contained in a graph-
ite matrix in the form of a 6 cm diameter fuel sphere (“peb-
ble”) or in the form of finger-thick cylinders (“compacts”).
Two irradiation fests of low-enriched uranium fuel types in the
HFR were carried out or further prepared to determine their
limits with respect to radioactive fission product release with
increasing burn-up (enhanced fuel use) and at increased fuel
temperature (enhanced efficiency).

Work performed in 2007 was marked by three events:

1. HFR-EU1bis

Further Post-Irradiation Examination (PIE) and safety testing
of fuel pebbles irradiated in 2004-2005 in the HFR-EUTbis
irradiation were performed.

After irradiation, the HFR-EU1bis fuel pebbles were trans-

ported from the HFR to the NRG hot cell labs on the Petten

site. Currently PIE is being completed comprising:

e dismantling;

 metrology;

® gamma scanning of graphite shells and pebbles;

* weighing;

e visual inspection of the pebbles;

® gamma-scanning of the outer stainless steel containment
(to confirm burn-up calculations);

e X-ray photography;

® neutron metrology on the fluence detector sets;

® ceramography on one pebble;

® electron probe micro analysis (EPMA) on the same

pebble.

The diameter of the pebbles was measured in three per-
pendicular axes. Diameter change compared to the initial
values is shown in Table 4.

The average diameter decrease is 1.29 mm (2.16%), corre-
sponding to a 6.3% volume decrease. As expected, the peb-
bles having received the highest fast fluence show the most
significant shrinkage. Comparing the diameter decreases of
the three axes revealed that the “hot” axis, in line with the
central vertical axis of the sample holder, showed approx.

Pebble Avercge shr.inkcge Fluence (E>0.1 MeV) [10%° m?]
in 3 dimensions [mm]
HFR-EUTbis/1 (top) -1.18 3.02
HFR-EU1bis/2 -1.25 3.64
HFR-EU1bis/3 -1.36 3.98
HFR-EU1bis/4 -1.37 3.82 Table 4 - Average
HFR-EUTbis/5 (bottom) -1.30 3.44 diameter shrinkage
vs. fast fluence




Transferred

. 1f 1o ITU for
S burm-up
{J } amalysis
>

&

5

% IV AV, v}
o w v

ﬂﬁ.‘i Cuter Central

g sample sample

burn: FIMA])
1.E-04 - - g r -
0 2 4 ] B 10 12
= Kr-88m = Kr87 « Kr88 —wo-Xg-133 —w—Xe-135
1.E-05 ¥
L] " >
o
5 o
1.E-08 .
1.E-07

Figure 29 - Sample preparation for PIE

0.2 mm smaller diameter decreases than the other two axes
where strong negative temperature gradients existed. This is
quite exactly matching predictions from the so-called “Kania
Model".

Gamma scanning of the graphite half shells allowed detect-
ing a significant amount of 1°"Ag, 134Cs and '¥Cs. A quan-
titative analysis of the release fractions of these isotopes is
ongoing. Gamma scanning of the pebbles exhibited signifi-
cant inhomogeneities in the coated particle distribution in-
side the pebbles.

Visual inspection of the pebbles showed that their shiny sur-
face was maintained hinting at the absence of corrosion phe-
nomena. After initial PIE, four of the five pebbles were trans-
ported to JRC-ITU for KUFA testing in February 2007. One
pebble was prepared for destructive examination as shown
in Figure 29. Examination of this sample included ceramog-
raphy, electron probe micro analysis, ion etching as well as
hardness measurements of coatings and kernel. An example
of detailed ceramography of one TRISO-particle at the outside
of the fuel pebble is shown in Figure 30. So far, the performed
PIE has provided significant information for the application of
HTR fuel at high temperatures and high burn up. Additionally,
a number of innovative PIE techniques targeting specifically
irradiated HTR fuel are being developed.

The achieved burn-up was measured to be < 11% instead
of the intended 15%. In fact, the experiment had been ter-
minated somewhat early due to an error in neutronics data
post-processing. The burn-up was confirmed by additional
detailed neutronics calculations taking due account of the
irradiation history. After correction of this data, the final re-
sult of R/B vs. burn-up is plotted in Figure 31. The R/B frac-
tion is the ratio between fission gas release (“R”) and fission
gas birth (“B”) which is traditionally used as a characteristic
health indicator for HTR fuel particles.
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Figure 30 - Detailed ceramography of irradiated TRISO particle

Figure 31 - Final R/B vs. burn-up

Even considering the very high irradiation temperature, these
R/B values are unusually elevated. In fact, most HTR fuel
tests exhibit R/B of the order of 10-, which is attributed to
very small uranium and thorium impurities in the employed
graphite. In HFR-EU1bis, it can be concluded that one or sev-
eral of the 50,000 fuel particles was defective from the start
of the irradiation. The early R/B values indicate clearly that
this defect existed already at the beginning of irradiation,
so that it is not the irradiation itself which has caused dam-
age to the fuel. Further data analysis is ongoing. Additional
burn-up measurements and safety testing (at JRC-ITU) will be
performed in early 2008.

2. HFR-EU1

This irradiation test with a slightly lower central pebble tem-
perature but a higher target burn-up was continued through-
out 2007. Using detailed neutronics calculations, a definite
position in the HFR could be found constituting a compromise
between irradiation duration and acceleration factor. The
target burn-up had to be decreased from 20% to approx.
15% due to otherwise excessive duration of irradiation. The
relatively high failure rate of thermocouples may turn out
to be the limiting factor. The fuel itself shows good quality
confirming extremely low fission gas release with R/B of the
order of 108,

3. HFR-PBMRF1

Preparation of this irradiation for the South African PBMR
prototype project was continued in the frame of a bilat-
eral cooperation agreement. While fuel delivery had to
be postponed to 2008, the time was used to improve the
design, in-pile instrumentation of the rig as well as the gas
analysis system. Start-up of the experiment is foreseen by

mid-2009.




Figure 32 - loading of the drums
with irradiated samples

HTR CORE STRUCTURES GRAPHITES

For High Temperature Reactors, graphite is the structural
material supporting the reactor core. As the development
of this reactor type jumps from the Generation | prototypes
to the Generation Ill+ modular concepts of today, without a
commercial Generation Il, the graphite manufacturers of the
early days are not available anymore. New graphite types
need to be developed and qualified, and several manufac-
turers are already involved.

An inevitable part of this trajectory is the irradiation fest in
a materials testing reactor. Within the European Framework
ProjectRAPHAEL, NRG plays aleading role in the research for
graphite behaviour for high-temperature reactors (Figure 32 -
Figure 34). Irradiation tests take place in the HFR at dif-
ferent temperatures. After this, properties, such as dimen-
sions, elasticity, thermal expansion coefficient and thermal
diffusivity are determined. These properties are changing
considerably and non-linearly under the influence of neutron
irradiation. As the graphite, in the form of reflector bricks or
as structural material, remains in the reactor for very long
periods of time, it is important to be able to predict these
properties accurately.

A first irradiation experiment at a relatively low tempera-
ture and low dose (750°C, 8 dpa) was executed in 2004
and 2005. It contained 160 specimens from eight different
graphite types from various manufacturers from Germany,
the United States and Japan. In 2007, half of these irradi-
ated samples have been reloaded in a second experiment
for further irradiation, up to 24 dpa. As the construction of
this experiment had to take place in a hot cell, new assembly
techniques had to be developed. In August 2007, this sec-
ond irradiation experiment has been started, in which three
new graphite types have been added. An initial irradiation
experiment at a higher temperature (950°C) has been com-
pleted in June of 2007 for the low dose, and will be partially
reassembled in a second irradiation experiment in 2008.

Figure 33 - Schematic presentation
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IRRADIATION OF HTR VESSEL MATERIAL
AND POST-IRRADIATION TEST

Objectives

One of the alternatives considered for HTR is the applica-
tion of the so-called hot-vessel. Modified 9Cr-steel could
potentially be used up to 450°C. Thick-section weldments
have been produced by Framatome ANP for reference,
irradiation and post-irradiation testing of weldment and
base metal.

Achievements 2007

The irradiation of specimens cut from a T91 weldment was
performed in 2005. Longer term post-irradiation creep tests
for the FP6 RAPHAEL programme followed. These tests were
performed with target rupture times in the range of 103-104
hrs. In 2007 three long term post-irradiation creep tests have
been finished. New tests are started and will run for 5,000
to 10,000 hours.

Figure 34 - Assembly of the experiment
for graphite irradiation
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Fusion Reactor Technology

HFR’s high versatility provides extremely relevant R&D
capabilities for fusion power plant technology. The HFR con-
tributes to the fusion technology development by providing
experimental results utilising the HFR as the neutron source
and the hot cell laboratories to perform post-irradiation test-
ing. The main areas of interest are the ITER vacuum vessel,
the development of high heat flux components and blanket
structures, and the development of the reduced activation
materials: 9-Cr steels and innovative materials such as fibre
reinforced composites.

In addition, irradiation behaviour of ITER diagnostic instru-
mentation and the in-vessel parts of heating systems require
dedicated assessments and testing programmes. As part of
the qualification of materials supporting the licensing of a
future reactor, the design of the International Fusion Materi-
als Irradiation Facility (IFMIF) is under development. The HFR
provides ample opportunity to qualify specific materials for
the IFMIF target section, instrumentation and mock-ups.
Presentations of the activities on ITER, DEMO and the roles
of HFR were delivered to the top Fusion Symposia and
Conferences.

ITER Vessel/In-vessel

In one of the European design concepts, the ITER first
wall panels are attached to the blanket modules by bolts.
NRG investigates the behaviour under neutron irradiation of
PH13-8Mo as candidate material. The irradiation campaign
aims to measure the response of this material in terms of
yield stress hardening, elastic fatigue resistance and fatigue
crack propagation up to 2 dpa. The irradiation performed is
a SUMO-type experiment, modified to have two temperature
zones at 200 and 300°C. The irradiation and dismantling
was completed, and the postirradiation examinations
started in 2007.

NRG assisted the ITER Central Team in updating the ITER Mate-
rials Properties Handbook (MPH). This includes reviewing and
assessing irradiation effects on fracture mechanics properties
of powder HIPped ITER grade 316L(N) stainless steel.

A new test facility for ITER primary wall modules is under con-
struction, which will allow close simulation of thermal fatigue
and simultaneous neutron loading in the HFR pool side. NRG
also developed with TNO alternative manufacturing routes for
thick tungsten claddings on copper-base substrates.

Explosive forming of thick stainless steel sections was
demonstrated by Exploform BV, in a joint effort with NRG
and TNO to provide alternative manufacturing solutions for
the ITER vacuum vessel. Further tests and qualification works
are ongoing.
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Sub-modules for the Helium Cooled Pebble Bed
Concept

For fuelling of the first generation power plants based on
fusion of deuterium and tritium, the latter has to be produced
by transmutation of lithium through the neutrons generated in
the plasma. Present blanket designs consider solid, as well
as liquid lithium compounds, combined with a neutron mul-
tiplier. ITER will serve as a test bed for Test Blanket Modules
(TBM), which will provide input for the design of blankets for
the Demonstration fusion reactor (DEMO) and for later fusion
power plants. Such a TBM also closely needs to follow the
design of blankets for DEMO and fusion power plants. The
neutron spectrum in the HFR forms a realistic environment for
the testing of blanket sub-modules.

Four helium-cooled pebble bed assemblies with lithium-
silicates and lithium-titanates, which closely resemble the
major design for ITER's infended TBM, were tested in the
HFR to the relevant neutron fluence level. In-pile differential
temperatures were analysed for two diametral orientations
of the pebble-bed assemblies. There is some indication of
a gradual increase of the conductivity of beryllium beds,
which is being quantified through modelling support.

In 2007 three of the four modules were dismantled and
detailed post-irradiation examinations followed. The Post
Irradiation Examinations (PIE) provided evidence of sinter-
necking of pebbles, an effect that eventually may lead to
gap formation at the pebble-bed wall interface.

In addition, a great deal of information can be gathered
on material compatibility and TBM relevant instrumentation
issues. In addition, modelling has supported analyses of
in-pile performance data.

Functional Fusion Blanket Materials

In the EXQOTIC (EXtraction Of Tritium In Ceramics) series,
irradiation of meta-titanate pebbles from CEA (F) continued.
The experiment EXOTIC-9/1 focuses on in-pile fritium release
characteristics. In addition, the effect of in-situ oxidation on
the permeability of Eurofer-97 has been experimentally simu-
lated with moisturised purge gas. The principle methodology
for in-situ oxidation of components for gas-cooled reactors
was demonstrated. In-pile operation was concluded, and
dismantling and start of post-irradiation examinations were
scheduled for 2008.

Preparation of the HICU experiment (High-fluence Irradiation
of breeder Ceramics), aimed at long-term (up to two years)
irradiation of ceramic pebbles, was successfully completed.
Following the HEU-LEU conversion of the HFR, uncertainties
in the design have been reduced, and the manufacture of the
neutron screen and assembly of the specimen stacks could

be realised as foreseen. Selected stacks were scanned with
the advanced X-ray tomography technique at the University
of Manchester. In-pile operation of HICU was successfully
started in February 2008. HICU is expected to deliver key
properties for definition and selection of grades to be used
in the ITER TBM programme.

The objective of the HIDOBE (High Dose Beryllium irradia-
tion) project is to quantify the long-term behaviour in terms of
swelling, creep and tritium retention and validate preliminary
model descriptions. Beryllium pebble stacks are irradiated
in the HFR for a 2 and a 4-year period. In the framework
of the IEA implementing agreement on Radiation Damage
Effects in Fusion Materials, partners in the EU, Japan and the
Russian Federation provided different grades of beryllium
specimens. The first of these two high dose irradiations of
beryllium specimens, HIDOBE-O1 was ended on achieving
its target dose of 3,000 appm i
helium towards the end of 2007.
The experiment contained a
few piggy-backs of ceramic
breeder pebbles, complemen-
tary to the shielded HICU case.
It will be dismantled in 2008.
HIDOBE-02 will continve in
2008 and 2009.

In the area of lithium, lead-
based, blanket concepts, in-
pile operation of LIBRETTO-4/1
and 4/2 rigs continued, after
a longer outage resulting from
the failure during unloading of
a neighbouring experiment.
These are aimed at the permea-
tion characteristics of Eurofer
tubes under relevant irradiation
parameters, in nominal 350°C
and 550°C regions. The Tritium
Measurement  Station  (TMS)
is used to monitor and control
the experiment. Both first and
second containments are swept
with a He + 1000 ppm H, gas
flow for tritium extraction. This
allows direct comparison of fritium
production and permeation.

Figure 36 - The as-irradiated stack of four subsized blanket modules
with containments and instrumentation prior to dismantling.



Figure 38 - Miniature pebble-bed with platinum foil around to prevent chemical interactions
with the Eurofer structures (leff] and 2-dimensional X-ray picture of miniature pebble-bed
with thermocouple tube allowing peak temperature measurements during irradiation (right).

The LIBRETTO-5/1 experiment was loaded in the HFR during
the second half of 2007. The objective is to provide ex-
perimental evidence of the effect of nano-size helium bubble
formation on the tritium extraction rate. Such a phenomenon

may affect the handling of higher tritium inventories of ITER
TBM's and DEMO blanket concepts.

Structural Steel for ITER Test Blankets

Ferritic, martensitic steels have become the reference struc-
tural steel for blankets. An advantage of such steels is that,
providing the impurity level can be controlled, they can be
made with alloying elements that allow re-processing after
less than 100 years. Manufacturing of such alloys has been
successfully demonstrated by the Japanese and EU steel
industry. This class of steels is called Reduced Activation
Ferritic Martensitic (RAFM) steel.

A complete set of irradiation projects with post-irradiation
testing is necessary to qualify this steel for application in
blankets. The work performed at NRG's Hot Cell Laborato-
ries, includes for example tensile testing, irradiation creep,
fracture mechanics, low-cycle fatigue and fatigue crack
propagation with hold-times.

The SUMO-09 irradiation was aimed at small size specimen

technology and crack-propagation in sandwich systems
with compliant layers. The rig had three temperature levels
(250-300-350°C) and reached 2.5 dpa. Two STROBO
rigs delivered stress relaxation data up to 1 and 2.5 dpa.
Nearly all post-irradiation testing could be performed, and
results will be available in 2008.

Two new irradiations were started for the irradiation charac-
terisation of the European Eurofer ODS reference batch up
to 2.5 dpa. These SUMO-type capsules were manufactured
for three temperature levels (300-450-500°C).

Advanced Materials

While significant work is still ongoing to qualify materials
for the ITER machine and its internals, in support of the
construction and operation licence, further improvement
of component performance should arise from the R&D on
innovative materials and technologies. Such innovations
may be in time for use at the start of ITER or be applied for
the second batch of replaceable components, such as the
divertor and first wall.

Similarly, the insertion of the Test Blanket Modules in ITER
will require the qualification of structural and functional
materials for the expected loading conditions. Qualification

Figure 37 - Schematic of cross
section of a PBA test-element
with ortho-silicate pebbles,
after irradiation




Figure 39 - Various designs for the HICU specimen holders,
machined by EDM

of these materials for use in DEMO and fusion power plants
will require very extensive testing programmes, including the
verification of spectrum effects that cannot be dealt with in
present fest facilities. For the blanket and divertor in DEMO
there is growing interest in ODS ferritic steels and tungsten.
SiCSiC composite structures show good potential for devices

beyond DEMO.

The goal of the European Integrated Project “EXTREMAT" is
to provide and to industrialize knowledge-based materials
and their compounds or a commercial scale for applications
in extreme environments, in particular those that:
- provide durable complex protection mechanisms
for sensitive structures operated in physico-chemical
environments at high temperatures;
- provide the capability of removing extreme heat fluxes,
often at very high temperature levels;
- can endure radiation doses beyond the capability
of materials now available;
- can be processed into complex heterogeneous com-
pounds that can be operated in extreme environments.

Key applications for these new materials are in the sectors
of fusion, advanced fission, space and electronic applica-
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Figure 40 - Typical test specimens of carbon, silicon carbide,
tungsten, fiber reinforced copper, and miniaturized divertor
elements, from various ExtreMat project partners,

before irradiation at different temperature and dose levels

tions. The project involves 37 industries, research institutes
and universities, started in 2004 and is supported by the
European Community (non-Euratom).

Within the area of radiation resistant materials, the EXTRE-
MAT Project focuses on ferritic steel with Oxide Dispersion
Strengthening (ODS), and nano-grained tungsten by Severe
Plastic Deformation (SPD). These materials aim at opera-
tional temperatures well above 600°C, possibly 1100°C
for tungsten. Some miniaturized divertor mock-ups were
included with novel joining technology.

In ceramics the focus is on graphite structures with dopants,
Carbon Fiber Composites (CFC), SiC from nano-powder
and composites (SiCfSiC).

The testing programme at Petten concerns two irradiations
that start in the first half of 2008. Targets are a peak 5 dpa at
temperatures 550-950 °C and peak 2-3 dpa at 300-600°C,
both in inert (helium) environment. The key issues addressed
are tensile and fracture properties for the metallics, and
dimensional stability, thermal expansion and thermal con-
ductivity for most ceramics. Limited space is available for
coated and bonded specimens. Post-irradiation testing will

be performed in 2008-2010.
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Partitioning and
Transmutation Technologies

FUEL TRANSMUTATION
CONFIRM

g
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Objective

Within the CONFIRM programme (Collaboration On Nitride
Fuel IRradiation and Modelling), the properties of uranium-
free nitride fuels are investigated. Uranium-free nitride fuels
are under development as they possess, compared to oxide
fuels, a better compatibility with the industrialised PUREX
reprocessing process. Furthermore, they have the advantage
of allowing a high linear power during irradiation. Nitride
fuels can be applied in future generation (Generation V) B i tatnt iyl e |
nuclear power reactors, specifically sodium cooled fast re- | a costnt mp upparpin || 0
actors, or in nuclear waste burners, so-called Accelerator | Sn—

Driven Systems (ADS). These fuels contribute to a more sus- . T def L ar e
tainable nuclear fuel cycle, due to their suitability for recy- o0 Ha a0 i oo w0 50
cling, the option to increase irradiation power and burn-up S

and to optimise the use of fissile material, and the ability to
eliminate high level nuclear waste in ADS systems. Figure 42 - Temperatures and reactor power at the start-up of
The lack of data on uranium-free nitrides, however, neces-  CONFIRM on 25-11-2007 and first two days of irradiation
sitates a significant R&D programme before nitrides can be

qualified and validated. The CONFIRM programme is dedi-

cated to theoretical and experimental studies to bridge this

gap: to investigate nitride fuel characteristics and to test their

performance under irradiation to high burn-ups.
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Achievements
The CONFIRM irradiation was prepared in 2006 and con-
sists of testing two plutonium fuel pins with 30% plutonium-
nitride in a zirconium-nitride inert matrix; (Pu0.3,Zr0.7)N. In
order to tune the neutron spectrum to typical conditions in
fast reactors, the thermal part of the HFR spectrum is shield-
ed in the irradiation. This is achieved by applying a haf-
nium shield, which effectively absorbs thermal neutrons. The
CONFIRM fuel pellets, fabricated at the Paul Scherrer Insti-
tute in Switzerland, arrived in Petten in Spring 2007. After
the arrival of the fuel pins, the irradiation sample holder
was manufactured, assembled and all necessary proce-
dures for quality control, safety approval and commis-
sioning were followed subsequently. The CONFIRM
irradiation started successfully on 25" November
2007 at 10:40 a.m. Thermocouples monitor the tem-
perature of the pin cladding (approx. 500-550°C),
which corresponds to realistic sodium temperatures
(Figure 42). The CONFIRM irradiation will be com-
pleted by July 2008.

Figure 43 - Sodium filling of the CONFIRM irradiation



HELIOS

Objective

Americium is one of the radioactive elements that contribute
to a large part of the radiotoxicity of spent fuels. Transmuta-
tion by irradiation in nuclear reactors of long-lived nuclides
like 22'/Am is therefore, an option for the reduction of the
mass and radiotoxicity of nuclear waste. The Helios experi-
ment, as part of the FP6 EUROTRANS Integrated Project on
Partitioning and Transmutation, deals with irradiation of U-
free fuels containing americium. The main objective of the
HELIOS irradiation is to study in-pile behaviour of U-free fuel
targets, such as CerCer (Pu, Am, Zr)O, and Am,Zr,O,+MgO
or CerMet (Pu, Am)O, +Mo, in order to gain knowledge on
the role of microstructure and temperature on gas release
and on fuel swelling. During the irradiation of such kinds of
fuel, a significant amount of helium is produced due to the
nuclear transmutation of americium. The study of the gas
release is of vital importance to allow better performance of
the U-free fuels. Two different approaches are followed to
reach early helium release:

1. Provide release paths by creating open porosity, i.e.
release paths to the plenum gas. Therefore, in the HELIOS
test matrix a composite target with a MgO matrix contain-
ing a network of open porosity has also been included.

Figure 45 - Zoomed view of the
HELIOS experiment during the assembly

2. Increase target temperature in order to promote the
release of helium from the matrix. Americium or americium/
plutonium zirconia based solid solutions along with Cer-
Met targets have been included in the test matrix to study
the effects of the temperature. The role of the plutonium in
association with americium is to increase the temperature
of the target at the beginning of irradiation.

Achievements 2007

Careful and more detailed analyses have led to the predic-
tion of unacceptable distortions of the containment of the
experiment (sample holder) due to unbalanced thermal dis-
placement. The experiment had to be delayed due to the
re-design of the sample holder. Nevertheless, some relevant
milestones have been reached during 2007. The fuel has
been produced at the JRC-ITU institute and at CEA. The fuel
has been encapsulated in the 5 pins of 15-15 Ti steel and
successfully transported to the HFR. Here the fuel has been
radio-graphed. The conclusion of such NDT was that the
condition of the pins and the fuel inside are good and in
line with expectations. The new design will be finalized in
March 2008. New nuclear and thermo-mechanical analy-
ses will be performed in April-May 2008. The assembly of
the experiment will be finished during September 2008 and
the irradiation will start at the end of 2008.

Figure 44 - HELIOS fuel pellets of pin 3, (Zr, Y, Am, PulO2 (Note: Pin 3 is instrumented with a Thermocouple then contains annular pellets)



Figure 46 - SIFA in Pool Side Facility

TRABANT-02 / SMART

The remaining fuel pin in the TRABANT-02 experiment,
named SMART, is composed of two separate fuel pins, one
on top of the other, both containing 0.9 g/cm? of plutonium,
incorporated info an yttria-stabilised zirconia phase, (Zr,Y,Pu)
O,., with one composite fuel type mixed with stainless steel
powder acting as the fuel matrix. The experiment has the
aim to assess the irradiation behaviour of such fuels up to
medium burn-up. The continuation of the SMART irradiation
was further delayed due to technical reasons, but is now
scheduled to re-start in early 2008.

ADS MATERIAL DEVELOPMENT

Objectives

In Europe, an experimental Accelerator Driven System (ADS)
for the transmutation of actinides is under development. Lig-
vid Lead Bismuth Eutectic (LBE) will be used as reactor cool-
ant. Lead Bismuth has a low melting point (135°C), but has
corrosive properties with structural materials and welds. In
addition, transmutation of Bi to the highly radiotoxic 2'°Po
is a safety issue in the design of the ADS. Materials R&D
is needed fo test the corrosion behaviour of T91, 316L and
weld specimens during irradiation in contact with LBE and to
examine the deposition of 2'°Po in the irradiation containers
and on the specimens after irradiation.

Achievements in 2007

Three capsules for the IBIS irradiation have been filled at
SCK with Lead Bismuth Eutectic. The licence for the experi-
ment design and the post-irradiation testing has been given
a positive advice by Reactor Safety Committee and permis-
sion to start has been approved by the NRG management.
After a zero dpa test-run in the HFR, the experiment started
in November. Two IBIS capsules have been irradiated in a
low flux position in the HFR for two cycles at respectively
300 and 500°C, the desired temperatures for this experi-
ment. The irradiation will continue into 2008 until a dose of
2 dpa is reached.

NEUTRON TRANSMUTATION DOPING OF
SILICON

Silicon has three stable isotopes: 28Si (92% abundance), #°Si
(5% abundance) and 2°Si (3% abundance). Neutron irradia-
tion of silicon transmutes 29Si into 3'Si, which decays (half-life
2.6 hours) to the stable isotope °'P. This phosphorous dop-
ing decreases the electrical resistivity of the semiconductor
silicon. Irradiating the silicon in a homogeneous flux causes
a homogeneous phosphorous doping of the silicon. This neu-
tron doped silicon has a higher quality than silicon ingots
doped during the production of the ingots. Due to its high
quality, neutron doped silicon is especially suitable for high
power applications.

In 2007 the number of 6 inch silicon irradiations increased
strongly, while the number of 4 inch silicon irradiations de-
creased.
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Abstract
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