
 

1. Fusion Plasma Physics 
 
Work in fusion plasma physics includes 8 physics tasks and 3 IFE “keep-in-touch” activity tasks. The 
tasks are grouped under the four following sub-headings: 

 
• Energy and particle confinement and transport 
 

o Tokamak modelling 
o Studies of material erosion and re-deposition on plasma-facing components from the 

TEXTOR tokamak 
 

• Fusion plasma diagnostics 
 

o Measurement of X-ray emission from tokamak plasma by use of matrix 
semiconductor detectors (MAST) 

o Development and application (Tore-Supra and CASTOR) of a diagnostic method for 
fast electron (and possibly fast ion) detection via Cerenkov radiation 

o Development and application of neutron diagnostics for magnetic confinement 
devices (FTU and W7-X) 

o Fusion reaction products (protons) detection using solid state nuclear track detectors 
for TEXTOR 

 
• Development of concept improvements: theory and modeling development for improved 

concepts 
 

o Stellarator (3D fluid) modelling for W-7X and TEXTOR-DED 
o Structural mechanical analyses in support of Wendelstein 7-X 
 

• Inertial fusion energy “keep-in-touch” activity 
 

o Investigation of the properties oh high-Z Hohlraum-like plasma with the use of ion 
and X-ray diagnostic 

o Application of intense laser pulses for the generation of picosecond ion beams of 
ultra-high ion currents densities relevant to the fast ignition of ICF targets 

o Shock-wave generation, energy transfer and crater creation by a powerful laser pulse 
in multi-layer media 

 
 

 
Selected illustration Ion pinhole-camera for experiments  
                     within the TEXTOR facility (see section 2.4 for details) 
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1.1. Measurement of X-ray emission from tokamak plasma by the use of matrix 
semiconductor detectors 

 
Leszek Ryć 

Institute of Plasma Physics and Laser Microfusion 
ryc@ifpilm.waw.pl 

 
Sławomir Jabłoński, Aldona Chojnacka, Jerzy Wołowski, Andrzej Dworakowski, Waldemar Figacz, 

Jacek. Kaczmarczyk, Jerzy Król 
 

 
Abstract 

 
The initial works realised in the range of the project are described. They include fabrication of an 
experimental CCD camera, a calorimeter and a vacuum stand for testing detectors. 

 
 

Summary 
 
The imaging of tokamak plasma in the soft range of X-ray emission gives the opportunity of 
determining the electron temperature distribution of the plasma and finding the electron temperature 
isotherm surfaces. Having such data it is possible to deduce the magnetic field structure, which is of 
importance for the scientific program realised on MAST. The aim of the project is fabrication and then 
installation on MAST an X-ray imaging system which will consist of several CCD pinhole cameras 
viewing the same plasma cross-section. The cameras will be equipped with different filters spanning 
different spectral regions. The temperature will be found knowing the slope of X-ray spectrum (the 
edge filter method). It is assumed that a one-channel PHA (Pulse Height Analyses) measuring system, 
that is of much better spectral resolution, will be additionally used for the investigation of details of 
the X-ray spectrum which would arise from plasma impurities. The semiconductor detector considered 
for the PHA measuring system will be cooled and it will be capable of collecting signals from 
individual quanta. 

 
 

plasma 
pinhole single detectors

or  CCDs

filters

 
Figure 1 The concept of measurement of plasma temperature. When using CCDs, a space distribution of the 

temperature is obtained 
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Figure 2 Overall view and internal structure of the CCD pinhole camera 

 

 
Figure 3 View of the calorimeter 

 
Conclusions 
 
The preparatory works done in the year 2005 were aimed at recognition the experimental conditions, 
completing the equipment needed for the future experimentation and preparing the software tools for 
acquisition and processing data from detectors. The experimental pinhole CCD camera was fabricated 
and an experimental stand for testing detectors partly completed. Computer codes for steering the 
camera and the deconvolution of the X-ray spectrum from experimental data was written. 
 
Collaboration 
 

Association EURATOM-UKAEA, Culham, England 
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1.2. Development and application (Tore-Supra and Castor) of a detection method for 
fast electron (and possibly fast ion) detection via Cerenkov-effect 

 
Lech Jakubowski 

The Andrzej Soltan Institute for Nuclear Studies 
jakubowski@ipj.gov.pl 

 
Marek Sadowski, Krzysztof Czaus, Karol Malinowski, Marek Rabiński, Jacek Stanisławski, 

Jarosław Żebrowski, Marcin Jakubowski, Paweł Karpiński, Andrzej Wiraszka 
 

Abstract 
 
To perform measurements of fast runaway electrons from MCF facilities, the authors proposed to use 
special Cerenkov-type detectors. These detectors are equipped with rutil or diamond radiators, which 
ensure high spatial- and temporal-resolution. Using Cerenkov-detectors one can investigate electrons 
of energy from several dozen keV up to a few MeV. 
 
 

Summary 
 
It is well known that high-current facilities of the Z-pinch or plasma focus type, high-voltage diodes, 
as well as high-temperature plasma devices of the tokamak type, are sources of X-rays, neutrons, ions 
and pulsed electron beams. In many plasma experiments, as performed during the recent years, 
particular attention has been paid to the emission of fast electron beams, because such beams can be 
used for various basic studies and applications. 

Diagnostic techniques used for measurements of pulsed electron beams have been improved 
continuously. These techniques make now possible the identification of electron beams, the 
determination of their spatial distribution, and measurements of their temporal characteristics. 
Research on time-correlations of pulsed electron beams with other phenomena (e.g. with the 
generation of X-ray pulses, with the emission of neutrons and energetic ion beams, etc.), are of 
primary importance not only for the verification of different theoretical models, but also for possible 
technological applications 

The main aim of this project is development of diagnostic techniques applicable for measurements 
of fast electron beams in tokamak experiments, e.g. in Tore Supra facility. These techniques should 
make possible the identification of electron beams, the determination of their spatial distribution, and 
measurements of their temporal characteristics. In order to determine emission characteristics of the 
pulsed electron beams the SINS team intends to use detectors based on the Cerenkov effect, since the 
emission of the Cerenkov radiation is almost instantaneous (it appears with a delay below 0.1 ns), its 
intensity is very high, and such detectors are characterized by very high spatial- and temporal-
resolution. In order to optimize the selection of thicknesses of the Cerenkov detectors and additional 
absorption filters (i.e. metal or other foils located in front of the Cerenkov radiator for the registration 
of fast electrons within the required energy range only), the first version of a computing program, 
needed to determine electron beam parameters after its penetration through different materials, was 
elaborated, but it still requires some improvements. Using the Cerenkov detectors, we would like to 
ensure the temporal resolution of about 1 ns, what could make possible to study the correlation of fast 
electrons (> 100 keV) with different instabilities. 

Modelling of the heat transport in a prototype Cerenkov detector system was performed, and as a 
result it was possible to compute transient temperature fields inside the filter layer, radiator-surface 
and its body (see Fig. 1). The admissible measurement time (i.e. the exposition of the detector to the 
electron flux) was assumed to be about 1 second, i.e. very short in comparison with the plasma 
duration within Tore-Supra (amounting to 360 seconds). Taking into account a relatively long time of 
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the ripple-electron emission, it was assumed that future measurements will be carried out with some 
repetition. During a single Tore-Supra discharge the Cerenkov-detectors will be introduced into the 
ripple-electron stream several times for short periods (e.g. < 1 s) by means of a special manipulator.  

The power flux of the Cerenkov radiation, which might be generated within the diamond radiators 
of different energy channels, was computed for different (assumed) energy distributions of electron 
streams. It was estimated that such power fluxes in the visible and near ultra-violet radiation range, 
under assumption that the electron beam cross-section is about 1 mm2, should be of the order of 
several tens microwatts. Using a quartz optical-cable of about 80 m in length and a typical photo-
multiplier, one could expect that the photocathode current should amount to 1 µA, what might be 
sufficient for the recording of the investigated Cerenkov radiation. 

On the basis of the performed analysis and computations, a fore-design of the Cerenkov measuring 
head has been elaborated and it should be discussed with our partners in Cadarache soon, in order to 
facilitate its manufacturing. Simultaneously, an analysis of the experimental conditions within the 
CASTOR facility, which is operated at IPP in Prague, has been performed. A prototype Cerenkov-
detector system for this experiment has been designed, as shown in Fig. 2. 

 

 

 

 

Figure 1 Temporal changes of temperature upon 
the 0.1-mm-thick Mo-filter and the 
end-surface of a 20-mm-long Mo-rod. 
A 1-mm-thick diamond radiator is 
placed between the Mo-filter and Mo-
rod (heat sink) 

 

Figure 2 Cerenkov-detector head designed especially for 
CASTOR facility 

 

Conclusions  
 
1. Cerenkov-type detectors seem to be suitable diagnostic tools for studies of fast electrons, 

which escape from the tokamak plasma. 
2. A prototype Cerenkov-type detector system was designed and manufactured at IPJ for 

CASTOR experiment. 
3. Another prototype Cerenkov-type detector system, adapted especially for TORE-SUPRA 

facility, is under elaboration for final discussions with French partners at CEA Cadarache.  
 
Collaboration 
 

Association EURATOM–CEA, Cadarache, France 
Association EURATOM–IPP.CR, Prague, Czech Republic 
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1.3. Development and application of neutron diagnostics based on activation method 
for magnetic confinement devices 

 
Marek Scholz 

Institute of Plasma Physics and Laser Microfusion 
marek@ifpilm.waw.pl 

 
Adam Szydłowski, Sławomir Jednoróg, Lech Karpiński, Krzysztof Czaus, Barbara Bieńkowska, 

 Witold Pawlak, Ryszard Matulka, Adam Ziółkowski, Krzysztof Pytel, Marian Paduch, 
 Rafał Prokopowicz, Krzysztof Wincel, Krzysztof Gniadek 

 
Abstract 

 
Silver and indium-detectors have been used since the very beginning of plasma experiment to measure 
the total neutron yield and neutron angular distribution. This paper reports on application of other 
materials to measure neutron yields, primarily in Plasma Focus and then in tokamak experiments. The 
obtained results are quite encouraging and the determined neutron emissions are comparable with 
those obtained by means of the silver activation counters.  
 
 
Summary 

 
The neutron activation methods have been used for a long time to determine the neutron fluence at 
measuring points. These methods have been developed to such a degree that they permit the energy 
spectra of the recorded neutron to be deduced. To perform such measurements a small sample of a 
suitable isotope (or isotopes) is placed close to the plasma. After irradiation with neutrons (from one 
or more discharges) the samples is removed and the activity of the induced radionuclide is measured. 
The number of nuclei activated during the discharge is then estimated from a decay law. In principle, 
it is possible to calculate the total number of neutrons emitted from the plasma taking into account 
geometry of the stellarator or tokamak and the sample position. There exists a group of isotopes which 
can be used as samples to perform activation measurements under different conditions. Using 
materials with a suitable threshold energy and the cross-section of the activation reaction, one can 
measure the neutrons with energies 14.1 MeV, 2.45 MeV, and scattered neutrons separately.  

The first stage of neutron activation studies is to select the appropriate set of neutron activation 
foils, depending on the anticipated measurement conditions, i.e. the neutron yield and resulting 
neutron flux in the measurement position, mechanical and thermal limitations while exposing to the 
neutron field, the activity measurements etc 

One can select isotopes with a suitable cross section of the activation reaction and adequate 
dependence of this cross section on the neutron energy to measure neutrons of different energy.  

To perform measurements based on the activation method a set of various materials (activators) 
was recently purchased in our laboratory (altogether 15 samples). Taking into consideration the cross 
section of the activation reaction of different isotopes various activators were selected such as : Hf, In, 
Cd, Ni, Ti and Au.  The first test measurements were carried out on the PF-1000 plasma focus facility. 
This facility is operated at the IPPLM and produces high- temperature plasma (Ti ~ 1 keV) of a short 
life-time ~ 200 ns. In discharges, which are performed in D2 gas, nuclear reactions occur in the plasma 
and the facility emits intensive bursts of 2.5 MeV neutrons (up to 1012 neutrons per discharge). 
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Figure1 Activation samples attached to the detector holder 
 

Conclusions  
 
These primary results show that isotopes with a suitable cross section of the activation reaction can be 
tested by a well defined deuterium plasma neutron source like a plasma-focus device. One can see that 
the total neutron yield values, which were determined from the induced γ-activities (in different 
materials) are comparable to those, which were measured by means of a calibrated silver activation 
counter. 

It can be seen that results from measurements of indium’s activity are burden with very high 
uncertainty from discrepancy between the library’s cross-sections data for both reactions. 

It seems, that indium is a more suitable material and it has already been applied at JET and PLT to 
measure d-d neutrons but there are plenty of isotopes of a different half-life time, which can be used to 
perform measurements during and every discharges and during a longer lasting experiments.  
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1.4. Fusion reaction products (protons) detection using solid state nuclear track 
detectors for TEXTOR 

 
Adam Szydłowski 

The Andrzej Soltan Institute for Nuclear Studies 
szydlowski@ipj.gov.pl 

 
Marek Sadowski, Aneta Malinowska, Karol Malinowski, Marek Rabiński, Robert Mirowski,  

Mirosław Kuk 
 

Abstract 
 
Fusion reaction products are an abundant source of information on plasma parameters and nuclear 
reaction mechanism. To measure 3 MeV protons, which are emitted from TEXTOR tokamak plasmas, 
the authors proposed to use solid-state nuclear track detectors of the CR-39 type. A special ion pinhole 
camera was constructed at IPJ to perform such measurements. This camera will be equipped with a 
track detector and after that it will be fixed to a water cooled manipulator and located within the 
TEXTOR vacuum vessel. Such equipment will enable to measure a spatial distribution of the fusion 
reaction proton emission source.  
 
 

Summary 
 
Fast ions are produced in contemporary high-temperature plasma experiments by fusion reactions, 
acceleration processes, neutral beams injection, and RF-heating. Fast ions usually escape from plasma 
and they can be measured by charged particle detectors located at the edge of the plasma. 
Experimental analysis of these ions can provide valuable information on the confinement and slowing 
down of the fast ions and especially of the alpha particles in tokamak plasmas. The ion temperature 
and concentration, particle losses, non-Maxwellian fractions of nuclear reaction reagents can also be 
evaluated from the measurements of fusion product fluxes and their energy spectra. The relevant 
diagnostic equipment is required to analyze effectively fast ions, which escape from the plasma. Solid-
state nuclear track detectors (SSNTDs) seem to be suitable enough to accomplish this task. 

SSNTDs have found wide applications in many fields of science and technology, and also in high-
temperature plasma experiments. SSNTDs are not free from certain drawbacks, such as rather low 
energy resolution (~200 keV), time-consuming scanning, and lack of instantaneous response, but they 
have many advantages. In particular, SSNTDs are cheap, easy to use, and they can be used in any size. 
These detectors can be operated at different environmental conditions, even under vacuum. Since 
SSNTDs need no electronics, they can be employed under conditions of intense, variable 
electromagnetic fields of high-temperature plasma facilities. Another advantage is that SSNTDs are 
insensitive to electromagnetic radiation pulses and electron fluxes up to very high doses. Using these 
detectors, first attempts to measure the fusion-reaction protons emitted from the TEXTOR tokamak 
plasma were made in December 2005. 
 



 Annual Report 2005 

 

9

 
 

Figure 1 Scheme of the miniature ion-pinhole camera designed for TEXTOR experiments (above) and pictures 
of the input pinhole (on the left) 

 

 

Figure 2 General view of the main parts of the 
miniature (about 90 mm in diameter) ion-
pinhole camera, which was designed and 
constructed at IPJ in Swierk, Poland, for 
experiments within the TEXTOR facility 
operated at IPP, Juelich, Germany. 
Exchangeable supports of nuclear track 
detectors are shown in the left-bottom 
corner. The pinhole holders are visible in the 
left-upper corner 

 

 
Conclusions  
 

1. Solid-state nuclear track detectors seem to be suitable diagnostic tools to analyze effectively 
fast ions, which escape from the tokamak plasma. 

2. A small ion pinhole camera equipped with SSNTDs was manufactured at IPJ for the TEXTOR 
experiment. 

 

Collaboration 
 

Association EURATOM–Belgium State, Royale Military Academy (ERM/KMS), Brussels 
Association EURATOM–FZJ, Institute of Plasma Physics, Juelich, Germany 
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1.5. Tokamak modelling 
 

Roman Zagórski 
Institute of Plasma Physics and Laser Microfusion 

zagorski@ifpilm.waw.pl 
 

Roman Stankiewicz, Marek Scholz 
 

Abstract 
 
The research work devoted to tokamak theory is concerned with edge plasma physics, plasma wall-
interactions and core-edge coupling studies. This activity expresses the experience of the IPPLM 
theory group in the theoretical investigations of plasmas in toroidal devices and is aimed at the 
developing of validated models and numerical codes for present day tokamaks and for ITER. It is 
based on extensive co-operation with TEXTOR and FTU Teams regarding the theoretical 
investigations of the edge plasma and interpretation of experimental measurements. Important part of 
our research program is devoted to the development of numerical models and codes for ITER 
tokamak, in particular global models being able to describe self-consistently burning plasma in fusion 
reactors. 
 
 
Summary 
 
The modelling activity in 2005 was concentrated on two main subjects: numerical investigations with 
the 2D multifluid code TECXY of the edge plasma parameters in limiter tokamaks (TEXTOR, FTU, 
Tore-Supra) and the self-consistent description of the core and the edge plasma in tokamaks, in 
particular in the tokamak-reactor.  

A study of the influence of the Dynamic Ergodic Divertor (DED) on transport and radiation of 
intrinsic carbon in TEXTOR has been done, based on calculations with the TECXY code and 
experimental data from spectroscopic diagnostics. This allows to investigate the transport properties of 
carbon and the contamination of the main plasma for a variety of experimental conditions. In the work 
we have concentrated on the 12/4 mode of TEXTOR-DED operation (m/n = 12/4, where m, n are the 
poloidal and toroidal modes numbers of the helical perturbation field, respectively).. The radial decay 
length of the 12/4 mode is very short and in order to maximize the field penetration, the plasma 
column has to be shifted horizontally towards the HFS. Both the simulation and the experimental 
evidence indicate that the main changes are related to the horizontal shift of the plasma column rather 
than to the stochastic transport itself. A high recycling regime with good impurity screening has been 
predicted for the 6/2 mode by numerical simulations. 

The extended version of the COREDIV code has been used to analyse the combined effect of 
different impurity species on the ITER operation regimes. The core plasma is treated in the frame of 
1D radial transport model whereas in the edge the 2D multifluid code EPIT is used. More details on 
the model can be found in Ref. [R. Zagórski and R. Stankiewicz, J. Nuclear Materials, vol. 313-316 
(2003) 899]. The steady states of ITER reactor have been studied numerically and the influence of the 
core-edge coupling due to the production of the sputtered impurities has been analyzed for nickel and 
carbon plasma facing components. The effect of injected impurities on the divertor operation and heat 
removal is addressed. 
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Figure 1 Experimental ratios of radiation, Zeff, 
and carbon ions intensities: (a) ratio of 
shifted case to reference case and (b) 
ratio of stochastic (shifted) case to 
unperturbed (shifted) case 

 

Figure 2 Plasma parameters in the reactor for Nickel 
plate and for various intensities of impurity 
gas-puff source 

 
Conclusions 
 
The tokamak modeling in 2005 was concentrated on two main subjects: numerical investigations with 
the 2D multifluid code TECXY of the edge plasma parameters in limiter tokamaks (TEXTOR, FTU, 
Tore-Supra) and on the self-consistent description of the core and the edge plasma in tokamaks, in 
particular in the tokamak-reactor.  

 A study of the influence of the Dynamic Ergodic Divertor (DED) on transport and radiation of 
intrinsic carbon in TEXTOR has been done, based on calculations with the TECXY code and 
experimental data from spectroscopic diagnostics.  

The extended version of the COREDIV code has been used to analyze the combined effect of 
different impurity species on the ITER operation regimes. The steady states of ITER reactor have been 
studied numerically and the influence of the core-edge coupling due to the production of the sputtered 
impurities has been analyzed for nickel and carbon plasma facing components. 
 
Collaboration 
 

Association EURATOM–FZJ, Institute of Plasma Physics, Juelich, Germany  
Association EURATOM–Belgian State, University of Gent, Gent, Belgium  
Association EURATOM–ENEA, Energy Research Center, Frascati, Italy 
Association EURATOM–VR, Alfven Laboratory, Royal Institute of Technology (KTH),      

Stockholm, Sweden 
Association EURATOM–FZJ, Institute of Plasma Physics, Juelich, Germany 
Association EURATOM–UKAEA, Culham Laboratory, United Kingdom 
Association EURATOM–CEA, Cadarache, France 
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1.6. Stellarator (3D fluid) modelling for W-7X and TEXTOR-DED 
 

Roman Zagórski 
Institute of Plasma Physics and Laser Microfusion 

 zagorski@ifpilm.waw.pl 
 

Włodzimierz Stępniewski 
 

Abstract 
 
A transport model based on the idea of local magnetic coordinates has been applied to investigate 
energy transport in complex 3D geometries. A numerical method based on the finite difference 
concept which uses an unstructured grid has been developed. The grid is generated by field-line 
tracing to guarantee complete decoupling between the parallel and perpendicular transport. A 
numerical mesh for TEXTOR-DED m/n = 12/4 mode of operation has been prepared. Two approaches 
have been applied to resolve the radial transport on each Poincare´ surface. The first one uses the finite 
volume ansatz and it presupposes a triangulation applied to the grid points in order to obtain the 
neighborhood information and to define computational cells (volumes). Due to problems with the 
triangulation method a novel algorithm for the discretization of the radial transport has been developed 
based on the free-points concept. 
 
 

Summary 
 
The effect of magnetic-field-line ergodisation that destroys poloidal magnetic surfaces imposes the 
need for plasma transport models to be able to describe this properly. A prerequisite for a proper 
transport model is the concept of local magnetic coordinates allowing a correct discretization of the 
transport equations with minimized numerical errors. For the simulation of plasma transport in 
complex 3D edge geometries, a numerical method based on the finite difference concept has been 
developed, using a custom-tailored unstructured grid in local magnetic coordinates. This grid is 
generated by field-line tracing to guarantee complete decoupling between the large parallel transport 
along B and that perpendicular to B. Therefore, the radial and parallel fluxes can be effectively 
separated and the parallel and radial dynamics can be treated independently in the numerical method. 
In the FINITE code, the finite volume ansatz had been employed originally in order to resolve the 
radial transport on each Poincare´ surface. This method of solution presupposes a triangulation applied 
to the grid points, in order to obtain the neighborhood information and to define computational cells 
(volumes). Due to the complexity of the mesh structure the triangulation procedure usually causes 
severe numerical problems. Therefore, we follow the idea to bypass the triangulation process and to 
base the solution algorithm for the radial transport on the free-points concept, i.e. the method already 
implemented in the Z-pinch transport code [K. Jach et al., ”Computational modelling of the dynamical 
systems with the free-points method”, Polskie Wydawnictwo Naukowe, Warsaw (2001) (in Polish)]. 
The finite difference code FINITE, originally developed for the stellarator geometry has been applied 
to investigate the energy transport also in the 3D TEXTOR-DED (Dynamic Ergodic Divertor) 
tokamak configuration. In particular, we concentrate on the comparison between two different 
algorithms for solving the radial part of the electron energy transport equation. 
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Figure 1 Neighborhood structure of the TEXTOR mesh 

produced with the Delaunay triangulation 
algorithm. Mesh points are marked in blue and 
connections between them in red 

 

Figure 2 Neighborhood structure of the TEXTOR mesh 
produced with the free-points method (number of 
neighbors for each point m=8). Mesh points are 
marked in blue and connections between them in 
red 

 

 

Figure 3 Temperature profiles in the edge of TEXTOR-
DED. A free-points method was used with 8 
neighbors for every mesh point 

 
Conclusions  
 
The preliminary results of calculations indicate that the solutions obtained by both approaches are to 
large extent similar (identical). However, the new algorithm manifests better behaviour in the places 
where the structure of the numerical mesh is rather complex and the Delaunay triangulation introduces 
very steep gradients.  

 
Collaboration 
 

Association EURATOM–IPP, Max-Planck Institute of Plasma Physics, Greifswald, Germany 
Association EURATOM–FZJ, Institute of Plasma Physics, Juelich, Germany  
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1.7. Structural mechanical analyses in support of Wendelstein 7-X 
 

Krzysztof J. Kurzydłowski 
Warsaw University of Technology, Materials Science and Engineering Faculty 

kjk@inmat.pw.edu.pl 
 

Grzegorz Krzesiński, Tomasz Zagrajek, Piotr Marek, Romuald Dobosz, Paweł Czarkowski, 
 Tomasz Boguszewski 

 
Abstract 

 
The objective of the Wendelstein 7-X (W7-X) project is construction of a stellarator. The plasma in 
this kind of device is isolated and stabilized by a magnetic field of unusually complicated shape. Due 
to the magnetic confinement and the resulting large and complex magnetic field coil structure, 
electromagnetic forces play a dominant role in the design of fusion devices. Therefore numerical 
analyses are needed to solve some problems concerning these forces. Most important connections 
between support structure and coils were analyzed using Finite Element Method for pointing out 
potentially dangerous regions. 
 
 

Summary 
 

The magnet system of the Wendelstein 7-X stellarator device includes 50 non-planar and 20 planar 
coils. They are toroidally arranged in 5 identical sections. The coil loads results from device operation 
are taken by a central support ring. They are transferred from each coil to the support ring via two 
connection beams. Each one is made of two parts, which are welded to the support ring and the coil 
case, respectively, and joined together during assembly by long pre-stressed bolts.  

During operation at 4K the superconducting coils exert high forces and moments against each other 
and against the central support structure, which is the main connecting structure to the coils. The 
design of the detailed coil-support connections has been a critical item for W7-X. The connections are 
characterized by a low length/height ratio (L/h), therefore the analytical approach on the basis of beam 
theory is not sufficient to assure reliable operation in W7-X. 

Detailed numerical analyses of these connections are needed to finalize the design details and to 
verify the selected design solutions. In order to allow precise positioning of the coils during assembly 
and to transfer the forces (tension and shear) and the moments (bending and torsion) from the coils to 
the structures, shims have to be applied in the bolted connections. In some places, due to assembly 
constraints, these shims may not be applied or need a modification of their geometry. 

In 2005 analyses were divided into two stages. Every stage contains several connections for 
analyzing. In each case first step was to collect boundary conditions with loads. Boundary conditions 
were created in agreement with technical drawings supplied by ENSA, manufacturer of central ring 
and extensions, as a result geometry of models always represents all structurally important details. 

Analyses were performed in elasto-plastic field using Ansys system with focused attention, in 
particular, on the following: 

• Estimation of the maximum gap between the parts being in contact 
• Stresses and forces in the wedges  
• Stresses within welds 
• Stress concentrations leading to local yielding of the material 
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Figure 1 FE models of the connections: NPC3-Z2, NPC4-Z2 
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Figure 2 FE models of the connections: NPC2-Z2, PA-Z2, PB-Z1 

 
 

Conclusions  

 
This program is essential for finding out critical regions of Wendelstein 7-X support structure. In 
detailed models all weak points can be closely examined and eliminated or reinforced in real 
construction. 

 
Collaboration 
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1.8. Studies of material erosion and re-deposition on plasma-facing components from 
the TEXTOR tokamak 

 
Elżbieta Fortuna/Krzysztof J. Kurzydłowski 

Warsaw University of Technology, Materials Science and Engineering Faculty 
elaf@inmat.pw.edu.pl 

 
 Michał  Miśkiewicz, Marcin Pisarek, Witold Zieliński 

 
Abstract 

 
In order to improve understanding of the mechanisms of materials erosion and re-deposition, studies 
of the microstructure and chemical composition of the plasma facing components originating from the 
TEXTOR tokamak were carried out. In particular the following tasks were performed:  
1. characterization of co-deposits, flakes and dust, 
2. characterization of plasma-induced damage in high Z metals used as limiters, 
3. characterization of erosion zones of various graphite PFCs. 
 
 
Summary 
 
Major issues in plasma-material interactions are associated with the assessment of material lifetime 
and long-term fuel retention in plasma facing components (PFCs). This rationalized studies of material 
migration, i.e. material erosion by various physical and chemical processes, transport of eroded 
species and their re-deposition. All these processes significantly modify the morphology of PFCs. 
Present-day devices are operated mainly with carbon walls (graphite and carbon fibre composites - 
CFC), but other important materials have also been tested: beryllium in JET and tungsten in ASDEX-
U and TEXTOR. Behaviour of many other materials (elements, alloys and composites) under plasma 
impact has also been studied. As a result, three elements have been selected for different parts of wall 
in the next-step device (ITER): beryllium for the main chamber, tungsten for the dome and upper part 
of vertical targets, whereas CFC will be placed in the lower part of the divertor, i.e. in areas of the 
greatest power deposition.  

The access to in-vessel components in ITER will be extremely limited. This calls for very detailed 
examination of PFCs from present-day machines in order to determine material mixing, damage to 
PFCs, dust production mechanism and fuel inventory. All these elements are included in our research 
programme. 

The understanding of erosion mechanisms is required for safe operation of a reactor-class device. 
This justifies investigations of erosion and deposition processes to be continued with new 
experimental and analytical tools currently available. 

In order to give better understanding of the mechanisms of materials erosion and re-deposition 
studies of the microstructure and chemical composition of the plasma facing components originating 
from the TEXTOR tokamak were carried out. The investigated elements included: erosion zones on 
the graphite tiles from the ALT II and auxiliary inner bumper limiters, re-deposition zones of ALT II 
graphite tile, co-deposits (flakes removed from the ALT II graphite tile and RF antenna), damaged 
tungsten coatings from the graphite limiters and thin tungsten coating on the experimental graphite 
tile. The examinations were performed using the following microscopic and analytical capacity 
available at WUT: Scanning Electron Microscope equipped with EDS and WDS, Auger Electron 
Microscope (with XPS attachment), Transmission Electron Microscope, Atomic Force Microscope 
and X-ray diffractometer. 
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Figure 1 SEM images of deposits from (a-b) ALT II tile and (c-d) ICRF antenna grill 

 
Summary  

Examinations of deposits 
1. The overall morphology and composition of the two types of co-deposits (from the ALT II 

plate and the antenna grill) differs significantly. The most remarkable differences are in the 
structure and the contents of carbon and deuterium. The reason for this diversity is the most 
probably associated with conditions accompanying the film formation: the temperature, angle 
of particle impact and the energy range of incoming species 

Characterization of plasma-induced damage in tungsten coatings of graphite limiter 
1. Both erosion and deposition zones were present at the tungsten coatings surface, depending on 

their position. The eroded zone was significantly smoother than as deposited surface, locally 
some surface cracks were found. The main elements occurring in the deposit were except 
tungsten, carbon, silicon and boron. The carbon was present in the carbides form. 

2. During plasma exposure the Re-W multilayer disappeared, instead the brittle intermetallic σ 
phase formed. The main reason for this phenomenon is mutual diffusion and solubility 
between W and Re. 

Examinations of erosion zones of graphite PFCs 
1. The main result is that the surface in the erosion zone exposed to a high dose of high-flux 

plasma is much smoother in the comparison to a virgin one. The formation of strongly 
cratered surface has not been observed. 

2. The presence of plasma impurity atoms (e.g. metals) is detected predominantly in small 
cavities acting as local shadowed areas on the surface. One may also expect that more 
deuterium is retained in cavities and other shadow-creating surface imperfections than on flat 
parts of the erosion dominated areas. 

 
Collaboration 
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