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INTRODUCTION

In the year 2007 we witnessed noticeable advance in world and EU fusion
programme. The ITER Organization has been officially established and reactor site
preparation work started in Cadarache. Further, the Broader Approach Agreement has
been signed. It defines the work in support of ITER which will be jointly carried out by
researchers from Japan and EU. In EU, the domestic undertaking for ITER, Fusion for
Energy, has been established in Spain with clear objectives to provide EU contribution
to the ITER, to implement the Broader Approach agreement and to prepare for the
construction of DEMO. Further, the Seventh Framework programme was launched and
within the EURATOM part of the programme a substantially increased amount of funds
is devoted to ITER construction and to fusion research and development in the
Associations. With the start of the ITER project the activities in the Associations should
become more focused to the support of ITER construction and exploitation.
In the Association EURATOM-MHEST, established in 2005, the research and
development activities are performed in the area of integrated tokamak modelling,
plasma-wall interaction, neutronic calculations and materials development. Public
information on fusion energy is also one of the endeavours in the Association’s fusion
programme.
In the area of Integrated Tokamak Modelling work is focused on the plasma
core-edge coupling issues. In particular, a master version of the edge transport code was
supplemented with the boundary conditions developed in the previous research project
on the boundary conditions for fusion plasmas.
The Plasma - Wall Interaction activity consists of two projects on interaction of
hydrogen molecules and atoms with fusion relevant materials and in another two mass
spectrometric and ion beam analytical methods are applied to studies of deuterium
retention in the reactor wall materials. Both physics activities are well coordinated by
EFDA.
In the area of Underlying Technology a new functional material for structural
elements, silicon carbide based ceramics is being developed. Various samples of the
material were prepared with advanced and alternative manufacturing concepts and
mechanical and electrical properties determined.
Two activities were continuing in the area of Nuclear Technology. The main
objective of the first was the implementation and testing of the methods for generating
covariance information for evaluated nuclear data files using a combination of
theoretical model calculations via the Monte Carlo technique and experimental data
from adequate database. The specific objective was to apply the method to the case of
tungsten isotope evaluation and produce a complete set of evaluated nuclear data files
for tungsten up to 150 MeV incident neutron energies, to fulfil the needs of the IFMIF
facility. Within the second activity the deterministic sensitivity and uncertainty preanalysis of tritium production and neutron flux measurements in the neutronics helium
1
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cooled liquid lead tritium breeding mock-up experiment built at Frascati Neutron
Generator were performed.
The main objectives of the activities at JET were the design, construction and
testing of neutron attenuators for the two sub-systems of the new gamma-ray imaging
diagnostics and the intensification of the Monte Carlo neutron calculations with the
upgrading of the existing model of JET . In the former case the work was focused on the
modelling of the energy and angular distributions of the neutron beams at the back end
of the attenuators and improved estimation of the neutron-induced gamma-rays within
the attenuator structure. Calculations of neutron distribution in the torus and its
surrounding, needed for the understanding of the detector responses and a possible
future re-calibration of some detector systems with a californium source were at the
focus of the second set of activities for JET.
Already from the very beginning of our Association we have been very well
aware of the importance of the public information activities for the success of the fusion
programme. The panels from the FUSION-EXPO which took place in Ljubljana in 2005
were moved to Nuclear Training Centre at Jožef Stefan Institute and a permanent
exposition on fusion energy development was arranged. In 2007 almost 8000 visitors
came to see it, mainly youngsters from primary, secondary and high schools. In
addition, the young members of the Association gave 25 lectures on fusion technology
and ITER project as well as on the electricity from nuclear energy, where special
emphasis is given to fusion as safe, sustainable and environmentally friendly source of
energy.
We are strongly committed to continue with our efforts to contribute to the
development of fusion energy, expecting at the same time that the generous support of
all the institutions from previous years will continue. For their support we are grateful to
the Ministry of Higher Education, Science and Technology, National Research Agency,
to the EURATOM responsible officers and to the staff of the EFDA close support units.

Dr. Milan Čerček
Head of Research Unit
Association EURATOM-MHEST
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INTRODUCTION

The project started in October 2006 and is closely related to the EFDA’s
Integrated Tokamak Modelling Task Force (ITM-TF) Integrated Modelling Project 3
(IMP3): Transport Code and Discharge Evolution, in particular to topic 3E: Interfaces to
boundaries. The project is focused on core-edge coupling and includes the following
activities:
1. a review of the state of the art in integrated tokamak modelling with the existing
fluid transport codes (in 2006–2007);
2. an analysis of the physical models used in the existing core and SOL transport
codes, which are the main candidates for the coupling, with the objective to identify
and formulate possible necessary changes and improvements to be implemented in
these codes in order to achieve more efficient coupling (in 2006–2007);
3. an analysis of the software architecture and numerical methods used in the codes
mentioned above, with the objective to identify and formulate possible necessary
changes or improvements to be implemented in these codes in order to achieve more
efficient coupling (in 2007);
4. the implementation and testing of the changes or improvements identified and
formulated in activities 2 and 3 (in 2007);
5. the specification and prototyping of the interfaces for core-edge coupling (in 2007–
2008);
6. the development of either an interface module for at least one example of core-edge
coupling with the existing codes or the standardized interface module for all the core
3
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and edge transport codes considered in the project, according to the
recommendations of the ITM-TF (in 2008);
7. the testing, verification and validation of the modules produced (in 2008–2009);
8. the documenting of the work and results in activities 1–7 (in 2006–2009).
2

WORK PERFORMED IN 2007

The following activities were performed:
1. A review of the state of the art in the integrated tokamak modelling with the
existing fluid-transport codes, including analyses of the physical models and the
numerical methods used in these codes with the objective to identify and
formulate possible necessary changes or improvements to be implemented in
these codes in order to achieve more efficient coupling, and the implementation
of the necessary changes or improvements of the codes identified and
formulated in the review mentioned above.
2. A review and analysis of the COCONUT code package [1, 2] gave valuable
information for developing new and more advanced core-SOL coupling schemes
and interfaces. However, due to the limited portability and accessibility of the
COCONUT code package, which is located at the JET computer system, we
decided to continue our work on this project with the core transport code
ASTRA [3] and the SOL transport code SOLPS-B2.5 [4].
3. The latest standard or master version of the latter code was installed at the
LECAD Laboratory computer system and supplemented with the boundary
conditions (or boundary source terms) developed in our previous research
project on the boundary conditions for fusion plasmas (Cost-Sharing Action:
Contract No. FU06-CT-2003-00321, see Project Related Publication 1).
Regarding the coupling of the core and the SOL codes at a specific location, which is
usually the separatrix, we identified the following physical and computational problems
to be investigated and solved in the continuation of the project:
-

-

-

since the exact location of the separatrix may be unknown or may change
during the tokamak’s operation, the coupling core and the SOL transport
codes at a prescribed location of the separatrix may give unrealistic results
for the plasma parameters and related fluxes near the separatrix;
it is well known from experiments and theory that the plasma transport in the
core edge or pedestal region has a crucial role in the tokamak’s plasma
confinement (especially in the H-mode), so that the coupling at the
separatrix or at a location within the core, which includes the poloidal
averaging of the plasma parameters and the related fluxes or a simplification
of the transport models in that region, may give very unrealistic results;
although the computational mesh of the SOL transport codes can be
extended deeply into the core, it does not include the appropriate transport
coefficients and the various source terms (e.g., due to plasma heating)
appropriate for the core region; therefore, modifications and improvements
to the SOL codes in that sense will be necessary in order to obtain more
4
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realistic results for the coupled core and the SOL plasma simulations, even if
only a few layers of the SOL code’s computational cells within the core are
used in the simulation.
In ASTRA there are numerous theory-based and empirical models of the radial
transport in the core, which can optionally be employed in the simulations. The ASTRA
library includes about one hundred different neoclassical and anomalous transport
coefficients that can be expressed as formulas.
Recently, more complicated routines for the evaluation of the transport coefficients
were developed and some of them can be included in ASTRA as separate modules.
Therefore, we decided not to add any additional transport models or modify the latest
version of ASTRA for the purpose of our project. On the other hand, the number of
various radial transport models in SOLPS-B2.5 is rather small and different transport
models for the core and the SOL plasma cannot be used.
The anomalous transport coefficients can be prescribed by the user as constant
parameters or calculated with simple semi-empirical formulas, using free input
parameters, or their radial profiles can be prescribed with the input file
‘b2.transport.inputfile’. The latter option was used by Bürbaumer et al. in their onedirectional coupling of ASTRA and SOLPS-B2.5 [5]. Since the original technical
documentation and coupling code were lost, we developed a new coupling code called
ASTRA2SOLPS in order to reproduce their results and possibly use their approach in
our project (see Project Related Publication 2.1).
In their coupling scheme presented in Figure 1, ASTRA is run in the interpretative
mode and its output data are processed by ASTRA2SOLPS, which produces the
‘b2.transport.inputfile’ and the ‘b2.sources.profiles’ files. These two files are the input
files for SOLPS-B2.5 and include the radial profiles of the transport coefficients and
particle, the momentum and the heat sources due to plasma heating and fuelling in the
core region.
Thus, the transport coefficients and source terms in SOLPS-B2.5, which are calculated
with inappropriate expressions for the core region, are replaced with the values of these
parameters calculated with ASTRA. Detailed testing of this coupling scheme is
pending.

5
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Figure 1. The one-directional coupling of ASTRA and SOLPS-B2.5

Nevertheless, in order to improve SOLPS-B2.5 by adding new theory-based anomalous
transport models, applicable either in the SOL or in the core region, we investigated the
existing theoretical models of the tokamak’s core and the SOL plasma transport.
Considering their applicability for interpreting experimental data, we identified a
limited number of anomalous transport mechanisms or models to be implemented in the
modified SOLPS-B2.5 as follows:
•

•

In the core plasma (i.e., in the SOLPS-B2.5 computational cells within the core
region), the anomalous transport coefficients (i.e., the density- and pressuredriven particle-diffusion coefficients, the radial pinch velocity, the viscosity, the
ion and electron thermal diffusivities, the electrical conductivity and the thermoelectric coefficient) should be prescribed or calculated using one constituent or
the sum of several of the following constituents [6-13]:
- the constant value,
- the Bohm transport,
- the gyro-Bohm transport,
- the critical gradient transport model (or “stiff” transport model, which is
basically a modified gyro-Bohm transport model [12, 13]),
- the neoclassical transport.
In the SOL plasma (i.e., in the SOLPS-B2.5 computational cells within the SOL
region), the following possible transport mechanisms or constituents should be
taken into account [14-18]:
- the constant value,
- the endplate MHD interchange instability depending on the pressure
gradient,
- the endplate MHD interchange instability depending on the density gradient,
- the drift instability with a collisionless skin depth,
- the drift instability with a collisionless skin depth taking into account the
different density and temperature gradients,
- the Bohm transport,
- the collisionless MHD interchange instability,
6
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•

the collisionless skin depth,
the charge-exchange collisions,
the classical and neoclassical conduction.

In the semi-analytical expressions for the transport coefficients, the relative
contributions of these transport mechanisms can be prescribed with free input
parameters.

2.1 Project Related Publications
1.

M. Stanojević: Review of the boundary conditions in the SOLPS-B2.5 code,
Research Work Report (2007), LECAD Laboratory, Faculty of Mechanical
Engineering, University of Ljubljana, 2007.

2.

J. Krek, N. Jelić, J. Duhovnik, M. Stanojević: Coupling of ASTRA and B2-SOLPS,
Research Work Report (2007), LECAD Laboratory, Faculty of Mechanical
Engineering, University of Ljubljana, 2007.

3

CONCLUSIONS AND OUTLOOK FOR 2008

Possible future activities on this subject should include the coding of these new
transport models in SOLPS-B2.5 and the testing of these transport models by means of
the simulations of experiments in various tokamaks.
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1

INTRODUCTION

Work within this project is mainly focused on experimental studies of processes
on surfaces involving vibrationally excited hydrogen molecules (VEHMs) that are
important for the edge plasma in tokamaks.
In 2007 the work on the project followed particular interests that were identified
during discussions with colleagues from larger fusion laboratories. Special effort was
devoted to identifying the priorities in our studies in relation to the EFDA work
program. This was achieved by active collaboration within the EU Plasma Wall
Interaction Task Force (PWI TF). The following specific problems were found to be of
priority interest: i) the role of VEHMs released from the plasma facing wall on the
properties of the edge plasma, ii) the elucidation of a possible role for VEHMs in the
chemical erosion of carbon films, and iii) the properties (vibrational distribution) of reemitted neutral molecules following recombination and neutralization on metal surfaces
in a fusion reactor. Due to the identification of particular priorities our work program
for 2007 was modified to some extent with respect to what was initially planned without
substantial changes in the subject and the experimental means.
During 2007 our experimental program was performed on a DTVE-B
vibrational spectrometer and a Linear Magnetized Plasma Machine (LMPM), and no
work was performed with the hydrogen-exposure cell (HEC) on the ERDA. The
ERDA/RBS beam line at the 2MV tandem accelerator (Tandetron) at the JSI was
reconstructed during this period. A new, much better ERDA/RBS chamber (an
improved vacuum, external adjustments of the sample’s position, a larger volume) will
enable enhanced performance from the experiments on the hydrogen interaction with W
and other materials in 2008. The reconstructed beam line also offers additional
focusing, shaping and deflection of the probing ion beam. Even though there were no
9
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new experiments with the ERDA technique in 2007, we did analyse and publish [1]
some of the results with HEC acquired during the previous year.
2

WORK PERFORMED IN 2007

2.1 Hydrogen interaction with surfaces
The experimental setup for the vibrational spectroscopy of the hydrogen
molecules (DTVE-B) was used for further studies of the processes involving VEHMs
according to our program. The method used for the hydrogen vibrational spectroscopy
employed in DTVE-B is based on the properties of dissociative electron attachment
(DEA) in hydrogen and the setup was developed in our laboratory over the previous 3
years. The following studies have been performed:
2.1.1 Re-emission of the hydrogen molecules from W
The work with the test source (TS) (Figure 1) of vibrationally excited hydrogen
molecules (VEHMs) was continued. A sample disk of the studied material is mounted
on the cold finger attached to the cooled base plate of the source. The sample is
mounted 5 mm from the 6-mm-diameter exit orifice, pointing to the interaction region
where the broad sample gas beam is intercepted by an electron beam. A hot tungsten
filament mounted in the TS is used to partially dissociate the hydrogen in the cell and
the molecules that
are created by the subsequent atomic recombination on the cold surface are
vibrationally excited. Although the present arrangement does not allow unambiguous
interpretation of the observed spectra as being solely due to the recombination on the
studied sample (the contribution of the molecules from the other wall surfaces in the TS
as well as the influence of the atom
and molecule scattering at the
electrodes of DTVE-B) it bears a clear
fingerprint of the sample material. In
this way we cannot extract data on the
recombination probability, but it is
possible to deduce the vibrational
temperature of the molecules created
at the sample surface.
An extensive study performed
in 2007 with a W sample disk showed
a certain non-reproducibility of the
spectra intensities. This is attributed to
the fact that the W samples were not cleaned and conditioned by heating to a high
temperature and annealing but only by standard cleaning and then polishing with
alumina powder wetted in tetrachloromethane (an organic solvent that does not contain
hydrogen). Therefore, it is most probable that a surface oxide layer was still present on
the sample and this layer changes with time under hydrogen-atom bombardment (the
total atomic-hydrogen fluence). The changes in the spectra’s appearance can be
attributed to these changes of the detailed surface composition. This phenomenon is
Figure 1: Test source (TS) used for the study of
properties of re-emitted molecules from the surface
mounted on the top of the DTVE-B.
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illustrated by the H- yield spectra shown in figure 2. Two new spectra (blue and cyan)
are compared to some earlier ones (red and green). The spectra of both groups have
different shapes and both show a certain time evolution, i.e., they are not stable from the
moment the experiment starts. This is most probably due to the mentioned cleaning
effect by hydrogen atoms, but it could also possibly be due to a slight temperature
variation with time or the gradual saturation of the subsurface sites for hydrogen
absorption. To elucidate this behaviour we will undertake detailed studies by careful
sample preparation (heating above 1300oC and/or argon ion cleaning) and by ERDA
measurements of the hydrogen concentration under identical conditions.
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Figure 2: Some H- yield spectra from the W
sample disk obtained under similar conditions.
The spectra illustrate the degree of variation of
the ion-production yield under realistic
conditions.
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Figure 3: Relative population of the vibrational
states obtained by the deconvolution of the
spectra from figure 2. The distributions in this
semi-log plot have the same slope in the central
part, characteristic of Tv=3700 K.

Although the H- yield spectra appear quite different, similar vibrational
temperatures are obtained when the spectrum deconvolution is performed. The relative
populations of the different vibrational states obtained by the deconvolution of the
spectra from Figure 2 are shown in Figure 3. A typical, characteristic W vibrational
temperature of about 3700 K can be attributed to all the spectra. The observed variation
of the population of higher (v>6) states might be partially due to the DTVE-B operation
problems at a low electron energy.
The studies with the W sample disk were also performed with D2, and also for
a-C:H sample instead of tungsten. The studies of the temperature dependence of the
VEHMs’ production on the W were also begun.
2.1.2 Search for a possible role of VEHMs in the chemical erosion of carbon
films
We began our studies on the chemical erosion of carbon films by thermal
VEHMs in order to elucidate their possible role in this process. The role of atoms in
carbon chemical erosion is well understood and extensively studied, and it is commonly
accepted that hydrogen molecules are inactive in this process. This has been verified for
cold, ground-state molecules, but such studies were never performed with vibrationally
hot molecules. There are some indications from molecular dynamic simulations that hot
11
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molecules created by molecular ion recombination above the surface do participate in
carbon-layer erosion at higher impact energies. In order to study the possible influences
of VEHMs on the chemical erosion we started an experimental activity in close
collaboration with drs. Thomas Schwarz-Selinger and Wolfgang Jacob from MaxPlanck-Institut für Plasmaphysik, Garching.

Figure 4: Schematic exposure arrangement with
the exit of the HHMS facing a-C:H sample
mounted on the heater.

Figure 5: The a-C:H sample as mounted on the
heater after an exposure experiment (Sample S15, sample temperature during exposure 160oC;
exposure time 510 min, Id=4.8A).

The experimental arrangement is shown in Figure 4. The studied samples are
placed on the heater (Figure 5) so that their temperature can be controlled. The
temperature is measured with a thermocouple. The source of the vibrationally hot
hydrogen beam (HHMS), developed in 2007 (see Section 2.2), is mounted above the
sample and all the experimental parameters are followed during the exposure.

Figure 6: Result of the ellipsometry thickness measurement of the sample S1-5 after exposure to
the hydrogen flow from the HHMS. The colour-coded map is on the left and a scan along the indicated
line is on the right.

The target samples used for the present erosion study were amorphous,
hydrogenated carbon films (a-C:H) deposited on a Si(001) substrate by a discharge in
methane. The initial layer thickness was 70 nm.
12
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The layer thickness was measured before and after the sample exposure to
VEHMs by ellipsometry and the total erosion yield was determined. The sample
preparation and the ellipsometry measurements were performed at IPP, Garching. The
result of the ellipsometry measurement from Figure 5 is shown in Figure 6. It reveals
the structure that is attributed to the gas-beam profile from the HHMS. The diagnostics
of the gas beam from the HHMS is performed by the DTVE-B, and we showed that in
addition to the VEHMs there were also un-recombined atoms present in the beam.
Detailed knowledge of the beam’s characteristics (composition and flux density) is
needed for a quantitative analysis of the results. Further work is in progress.
2.1.3 Vibrational spectroscopy of the hydrogen molecules from the permeation
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Our studies of hydrogen permeation through membranes was continued in order
to acquire new information about this process from the vibrational spectroscopy of the
molecules produced on the vacuum side of the membrane. A new test study was
performed on the permeation through a membrane made of a 77%Pd+23%Ag alloy.
Although this is not a fusion-relevant material, it has demonstrated the feasibility of the
developed procedure, which we plan to employ with Ta or some bi-metallic membrane
in the future.
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Figure. 7: Time variation of the vacuum-side
pressure, the membrane temperature and the H/H2 signal at 14 eV during the initial membranetemperature stabilization.
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Figure 8: Spectra (blue: cold chamber gas, and
red: hydrogen from permeation) of the H- yield
from the H2 formed by recombination after
permeation through the membrane made of
Pd0.77Ag0.23.

The result of the permeation study with the PdAg alloy is shown in Figures 7
and 8. The time variations of the vacuum pressure, the membrane temperature and the
H-/H2 signal at the 14-eV DEA peak are shown in Figure 7. At the beginning of the
study both sides of the membrane were in vacuum, so that the first pressure peak (12
minutes after the start) is due to the thermal desorption of hydrogen (as identified by the
proportional signal of the H- yield shown in the uppermost curve) from the membrane,
the membrane holder and the heater. Later, the pressure of hydrogen on the highpressure side of the membrane was increased to 0.5, 0.8, 1.2 and 1.4 bar. Once the
permeation flow was stable, scans of the 4-eV DEA were recorded and shown in figure
13
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8. By deconvolution one can see an indication, but not decisive evidence, of a weak
vibrational excitation of molecules from the permeation. The convoluted spectra of the
cold diffuse gas and of the hydrogen from the permeation are also shown in Figure 8.
Regarding the study of the permeation, we were still unable to produce a
working permeation assembly with a Ta membrane, which was our main interest. The
permeation through Pd was also studied using an ion-beam analytical (IBA) method
ERDA (Elastic Recoil Detection Analysis) in the previous year and the results were
analysed and published in 2007 [2].

2.1.4 Data analysis from previous measurements with HEC
A detailed overview of our last year’s measurements performed at the ERDA
beam line with a hydrogen-exposure cell (HEC) was prepared, and together with our
results from the DTVE experiment were presented at the meeting of SEWG on High Zmaterials held at IPP in Garching. A description of the experimental method for in-situ
measurements with the HEC and some initial results with a W sample can be found in
[1].
2.2 Test atmospheres with vibrationally excited hydrogen molecules (VEHMs)
A source of vibrationally excited hydrogen molecules HHMS (Hot Hydrogen
Molecule Source), shown in Figure 9, has been built and tested. It was initially designed
to be used as a gas-injection system for experiments at the Linear Magnetized Plasma
Machine (LMPM) at the JSI on an experiment that we are performing in collaboration
with Forschugszentrum Jülich (dr. Sebastijan Brezinsek). Later, it appeared that the
HHMS is also convenient for a study of the possible role of VEHMs in the chemical
erosion of carbon films (see Section 2.1.2).

Figure. 9: Picture and schematic drawing of the Hot Hydrogen Molecule Source (HHMS)
constructed for the spectroscopy experiment on the LMPM and for the erosion of a-C:H films.
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This source produces vibrationally excited molecules using the same principle as TS
and HEC for experiments on the ERDA. The source walls are cooled by a water flow
and the VEHMs are produced by the wall recombination of atoms that are created by
thermal dissociation on the resistively heated tungsten filament. This source is divided
into two sections, symbolically called the dissociation chamber and the recombination
chamber. The HHMS is rather compact (it is a cylinder, about 60 mm long and 24 mm
in diameter) and its main body is made of OFHC copper.
The performance of the HHMS was studied in quite some detail by DTVE-B,
and vibrational temperatures in the range between 2600K and 5400K were obtained.
The vibrational temperature depends to a large extent on the inner-wall surfaces of the
dissociation chamber, the recombination chamber and the cylindrical channel
connecting them. The vibrational population distributions as used for the series of
erosion exposures are shown in Figures 10 and 11. The front plate of the HHMS with a
6-mm diameter orifice was removed for one exposure experiment and the vibrational
distribution for such an arrangement is shown in Figure 11. The typical gas flow is in
the 10-3 mbar l/s range and the total molecular fluence is in the 1017 molecules per
second range.

Figure 10: H- yield spectrum and the respective
vibrational population for hydrogen molecules
created by the HHMS as used for the a-C:H
exposure
experiment.

Figure 11: Same as in Figure 10, but with the exit
orifice plate removed.

We acquired a commercial Hydrogen Atom Beam Source (HABS) from Dr.
Eberl MBE-Komponenten GmbH (http://www.mbe-components.com) at the end of
2007. The hydrogen atoms are created by the thermal dissociation of molecules flowing
through a hot tungsten capillary. This device will be used in the new studies of
hydrogen interaction with high-Z materials on both experimental setups: at the DTVE-B
vibrational spectrometer and at the ERDA station at the Tandetron accelerator.
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2.3 Hydrogen plasma
We have continued with the introduction of the atomic and molecular emission
spectroscopic diagnostics of hydrogen (deuterium) plasma. For this purpose we
purchased a new dual-channel fibre-optic AvaSpec-2048TEC-USB2 (Avantes)
spectrometer. Both spectrometer channels have an optical bench with a 75-mm focal
length, developed in a symmetrical Czerny-Turner design. The channels are equipped
with high-speed CCD detectors with 2048 pixels to support the high sensitivity and the
optical resolution. In order to improve the dynamic range and to reduce the dark noise
each CCD is mounted on a single-stage Peltier cooling device. One of the channels is
devoted to the broad, visible spectrum measurements (360–860 nm) with a grating of
600 lines/mm and a 25-μm entrance slit. The second channel is devoted to the study of
hydrogen molecular spectra (Fulcher band: 595–645 nm). It is equipped with a grating
of 2400 lines/mm and also has an entrance slit of 25 μm. The optical resolution of the
narrow band spectrometer channel is 0.09 nm. The light-collection system has a
collimating lens at the end of a 600-μm fibre-optic cable. To enhance the collection of
light from the plasma column an in-vacuum fibre probe (figure 12) was built, using a
special vacuum feedthrough.

Figure 12: In-vacuum fibre
probe
for
spectroscopic
measurements.

Figure 13: Emission spectrum measured in hydrogen plasma.

A typical hydrogen-emission spectrum from a pure hydrogen plasma produced
with a hot cathode discharge at a pressure of 3x10-4 mbar is shown in Figure 13. One
can clearly observe the atomic Balmer lines Hα, Hβ, Hγ, Hδ and the molecular Fulcher
band from 600 nm to 640 nm. The discharge current in this particular case was 1A. The
plasma parameters, such as the plasma density and electron temperature, are closely
related to the discharge current. The results of our measurements obtained with the
Langmuir probe are shown in Figure 14. We have therefore investigated the behaviour
of the emission spectra as a function of the discharge current. In Figure 15 the intensity
of the atomic hydrogen lines is plotted against the discharge current. The intensity of all
the lines increases with the increasing discharge current, which is in accordance with
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the increasing electron density and temperature. The measurements were performed at
various working pressures, and the result was the same. In order to investigate this
behaviour

Figure14: (a) Plasma density n and (b) electron temperature Te increase with the discharge current.

more thoroughly we studied the
dependence of the line-intensity ratios
on the discharge current. For two
values of the working pressure the
line-intensity
ratio
Hα/Hβ
is
continuously
decreasing.
The
behaviour of Hα/Hγ was found to be
similar, whereas the line-intensity
ratio Hα/Hδ, is constant in the central
interval of the discharge current
values. In weaker and in stronger
plasma some departure from this
behaviour was observed and it will be
investigated in the future.
Figure 15: The intensity of the atomic hydrogen
spectral lines increases with discharge current.
The emission spectrum in the
range of the molecular Fulcher band
measured under the same experimental conditions as the above spectrum in the broad,
visible range is shown in Figure 16. The intensity variation with the discharge current
was also studied and the result is shown in Figure 17. The Fulcher band spectrum is
used for determining the vibrational and rotational temperature of the ground-state
hydrogen molecules present in the plasma.
It is well known that in the edge plasmas of fusion devices energetic electron
populations can be created very easily. Because of the presence of energetic electrons,
the secondary electron emission from the plasma-facing components also occurs quite
often. Because of this, theoretical modelling and computer simulations of the potential
formation in front of a negative electron-emitting electrode in the presence of energetic
electrons in a plasma was continued, using a fluid model for the semi-infinite plasma
and a fully kinetic model for the bounded plasma system.
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Figure 16: Observed Fulcher band spectra in a
hydrogen plasma. The lines of the diagonal
vibrational Q branch are labelled.

Figure 17: The intensity of the molecular
hydrogen Fulcher spectral lines increases with
discharge current.

Using a fluid model it has been explained how space-charge effects in front of
an electron-emitting electrode may lead to a triple value of the floating potential of such
an electrode when a high temperature Maxwellian electron population is present in the
plasma. Similar analyses were also performed with a kinetic model of a bounded plasma
system. Qualitatively and quantitatively the results are similar and the triple floating
potentials reported in the literature are nicely reproduced. For the kinetic model of a
bounded plasma system we have developed a method to correctly determine the
boundary conditions for the Poisson equation at the collector and explained the
difference between the regular and irregular numerical solutions of the Poisson
equation. When the model equations predict a triple solution for the floating of the
collector and the plasma potential, always only one of the corresponding numerical
solutions of the Poisson equation is regular. This is always the solution that predicts the
larger ion flux to the collector. The results are published in [9]. Also, modelling with the
beam-like electron distributions has been continued. Some preliminary results have
been published in conference proceedings [10] and [11]. It is obvious that even very
small drift velocities in the distribution function of the electrons emitted from the
collector have a strong impact on the current-voltage characteristics, but no final
conclusions can yet be drawn.
2.4 Vibrational diagnostics
A detailed evaluation of the extraction optics was undertaken and various ionextraction conditions were studied. For this purpose different sizes and positions of the
extraction slit were tested and a detailed description of the ion-extraction system,
including these tests, will be published in 2008. The experimental work was run in
parallel with the corresponding CPO3D (http://www.electronoptics.com/) trajectory
simulation.
The first operation of the detector was performed in the positive-ion mode in
order to enable a measurement of the neutral hydrogen atom concentration. This
technique relies on detecting the H+ from the electron-impact ionization of the atom,
e+H→H+ at the electron impact energy above the threshold at 13.6 eV, but below the
threshold for dissociative ionization of the molecule, e+H2→H++H at 18.2 eV. Due to
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the limited mass separation of our extraction system the main problem in this work is
the presence of a background signal that is due to H2+/H2 (e+H2→H2+) for an energy
above its respective threshold, i.e., above 15.4 eV.
The data-acquisition system has been continuously upgraded throughout this
period.
Some improvements and/or modifications were made to our equipment: the old
ionization gauge was replaced by a new one, we made a modification to the extraction
geometry in order to improve the local pumping speed, the Faraday cup collector for the
electron beam was modified, and a mass flowmeter was incorporated into the hydrogen
inlet line.
2.5 Modelling of neutral hydrogen in a cell
In order to help interpreting our experimental results we continued the
development of the program for modelling a gas cell relevant to our conditions (TS,
HEC, HHMS). The cell of interest has a hot filament where the thermal dissociation of
the hydrogen molecules occurs and cold walls where the recombination of the atoms
leads to the formation of vibrationally hot molecules. Cold (v=0) molecular hydrogen is
introduced into the cell, but the stationary gas composition in the cell contains
vibrationally excited molecules as well as neutral atoms that were not all recombined on
the cell wall. For the case of the TS and HHMS, a partially dissociated hydrogen beam
containing VEHMs exits the cell, while for the case of HEC a relatively stationary
exposure atmosphere is created for in-situ studies. The program is intended for both H2
and D2, but in the present state it is being developed using only the available H2 data.
2.5.1 Molecular and atom dynamics – volume and surface interactions
Binary volume collisions and gas-surface interactions involving H atoms and
VEHMs have to be considered. The surface reactions on hot (thermal dissociation and
vibrational excitation) and cold (atom recombination, vibrational relaxation) are
included.
The fourteen vibrational H2-molecule levels to be considered, have been, at the
present stage, merged into one vibrationally excited composite particle – denoted as
H2E ( E – excited). With the H2 molecule in the ground state H2(v=0) , denoted as H20
and the hydrogen atom H denoted as H1, we are basically dealing with a system of three
particle species: H1, H20 and H2E.
Special care was taken to implement the algorithm for the production of atomic
hydrogen in thermodissociation (H2+hot filament = H+H) and thus handle the creation
of particles within the simulation scheme. This has been successfully accomplished.
According to the energy range in question, cross-sections below 1000 K, and at
around 300K for the relevant processes have been estimated from the literature (e.g.,
Krstić and Schultz, 1999, Phys. Rev A, 60 2118 -2130; ibid. 1999, J.Phys.B, 32, 2415243; Teck-Ghee Lee et al. 2006, J. Chem. Phys. 125, 114302). To have well-defined
branching ratios for the different reaction channels, the semi-classical calculations for
the relaxation of vibrationally excited H2 molecules in collision with H atoms and crosssections for the exchange of vibrational energy in molecule-molecule collisions have
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been studied. This work was largely performed during a stay in Bari at the Istituto di
Metodologie Inorganiche e Plasmi, (June 2007) as part of the Mobility Scheme.
2.5.2 Cell geometry
Simple cylindrical cell geometry is assumed and the simulation programme has
been improved, by unifying into a single module the previously separated algorithms for
wall interaction at the lateral surface and at the bottoms of the cells.
2.5.3 Validation of the model
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At the present stage of development, the simulation model under construction
has, as its input, the following parameters: cell geometry (base diameter, height,
diameter of exiting orifice, hot surface area), gas temperature and pressure, partial
particle number density, and cross-section matrix. The output of the model consists of
the total number of collisions (in the volume, at the hot and cold surfaces, separately)
the in-coming particle goes through before the exit, the identity of the exiting particle
and the reaction it undergoes or is created in, prior to exiting.
The output results have been checked against different gas pressures, e.g., the
frequency of the number of collisions before exiting in 1000 runs, at T=300K. The
lower is the pressure the higher is the frequency of exiting with a smaller number of
collisions (e.g., Fig.18). Also, the ratio of the wall-to-volume collisions is seen to
increase with decreasing pressure. The maximum of the frequency distribution that
distinctly peaked at higher pressures is seen to decrease and flatten towards lower
pressures (e.g., Fig.19).
We have developed the cell-source model to the stage at which the specific deficiencies
can be detected and removed, by appropriate selection of the input data (e.g., crosssections, branching ratios) so that the output matches optimally the experimental results.
Though we have not considered other gas systems (D2), as initially planned, we have
complied with the majority of the objectives defined in the Work Programme.
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Figure 18:
Frequency of the number of
collisions before exiting in 1000 performed runs,
at gas temperature T=300K.

Figure 19: Distribution of the wall-to-volume
collision ratio at different pressures for 1000
runs.
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3

CONCLUSIONS AND OUTLOOK FOR 2008

We have continued and significantly advanced research activities on problems
involving VEHMs during 2007. On the one hand, particularly important problems
relevant to the fusion community have been recognized, thus allowing us to focus our
work on a smaller number of subjects. On the other hand, two important equipment
elements, an optical spectrometer for the molecular emission spectroscopy of
magnetized hydrogen and deuterium plasma and a source of atomic hydrogen, were
acquired during this year. Together with this the ERDA beam line at Tandetron was
upgraded. All this will allow improvements to the experimental capabilities and
possibilities for resolving open questions.
Work activities in 2008 will be, to a large extent, determined by task agreements
that are defined with the EFDA and will be mainly focussed on an elucidation of the
role of VEHMs in the chemical erosion of amorphous carbon layers, studies of the
interaction of neutral hydrogen (atoms and VEHMs) with W, performed by the ERDA,
and the characterization of the properties of VEHMs re-emitted from W under welldefined conditions. Some of these problems will probably be solved during 2008, but
very probably new problems will emerge from this work once a new, in-depth
understanding will be attained.
In 2008 the optical emission spectroscopy from the hydrogen plasma will be
continued. An effort will be made to understand and master the Fulcher band spectrum
analysis, with the aim to deduce the ro-vibrational population of the neutral ground
electronic state hydrogen. A specific experiment in which VEHMs will be introduced to
the plasma by means of HHMS or by introducing a cooled recombining surface near to
the edge of the plasma column and the corresponding influence on the Fulcher band
emission will be studied experimentally. The development of the modelling program for
understanding the influence of different processes with neutral hydrogen atoms and
molecules will be continued and presumably an efficient and easy-to-use tool will be
acquired. The possibility of laser spectroscopic measurements of VEHMs from HHMS
was discussed in much more detail recently with collaborators from the Technical
University, Eindhoven (Dr. R. Engeln) and some pilot measurements are foreseen for
later in the autumn of 2008. Some general plasma modelling will be continued as well.
4

COLLABORATIONS AND VISITS

The following collaborations and visits on the research objectives of our project took
place during 2007:
- 3rd Forschungszentrum Jülich – SFA meeting on PWI was held on 19–21
February 2007 in Ljubljana. Short presentations were given by participants from the
FZJ (Sebastijan Brezinsek, Arkadi Kreter and Marek Rubel) and the JSI in the morning
of the first day (ref. [3] for P2). During the following two days initial optical emission
spectroscopic measurements were performed at LMPM.
- I. Čadež visited “J. Heyrovský” Institute for Physical Chemistry in Prague (at
the invitation of prof. dr. Zdenek Herman) and presented a seminar on current work on
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the project [4]. On this occasion I. Čadež also visited IPP.CR, where preparations for
installing the tokamak Compass were under way.
- I. Čadež and S. Markelj took part in the meeting of SEWG (Special Expert
Working Group) on High-Z materials within the framework of the EU Task Force for
Plasma-Wall Interaction. The meeting was organized at the Max-Planck-Institut für
Plasmaphysik, Garching on 10–11 May and we presented results on hydrogen
recombination on tungsten [5]. This occasion was also used to discuss with T. SchwarzSelinger, W. Jacob and U. von Toussaint the plans for a pilot study of the possible
influence of VEH molecules on the chemical erosion of carbon layers that was
performed later during the year.
- I. Čadež participated at the French national meeting on hydrogen interaction
with surfaces at Nouan-le-Fuzelier (http://www.u-cergy.fr/GDR-ARCHES/) 20–23 May
and presented our current activities on hydrogen interaction with fusion-relevant
materials [6].
- Vida Žigman visited CNR IMIP (Istituto di Metodologie Inorganiche e Plasmi)
Bari, Italy through the Staff Mobility Scheme from 3 June to 1 July 2007.
- Sabina Markelj attended 8th Carolus Magnus Summer School on Plasma and
Fusion Energy Physics, 3–14 September, 2007, Bad Honnef, Germany.
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HETEROGENEOUS SURFACE RECOMBINATION OF
NEUTRAL HYDROGEN ATOMS ON FUSION-RELEVANT
MATERIALS
Miran Mozetič, Alenka Vesel, Aleksander Drenik, Tatjana Filipič, Janez Trtnik
Department for Surface Engineering and Optoelectronics, Plasma Laboratory, Jozef
Stefan Institute, Jamova 39, 1000 Ljubljana, Slovenia
miran.mozetic@guest.arnes.si

1

INTRODUCTION

Neutral hydrogen, deuterium and tritium atoms (subsequently referred to as H
atoms) are present in the cold edge and divertor plasmas of tokamaks as well as in the
vacuum components between the divertor and the pumps. The atoms in the plasma edge
and divertor regions take part in a variety of collision processes. Hydrogen atoms form
molecules with elements of the plasma-facing components, presently the predominating
hydrocarbons arising from carbon surfaces, as well as with impurities on other surfaces.
Unlike molecules that would not react with carbon, even at elevated temperatures,
hydrogen atoms are reactive even at room temperature. This applies not only to hot
protons coming from the plasma but also to cold atoms that are found in the plasma
edge layer. Slow atoms were detected in the plasma edge layer of a tokamak with
several different diagnostic methods. Measurements in TEXTOR-94 showed that the
atomic hydrogen flux from the carbon, deduced from Balmer line Hα measurements, is
comparable to the molecular flux at low carbon temperatures. By heating the test limiter
surface the molecular intensity dropped and the intensity of the atomic species
increased. At high temperatures (above a carbon temperature of 1500K) the atomic
release dominates and the molecules are practically negligible. Such behaviour was also
found in ion-beam experiments.
Determining the hydrogen atom densities in remote parts of a tokamak
represents a difficult challenge. Atoms can reach surfaces that are otherwise shaded
from the plasma and where otherwise used spectroscopic techniques are unavailable. An
alternative method for measuring the neutral atom density is the catalytic probe. A
catalytic probe takes advantage of the exothermic nature of a recombination reaction,
i.e., the event in which two hydrogen atoms recombine into a hydrogen molecule on the
surface of the probe. The dissociation energy is absorbed by the probe. The rate of
recombination is proportional to the neutral atom density in the vicinity of the probe and
thus it can be determined by observing the temperature of the probe. The catalytic probe
seems a much cruder method than spectroscopy techniques; however, it is a very nondemanding measurement technique, requiring neither a lot of space nor an environment
free of vibration, etc., which is hard to achieve during the operation of a tokamak.
Furthermore, it provides a reasonable spatial resolution of the atom density.
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So far we have developed several types of catalytic probes, of which the Fibre
Optic Catalytic Probe (FOCP) has proved the most successful design so far. Other, older
types usually feature a small piece of metal foil – the catalyst surface – attached to
thermocouple wires. However, the thermocouple wires can be highly susceptible to
electromagnetic interference, which hinders any observation of the probe’s temperature
during the plasma’s operation and can in that case be accurately measured only after the
plasma operation has ended. Moreover, to overcome heat losses through the
thermocouple wires, the metal foil itself has to be of rather large proportions so that the
heat absorbed from the recombination becomes decisively greater than the heat lost
through the wires. The large surface of the probe means that the probe creates a
significant disturbance in the atom density and the large mass of the probe lessens the
probe’s temporal density.
In a FOCP the thermocouple is abandoned in favour of optical detection of the
probe’s temperature. The catalyst in this case is a much smaller and lighter piece of
metal foil that is wrapped around a small glass sphere (diameter typically 0.3 mm),
which in turn is attached to an optical fibre. The fibre transfers the thermal radiation
emitted by the metal foil to a detector. Thus, the signal is immune to electromagnetic
interference and the probe is small enough not to significantly disturb the atom density
in its vicinity.
A key issue in both determining the atom densities and predicting the atom
density profiles in a reactor is knowledge of the recombination coefficient values of the
materials involved. The recombination coefficient – defined as the probability that an
impinging atom will form a molecule with an adsorbed atom – determines the fraction
of impinging atoms that recombine on the probe’s surface. Also, with a knowledge of
the recombination-coefficient values it is possible to predict the penetration depths of
atoms in confined areas, such as reactor pump ducts, etc.
In 2006 we designed a catalytic probe compatible with the limiter lock system
installed in TEXTOR. Due to restrictions relating to the installation of the probe, the
FOCP design had to be abandoned in favour of the more robust thermocouple type. The
probe was made with a gold catalytic tip affixed to a type-C thermocouple.
2
2.1

WORK PERFORMED IN 2007
Catalytic probe for TEXTOR

During our visit to FC Jülich between 20th May and 2nd June 2007 we had a
discussion about possible improvements to the probe. We decided to mount a second
thermocouple in the housing of the probe. In this way, by subtracting signals from both
thermocouples, we will obtain the difference between the temperatures of the probe
housing and the actual probe. In doing this we will, to some extent, eliminate the
uncertainties about the reference temperature as the temperature of the probe housing is
most probably very close to the ambient temperature. Figure 1 shows the probe with the
newly affixed thermocouple.
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Al ceramic insulation

A visit to Laboratorio Nacional de
Fusión at CIEMAT, Madrid, Spain, was
realized in May 2007. A new construction
of the reactor was designed. The new
construction makes it possible to measure
the density of H and O atoms with catalytic
probes. Novel probes were constructed in
order to meet the specific requirements of
the experiments.
2.3 Activities at Solar facilities in Font
Romeu

C

2.2 Activities at Laboratioro Nacional
de Fusión at CIEMAT, Madrid

stainless steel holder
DIN 1.4571 (AISI 316 Ti)

At that time we were unable to use the probe as there were disruptions to the
operation of TEXTOR. During a subsequent experiment, the probe was destroyed by a
thermal shock.
However, a new experiment was agreed on. A double catalytic probe suitable for
application in a periscope system in TEXTOR was designed to study the deposition and
erosion mechanisms of amorphous hydrogenated carbon layers during tokamak
operation. A twin-tip probe was used in this case. One tip is made of aluminium, the
other of gold. As aluminium and gold
exhibit different catalytic activities for
hydrogen-atom recombination, it is
Au
probe tip
possible to resolve the issue of how much
0.075 mm thermocouple wire
of the energy dissipated at the tip of the
W/5%Re - W/26%Re
probe is due to neutral atom recombination.
The aluminium tip was delivered to
TEXTOR in September 2007, and the
fabrication of the gold tip was finished in
Additional thermocouple to
measure housing temperature
late December 2007. The gold tip was
shipped to TEXTOR in early January 2008.

thermocouple connector
type C
C

Figure 1: Catalytic probe constructed for
TEXTOR, shown with additional thermocouple.

During our visit to Solar facilities in
Font Romeu, France, in May 2007, we
prepared documentation for a novel plasma reactor that will allow for measurements of
H atom interaction with carbon and other first-wall materials at extremely high
temperatures, up to about 2500K. The reactor was constructed and the first experiments
were performed in September 2007 (Figure 2, Figure 3). The following experiments
were performed: (1) measuring the H-atom density under different experimental
conditions (different MW powers and pressures) with a gold-tip fibre-optics catalytic
probe, (2) reducing thick oxides from metal samples by H-plasma treatment and (3)
preliminary experiments on the etching of CFC and graphite at elevated temperatures in
the hydrogen plasma.
The following results were obtained: The H-atom density in the empty discharge
reactor was found not to be time dependent, and the order of magnitude was 1021 m-3.
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The H-atom density was relatively independent of pressure in the range between 40 and
130 Pa. The value was about 6x1021 m-3 at a discharge power of 1000 W and 4x1021 m3
at a power of 500 W. The effect of the sample holder on the H-atom density was
studied as well. It was shown that the density just after turning on the discharge was
about 20% lower than that in the empty chamber, which was attributed to the weak
recombination of H atoms on the holder surface. In the case of a loaded experimental
chamber the H-atom density was continuously decreasing with time. After a long time,
the H-atom density was about an order of magnitude lower than the initial value. The
decay of H atoms was attributed to the heating of the sample holder and thus an
increasing of the recombination coefficient. The results show that sample holders
should be better cooled during experiments in the plasma treatment of plasma-facing
materials under extreme conditions.
Regarding the reduction of oxides from the metal samples (iron) by treatment in
a hydrogen plasma at elevated temperatures it was found to be possible to remove the
oxide layer (the thickness was a few microns) very quickly, if the sample temperature
was high enough. For example, if a sample was heated by the focused solar radiation to
a temperature of about 900 K, then the oxide layer was completely reduced after less
than 5 s of treatment with the hydrogen plasma.
Preliminary experiments on the etching mechanisms of CFC and graphite
samples in a hydrogen plasma at elevated temperatures were performed. The evolution
of the OES spectra during the sample treatment at different temperatures was recorded.
It was shown that the sample temperature had a strong effect on the intensity of the CH
peak, which was, surprisingly, decreasing with increasing temperature. Further
experiments are planned for 2008.

Figure 2: Experimental plasma reactor (left) and hydrogen plasma (right) at the Solar facilities
in Font Romeu for the treatment of fusion-relevant materials at elevated temperatures.

Figure 3: Parabolic mirror for collecting solar radiation, which is used to heat materials to
temperatures of up to 2500 K.
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2.4 Measuring the recombination probabilities for the heterogeneous
recombination of hydrogen atoms on solid surfaces
The experimental reactor in Ljubljana was upgraded with the idea being to
improve the precision of the measurements pertaining to the recombination coefficient
of various materials. With the previous setup it was difficult to accurately determine
high recombination coefficients because of the resulting low densities of hydrogen
atoms in the reactors. The new setup was built with the aim being to overcome this
shortcoming. A systematic test will commence in early 2008.
3

CONCLUSIONS AND OUTLOOK FOR 2008

An improved, twin-tip catalytic probe was designed for the periscope system in
TEXTOR, with the aim being to study neutral hydrogen-atom fluxes during the
deposition and erosion of carbon atoms. The probe is foreseen as being used in late
2008, when TEXTOR is scheduled to resume operation.
An experimental reactor for studying the erosion mechanisms of fusion-relevant
materials at elevated temperatures in a hydrogen plasma was constructed and installed
in the laboratories at the CNRS Solar facilities in Font Romeu, France. The
characteristics of the hydrogen plasma were measured systematically. The results are
important for understanding the role of different plasma radicals in the etching of
graphite surfaces. Further experiments on the etching of graphite samples and
composites are planned for 2008.
4
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1

INTRODUCTION

Among the numerous technological problems connected with the construction of
ITER, the retained tritium in the ITER's walls is one of the important concerns, since it
may lead to a forced cleaning intervention due to exceeding the safety limits for the
total amount of tritium in the vessel. The evaluation of the retention processes in the
wall materials relies mostly on deuterium quantification in the tokamak plasma-exposed
wall materials, since hydrogen (1H) may be additionally introduced in the form of
moisture during the atmospheric exposure of samples, and tritium handling imposes
severe safety measures. Deuterium-detection techniques with a high-energy focused ion
beam include Elastic Recoil Detection Analysis (ERDA) and Nuclear Reaction Analysis
(NRA) with a 3He microbeam employing a D(3He,p)4He reaction. The available broad
beam setups for ERDA and NRA provide distribution information with a lateral
resolution of typically 1 mm2.
In many cases the retained fuel exhibits a strongly structured lateral distribution.
Any inhomogeneity on the centimetre scale is determined by the ion beams with a
dimension of typically 1 mm. However, as shown in our earlier work, the distribution
could have strong fluctuations on the microscopic scale. Focused ion beams are able to
reveal the deuterium distribution with a lateral precision on the scale of 1 micrometer.
Such a technique is able to reveal the dependence of retention on the microtopography
of the surfaces, on the material mixing and on the erosion-deposition chemistry.
A mean surface roughness exceeding 10 micrometers is inherent to many
samples of interest in fusion research, including the cleaved bulk wall samples of
candidate wall materials for the ITER walls and even the surface of carbon fibre
composites (CFCs) selected for the construction of the ITER divertor. With a larger
depth range and a perpendicular geometry applied, the NRA employing the
D(3He,p)4He reaction is less sensitive to the roughness in comparison with the ERDA.
The isotopic sensitivity of the NRA is not dependent on the depth of the analysis, as is
the case with ERDA. With such a performance, NRA with a 3He beam is the method of
choice in the post-mortem analysis of materials exposed to a deuterium plasma. The
main constraint with using a 3He beam on tandem accelerators is the demanding
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formation of the 3He beam with appropriate intensities, both from the instrumental and
cost points of view.
2

WORK PERFORMED IN 2007

The work in 2007 was mainly focused on the experimental work dedicated to
establishing Nuclear Reaction Analysis (NRA) with the reaction D(3He,p)4He on the
measuring station with a focused ion beam. After a relatively long and demanding
configuring of the ion sources for reliable operation with a beam of negative helium
ions, the gas was switched to 3He and an accelerated 3He ion beam was injected into the
microbeam-forming system. The deuterium distribution in carbon-fibre composites
exposed to the deuterium plasma was studied with a focused 3He beam.
2.1 Formation of the 3He beam in the tandetron accelerator
The formation of the accelerated helium ion beam with energies in the MeV
range in tandem accelerators is demanding in comparison with other ion beams. Most of
the negative ion beams, required for the injection in the accelerating column of a
tandem accelerator, could be extracted directly from ion sources, either from plasma or
from a solid material bombarded with caesium ions. The negative helium ion is,
however, metastable, with a low binding energy of the third electron. The lifetime of
approximately half of the He- ions is 9 microseconds, and 340 microseconds for the
other half [1]. The only known approach to produce a negative He beam is a two-step
process consisting of positive-ion extraction and a charge exchange in alkali vapours.
As accelerated He ions play an important role in the research with accelerated ions, the
two-step process is implemented in commercially available ion sources for He- ions.
National Electrostatic Corporation (NEC) provides commercially available alphatross
and TORVIS [2] ion sources, which combine the extraction of a positive helium beam
from radio-frequency and DC plasmas, respectively, and a charge-exchange process
inside a rubidium-loaded charge-exchange canal [3]. High Voltage Engineering Europe
(HVEE) produces a lithium charge-exchange canal, which in combination with a
douplasmatron ion source configured for positive operation provides a He- beam [4].
The formation of focused ion beams with energies in the MeV energy range
and lateral dimensions in the micrometer range favours the high brightness of the beam
from the ion source [5]. A significantly lower brightness of the He- beam from an ion
source in comparison with the H- beam frequently applied in our nuclear microprobe [6]
demands a larger object-slit opening to achieve the same beam current at the target. The
limited demagnification of the microprobe-forming system results in a larger beam size
at the focal point. Under the conditions discussed, a beam of 800 keV 3He1+ ions with a
current of 300 pA resulted in dimensions of 5 x 5 µm2.
The formation of a focused 3He beam implies a duoplasmatron ion source, a
lithium exchange canal, a tandetron accelerator and a magnetic triplet microprobeforming system.
The duoplasmatron ion source was configured for positive-ion operation.
Invented by Manfred von Ardenne half a century ago the duoplasmatron is used in
various fields where intense ion beams are required, such as ion implantation, as an
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injector for accelerators and even for ion propulsion. It can be used for the production of
both positive and negative ion beams. To form a plasma inside the duoplasmatron ion
source, a hot filament emits a strong electron flux to enable the primary discharge. For
helium operation, we use a thoriated tungsten wire with a diameter of 0.5 mm. The
electron emission of the tungsten wire is sufficient for reliable operation and the
filament lifetime is long. To measure the net He+ beam current output of the
duoplasmatron, the extracted positive beam is focused into the Faraday cup positioned
after the injector analyzing magnet. At the source-extraction voltage of 18 keV and the
total extraction current of 1.5 mA, the resulting He+ beam current in the Faraday cup is
60 µA.
To form a negative He beam, a beam of positive He ions is injected into a
region of lithium vapours inside a lithium charge-exchange canal. The canal is inserted
into the beam path after the extraction gap of the duoplasmatron and the cylindrical
einzel lens with a positive biased electrode. In our version of the canal, the lithium
heater and the thermocouple are directly immersed in the melted lithium metal, which
enables good temperature regulation of the lithium melt. On the other hand, the coaxial
heater shield and the thermocouple stainless steel walls, both made of stainless steel, are
affected by the corrosion induced by the lithium melt, which results in a limited lifetime
of the heater/thermocouple set.
The density of the lithium vapours in the region of the beam depends on the
lithium melt level in the canal. As the vapour density is higher close to the surface of
the lithium melt, the height level of the lithium melt in the canal is an important
parameter of the canal operation. In our case, the filling with lithium granules is
repeated after the melting of the first charge of lithium. In this way the lithium melt
level in the canal is high enough for efficient operation at the temperatures below
580ºC. This temperature limit ensures sustainable canal operation without any
significant loss of lithium through the beam entrance and exit apertures, as it allows
their condensation on the colder canal arms and the recirculation of the melt back to the
main reservoir.
The gas cylinder with a volume of 0.42 litre, supplied by Chemgas, containing
3
10 l of He gas under normal conditions (pressure of 1 bar and temperature of 21ºC) is
attached to the pressure-reducing valve inside the duoplasmatron ion source box. The
pressure-reducing valve at the secondary side was preset at 3 bar. The gas is introduced
into the source chamber via a thermo-leak valve. The pressure of the 3He gas in the
source is increased up to 3 mbar, which allows spontaneous plasma ignition. For normal
operation the pressure is stabilized at 2 mbar. The estimated average consumption
amounts 62 cm3 of 3He gas under normal conditions per hour of operation.
Sustained operation of the source under the conditions given above yields a
3He current of up to 400 nA after a 90-degree analyzing magnet in the Faraday cup
located before the injection in the acceleration tube. Significantly higher currents of up
to 1.5 microamperes can be obtained by heating the lithium above 610ºC.
A negative 3He beam is injected into the acceleration tube, stripped in the
middle of the column and at the high-energy exit, the resulting accelerated positive
beam (charge fraction 1+ or 2+) is directed to the microprobe beamline. The first
focusing at the high-energy side is done by the electrostatic quadrupole triplet lens at
the object slit, located 2 m from the switching magnet.
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The final beam profile of the focused 3He beam is measured by passing
over a square-shaped lithographic copper mesh with an inter-wire distance of 25
micrometers. The microbeam of approximately 5 x 5 µm2, with a current of 300 pA, is
available for analytical work.
2.2 Integral D concentrations in carbon fibre composites exposed to a deuterium
tokamak plasma
The experiment carried out at FZJ consisted of a controlled deuterium-rich plasma exposure in
the TEXTOR tokamak and a post-mortem analysis of the exposed surface layers [7]. Three
carbon-based materials – the carbon fibre composite (CFC) NB31 from Snecma, with a material
density of ρ=1.87–1.93 g/cm3 and an open porosity of 7–9%, the CFC DMS780 from Dunlop,
ρ=1.75-1.87 g/cm3, open porosity 12–15%, and fine-grain graphite Ringsdorff EK98,
ρ=1.85 g/cm3, open porosity 10% – were mounted in the form of stripes on a roof-like test
limiter (Figure 1) and exposed in the erosion-dominated zone of the scrape-off layer plasma in a
series of reproducible discharges with a total duration of 177 s. The plasma at the last closed
flux surface (LCFS) had
an electron density of
1·1019 m-3
and
an
electron temperature of
45 eV. The tip of the
limiter was placed at the
LCFS and exposed to a
deuterium fluence of
Φ≈2·1025 D/m2 with a
radial decay length for
the fluence of 12 mm,
leading to fluences of
about Φ≈1.9·1024 D/m2
at the far SOL edge of
the
limiter.
The
D/(H+D)
ratio
in
plasma was ≈80%.
High-energy
protons with energies
Figure. 1: Comparison of the D yield at the three different types
above
10
MeV
originating from the of carbon materials: fine-grain graphite EK98 produced by Ringsdorff,
D(3He,p)4He
reaction JET CFC DMS780 produced by Dunlop and a former ITER reference
are detected by a Carbon Fiber Composite (CFC) NB31 produced by Snecma.
partially depleted Si
detector with a depleted
layer thickness of 100 micrometers and an area of 300 mm2 at a scattering angle of 135 degrees,
employing a 0.5-mm-thick Al absorber. In this way, the reaction products from the (3He,p)
reactions on other light elements, such as carbon, beryllium and oxygen, are completely
suppressed and the energy spectrum detected is virtually background-free and consists of a
single peak originating from the reaction with deuterium. Figure 1 shows the normalized
deuterium yields for the three types of carbon-based materials obtained from the exposure
experiment in TEXTOR.
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2.4 The deuterium mapping inside the cleavage of the NB 31 with the D(3He,p)4He
reaction
In order to measure the eventual long-range deuterium penetration depth in the
materials, one possible approach is to cleave the material and apply a deuterium
surface-sensitive technique over the cleavage. A strong signal of deuterium appearing
from the exposed surface is deterred by
slight tilting, i.e., by 5 degrees, to shade
the exposed surface from the glancing
incidence of the beam. Such an approach
was used to investigate the depth
distribution of D in the bulk material. A
sample of CFC NB31 exposed to a fluence
of Φ≈1.2·1025 D/m2 was cleaved. An area
of the cleavage, 0.5×0.5 mm2, was
analysed by μ-NRA with a raster step of
7.8 μm. A beam of 3He ions with an
energy of 650 keV, area of 5 x 5 μm2 and
a current of 300 pA was scanned over the
selected raster. The energy is selected to
have the highest sensitivity for surface
Figure. 2: Cleavage of the CFC
deuterium, as the total cross-section for the
3
4
reaction
D( He,p) He
reaches
its
maximum at 650 keV. The result of the mapping is presented in Fig. 3. A black/white
background image is produced by the detection of secondary electrons to obtain an
object image shape and position. The deuterium yield is loaded on the map with a 64 x
64 pixel resolution in red scaling to represent the D yield. The sample was tilted by 8
degrees in order to shade the strong signal from the surface containing a large amount of
deuterium, and the distribution deep in the CFC could be revealed.

Figure 3: Deuterium map in the cleavage of the carbon fibre composite NB31 loaded on the secondary
electron map. Deuterium is found as deep as 80 micrometers under the exposed geometrical surface of
the CFC.
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Deuterium was detected as deep as 80 μm below the exposed surface. The 2dimensional map shows a pronounced inhomogeneity of the D distribution in both the
depth and the lateral directions. It can be attributed to the non-uniformly porous
structure of the CFC material, with higher D amounts accumulated inside the inner
cavities. The depth profile, summed up over 0.5 mm along the surface, shows the decay
of the amount of D with a characteristic length of ≈30–40 μm (Figure 4).

3

OUTLOOK FOR 2008

D signal [counts]

Research work on the plasma-wall interaction will continue, incorporated into
the
Coordinated
Activities on Plasma
Wall
Interaction
CFC NB31 deuterium depth profile in cleavage
defined in the EFDA
30
Work
Programme.
25
Deuterium retention
will be studied in the
20
wall materials with
Nuclear
Reaction
15
Analysis and ERDA.
A
broad-beam
10
analytical station will
be configured for a
5
large
series
of
automated ERDA and
0
NRA
analyses.
0
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Depth [ μm ]
coatings produced in
IPP Garching will be
used as deuterium Figure. 4: Projection of the deuterium yield on the depth axes in the
thin-film
reference CFC NB31. A penetration depth of up to 80 micrometers with an
exponential decay of the order of 30-40 micrometers is observed.
standards for the
ERDA method calibration and the verification of the NRA results.
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1

INTRODUCTION

The tritium inventory in all inner surfaces represents an important issue in
the safe handling and decommissioning of future fusion reactors. For the ITER
project, the main dose of tritium is expected to be captured in the first wall, but
there is a huge surface area (~103 m2) of stainless-steel vacuum chamber exposed
to gaseous tritium after plasma ignition [1]. The same topic is relevant for any
other equipment where the tritium gas supply may contribute to the total retention
in all exposed areas, like in the KATRIN project [2]. It is thus relevant to predict
the tritium retention rate in both huge devices as accurately as possible using
credible data taken in small experimental systems [3, 4]. When deuterium is used
as a tracer gas instead of tritium, the experimental setup is much simpler, but the
extremely high sensitivity of the nuclear methods can only be matched when
pressure measurements and mass spectrometry are examined with the utmost care.
Using this technique, additional valuable data can be taken that can improve the
understanding of the processes of hydrogen isotope reactions at metal surfaces.
2

WORK PERFORMED IN 2007

We found in our previous experiment that only a small amount of deuterium
is adsorbed inside a previously well out-gassed all-metal UHV system under welldefined conditions (T = 300 K, p = 1 mbar, 24 h). It was also reported that the outgassing rate of the UHV system after such an exposure is slightly changed, but
still clearly observable [5]. This data was applied in the work schedule for 2007
for the accurate determination of deuterium retention in ITER-grade stainless
steel. This is AISI 316L-type austenitic stainless steel, where the special ITER
requirement is a low concentration of Co (<0.05 wt.%) and Nb (<0.01 wt.%))
under the prescribed conditions: T = 100°C, T = 250°C and T = 400°C, p = 0.01
mbar and 0.1 mbar, respectively, each exposure lasting for t = 24 h.
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Measurement principle and system configuration
The experimental data needed to characterize the sample are obtained by
observing the deuterium sorption–desorption and exchange interaction phenomena. The
measurements were performed in an all-metal UHV system equipped with two
calibrated capacitance manometer (CM) heads (1 mbar and 0.05 mbar full-scale, MKS)
and two quadrupole mass spectrometers. The UHV system and the procedure have been
described elsewhere [5]. The changes required to perform the present measurements are:
a slightly larger volume (V = 1.293 L), a new calibration vessel (V = 0.105 L) attached
to the system and a glass tubular extension enabling sample movements in to and out of
the furnace. This operation could only be performed at room temperature to eliminate
possible cracking of the glass caused by sliding of the hot sample. Pure deuterium
(declared as 99.7%, Messer) was leaked into the system using a variable leak valve.
Most of our procedures were realized in accordance with general recommendations in
order to achieve the highest sensitivity [6,7,8].
The temperature in the furnace was electronically stabilized to within ΔT = ±
0.1°C, while the ambient temperature was set to 25°C and could vary up to ΔT = ± 2 °C.
The influence of the heated extension tube on the determination of the absolute number
of molecules in the volume was determined by fast cooling of the heated part of the
system at some set deuterium pressures. After cooling down, the pressure was measured
again and related to the actual p, V and T.
The samples for this experiment were cut from a block (6x23x40 cm3) of
austenitic stainless steel ITER grade AISI 316, delivered by the European Fusion
Development Agreement Close Support Unit – Garching, Max-Planck-Institut für
Plasmaphysik. The ITER’s specific requirement is a low content of Co and Nb. The
samples were machined into a tubular shape with a smooth surface. They have an outer
diameter = 25 mm, an inner diameter = 22.5 mm and a height h = 50 mm. Its surface
area A ~ 76 cm2, the volume V = 4.66 cm3 and the mass m = 35.9 g. Before being
inserted into the UHV system, the samples were cleaned with detergent and rinsed well
using demineralized water.
The crucial parameters measured in the whole experiment were the pressure and
the temperature over several hours and the mass spectra of the accumulated gas. Beside
the D2 and H2 ratio, the amount of HD molecules was particularly interesting. They
were formed at the surface via an exchange reaction, but a small fraction is formed in
the QMS as well during the ionization process. To obtain accurate results, a careful
calibration of the QMS with pure D2 and H2 and their mixtures was made to get the HD
formation rate within the QMS itself [9].
Experimental steps to ensure maximum sensitivity and accuracy
The amount of deuterium that can be absorbed in the stainless-steel samples under
the specified exposure conditions is supposed to be low. There are two kinds of sites
hosting H/D: bulk sites and surface sites. For the first type, a good estimation exists via
the solubility relation (Sievert's law), written as:
Ks(T) = Ks0.exp(-Es/kT)
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The symbols and constants have the following meanings:
Ks0=2.6×1019at.H/(cm3. bar0.5), Es ≅0.08 eV. At 0.1 mbar D2, 400°C, the
corresponding equilibrium concentration is C = 6.5×1016at.D/cm3 [8,10]. In
theoretical studies, the surface sites have been further divided into true surface
sites (hydrogen is adsorbed) and sites allocated within the oxide layer. For the
case of technical surfaces, it is difficult to distinguish them and to describe them
with a simple expression. The reasons are inaccurate experimental determination
techniques. The kinetics of approaching equilibrium, when the bulk and surface
states are involved, is further reduced compared to the diffusion-limited regime
since it is determined by second-order surface processes. There are several reports
obtained using tritium, where the retained amount and even the tritium depth
profiles were determined [11,12]. Unfortunately, even when a high-temperature
treatment during a preparation step to minimize the hydrogen content had been
realized, its amount was not determined since nuclear methods are blind for the
other two hydrogen isotopes. If any valuable data is to be gained using deuterium,
it is necessary to determine it with fundamental limitations related to interactions
with the rest of the UHV system, as well as with the resolution capability of
pressure-sensing techniques and mass spectrometry. To ensure this, the system is
not allowed to be exposed to the air, which means that the sample is moved in and
out of the heated zone in vacuum. The optimized schedule applied in the
experiments consists of the following steps:
1) The whole UHV system is baked in an oven at 150°C for 2-5 hours. Only
short sections of the bellows that are connecting the capacitance manometers, held
at 45°C, are not heated to the specified temperature. 2) The investigated sample is
kept initially at room temperature, performing testing of deuterium exposure
influence onto the background of the system, caused by residual out-gassing and
non-detectable leaks and permeation rates. At this stage the part of the system that
is extended into the furnace is out-gassed in situ at the prescribed T and t. 3) The
UHV system’s response at identical deuterium exposures as prescribed for the
sample (p, T, t). 4) The sample is moved into the heated zone to suppress the
hydrogen evolution kinetics to some certain limit set with the previously achieved
performance of the system. 5) The system’s response to deuterium exposures (p,
T, t) resulting in changed p and a different gas composition makes it possible to
study the interactions of deuterium with the hot sample.
All the data collected in these 5 steps could give the net deuterium effect on
the sample, kept in the system in the repeated exposure, distinguishable from the
effect onto the system alone. To ensure the maximum discrimination of the
sample’s contribution to the recorded spectra after some particular deuterium
exposure, pure deuterium was leaked into the UHV system to reach the same
pressure as was set at the start of the exposure. This step ensured the maximum
reliability, also regarding the influence of the QMS on the analysed gas.
The effect of the temperature difference between the furnace and the gauge
zone was determined by moving the glass tube out of the furnace at a known
hydrogen pressure. The pressure reading at 400°C vs. the room temperature
reading was equal to 1.11, which enables a subsequent calculation of the
deuterium retention in terms of the number of molecules per unit area. The same
procedures were done at 250°C and 100°C.
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Data collected in deuterium exposures at specified conditions
For all the results in the present study it was of crucial importance to evaluate the
system’s out-gassing rate. It primarily consisted of out-gassing (the main gas is
hydrogen) from all the inner metal parts of the system, the glass tube and the sample, all
initially kept at room temperature. The next contribution represents the heated glass
tube (water, CO and CO2) which could be determined before the sample had been
inserted. The most critical is the sample out-gassing suppression (hydrogen, CO). This
contribution is superimposed on the system-background out-gassing and the glass-tube
out-gassing, which could not be measured separately after the sample had been inserted
into the furnace. The sample out-gassing was initially very high compared to the system
out-gassing, but it was greatly reduced during the initial heating period of 200 h at
400°C. After the actual sample and the background out-gassing rate had been
determined at a selected temperature for at least 24 h, deuterium was leaked into the
evacuated, closed UHV system by means of a precise valve. The results after 24-hour
exposures consisted of two recorded data: the total pressure change after initially being
set to 0.1 mbar (and 0.01 mbar) and the residual gas analysis of the accumulated gas.
Exposures at even lower pressures had been planned but were later abandoned. After
the analysis of the first results it became clear that the deuterium retention would be
below the detection limit of our setup, which means that it would also be low in
absolute terms.
Results
The background pressure-rise rate of the UHV system, measured at room
temperature after a bake-out at 150°C for 3 hours, has the uniform value dp/dt ≅ 6.0×10–
9
mbar/s. The resulting pressure after a 24-hour accumulation cycle was p ≅4×10–4
mbar. The out-gassing rate with the sample still at room temperature (R.T.) and the
glass tube at 400°C was dp/dt ≅ 6.0×10–8 mbar/s. Besides hydrogen, some water was
also accumulated in such cycles, which is to be expected for glass. During the first 24-h
exposure to deuterium at 0.1 mbar (this could be treated as the blank run, as the sample
was kept at R.T.) the pressure increased to ≅0.102 mbar. An important finding was
taken from the QMS analysis: the proportion of HD versus D2 was not changed. After
pumping the rest of the gas, the UHV system’s background was recorded for 2 more
days, when the pressure rise decreased further and reached dp/dt ≅ 3.0×10–8 mbar/s. At
this point we decided to stop the degassing of the glass tube since intensive sample outgassing was expected.
After sliding the sample at R.T. into the glass tube and warming up the furnace
with a linear slope of 3.3°C/min to 400°C, the sample out-gassing rate was initially
orders of magnitude above the background value recorded when the sample was kept at
room temperature. Such a high rate would disable an accurate determination of the
deuterium retention and a prolonged sample heating time had to be realized. The actual
kinetics of the hydrogen out-gassing rate versus time could be reconstructed from
diagrams showing p(t): The first diagram corresponds to p(t) during a two-hour warmup time, Fig. 1.
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The released and
accumulated gases were
350
300
analyzed by the QMS a
300
250
few times, which lasted
250
only for a few minutes.
200
200
These interruptions in
150
150
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100
100
shown, but the curve is
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displayed
as
a
0
0
uniformly
increasing
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0
1000
2000
3000
4000
5000
function. The missing
t /s
segments
are
reconstructed to fit the
Fig. 1: Pressure change during sample warm-up period of 2 hours. A
general trend. A similar
noticeable change in kinetics was observed above T = 200°C.
procedure was done for
the p(t) curve in the next 200 h. The total amount of released hydrogen represents a
concentration change in the sample of ~ 1.6×1019 at H/cm3.
The kinetics of the hydrogen release was suppressed by over three orders of
magnitude from the initial dp/dt ≅ 2.0×10–4 mbar/s to the final reading dp/dt ≅ 9.0×10–8
mbar/s. After converting these values to the rate of molecules escaping from a unit area,
a diagram as presented in Fig. 2 is obtained.
This last value
14
seemed
to
be
1x10
acceptably low to
start with deuterium
13
exposures, starting
1x10
with that at 0.1
mbar.
12
During
the
1x10
first of the two 24-h
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at 0.1 mbar, the
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total
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Δp=0.0035
mbar,
1x10
0
50
100
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200
corresponded to an
average dp/dt =
t /h
mbar/s.
5.8×10–8
The
difference
between the two
Fig. 2: The specific out-gassing rate from the sample obtained by
slopes before and
differentiating the p(t) curve over 200 h .
during
the
deuterium exposure gives Δp=0.0005 mbar.
The missing deuterium can be attributed to absorption by the sample. The
corresponding composition was different compared to the initially pure deuterium since
HD became a more intense component than H2 and D2. This means that the isotope
exchange reaction represents the main reaction of deuterium with the sample. The true
400
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T / °C
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number of missing deuterium atoms is thus much higher than that predicted only from
the pressure difference. The result of the first deuterium exposure at 0.1 mbar and
400°C is given in the first row of Table 1.
1
No.
1
2
3
4

2
p
mbar
0.1
0.1
0.01
0.01

3
t
h
24
3
6
24
24
24

4
Δp
mbar
0.005
0.005
0.006
0.002

5

ΔN/A

atom D/cm2
1.8×1016
4.0×1015
8.4×1015
2.6×1016
1.9×1015
1.9×1015

6
ΔC
at D/cm3
2.9×1017
6.6×1016
1.38×1017
4.2×1017
3.0×1016
3.1×1016

7

ΔN/A

atom D/cm2
4.4×1014
7.3×1014
2.4×1014
2.4×1014

Table 1: Deuterium retention in a 24-h exposure at 400°C. The exposures at 0.1 mbar and 0.01 mbar
were made twice. Meaning of the columns: 1 – exposure number, 2 – initial pressure of deuterium, 3 –
time when the gas composition was analyzed, 4 – change in the total pressure, 5 – amount of retained
deuterium per unit area, 6 – amount of retained deuterium per cm3, 7 - amount of released deuterium
in the first 24 h after exposure per unit area.

After the QMS analysis of the accumulated gas, the UHV system was closed and
the pressure was recorded for the next 24 h. The background out-gassing kinetics was
not uniform, but was higher initially and achieved an almost uniform value in the last 10
hours, dp/dt = 7.3×10–8 mbar/s. The accumulated gases were analyzed and deuterium
abundance was noticed, but manifested mainly as HD. Its amount was determined and
put in Table 1 as the amount of retained deuterium that might be released in the first 24
hours. It is worth mentioning that it is hard or even impossible to distinguish the
fraction of HD that was absorbed in the sample from the fraction that could be retained
in the whole UHV system.
A new exposure at p = 0.1 mbar deuterium followed with two intermediate
analysis points to follow the deuterium exchange rate. For the analysis after 3 h
approximately 2.5% of the gas was spent, and for the analysis after 6 h, an additional
4%. Anyway, at the end of the 24-h deuterium exposure, the pressure was 0.096 mbar,
which means that the whole deuterium exposure may be treated as a genuine 0.1-mbar
deuterium exposure.
Two more exposures at 400°C with an initial 0.01 mbar deuterium followed and
all the recorded data with the corresponding gas compositions are collected in Table 1.
The background pressure rise was equal to the value at the 0.1 mbar deuterium
exposure, but its relative contribution is much higher. A small total pressure change
would thus correspond to a very small amount of deuterium retention. In fact, the QMS
results revealed that HD is a more abundant gas than D2, which makes it possible to
calculate its retention in the sample.
The temperature was reduced to 250°C and the new background was recorded,
being noticeably lower than at 400°C, dp/dt ≅ 7.5×10–9 mbar/s. The same procedures
for 24-hour deuterium exposures followed at 0.1 mbar and at 0.01 mbar deuterium. All
the recorded data with the corresponding gas compositions are collected in Table 2.
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1

1
2
3

2
p
mbar
0.01
0.01
0.1

3
t
h
24
24
24

4
Δp
mbar
4×10-4
6×10-4
8×10-4

5
ΔN/A
atom D/cm2
6.2×1014
5.5×1014
4.3×1015

6
ΔC
at D/cm3
1.0×1016
8.9×1015
7.0×1016

Table 2: Deuterium retention in a 24-h exposure at 250°C. Meaning of the columns: 1 –
exposure number, 2 – initial pressure of deuterium, 3 – exposure duration, 4 – the change
in the total pressure, 5 – amount of retained deuterium per unit area, 6 – amount of
retained deuterium per cm3.

The temperature was finally reduced to 100°C and the new background outgassing was: dp/dt ≅ 7.0×10–9 mbar/s. The same procedures for 24-hour deuterium
exposures followed at 0.1 mbar and at 0.01 mbar deuterium. The recorded data with the
corresponding gas compositions are collected in Table 3.
1

1
2

2
p
mbar
0.1
0.01

3
t
h
24
24

4
Δp
mbar
4×10-4
3×10-4

5

ΔN/A

atom D/cm2
7.0×1015
2.6×1014

6
ΔC
at D/cm3
1.1×1017
4.2×1015

Table 3: Deuterium retention in a 24-h exposure at 100°C. Meaning of the columns: 1 –
exposure number, 2 – initial pressure of deuterium, 3 – exposure duration, 4 – the change
in the total pressure, 5 – amount of retained deuterium per unit area, 6 – amount of
retained deuterium per cm3.

At the end of the measurements, the UHV system’s background was measured
again at room temperature for 24 hours. The recorded value dp/dt ≅ 5.6×10–9 mbar/s is
just a little lower than at the beginning of the experiment, before the glass tube was
heated.
CONCLUSIONS AND OUTLOOK FOR 2008
The retention of deuterium in the ITER-grade stainless steel was studied in 24-h
exposures at 400°C, 250°C and 100°C, and at 0.1 mbar and 0.01 mbar. The procedure
was realized in a well out-gassed all-metal UHV system by means of inert vacuum
gauges and externally mounted QMSs. The discrimination of HD from the quadrupole
mass spectra was possible only after the suppression of hydrogen out-gassing from the
sample. This was done in the preparation stage (200 h, 400 °C), which resulted in a
more-than-three-orders-of-magnitude decrease in the hydrogen out-gassing.
The absorption rate of deuterium during the exposures was uniform. It was
manifested by a decreased pressure rise and the changed composition of deuterium. The
amount of retained deuterium presented in Table 1, Table 2 and Table 3 either diffused
into the bulk or remained deeply trapped in the oxide layer. After each exposure and the
fast removal of deuterium, a slightly changed system behaviour was detected for the
next 24 hours when a small fraction of retained deuterium was released as HD.
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Water was not observed at a noticeable level in any of our spectra, which is a
substantially different result compared to the reported tritium experiments, where
tritiated water usually represents the main tritium-bearing component. This discrepancy
may be explained by the fact that water has to be expelled in a long-term bake-out of the
system. This was achieved in our case.
There is a final remark on the reliability of the recorded data. The blank run of our
UHV system during deuterium exposure to 0.1 mbar at 400°C, when the sample was
kept at room temperature, resulted in a very small pressure change and just slightly
changed proportions of hydrogen, HD and deuterium. When the sample was inserted
into the furnace, the same deuterium exposure resulted in greatly changed proportions:
the partial pressure of HD became much higher than the deuterium partial pressure. We
see no reliable way to determine whether the missing deuterium is indeed in the sample
or anywhere in the UHV system. The present experiment was thus performed correctly
and close to the limit of the present experimental techniques. More accurate data could
be thus obtained by combining advanced tritium scintillation techniques and quadruple
mass spectrometry.
3
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1

INTRODUCTION

Main general work objective of the DEMO Working Group (DWG) is the
assessment of the fusion development strategy and of the program objectives of the
DEMO project development. Main task in 2007 was finalization of DEMO
Development Program [1]. Our interest was mainly in the technology of the secondary
side, in the fuel cycle and in the neutronics. However, the main objectives and open
problems of the DEMO project remain in the basic fusion technology. During and
between several DEMO Working Group meetings, the document "DEMO Development
Programme" was iterated by the exchange of information and finalized. The document
outlines the programme of development activities for the European DEMO. Based on
the critical issues identified in 'Fusion Development Strategy - Physics, Engineering and
Technological Challenges' [2,3] a top-down approach was adopted to establish a
programme aimed at addressing these issues and their resolution.
Our work in the DEMO Working Group consisted of evaluating and assessing
the materials prepared by EFDA-CSU and related scientific and technical
documentation. The materials were discussed at the meetings of the Working Group in
Garching or by exchange of information. We contributed mainly in the neutronics, in
the activation of components and in the ageing of materials exposed to radiation. Our
contributions are included in the DEMO Development Programme [1] which is the final
result of the team work of the Working Group. The document is briefly presented
below.
2

DEMO DEVELOPMENT PROGRAMME

The aim of the European Fusion Programme is the exploitation of fusion as a
commercial source of energy. The urgency to meet the growing demand for energy
world-wide has led to an examination of how the programme for a commercial Fusion
Power Plant (FPP) could be accelerated, and the concept of a ‘fast-track’ programme
has evolved, with just a single step between ITER and an FPP. Based on studies
undertaken by EFDA, a ‘Reference Scenario’ [2] has been developed based on the three
main elements of the ‘fast-track’ fusion programme, namely, ITER, IFMIF and DEMO,
with DEMO being the single-step between ITER and an FPP.
47

Annual Report 2007
Fusion Physics Programme

A programme of DEMO design activities has already been initiated. The studies
are aimed at defining a DEMO physics basis, a set of parameters for DEMO consistent
with this physics basis and at developing a conceptual design of the device. The ongoing design activities are based on a DEMO concept with the following characteristics:
•

Electric power of 1,000MWe (corresponding to around 2.5GWfus of fusion
power);
• Steady-state operation;
• Helium-cooled blanket and divertor;
• Blanket segmented into large vertical segments (so-called ‘bananas’);
• Magnets based on low temperature superconductor (LTS) technology.
The evaluation and comparison of other options and possible alternatives will also
represent an essential aspect of future studies.
A programme of DEMO relevant R&D activities has been in progress for many
years. The main topics being addressed are low-activation structural materials, heliumcooled breeding blanket and helium-cooled divertor. An additional goal of the DEMO
studies is to assist in the identification of complementary R&D required. It is assumed
that DEMO Engineering Design Phase starts immediately after the completion of ITER
construction, i.e. 10 years from now.
The DEMO Development Program is divided into two segments,
physics and plasma engineering and
technology.
The most important items in physics and plasma engineering are:
physics
single vs. double null configuration
heating and current drive, physical issues
diagnostics,
and in technology:
in-vessel components
maintenance
heating and current drive
tritium handling system and fuel cycles
high temperature superconductors for magnets.
In physics, the need for a more detailed comparison between steady-state and
pulsed tokamak operation, encompassing both physics and technological aspects, has
emerged as an important consideration for DEMO studies. Other important items are
development of an empirical scaling of edge transport barrier confinement of machine
size, demonstration of size scaling of edge localized modes (ELM) and their mitigation,
development of improved modelling and validation of power radiation and its
interaction with a full metal first wall, demonstration of reliable disruption detection,
force reduction and runaway suppression.
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Work on single vs. double null configuration should further focus on physics
modelling and conceptual engineering design studies of the poloidal field in the plasma
shamber. A programme of work on the experimental validation of results with existing
machines needs to be discussed. A more quantitative assessment of the relative merits
of single and double null plasma operation in candidate reactor scenarios, in terms of
advanced modes, confinement scaling and stability limits, power handling capability
and erosion lifetime (at high radiation fractions), and plasma control, would provide a
more robust basis for the selection of the preferred DEMO plasma configuration. The
engineering aspects of single vs. double null should also be assessed.
Adequate current drive efficiency to allow steady-state operation with economic
levels of auxiliary heating power is a major challenge. Predictions show that electron
cyclotron current drive (ECCD) will be a useful tool for current profile control but not
for bulk current drive. For the physics regimes considered for DEMO, the H&CD
requirements shall be defined and H&CD models inside integrated modelling codes
shall be improved.
Regarding diagnostics, it will be imperative to operate DEMO safely and to
control a number of parameters with a limited number of very reliable diagnostic
systems. The technology used for ITER diagnostics may not be DEMO relevant.
DEMO diagnostics should therefore be identified and qualified during ITER Phase 2
operations. Based on experience gained in the design and fabrication of ITER
diagnostics, the diagnostic set for DEMO will be identified and demonstrated during
DEMO Engineering Design Activities (EDA) period.
Work on in-vessel components primarily concerns the materials. The structural
materials currently being considered for the possible blanket and divertor concepts are
indicated in the Table. The table shows the present reference material and possible
alternatives with the range of operating temperatures for each. The armour material for
both divertor and first wall is tungsten in all cases.
Concept
WCLL

Structural Material (s)
Reference
Alternative
Eurofer
8-11% Cr-Eurofer
(Option a)

Temperature
Range (˚C)
280-500
280-500 (Alt)

Eurofer

8-11%Cr-Eurofer
(Option b)
ODS-Eurofer (#)

300-550
300-650 (Alt)

HCPB

Eurofer

8-11%Cr-Eurofer
(Option b)
ODS-Eurofer (#)

300-550
300-650 (Alt)

Blanket

HCLL
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progressively from 650750˚C

Annual Report 2007
Fusion Physics Programme

DC

Eurofer
ODS-Eurofer

8-11%Cr-Eurofer
(Option b)
ODS-Eurofer (#)

300-550
300-650 (Alt)

(#) Maximum
temperature of ODSEurofer to be increased
progressively from 650750˚C
SiC/SiC (functional
material only)

CuCrZr
140-200
Eurofer
280-500
HC
W-Alloy
W-Composite
700-1,300
Initial development for
temperature range 800ODS-Ferritic
1,200˚C
Steel
WCLL = Water Cooled Lithium Lead , HCLL = Helium Cooled Lithium Lead
HCPB = Helium Cooled Pebble Bed, WC = Water Cooled, HC = Helium Cooled

Divertor

WC

Table – Structural materials currently being considered for the possible blanket and divertor concepts –
the armour material for the divertor and first wall is tungsten in all cases.

Regarding Eurofer, immediate efforts should be devoted to explore low
activation materials potentially able to operate at higher temperatures whilst retaining
adequate mechanical properties after irradiation:
•

Intermediate qualification of the reference Eurofer at 80dpa 1 (Tmax=550˚C),
including joining.

•

Definition of the EU reference ODS-Eurofer (Tmax=650˚C) and qualification up to
20dpa2. Development techniques for joining of ODS-Eurofer and Eurofer/ODSEurofer.

•

Feasibility of nano-structured ODS-ferritic steels (Tmax=750˚C): nanostructure of the
oxide particles for high creep resistance and nanostructure of the grain size to
improve the fracture toughness after irradiation.

After reviewing and assessing all irradiation data on Eurofer-like steels, at least
two options of ‘optimised’ 8-11%Cr steels should be investigated. The objectives of the
optimisation are to improve mechanical properties and ductile-brittle transition
temperature (DBTT) at lower irradiation temperature (to be ready for a water-cooled
DEMO), and to increase maximum temperature.
Regarding tungsten, preliminary qualification of a tungsten alloy as structural
material should be performed: selection of two alloys or metal composites with
appropriate fabrication technologies to achieve an operating window between 800°C
and 1,200°C. These materials should have the potential to be optimised by an additional
100˚C at either end of the operational temperature window.
Breeder material development focuses on the development and improvement of
fabrication technology of Li-ceramics (Li3SiO4 and Li2TiO3 pebbles) considering the
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reprocessing issues (dissolution, removal of simulated radioactive products, etc).
Neutron multiplier materials (Be) are considered as well (development of fabrication
methods; validation and improvement of modelling of radiation damages, tritium
release and thermal creep in irradiated Be, development of beryllides (type Be12Ti) as
alternative option). Possible use of SiC/SiC as functional material for electrical and
thermal insulation in a dual-coolant blanket concept should be assessed.
For all the materials listed above, for all the materials to be used for breeding
(ceramic pebbles, beryllium pebbles and LiPb) and for all candidate first wall materials
(in particular bulk tungsten and tungsten coatings), irradiation testing up to DEMO
relevant levels must be carried out, together with developing theories and tools for the
understanding of radiation induced hardening and embrittlement (in particular Eurofer).
For helium-cooled blanket concepts, the R&D required will be focused on the
development of the European test blanket modules (TBM) for ITER. Synergies with the
fission gen. IV research activities should be investigated and exploited. Reassessment
and resolution of the critical issues related to a water-cooled lithium-lead breeding
blanket concept should be performed, related to safety (water-LiPb reaction in case of
accident) and to the low irradiation temperature of the Eurofer steel (embrittlement).
Suitable efforts should be devoted also to the dual coolant breeding blanket concept
(design and integration). Conceptual design and design integration of helium-cooled
divertor concepts to reduce the operating window of the structural material and
conceptual design and design integration of water-cooled divertor concepts without Cubased heat sink material should be performed.
In maintenance, the remote maintainability of DEMO should be a major design
driver. Analysis carried out during the PPCS confirmed that the adoption of an ITERlike segmentation for the blanket in a FPP would result in a plant availability much
below the target value of 75%. There is as yet no satisfactory feasibility demonstration
for any of the alternative segmentations of the blanket, and the associated maintenance
schemes, developed during the reactor studies. Conceptual design work on this topic
must continue and a full-scale demonstration will have to be foreseen in order to
validate the maintenance procedure eventually adopted for DEMO.
The heating and current drive (H&CD) requirements of DEMO will require
significant advances, even compared to the systems foreseen for ITER, in terms of
efficiency, duty cycle, and availability. The first step in the development of suitable
systems for DEMO is to demonstrate that they satisfy the ITER requirements.
Considerable efforts are foreseen to qualify these systems for ITER operations. Specific
qualification tests in existing devices and, possibly, in ITER itself might be necessary.
Tritium fuel cycle economy is vital for DEMO. Main features may be
extrapolated from ITER. For ITER, the burn-up rate is about 3g/hr with a burn-up
efficiency around 0.5%. Depending on the burn-up efficiency in DEMO, the tritium
flow rate might not be significantly more than that required for ITER. The tritium
uptake in the first wall of ITER is estimated to be a few per cent of the flow rate, but the
tritium inventory inside the machine is difficult to measure. The materials used for the
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first wall of DEMO need to be carefully chosen to minimise tritium uptake and to
maintain most of the tritium mobilised. The tritium breeding system needs to be
developed considering that DEMO should be self-sufficient in tritium. For regulatory,
safety and environmental considerations, the tritium inventory in all systems should be
minimised. Improved atmospheric and water detritiation systems are being developed
for ITER and these should be suitable for application to DEMO. The systems developed
for water detritiation in ITER should also be suitable for DEMO application.
The possible use of high temperature superconductors (HTS) is an “advanced”
option which might be adopted for use in DEMO, even though the current reference is
ITER-like low temperature superconductivity. The development of basic HTS
technology is currently taking place outside the fusion programme and it is difficult to
anticipate the technological progress that will be achieved within the next 10-15 years.
An assessment of the potential interest of this technology for DEMO and for an FPP is
in progress.
Other interesting technological activities cover also design work on specific
safety and environmental issues, in particular on wastes.
3

CONCLUSIONS

In 2007 the work continued according to the STAC guidelines and DWG
program. The DEMO Development Program was outlined, discussed and prepared for
further application. Our group contributed mainly in the problems related to the
neutronics, the activation of components and in the ageing of materials exposed to
radiation.
4
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1

INTRODUCTION

The main objective of this task was to produce non-porous ceramic material
with the target electrical conductivity, i.e., through thickness < 1 S/m and in-plane <
1000 S/m. Since the properties of the composite are to a large extent dependent on the
matrix, a thorough analysis of the electrical properties and the neutron activation for the
matrix material was performed. In order to minimize the neutron activation of the
material, the investigations were primarily focused on a substitution of the aluminium
oxide used in previous stages, keeping the sintering temperature to below 1500°C in
order to maintain the integrity of the SiC fibres.
The sintering of SiC-based ceramics using only low-activation elements is a
demanding task, in particular since the sintering temperature should not adversely affect
the thermal stability of the SiC fibres. As has been shown previously, it is possible to
densify the material with the addition of aluminium phosphate, where phosphorus helps
to form a transient liquid phase at moderate temperatures. However, due to the long
half-life of Al26, a replacement for the aluminium compounds was required. Alternative
elements for the sintering additive were selected on the basis of the codes of EASY European Activation System. Accordingly, the investigation was focused on the
development of a matrix material using Mg- and Y-based compounds as a densification
aid.
The compositions of the ceramic matrix material for the continuous SiC-fibrereinforced composites were designed in accordance with pre-existing knowledge and
with the literature data, mainly those on the NITE material. With the aim to lower the
sintering temperature from that required for sintering the NITE composition (SiC +
SiO2-Al2O3-Y2O3) and to decrease the neutron activation, we used P2O5 as a sintering
additive that, as was described in previous reports, contributes to the formation of a
transient liquid phase at low temperatures, and then after playing its role, it evaporates.
As the main component for the transient liquid phase, three oxides were used for
experimental compositions: Al2O3, MgO, or Y2O3 or their mixtures. With the aim to
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improve microstructural homogeneity and to decrease the amount of secondary phase in
the ceramics, a part of the samples was prepared by using pre-treated SiC powders
coated with a few-nanometres-thick layer of the secondary-phase precursor. We
described the coating technique and the analysis of the AlOOH-coated SiC powder in
more details in the paper [1].
Sintered samples of the matrix materials were analysed for the phase
composition, electrical and mechanical properties as well as the specific activity after
neutron irradiation. A detailed description of the latter is given in a separate report,
provided as a supplement [2].
2

WORK PERFORMED IN 2007

2.1.

The preparation of SiC/SiC samples with different compositions,
densification studies with Mg-based secondary phase

Densification studies
Suitable sintering additives, potentially applicable as a matrix sintering aid, were
selected on the basis of their relative activity. Figure 1 shows the relative activity of the
elements for 1 kg of matter as a function of the time after irradiation, based on
FISPACT 2005, EASY - European Activation System, ENDF/B-VI.8, EAF 2005. The
calculation is for a neutron flux of 10E11 n/(s cm2) and for an irradiation time of 1
week. The curves indicate high, long-term activity for the Fe and Al, while for the P,
Mg, Y and Yb it shows a higher short-term activity; the activity after 100 years
decreases significantly. This suggests that the densification studies with the MgO- and
Y2O3-based secondary phases are very reasonable. We therefore prepared samples of
various compositions and compared their properties with those materials containing
aluminium phosphate.
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Figure 1: Relative activity of elements
that are potentially applicable as a matrix
sintering aid, as a function of time after
irradiation. (FISPACT 2005, EASY,
ENDF/B-VI.8, EAF 2005)
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The samples were prepared by a ceramic processing route, using different
amounts and compositions of sintering additives (Table 1). The wet homogenization
was performed in plastic containers and with Teflon-coated balls in order to minimize
any contamination with Co and other metals. The homogenized suspensions of SiC
powders and sintering additives were dry-pressed to disc-shaped green parts in order to
evaluate the properties of the matrix material. The discs were sintered in a protective
atmosphere at various temperatures. The compositions and sintering conditions were
selected according to the available phase diagrams, i.e., at temperatures up to 1500°C;
while for comparison several experiments were also performed at higher temperatures
(up to 2000°C) or in the open air. With the aim to improve the homogeneity and to
decrease the amount of secondary phase in ceramics, some of the samples were
prepared by pre-treated SiC powders coated with a few-nanometres-thick layer of the
oxide phase. Basically, the secondary-phase precursors were added in three ways: (a) in
solution, (b) as a powder or (c) as a coating at the SiC powders (see Table 1).
Sample
no.
250
216
258
263
266
274
252
215
256

Secondary phase

Precursor addition

SiO2-MgO-P2O5

powders
MgO-coated SiC
(MgO+P2O5)-coated
powders
(Y2O3+P2O5)-coated SiC
MgO-coated SiC
AlH2(PO4)3 solution
AlOOH-coated SiC
(AlOOH + P2O5)-coated SiC

SiO2-Y2O3-P2O5
SiO2-Y2O3-MgO-P2O5
SiO2-Al2O3-P2O5

Table 1: Composition of the representative samples.

Firstly, we verified the different techniques for the coating of the SiC powders.
The success of the procedure was verified by using two complementary techniques: Xray photon spectroscopy (XPS), to determine the amount of coating on the powder
surface; and transmission electron microscopy (TEM), to reveal the coating distribution
and verify its thickness. The method for coating using Mg3(PO4)2 resulted in a too low
MgO content on the surface of the SiC particles, while the technique using an alkaline
Mg(NO3)2 solution resulted in the suitable product. XPS analyses (Fig. 2a) confirmed
the presence of 4.4–5.2 at. % of Mg in the surface layer of the powder and, as a result, a
shift of the isoelectric point (IEP) from pH 4 to 11 (Fig. 2d). The presence of the MgO
coating on the SiC powder was also confirmed by transmission electron microscopy and
EDXS analyses, Figs. 2b and 2c. A similar procedure was used for the coating with a Ybased coating.
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b

SiC z Mg(OH)2 + Mg_ioni
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12.00

-3.00

c
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Figure 2: XPS spectrum (a), (b) TEM micrograph and corresponding EDXS of the coating on the SiC
powder; (c) zeta-potential of the MgO-coated SiC suspension (the isoelectric point, i.e., the point of
zero net-charge for the non-treated SiC is at pH 4).

The MgO-coated SiC powder was then dry pressed into disc-shaped samples and
sintered at temperatures from 1200 to 2000°C in various atmospheres. For comparison,
we also prepared samples prepared by simple mixing of the non-coated SiC powder and
MgO powder. In order to establish a suitable content and composition of the additive, in
some samples we added MgO powder to MgO-coated SiC powder or Mg-phosphate.
Figures 3a–3d illustrate the characteristic microstructures of the samples with a
MgO-based secondary phase after sintering. The observation shows a considerable
amount of porosity that can be mostly ascribed to the chemical reaction of MgO with
SiC. According to the literature data, in a reducing atmosphere the SiC reacts with MgO
to form gaseous products by two possible reactions:
SiC + 2MgO => SiO(g) + 2Mg(g) + CO(g)
SiC + MgO => MgSiO3(l) + 3Mg(g) + CO(g)
In our case, the atmosphere was not reducing, since we sintered the samples in
an Ar atmosphere; however, some portion of the reactivity may also appear. In order to
verify this assumption, we also sintered the samples in air and found that indeed the
porosity was strongly diminished (Fig. 3e and 3f). Hence, this implies that the MgO
may be a suitable sintering additive for the densification of SiC; however, the
atmosphere, the distribution of MgO in the sample as well as the presence of
phosphorus in the composition may play an important role in the densification and
needs further investigation.
A comparison of Figures 3a and 3b with Figures 3c and 3d confirms that the
coating of the SiC powder with MgO results in a better microstructure, i.e., lower
porosity, than for the sample prepared by mixing the powders, which confirms the
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appropriateness of the idea to put the sintering additive on the SiC particles.
Furthermore, in order to minimize or even avoid the reaction of MgO with SiC the
atmosphere should be inert and not reducing.

a

b

c

d

e

f

Figure 3: Scanning electron micrographs of the samples prepared by the sintering of SiC with the
addition of Mg-phosphate (a, b); MgO-coated SiC in Ar - sample 216 (c, d) and the sample of MgOcoated powder with MgO addition sintered in presence of small amount of oxygen – sample 258 (e, f).

SEM micrographs of
the yttria-containing sintered
samples are presented in
Figures 4a and b. Both
samples, the one prepared
from the powder mixture as
well as the one prepared
from the Y-coated SiC,
reveal a certain amount of
porosity, which suggests the
need for further improvement.
2.2.

a

b

Figure 4: SEM micrographs of the samples 263 (a) and 266
(b), prepared by sintering of SiC with Y2O3 and P2O5 or Y2O3coated SiC, respectively.

Characterization of the samples

Porosity
The SEM micrographs in Figures 3a-f suggest that by using the appropriate
conditions for sintering, close porosity can be achieved for the SiC with a MgO-based
secondary phase. The porosity for the best samples is estimated to be below 5%. As
illustrated in Figs. 4a and 4b, the porosity of the samples with an Y-based secondary
phase appears to be higher. For a quantitative evaluation in the continuation we intend
to employ porosimetry to reveal the pore size distribution. The device is expected to be
available for measurements in February 2008. The porosity of the selected samples was
also observed using Neutron Radiography techniques at the Atomic Institute of the
Austrian Universities in Vienna. The obtained images implied the presence of planar
cracks in the analysed discs, while fine porosity cannot be detected by this technique.
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Microhardness and fracture toughness
The mechanical properties of the fibres and the matrix were measured with a
Vickers nanohardness tester, type Fischerscope H100C, with load range of 0.4 mN to 1
N. The instrument records instantaneous measurements of the indentation depth and
load. Besides nanohardness, the elastic modulus was also calculated. The results of the
nanohardness and the modulus of elasticity are collected in Table 2.
Modulus of
Fracture
elasticity
Toughness
(GPa)
(MPam1/2)
216
SiC (BF12) powder coated with MgO (air)
201 ± 25
33 ± 6
4.2
251
174 ± 60
32 ± 5
3.2
252
SiC (BF12) powder with AlH2(PO4)3 (Ar)
165 11
44 ± 2
(3.3)
258
SiC (BF12) powder with MgHPO4 (Ar)
126 ± 15
28 ± 4
2.8
263
SiC (BF12) powder with Y2O3 and PO4 (Ar)
81 ± 7
27 ± 2
4.4
266
SiC (BF12) powder with Y2O3 and P2O5 (Ar)
119 ± 25
32 ± 4
Table 2: Hardness, modulus of elasticity and fracture toughness KIc of the matrix materials.
Sample

Hardness
(HV)

Description of the samples

The fracture toughness of the brittle solids was estimated by the indentation
method, where the stress-intensity factor KIc describes the resistance of the material to
the growth of an initiated crack. The calculation is based on the measurement of the
Vickers indentation depth and the length of the cracks formed in the corners. The
characteristic crack systems around the Vickers indents are presented in Figures 5a to
5d, while the calculated values for the KIc factor are given in Table 2.

a

b

c

d

Figure 5: SEM micrograph for the samples 215 (a), 251 (b), 252 (c) and 258 (d).

Phase composition of the sintered samples (XRD, SEM and TEM observations)
The XRD analysis was performed using the Rietveld method and an internal
standard. The technique was developed as part of a diploma study [3]. Before the
analysis, the influence of the standard and of the sample-preparation technique for XRD
analysis (crushing in different mortars and in a planetary mill) was verified. Special
attention was given to the phase transformation from cubic Moissanit 3C to the
hexagonal Moissanit 6H and in particular to the amount of amorphous phase in the
sintered samples prepared from the nanosized SiC powder or micron-sized SiC powder.
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For comparison, the starting SiC powders were also analysed, the results are presented
in Table 3, while the results for the sintered samples are listed in Table 4.
sample

composition

Moissanite 3C

Moissanite 6H

SiC powder
Submicron-SiC
80.38
8.61
˝
washed with HF
83.29
9.59
SiC powder
Nano-SiC
74.67
˝
washed with HF
80.86
Table 3: Phase composition of the SiC powders used in this investigation.
Moissanite
Moissanite
Crystoballite Quarz Kyanite Mullite
3C
6H
216
56.4
7.2
1.5
0.9
250
77.0
9.0
2.7
0.7
258
68.3
8.4
1.7
266
64.4
8.4
1.2
1.0
252
70.25
7.4
4.39
0.73
5.0
215
48.5
6.4
10.7
2.6
1.3
3.1
256
63.36
7.93
6.26
1.24
5.39
Table 4: Phase composition of the sintered samples with various compositions.
sample

Amorphous
phase (%)
11.0
7.1
25.3
19.1

Amorphous
phase
34.0
10.7
21.3
24.9
12.2
27.3
15.8

The following conclusions can be drawn from the above presented results:
The micron-sized powder contains mostly cubic (3C) and approximately 10 wt.
% of hexagonal (6H) phase.
As a consequence of the oxide layer on the SiC particles [1], the submicron
powder contains 11 wt. % of amorphous phase, which can be only partly eliminated by
dissolution in HF.
The nanosized powder contains only the cubic phase, but the amount of
amorphous phase is much higher, i.e., 25.3%. The dissolution in HF is not a solution,
and so this powder cannot yield sintered ceramics with a low secondary-phase content.
For this reason we continued our work mostly with the submicron-sized powder.
The transformation of the cubic 3C to the hexagonal 6H phase is negligible
when sintering below 1500°C, while at temperatures above 1750°C it is very
significant.
The amount of amorphous phase in the sample with the MgO-addition depends
largely on the sintering conditions. Sintering in argon resulted in the lowest amount of
amorphous phase; however, the porosity of the sintered samples was higher.
Although the coating of the SiC powder with sintering-additive precursors has a
beneficial effect on the density of the matrix material, it did not decrease the amount of
amorphous phase - in fact the opposite was observed. This can be explained by the
larger amount of oxygen introduced during the coating procedure. Further efforts
should, therefore, be made in the continuation to limit the oxidation during the
processing.
Neutron activation
The samples for the neutron-activation analysis were prepared by dry pressing
the powder mixture into discs of up to 0.5 g and irradiated in the Triga Mark II reactor
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in several experiments of different durations. The details of the experiments and the
results are presented in a report [2] in a supplement.
As presented in [2], the irradiations were performed as part of a few series. The
results of the first experiment revealed the presence of long-lived metallic inclusions
(e.g., Ga, La, and Sm) that were not added on purpose and should (according to the
producers’ specifications) not be present in the starting materials. It was proposed that
they were mostly introduced by using steel tools in production, i.e., with a steel die, that
was worn during powder pressing with hard SiC particles and hence caused the
contamination. There was no other reasonable explanation for the presence of the rareearth elements in the samples (in particular, since the same elements were also detected
in the commercial SiC fibres) than the contamination in laboratory where rare-earth
magnetic materials and several other materials are also investigated. Consequently, in
the next stage the sample preparation was adapted accordingly; for example, the inner
side of the steel die was coated with Teflon. The results are summarized in Table 5
below (and in Supplement 1). As presented, the activation of both types of ceramics was
relatively low, which is a consequence of a very small amount of metallic oxides being
added.
Element

Isotope

Half Life

Concentration [mg/kg]

Sample No. 215
Na
Na-24
15 h
2.7E+02
La
La-140
1.6 d
2.7E-01
Sm
Sm-153
1.93 d
3.7E-02
W
W-187
23.8 h
3.1E+00
Co
Co-60
5.27 y
1.3E+00
Sample No. 216
Na
Na-24
15 h
8.0E+01
K
K-42
12 h
7.3E-01
La
Mn-56
1.6 d
2.3E-01
Co
Co-60
5.27 y
1.3E+00
Sm
Sm-153
1.93 d
5.3E-02
Ta
Ta-182
114.7 d
2.7E-02
W
W-187
23.8 h
2.6E+00
Sample No. 263
Na
Na-24
15 h
1.6E+01
Co
Co-60
5.27 y
2.1E+00
Y
Y-90m
3.1 h
1.6E+04
La
La-140
1.6 d
7.8E-01
Sm
Sm-153
1.93 d
2.6E-01
W
W-187
23.8 h
2.9E+00
Ta
Ta-182
114.7 d
5.6E-02
Sample No. 266
Na
Na-24
15 h
1.7E+01
Co
Co-60
5.27 y
1.7E+00
Y
Y-90m
3.1 h
1.7E+04
La
La-140
1.6 d
7.7E-01
Sm
Sm-153
1.93 d
2.8E-01
W
W-187
23.8 h
2.9E+00
Ta
Ta-182
114.7 d
3.9E-02
Table 5: Neutron activation of the samples of a SiC-based matrix with Al- or Mg-containing
secondary phase: samples 215 (SiC+Al2O3-SiO2-P2O5), 216 (SiC+MgO-SiO2-P2O5), 263 (SiC+Y2O3SiO2-P2O5) and 266 (SiC+Y2O3-SiO2-P2O5).
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The comparison of the matrix material samples with the Eurofer and with the
commercial SiC-powders (SiC1, SiC2) and fibres (SiC3) is presented in Figure 6. It is
evident that all the prepared samples exhibit a much lower specific activation dose
within a long period of time than Eurofer.
1.E+06

specific contact dose [Sv/h]

1.E+04
1.E+02
1.E+00
1.E-02
1.E-04
1.E-06
1.E-08
1.E-10

SiC 3
SiC1
sample 216
sample 266

SiC 2
sample 215
sample 263
Eurofer

1.E-12
1.E-14
1.E-06

1.E-04

1.E-02

1.E+00

1.E+02

1.E+04

cooling time [years]

Figure 6: FISPACT calculated specific contact dose for seven of the measured samples.

Thermal conductivity
The samples for the thermal conductivity measurements were prepared from two
compositions: ceramics with the Mg-based secondary phase and for comparison with
the Al-based secondary phase. The Mg-containing samples, however, failed in geometry
and therefore need to be prepared in a new batch. Hence, due to a discrepancy from the
required geometry, the presently available values, i.e. below 1.5 W/mK, are only
approximate, while more exact values will be obtained after preparing and measuring
the new batch of samples.
Electrical properties of SiC-based samples measured using complex impedance
spectroscopy
The SiC-based samples were composed of two phases: silicon carbide grains and
a secondary phase. The electrical conductivity of the samples is the sum of two
contributions: the conductivity of the semi-conducting SiC grains and the conductivity
of the insulating (poorly conductive) secondary phase. With increasing temperature the
conductivity increases due to the higher conductivity of the SiC grains. Materials with a
YAG secondary phase are wide-bandgap semiconductors, because SiC is semi
conducting and the YAG phase is an insulator. Using Ohm’s law for a determination of
the conductivity we need an ideal resistor behaviour of the samples (should have linear
response at all voltages, resistivity should be frequency independent, etc.), but most
materials are not ideal. So we indeed measure the impedance of the material. In the case
of a complex impedance spectroscopy we use alternating current and change the
frequency. During the measurement the phase and the amplitude of the input signal are
changed. Impedance is a complex quantity, so we can extract the real and imaginary
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parts of it. Plotting the imaginary part as a function of the real part (at different
frequencies) we can obtain the so-called Nyquist diagrams (or Cole-Cole diagrams).
The Impedance/Gain-phase analyzer SI 1260, connected to a Potentiostat
Galvanostat model 286, was used for the impedance measurements. The measurements
were performed in the frequency range from 10-3 Hz to 105 Hz. The amplitude was
varied regarding the sample, so that the noise at low frequencies was minimized. The
measurements were conducted at room temperature and at 880°C. The geometry of the
samples was measured and the conductivity was calculated using the equation:

l
RA

σ=

where l is the thickness, A is the surface of the sample and R is the resistivity derived
from the Nyquist diagram (R equals to Z'+iZ''). The capacitance was computed from
the time constant RC. This constant was again derived from the Nyquist diagram. At the
maximum frequency the term RC equals 1. The dielectric constant was calculated using:

ε=

C ⋅l
εo A

Pt conductive paste was used as the electrode material. The measurements of the
samples at elevated temperature (880°C) were performed in an Ar atmosphere. At room
temperature the measurements were performed in air and in an Ar atmosphere.
No.
Composition
Firing
239
SiC_MgO
2000°C/3h/Ar
216
SiC_MgO
1450°C/3h/air
215
SiC_AlOOH
1450°C/3h/air
240
SiC_AlOOH_MgO
2000°C/3h/Ar
258
SiC_MgO + MgHPO4
1200°C/3h/Ar
263
SiC + Y2O3 + P2O5
1460°C/3h/Ar
266
SiC_MgO + Y2O3 + P2O5
1460°C/3h/Ar
274
SiC + MgHPO4 + Y2O3 + P2O5
1460°C/3h/Ar
Table 6: The composition and properties of the analyzed samples.

R (no Pt)
0.8*105
> 108
> 108
3.4*104
> 108
> 108
> 108
1.45*106

l(mm)
3.66
2.5
1.95
3.12
2.24
3.44
2.87
2.71
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Figure 7: Nyquist diagram for sample 215 at room temperature
(red) and at room temperature after heating at 880°C (blue).
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Figure 7 shows a typical Nyuist diagram obtained by measuring sample 215.
The resistivity of the sample was measured at the moment where the imaginary part of
the impedance (extrapolated) falls to zero (Z'' = 0) in the low-frequency part of the
diagram (the right-hand side). From Figure 7 it is clear that the values of R before and
after firing (the blue and red curves) were very different. The reason for this could be
the worse adhesion of the electrodes after firing and/or in the increase in the amount of
secondary
phase
(with
higher
resistivity).
In Figure 8 a Nyquist diagram
for the same sample (215) measured at
884°C is shown. Two (parts) of the
semi-circles
are
well
resolved,
indicating two conducting phases (grain
boundaries in the low-frequency part
(right-hand part) and the SiC grains in
the high-frequency part (left).
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Figure 8: Nyquist diagram of sample 215 at
884°C.
Temp (°C)
c (F)
R (Ω)
σ (S/m)
RT before firing
2.9*1010
1.76*10-9
2.19*10-11
884
5.87*104
8.7*10-4
4.30*10-11
10
-10
RT after firing
9.10*10
5.61*10
2.20*10-11
Table 7: Electrical properties of the sample 215 before and after firing at 884ºC.

ε
126
247
127

Other samples have similar behaviour, and the measured values are tabulated in Table 8.
Τ (°C)
νpi (Hz)
27
0.0794
884
6.31*104
216
27
0.1
882
7943.3
263
27
50.1
886
1.58*104
266
24
1.58*103
887
6.31*103
Table 8: Measured values for the sample.
sample
215

R(Ω)
9.10*1010
5.87*104
9.0*109
1.4*104
5.0*107
1.04*103
1.5*109
8.4*104

σ (S/m)
5.61*10-10
8.70*10-4
6.84*10-9
4.40*10-3
1.38*10-6
6.61*10-2
3.90*10-8
6.97*10-4

C (nF)
2.20*10-2
4.30*10-2
0.177
1.43
6.35*10-2
9.66
6.69*10-5
0.3

ε
127
248
1230
9954
494
75042
0.44
1987

As presented, all the analysed samples have a low conductivity at RT, but a
higher conductivity at 880°C. The ratio of the conductivities at room and elevated
temperatures could be up to 106. The capacitances of the samples were low, but on
heating the capacitance and the dielectric constant increase slightly. Moreover, the
electrical conductivity of all the samples is well below the required maximum limit.
3

CONCLUSIONS AND OUTLOOK FOR 2008

Based on FISPACT 2005, EASY - European Activation System and phase
diagrams MgO and Y2O3 were selected as a potential sintering additive for the low63
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temperature sintered SiC matrix material. For comparison, the samples with an Al-based
secondary phase were also prepared and analysed.
Various procedures were used for the samples’ preparation: direct mixing of the
components or coating the SiC powder with the secondary-phase precursor. The
technique for the powder coating was successfully developed and a secure analytical
procedure was introduced.
As expected, the samples prepared from the coated powders were more
homogeneous and exhibited a higher density. The amount of the secondary phase
increased slightly, however.
The neutron activation of the matrix material samples were analysed after
irradiation and compared with SiC-fibres and with Eurofer. The activations were found
to be significantly lower than for the Eurofer. Impurities found in the ceramic samples
(as well as in the fibres) were proposed to come from contamination in the laboratory.
The mechanical and electrical properties of the matrix materials with different
compositions were measured. The composition of the secondary phase has a minor
effect on both.
The measured electrical conductivity of the prepared matrix materials is within
the required limits at low as well as at increased temperatures.
4
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1

INTRODUCTION

The infiltration of 2D or 3D woven stoichiometric SiC fibres with a low
activation matrix has been an objective of many recent investigations. The work has
followed rather tough requirements for the material to be used as a structural material in
the extremely severe environment in a fusion reactor. The composite must possess high
mechanical strength and reliability at temperatures up to 1100°C, gas impermeability
and high thermal conductivity. In addition, low neutron-activation is expected in order
to minimize the production of radioactive wastes.
The presently available CVI and PIP techniques offer the production of highpurity material with a high mechanical strength; however, the impermeability cannot be
achieved due to the specific limitations of both processes. Gas permeability can be
limited by the application of a dense and tough coating on the porous SiC/SiC
composite. To overcome the low reliability of the CVD SiC coating, we proposed a
ceramic coating that can be applied either by dip-coating or electrophoretic deposition.
On the other hand, the NITE process, with which the Japanese authors claim to
be able to fabricate dense material with good mechanical properties, has not been
proved yet for the large-scale production of low-activation material with the required
properties.
As an alternative, we proposed a ceramic route for the production SiC/SiC
composites, where the SiC-fibre preform is vacuum slip infiltrated (VSI) with a SiCbased matrix material and further densified with the aid of a transient liquid-phase
(pressure-less) sintering process. Using SiC powder with a nanosized or bimodal SiC
particle size and a sintering additive, where the yttria used in the conventional TLP
system (Al2O3-SiO2-Y2O3) was replaced by Al- or Mg-phosphate, a matrix material
with a low porosity was obtained.
Another problem is the interface between the matrix and the fibres. In order to
prevent a catastrophic failure of the composite material under the load, the fibre-matrix
interface should cause the deflection of the cracks, thus preventing the cracking of the
fibre.
Different crack-deflecting interphase materials were investigated. Using
magnetron sputtering the SiC fibres were coated with a thin layer of interface material
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with the relevant chemical composition (with respect to the neutron activation). The
chemical composition and the structure of the sputtered layers were studied using TEMXEDS and the effectiveness of the interfaces was determined using fractography.
Within the period January to December 2007 we studied different possibilities to
deposit the crack-deflecting surface layer at the SiC fibres, to prevent the catastrophic
failure in the case when the cracks are generated within the matrix SiC phase. Other
research topics were the infiltration of SiC fibre performs with a coarser SiC powder,
using forced sedimentation, filtration and vacuum slip infiltration and a detailed
characterization of the microstructure of the SiCf/SiC samples.
2

WORK PERFORMED IN 2007

2.1.

Crack-deflecting surface layer (interphase) on SiC-fibres and powder
modification

The mechanical properties of the fibre/matrix composite materials can be
improved by adding a thin film of compliant material, called the “interphase”, between
the fibre and the brittle matrix. In our preliminary tests, in a previous study, we
deposited CrN on SiC fibres, but this kind of interphase is not suitable for fusion
applications because the nitrogen transmutes into 14C, which has a very long half-life as
a β emitter after the neutron irradiation. We also encountered another problem, a
reaction between the interphase and the matrix. TEM analyses showed that after
sintering the CrN was partially diffused into the matrix around the fibres.
1,E+12
1,E+10
1,E+08
1,E+06
1,E+04
1,E+02
Activity

In
2007
we
first
determined which elements could
be potentially used for crackdeflecting layers. On the basis of
the codes of EASY – European
Activation System – it was found
that elements such as Cr, Ti and
W could be used in these layers.
The results are illustrated in
Figure 1.
As a coating material we
choose Ti-, Cr- and W-carbides
(Ti, Cr, W could be possibly
deposited electrolytically on SiC
fibres, if their conductivity is
high enough. This method will be
verified in the continuation of the
work next year). Besides
carbides, we also studied a
diamond-like carbon (DLC)
layer.
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Figure 1: Relative activity of elements (1 kg) potentially
used as a crack-deflection layer at the fibres, as a function
of the time after irradiation. Fe and Si are added for
comparison. Calculated for a neutron flux of 1011 n/(s cm2),
time of irradiation 1 week. (FISPACT 2005, EASY –
European Activation System, ENDF/B-VI.8, EAF 2005)
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Using reactive sputtering, the SiC fibres were coated with a thin layer of
interphase material (CrN, CrC, WC and DLC – diamond-like carbon). Most of the
layers were sputtered with a Sputron (Balzers AG, Liechtenstein). The thickness of the
interface layer varied between a few nm and 0.5 μm, depending on the parameters
chosen during the deposition. The homogeneity and the thickness of the layers were
estimated with a SEM and a TEM. Fig. 2 shows SEM micrographs of SiC fibres coated
with CrC, WC and DLC.

a

b

c

Figure 2: SEM micrographs of CrC (a) and WC (b) deposited on Nicalon SiC fibres and DLC
deposited on Tyranno SiC fibre (c).

a

b

Figure 3: TEM micrographs of SiC fibres coated with WC (a) and CrC (b).

In the cases of WC and CrC a multilayer (sandwich structure) approach was
used in order to improve the mechanical properties. The first layer in both cases was
chromium, which ensures better cling of the WC or CrC to the fibre surface. Using
electron diffraction techniques we found that the Cr layer was nanocrystalline. The
second layer is, in the case of WC, pure tungsten, which enables a more continuous
transition of the WC. These layers also ensured better adhesion of the coating to the
fibre surface. The last layer was amorphous WC or CrC.
Fractography
Using fractography we found that practically all of applied interphases deflect
cracks around the fibres during the micro-indentation experiments. In Fig. 4 an example
of crack propagation between the matrix phase and the WC-coated SiC fibre is shown.

Figure 4: SEM micrograph of a sample with WC-coated SiC fibres
after a micro-indentation experiment. The crack did not propagate
through the fibre.
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Wettability
In order to improve the wettability and to successfully fill the pores inside the
SiC fabric with a ceramic suspension during the slip-infiltration process, an anionic
surface-active agent called sodium dioctylsulfosuccinate, SDOSS, was used in previous
experiments. This agent consists of both hydrophobic and hydrophilic groups. The
increase of the wettability of the substrate (fibres) is accomplished because the
hydrophobic groups are oriented towards the substrate; meanwhile, the hydrophilic
groups are oriented towards the solvent. On the basis of the exhaust method we
deposited a water solution of anionic surface-active agent and dried it at room
temperature. The influence of the SDOSS treatment on the wettability of the SiC fibres
can be seen in Fig. 5, which demonstrates the effect on untreated fibres immersed in the
water SiC-based suspension. The droplets of slurry remain spherical and the fibres
practically float over the droplet. In Fig. 5b, where the SDOSS-coated fibres were
immersed in a water suspension, the wettability of the fibres is obvious (the formation
of the characteristic meniscus at the solid-liquid interface).
During the investigation we found that the element sodium is not suitable for
fusion-application materials and that is why we tried to find other surface-active agents.
We tested non-ionic surface-active agents, such as Triton X-100, octylphenol etoxylate,
Tween 20, polyoxyethylene sorbitol ester and also tried to use an anionic surface-active
agent known as sulfosuccinic acid solution.

a

b

Figure 5: Optical image of SiC fibres immersed in a drop of a SiC-based suspension; (a) uncoated
fibres, (b) SiC fibres coated with SDOSS.

Ti3SiC2
Besides the investigated carbides we made a feasibility study of the use of
MAX-type materials as an interphase layer on SiC fibres. According to the literature
Ti3SiC2 has a unique combination of properties. For its high fracture toughness, low
hardness to elastic modulus ratio and excellent damage tolerance, it is considered as a
soft ceramic. It also displayed good thermal shock and oxidation resistance, so it could
be quite a promising material for this specific purpose.
Ti3SiC2 has a chemistry of the form M2AX, where M is an early transition metal,
A is an A-group element (usually IIIA and IVA) and X is either C and/or N. The
structure is hexagonal and they are made of layers of M2X separated by layers of pure
A.
There is an extensive list of all possible compounds with such a structure, which
is shown in Table 1.
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IIB

IIIA
IVA
VA
Al
Ti2AlC
V2AlC
P
Cr2AlC
Si
V2PC
Nb2AlC
Ti3SiC2
Ta2AlC
Nb2PC
Ti2AlC
Ti3AlC2
Ti4AlN3
Ga
Ti2GaC
V2GaC
Cr2GaC
Ge
As
Nb2GaC
Ti2GeC
V2AsC
Zn
Mo2GaC
Cr2GeC
Nb2AsC
Ta2GaC
Ti3GeC2
Ti2GaN
Cr2GaN
V2GaN
In
Sc2InC
Sn
Ti2InC
Ti2SnC
Zr2InC
Cd
Zr2SnC
Sb
Nb2SnC
Ti2CdC
Nb2InC
Hf2InC
Hf2SnC
Ti2InN
Hf2SnN
Zr2InN
TI
Pb
Ti2TlC
Ti2PbC
Bi
Zr2TlC
Zr2PbC
Hf2TlC
Hf2PbC
Zr2TlN
Table 1: List of ternary compounds belonging to the Mn+1AXn family.

VIA
S
Ti2SC
Zr2SC
Nb2SC0.4
Hf2SC

Se

Te

There are several methods for Ti3SiC2 synthesis – chemical vapour deposition,
self-propagating high-temperature synthesis, hot-isostatic pressing, pulse discharge
sintering, arc-melting, reactive sintering, mechanically activated sintering, spark-plasma
sintering – described in recent publications [1, 2, 3, 4, 5, 6].
For the synthesis we wanted to use commercially available Ti powder (-325
mesh, 99.98% purity, Sigma-Aldrich), SiC powder (0.5 μm in size, HC Starck, Goslar,
Germany) and C (Merck, Germany) powder as the starting materials. We followed the
article by H. Hashimoto et.al and tried to synthesize Ti3SiC2 according to their
procedure. The main idea was to blend Ti, SiC and C powders with a molar ratio of
Ti:Si:C=3:1:1 by wet tumbler ball milling with ethanol for 40 hours. During the
preparation of the experiment we found that this could be a problem because Ti powder
is very reactive and would require the work to be done in an Ar atmosphere. Wet
tumbler ball milling could also be a problem because of the reactivity and because the
milling would have to be performed under special conditions. The crucial part was
found to be the sintering. The powder compact needed to be heated at a rate of 0.33 K/s
up to1845 K in vacuum, and then immediately cooled down in the sintering furnace.
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Experiences from other laboratories revealed that out-gassing during the heating of a
Ti/SiC/C mixture in vacuum can be expected, which may cause damage to the furnace.
For all these reasons we decided to postponed the planned experiments.
Electrical conductivity
The electrical conductivity of the samples of the matrix phases was measured
using complex impedance spectroscopy (with a Impedance/Gain-phase analyzer SI
1260, connected to Potentiostat Galvanostat model 286). The measurements were
performed in the frequency range from 10-3 Hz to 105 Hz and were conducted at room
temperature and at 880°C. At room temperature we found that the typical conductivity
of the samples was around 10-9 S/m and at elevated temperature (880°C) the
conductivity was much higher (10-3 S/m). We were unable to perform measurements of
the electrical conductivity for composite materials, because our SiCf/SiC samples were
made from 2D fabrics and the geometry of the samples was unsuitable for accurate
measurements of the through-thickness conductivity.
2.2.

Infiltration of SiC-fibre preform with coarse SiC powder and a ceramic
slurry

Zeta Potential [mV]

60
All infiltration techniques
+ CTAB
50
+ PEI
require a powder suspension with
40
low viscosity, good wetting
30
behaviour and, as was established
20
during the tests, a relatively high
10
0
solids content. In order to achieve
1
2
3
4
5
6
7
8
9 10 11 12 13 14
-10 0
this, we performed a thorough
-20
analysis of the electrokinetic and
-30
colloidal
properties
of
SiC
-40
suspensions. We found that the best
-50
-60
dispersion based on a high repulsion
between the particles in suspension
Figure 6: Zeta potential of SiC powder in aqueous
(zeta-potential), which results in the
suspension with addition of CTAB or PEI as
lowest viscosity, can be achieved
surfactants.
with the addition of 0.5 wt. % of
CTAB at pH 3 or 0.8 wt. % PEI at pH 8.5 (Figure 6). The optical micrographs of the
original and the infiltrated samples are presented in Figures 8a and 8b, and the SEM
micrographs are presented in Fig. 9a and b.
FN spa, Italy, prepared fibre-preforms of high density for tests of the powder
infiltration. We used several approaches to fill the voids in the preform with SiC
powder:
a) Vacuum slip infiltration, where the preform was placed in an aqueous or ethanol
ceramic slip and was infiltrated (“pumped” through) from the bottom to the top.
b) Electrophoretic deposition/infiltration.
c) Pressure infiltration.
pH
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Vacuum infiltration
For the vacuum infiltration we used the Epovac vacuum-impregnation apparatus
(Fig. 7). It is designed for embedding and impregnating porous materials, in our case
SiC fabrics. The apparatus consists of a sturdy, compact metal cabinet with a cylindrical
embedding chamber made of PVC. The suspension is supplied through a disposable
tube. The tube is led through a ball joint and it is therefore very easy to distribute the
suspension to the individual mounting cups. The model without an air ejector can be
connected to an external vacuum pump.
We placed the clean and dry specimen in a
mounting cup and began evacuating. When the
specimen had been under vacuum for an appropriate
time, depending on the porosity, the impregnation
began. We slowly opened the hose clip until the
impregnation suspension ran in an appropriate flow.
When the SiC fabric was covered with impregnation
suspension, the flow was turned off. After this the
vacuum valve was turned to min, we removed the
vacuum chamber with the cover and took the fabric
Figure 7: Picture of Epovac
vacuum impregnation apparatus.
out of the suspension to dry in air.
To fill the pores inside the fabric we
optimized the suspension. Micro-sized SiC powder was used in a water suspension of
the surface-active agent CTAB. After vacuum infiltration and the drying in air we dipcoated our fabric in an aluminium phosphate solution, followed by sintering in argon for
3 h at 1300ºC. The thermally treated samples were observed with optical and scanning
electron microscopy.

a

b

Figure 8: Optical micrographs of the SiC fabric before (a) and after vacuum infiltration (b).

a

b

Figure 9: SEM micrographs of the fabric after vacuum infiltration and sintering.
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Infiltration based on electrophoretic deposition (EPD)
EPD is a commonly used process for producing coatings and self-standing
ceramic parts; it is generally recognised as a fast, simple and efficient ceramic
processing technique. Several successful attempts have been reported on the use of EPD
for the production of ceramic fibre-matrix composites. It has been shown that,
depending on the electrical conductivity of the fibres, the fibre-preform can either be
used directly as the deposition electrode or it can be positioned in front of the electrode.
The main objective of this part of the investigation was to tailor the SiC
suspension’s properties with positive and negative particle net-surface charges in order
to be able to adapt the suspension’s properties for the infiltration of a particular type of
SiC fibre fabric. This experimental approach enables the reproducible deposition of a
coating or the formation of a matrix material with high green density as well as the
infiltration of various fibre fabrics. The use of a water-based system rather than the
previously studied ethanol-based systems was expected to result in some advantages
due to the higher dielectric constant of water and the wider range of suitable surfactants.
Moreover, aqueous suspensions are also more attractive because unlike ethanol-based
suspensions they are not sensitive to humid environments, which should result in better
reproducibility.
The results of the analysis of the electrokinetic properties of the SiC powder and
SiC fibres revealed that originally the powder had a minor surface charge (-3 mV), but
this can be significantly increased by the addition of a cationic or anionic surfactant (see
Fig. 10a). As shown in Fig. 10b, the fibres are negatively charged over a wide range of
pH. The treatment with SDOSS (wetting agent) further increases the absolute value of
the ZP. Based on these results, we first performed a series of electrophoretic deposition
experiments on a steel electrode in order to verify the conditions for the formation of a
dense deposit (the results are summarized in Table 2) and then we used the best selected
suspensions for the infiltration of the Tyranno SA fibres.
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Figure 10: (a) The effect of surfactant additions on the zeta-potential (ZP) of SiC powder; (b) the ZP
vs. pH relationship for the non-treated and SDOSS-treated Tyranno SA fibres.
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No.

1
2
3
4
5
6
7
8
9
10
11
12

composition
additive
0
HCl
CTAB
PEI
(PEI)+CA
(PEI)+HCl
CA
(CA)+PEI
NaOH
TMAH
DCE64
(DCE64)+NaOH

suspension
wt%

0.4
0.8
0.75+2
0.8
0.5
0.5+0.3

0.5
0.5

pH
4
2.8
3.9
8
2.8
8
2.6
3.3
9
9
6.3
9

conductivity
0.08
0.78
0.24
0.12
0.86
0.3
0.7
0.3
0.15
0.15
0.5
0.74

ZP
-3
14
48
35
44
52
15
40
-54
-50
-24
-49

deposit
wt.%
solids
/
/
67
/
54
64
/
59
66
67
/
62

Table 2: Suspension compositions and properties and the resulting solids content in the deposits.

Based on the characteristics of the suspensions and of the bulk deposits formed
on metallic electrodes, we confirmed that a high zeta-potential is of utmost importance
for the EPD process, while the suspension conductivity plays only a secondary role. For
the powder used in this investigation the best results, i.e., a high zeta-potential leading
to firm, dense deposits, were obtained for the addition of 0.5 wt. % of cationic
deflocculant CTAB or by adjusting the pH of the suspension to 9 and adding Dolapix.
The formation of bubbles due to the electrolysis was prevented by using a membrane, in
the the case of cathodic deposition, and a Cu electrode, in the case of the anodic
deposition (see Figure 11).

Figure 11: SiC deposit on (a) steel and (b) Cu electrode.

The infiltration of an SDOSS-pre-treated Tyranno SA SiC-fiber fabric with a
negatively charged SiC suspension resulted in dense fibre-based green parts (Figures
12a and 12b), while the infiltration with a suspension of positively charged particles
was less effective.
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a

b

Figure 12: Optical (a) and SEM (b) micrographs of the infiltrated Tyranno SA fabric.

Powder infiltration prior to the PIP process may considerably shorten the
densification time of SiC/SiC composite production by avoiding the several required
steps of polymer immersion. Electrophoretic infiltration may also significantly improve
the density of SiC/SiC composites, in particular by filling the large voids between the
fibre tows. This should enable the fabrication of SiC/SiC composites with a close-tozero porosity, with any remaining pores being closed pores, thus ensuring a hermetic
material.
2.3.

Sintering and characterization of the SiC/SiC samples

With the aim to improve the sintering of the SiC-based matrix material for the
SiC/SiC composite, we introduced a technique for coating the SiC powder with
sintering aid. As presented in Fig. 13 and Fig. 14 the densities of the samples prepared
from the coated samples are much higher than that from the mixture of the powder and
sintering aid. Using stereological methods we estimated with measurements that the
porosity of the samples in the case of classically mixed oxides is up to 5 vol. %. In the
case of samples prepared from sintering-additive-coated SiC powders the porosity was
found to be less than 2 %. We also confirmed that the coating procedure allows us to
coat SiC powder with an optional layer of AlOOH or Al-phosphate as well as with MgO
or Mg-phosphate.

~5% porosity

<2 % porosity

Figure 13: SEM micrograph of SiC with the
addition of sintering aids, sintered at 1450°C.

Figure 14: SEM micrograph of Al-phosphatecoated SiC, sintered in Ar at 1300°C, 3 h.
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Mechanical properties of the fibres and different matrixes
The mechanical properties of the fibres and matrixes were measured with a
Vickers nanohardness tester, type Fischerscope H100C, with a load range of 0.4 mN to
1 N. The instrument records instantaneous measurements of indentation depth and load.
Besides nanohardness it can also calculate the modulus of elasticity. The results of the
nanohardness and the modulus of elasticity for some of the samples are gathered in
Table 3 and the force-depth profile curves are shown in Figs. 15–18.
Number of
the samples

Description of the samples

Maximum
load
(mN)

SiC (nano) powder with Bindal A
1000
and sintered in argon
264
Tyranno SA fibers (longitudinal)
10
264
Tyranno SA fibers (cross-section)
10
/
Tyranno SA fibers (cross-section)
10
/
Nicalon fibers (cross-section)
20
Table 3: Nanohardness and modulus of elasticity of fibres and matrix.
251

Figure 15: Force-depth profile for sample 251
(nanoindentation).

Figure 17: Force-depth profile for Tyranno SA
fibres (cross-section, nanoindentation).

Nanohardness
(HV)

Modulus of
elasticity
(GPa)

174 ± 60

32 ± 5

2362 ± 567
3092 ± 637
2793 ± 192
1263 ± 81

96 ± 6
165 ± 42
138 ± 13
470 ± 8

Figure 16: Force-depth profile for Tyranno SA
fibres (longitudinal, nanoindentation).

Figure 18: Force-depth profile for Nicalon
fibres (cross-section, nanoindentation).

A MVK-H2 Hardness tester was used for the fractography study. The samples
were then observed with a scanning electron microscope.
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Figure 19: SEM micrograph of
microindentation in matrix phase in
sample 251.

Figure 20: Optical micrograph of
microindentation in SiC fibres (Cerasep
material).

Neutron activation
Most of the prepared samples were irradiated in a fission reactor (Triga Mark 4)
and the activated nuclides were measured using gamma spectroscopy. With this
neutron-activation analysis we determined the main impurities in the material. The
results and the comments of the analysis are summarised in a special report that is
attached.
3

CONCLUSIONS AND OUTLOOK FOR 2008

During 2007 we studied the different possibilities to deposit a crack-deflecting
surface layer on SiC fibres, to prevent catastrophic failure in the case when the cracks
are generated within the matrix SiC phase. We found that a thin layered structure (such
as Cr/W/WC) successfully deflected the cracks. The chemical composition and the
crystal structure of the interphase layers were studied using electron microscopy and
microanalysis.
Vacuum slip infiltration and electrophoretic deposition were studied as methods
for the preparation of composite materials from a suspension. The importance of
surface-active additives is commented on in the report.
Some properties, such as mechanical, electrical and neutron activation, of the
prepared samples were measured.
4
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CALCULATING COVARIANCES ABOVE 20 MeV
RELEVANT TO IFMIF
A. Trkov, B. Žefran, S. Slavič
Jožef Stefan Institute, Rector Physics Division, Jamova 39, 1000 Ljubljana, Slovenia
Andrej.Trkov@ijs.sj

1

INTRODUCTION

Tungsten is important for fusion applications (e.g., the first-wall material in a
fusion reactor), and therefore accurate nuclear data are needed for this material. The
currently available data files generally do not cover the incident neutron energy range
above 20 MeV, which is important for IFMIF, and they inaccurately predict integral
parameters of fusion-relevant benchmarks. Preliminary results obtained as a by-product
of the GANDR project were encouraging, so an extension of the work was initiated to
produce full evaluations for all the naturally occurring isotopes.
The main objective of the work was the implementation and testing of the
methods for generating covariance information for evaluated nuclear data files using a
combination of theoretical model calculations via the Monte Carlo technique and
experimental data from the EXFOR database. The specific objective was to apply the
method to the case of tungsten-isotope evaluation and produce a complete set of
evaluated nuclear data files for 180,182,183,184,186W up to 150-MeV incident neutron
energies, to fulfil the needs of the IFMIF facility. The testing of the data is done on
integral benchmarks for fusion neutronics.
2

WORK PERFORMED IN 2007

The good performance of the preliminary evaluation in some fusion neutronics
benchmarks was demonstrated at the ND2007 conference in Nice [1]. The most
convenient and reliable test case proved to be the FNG-tungsten benchmark, performed
at Frascatti and included in the SINBAD compilation [2]. A computational model for
the Oktavian benchmark from the same compilation was improved to make it suitable
for discriminating between the different data sets. Several fast-reactor criticality
benchmarks from the ICSBEP compilation [3] were also included in the analysis,
because they provide complementary information on the cross-sections below 2 MeV.
This is relevant to ITER since there are many light-element components (e.g., water
coolant) that slow down the neutrons and resonance capture can be important for the
production of some activation products.
Many refinements to the evaluated cross-section data were made through an
external collaboration. Similarly, the resonance parameters were reviewed and small
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changes were introduced. Covariances of the resonance parameters were obtained by the
retro-active method. The current working version of the evaluated data files is beta-14
(labelled “ib14”) in the figures.
Fusion neutronics benchmarks
In the FNG benchmark the activations of different monitors were measured at
different penetration depths in a tungsten block. The choice of monitors (sensitive to
different energy ranges of the spectrum) covers well the entire energy range, as is
evident from Figures 1a and 1b. The benchmark represents a severe test for the nuclear
data of tungsten.
Reaction Rates per Unit Energy (24.94 cm)
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1.E-02
1.E-04

1.E-04

Au197(n,g)

Au197(n,g)

Mn55(n,g)

1.E-06

In115(n,n')

Mn55(n,g)
In115(n,n')

1.E-06

Ni58(n,p)
1.E-08

Ni58(n,p)

Fe56(n,p)
Al27(n,a)

Fe56(n,p)
Al27(n,a)

1.E-08

Nb93(n,2n)

1.E-10

Nb93(n,2n)

Zr90(n,2n)
Ni58(n,2n)

1.E-12
0

5

10

15

Zr90(n,2n)

1.E-04

20

Figure 1a: Sensitivity of different monitors per unit
energy for the FNG benchmark.
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Figure 1b: Sensitivity of different monitors per
unit lethargy for the FNG benchmark.
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In(n,n’) reactions, with
Au-197(n,g)-Au-198
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thresholds just below 1 MeV, are
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contradictory and may indicate a problem
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with the nuclear data of the monitors. The
197
Au(n,γ) reaction sensitivity extends
Figure 2: Comparison between the measured
down to low energies. An improvement in
and calculated activation reaction rates at
C/E could be achieved by decreasing the
different depths for the FNG benchmark.
capture cross-sections of the tungsten
isotopes, but this would contradict the criticality benchmarks (see next section). The
55
Mn(n,γ) reaction is not included in the comparison because it is known that the crosssections of 55Mn in the resonance range are not reliable.
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The
description
of
the
experimental setup and the computational
model of the Oktavian benchmark in the
SINBAD compilation are incomplete. The
missing information was collected from
the literature and an improved analysis
method elaborated. The calculated
spectrum is compared to the measured one
in Figure 3. Although the benchmark
problem is highly sensitive to the
modelling assumptions, the results
nevertheless indicate that the new data for
the tungsten isotopes perform well.

Figure 3: Comparison between the measured
and calculated spectra for the Oktavian
benchmark.

Reactor benchmarks
The following benchmark test cases from the ICSBEP compilation were
considered (with the ICSBEP designation in brackets):
-

ZPR-9 lattices from Argonne (IEU-MET-FAST-13,14, HEU-MET-FAST-60,67,70),
Tungsten-reflected plutonium sphere Pu/W (PU-MET-FAST-0005),
Tungsten carbide-reflected oralloy spheres assembled at the Elsie facility at Los
Alamos (IEU-MET-FAST-003).

In all of these lattices there was a strong over-prediction of the criticality, even with the
most modern data sets, such as the ENDF/B-VII library [4].
As seen from Figure 4, the
ICSBEP Benchmarks
2500
preliminary evaluation (labelled
“ib5”) did not improve the
2000
reactivity prediction. It was
1500
necessary to adjust the radiative
1000
capture of tungsten, even though
500
this destroyed the good prediction
0
of the activation of gold foils in
-500
the FNG benchmark. Because
several
reactor
benchmarks
showed the same trend, it was
Figure 4: Comparison of the discrepancy between the
decided to trust the increased
measured and calculated reactivities of reactor
capture cross-sections. Some fine
assemblies (in units “parts per 100 000”) using different
tuning of the nuclear models is
data libraries.
still in progress; when finished,
the models will be frozen and work on the final stages of the evaluation and the
validation will commence.
Benchmark

ENDF/B-VI.8
ENDF/B-VII
ib5c
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3

CONCLUSIONS AND OUTLOOK FOR 2008

Several improvements were made to the evaluated cross-section files in order to achieve
better agreement with the differential data and to preserve the performance in the fusion
neutronics benchmarks. The current version of the files is beta-14.
After the nuclear models are finalised, the covariance data above the resonance
range will be prepared. The effect of introducing the experimental data is not expected
to affect the evaluated cross-sections, but it will constrain the variances. The complete
sequence of benchmark tests will be repeated with the final data. The work is expected
to be completed as planned.
4

ACKNOWLEDGEMENT

The work reported covers the contributions from external collaborators (R. Capote-Noy
from the International Atomic Energy Agency, Austria and L. Leal from the Oak Ridge
National Laboratory, USA), who are not part of the EFDA contract.
5

REFERENCES
1
2
3
4

International Conference on Nuclear Data for Science and Technology, 22-27 April 2007,
Nice, France.
I. Kodeli, E. Sartori, B. Kirk, SINBAD Shielding Benchmark Experiments Status and
Planned Activities, Proc. ANS 14th Biennial Topical Meeting of the Radiation Protection
and Shielding Division, Carlsbad, New Mexico, USA, 3-6 April 2006.
OECD/NEAInternational Handbook of Evaluated Criticality Safety Benchmark
Experiments, NEA/NSC/DOC(95)03, September 2006.
M.B. Chadwick, P. Obložinský, , , M. Herman, N.M. Greene, R.D. McKnight, D.L. Smith,
P.G. Young, R.E. MacFarlane, G.M. Hale, S.C. Frankle, A.C. Kahler, , T. Kawano, R.C.
Little, D.G. Madland, P. Moller, R.D. Mosteller, P.R. Page, P. Talou, H. Trellue, M.C.
White, W.B. Wilson, R. Arcilla, C.L. Dunford, S.F. Mughabghab, B. Pritychenko, D.
Rochman, A.A. Sonzogni, C.R. Lubitz, T.H. Trumbull, J.P. Weinman, D.A. Brown, D.E.
Cullen, D.P. Heinrichs, D.P. McNabb, H. Derrien, M.E. Dunn, N.M. Larson, L.C. Leal,
A.D. Carlson, R.C. Block, J.B. Briggs, E.T. Cheng, H.C. Huria1, M.L. Zerkle, K.S. Kozier,
A. Courcelle, V. Pronyaev and S.C. van der Marck: ENDF/B-VII.0: Next Generation
Evaluated Nuclear Data Library for Nuclear Science and Technology, Nuclear Data Sheets
107, 12, (2006), p.p.2931-3060

80

Annual Report 2007
Fusion Technology Programme

DETERMINISTIC SENSITIVITY AND UNCERTAINTY
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NEUTRONICS HCLL TBM MOCK-UP USING THE FIRSTORDER PERTURBATION CODE SUSD3D
A. Trkov, I. Kodeli, B. Žefran, S. Slavič
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1

INTRODUCTION

Energy production in the ITER reactor is based on the fusion reaction of
deuterium and tritium atoms (the D-T reaction). Tritium is a radioactive isotope of
hydrogen with a relatively short half-life; therefore, it is not available in nature and must
be produced locally. Tritium can be produced by bombarding lithium atoms with
neutrons. High-energy neutrons are a by product of the D-T reaction and can be utilised
for tritium production in special breeding-blanket modules in the ITER reactor, but it
must be demonstrated that sufficient amounts of tritium can be produced in the blankets
to account for the burnup for energy production, as well as the losses in the
management of the tritium inventory.
In order to assess the uncertainty in the tritium production rate (TPR) due to the
uncertainty in the relevant nuclear data, the tritium breeding-module helium-cooled
lithium-lead benchmark experiment (TBM HCLL) was undertaken at Frascatti, Italy.
The aim of the present work is to analyse the final design of the benchmark using the
deterministic transport, sensitivity and uncertainty code system. The analysis includes
the calculation of the tritium production rate (TPR) in LiPb layers and the neutron
reaction rates, which are measured in the benchmark. The SUSD3D cross-section
sensitivity and uncertainty code package together with the 2D/3D deterministic
transport codes DORT/TORT is used for the analysis of the experiment. Based on the
sensitivity analyses the most important nuclear reactions and energy ranges in the
particular reaction-rate measurements can be identified.
The results of the pre-analysis of the benchmark experiments have already been
performed. Unfortunately, there was a delay in the delivery of the relevant materials to
the experimental facility at Frascatti; therefore, it was not possible to repeat the analysis
for the as-built system. The reported work, therefore, covers mainly the tasks that were
carried out to increase the flexibility of the code system and to improve the presentation
of the results.
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2

WORK PERFORMED IN 2007
Sensitivity of TPR to cross-sections

The main conclusions from our previous work can be summarised as follows.
• Using the ENDF/B-VI.8 covariance matrices, the uncertainties in TPR due to
cross-section uncertainties were estimated to be between 5–10%. According to
these covariance data the reactions (n,2n) and (n,3n) on Pb were found to cause
the highest uncertainty.
• The TPR is most sensitive to the Pb elastic scattering cross-sections, but these
have a smaller uncertainty.
• Large differences in the sensitivities of TPR to the Pb cross-sections between the
natural and enriched Li pellets in the front detector positions were observed.
This is due to the strong spectral dependence of tritium production on the
different Li isotopes. The tritium production cross-section from 6Li is high at
low energies, while tritium production in 7Li is a threshold reaction. In
particular, in the front positions the sensitivity to the (n,2n) reaction on Pb is
negative when using natural Li, and positive when using enriched Li. For deep
positions the sensitivity is positive for both natural and enriched Li. This has an
important and very beneficial consequence for the cross-section validation
studies. The use of both enriched and natural Li would provide complementary
information on the cross-sections and would allow us to validate the data for
different energy ranges and for different nuclear reactions.
• The combined use of natural and enriched Li pellets is, therefore, strongly
recommended for the TPR measurements at the front detector positions,
provided that the neutron flux level is sufficient to allow accurate measurements.
• In addition to the measurements on the axis of the experimental setup, off-axis
measurements would provide additional information on the angular
distributions, as well as the TPR for different energy spectra.
It remains to be determined which recommendations could be incorporated into the
actual experimental setup.
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Fig. 1. Tritium production rate for the natural and enriched Li pellets.
New covariance data
The lack of good-quality, reliable and consistent cross-section covariance data
has been pointed out in the past; therefore, data from different sources were processed
and checked. The presently available covariance data include:
• Cross-section covariance matrices for Pb from ENDF/B-VI.8 processed using
the NJOY/ERRORR module and checked by the mathematical routine
(LAMBDA).
• New covariance matrix evaluation of the Pb isotopes within the scope of the
JEFF project by A Koning.
• Covariance matrices included in the SCALE-5.1 package. The processing tools
ANGELO and LAMBDA were updated for the processing of the COVERX
data, which were extracted from the SCALE-5.1 system. All the necessary tools
and data that were prepared are available from NEA Data Bank.
An updated version of the SUSD3D package for the sensitivity and uncertainty
analysis was prepared and released through the NEA-Data Bank.
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3

CONCLUSIONS AND OUTLOOK FOR 2008

The results are expected to provide valuable information on the status of the JEFF
evaluation, regarding both the cross-section and the corresponding covariances. The list
of technical issues that have been solved or need to be addressed is given below.
• Further testing of the 3D options in SUSD3D in connection with the
GRTUNCL3D code is required.
• Plotting utilities for SUSD3D are under development to simplify the
presentation of the results.
• Lack of good-quality, reliable and consistent cross-section covariance data is
still an issue. Different sources of data will be checked; new information is
expected by the end of the project.
.
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MODELLING THE NEUTRON BEAM DISTRIBUTION FOR
THE KN3 ATTENUATORS: NEUTRON-INDUCED
GAMMA-RAYS IN THE ATTENUATOR
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1

INTRODUCTION

The main objective of the JET Enhancements (EP2) gamma-ray camera (GRC)
diagnostics upgrade project is the design, construction and testing of neutron
attenuators for the two sub-systems of the KN3 gamma-ray imaging diagnostics: a) the
KN3 gamma-ray horizontal camera (KN3_HC) and b) the KN3 gamma-ray vertical
camera (KN3_VC). This diagnostics upgrade should make possible gamma-ray imaging
measurements in high-power deuterium JET pulses, and eventually in deuterium-tritium
discharges.
The main purpose of the neutron/photon calculations for the GRC project is the
evaluation of the neutronics performance of the neutron attenuators designed and
constructed for the JET KN3 diagnostics system. A secondary purpose of these
calculations is the estimation of the influence of the KN3 neutron attenuators on the
neutron and gamma fields. The estimations are performed on the basis of Monte Carlo
calculations using the MCNP5 code. The following task is presented in the
continuation: “Modelling of the energy and angular distributions of the neutron beams
at the back end of the KN3 attenuators. Improved estimation of the neutron-induced
gamma rays within the attenuator structure. Application to the KN3 vertical camera
neutron attenuator”.
The gamma or neutron flux in the KN3 detectors cannot be calculated with
Monte Carlo techniques in a straight-forward manner like, for example, the flux inside
the torus. The reason is in the extreme degradation of the flux from the plasma to the
KN3 detector position, which amounts to approximately nine orders of magnitude.
MCNP has some built-in variance reduction techniques (e.g., the increased spatial
importance in the direction of the detectors) that are, however, practically useless in the
specific case of the KN3. In our case the very small fraction of neutrons that pass uncollided through the flight tube is important.
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2

WORK PERFORMED IN 2007

Three different methods for variance reduction have been developed to estimate
the gamma rays induced in the attenuator, which eventually hit the detectors, and for the
neutron attenuation factors inside the attenuator. As a straight-forward calculation with
MCNP, for example, does not give any statistically significant results in a reasonable
period of computer time. The techniques, developed exclusively for the KN3 problem,
were:
- Accessing the neutron flux above the octant 1 vacuum port in a long run and the
consequent transport of the primarily determined neutrons through the
attenuators;
- Strong biasing of the plasma neutron source towards the detectors;
- Accessing the neutron flux above the octant 1 vacuum port and the subsequent
modelling of a secondary source on the basis of the determined distribution.
All of the methods – of which the last one was by far the most demanding, but with
moderate results – are described below.
Calculation Using a WSSA Source
The first technique, developed for variance reduction, employed the MCNP
feature of recording particles on a surface. In this case a long run was performed to
record the neutron flux on the surface above the octant 1 vacuum port. In this case
MCNP creates a large file, in which the characteristics (the energy and direction) of
each neutron passing the surface of interest are recorded. This is called the WSSA
(surface source write) source file. The total neutron flux distribution above the vacuum
port, as recorded in the WSSA file, is
presented in Figure 1.
The second step in the calculation is
then the subsequent, secondary runs in
which the earlier recorded neutrons are
used as the source. The advantage of
such a treatment is that only one long
run is needed in which the great
majority of neutrons that can influence
our region of interest are recorded and
subsequently several much shorter
runs (in our case by a factor of 103) are
performed. By enlarging the time of
the secondary runs the statistics of
some of the quantities in question can
be improved, but not all of them. For
example, the statistics of the detector
Figure 1: Total neutron flux above the vacuum port
response for neutrons flying without
of octant 1, as recorded for the WSSA file. The flux
is presented in the form of a height field; the
scattering through the flight tube into
position of the vacuum port (below) is clearly
the detector cannot be improved and
visible.
are dependent on the statistics of the
WSSA file. The reason is that these
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neutrons are not scattered further, and the statistical accuracy does not improve with
their repeated transport. On the other hand, by putting the neutron attenuator into
position, the gamma rays originating from the attenuator and reaching the detector are a
consequence of reactions with a large number of different neutrons from the WSSA file,
which thermalize inside the attenuator prior to producing a captured gamma ray. In this
case, with a longer secondary run, the statistical accuracy is easily improved. The same
also holds true for the neutrons that are scattered into the flight tubes from the
attenuator.
Calculation Through A Biased Plasma Neutron Source
The second technique, used for variance reduction, employed the strong biasing
of the plasma neutron source. The Monte Carlo statistics of the neutron flux in the
detector region can be improved by biasing the source in such a way that more neutrons
are produced in the direction of the detectors and at plasma positions with a line-ofsight view of the detectors. The advantage is an improved statistical accuracy, since on
average neutrons

a)

b)

Figure 2: Distributions of the neutron source and the scattered neutrons in the case of a) the full plasma
source and b) the biased source. Each dot represents the position where a neutron has been born or
scattered; the colour represents its energy on a logarithmic scale. The red dots in the centre of Fig. a)
represent the isotropic plasma source. The lines in Fig. b) represent the spatial (cylindrical shaped) and
angular (in line with the flight tube) biased source distribution – cylindrical source.
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are more likely to contribute to the detector’s response. However, the drawback is that
the neutrons, scattered from the back side of the torus into the detectors, are not taken
into account.
Such a source-biasing technique has already been introduced by Petrizzi et al.
[1] by solving a similar problem, i.e., the response of the profile monitor for ITER.
Their proposed solution was also adopted in our work. The main features of the biased
source are:
- the neutrons are not emitted from the entire plasma volume but from cylindrical
volumes with a radius of 4 cm, aligned with the axis of the flight tube;
- the angular emission of the neutrons is biased in the forward direction towards
the detectors in a cone of 4 degrees with respect to the axis;
- the probabilities of the biased events have been adequately normalized so that
the final results give the correct absolute values of the neutron fluxes and
neutron energy spectra at the detectors, as if the source neutrons had been
sampled over all of the plasma volume (as happens in real life).
An illustration of the cylindrical source biasing for the two cases of the central can be
observed from Figure 2, where Fig 2 a) presents an isotropic source and 2 b) presents a
biased source.
Because of the strong source biasing, the obtained results have a good statistical
accuracy. The uncertainty of the method – neglecting the neutrons that are scattered into
the flight tubes from the back of the torus – is, however, difficult to estimate. The
difference in the distribution of the neutrons in the cases of a full plasma source and a
biased plasma source is illustrated in Figures 2 a) and b).
In Figure 2 the most important mechanical structures, i.e., the vacuum vessel, the
vacuum port, the neutron attenuator, the KN3 shield and the flight tubes, are presented
as well. It is clear that the overall neutron distribution differs considerably between the
cases of the full plasma source and the biased plasma source. In the latter case no
neutrons scattered from the bottom side of the torus into the flight tubes are taken into
account, as was mentioned earlier. The uncertainty in this case is especially important
for determining the absolute flux values in the detectors, whereas it is less important for
the relative values. In our case the described technique was only used for the
comparison of fluxes in the two cases – with or without a neutron attenuator – and thus
only for relative calculations.
Source Modelling Above the Vacuum Port
The last variance-reduction technique, which was also the most demanding, is
presented in this section. It is focused on improving the drawback of using the WSSA
file, in which only a finite number of neutrons are stored and which represents the
source in the secondary run. When the end of the WSSA file is reached, identical
neutrons (in the sense of their origin, energy and direction) are transported over and
over again. This means that a source neutron with a specific direction will be produced
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several times, and it will either always or never hit the detector. The overall idea was
thus to reconstruct the WSSA source; in reality to study the spatial and angular
distributions of the recorded neutrons, and to construct a neutron source, which is much
“smoother” than the WSSA-file source. The neutrons produced by this source would, as
a result, have the possibility to fill all of the phase space and not only the discrete values
recorded in the WSSA file.
The drawback of this method is that the individual angular/spatial distribution
bins, on the basis of which the source modelling is performed, are weighted with high
statistical errors. Consequently, the accuracy of the obtained source turned out to be
very difficult to calculate. It is obvious that the resulting source should mimic the real
neutron flux above the vacuum port better than the one obtained through the WSSA file;
the exact uncertainty for the individual bins could, however, not be calculated and the
results were used only as guidelines.
Accessing the neutron distribution
The neutron distribution was accessed for the further transport of neutrons on a
horizontal plane above the vacuum port and just below the lower surface of the neutron
attenuator, if it is placed in the working position (i.e., 419 cm above the midplane of the
torus). The sampling was performed on a 200 cm x 140 cm area centred above the
vacuum port with a grid of 2.5 cm. In each of these area bins the differential flux was
sampled: the polar bins were 5°, 10°, 14°, 20°, 30°, 50°, 90° with respect to the vertical
axis and with 8 azimuth bins in each of these polar directions. As an illustration of the
sampling method the decomposition of the total flux (presented in Figure 1) into the
partial differential flux with the values of the polar angle of 0°, 20° and 50° with respect
to the vertical direction are presented in Figure 3. In Figure 6 the full decomposition of
the flux into differential angular flux values under a polar angle of 20° and azimuth
angles of 0°, 90° and 180° is presented
As already mentioned, the exact uncertainty for the individual angular flux bins
was large, making it difficult to estimate the error of the end results calculated with this
method. The results were thus only used as guidelines. Nevertheless, by studying the
differential neutron flux distribution below the KN3 a good insight into the conditions
in the neutron attenuator and the KN3 shield was gained.
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a)

b)

c)
Figure 5: Decomposition of the total flux into the partial differential flux with values of the polar
angle equal to a) 0°, b) 20° and c) 50° with respect to the vertical direction.

3

RESULTS

On the basis of the above-described methods, the values for the desired
quantities, i.e., the induced gammas and the attenuation factors, were estimated. As
described, the results for the direct flux in the detectors were weighted with high Monte
Carlo statistical errors. In the case of the variance-reduction techniques the statistical
errors were low (of the order of 1%), but since the uncertainty of the methods could not
be determined exactly, all the results are presented with a single significant digit.
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Source Modelling Above the Vacuum Port
The attenuation factors were estimated with the help of the biased source method. They
were calculated for the central (no. 15) and the edge (no. 11) channels. The results for
the attenuation are presented in Table 1.
Table 1: Attenuation factors (ratio of transmitted neutrons with/without neutron attenuator) calculated
with the method of the biased source for central and edge channels.

attenuation factors for source neutrons
central channel
0.01
edge channel
0.01

As described earlier, due to the difficulty in estimating the accuracy of the
method, the results are presented
attenuation factors for source neutrons
with single-digit accuracy.
central channel
0.01
The result for the transmission of
edge channel
0.01
neutrons is that roughly 1% of the
original, “plasma” neutrons are
Table 1: Attenuation factors (ratio of transmitted
transmitted
without
being
neutrons with/without neutron attenuator) calculated
scattered
down
by
the
water
in
the
with the method of the biased source for central and edge
attenuator. In the approximation
channels.
of the biased source, however, the
neutrons scattered into the detectors from the other side of the torus wall are not taken
into account. It is expected that the attenuation factors do not change significantly due
to this simplification. In fact, they would probably increase if the full plasma source was
used, since the scattered neutrons have lower energies and consequently shorter mean
free paths in water than the direct ones.
Neutrons scattered into the detectors
In addition to the transmitted neutrons, the neutrons that are scattered down in the
attenuator can reach the detectors. Their ratio was estimated with the WSSA source
method. The results are presented
scattered neutron per original
in Table 2.
neutron
-3

1⋅10
-2
1⋅10

As can be seen from Table
2, the number of scattered
neutrons, which could disturb the
Table 2: Number of neutrons scattered in the attenuator
detector response, is larger in the
into the detector per original neutron that would reach
the detector.
case of the edge channel with
respect to the central channel.
This is explained by the lower value of the signal in the edge channel, while the
absolute value of the scattered neutron flux is similar in both cases.
central channel
edge channel
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Induced γ rays
An important question prior to the calculations was the number of induced γ rays
that reach the detectors and originate from neutron absorption in the attenuator. The
result is presented in Table 3.
The number of the induced γ rays
hitting the detector per original
neutron that would reach the
detector is less than 1% for the
central and the edge channels. A
Table 3: Number of induced gamma rays in the
strong γ line is observed in the
attenuator hitting the detector per original neutron that
would reach the detector.
spectrum, which is the line due to
the thermal neutron capture on
hydrogen, with an energy of 2.22 MeV. Actually, more than half of all the induced γ
rays in the attenuator are concentrated in this line, and there are virtually no γ rays with
higher energies. This can be advantageous, since the knowledge about the energy of γ
rays originating from the attenuator can help in their discrimination from the plasma
ones by the spectrometer.
induced gamma per original
neutron
1⋅10-3
central channel
6×10-3
edge channel

Summary of the results
All the above results for the attenuation and scattering of neutrons and induced
gamma rays in the neutron attenuator can be summarized in a general result, presented
in Table 4.
We can see from the table that for
with attenuator
without attenuator
1 fast
1 thermal
1 gamma ray
each 100 neutrons that would
100 fast neutrons
neutron
neutron
(2.2 MeV)
reach the detector region without
Table 4: A general result for the number of particles
the attenuator in place, by
hitting the detector in the cases with and without the
introducing the attenuator only
neutron attenuator.
one direct neutron would reach
the detector, and additionally a scattered neutron and a gamma ray with the most
probable energy of 2.22 MeV would reach the detector. The above numbers are
conservative, meaning that the values for the scattered neutrons and induced gamma
rays are lower for most channels.
4

CONCLUSIONS AND OUTLOOK FOR 2008

The number of neutron-induced gamma rays and the attenuation factors for the
neutrons and the gamma rays in the neutron attenuator for the KN3 vertical camera
neutron attenuator were estimated. The estimations were performed on the basis of
Monte Carlo calculations using the MCNP5 code. Because of the extreme degradation
of the flux from the plasma to the KN3 detector position, the main emphasis of the work
was to develop three variance-reduction techniques for the specific case of the KN3
profile monitor.
The results were estimated on the basis of the combined results of these techniques and
can be summarized as:
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The ratio of the transmitted source neutrons through the attenuator is 0.01.
The ratio of the neutrons scattered into the detectors with respect to transmitted
neutrons is 0.1 for the central channel and 1 for the edge channel.
The number of induced gamma rays reaching the detectors per transmitted
neutron is 0.1 for the vertical channel and 0.6 for the edge channel. Their energy is 2.2
MeV (thermal neutron capture on H).
All the tasks planned for 2007 were accomplished. The outstanding issues,
which should be investigated in 2008, are the performance of similar calculations for
the horizontal neutron camera and the calculation of the neutron flux at the location of
the KN3 CsI(Tl) detectors. Another future task is the calculation of the CsI(Tl) detector
efficiency per incident neutron.
5
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1

INTRODUCTION

The main aim of the project was the intensification of the Monte Carlo neutron
calculations at JET and the upgrade of the existing MCNP (Monte Carlo neutron
transport code) model of JET. The MCNP calculations have been performed at JET for
a long time, but in recent years the amount of work on this topic has decreased. This
provided the opportunity for a number of calculations to be performed, which are
needed for the operation of JET, but are also very interesting from the scientific point of
view. The work was focused on the calculation of the neutron distribution in the torus
and its surroundings, needed for the understanding of the detector responses and a
possible future re-calibration of some detector systems with a californium source.
The main objective was, therefore, to provide additional information about the
neutron fluxes, complementary to the existing analytically calculated values. The
second goal was the improvement of the available MCNP model of JET to the current
state; the last changes in the torus have not been introduced into the model yet.
2

WORK PERFORMED IN 2007

The main objective of the work with the MCNP was the collaboration with the
neutron group at JET. Several calculations were performed to support the predictions
made by other methods, or to predict results that could otherwise not be obtained. In
accomplishing this task the JET MCNP models (three existing models) that were made
between 1998 and 2003 were examined and upgraded.
In view of the above tasks many problems have been addressed, among which
the most important were:
• the determination of the neutron spectrum on the position of the irradiation
end KN2;
• the change in the detection and spectrum due to the introduction of the Be
saddle tile;
• the scattering positions of neutrons into the IE detector;
• the activation coefficients;
• the influence of the introduction of Beryllium on the 14 MeV neutrons;
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•
•
•
•
•
•
•
•
•

the neutron multiplication in the torus;
the torus visualization using MCNP;
the comparison of the analytical solutions with the MCNP solutions;
the analyses of the LiH neutron attenuator;
the influence of the presence of polyethylene in the IEs;
the flux in the irradiation probe;
the angular dependence of the backscattered flux;
the gamma flux produced in the limiters;
the influence of the mushroom limiters on KN2.

In the text below, five of the most representative above-mentioned calculations are
discussed.
Determination of the response of the KN2 irradiation end
The possibility of a californium source calibration for the diagnostics systems at
JET exists and the predictions of the response are very important. For this purpose the
flux and

Figure 1: The positions of the neutron-scattering events for those neutron histories that contribute to the
KN2 response (positioned in the upper right-hand part of the torus), in the case of a plasma source - each
dot represents collisions for neutrons, ending in the irradiation position – the colour reflects the neutron
energy. A single neutron track (starting from the plasma and ending in the IE) is presented with the line.
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the spectrum at the position of the upper, inner irradiation end, the KN2, were
calculated.
The response to different sources has been investigated – in particular for the
252
Cf source at different positions in the torus and for the full plasma source. The results
showed good agreement with analytical calculations of the direct neutron flux; in
addition to this the scattered component was calculated with the Monte Carlo technique,
and it turned out to be much higher than the direct component in the case of no lower
cut-off energy for the neutrons. A procedure was developed to record the paths of the
neutrons prior to their absorption in the active material of the IEs, and it showed that the
number of scatterings is of the order of 100 per neutron. The positions of the neutronscattering events for those neutron histories that contribute to the KN2 response are
presented in Fig. 1 for the case of a plasma source. It also turned out that the structures
close to the diagnostics scatter a large fraction of neutrons into the detector, but do not
significantly influence its response. This information is important for future diagnosticspositioning planning.
Activation Coefficients
The activation coefficient (defined as the number of activations per source
neutron per target atom), which is an important factor in the evaluation of every shot,
was calculated for the last time in 2000. For the validation of the current model a recalculation was performed. The procedure was then repeated to obtain the required
coefficients for the 252Cf source case. The neutron spectrum at the position of the
irradiation end was calculated using the MCNP and then fused with the cross-section of
the detection material using the FISPACT code. In this way indium, as the activation
material in the irradiation end, was studied in terms of its efficiency.
The calculated activation coefficient for the DD plasma source for 115mIn was
3.66⋅10-31 and within the range of the previous calculations. The activation coefficient
for the Cf source, 30 cm directly below the irradiation end, was found to be 1.96⋅10-29.
Estimation of the Influence of a Be Wall
The future introduction of a Be wall into the torus was studied in terms of its
influence on detector systems. It turned out that in the case of DD plasma only small
differences between the fluxes in both cases were found. By studying the DT case, it
turned out, contrary to expectations, that the (n,2n) reaction on Be contributes only a
part (30%) to all the multiplication reactions on any material in the torus.
Neutron multiplication
DD
C
Be

1
1.0007

DT
1.1763
1.1976

3 MeV

5 MeV

1
1.008

1
1.02

Table 1: Net multiplication of neutrons with and without
Be for DD and DT plasmas and for “imaginary” sources
of mono-energetical energies of 3 and 5 MeV.
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the “imaginary” cases of a mono-energetic source with energies of 3 and 5 MeV was
studied (the spatial distribution was the same as in the plasma-source case). The reason
for the high multiplication in the case of the DT source is in the (n,2n) cross-section of
the other nuclei, also present in the torus in addition to Be, which becomes important or
dominant in comparison to the Be cross-section when the neutron energy exceeds a
value of approximately 7 MeV.
Activation of a LiH neutron attenuator

relative spectrum, relative T
production probability

The activation of a LiH neutron attenuator, used for the shielding of gamma
detectors in the roof-lab of JET, was analyzed with the MCNP. The value was required
for transportation purposes. A model of the attenuator was made and the result
compared with the
result obtained from
1.E+00
1000
a simple, analytical
1.E-01
calculation.
1.E-02
100
It turned out
1.E-03
that the scattering
paths
of
the
1.E-04
10
neutrons, prior to Li
1.E-05
activation,
are
1.E-06
1
T production density
complex and that a
average spectrum
1.E-07
simple
geometry
6Li T prod. XS
change
in
the
1.E-08
0.1
1.E-07 1.E-06 1.E-05 1.E-04 1.E-03 1.E-02 1.E-01 1.E+00 1.E+01
attenuator
setup
neutron energy [MeV]
reduces
the
activation by a
factor of three, and
Figure 2: Neutron spectrum averaged over the LiH cell, reaction
does not influence
cross-section for n(6Li,4He)T and the fusion of both, representing
the tritium production probability.
the
attenuation
characteristics. The
obtained results will be used for the planning of the installation of a future neutron
attenuator.
The activity of the sample due to the presence of T (reaction n(6Li,4He)T) after
neutron irradiation was found to be 6 Bq for an actual amount of 116g of LiH. All the
irradiation was assumed to have taken place shortly before the evaluation, and so the
delay of T was thus neglected. For a better understanding of the processes during the
activation, the neutron spectrum, spatially averaged over the whole LiH attenuator, is
presented in Figure 2. To obtain the activation density, this spectrum has to be fused
with the 6Li tritium production cross-section, both of which are presented in Fig. 2.
It was found that only 20% of all the neutrons that hit the lower surface of the LiH
attenuator directly are later absorbed by the 6Li to produce T. In addition to this, more
than twice this amount of T is produced by neutrons scattering into the attenuator
through side surfaces. The shapes of the fast flux and the thermal flux in the plane at the
bottom of the attenuator are presented in Figure 3.
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a)

b)

Figure 3: Shapes of the fast a) and thermal b) flux around and in the lower part of the LiH attenuator.
The structures of the attenuator (the innermost cylinder) and the supporting structures are presented in
the figure as semi-transparent.

Neutron Response of the Irradiation Probe
An irradiation probe is used inside the JET torus to measure the charged
particles at a position below one of the small vacuum ports. The activation materials –
Ti, B, LiF, B and W – are, however, sensitive to neutrons as well, and they influence the

relative n eu tro n flu x [cm -2 ]
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Figure 4: Neutron flux calculated with the MCNP in all the sample rings with respect to the azimuth
direction of the sample.
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response of the probe. The probe was thus modelled in the MCNP and the noise due to
neutron irradiation was calculated. The flux values were divided between the direct flux
and the scattered flux. The main contribution to the activation comes from the fast
neutrons (i.e., the direct neutrons). It turned out that the results in Figure 4 could explain
the behaviour of the spatial distribution of the activation. The neutron flux was
previously thought to be uniform at the position of the probe.
3

MCNP JET Model Upgrade

After familiarization with the existing MCNP model, parallel to the above
calculations the upgrade of the MCNP model was performed with the goal of
synchronizing it with the current status. The existing models date back from 1996 to
2001. It has was found, however, that due to the simplification of the MCNP model
with regard to the engineering model, only minor changes needed to be introduced into
the MCNP model. The best route for the accession of the model was found to be
studying the CATIA files. On the basis of these files an updated model was made. The
major changes with regard to the previously existing model were found to be the
introduction of an RF antenna, the lower hybrid and a change in the divertor. During the
model upgrade it was found that the CATIA files represent a good basis for the
assessment of the geometrical features of the model. The material compositions of some
of the components, in contrast, cannot be accessed from the CATIA files. In this case
direct contact with the designers from the Drawing Office is necessary.
4

CONCLUSIONS AND OUTLOOK FOR 2008

The main aim of the project was the intensification of the Monte Carlo neutron
calculations at JET and the upgrade of the existing MCNP model of JET.
A number of MCNP calculations have been performed, needed for JET’s
operation, but which were very interesting from the scientific point of view as well. The
work was focused on the calculation of neutron distribution in the torus and its
surroundings, in particular with the focus on the detector responses and a possible future
re-calibration of some detector systems with a californium source. The main objective
was to provide additional information about the neutron fluxes, complementary to the
existing analytically calculated values. Another goal was the improvement of the
existing MCNP model of JET to the current state.
Most of the tasks planned for 2007 were accomplished. The final upgrade and
testing of the JET MCNP model are still outstanding issues, due to the extent of the
work, and should be performed in 2008. In 2007, however, many of the tasks originally
not planned, but identified by the current needs of the neutron group, were defined and
performed.
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Igor Jenčič, Luka Snoj, Igor Lengar, Sabina Markelj, Radko Istenič, Matjaž Koželj,
Melita Lenošek, Tomaž Skobe, Borut Mavec, Saša Bobič, David Jezeršek, Saša Novak
Nuclear Training Centre, Reactor Physics Division, Department for Low and Medium
Energy Physics, Department for Nanostructured Materials, Jožef Stefan Institute
igor.jencic@ijs.si, sasa.novak@ijs.si

1

PERMANENT FUSION EXPO

The Nuclear Training Centre (http://www.icjt.org/an/index.htm) at the Jozef
Stefan Institute (http://www.ijs.si) has been hosting a permanent exhibition on fusion
technology and the ITER project for 2 years. Every year we have approximately 8000
visitors, mainly from primary and secondary schools (about one half of one school
generation in Slovenia).
In 2007 we were visited by 187
organized groups of 7904 visitors, mainly
youngsters from primary, secondary and
high schools. We were also often visited by
graduate and postgraduate students and
organized groups of adults.
We gave 25 lectures on fusion
technology and the ITER project and 35 on
radioactivity and radioactive waste. We also
gave 127 lectures on electricity from nuclear
energy, where we also talked about fusion as
a safe, sustainable and environmentally
responsible source of energy in the future.
We performed 187 experiments on
radioactivity and ionizing radiation and
provided 187 guided tours of the permanent
exhibition on fusion.
In 2007 we installed the plasma ball
and prepared a poster explaining it. An
experiment with fluorescent light bulbs (the
light bulb lights up when it is brought close
Figure 2:Plasma ball at ICJT
to the plasma ball) was also prepared.
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2

EDUCATIONAL PROGRAMME

At
Nuclear
Training
Centre
we
offer
three
lectures
(http://www.icjt.org/an/tech/predavanja/predavanja.htm) on the following topics: Fusion
Technology and the ITER Project, Electricity from Nuclear Energy and Radioactivity
and Radioactive Waste. After the lecture (which lasts approximately 45-60 min) all
visitors
attend
the
Radioactivity
workshop
(http://www.icjt.org/an/tech/predavanja/delavnica.htm), where visitors can get
acquainted with the types and sources of ionizing radiation and find out how to protect
themselves against different types of ionizing radiation. At the workshop we perform
several experiments with alpha, beta and gamma emitters. We can also "create"
radioactive sources by filtering the radon and its daughters from the air.
After the workshop all the visitors are taken to the permanent exhibition. One
part of the permanent
exhibition is devoted to
fusion technology and the
ITER project. In the fusion
exhibition
posters
from
Fusion Expo, the plasma TV
and the plasma ball are
exhibited. There we also
explain the basics of fusion
energy and show the plasma
TV and the plasma ball as
examples of plasmas in
everyday life. Among other
things we use the plasma ball
to perform experiments with
fluorescent light bulbs (the
Figure1: Radioactivity workshop
light bulb lights up when it
comes close to the plasma ball).

3

FUSION IN PRESS

In 2007 the word ”fusion“ appeared more frequently in popular articles than in
previous years. Fusion was mentioned as a possible new source of energy in political
speeches, at symposia (e.g., Symposium on the Environment: “Sustainable energy and
economy of hydrogen” in Celje), as well as in everyday discussions, but it obviously
attracted the attention of sociologists: In June 2007 Mrs Hudej, a student of Social
Sciences at the University in Ljubljana, defended her diploma work dealing with the
sociological aspects of nuclear fusion (Nina Hudej, Družbene posledice jedrske fuzije,
Diplomsko delo, Univerza v Ljubljani, Fakulteta za družbene vede, 2007). There were
also popular articles in daily newspapers supporting and criticising the idea of fusion
energy or the project itself (e.g., Marijan Koželj, " Razlogov za optimizem (skoraj) ni
(There is almost no reason for optimism", Delo, 23.8.2008.)
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It appears that the Slovenian Fusion Association is getting noticed by society,
probably mostly due to the easily found SFA web site. The head of the research unit and
the PI officer were contacted several times with different questions concerning fusion.
In this way we also had an opportunity to discuss with a journalist who was writing a
very negative article (he only asked for a little help in translating several professional
terms from French). We invited him to visit the Fusion Expo where he could get many
answers to his questions from professionals.
The SFA contributed a paper to one of the two high-circulation daily
newspapers “Dnevnik”, where the title “Fusion power plan – Science Fiction” tried to
attract the attention of fusion sceptics and offered a few answers to the usual questions
about the feasibility of the project as well as its sense. (Saša Novak. " Fuzijska
elektrarna - znanstvena fantastika?« Dnevnik, 11.08.2008). There was also a paper
written by Primož Pelicon. " Otvoritev nove žarkovne linije (Opening the new beam
line)" in Delo, 29.11.2008, which pointed out the use of the new beam line in fusion
research.
A lot of attention was given to an article in DELO, in the supplement Znanost
(Science), where Mrs Kontler Salomon reported on her discussion with the European
Commissioner for Science and Research dr. Janez Potočnik (Jasna Kontler - Salamon. "
Evropska flota 27. ladij končno pluje v isto smer (European fleet of 27 ships finally sail
in the same direction)", Delo, 19.7.2006).

4

TV PROGRAMME

In October 2007 at the Jožef Stefan Institute the national television station (Slo
1) filmed a programme about fusion. The contribution was part of a two-week series
Alpe-Jadran-Donava aimed at showing fusion as a potential source of energy for the
future and in particular to present the role of Slovenian scientists in the European fusion
programme. Prof. Milan Čerček, the Head of the Slovenian Fusion Association, briefly
described fusion basics, the concept of ITER and explained about the international
fusion programme and the role of the Slovenian research groups in it. In the second part
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Ms. Sabina Markelj and dr. Saša Novak briefly presented some of the fusion-related
research at the Department for Low and Medium Energy Physics and at the Department
for Nanostructured Materials.

Figure 2: Screen shots from the TV: (left) PhD student Sabina Markelj presenting the work at the
Microanalytic Centre; (Right) Dr. Goran Dražić observing a SiC-based composite in a transmission
electron microscope.

5

WEB SITE

Throughout the year David Jezeršek took care of editing the web page www.sfafusion.si and providing up-to-date information connected to fusion. A new section of
the site, "Jobs", was opened, which publishes job vacancies in the field of fusion energy.
The number of visits was slightly lower than in 2006 (1176 in 2007 and 1453 in 2006).

6

CONCLUSIONS AND OUTLOOK FOR 2008

The number of lectures on fusion is increasing every year. In 2007, 70% more
visitors chose to attend the lecture on fusion technology and the ITER project compared
to 2006. In 2008 we plan to translate the classroom poster on fusion energy and
distribute the posters to visitors. We expect a growing interest in fusion technology and
the ITER project and, as a consequence, more visitors.
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2
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using X-ray powder diffraction, University of Ljubljana, Diploma work (2007).
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Annex 1
Association EURATOM-MHEST Management structure
EURATOM

MHEST

European Fusion Programme
EU Commission
DG Research

Ministry for Higher Education, Science
and Technology
Republic of Slovenia

Steering Committee
EURATOM
Yvan Capouet
Steven Booth
Francesca Siniscalchi

MHEST
Bojan Jenko
Boris Pukl
Simon Ošo

Research Unit
Head of Research Unit: Milan Čerček
Assistants:
Technology – Jože Duhovnik
Underlying Technology – Saša Novak
Nuclear Technology – Andrej Trkov
Public Information – Saša Novak
Secretary: Uršula Turšič

Institutions within the Research Unit
1. Jožef Stefan Institute,
Jamova 39, 1000 Ljubljana, Slovenia
Tel.: +386-1-5885-450 Fax.: +386-1-5885-377
Web: htpp://www.ijs.si
Milan Čerček milan.cercek@ijs.si

with
University of Nova Gorica
Vipavska 13, 5000 Nova Gorica, Slovenia

University of Ljubljana,
Faculty for Electrical Engineering
Tržaška 25, 1000 Ljubljana, Slovenia

2. University of Ljubljana, Faculty for Mechanical Engineering,
LECAD Laboratory,
Aškerčeva 6, 1000 Ljubljana, Slovenia
Tel.: +386-1-4771-416 Fax.: +386-1-4771-156
Web: htpp://www.lecad.uni-lj.si
Jože Duhovnik joze.duhovnik@lecad.uni-lj.si
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Annex 2

Slovenian representatives in the European commmittees relevant to
fusion research and development

Consultative Committee for the EURATOM Specific Programme on Nuclear
Energy Research – Fusion (CCE-FU)
Bojan Jenko
Ministry for Higher Education, Science and Technology of
Republic of Slovenia
Milan Čerček

Head of Research Unit, Jožef Stefan Institute, Ljubljana

EFDA Steering Committee
Jože Duhovnik
University of Ljubljana
Milan Čerček
Head of Research Unit, Jožef Stefan Institute, Ljubljana
EFDA Scientific and Technical Advisory Committee (STAC)
Milan Čerček
Head of Research Unit, Jožef Stefan Institute, Ljubljana
EFDA Administrative and Financial Advisory Committee (AFAC)
Darko Korbar
Jožef Stefan Institute, Ljubljana
Public Information Group
Saša Novak
Jožef Stefan Institute, Ljubljana
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Annex 3

Financial Information

Key account figures of Association EURATOM - MHEST for 2007
General Support (20% EU contribution)
Physics
Underlying Technology
JET
EFDA Technology
EFDA Art. 5.1a (20% EU contribution)
EFDA Art. 5.1b (40% EU contribution)
Mobility
(100% EU contribution)
TOTAL
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Expenditure (Euro)
1,529.468
1,029.125
488.869
11,474
137.888
77.606
60.282
30.820
1,698.176
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Annex 4

Statistics

R&D projects in the Association EURATOM-MHEST for 2007
JSI
6
2
2
2
12

Physics
Underlying Technology
JET
Technology
TOTAL

ULJ
1
1
2

7
2
2
3
14

Manpower (ppy) for 2007
JSI
ULJ

Professional
10
3
13

Non professional
9
0
9

TOTAL
19
3
22

male 76%
female 24%

Association EURATOM-MHEST staff in 2007 by gender
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