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ASSOCIATION EURATOM/IPP.CR

PREFACE

This report summarizes the main activities and achieved results of the Association
EURATOM/IPP.CR in the year 2007. The Association participates in the joint European
effort in mastering controlled fusion by carrying out relevant plasma physics and technology
R&D, including participation in JET and other European devices and activities related to the
international fusion experiment ITER.

The Association was founded on December 22, 1999 through a contract between the
European Atomic Energy Community (EURATOM) represented by the FEuropean
Commission and the Institute of Plasma Physics, Academy of Sciences of the Czech Republic
(IPP). Several other institutions have been included in the Research Unit to contribute to the
work programme in physics and technology research:

» Faculty of Mathematics and Physics, Charles University in Prague

= Institute of Physical Chemistry, v.v.i., Academy of Sciences of the Czech Republic
» Faculty of Nuclear Science and Physical Engineering, Czech Technical University
* Nuclear Physics Institute, v.v.i., Academy of Sciences of the Czech Republic

= Nuclear Research Institute, Rez, Plc

» Institute of Applied Mechanics, Brno, Ltd

The overall manpower involved in the Association’s fusion research at the end of 2007 was
110, of which 85 (77%) were professionals (i.e. those with a University degree). The total
effort expended is about 52 person years of which roughly 61% was devoted to physics tasks
and the remaining 39% to underlying technology and technology tasks. The overall 2007
expenditure was about 4.87 M€ (the major part of which, 2.87M€, was spent on the
COMPASS project).

Our activities in physics were based on the approved Work Programme 2007 both in
experiment and theory. With the tokamak CASTOR decommissioned at the end of 2006, and
its successor, the COMPASS tokamak under reinstallation, the fusion-relevant plasma physics
was oriented namely to the preparation for scientific exploitation of COMPASS and on
research in the framework of international collaborations. The research was focused on the
study of phenomena at the plasma edge, part of our activities was devoted to studies of wave-
plasma interaction and analyses of plasma — fast particles interaction. Some selected atomic
processes relevant to fusion plasmas, such as the interaction of molecular ions with first wall
elements, were studied in test-bed experiments. The research was performed in collaboration
with 17 other Associations (CEA, CIEMAT, Conféderation Suisse, ENEA, Etat Belge, FZK,
HAS, IPP, IPPLM, IST, MEAC, OAW, TEKES, UKAEA, VR, INRNE.BG, FOM) and JET
EFDA.

In the technology area, the R&D was substantially enhanced and focused on the fields
Vessel/In Vessel, Tritium Breeding and Materials and Physics Integration. In total 19
Technology / Underlying Technology Tasks were worked upon, mostly exploiting the
cyclotron, the fission reactor and computational capabilities of our Association.

In 2007, a significant part of our manpower concentrated on preparation of the IPP site for the
arrival of the COMPASS tokamak, its dismantling in Culham Science Centre and the first
steps of its reinstallation in Prague. Tokamak COMPASS arrived to Prague on 20™ October
2007 and was fixed in its final position on 18" December 2007. For more details see the
Appendix to this Annual report.

Pavol Pavlo
Head of Research Unit
Association EURATOM/IPP.CR
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1 Association EURATOM/IPP.CR

Composition of the Research Unit

IPP

JHIPC

NPI

1AM

Institute of Plasma Physics, v.v.i.,
Academy of Sciences of the CR
Address: Za Slovankou 3,
182 00 Praha 8, Czech Republic

Tel: +420 286 890 450
Fax: +420 286 586 389
Contact Person: Jan Stockel

e-mail: stockel@ipp.cas.cz

J Heyrovsky Institute of Physical

Chemistry, v.v.i., Academy of

Sciences of the CR

Address: DolejSkova 3,

182 23 Praha 8, Czech Republic

Tel: +420 266 053 514

Fax: +420 286 582 307

Contact person: Zden¢k Herman
zdenek.herman@jh-inst.cas.cz

Institute of Nuclear Physics, v.v.i.,
Academy of Sciences of the CR
Address: 250 68 Rez, Czech Republic
Tel: +420 266 172 105 (3506)
Fax: +420 220 941 130
Contact person: Pavel Bém

e-mail: bem@ujf.cas.cz

Institute of Applied Mechanics Brno,
Ltd.
Address: Veveri 85,
611 00 Brno, CR
Phone: +420 541 321 291
Fax: +420 541 211 189
Contact person: Lubomir Junek
e-mail: junekl@uam.cz

FMP

FNSPE

NRI

Faculty of Mathematics and Physics,
Charles University
Address: V HoleSovi¢kach 2,
182 00 Praha 8, Czech Republic

Tel: +420 221 912 305
Fax: +420 221 912 332
Contact person: Milan Tichy

tichy@mbox.troja.mff_cuni.cz

Faculty of Nuclear Science and
Physical Engineering,
Czech Technical University
Address: Bfehova 7,
115 19 Praha 1, Czech Republic
Tel: +420 224 358 296
Fax: +420 222 320 862
Contact person: Vojtéch Svoboda
svoboda@br.fjfi.cvut.cz

Nuclear Research Institute Plc., Rez
Address: 250 68 Rez, Czech Republic
Tel: +420 266 172 453
Fax: +420 266 172 045
Contact person: Karel Splichal

e-mail: spl@ujv.cz
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Steering Committee

EURATOM IPP.CR
Yvan Capouet, Head of Unit RTD J4 Ivan Wilhelm (Charles University)
Steven Booth, Scientific Officer RTD J4 Petr Kienek (Ministry of Education, Youth and Sports)
C. Dedeu Fontcuberta, Administrator RTD J5 Pavel Chraska (Institute of Plasma Physics)
Head of Research Unit Secretary of the SC
Pavol Pavlo Jan Mlynar

International Board of Advisors of the Association EURATOM-IPP.CR

Prof. Hardo Bruhns Chair

Dr. Carlos Hidalgo CIEMAT, Madrid, Spain

Dr. Jochen Linke Forschungszentrum Jiilich GmbH, Jiilich, Germany

Dr. Bernard Saoutic CEA Cadarache, France

Prof. Fernando Serra Centro de Fusao Nuclear, Lisboa, Portugal

Dr. Wolfgang Suttrop Max-Planck-Institut fiir Plasmaphysik (IPP), Garching, Germany
Dr. Martin Valovi¢ UKAEA, Culham laboratory, United Kingdom

Prof. Guido Van Oost Ghent University, Gent, Belgium

Dr. Henri Weisen EPFL, Lausanne, Switzerland

Dr. Sandor Zoletnik RMKI KFKI, Budapest, Hungary

The Board was established to help with the formulation of scientific program, and to assess the scientific achievements of the
Association EURATOM-IPP.CR.

Representatives of the Association in European Committees

Consultative Committee for the EURATOM Specific Programme on Nuclear Energy Research —
Fusion (CCE-FU)

Pavel Chraska Institute of Plasma Physics, Academy of Sciences of the Czech Republic
Milan Tichy Faculty of Mathematics and Physics, Charles University, Prague

Scientific and Technical Advisory Committee

Jan Stockel Institute of Plasma Physics, Academy of Sciences of the Czech Republic

EFDA Steering Committee

Jan Kysela Nuclear Research Institute pls., Rez

Pavol Pavlo Institute of Plasma Physics, Academy of Sciences of the Czech Republic
Governing Board of the European Joint Undertaking for ITER and the Development of Fusion
Energy (“Fusion for Energy”)

Pavol Pavlo Institute of Plasma Physics, Academy of Sciences of the Czech Republic
Milan Zmitko Nuclear Research Institute pls., Rez



2 Manpower and Budget

Manpower Analysis of the Association EURATOM/IPP.CR in 2007

STAFF, PY STAFF, Person

Institution Non-

Physics | Technology | TOTAL | Female | Male | Prof. Prof TOTAL | Total, %
IPP 30.13 259 3272 10 49 43 16 59 53.7
FMP 1.00 0 1.00 1 5 1 6 5.5
IAM 0 5.60 5.60 0 13 12 1 13 11.8
JHIPC 0 1.79 1.79 0 0 2.7
FNSPE 0.50 0.53 1.03 0 4 0 4 3.6
NRI 0 6.80 6.80 2 12 5 14 12.7
NPI 0 2.90 2.90 1 10 2 11 10.0
TOTAL 31.63 20.21| 51.84 14 96 85 25 110 100.0
Total, % 61.0 39.0| 100.0 12.7| 87.3( 773 22.7( 100.0

Expenditures in 2007
Euro

Physics 807 473
Underlying Technologies 329 042
Inertial Fusion Energy 7 169
EFDA Basic Support Technology 11 684
Sub-total 1155 368
Large Devices 2875185
Technology tasks Art 5.1a 335057
Technology tasks Art 5.1b 374 041
EFDA Atrticle 6.3 Contracts 7922
EFDA Atrticle 9 - secondment to Garching 35247
EFDA Article 9 - secondment to Culham 3392
Sub-total 755 659
Mobility Actions 84 373
TOTAL 4 870 585
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Collaborative Projects in 2007

PROJECT NO. 1: Edge turbulence - JET

Objective: Edge turbulence studies - Characterisation of the link between edge plasma flows and
turbulence at JET. Characterisation of JET SOL and edge plasma turbulence, comparison with ESEL
model.

Collaborating Associations : = CIEMAT = RISO

= Conféderation Suisse
PROJECT NO. 2: Carbon Transport on TCV
Objective: Active charge exchange spectroscopy experimental study of carbon transport phenomena
Evaluation of the radial density profile of C6+ in presence of additional core heating on TCV
tokamak. Assessment of the C5+ and C4+ radial density profiles predominantly in L-mode.
Establishment of the radial profile of Z.¢ with the help of numerical simulation.

Collaborating Associations: v Conféderation Suisse

PROJECT NO. 3: Katsumata probe

Objective: Measurements of the ion and electron temperature and of the plasma potential and
diffusion coefficient in the edge plasma on RFX and on ASDEX-U using the Katsumata type probe.

Collaborating Associations: = ENEA » MedC
= [PP = FEtat Belge
= OAW

PROJECT NO. 4: ELM pace making
Objective: Test the possibilities of ELM pace making by edge plasma biasing or by pellet injection
on the tokamak ASDEX-U.

Collaborating Associations: = /PP
PROJECT NO. 5: Small hydrocarbons - reflection characteristics

Objective: Determination of reflection characteristics of small hydrocarbon ions of low incident
energies in collisions with room-temperature and heated carbon and tungsten.

Collaborating Associations: » OAW

PROJECT NO. 6: Small hydrocarbons — surface retention
Objective: Determination of surface retention of impinging ion constituens - small hydrocarbon ions
of low incident energies in collisions with room-temperature and heated carbon and tungsten.

Collaborating Associations: = /PP

PROJECT NO. 7: Modelling of power load on Plasma Facing Components
Objective: Study of the power deposition on the plasma facing components (PFCs). 2D particle-in-
cell code modelling of the power load in ITER PFCs. Joint development of a multi-probe diagnostics
for its possible implementation on the Magnum-PSI.
Collaborating Associations: = CEA Cadarache » MEdC

v Conféderation Suisse
PROJECT No. 8: Fast particles at RF heating
Objective: Experiments and modelling of fast particle generation at LH and ICRF heationg.
Determination of the energy distribution of accelerated particles on Tore-Supra. Getting more
knowledge about parasitic wase absorption and consequent unwanted heat loads. Modelling of ICRF
impurity production mechanisms.

Collaborating Associations: = CEA
= [PP

PROJECT NO. 9: Direct ionisation by Lower Hybrid Wave
Objective: Modelling of direct Lower Hybrid (LH) wabe ionisation, development of EDGE2D code
to 3D. Getting more knowledge about LH wave coupling in ITER like JET discharges.

Collaborating Associations: = UKAEA » TEKES
= CEA
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PROJECT NO. 10: Cherenkov detectors
Objective: Cherenkov detectors for fast electron measurements (IPPLM). Elaboration of
experimental results from measurements within the CASTOR and Tore Supra facilities.

Collaborating Associations: = [PPLM

PROJECT NO. 11: Neutron data analysis on JET

Objective: Application of the Minimum Fisher Information inverse methods in analyses of data from
the JET neutron cameras and compact spectrometers.

Collaborating Associations: = Ftat Belge = Hellenic Republic
= UKAEA = ENEA — Consorzio RFX
PROJECT NO. 12: Spectroscopic diagnostics for COMPASS

Objective: To build bolometric, visible light and soft X-ray diagnostics for tokamak COMPASS
Collaborating Associations: = /PP

PROJECT NO. 13: Hall sensors
Objective: Performance analysis of ITER candidate Hall sensors in tokamak environment.
Participation on development of Hall probes system within JET Enhancement Programme 2.
Participation on development and exploitation of Hall probes system on Tore Supra and TEXTOR.
Collaborating Associations: = ENEA " FZJ]

= CEA = Ftat Belge
PROJECT NO. 14: Emissive and tunnel probes
Objective: Development of advanced probe for edge tokamak plasmas — emissive and tunnel
probes. Emissive probe evaluation in the laboratory system in Faculty of Mathematics and
Physics, Charles University, Prague
Collaborating Associations: » OAW = ENEA

= CEA
PROJECT NO. 15: Reflectometry for COMPASS
Objective: Development of millimeter-wave reflectometry methods for the measurement of edge
pedestal plasma in tokamak COMPASS. Integration and tests of the 26.5-40 GHz classical
reflectometry system.
Collaborating Associations: = ST

PROJECT NO. 16: High resolution Thomson scattering for COMPASS

Objective: Design of high-resolution Thomson scattering system for the tokamak COMPASS
Collaborating Associations: = FOM

PROJECT NO. 17: Segmented tunnel probe for Tore Supra

Objective: Development of a new ion temperature probe for the Scrape-Off Layer of the tokamak
Tore Supra. Design and manufacture of a segmented tunnel probe.

Collaborating Associations: = CEA

PROJECT NO. 18: CODAC for COMPASS

Objective: Prepare the COMPASS control system design and develop the relevant
algorithms. The task includes several ITER relevant CODAC (Computer, data acquisition and
communication) concepts to be tested.

Collaborating Associations: w ST

PROJECT NO. 19: Edge turbulence studies

Objective: Finalise flucutation studies on CASTOR using existing data. Characterise the electrostatic
and magnetic turbulence and their links in TJ-II, Spain.

Collaborating Associations: » CEA » CIEMAT
= ENFEA » /INRNE
= HAS = FEtat Belge

PROJECT NO. 20: Interpretation of experimental results from the rotating mirror antenna on
MAST

Objective: Simulation of EC waves from overdense plasma in order to interpret experimental results
from the new rotating mirror antenna on tokamak MAST.

Collaborating Associations: » UKAEA

10



PROJECT NO. 21: Simulation of Electron Bernstein Waves (EBW) for WEGA stellarator
Objective: Simulation of EC waves from overdense plasma in order to simulate EBW for the WEGA
stellarator.

Collaborating Associations: = [PP

PROJECT NO. 22: Particle-in-cell (PIC) simulations of the Scrape-Off Layer (SOL)

Objective: PIC simulations of the SOL in the presence of non-Maxwellian and/or supra-thermal
particles. Inerpretation of Langmuir, tunnel and RFA probe diagnostics by using complex simulations
with 1-D quasi-neutral PIC (presheath) and 2-D PIC (sheath) for modeling of tunnel probe.
Collaborating Associations: = CEA

PROJECT NO. 23: PIC simulations of the ball-pen probe

Objective: To provide the current-voltage characteristics of the ball-pen probe with respect to the
probe collector.

Collaborating Associations: » MEdC

PROJECT NO. 24: CRONOS for COMPASS

Objective: To adapt the CRONOS code for COMPASS simulations. CRONOS simulations of
COMPASS operation with lower hybrid (LH) and neutral beam (NB) heating and current drive.
Collaborating Associations: = CEA

PROJECT NO. 25: Core-edge code for COMPASS

Objective: To develop a new modelling tool, a version of a self-consistent core-edge code for the
COMPASS tokamak, 0D in the core and 1D in the SOL.

Collaborating Associations: = [PPLM

PROJECT NO. 27: Nuclear data for IFMIF

Objective: Measurements of activation cross sections at neutron energies below 35 MeV for nickel.
Neutron irradiation and cooling measurement of Ni samples, evaluation of data for activation cross-
section. Comparison with IFMIF activation data file.

Collaborating Associations: = FZK

PROJECT NO. 28: Laser induced removal

Objective: Laser-induced removal of fuel and co-deposits from plasma facing comonents in
tokamaks and characterisation of laser-irradiated surfaces. Study of samples influenced by laser
ablation by various methods.

Collaborating Associations: = [PPLM

PROJECT NO. 29: Transport and reinstallation of the COMPASS tokamak

Objective: Transport of the COMPASS subsystems and parts. Design and test of the magnetic
diagnostics and the feedback system for the COMPASS tokamak.

Collaborating Associations: = UKAEA

PROJECT NO. 30: Turbulence studies

Objective: Full Hamiltonian description of the interaction of particles with magnetic islands and
edge plasma electrostatic turbulence. Anomalous diffusion of ions in the regimes of interchange
instability and of the drift wabe turbulence.

Collaborating Associations: = OAW

11
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In the end of 2007 tokamak COMPASS was moved from Culham Science Centre
to its new location in the Institute of Plasma Physics, Prague

For more details, see the Appendix of this report
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PHYSICS

The main areas of the research undertaken in the Association EURATOM/IPP.CR in 2007
were as follows:

1. Provision of Support to the Advancements of the ITER Physics Basis
2. Development of Plasma Auxiliary Systems
3. Development of Concept Improvements and Advances

in Fundamental Understanding of Fusion Plasmas

Here, the most important results, activities and achievements are briefly summarized; details
are given after the list of publications. Notice that the major part of the Association activities
in Physics relies on broad collaboration with other EURATOM Associations.

1. Provision of Support to the Advancements of the ITER Physics Basis

Measurements of the ion and electron temperature and of the plasma potential and
diffusion coefficient in the edge plasma using the Katsumata type probe. The direct
measurements of the plasma potential have been performed on ASDEX-U tokamak in June
2007. It has been used the design of the Ball-pen probe instead of the Katsumata-type probe
due the better comparison with achieved results on CASTOR tokamak (2006, 2005). The
Ball-pen probe head has been mounted on the reciprocating manipulator located at the
midplane. The probe has been exposed in the edge plasma, a few millimeters outside the
limiter shadow, for several times during the discharge. The measurements have been
performed in the L-mode and H-mode. The data are analyzed to estimate also the electron
temperature and the diffusion coefficient. It is not possible to obtain the values of the ion
temperature from the I-V characteristics because this method is very sensitive to presence of
the supra-thermal electrons, which modifies the shape of the measured I-V characteristics.
The Ball-pen probes has been also used for the direct measurements of the plasma potential
and the electron temperature on toroidal device RFX in Padova (first test was in 2006). The
Ball-pen probes measured the plasma potential in a low magnetic field Bt = 0.1 T, which is
much lower than on ASDEX Upgrade (Bt = 2.5 T).The above mentioned experiments have
shown that the Ball-pen probe is suitable for the direct measurements of the plasma potential
and consequently of the electron temperature in different fusion facilities with wide range of
the magnetic field.

ELM pace making. The ELM pacing experiments were realized on the ASDEX-Upgrade
tokamak in several shots. As a biasing electrode, the midplane manipulator (MEM) with
several carbon tips inserted into the massive carbon envelope was used. The first analysis of
measured data shows a change of natural ELM frequency during a period of the biased MEM
insertion and an occurrence of new smaller satellite ELMs. The data evaluation is in progress.

Determination of reflection characteristics of small hydrocarbon ions of low incident
energies in collisions with room-temperature and heated carbon and tungsten surfaces.
Collisions of simple hydrocarbon ions CD3+, CD4+, and CD5+ with room-temperature
carbon (HOPG) surfaces were investigated at low incident energies of 3—10 eV. Mass spectra,
angular and translational energy distributions of the product ions were determined. From

13
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these data, information on processes at surfaces, absolute ion survival probabilities, scattering
diagrams, and effective mass of the surface involved in the collisions was determined.
Incident ions CD3+ and CD5+ showed inelastic non-dissociative (CD3+) or non-dissociative
and dissociative (CD5+) scattering, the radical cation CD4+ exhibited both inelastic,
dissociative, and reactive scattering, namely occurrence of H-atom transfer and C-chain
build-up in reactions with hydrocarbons present on the room-temperature carbon surface. The
absolute survival probability, at 10 eV and the incident angle of 300 (with respect to the
surface), was about 12 % for CD5+, and 0.3-0.4 % for CD3+ and CD4+e. It decreased
towards zero at lower incident energies. Estimation of the effective surface mass involved in
the collisional process led to m(S)eff corresponding roughly to the mass of one or several
CH3- (or C2HS5-) terminal units of surface hydrocarbons (accepted for publication).
Fragmentation of polyatomic cations and dications (C7Hn+/2+, n=6,7,8) with hydrocarbon-
covered surface was investigated over the incident energy range 5-50 eV to estimate the role
of the projectile charge on energy partitioning in surface collisions (see the reference).
Surfaces relevant to fusion devices (plasma-sprayed tungsten, carbon fiber composite, Be)
were bombarded by deuterated hydrocarbon ions of energies up to 100 eV. Sticking
coefficients to the surface of one of the collision products, deuterium molecules, were
determined using the nuclear reaction analysis combined with the Rutherford back-scattering
method. Upon bombardment with CD3+ ions, the sticking coefficient of D2 to plasma-
sprayed tungsten (PSW) was found to be about 0.2, and 0.2-0.3 on carbon fiber composite
(CFC), in both cases little dependent on the incident energy between a few and 100 eV.

Experiments and modeling of fast particle generation at LH and ICRF heating. A
retarding field analyzer (RFA) was used during lower hybrid (LH) and ion cyclotron
resonance frequency (ICRF) experiments in the Tore Supra tokamak to measure the flux of
supra-thermal particles emanating from the near field region in front of the antennas. The fast
electron energy distribution of accelerated particles in the fast electron beam was determined.
The fast electron beam generated by the parasitic LH wave absorption extends for high PLH
up to the LCFS and is up to 5 cm or even more radially wide, with possible corresponding
radially broader heat loads in case that the beam impacts on the wall. The observed existence
of the wide beam needs to be explained by theory, as the current theory predicts the radial
width of the beam of several mm. The fast electron beam intensity very near to the LCFS
decreases more quickly with decreasing PLH than the fast beam intensity near the LH grill
mouth. As the comparison of the 1st and 2nd beam shows, the mean collector current (and
therefore similar unwanted heat loads) in the two beams is comparable at higher PLH.

Modeling of direct LH wave ionization, development of EDGE2D code to 3D. We
performed numerical modeling of near Lower Hybrid (LH) grill Scrape-off-Layer (SOL)
plasma density variations as a function of gas puff and LH power with the fluid code
EDGE2D. The gas puff ionization is difficult to model because it is a 3D problem, the
antenna, first wall components and gas pipe have finite dimensions in the toroidal direction,
but an amended 2D poloidal — radial model can provide useful insights. The code includes
direct SOL ionization by the LH wave. The modeling shows that both puff and
heating/ionization are important in raising the density in the far SOL, what is important for
LH wave coupling in ITER like discharges. Although OMP (Outer midplane) seems to be the
best location for gas puffing, the other two puff locations (near RCP — reciprocating probe,
and at the top) also give an increase in far SOL density with heating. This is again an
important information for ITER, where top and not OMP gas puffing is assumed. The
modeling shows the flattening of the far SOL density profile, which is observed in
experiments.

Cherenkov detectors for fast electron measurements. Measurements indicate that
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introduced modifications of the Cherenkov detection system enabled an electromagnetic
interference to be reduced and a direct hard radiation to be eliminated completely. It was
confirmed that the recorded Cherenkov signals were induced just by fast electrons (> 50
keV). On the CASTOR tokamak, the dependences of the fast electron signals on the radial
position of the Cherenkov detector, as well as on the plasma density, plasma current and
toroidal magnetic field value were investigated and explained. A connection between the
Cherenkov emission and the hard X-rays, which were measured at a close vicinity of the
Cherenkov detector, was found and discussed. The results of the statistical approach using a
single-count analysis of the time-resolved Cherenkov data indicates possible transport
mechanisms of fast electrons — the fast burst losses in combination with a slow diffusion. A
question on an unclear origin of the hard radiation of energy approximately 3.9 MeV reaching
the shielded detection system only during the tokamak discharges stays still unanswered.

Neutron data analysis on JET. The Minimum Fisher Regularisation (MFR) algorithm,
adapted for tomography analyses of the JET neutron profile monitor, was further extended by
the Abel inversion where neutron emissivities are constrained to constants on flux surfaces.
The upgraded algorithm was applied to studies of both fuel transport in TTE and recent data
from JET campaigns C15-C19, see [65]. These studies confirmed that the Abel inversion
constraint is not relevant for typical JET neutron emissivities with stronger radiation from the
low field side. However, the Abel inversion can be used as a sensitive indicator of
assymmetries. Following these results, the 2D MFR algorithm with unisotropic smoothing
constrained by magnetic flux surfaces was implemented, tested on JET Neutron profile
monitor data and optimised to the expected use in the fuel transport studies. This upgrade was
used in quantitative analyses of Tritium transport, with results that have been submitted for
publication. Concerning the MFR unfolding of the NE213 neutron detector data, the
algorithm was slightly upgraded, in particular the dependence of the photomultiplier gain
factor on the neutron intensity was taken into account.

2. Development of Plasma Auxiliary Systems

NBI for COMPASS-D. Predictive simulations of the beam performance were in 2007
focussed on the finalisation of the technical specifications for the system. Code Astra has
been setup to use its internal NBI package. Besides that, it can use external outputs from the
ACCOME code. Based on the extensive modelling, technical specifications were agreed upon

at the end of theyear and implemented into detailed Call for tender for two neutral beam
injectors for the COMPASS tokamak.

Spectroscopic diagnostics for COMPASS. Spectroscopic diagnostics on the COMPASS
tokamak will cover a wide spectral range of the core and edge plasma emission aiming to
realize a fast tomography at microsecond time scales (fast bolometry, soft X-rays, visible
range). Additionally, the fast visible camera will be implemented on COMPASS in a
cooperation with the HAS Association.

Performance analysis of ITER candidate Hall sensors in tokamak environment. Use of
various configurations of flux loops for measurement of magnetic field in fusion devices is
inherently limited by the pulsed operation of these machines. A principally new diagnostic
method must be developed to complement the magnetic measurements in true steady state
regime of operation of fusion reactor. One of the options is the use of diagnostics based on
Hall sensors. Several experiments dedicated to testing of various types of Hall probes were
done or they are being prepared on CASTOR, JET, and Tore Supra. On CASTOR, the
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measurements with a ring of integrated Hall sensors were further analyzed including the
modeling of CASTOR vacuum field configuration [4, 13, 92]. Previous, in-vessel
measurements with 3D Hall probe on CASTOR were published in [93]. Collaboration on
preparation of a set of ex-vessel Hall probes for JET continued leading to delivery of the full
set of probes to JET in the end of 2007 by MSL Lviv Ukraine [73,76,91]. A new high
temperature resistant (up to 200 degC) Hall probe with measurement bandwidth DC-250 kHz
was installed in in-vessel environment of Tore Supra in the end of 2007.

Development of advanced probe for edge tokamak plasmas - Emissive and tunnel
probes. We have found that applicability of the strongly emitting probe technique for the
estimation of the space potential depends on ratio Te/TeW and n, where Te is temperature of
plasma electrons, TeW is temperature of emitted electrons and n is plasma density. If the Te
and TeW are comparable the plasma potential determined by the strongly emitting probe can
be overestimated. If TeW can be neglected with respect to Te (hot plasma), the plasma
potential determined by the strongly emitting probe is underestimated by approximately one
kTe/e. In addition, a relatively thorough study of the electron saturation current variations at
varying probe heating was performed in the cylindrical magnetron (Prague) and DP-machine
(Innsbruck) plasma. Magnitude of electron saturation current variations were characterized —
variations were more pronounced in case of shorter probes. In the reference various possible
processes leading to electron saturation current variations were discussed. New experimental
data were recently obtained that give better understanding of studied phenomena. We
concluded that strongly emitting probe technique is applicable in low temperature plasma
with Te~2-3 eV and plasma density n~10el6 m-3. Observed variations of the electron
saturation current at varying probe heating can be ascribed from the most part to the probe
surface cleaning and contamination in laboratory argon discharge plasma.

Development of millimeter-wave reflectometry methods for the measurement of edge
piedestal plasma in tokamak COMPASS. IST/CFN Lisbon was agreed in 2006 to be the
main supplier of the reflectometry system with the technical support of IPP Prague. Five
individual reflectometers are supposed to measure the density profile. The advanced
reflectometers allow an arbitrary frequency sweeping modes and therefore the reflectometers
can be used as well as an experimental diagnostics for studies of plasma turbulence.
The realization of the reflectometry system was supposed in a close collaboration with
IST/CFEN during 2006 — 2009. Unfortunately soon it was realized that IST/CFN has problem
with the manpower for the construction, manufacturing and installation of the system.
The workplan agreed in 2006 was delayed and consequently cancelled. Therefore, because of
no contribution of IST/CFN in 2006/2007, it was decided to construct the Ka-band (26.5 — 40
GHz) reflectometer in IPP. The design of the reflectometer was made in a similar way to the
reflectometers developed in IST/CFN. In 2007 most of microwave electronics was
constructed and tested in parts. Development of control unit and control SW is in progress.
This reflectometer will be able to work with a quasioptical band-combiners and antennas. The
control unit and control SW has to be develope by our own way.

High Resolution Thomson Scattering for COMPASS. For the TS system, several different
systems are considered and relevant parameters were calculated for both edge as well as core
plasma. A large trade survey looking for new technologies was carried out in order to find
some new possibilities for the edge detection system realization. With regards to the required
measured range of electron temperature and density and requirements for the temporal and
spatial resolution, two possibilities were chosen as the most suitable: a use of the Nd:YAG
laser at the second harmonic frequency and the Littrow spectrometer with the ICCD camera,
or a use of this laser at the first harmonic frequency and the Littrow spectrometer with the
CMOS camera for the core, and the spectral filters with avalanche photodiodes for the edge.
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A multi-pass system can be taken into account in order to increase the laser power effectively.
The use of the Nd:YAG laser at the second harmonic frequency was investigated in details
and corresponding calculations of the scattered and detected photons were performed for this
particular case. An implementation of a multi pass system as a future upgrade was discussed.

Development of magnetic diagnostics and the feedback system for the COMPASS
tokamak. Magnetic diagnostics: The dismantling of magnetic diagnostics on COMPASS
was carried out during two missions of IPP staff in the Culham Science Centre. The existing
documentation of magnetic diagnostics was checked and completed. The magnetic sensors
position was identified and documented. Cables from magnetic sensors to corresponding
cubicles were disconnected. All equipment was transported to IPP Prague. Feed-back system:
Test of the integrators and the other electronic equipment (Waveform Generators, PID
controllers) were done. The existing documentation was checked and completed. As the
result, the existing analogue feedback system was found to be obsolete and not appropriate
for our tasks. Therefore, it was decided not to restore it. Digital system under contract
collaboration with the IST Lisbon, which is experienced in building similar systems for other
Associations, was selected. Algorithms for feedback control will be generated by the
MAXFEA code, developed by P.Barabaschi. Geometry, mesh, material, and circuits files
were done for COMPASS. Hardware and control of the the digital system will be based on
the ATCA technology standard; MIMO controllers, developed in IST, will be used. Three
identical fast amplifiers are being built in the IPP for the feedback stabilization of the
horizontal and vertical plasma positions. The circuit safety is designed for overcurrent,
overvoltage and optical isolation protection inside the energizer that determines the amplifiers
inputs.

COMPASS Control and data acquisition system design. An efficient operation of
COMPASS in Prague requires a new CODAC (Control, Data Acquisition, and
Communication) system, which is being developed jointly by the Associations IPP.CR and
IST. The tokamak control involves several areas, each of different levels: 24 hours a day
control of building infrastructure, interlock, central experiment control, and real time control
during the experiment run. Each of the systems has different purposes and diverse features.

3. Development of Concept Improvements and Advances
in Fundamental Understanding of Fusion Plasmas

EEDF Measurements in the CASTOR Tokamak Using the First Derivative Langmuir
Probe Method. Langmuir probes (LP) are widely used to provide local measurements of
important plasma parameters like the plasma potential, the density of the charged particles or
the electron energy distribution function (EEDF). The accuracy of LPs under adverse
conditions, such as the presence of magnetic fields or high plasma temperature, is still being
questioned. We report here the application of a new technique, the first-derivative method, for
processing the electron part of the I-V characteristics measured in the CASTOR tokamak.
EEDFs at different radial positions in the edge plasma are presented and the values of the
plasma potential, electron temperature and electron densities are estimated. In the confined
plasma we find the EEDF to be bi-Maxwellian. The results obtained are in good agreement
with classical method (second derivative) usually used for LP data processing. Results from
different methods of differentiating the [-V characteristics are also discussed.

Modelling of ITER Plasma Facing Component Damage and Consequences

for Plasma Evolution Following ELMs and Disruptions. We have developed a unique tool
to measure the plasma deposition into a gap between tiles. The experimental data confirm the
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numerical predictions we made with our 2D self-consistent numerical code. In the case of
toroidal gaps, we have a quantitative and qualitative agreement. However, in the case of
poloidal gaps, it is only qualitatively acceptable. The 2-sided deposition is confirmed, with
the good order of magnitude. This set of experiments confirms nevertheless the understanding
of the plasma deposition in tile gaps presented in [26].

Measurement of plasma flows into tile gaps. A two-dimensional cylindrical, self-consistent
kinetic code for the tunnel probe calibration has been developed. For this purpose, we used an
existing code in Cartesian coordinates. After benchmarking, we used the code to perform a
set of simulations that cover the range of expected density and temperature in tokamak edge
plasmas for characterizing the plasma deposition inside the tunnel probe. The electron
temperature depends on the ratio of the current collected by the tunnel over the back plate and
calibration curves has been performed.

Edge turbulence studies. Robustness of the combined magnetic probe for TJ-II, containing
set of Hall probes and coils was enhanced preparing for its installation on a new TJ-II
reciprocating probe drive.

Simulation of EC waves from overdense plasma. We have adapted our EBW code to
obtain a crude estimate of the profile of the current driven by 2.45 GHz wave in the WEGA
stellarator. We investigated the dependence of the current profile on the central magnetic field
and the temperature of the suprathermal component present in the WEGA plasma. Significant
effects of the suprathermal electron population on EBW propagation have been demonstrated.
Even a modes fraction of suprathermal electrons enables very efficient absorption. The
parallel wave vector direction of the EBWs can be reversed during the propagation through
the plasma. The driven current direction has to be reversed analogously. Such behaviour has
been observed experimentally. The current density profile was, for the first time, measured by
a small Rogowski coil. EFIT2006, a modern EFIT implementation in C++ and Fortran 95, has
been successfully parallelized. Boost MPI libraries have been applied to enable convenient
transmission of the complex C++ objects used in EFIT2006. Linear scaling of the
computational power has been demonstrated. EFIT2006 has been installed to IPP Prague
computers and benchmarked using MAST data, which were read remotely from UKAEA
server through IDAM interface. Equilibrium reconstructions have been performed for
COMPASS, applying experimental data from UKAEA database and predicted equilibria with
ACCOME.

PIC simulations of the SOL in the presence of non-Maxwellian and/or supra-thermal
particles. In collaboration with J. P. Gunn at CEA Cadarache, a quasineutral particle-in-cell
code (QPIC) was developed for simulating ion and electron transport along magnetic field
lines in the Scrape off Layer (SOL) of the tokamak plasma edge. The code has been recently
validated by comparison of its results with a known solution of a kinetic problem, namely that
of the Mach probe in a strongly magnetized plasma. [67]. Last year's effort on QPIC included
an extension of the code to a SOL configuration with non-floating walls allowing a non-zero
SOL current. First results were reported at the 2007 EPS conference [68].

Simulation of processes in high-temperature plasma toward better interpretation of
experimental data. The work in 2007 covered two main areas: (i) Numerical investigations
of plasma parameters in COMPASS tokamak and (ii) Preparation of 3D particle code of
magnetized plasmas. In frame of the first part numerical investigation of plasma parameters
in COMPASS tokamak was performed and presented in the 34th EPS Plasma Conference on
Plasma Physics in Warsaw, Poland. The plasma parameters in the device were analyzed in the
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frame of the self-consistent model of central plasma and edge region. The possibility of
achieving high recycling and detached regimes in COMPASS divertor was discussed.
In frame of the task preparation of 3D particle code of magnetized plasmas there was
developed during 2007 the self-consistent fully 3D Particle-In Cell code for modeling of
plasma-solid interaction with new Poisson solver based on direct LU decomposition
combined with multigrid approach. The model was tested on a cylindrical cavity geometry,
i.e. on a hollow cylindrical chamber opened to the plasma, in both collisionless and
collisional plasmas (see Fig. 2). The basic studied feature was the influence of non-axial
orientation of magnetic field — this parameter is important for the analysis of experimental
data from the Katsumata probe. Earlier version has been accepted for publication in the
Vacuum journal.

PIC simulations of the ball-pen probe. The first systematic PIC modeling (using the
XOOPIC code) of the Ball-pen probe has shown that the floating potential of the probe is
varying with respect to the ration R of the electron and ion saturation currents. This is in
agreement with the Langmuir probe theory and the systematic measurements on CASTOR
tokamak (2005, 2006). Moreover, the simulation also confirmed that the Ball-pen probe can
reach R to be equal to one. Then, the corresponding probe potential is assumed as the plasma
potential, which is expected from the theory. However, that probe potential was not equal to
the value obtained directly in 3D potential profile in PIC simulation. This discrepancy might
be caused by wrong determination of the unperturbed plasma potential in PIC simulation.
The PIC modeling did not provide any explanation why the strongly magnetized (B = 1 T)
electrons are detected inside the ceramic shielding tube in the measurements with Ball-pen
probe.

Adaptation of CRONOS for COMPASS simulations. Currently, transport modeling of the
tokamak COMPASS is performed using the ASTRA and CRONOS codes. The ASTRA and
CRONOS codes solve coupled diffusion equations for heat, matter, and magnetic field
(current). These partial differential equations are coupled to a magnetic field equilibrium code
and modules for LH and NB injection. Such codes thus allow fully self-consistent
calculations of tokamak operation, and are highly desirable for the study of COMPASS
operation with the planned LH and NB systems. During the mobility stay of M. Stransky at
CEA Cadarache in April 2007, the CRONOS transport code was acquired and adapted for the
COMPASS tokamak, and installed in Prague by the CEA staff in November 2007. In
addition, during the visit of Irina Voitsekhovitch in September 2007 a robust transport model
for COMPASS was developed for the ASTRA code, including the possibility of external
heating, so now transport simulations and comparisons are possible on two transport codes. In
December 2007, Y. Peysson of the CEA staff has also made available to us the “Starwars”
suite of lower hybrid (LH) toroidal ray-tracing (C3PO) and 3-D Fokker-Planck (LUKE)
codes, which can simulate LH heating and current drive in a stationary state.
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1 Provision of Support to the Advancements
of the ITER Physics Basis

Carbon transport in the TCV L-modes
V.Piffl

In collaboration with:
A. Zabolotsky, M. Bernard, E. Fable, H. Weisen, A. Bortolon, B.P. Duval, A. Karpushov
Association Euratom-Confédération Suisse, Lausanne, Switzerland, EPFL, CRPP

The radial profiles of fully ionised carbon C** (transition n=8-7, 529.1 nm) released from TCV
(R = 0.88 m, a<0.25m, Br<1.5 T) wall tiles were measured using active Charge eXchange
Recombination Spectroscopy (CXRS). A 1D impurity transport model was used to infer carbon
transport parameters from the steady state profiles of fully ionised carbon. In Ohmically heated
plasmas at values of q9s>4 a phenomenon of core impurity enrichment. A modest addition of EC
Heating in L-mode leads to the flattening of electron density profile and is accompanied by
peaked-hollow carbon density profile with clear anomalous origin.

Experimental observations

The TCV vessel wall is entirely covered by polycristalline carbon tiles, making carbon the
dominant impurity in TCV. TCV is equipped with a diagnostic neutral beam operating at 50keV,
delivering approximately 1.6x10' H neutrals per second to the plasma. Ion temperature, toroidal
rotation and carbon density profiles are obtained using a multiple chord visible spectrometer
tuned to the n=8-7 charge exchange transition of C™. The instrument is absolutely calibrated
using an integrating sphere. The density of the C®* along the line of sight was obtained by
integrating the fitted active component of the signal corrected for the neutral beam attenuation
and the changes of CX rate coefficient along the beam.

Analyse of the spectroscopic data from the last experimental campaign in February 2007
The operation of TCV was stopped in the
first half of March for technical
improvements of the machine. In
February 2007 during the last sessions
with ECH power scan the data were
complemented also in z=0 plasma
position.

, , : , An analyse of steady-state fully-ionised
0 02 0.4 06 08 1 carbon profiles from CXRS with off-axis
ECH in L-mode indicate that the
flattening of electron density profile is

14

0.5}

tho

Fig 1 Normalized C+6, ne and Te radial profiles during the off-amis
EC Heating (140 W) in L-mode by Ip=140k 4
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accompanied by peaked-hollow carbon profile with clear anomalous origin.
Electron density profiles in TCV in the Ohmic phase are peaked. The Ware pinch and anomalous
convective process like turbulent equipartition (TEP) and turbulent thermodiffusion (TTD)
mechanisms may contribute to the shaping of the electron density profiles.
Which of the mechanism plays an important role in carbon density profile forming is unknown
yet. An example of carbon density profile behaviour L-mode we demonstrate in Fig.1. At the
beginning of discharge (shot 34441, Ip=140 kA, without EC Heating), during the OH plasma
phase a core impurity enrichment is observed, and more, the normalized nc profile is almost the

same as normalized te profile!

The presence of EC Heating leads to a
flattering of the electron density profile. The
dependence of the profile width in Ohmic
target plasma is modified in ECH discharges
by an additional dependence on deposition
localisation — central heating results in profile
broadening.

The modest addition of EC Heating in L-mode
causes the broadening of electron density
profile and consequently a peaked-hollow
carbon density profile is observed. Evidently,
such examples provide an experimental

i i
b+ te
r+ ne
05¢
0 Q.2 0.4 0.6 Q.8 1

02 Feb 2007 Shot = 34441

Fig 2 Nonmalized C+6, ne and Te radial profiles in L-mode by
Ip=140k4

elements for validating comprehensive turbulent light-impurity transport models. In Fig.2,
experimental electron density (ne) lines) profiles during the off-axis heating (400kW) in L-mode
by Ip=140kA in shot=34441.and fully-ionized carbon density (nc) together with electron
temperature (te) profiles versus (rho) are shown during the off-axis EC Heating (400kW) in L-

mode by Ip=140kA in shot = 34441. Profiles are normalized to the values at the centre.
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Fig.3 A demonstration example of possible creation of the C°* hollow profile by simple modelling (five iterative
steps) in L-modes with off-axis heating. Calculated radial C** density profile by STRAHL (green line). Fitted are

experimental measured ne (red lines) and Te (blue lines)

The experimental and theoretical investigation will be continued with the goals:
* Provides an experimental element for validating comprehensive turbulent transport models.
* Characterise carbon density profiles from CXRS with off-axis ECH in L-mode to complete

study undertaken in 2007.

* Characterise transport of Carbon species in same conditions.

34



ANNUAL REPORT 2007 ASSOCIATION EURATOM/IPP.CR

Ball-pen probes on ASDEX Upgrade tokamak
J. Adamek, J. Stockel, J. Brotankova

In collaboration with:
V. Rohde, W. Miiller, A. Herrmann, EURATOM-IPP, Garching, Germany;
R. Schrittwieser, C. Ionita, F. Mehlmann, EURATOM-OAW, Innsbruck, Austria;

The direct measurements of the plasma potential have been performed on ASDEX Upgrade
tokamak in June 2007. It has been used a novel design of the ball-pen probe combined with the
carbon shield. The ball-pen probe head has been mounted on the reciprocating manipulator
located at the midplane. The probe has been exposed in the edge plasma a few millimeters
outside the limiter shadow on the low field side. The measurements have been performed in the
H-mode and Ohmic regime.

The so-called ball-pen probe (BPP) was used for a direct determination of the plasma potential
(see Fig. 1, probe head after measurements). Such measurements, combined with the results of
other probes, would allow the reliable and fast determination of transport parameters and would
support and further facilitate the development of a more comprehensive picture of edge plasma
phenomena, in particular with respect to the profile of the plasma potential and thence the electric
field in this region.

— Langmuir probes
——— £ P

Fig. 1: Photo of the quadruple ball-pen probe used in
AUG in the campaign in June 2007 after use. The
probe has four stainless steel collectors with conical
tips which are retracted into the boron nitride screen
with various depths h: from left to right h = -3 mm, —
2 mm. —1 mm and —0.5 mm. In addition there are two
graphite Langmuir probe pins.

The principle of the BPP is to take use of the strongly different gyroradii of electrons and ions in
any magnetized plasma. The collector of a BPP is retracted by a certain depth inside a screening
channel of ceramic (usually boron nitride — BN). Thereby a certain part of the electron current
density is shielded from it, whereas the ions, due to their much larger gyroradii are less impeded
from reaching the collector. In this way the current-voltage characteristic of the retracted
collector can be made almost symmetric and in a Maxwellian plasma it can be shown that in this
case the floating potential of the collector }; becomes equal to the plasma potential.

In the AUG campaign of June 2007 a combination of four ball-pen probes was already used. Fig.
1 shows the probe head after several shots during each of which the probe head was inserted three
to four times by the midplane manipulator into the AUG-SOL. The depths /4 of the four collectors
was h = -3 mm, —2 mm, —1 mm and —0.5 mm (4# = 0 means the collector tip is exactly in the
plane of the screening BN plate).
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As we can see (Fig. 1), the surface of the BN screen around and in between the probes was
damaged probably due to high energy radiation. For the next campaign a small modification of
the carbon shield is suggested to protect the front part of the boron nitride of the BPP probe from
radiation and plasma flux. In the campaign, during several shots the floating potential and its
fluctuations (with sampling frequency f = 0.5 MHz) of the four collectors was determined and
compared, see Fig. 2.

H-mode

100 BPP2, h = -2 mm

—— BPPO, h =-0.5 mm

80 ohmic regime

Da - divertor

™ 60
> 1
— |E P_.E.' =5 MW ‘
@ i
o ]
9 404 P = 2.5 MW
s ]
= |
20 - [ stroke 1 l i_strokezv ‘ stroke 3 I
j YR _[’;f.fW!* 1‘ |
0 I ) 1| "I, ) L
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DC signal depends on power of NBI

time [ s ] and on the collector position

Fig. 2: The temporal evolution of the potential of two ball-pen probes (h = - 0.5, -2 mm). All ball-pen probes
(h=-3, -2, -1, -0.5 mm) have been inserted four times to the deuterium edge plasma under different conditions.
The probes have measured potential in H-mode and ohmic regime as seen from D, signal. The reduction of
the fluctuations of D, signal around 2.7s is caused by change of the gas puffing.

It was found that the four values of the floating potential are almost equal, which is a strong
indication that the floating potential of all four collectors is indeed practically equal to the plasma
potential, while the retraction depth of the collector did not matter much for the determination of
this important parameter. However, all probes have provided different positive signals when the
probe head has been located deep in the limiter shadow. These signals can be caused by the
presence of high energetic ions due to ion losses during the application of NBI (5 MW).

Unfortunately, the two Langmuir pins which were also mounted on the probe head (see Fig. 1)
did not deliver any results. The first Langmuir probe should record the current-voltage
characteristic to determine the electron temperature 7,. The other Langmuir pin should have been
negatively biased to record the ion saturation current from which the density fluctuations could
have been derived. Another possibility envisaged was to record the cold floating potential V, so
that for comparison 7, could have been determined also by turning around the above mentioned
relation 7T, = (D, — Vy)/In(L./I;5), where @,; would have been taken from one of the BPPs.
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ELM pace making by biasing
V. Weinzettl

In collaboration with:
V. Rohde, P. Lang, Association EURATOM IPP, IPP Garching, Germany

Experiments in many fusion devices like have shown an ability of the edge plasma biasing to
influence plasma turbulences and edge density profile via mechanism of the E*B velocity shear.
A reduction in poloidal electric field, temperature, and density fluctuations across the shear layer
leads to a reduction of the anomalous conducting and convection heat fluxes resulting in an
energy transport barrier. On the other hand, such temporarily and spatially well-defined induced
effect would be used for an edge plasma perturbation as a potential candidate for the ELM
triggering. Some experimental indications have been found for a potential of the edge plasma
biasing impacting on the ELM behaviour [1]. The intention of this explorative approach is to
establish a well-defined “perturbation” by the pulsed edge plasma biasing and to search for
correlations with the ELM behaviour.

The ELM pacing experiments were realized on the ASDEX-Upgrade tokamak in several shots at
Br~-2.1-25T,I, ~0.6-0.8 MA, n, ~ 4-8%10" m™ and with a different auxiliary heating. As a
biasing electrode, the midplane manipulator (MEM) with several carbon tips inserted into the
massive carbon envelope, usually serving for the probe measurements, was used, see Fig.1.

The tips were biased using four KEPCO sources
triggered by a single signal generator. Biasing voltage
was set to -100 V and applied as short rectangular pulses
(millisecond time scale) at different frequencies close to
an ELM natural frequency. A depth of the MEM
insertion was chosen to be acceptable for the MEM
according to an expected heat load, and set stepwise to
be from the limiter position up to 5 mm far from the
separatrix. In the realized shots, only a later part of each
shot was used for a single MEM insertion, lasting
typically 200 ms. There an ELM activity was monitored g 1. Biasing carbon tips of the
using the H,, signals from the inner and outer divertor Téjg VZZZ; ’::felfo ngoornhf;jgggg;f
legs and using magnetic coil signals. At the same time,  yporade tokamak.

changes of the stored energy in plasma were measured.

The first analysis of measured data shows a change of natural ELM frequency during a period of
the biased MEM insertion and an occurrence of new smaller satellite ELMs. The data evaluation
is in progress.

References:
[1] M. Tsalas, et al., J. Nuc. Mater. 337-339 (2005) 751-755
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Determination of reflection characteristics of small hydrocarbon ions of low
incident energies in collisions with with room-temperature and heated carbon

and tungsten surfaces
Z. Herman, J. Zabka, A. Pysanenko
J. Heyrovsky Institute of Physical Chemistry, Academy of Sciences of the CR

In collaboration with:

T. D. Mdrk and his research group (Institute for lon and Applied Physics, University of
Innsbruck, Innsbruck), Association EURATOM-OAW, Austria

W. Schustereder, MPI Garching, Association EURATOM, Germany

The aim of this research is investigation of interactions between slow ions and surfaces of
materials relevant to plasma-wall interactions in fusion devices. The objective is - on the one
hand - to obtain data on the survival of slow ions in surface collisions, product ion energy losses
in ion-surface interactions, dissociative and chemical processes at surfaces, and information on
collision kinematics, using the special ion-surface scattering apparatus available in Prague, and
- on the other hand — to determine reflection characteristics of hydrocarbon ions, namely the
sticking coefficient of hydrogen (deuterium) on various surfaces.

1. Collisions of small hydrocarbon ions of very low energies with carbon surfaces at room
temperature [1].

Using the previously developed scattering method, interaction of hydrocarbon ions CD;",
CD,’, and CDs" of very low energies (below 10 eV) with carbon ( highly oriented pyrolytic
graphite, HOPG) surfaces was studied. The ion survival probability, S,(%) at energies below 10
eV (for incident angle 30° with respect to the surface) was measured for the above mentioned
incident ions. The S, values
were found to decrease from ! ' ' ' ]
about 12% for CDs', and 0.3 — ] l . ]
0.4 % for CDs"and CD," at 10 ] 7 T————aCDh, (x0.1),
eV towards zero at lower 10 ‘ 3 ]

1,5 ;

incident energies. The data are
summarized in Fig. 1.The new
data for energies below 10 eV

fit well data for incident 0:57 . ]
energies 15 — 45 eV (see Fig. ] l/J /é\%C\DA-\ .
1) obtained earlier [2]. 1 | g;%__i/ - ] ]
Angular  and  translational oo4o = —
energy distributions of product 0 10 20 [eV]3° 40 50
ions were measured for all

three incident ions and several

energies between 10 and 3 eV.

S, [%]

Fig. 1: Survival probability of hydrocarbon ions

The simplest data were for the closed-shell non-reactive incident ion CDs' of a fairly high
survival probability, showing single angular peaking and translational energy distributions of the
product ions CD;" and its fragment CD;  with about 30% of the incident energy in the
translational energy of the product ions (in the angular maximum). The fragmentation to CD;"
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occurred at these low incident energies partly because of initial internal energy of the projectile
ion and it took place after the interaction with the surface, as manifested in similar velocity
distributions of both CDs" and CD;". Analogous data were obtained for the incident ions CD5".
Because of a low survival probability of the incident ion, the angular data had to be corrected for
a contribution from background gas-phase scattering of the projectile ion and for a fraction of fast
ions deflected in front of the surface by local surface micro-charges (this effect was visible on
HOPG only at very low incident energies). The scattering data for the reactive radical cation
CD4" showed contributions of inelastic and dissociative scattering of the incident projectile ion
and also of reactive scattering from interaction of CD4" with the surface material. The main
reaction was H-atom transfer to CD," from hydrocarbons, adsorbed on room-temperature carbon
surface, and at 10 eV formation of C, hydrocarbon ions in reactions of CD," with terminal CH;-
groups of surface hydrocarbons. The scattering results were used to estimate the effective surface
mass involved in the inelastic collisions. The values of it correspond to the mass of one or several
terminal hydrocarbon groups of the hydrocarbons adsorbed on the room-temperature carbon
surface [1,3].

Analogous data for C,D," interaction with room-temperature HOPG are being analyzed and will
be published soon.

Fragmentation of polyatomic cations and dications (C7Hn+/ 2 n=6,7,8) with hydrocarbon-covered

surface was investigated over the incident energy range 5-50 eV to estimate the role of the
projectile charge on energy partitioning in surface collisions [4].

2. Reflection properties of deuterated hydrocarbon ions

Surfaces relevant to fusion devices (plasma-sprayed tungsten, carbon fiber composite, beryllium)
were bombarded by deuterated hydrocarbon ions of energies up to 100 eV. Sticking coefficients
to the surface of one of the collision products, deuterium molecules, were determined using the
nuclear reaction analysis combined with the Rutherford back-scattering method (MPI Plasma
Physics, Garching). Upon bombardment with CD;" ions, the sticking coefficient of D, to plasma-
sprayed tungsten (PSW) was found to be about 0.2, and 0.2-0.3 on carbon fiber composite (CFC),
in both cases little dependent on the incident energy between a few and 100 eV [5].
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Experiments and modeling of fast particle generation at LH and ICRF heating
V. Petrzilka, V. Fuchs

In collaboration with:
J. P. Gunn, L. Colas, A. Ekedahl, M. Goniche, M. Koc¢an, F. Saint-Laurent, Assoc. EURATOM-
CEA Cadarache

A retarding field analyzer (RFA) was used during lower hybrid (LH) and ion cyclotron resonance
frequency (ICRF) experiments in the Tore Supra tokamak to measure the flux of supra-thermal
particles emanating from the near field region in front of the antennas.

As it is well known, fast electrons can be generated in front of the LH grills, and they cause high
thermal loads (hot spots) in the locations at which they impact. When these fast electrons escape
from the space in front of the grill mouth, they leave the ions behind, and a region of a positive
charge is created. This positive charge then possibly can accelerate also ions to energy of several
hundreds eV, which might cause sputtering in locations magnetically connected to the grill
mouth. According to a novel electron acceleration process recently proposed [1], fast electrons
might be possibly generated also near the ICRF antennas: The electrons can gain energy in
passing the near ICRF antenna rf field inhomogeneity, because of the temporal phase changes of
the field, which do not average out on the electron quiver motion time scale. This mechanism can
enhance the RF sheath potential, and consequently also the energy of ions, which are accelerated
by this sheath potential.

reciprocating

q=7"

21 probe reciprocations
mapped to LH launcher

Fig. 1. Scheme of the RFA fast particle measurements in front of the LH grill.
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To find the fast ions, we considered as beneficial to measure in locations, where the fast electron
beam is not too strong. Therefore, during the measurements, the detection and energy distribution
measurements of the locally generated fast electrons and ions in front of LH and possibly also in
front of the ICRF antennas was attempted to carry out.

For this, we estimated the fast ion drift in the above mentioned electrostatic field in front of the
LH antenna, to find such possible locations, where the fast ions can be present, and in the same
time, the fast electron energy is as low as possible. No fast ions were found, and we will not
describe these measurements in detail. We concluded that, if the fast ions are really generated,
they are masked by the fast electrons, and it is necessary to screen these electrons more strongly
than it is now possible by the biasing of the RFA grids — the available voltage is too low.

By varying q from about 4 to about 7, a detailed poloidal — radial mapping of the fast electron
beam were done, Fig. 1. The first RFA grid was biased to UG1=+200 V to repel thermal ions, 2™
grid voltage was UG2=-200 V to repel thermal electrons, P,=1.5 MW (maximum available
power). Similar mapping was also done for 0.8 MW. It can be seen that fast electrons extend up
to the LCFS (“2™ beam”), what can have important consequences for the thermal loads and for
computations of the LH SOL dissipated power. The next Fig. 2 shows growth of the radial beam
intensity distribution with power. As the comparison of the 1st and 2nd beam (more near to the
LCFS) shows, the mean collector current in the two beams is comparable at higher PLH.

chot 29553 phinge 7 r=127684 char 39653 plnge 1 TE7742
5 T T
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0
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The fast electron beam intensity near the 0.35 MW
LCEFS (shot 39553) decreases more ngi—«—m
quickly with decreasing PLH than the ) o

fast beam near the LH grill mouth;

,,,,,

B

Fig. 2. Variations of the beam intensity (collector current) as a function of LH power.

The 2nd beam (i.e., the unexpected part of the beam radially more distant from the grill mouth)
amplitude varies much more strongly with power. The 2nd beam generation might perhaps be
connected with the nonlinear production of higher spatial harmonics, studied in exploration of the
so called spectral gap problem [2].
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Fig. 3. Variations of the collector current with UGI up to -1000 V.

Fig. 3 shows that the fast electrons with energy larger then 1keV remain to be present up to the
LCEFES for medium LH powers.

Further, new RFA experiments were also performed devoted to exploration of the flux tubes
connected to ICRH Q5 antenna to determine sheath potential in presence of ICRF as a function of
SOL density, and to determine whether there are any suprathermal electrons or ions using
retarding field analyzer (RFA). Strong variations of the RFA slit and collector current were found
in locations magnetically connected to the vicinity of the Q5 antenna, in correspondence with the
variations of the plasma density and temperature near the antenna. Detailed mapping of the
floating potential in the flux tubes connected to an ICRH antenna was done.

To evaluate the transmission factor of the RFA slit, information about the transverse electron
energy was needed. To this purpose, a modeling of fast electron generation including the electron
transverse energy development was performed. It was found that the gain of the transverse energy
of the electrons in the fast particle beam obtained from the LH field or from the transformation of
the longitudinal velocity of the fast particles to the transverse velocity by collisions is negligible
in the RFA transmission factor calculations.

Main results:
The fast electron energy distribution of accelerated particles in the fast electron beam was

determined: Also for as low LH power as 0.35 MW, fast electrons with energy larger than 400 eV
are generated. Even for UG1=-1000V, fast electrons with energy higher than 1 keV remain to be

present in the “2nd” beam near the LCFS. The fast electron beam generated by the parasitic wave
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absorption extends for high PLH up to the LCFS and is up to 5 cm or even more radially wide,
with possible corresponding radially broader heat loads in case that the beam impacts on the wall.
The observed existence of the wide beam needs to be explained by theory, as the current theory
predicts the radial width of the beam of several mm. The fast electron beam intensity very near to
the LCFS decreases more quickly with decreasing PLH than the fast beam intensity near the LH
grill mouth. As the comparison of the Ist and 2nd beam shows, the mean collector current (and
therefore similar unwanted heat loads) in the two beams is comparable at higher PLH. The 2nd
beam generation might perhaps be connected with the nonlinear production of higher spatial
harmonics, studied in exploration of the so called spectral gap problem. No locally produced fast
ions by the LH wave were found.

A more sophisticated modeling of fast particle generation shows that the locally LH produced
gain of the transverse energy of the fast particles can be neglected in the calculations of the
transmission factor of the RFA slit. The knowledge of the transmission factor is needed in
parasitic absorption heat load calculations from RFA measurements. No clear indications of fast
particles emanating from the region of ICRF antenna were found by the RFA. The flux tubes
connected to ICRH Q5 antenna .were explored by the RFA to determine sheath potential in
presence of RF as a function of SOL density.

All results mentioned above were obtained in a team effort.
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Modeling of LH wave ionization, development of EDGE2D code to 3D

V. Petrzilka
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We performed numerical modeling of near Lower Hybrid (LH) grill Scrape-off-Layer (SOL)
plasma density variations n, s, as a function of gas puff and LH power ionization with the fluid
code EDGE2D. Novel 3D limiter-like features in the EDGE2D are introduced. The modeling
shows that both puff and heating/ionization are important in raising the density in the far SOL,
what is important for LH wave coupling in ITER like discharges.

The modeling of gas puff ionization is a 3D problem, but an amended 2D poloidal — radial model
can provide useful insights. The code includes direct SOL ionization by the LH wave [1]. It is
assumed that the ionization by the LH wave is produced due to the local SOL electron heating by
the wave. A fraction of power lost in SOL increases the SOL Te, which in turn increases
ionisation in the SOL. Locally generated fast particles can also participate in the heating process.
EDGE2D [1] is modified so that it can model a SOL up to 10 cm or more. Modelling of the
private space in front of the grill needs to introduce 3D limiter-like features into EDGE2D. This
is attempted in the present contribution. The poloidal limiters are modeled as spatially localized
sinks, where the recombination is artificially strongly enhanced. This quasi 3D modeling with
poloidal limiters acting as sinks allows to distinguish the private space of the grill between the
poloidal limiters in the modeling.

RCP and alternative gas puff location RCP
at the top of the machine - always LH GRILL PRIVATE SPACE, ¢4
magnetically connected to the private WITH LOCAL HEATING AND
LH grill space / MAYBE GAS PUFF (GIMB6)
/ 5
LH GRILL PRIVATE SPACE, LH -
WITH LOCAL HEATING AND GRILL 2
MAYBE GAS PUFF (GIM®6) 8
LIMITER
2D representation 3D picture

Fig. 1. Schematic representation of the 2D and 3D configuration of the LH grill and RCP.
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In this way, it is possible to investigate the impact of parameters such as gas puffing rate, gas
puffing poloidal location, LH power dissipated in the SOL and radial location of the LH
dissipated power (e.g., radially near the grill mouth, or further away from the grill mouth),
separately on the n, go; in the private launcher SOL and in the private RCP (Reciprocating Probe)
SOL space. However, the gas puff location in the 2d modeling is always magnetically connected
to the LH grill private space, Fig. 1. It is therefore impossible to distinguish between
magnetically connected and not-connected gas puff. Similarly, the RCP location is also always
connected to the LH grill private space. Obviously, there is a need for a fully 3D modeling code,
to obtain a more quantitative description of the trends obtained now by the quasi-3D model.
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Fig. 2. Left figure: Effects of the limiter boundary location. x- axis: distance from separatrix in
m. Right figure: Profile “D” of the LH field dissipation [a.u.]. Series 1 (blue diamonds): d;
=4.75 cm (grill ~ 3 cm behind the limiter), series 2 (magenta rectangles): d;y= 2.75 cm (grill ~ 1
cm behind the limiter), and series 3 (yellow triangles): d;y= 1.25 cm (grill is ~ flush with the
limiter).

Figure 2 then shows n, o in LH private SOL as a function of the limiter boundary location
(changing the distance limiter — wall d, , is similar to changing the distance launcher-limiter) Gas
puff is 1e22 el/s near the outer mid-plane (OMP), i.e., by “GIM6”. Heating in front of the grill is
150 kW. The assumed profile of the LH SOL dissipation used in this contribution is shown as
profile “D” on the bottom figure. The upper figure shows the n, g5 in the OMP (between limiters

acting as a sink) in the launcher private SOL. The next Figure 3 shows n, g, in the limiter sink
(top figure) and at the RCP location (bottom figure) as a function of the limiter boundary
location. Gas puffing and heating is the same as in Fig.2.
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Fig. 5. Profile of n, g, in the OMP in grill private SOL, as a function of the gas puff location.
Blue diamonds: 0 heating, 0 puff, magenta rectangulars: gas puff 1e22 el/s near OMP, yellow
triangles: gas puff near RCP, cyan diamonds: gas puff at the top.

Figure 4 shows n, 4, in the OMP (upper figure) as a function of the heating and puff rates, with
d w = 4.75 cm; on the bottom figure there are neutrals profiles in the OMP. Let us note that
joined heating and gas puff tend to flatten the n,go profile, cf. the cyan curve. It can be
demonstrated that the flatness of the n, 5o profile depends also on the assumed profile of the LH
wave dissipation. The more near to the grill the LH power is dissipated, the more flat is the n_ 5o
profile. Figure 5 shows n, o, in the OMP in grill private SOL, as a function of the gas puff
location, d; = 1.25 cm, with heating in front of the grill = 150 kW.

Main results: The modeling shows that both puff and heating/ionization are important in raising
the density in the far SOL, what is important for LH wave coupling in ITER like discharges.
Although OMP seems to be the best location for gas puffing, the other two puff locations (near
RCP, at the top) also give an increase in ne,y With heating. This is again an important

information for ITER, where top gas puffing is assumed. The modeling shows the flattening of
the far ne ; profile, which is observed in experiments [2].

All results mentioned above were obtained in a team effort.
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Cherenkov detectors for fast electron measurements
V. Weinzettl, J. Stockel, M. Vacha, M. Peterka
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Association EURATOM IPPLM, The Andrzej Soltan Institute for Nuclear Studies, Otwock-
Swierk, Poland

Fast electrons generated by the ohmic heating in the CASTOR tokamak plasma were recorded by
means of the Cherenkov detection system described in [1]. The experimental data were collected
in about 500 discharges. The shots were 25 ms long and performed at the toroidal magnetic field
Br ranging from 0.8 T to 1.4 T, the plasma current Ip varied from 5 kA to 15 kA. The
measurements were limited to relatively low plasma densities n. reaching 0.5-1.5x10" m™ and a
relatively high acceleration voltage Vioop, typically higher than 2 V.

Measurements indicate that introduced modifications of the Cherenkov detection system enabled
an electromagnetic interference to be reduced and a direct hard radiation to be eliminated
completely. Using a radiation attenuation in lead shielding, an energy of the direct radiation was
estimated as E = (3,9 + 1,0) MeV that gives the same energy as for a test water shielding, E =
(3,8 £ 0,1) MeV. A question on an unclear origin of this hard radiation reaching the detection
system only during the tokamak discharges stays still unanswered.

The entrance window of the detector, by default oriented in the direction opposite to the plasma
current allowing fast electron measurements, was turned around its axis by 180 degrees in
agreement with the plasma current in some shots of the campaign. The recorded signals were in
this case very low, see Fig.1, what confirmed that the recorded Cherenkov signals were induced
just by fast electrons (>50 keV).

On the CASTOR tokamak, the s
dependences of the fast electron signals
on the radial position of the Cherenkov
detector, as well as on the plasma
density, see Fig.1-2, plasma current and
toroidal magnetic field  were
investigated [2,3]. A character of the
signals depended very strongly on the
radial position of the detector as well as
on the plasma density. With an increase
of the observation radius, the
Cherenkov signal decreased and it  Fig. 1. Integrated Cherenkov emission as a function of the
appeared later. It was found that after plqsma ‘densily. The blue curve cz?rresponds to the
25 ms, when the transformer primary orientation of the detector allowing fas‘t electron

L. . . . . measurements, the red curve shows electron signal at the
winding (inducing the ohmic heating) opposite detector orientation.
was short-circuited and the stabilization
system was turned off, a strong increase in the signal intensity appeared as a result of the
destruction of the plasma column. A considerable influence of the plasma density was also
observed. In the high-density discharges, the initial increase in the Cherenkov signal was
followed by a stationary phase. It can be directly interpreted as a constant loss rate of the fast
electrons. On the contrary, the low-density discharges showed almost an exponential growth of
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the Cherenkov signals lasting until the end of the discharge. The described effect might be
connected with a magnitude of the acceleration electric field reaching a critical value in the low-
density discharges.

Intensity [a.u.]

Intensity [a.u.]

0 5 10 15 20 25 30 a 5 10 15 20 25 30
Time [ms] Time [ms]
Fig. 2. Evolution of the Cherenkov signals as a function of the position of the detector head for high-
densitv (left) and low-densitv (rieht) discharees.

A connection between the Cherenkov emission and hard X-rays (HXR), which were measured at
a close vicinity of the Cherenkov detector, was also studied, see Fig.3. As it can be clearly seen, a
global behaviour of the hard X-ray radiation differs from the Cherenkov emission; however, there
are some common peaks at certain moments confirming an interaction of fast electrons with the
Cherenkov detector head. But a correlation of the Cherenkov and local HXR signals can reach up
to 70 % and its magnitude practically does not depend on the detector position, plasma density or
toroidal magnetic field. A correlation peak

1.0

FWHM varies from 6 to 11 us and slowly | HXR total
increases towards the plasma center. It 0.8
should be noticed that a position of the r

. . . — 0.6 - |
correlation peak indicates a small but non- s b uxr

o
zero delay between the Cherenkov and hard = ¢ 4
X-ray emission in the range of 1-3 us (the ,
harfi ~ X-rays outruns the Cherenkov e Bt
emission). (57 o PRSP, i A A s Al ST
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The results of the statistical approach using Time[ms]

a single-count analysis of the time-resolved Fio 3. Examn] " 1 evoluti "
Cherenkov data indicates possible transport ig. 3. Example of the tempora evotution of the
Cherenkov emission measured at r = 60 mm, the

mechanisms of fast electrons — the fastburst 5.0/ hard X-ray, and the total hard X-ray
losses in combination with a slow diffusion. intensity.
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JET neutron data analyses via inversion algorithms

based on Minimum Fisher Regularisation
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Minimum Fisher Information principle proved to provide robust analyses of sparse data in
plasma diagnostics. At JET, in collaboration with the Association Euratom-IPP.CR, the inversion
methods based on Minimum Fisher Regularisation (MFR) have been successfully validated both
in spatial analyses of plasma neutron emissivities measured by the JET profile monitor (MFR
tomography) and in spectral analyses of neutrons detected by the NE213 compact spectrometer
(MFR unfolding). In 2007 the MFR tomography algorithm was extended by abelisation and by
unisotropic smoothing constrained to magnetic flux surfaces.

MFR tomography of the JET neutron emissivity. Neutron profile monitor at JET (see e.g. [1])
provides data for spatial analyses of plasma neutron emissivities, with separate measurements of
D-D fusion products (2.5 MeV) and D-T fusion products (14 MeV). Although spatial resolution
of the neutron profile monitor is rather sparse, it proved sufficient for tomography reconstruction
by adapted algorithm of the Tikhonov kind with 2D mesh of rectangular pixels and the inverse
regularisation optimised by Minimum Fisher Information principle [2].
Results in previous years clearly indicated potential of the neutron tomography in studies of fuel
transport via ratio method [1], however the systematic errors (tomography artefacts) due to the
sparse resolution seriously hampered reliability of the 2D reconstructions of neutron emissivities
[2]. Therefore it was concluded that a further constraint on the MFR algorithm is required.
Magnetic flux surfaces provide a natural

JET Pulse No: 61161 with Tritium putt constraint, for it is expected that neutron

R e emissivities do not change rapidly along

Ay -l T e s flux surfaces. First, a full poloidal

7 BEUTEE: e e symmetry (abelisation) was implemented

g 3 : B e T into the MFR [3], later a more

LI D /%\ U e sophisticated 2D reconstruction with

= S W e unisotropic ~ smoothing along  flux
=g e [ e : surfarces was introduced [4].

= =2 NS N . .
t : L L Db ' ' In the poloidally symmetric case, known

T I S as the Abel inversion, the neutron
- ‘““l‘w:ﬁ“ emissivity .is constrained to be constant
- !‘J-_-::::}:!H!” _ on magnetic flux surfaces so that the

Time (s) BN 34 tomography task is reduced to one-
0 R (m) dimensional ~ problem. The MFR
ﬁ'ig..l. Evolu.tion of the neutron emissivity profile during abelisation was tested and then applied
Tritium puff in the JET pulse #61161 as reconstructed by for studies of both the fuel transport in the

the MFR Abelisation [4] TTE (see Fig. 1) and D-D data studies in

iy,
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the recent ripple experiments [3]. The corresponding magnetic flux
surfaces were uploaded from JET database of EFIT magnetic field
reconstructions. These studies confirmed that the constraint is too
restrictive for typical JET neutron emissivities which feature
stronger radiation in the low field side. However, the Abel
inversion can be used as a very sensitive indicator of assymmetries
and/or as a tool for studies of symmetric neutron emissivities (e.g.
in low plasma density discharges).

A considerably more complicated but more fruitful constraint
consists in introduction of an unisotropic smoothing into the
standard 2D MFR algorithm. In this method, amplitude of
reconstruction smoothing is set stronger in the direction tangent to
the flux surface and weaker in the perpendicular direction. This '
new constraint was successfully implemented and preliminary R L U
results in .transpor.t gnalyses fr.om. the TTE campaign prowde - for JET pulse 61372 (profile
the first time - distinct quantitative values [4], see Fig. 2. In these evolution of the ratio of
analyses, both D-D and D-T emissivities were reconstructed with the reconstructed D-T/D-D
newly implemented unisotropic smoothing, and the ratio of the two  emissivities) shortly after
emissivities — which reflects the fuel transport properties — was @ ritium gas puff [4]
integrated in the poloidal direction in order to attenuate noise

(statistical errors).

The MFR code is now ready for systematic studies of performance on simulated data, which will
benchmark its features. Further minor improvements are foreseen, e.g. implementation of final
width of viewing lines and of the up-down symmetry constraint.

MFR unfolding of the JET neutron spectra. The organic liquid scintillators known as NE213
provide relatively simple and robust neutron detection. Its pulse height spectrum carries also
information on the energy of impacting neutrons, however, a proper detector calibration and
unfolding technique is required. The MFR algorithm was successfully adapted to run the
inversion process of the NE213 spectra unfolding with L-curve principle implementattion [5] and
semi-automated application at JET.

In the last year, progress in the MFR unfolding was modest due to priorities given to the MFR
tomography. The planned extension of the unfolding to the Stilbene scintillator detector was
postponed, because the diagnostic was not ready for the spectral analyses: The n-gamma pulse
separation was under development, and the detector response matrix was not known to the
required precision. Instead, limited effort went to further extension of the MFR unfolding
algorithm for the NE213 neutron detector, in particular the dependence of the photomultiplier
gain factor on the neutron intensity was implemented.
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2 Development of Plasma Auxiliary Systems

Neutral beam injection system for COMPASS
J. Urban, J. Mlynar, V. Fuchs, J. Stockel, M. Stransky

Neutral beam injection system at COMPASS will present a new key element in the foreseen
scientific programme, in particular with respect to the H-mode operation. Predictive simulations
of the beam performance were focussed on the finalisation of the technical specifications for the
system. Later in 2007, the specifications were agreed upon and implemented into detailed Call
for tender for two neutral beam injectors for the COMPASS tokamak.

Predictive simulations of the planned neutral beam injection (NBI) system have been performed
to support the final NBI design and other COMPASS modelling. ACCOME [1] is presently
applied for predictive equilibrium calculations. The ACCOME Fokker-Planck NBI module was
conceived for computational speed within ACCOME, which iteratively calculates a self-
consistent state between the tokamak MHD equilibrium and the inductive and non-inductively-
driven currents: bootstrap, lower hybrid, and neutral beam. The ACCOME MHD equilibrium
module SELENE [2] solves the free-boundary Shafranov equation problem under very general
boundary conditions. One specifies the dimensions, positions and turns of the poloidal field coils,
and then selects a particular type of boundary problem. Either one can specify coil currents and
find the resulting plasma shape, separatrix and possible X-points, or else one specifies a desired
plasma shape, and calculates the resulting required coil currents. At the moment, we work with
single X-point equilibria: SND and SNT (high triangularity) [3, 4]. These equilibria, determined
by SELENE with or without NBI, are then also used for other COMPASS simulations (see the
report of M. Stransky and V. Fuchs) and will be used for future, more detailed NBI simulations
with FAFNER [5] or NUBEAM [6]. In turn, Astra [7] simulations provide temperature profiles
for ACCOME and the stand-alone NB module FAFNER, and eventually also for NUBEAM.

3x10° —

fast ion current
NBI driven current
ohmic current
total current
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0 0.2 0.4 0.6 0.8 1
p

Fig. 1. Current density profiles from ACCOME. SND equilibrium, 1,=170 kA, By=1.2 T.
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Toroidal current densities, computed by ACCOME for SND configuration with total plasma
current /,=170 kA, central toroidal magnetic field By=1.2 T and co-injected NBI with total power
500 kW, are plotted in Fig. 1. It follows that NBI can drive a substantial portion of the total
plasma current. However, ACCOME does not account for important loss channels — orbit losses,
charge exchange losses. Moreover, the current drive calculation is considerably simplified. As a
result, the NBI driven current can be significantly overestimated. This had been shown by
calculations with the Monte Carlo code FAFNER [5], although for a slightly different equilibria,
in [8]. Installation of an advanced Monte Carlo NBI code, e.g. FAFNER or NUBEAM, is
envisaged to enable more detailed and realistic NBI simulations at IPP Prague.

Following the above modelling work, detailed technical specification of the NBI system for the
COMPASS tokamak was finalised and agreed upon at the end of 2007. The 40 keV deuterium
neutral beam with total power of up to 600 kW will be launched to plasma by two NBI systems.
The basic configuration — tangential injection in co-direction with respect to plasma current — is
optimized for plasma heating. The aiming of both injectors can be shifted outside to achieve off-
axis heating and current drive. For balanced injection both injectors will be located at the same
port, aiming in co- and counter-current directions. Normal injection will be also possible, mainly
for diagnostic purposes. Each injector must be able to operate at lower voltages (down to
20 keV), although at lower performance, and with hydrogen gas. Both units must be able to
on/off modulate the beam with a minimum on-time of 20 ms and a minimum off-time of 20 ms
using an external reference signal, with rise/fall time (from 10% to 90% beam power and vice-
versa) max. 2 ms. The longest time of continuous beam operation will be 300 ms. In order to
minimise hydrogen leakage to the plasma the pressure at the beam duct to the COMPASS
chamber must be kept below 10 Pa when the beam is operated, 2.10™* Pa otherwise. Contents of
heavy impurities must be kept below 1%, the beam energy and current accuracy has been
specified to +/- 1% and 2%, respectively. The narrow vertical span of the COMPASS port in the
tangential injection (70 mm) was pointed out as a major challenge so that performance tests with
the port are required at the manufacturer’s site. Magnetic field parameters, available power
supplies, cooling systems, vacuum connections and control system including the interlocks have
been specified as well.
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Spectroscopic diagnostics for COMPASS
V. Weinzettl, E. Dufkova

In collaboration with:
V. Igochine, Association EURATOM IPP, IPP Garching, Germany
M. Berta, A. Szappanos, Association EURATOM HAS, KFKI-RMKI Budapest, Hungary

Spectroscopic diagnostics on the COMPASS tokamak will cover a wide spectral range of the core
and edge plasma emission aiming to realize a fast tomography at microsecond time scales.

A poloidal section of the diagnostic ports of the COMPASS tokamak suitable for fast
spectroscopic detectors such as fast AXUV-based bolometers, semiconductor SXR detectors and
visible radiation monitors was chosen with respect to a presence of the two NBI heating systems
in the vacuum vessel and a possibility to realize tomographic reconstructions of the selected
radiation ranges. The small size of the allocated ports, a large number of the detectors inside them
and requirements for cooling during a vessel baking led to an optimization in a choice of the
detectors and to an integrated port design. A high temporal resolution in a combination with a
good spatial resolution, namely in the pedestal region, will be reached by the AXUV20-ELM
(IRD Inc.) based arrays of bolometers and LD35-5T-JET-Windowless (Centronic) arrays of the
SXR detectors located inside the diagnostic ports, see Fig.1. Visible light observations will be
realized using a pinhole camera connected to optical fibers and a spectrometer/photomultipliers
located in a diagnostic room.

LI
il

=

Fig.1: On the left, there are the six AXU V20-ELM (IiD Inc) based 20-channel arraysioffdst
bolometers equipped with the ceramic sockets. On the right, there are the four LD35-5T-JET-
Windowless (Centronic) 35-channel arrays of the soft X-ray detectors.
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A cooperation with HAS Association on the implementation of the fast visible camera on
COMPASS has been started and the first model of the EDICAM camera with an exposition up to
20 microseconds was tested on the CASTOR tokamak in 2007, see Fig.2.

Frame 1 Frame 2 Frame 3 Frame 4

Frame 1 Frame 2 Frame 4

Fig.2: Sequences of the 1280x1024 pixel frames taken by the EDICAM camera during CASTOR tokamak shots
with 500 us (upper frames, original colors) and 20 us (lower frames, rescaled colormap) exposition time.
Dynamically rescaled colormaps are used to visualize details, namely for exposition time shorter than 100 us.
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Performance analysis of ITER candidate Hall sensors

in tokamak environment
I Duran, J. Sentkerestiova, K. Kovaiik, O. Bilykova, J. Havlicek, J. Stockel

In collaboration with:

1 Bolshakova, R. Holyaka, V. Erashok, MSL, Lviv Polytechnic National University, Ukraine
A. Quercia, Association EURATOM-ENEA CREATE

P. Moreau, Association EURATOM-CEA

Use of various configurations of flux loops for measurement of magnetic field in fusion devices is
inherently limited by the pulsed operation of these machines. A principally new diagnostic
method must be developed to complement the magnetic measurements in true steady state regime
of operation of fusion reactor. One of the options is the use of diagnostics based on Hall sensors.
This technique is well established for many applications in experimental physics as well as
industry, although it is rarely implemented in the fusion plasma physics. Therefore, besides the
tests of radiation hardness of the ITER candidate Hall sensors, the experience with their use in
tokamak environment must be gathered. Although, principally aimed for steady state
applications, Hall sensors offer some advantages over magnetic coils also for present pulsed
fusion devices. It is mainly their smaller size and direct relation of the measured signal to the
magnetic field. The frequency response is typically limited to few tens of kilohertz. Several
experiments dedicated to testing of various types of Hall probes were done and are being
prepared on CASTOR, JET, and Tore Supra.

Poloidal ring of integrated Hall sensors on CASTOR

Advancements in semiconductor technology hand in hand with a broad spectrum of industrial
applications have driven development of new types of Hall sensors for magnetic measurements in
recent years. A particular advancement is the availability of ‘integrated’ Hall transducers, where
the sensing element together with the complex electronic circuitry is integrated on a single small
chip with characteristic dimension of a few millimeters. The on-chip integrated circuits provide

Fig. 1. The ring of up to 16 Hall sensors, 16 coils and 96 Langmuir probes before its installation on
CASTOR tokamak (left panel). Detailed view of the Hall sensors attachment system with a single Hall
sensor shown before its installation on the ring (left panel).

stabilization of the supply voltage, output voltage amplification, signal conditioning in order to
suppress the high frequency noise, and elimination of temperature dependence of the sensor’s
output. Because of the widespread industrial use of such sensors, their cost is rather low (of the
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order of 1 Euro/piece). We have performed the first tests of this type of Hall sensors in a tokamak
in-vessel environment on CASTOR tokamak (R/a=0.4m/0.085m, I,=10kA, B1=IT, ne=1019m'3).
The 8 Hall sensors of A1322LUA type produced by Allegro MicroSystems, Inc. were mounted
on a stainless steel ring symmetrically encircling the CASTOR plasma in poloidal direction 10
mm outside the limiter radius. The Hall sensors were oriented such that they measure the
horizontal and vertical magnetic fields at four locations (top, bottom, high field side, and low
field side). The special adjustable holders were used in order to ensure proper alignment and
consequently to minimize the cross-talk from the toroidal magnetic field. The sensors have a
nominal sensitivity of 31.25 mV/mT and dynamic range +80 mT. The peak-to-peak noise level is
below 1mT. The reasonably flat frequency response was achieved in the range DC-10 kHz. The
operating temperature range is from -40°C to 150°C. A supply voltage of 5V is needed to drive
each Hall sensor. More details on operational aspects of these Hall sensors can be found in [1].
We exploited the above described system of 8 Hall sensors to get further insight into vertical
plasma position measurement on CASTOR. In previous years there was observed a systematic
disagreement between CASTOR vertical plasma position measurements using the standard
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Fig. 2. Left panel: comparison of vertical plasma displacement evolutions deduced from: a coil pair
(black line), Hall sensors pair (blue), Hall sensors pair corrected for presence of stray magnetic fields
Bey, (red), and rake of Langmuir probes (black +). Right panel: vertical plasma displacement as a
function of hardware CASTOR feedback system switch Z obtained as the simple differential signal of a
pair of Hall sensors (blue) versus the same differential signal but corrected for presence of By,

approach of a pair of magnetic coils placed at the top and at the bottom, inside the vacuum vessel
and other available diagnostics (rakes of Langmuir probes, bolometers) [2]. The differential
signal of the coils pair is used to drive the CASTOR vertical plasma position feed-back system
[3]. The vertical plasma position deduced by this method is rather centred for most of the
CASTOR operating regimes. In the contrary, measurement of separatrix position performed by a
radial rake of Langmuir probes suggests significant downward shift of the plasma column. In
these experiments the radial rake of Langmuir probes is introduced into the CASTOR edge
plasmas from the top and the separatrix position is identified with the measured location of
maximum in floating potential profile.

Explanation of this discrepancy was proposed, suggesting that the magnetic measurements have
to be corrected for pick-up of stray magnetic fields induced by external tokamak windings. The
present set-up of Hall sensors on the full poloidal ring allows measuring of these stray magnetic
fields separately during plasma discharge. Consequently, it was possible to correct the evaluated
signal of the vertical plasma position (see fig. 2). It is clearly seen in figure 2 (left panel) that a
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rather good agreement was achieved in determination of plasma vertical displacement between
magnetic diagnostic (Hall sensors) and rake of Langmuir probes after elimination of signal
proportional to stray magnetic fields. Figure 2 (right panel) presents example, how the
dependence of the vertical plasma displacement on setting of the Z switch changes after
application of above described correction. The Z switch (positions 0 - 12) is a knob on the
CASTOR vertical plasma position control system used to pre-define the desired vertical plasma
position before each CASTOR shot.

Installation of ex-vessel Hall probes on JET within JET EP2 enhancement project

The project aims for enhancement of the existing JET ex-vessel magnetic diagnostics system, by
installing new sensors, capable of measuring the magnetic field both directly via sets of 3D Hall
sensors and also by integrating voltages of coils which are attached to all the Hall sensors. The
main rationale behind this project from the JET point of view is to provide additional data to
enhance the database for iron core modelling and to improve equilibrium reconstruction. From
ITER point of view, it is extremely important to test performance of these ITER candidate
sensors under fusion neutron spectrum and also to gather experience from operating them at the
large tokamak facility like JET. The project is led by Ass. ENEA, the probes and electronics are
provided by MSL, Lviv Polytechnic National University, Ukraine. The Association IPP.CR
participates on testing, installation, and the high level commissioning of the system on JET
including analysis and assessment of the measured signals.

Top (Aluminum)

5,

Walls (Ceramics)

Fig. 3. One of the JET EP2 ex-vessel Hall probes, developed by MSL Lviv Ukraine, in various stages of
manufacturing process.

Hall probes on Tore Supra

High temperature resistant (<200°C) Hall probe developed by MSL Lviv, Ukraine in
collaboration with IPP Prague, was installed in-vessel on Tore Supra tokamak behind the poloidal
antennas protecting limiter. Special electronics driving this probe allows precise measurement of
magnetic fields in the frequency band 0-250 kHz.
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Development of advanced probe for edge tokamak plasmas - Emissive probes
A. Marek, P. Kudrna, M. Tichy

In collaboration with:
R. Schrittwieser, C. lonita, P. Balan, Innsbruck University, Association EURATOM-OAW

Emissive probe was in focus of the investigations in 2007. Two subjects were investigated:
a) applicability of strongly emitting probe technique in the low temperature plasma; b) variations
of the electron saturation current collected by probe at varying probe heating. Applicability of
the strongly emitting probe technique depends on ratio of temperature of the emitted electrons
and plasma electrons in case of low temperature plasma. Experimental data were compared with
theoretical model.

Construction of the emissive probe used in experiments is depicted in Fig. 1. The probe wire was
made from tungsten or thoriated tungsten with diameter typically d = 150 um in present
experiments. Electrical contact between the probe wire and feeding line was realised by fine
copper wires that were tightly bounded around the probe wire. This construction ensured
excellent electrical contact and relatively easy probe preparation. Probe was placed into the
double bored Degusit tube. Experiments were performed on the cylindrical magnetron system
described e.g. in [1,2].

We have found that applicability of the
strongly emitting probe technique for the
estimation of the space potential depends on 61 h
ratio 7./T.w and n, where T, is temperature of 5 ] / j /
plasma electrons, 7,y is temperature of emitted /'
electrons and » is plasma density. This is ] . :
illustrated in Fig. 2 for case of tungsten probe 34 /

and different 7, at fixed plasma density. Data -

3695 K - melting point of tungsten

—m— Te=0.5eV

= i L] —0—Te=3eV
in Fig. 2 were computed by applying floating ? / Te=10eV
probe condition in 1D model of strongly 1 . | Ar.n=ax10" m*, 7300 K
emitting plane developed by Takamura et al. 0 . e
[3]. It is visible that if the 7, and T,y are '.,-° 3
comparable the plasma potential determined A ok oo ove o om0k

by the strongly emitting probe can be

Tew[ev]
markedly overestimated. If 7.p can be

Fig. 2: Results of 1D model [3] — difference of

neglected with respect to 7, (hot plasma), the
plasma potential determined by the strongly
emitting probe is underestimated by appro-

normalized potential (¢=e@/kT.) determined at the
strongly emitting tungsten wall and plasma potential at
increasing T,y for three values of 7..

ximately one kT,/e as it was shown e.g. in [4].

Measurements with strongly emitting probe were performed in low temperature plasma of the
shorter cylindrical magnetron at several radial positions and at two different pressures ensuring
different 7,. Plasma potential determined by the strongly emitting probe technique Uz was
compared with plasma potential determined by Langmuir probe U,,;. Results of experiment are
summarised in tables 1 and 2. According to model [3] and Fig. 2, the plasma potential determined
by the strongly emitting probe at p = 1.5 Pa should be more markedly underestimated than in case
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of p = 6 Pa since the electron temperature was  Tab 1: Normalized difference between plasma potential
higher in that case and the plasma density is determined by strongly emitting probe and Langmuir
comparable. However, this trend is not visible ~ Probe in cylindrical magnetron.

in our data. It is probably because the 7, and Ar,1.5Pa,20mT,50mA

difference in 7, were not sufficient. In both r [mm] [T, [eVI[n [m3] (U, e\ U, ) /KT

cases (Tables 1 and 2), the plasma potential 21 4.7]7.00E+15 -0.26

determined by strongly emitting probe 18 4.0|1.20E+16 023

technique was underestimated by approximately 15) 4.3[/1.80E+16 -0.33

0.3 kT ,/e. 12 4.5|2.30E+16 -0.29
9 4.6(2.30E+16 -0.30

In addition, a relatively thorough study of the Tab 2: Normalized difference between plasma potential

electron Sa_turatlon current Varl_atlons at .Vary'lng determined by strongly emitting probe and Langmuir
probe heating was performed in the cylindrical  probe in cylindrical magnetron.

magnetron  (Prague) and  DP-machine AT 6Pa 20mT.50 mA

(Innsblpck) plasma [5‘,6].. Magnitude of elecj[ron ] [T eVI[n. ] [(Uoma U /KT
saturation current variations were characterized o1 > 1| 8.00E+15 0.19
— variations were more pronounced in case of 18| 22|1.20E+16 032
shorter probes. In [6] various possible processes 15[ 2.3 1.60E+16 -0.43
leading to electron saturation current variations 12| 2.2{2.40E+16 -0.50
were discussed. New experimental data were 9] 2.6]/2.80E+16 -0.23

recently obtained that give better understanding

of studied phenomena. Profiles of variations given in [5,6] were obtained from the analysis of
emissive probe current at chosen fixed voltage. In this study there were not obtained the whole
current voltage characteristics but only the fixed probe bias was chosen and probe heating was
varied. This approach enabled to assess better temperature induced processes.

We concluded that strongly emitting probe technique is applicable in low temperature plasma
with 7,~2-3 eV and plasma density n~10'® m™. Observed variations of the electron saturation
current at varying probe heating can be ascribed from the most part to the probe surface cleaning
and contamination in laboratory argon discharge plasma. Preliminary results were published in
SAPP 2007 and ICPIG 2007 Conference proceedings [7,8], final paper has been accepted for
publication in Contributions to Plasma Physics (appears in 2008).
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Development of millimeter-wave reflectometry system for the measurement of

edge piedestal plasma in tokamak COMPASS
J.Zajac, F.Zacek, J. Vicek

In collaboration with:
M. Manso, A. Silva, P. Varela, L. Cupido, Association EURATOM- Instituto Superior Technico /
Centro de Fusdo Nuclear, Lisbon

This is for the Activity Report 2007, part of the construction of the microwave reflectometry
system for Compass tokamak. IST/CFN Lisbon was agreed in 2006 to be the main supplier of the
reflectometry system with the technical support of IPP Prague [1]. The reflectometry system for
Compass will be mainly designed to perform relevant plasma density profile measurements in the
pedestal region. Five individual reflectometers are supposed to measure the density profile. The
advanced reflectometers allow an arbitrary frequency sweeping modes and therefore the
reflectometers can be used as well as an experimental diagnostics for studies of plasma
turbulence [2].

The realization of the reflectometry system was supposed in a close collaboration with IST/CFN
during 2006 — 2009 [1]. In the new timetable it is supposed that all parts of the reflectometry
system will be constructed, assembled and tested by IST/CFN in Lisboa in 2008 - 2010, with the
support of microwave engineers from IPP.CR.

In November 2007 the detailed design of the reflectometry system was agreed in Lisbon
including the new timetable and cost estimation. The horizontal 8/9 Compass vessel port will be
dedicated for the reflectometry system. The port has the inner diameter 150 mm and length of
about 200 mm. The port is too small for the placing of a set of horn antennas into the vacuum
vessel. Moreover one of NBI beam is crossing this port. Therefore the external antenna system
for the reflectometry is more suitable. Then antennas are placed in front of the port. The port is
equiped with a proper vacuum window transparent for microwaves (e.g. quartz window). The
frequency combiners and quasi-optical antennas are necessary to transmit and receive all
channels (O-mode K, Ka, U and E frequency bands and one X-mode Ka frequency band) in a
tokamak port. A band-combiner combines the four O-mode beams and on X-mode beam into the
one transmitting beam. The same combiner splits them from the receiving beam. Similar system
has been developed for JET [4]. Due to the complexity of such a device, a suitable provider will
be seeked.

Transmiters and receivers for the all bands are individual. Only the Ka-band the O-mode and X-
mode signal will be splitted from a common source. The block scheme of the electronics for the
K band is in Fig. 1. Other bands have the same scheme in principle, only different voltage-
controlled oscilators and frequency multiplication.

The original workplan of the collaboration agreed for 2006 was delayed. Therefore, the workplan
for IPP was reformulated and the construction of the Ka-band (26.5 — 40 GHz) reflectometer was
started at the beginning of 2007 in IPP. The design was made in a similar way to the
reflectometers developed recently in IST [2,3]. Most of microwave electronics of this
reflectometer was constructed and tested in parts in 2007. Development of control unit and
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control SW is in progress. This reflectometer will be able to work with the suggested quasioptical
band-combiners and antennas. The control unit and control SW is developed by our own way.
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Fig. 1. Block scheme of O-mode 18-26.5 GHz transmitter and receiver
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Neutral particle analyzer for tokamak COMPASS
J. Stockel. D. Naydenkova

In collaboration with:
M Petrov, Atomic Physics Department A.F.loffe Physical-Technical Institute, St Petersburg

Fast neutral atoms escaping from the COMPASS plasma will be analyzed by means of the
neutral particle analyzer, which allows simultaneous analysis of hydrogen and deuterium atoms
in the energy range 0.25-100 keV. Current status of this diagnostics is reported.

The energy spectra of fast atoms will be measured by the neutral particle analyzer (NPA)
ACORD 12. This analyzer was constructed by the Atomic Physics Department of the A.F.loffe
Physical-Technical Institute in St. Petersburg, Russia and exploited for measurement of the ion
temperature on COMPASS in Culham. The principal scheme of the analyzer is shown in Fig. 1
together with main elements. The picture of the NPA taken in Culham is shown in Fig. 2.

Fig. 1 Major components Of the NPA: (L)
vacuum shatter; (S.,) “step like” entrance slit;
(C,) “cleaning” electrostatic condenser, removing
charge particles from the flux; (G) stripping cell
chamber; (Sy,) stripping chamber slits; (M)
electromagnet; (C) analysing electrostatic

condenser;(D; - Dy) two rows of .detectogs;(l%) Fig. 2. Some of the major elements labeled are:
auxiliary ion source for NPA Jesting; (H', DY) (A) NPA; (B) vacuum pump; (C) flight line
atoms emitted by plasma; (H', D') secondary connecting NPA with tokamak vacuum vessel

ions.

Some characteristics of the NPA are shown in Tab 1.

Detection row H row D row
Overall dimensions 705 x 510 x 360 mm
Number of energy channels 6 6
Tab. 1 Minimal/maximal particle 0.25-100 0.3-50 keV
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energy keV

Energy dynamic range 7 7
Emax/Emin,

Maximum allowed D-D neutron

1x10’ neutrons/cm?/s
flux

Maximum allowed stray
magnetic field

2mT

The apparatus shown in Fig. 2 (the NPA and the vacuum system) was disconnected from the
COMPASS tokamak in Culham and transported to IPP Prague. In May 2007, the major elements
of the NPA were dismantled (stripping cell, analyzing elements, and the detector part) and their
status was checked during the visit of M. Petrov from loffe Institute in Prague. Some key
elements are depicted in Fig. 3.

Fig. 3. Pictures of some elements of the NPE (from left to right): Detector unit, view of the electrostatic
analyzer, the analyzing magnet.

It was concluded that the status is satisfactory and ready for measurements soon after having a
stable and well defined plasma. Just small refurbishment and connection to the central CODAC is
required. It was decided that the NPA will be exploited for analyses of fast neutral atoms after
installation of the neutral beam injection (NBI) for ion heating, which is scheduled for the first
half of the year 2010. Therefore, installation of the NPA is planned on beginning of 2010.

Future collaboration with the A.F.Ioffe Physical-Technical Institute in the re-installation of the
NPA on COMPASS is envisaged. Our colleagues will assist in the calibration of the NPA by
means of the beam of potassium ions. Furthermore, the numerical code MC-DOUBLE,
developed at loffe Institute St. Petersburg, will be purchased and modified to COMPASS
geometry. This code is required for detail interpretation of experimental data.
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HRTS diagnostic development

ASSOCIATION EURATOM/IPP.CR

P. Bohm, M. Aftanas, J. Brotankova, V.r Weinzettl, P. Bilkova

In collaboration with:

team of the Department of Optical Diagnostics, IPP AS CR, Turnov.

The use of the Nd:YAG laser at the second harmonic frequency was investigated and
corresponding calculations of the scattered and detected photons were performed for this
particular case. Calculations of the parameters of the detection system are being performed.

Calculations of photon number

A key parameter for the design of the TS detection system is the number of scattered
photons. For the edge TS diagnostic this parameter is essential. Software for estimation of this
value for arbitrary radial profiles of T, and n. was developed. As an input parameter for current
calculations, the radial profiles of T. and n. measured on the COMPASS tokamak in the Culham
laboratory (edge TS) are used. Number of collected photons in each spatial and wavelength
channel for the edge TS is shown in figure 1.

Number of scattered photons in each spatial and wavelength channel
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Fig. 1. Number of collected photons in each wavelength and spatial channel of the detection camera. Energy of
laser is 2.5 J on 532 nm, spectral channel width is 1 nm.

The calculations were performed first and foremost for the plasma edge, since this is the critical
part of the measured region. High density in the centre will ensure sufficient number of detected

photons. Background radiation by Bremsstrahlung was estimated too.
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Laser system

Following demands on the laser system were set from the analysis of the scattering efficiency:
Nd:YAG laser system running in pulse regime and generating second harmonic, i.e. wavelength
532 nm, energy of 2.5 J on the second harmonic for each pulse, and repetition rate of 30 Hz,
which is closed to technological limit for high-power lasers.

Output beam must be polarized, because of polarization dependence of TS. Divergence of the
beam should be less than 1 mrad to achieve good focus and beam diameter close to the tokamak
vessel. Laser will be placed outside the tokamak hall; the optical path from the laser to the
tokamak will be therefore about 15 m. Beam diameter on the laser output should be about 1 c¢m,
thus on the focusing lens close to the tokamak, the diameter will be up to 3 cm. The lens (f=1 m)
will focus the beam into the plasma, having sufficient focus depth to have 1 mm waist and having
diameter less than 1 cm all-over the 40 cm long region of the core TS measurements. Beam
pointing stability must be good enough to guarantee movements of the beam in the tokamak
vessel about 1 mm.

In the future, an upgrade to multi-pass TS system will be possibly done, exploiting the experience
of Petra Bilkova and Petr Bohm with the upgrade from mobility-stay on TEXTOR tokamak in
the autumn 2007.

Detection system

Highly sensitive back thinned intensified CCD or CMOS camera will be used for detection of the
scattered light. Required range of detectable electron temperature, number of spatial points and
spatial resolution determines requirements for the camera system for fast events and very low
light level imaging. Optical design and simulation of the best parameters of imaging optics in the
collected light path is being done by the ZEMAX software, as well as the layout of the
spectrometer in the Littrow arrangement sense.
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Magnetic diagnostics and development of the feedback system for the

COMPASS tokamak
O. Bilykova, J. Havlicek, F. Janky, J. Horacek, M. Stransky, M. Hron, 1. Duran, J. Vicek,
J.Stockel

In collaboration with:

H. Fernandes, J. Sousa, T. Pereira, 1. Carvalho, A. Neto, Association EURATOM-IST, Lisbon,
Portugal

M. Cavinato, Associazione EURATOM - ENEA sulla Fusione, Padova, Italy

Magnetic diagnostics:

The magnetic diagnostic of COMPASS is a complex set of many magnetic sensors distributed
around the plasma column and mounted mostly on the vacuum vessel. The overview of the
COMPASS magnetic diagnostic sub-systems including the number of sensors and the target
quantity to be measured is given in [1]. The dismantling of the magnetic diagnostics on
COMPASS was carried out during two missions of IPP staff in the Culham Science Centre in
November 2006 and March 2007. The existing documentation of magnetic diagnostics was
checked and completed. The magnetic sensor positions were identified and documented. Cables
from magnetic sensors to corresponding cubicles were disconnected. All equipment was prepared
and transported to IPP Prague. The magnetic sensors will be checked and calibrated in early
2008.

Feed-back system:

The most important step in the re-installation of the COMPASS tokamak is to put into operation
the feedback system for maintenance of a defined plasma position. The task of the vertical and
radial feedback controls is to process the signals from magnetic sensors, which detect the plasma
location, and to apply a correction signal to the power supplies to maintain the plasma in the
required position.

To build the feedback system for COMPASS, we considered two options: refurbish and use the
original COMPASS analogue system, or design and built a new system based on digital
approach. Finally, we decided to pursue the later option because it is significantly more
transparent, flexible, and up-to-date.

Digital system is developed under contract of collaboration with the IST Lisbon, which is
experienced in building similar systems for other Associations [2].

a) Algorithms. Algorithms for feedback control will be generated by the finite elements
MAXFEA code, which is solving the free boundary equilibrium based on the 2D Grad
Shafranov equation, developed by P.Barabaschi [3]. Geometry and mesh files were done for
COMPASS. They include the exact position of the poloidal field coils, vacuum vessel and
limiters. The material properties, resistivity and inductance are described in a material file.
The connections of magnetising, equilibrium, shaping and feedback coils are stated in a
circuits file with corresponding number of windings and with the currents to the shaping
and equilibrium circuits.
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b) Hardware and control. The digital system will be based on the ATCA technology standard:

multiple - input - multiple - output (MIMO) controllers, developed in IST, will be used. The
output of the modelling will be converted to algorithms, which will be programmed to
CODAC nodes. These nodes include ATCA modules, each one with 32 analogue input
channels, 4 analogue output channels, and 8 digital input/output channels connected to a
processor. Such set-up allows the implementation of the MIMO controllers.

Before the signals from the magnetic sensors (Internal Partial Rogowskis, Flux loops and
saddle coils) will go to the digital feedback system, firstly they are integrated by original
COMPASS analogue integrators, which were used in Culham. In 2007, we have performed
basic test of several original COMPASS integrators connected to CASTOR magnetics. The
results of these tests were rather mixed. The integrators showed a significant drift despite
their embedded drift correction feature. Some integrators were even found to be not
operational. In 2008, these initial tests will be completed systematically for all old
COMPASS integrators and the final conclusions about their usability for the new
COMPASS magnetic system will be drawn.

c) Power supplies. Three identical fast amplifiers are being built in the IPP for the feedback

stabilization of the horizontal (1 piece) and vertical (2 pieces in a bridge) plasma positions.
The amplifiers are based on MOS transistors, each amplifier has maximum current of SkA,
voltage £50V, frequency range DC-5kHz, output impedance of 5 mQ, and inductance of
274 uH. A passive cooling of the transistors is adopted through heat absorption in attached
mass of aluminium blocks. The circuit safety is designed for overcurrent, overvoltage and
optical isolation protection inside the energizer that determines the amplifiers inputs. There
were designed three energizers (containing pre-amplifier, optical decoupling and protection
circuits for the fast amplifiers) and digital PID controller (for the fast amplifiers control). In
addition, amplifier zero-output-voltage pre-shot check and another delayed overcurrent
protection is included.

References:
[1] Application for Preferential Support for enabling a programme of ITER relevant plasma

studies by transferring and installing COMPASS-D to the Institute of Plasma Physics AS
CR, Association EURATOM-IPP.CR. Phase II (2006)

[2] A.J.N. Batista, Rev. Sci. Instrum. 77 (2006) 10F527
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COMPASS Control, Data Acquisition, and Communication system
M. Hron, J.Pisacka, F. Zdacek, J. Strnad, J. Vicek, J. Stockel, R. Pdnek

In collaboration with:

H. Fernandes, J. Sousa, B. Carvalho, T. Pereira, I. Carvalho, A. Batista
Associacao Euratom-IST, Lisbon, Portugal

M. Cavinato

Associazione Euratom-ENEA sulla Fusione, Consorzio RFX, Padova, Italy

An efficient operation of COMPASS in Prague requires a new CODAC (Control, Data
Acquisition, and Communication) system, which is being developed jointly by the Associations
IPP.CR and IST. The tokamak control involves several areas, each of different levels: 24 hours a
day control of building infrastructure, interlock, central experiment control, and real time
control during the experiment run. Each of the systems has different purposes and diverse
features.

Control of slow processes

The slow control of the overall plant during the 24 hours a day 7 days a week cycle includes the
building infrastructure (cooling, heating, air conditioning) as well as the machine infrastructure
running in the instantaneous service (experimental area access control, deionized water treatment,
energetics systems, etc.).

All these systems are, in general, parts of the building, communications installations, and
energetics deliveries, respectively. Specifications for these systems were derived by the IPP.CR
staff during the design phase, then the construction and delivery was/is a responsibility of the
contractors.

The control of these systems will be managed by their own controllers, while the communication
links will secure the necessary exchange of information.

Personnel and machine protection

Safe operation of COMPASS will be guaranteed by an interlock system. The personnel and
machine protection will be separated in independent loops.

States of the experimental area will be based on the operational diagram, shown on right, and
they will be set by an Area access control system. The personnel protection will be based on a
restriction of the access in certain states of the experimental area, during operation of danger
systems.

Next, the status of the machine systems will be checked by a safety loop during the preparation
phase before each discharge. This will be done in parallel with the CODAC control checking.
Finally, during the discharge, the operation of the tokamak can be interrupted and/or operation of
particular systems can be inhibited, depending on the evolution of the status of the individual
systems.

Central control of the experiment
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The central controller with an operator interface, called “FireSignal“, will allow us to manage
individual subsystems and will be used for the control of the experiment [1]. Data access will be
managed by a Java based “SDAS layer” [2].

During 2007, the CODAC design was evaluated and the HW platform for CODAC nodes was
selected. We will use the Advanced Telecommunications Computing Architecture (ATCA) and a
real time linux, running on a PC. Such a system has been developed at IST Lisbon for the
vertical stabilization for JET [3] and will be adopted for COMPASS. This set-up builds then a
compact CODAC node, where the data acquisition is secured by A/D converters and FPGA
arrays on the ATCA boards. The PC running the RealTime Application Interface (RTAI) for
Linux gives us the necessary computation power. The available digital and analog outputs of the
system are used for communication and control of the subsystems.

We specified the communication link to be used between the CODAC and the power supplies,
which are delivered together with the Energetics (toroidal field, equilibrium field, magnetizing
field, and shaping field power supplies). Basic features communication protocol were defined.
Next, several particular systems were defined: e.g. a communication module between the
CODAC and fast amplifiers for feedback was designed; vacuum system control was designed,
incl. a vessel baking module; NBI control requirements (see figure) were specified for the Call
for Tender.
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Real time control during the experiment run

The CODAC nodes described in the previous section will be capable of a real time processing of
the acquired signals in a loop well bellow 50 Os. The data acquired by the A/D converters will
be pre-processed by the FPGA on board. Then, during the test and start-up phases, the output
signals will be calculated in the CPU of the PC. Later, when the algorithms will be fixed, they
may be transformed to the FPGA itself to speed-up the response of the feedback loop.
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3 Development of Concept Improvements and Advances
in Fundamental Understanding of Fusion Plasmas

EEDF Measurements in the CASTOR Tokamak Using the First Derivative

Langmuir Probe Method
R. Dejarnac, J. Stockel

In collaboration with:
Tsv. K. Popov, P. Ivanova, Association EURATOM-INRNE/Faculty of Physics, Sofia, Bulgaria.
F. M. Dias, Association EURATOM-IST/CFP, Lisbon, Portugal.

Langmuir probes (LP) allow local measurements of the plasma potential, the charged
particles density and the electron energy distribution functions (EEDF) usually using the second
derivative of the I-V characteristic. The recently developed kinetic theory [1, 2] may be used for
the calculation of those plasma parameters from the first derivative of the electron saturation
current measured by the probe. In this work we report the first results of the EEDFs
measurements in the CASTOR tokamak edge plasma using this method.

The I-V characteristics measurements in the CASTOR tokamak edge plasma were carried
out by using an array of 16 single, small Langmuir probes oriented perpendicular to the magnetic
field, covering a range of 35 mm in the radial direction.

The procedure for evaluating the EEDF from the I-V characteristics using the first derivative
method is described in [3]. The connection between the first derivative of the probe current,
dIl(U)/dU, and the EEDF for probes oriented perpendicular to the magnetic field is:

dl

ay) = —const U f(e) (1)
dU w(e)

where e is the electron charge, U is probe potential with respect to the plasma potential and

w (&) is the diffusion parameter [3]. To calculate the diffusion parameter, we take into account the

fact that, although the local diffusion near the probe is classical, the global transport is anomalous
(Bohm diffusion) due to the turbulence [2,4]. The EEDF is thus described by:

3J2mR h{”Lj
4R ) dI(U)

; ()
328'SR,U  dU
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where m is the electron mass, S is the probe area and R, is the Larmor radius.
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We normalize the EEDF by the electron density, n: T f(g)\Edg =7n.
0

An example of the EEDF for the radial position » = 56 mm in stationary phase of the plasma
current for the shot #26402 is shown in Figure 1. The green line is a sum of the red one and the
blue one. It is clearly seen that the EEDF is bi-Maxwellian. In Figure 2 the radial profiles of the
two electron temperatures are presented. The fit with the experimental EEDF was obtained with
an accuracy of 5%. It has to be noted that in the limiter shadow, » > 85 mm, the EEDF is
Maxwellian with a temperature of about 8 eV. In the same figure the results obtained by
Stangeby method [5] (squares) are also presented. We must point out that the Stangeby method
assumes a Maxwellian EDF of the electrons. Only the temperature of the high energetic fraction
of electrons dominates [6,7] and can be evaluated. We estimate the density of the hot population
of electrons at about 10% of the bulk electron density. Figure 3 shows the total electron densities
at different radial positions. We compare the first derivative method results (dots) with the
Stangeby method (squares) using the cold electron temperature only. The uncertainty in the first
derivative method values evaluated does not exceed +30%. We see that the two methods show
good agreement. Moreover, the first derivative method allows one to obtain in addition the “real”
EEDF and the plasma potential values as well (Figure 4).

We have to note that, for those results, the raw data are not filtered. By using an advanced
method based on an adaptive choice of the filtering and differentiating instrument functions, the
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plasma parameters thus calculated are similar and we foresee that the advanced method will be
useful for identifying the main modes of plasma turbulence.
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Modelling of ITER Plasma Facing Component Damage and Consequences

for Plasma Evolution Following ELMs and Disruptions
R.Dejarnac, M. Komm, R. Panek

We present in this study the power loads in the ITER castellated PFCs by means of kinetic
calculations during ELMs. The code used for this purpose has been developed at the IPP Prague
and is adapted to such a tile gap geometry [1] by taking into account the specific geometry of the
components, the inclination of the magnetic field lines and the gyration of the incoming particles.

We simulate two types of gaps according to their orientations with respect to the magnetic
field lines. Poloidal Gap (PG) refers to a gap which is perpendicular to the magnetic field lines,
and Toroidal Gap (TG) refers to a gap parallel to the magnetic field lines.

The power deposition in the 0.5 mm wide gaps during ELMs is totally asymmetric for both
PGs and TGs. Indeed, only one side is wetted by the plasma in each geometrical orientation. In
the case of PGs, the wetted side is the plasma facing side and in the case of TGs, the wetted side
is the one favored by the ExB drift. This feature is due to strong gradients of the asymmetrical
electric potential in the gap. The related physics is explained more in detail in [1]. Moreover, a
positive 'bump' with respect to the negative potential forms between the tiles and can let in the
gap more or less plasma according to its size. Figure 1 shows typical profiles of the deposited
power (Pg,) in the 0.5mm gaps for both orientations, PG & TG. The non-perturbed,
perpendicular flux falling to the tile surface far
from the gap (Py;.) is also indicated for reference.
At identical high plasma conditions, we observe
that the power load at the entrance (peak value) is
higher in the case of a PG (+27%) but then decays
faster inside the gap than in a TG, hence, the
plasma goes deeper in TGs. Moreover, we
observe that the integrated power along the gap is
almost identical (£ 5%). It means that globally the
same amount of plasma enters the gap in both
orientations but is deposited differently. We
observe here that the total particle flux inside the
gap represents 85% of the unperturbed flux that

Power deposition in the gap

35
30 PG (deposition plasma facing side only)
25

1 flux to the tile = 12.5 GW/m?

TG (deposition ExB side only) |

03 04 05 06 07
gap depth [mm]

0 01 0.2

Figure 1: Power deposition in a 0.5 mm gap when
parallel (TG) and perpendicular (PG) to B-field for

2.1° inclination and ne = 10°° m?>, Ti = Te = 5 keV.

falls onto the tile far away from the gap in the
case of the TG orientation and 80% for the PG
case. This result is not a fact related to the two

geometry of the gap but it depends on the size of
the potential 'bump' and can vary quite strongly with the plasma conditions. Therefore, 15% and
20% of the incoming power, respectively, do not enter the gap and are deposited on the next tile
according to the stream flow.

We also observe in Figure 1 that the decay is not exponential and seems to be divided into
two phases. In order to quantify the power deposition inside the gap, we have defined a
deposition length, Lg,, as the distance from the gap entrance where the power is 1/1000 the peak
value. Figure 1 (Pue = 12.5 GW/m’) corresponds to a two times large uncontrolled ELM
(Ee =4.7 MJ/m’ with At = 375 s) which is a maximum limit, still acceptable for the thermo-
mechanical properties of the PFCs. In this case, the power is deposited over Lg, = 0.6 mm for the
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TG and Ly, = 0.45 mm  (-22%) for the PG, which is much greater than the geometric projection
(Lgeo =0.018 mm for o = 2.1°).

For high plasma conditions, the effects of 7e and 77 on the plasma deposition length inside
the gap are not significant and the density plays a little role by increasing L., marginally (+15%
when we double the density).

Normalized power deposition in the gap

---- P, =2.4 GW/m?
tlle

An important parameter is the inclination
3 - - : P,.= 12 GWim?

angle of the magnetic field lines with respect to
the gap. Figure 2 shows the normalized power 25 - : 1
loads profiles in a TG for two angles, a = 2.1° 2
(dotted line) & a = 1.2° (full line), and for the <

o

same plasma conditions  (ne =5.10" m”, 5t 1

Ti=Te=2.5 keV, Bt = 5.9 T). The fluxes falling 1 N : : ]

to the tile surface are in a ratio of a factor of 2 0. (1: 21° |

due to the different angles. However, the

decrease of the wetted area inside the gap is % 01 02 03 04 05 08
gap depth [mm]

only by 30%. We have a deposition of the
power in the gap Ligp = 0.50 mm for a = 2.I° Figure 2: Normalized power deposition in a 0.5 mm
whereas the deposition is Lge, = 0.35 mm for TG for an inclination angle of 2.1° (dotted line) and
a = 1.2°. It has to be noted that the peak value 1.2° (full line) at identical plasma conditions.
increases relatively to the incoming power to the
tile with the smaller angle, but remains nevertheless lower in absolute value. We can note that the
integrals of the curves shown in Figure 2 are identical due to this feature. This means that the
total power inside the gaps is only dependant on the incoming power to the tiles. However,
thanks to the change of the slope, by reducing «, the power loads inside the gap are spread
differently and the wetted area reduced.

The same conclusions concerning this effect of the incident angle apply to the PGs. The
curves are similar, the only difference between the types of gaps coming from the geometric
effect described previously in Figure 1.

This work was performed in the frame of the EFDA Task: TW6-TPP-DAMTRAN "Report(ing)
on the expected power deposition profiles onto ITER PFCs during steady-state and transient
loads with realistic PFC geometry by PIC modeling".
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Measurement of plasma flows into tile gaps
R.Dejarnac, M. Komm, J. Stockel, R. Panek

Particle and power loads in tile gaps are of high interested since ITER plasma facing
components will be castellated [1]. Previous experimental studies all show shot- or campaign-
averaged results of deuterium and impurities deposition inside the gaps [2,3], but giving no
information on how the plasma flows between the tiles. In order to investigate more deeply the
physics of the plasma deposition, we have developed a special probe that can measure the ion
saturation current profile along the gap (see Figure 1). The experimental data are compared to
the results of self-consistent kinetic simulations performed by a 2D particle-in-cell code
developed here at the IPP Prague and described in [4].

Figure 1: Picture of the 2 components of the dismantled "sandwich probe" for
measuring the plasma deposition into a gap between tiles.

The 11 insulated segments of the probe are
biased with a negative voltage (Vii,s =-100V) in
4 order to collect the ions. The two components A

\ & B are mounted face-to-face in order to create a
gap of 1.1 mm width and the probe is inserted in
the tokamak CASTOR SOL from the top. Two
configurations are investigated experimentally.

P o The first one corresponds to the gap parallel to
e the magnetic field lines (noted as "toroidal gap")
R ; and the second one is when the gap is
Z = perpendicular to the magnetic field lines (noted
as "poloidal gap").

Figure 2: lon saturation profile along a toroidal ~ 1-Toroidal gaps

gap measured by the.probe (points) and calculat.ed Figure 2 shows the ion saturation current

2{’ ri};j fﬁl ;:ltfo CZZS};Z tfe’g ;Zé foi?je()n(: esi dJ; quZ;ZZ distribution along a toroidal gap measured by the

probe shows signal. probe for 8 reproducible shots, the 6 first

segments being represented (points). These points

are compared with the result of our kinetic calculations (the red/blue full-line curves). We detect
here 2 important features that characterize the plasma deposition in toroidal gaps. First of all, we
observe that the plasma deposition decreases exponentially along the gap with a decay length of
0.5 mm, which is well reproduced by the PIC simulations. The second important result is that the
plasma is deposited only on one side of the probe. Indeed, the probe measures a signal only on
the side favored by the ExB drift and nothing on the other side (noise). This physical
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phenomenon is due to an asymmetry of the electric potential inside the gap as explained in [4]
and is in good agreement with the numerical predictions.
2-Poloidal gaps

Figure 3-a shows the ion saturation current distribution along a poloidal gap measured for
different inclinations of the probe with the magnetic field lines. We observe exponential decays
only for low angles (0<32.8°) whereas the plasma seems to penetrate deeper and linearly for
angles greater than 32.8°. The deposition shown here corresponds to the plasma facing side of the
probe. The profiles calculated by our kinetic code are shown in Figure 3-b and we can observe
that a similar behavior is well reproduced, with a non-exponential decay for high inclinations.
The absolute values are in the same range as in the experiment, however we notice that the
deposition is in reality deeper, especially for the larger angles. More investigations must be
undertaken to understand this result which is reproducible over all the angle scans we performed.

On the other side of the probe (plasma shadowed side), we do observe some signals but with
an intensity 10 times lower. We explain this deposit by a "bump" on the potential profile inside
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Figure 3: lon saturation profile along a poloidal gap measured by the probe (a) and calculated by the
2D self-consistent PIC code (b) for different inclinations with respect to the magnetic field lines (from
5% to 45°) and for the plasma facing side.
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the gap, strong enough to repel the incoming ions towards the surface that is not directly wetted
by the plasma [4]. Our simulations also reproduce the same asymmetry, plasma facing
side/shadowed side. The absolute values at the entrance of the probe tend to be lower than the
predicted ones but the radial deposition is in good agreement for all angles.

Conclusion

We have developed a unique tool to measure the plasma deposition into a gap between tiles.
The experimental data confirm the numerical predictions we made with our 2D self-consistent
numerical code. In the case of toroidal gaps, we have a quantitative and qualitative agreement.
However, in the case of poloidal gaps, it is only qualitatively acceptable. The 2-sided deposition
is confirmed, with the good order of magnitude. This set of experiments confirms nevertheless
the understanding of the plasma deposition in tile gaps presented in [4].
References:
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Electron Bernstein waves simulations for WEGA
J. Preinhaelter, J. Urban

In collaboration with:
H.P. Laqua, Association EURATOM — Max-Planck-Institute fiir Plasmaphysik, Greifswald

We have adapted our EBW code to obtain a crude estimate of the profile of the current driven by
2.45 GHz wave. We investigated the dependence of the current profile on the central magnetic
field and the temperature of the hot component.

WEGA plasmas are sustained by electron Bernstein wave heating. This produces a considerable
suprathermal electron population. The fraction of this populations ranges up to ~20% and the
temperature reaches 200 — 300 eV (compared to ~50 eV of the bulk electron population). These
data are estimated from probe measurements and are only approximate. We have extended our
EBW code to include the effects of the suprathermal electrons. Significantly different behaviour
of the EBWs, compared to single component plasma, has been demonstrated by the simulations.
Even a modes fraction of suprathermal electrons enables very efficient absorption.

Current density profile was, for the first time, measured by a small Rogowski coil during our visit
[1]. Therefore, we have concentrated on current drive studies. We have simulated the absorbed
power corresponding to individual resonances (and components) and determined the
corresponding direction of the driven current, supposing Fish-Boozer current drive mechanism.
The parallel wave vector direction of the EBWs can be reversed during the propagation through
the plasma. The driven current direction has to be reversed analogously. Such behaviour has been
observed experimentally [1]. We have investigated the effects of the central magnetic field and of
the hot component on the EBW current drive.

Cold component, damping
on the Oand 1t harm
Warm component, damping
- on the Oand 1 harmonics
Warm component, damping
on the 2™and higher harmonics
b Deposited power for control

N \ L \
0 0.04 0.08 0.12 0.16 0.2
Fest [M]

Fig. 1. Distribution of the absorbed power between components and harmonics. Individual contributions are
multiplied by the Sign of Vies=(w-na.)/k. B(Ry)=0.65B.., T,=300eV.
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Profiles of the power absorbed on the hot and the warm plasma components, corresponding to
both the 0" and the 1 harmonics and the 2™ and higher harmonics, are shown in Fig. 1. We see
that the resonant velocity of the absorbed power contribution of the 2°® harmonics has different
sign at the plasma boundary and at the plasma centre. This behaviour is caused by the change of
the sign of the corresponding k| along the ray. This effect is probably responsible for the
experimentally observed current reversal at the plasma centre. As an estimate of the current
profile, we have summed individual components of the absorbed power, multiplied by the sign of
the resonant velocity. We also scan this quantity with respect to the central magnetic field and the
temperature of the hot component. Final results of the simulation are seen in Fig. 2 and 3. Current
profile measurements were performed only for single antenna position and with constant vertical
magnetic field. Therefore, we have investigated the effects of the central magnetic field
magnitude (expressed as a multiple of the resonant magnetic field B..=2.45/28=0.0875 T) and the
temperature 7 of the hot component.
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T,=500eV , P, =7.4% of P,
T,=150eV, P,,=9.6% of P,
. 10 —
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B(R,)=0.75B,, , P,,=9.6% of P,

0 0.05 01 015 02

Tet [M] et [M]
Fig. 2. Hot component temperature scans. Summed Fig. 3. Central magnetic field scans. Summed components
components of the absorbed power. Individual of the absorbed power. Individual contributions are
contributions are multiplied by the sign of v,.,=(@- multiplied by the sign of vy.,=(w-naw.)/k. T/=300eV

n Cl)ce)/]q - B(R()) =0. 65Bce,
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EFIT2006 Parallelization
J. Urban, J. Havlicek
In collaboration with:
L.C. Appel, Association EURATOM-UKAEA Culham

EFIT2006 is a modern version of the magnetic equilibrium reconstruction code EFIT, developed
at UKAEA Culham. A parallel version of the code was desirable to accelerate the calculations.
EFIT2006 will be also used at IPP Prague for the COMPASS tokamak.

Parallelization of EFIT2006 [1] has started from scratch. It has been decided to implement a
coarse grained parallel version of EFIT2006 [2], i.e. to parallelize the high level interface, so that
a master process will serve other processes with input data for individual time slices. These
processes (slaves) will perform the computation and send the results back to the master, where all
the outputs will be written to a file or sent to a database. The parallel version should run on
computer grids or clusters using the MPI interface.

EFIT2006 is an object oriented code in C++, which is very beneficial for understanding and
enhancements, but parallelization using MPI requires rather complicated transmission of C++
objects. Fortunately, the Boost C++ libraries have recently been extended by an MPI library,
which allows transmitting complex C++ objects very conveniently. A functional version of
parallel EFIT2006 has been implemented and its performance has been tested. The results are
shown in Fig. 1. A linear growth can be clearly seen, even though the benchmarks have been run
on serial computers interconnected by rather slow Ethernet network.

5 EFIT2006 and all the necessary libraries have
already been installed at IPP Prague.
Benchmarking results for the same inputs
shows that the two installations are equivalent.
IDAM, a general library for data access, is
3| successfully working at IPP Prague, including

§ the ability to remotely read data from UKAEA
' Culham server.

R 24
L 24

1
224
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QWO O
<

timeslices per second
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| § $ We have been able to reproduce equilibria

$ g with input from COMPASS experimental data

17 g provided by UKAEA. We have also succeeded

to run EFIT2006 with predictions obtained

0 L — with the ACCOME code [3]. The ACCOME

0 a P 12 16 code solves the Grad-Shafranov equation and

number of processes allows prediction of plasma equilibrium for

Fig. 1. Benchmarking results of the parallel EFIT2006. given poloidal field coils currents and external
heating and current drive systems.
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QPIC study of secondary electron emission in response to fast
electron flow to tokamak edge target plates, including the effect of
electron emission on sheath potentials

V. Fuchs, IPP Prague and J. P. Gunn, CEA Cadarache

We consider the the quasi-neutral self-consistent particle-in-cell (QPIC) simulation of a tokamak
plasma scrape-off layer (SOL) bounded by two material walls — possibly divertor plates, limiters,
probes, or a combination of these. At every time step of the simulation some ions and electrons
reach the material walls, but suffer very different fates. The ions are absorbed by the walls and
are lost from the simulation. A QPIC simulation satisfies local plasma quasineutrality so that
during the simulation the plasma must also be globally neutral. It follows that not all electrons
travelling to a wall are allowed to reach it: the total number of electrons lost to the walls must
equal the total wall ion charge. If there is global charge balance at each wall, i.e if the ion and
electron fluxes to a wall are equal, then the wall potential equals the floating potential. By

definition, this floating potential is actually the energy of the most energetic electron which is
reflected back into the plasma from it.

Introducing secondary electron emission changes the wall potentials and the wall charge balance.
We thus address here a persistent problem in the interpretation of probe data, which is the
inconsistency between theoretical calculations of fast electron distributions that should give
extremely large sheath potentials (~kV) and measurements, which only give 0-100 V. The reason
might be due to secondary emission - the s.e.e. coefficient is of the order of 1 for energies in the
400 eV and higher range. That means that fast electrons do not contribute to the net electrical
current, while only the thermal ones do. So instead of a very large potential drop with a very
energetic electron flux reflected from the sheath back towards the SOL (what we get now), we
would expect to have a reasonable potential drop with cold electrons sent back into the SOL.

As a basis for our kinetic treatment of secondary electron emission we adopt the semi-empirical
form for the secondary electron emission — the s.e.e. - coefficient 5 [1,2]

SL =(2.72)* EE exp —2[%} ; E=E,, +V, +E, (1)

max max max

where Omax and Eax are respectively the maximum value of d and the energy value where this
maximum occurs. Further, Eyj, is the electron kinetic energy, V<0 is its potential energy, and
E | its energy of gyromotion. The s.e.e coefficient thus normalized is shown in Fig.1. and

selected values of 0. and Ejax are shown in Table 1, both taken from Ref. [1].
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FIG. £. Normalized secondary electron emission coefficient 6/6,,,, as a function of
normalized energy E/E, ... The circles are data for Li, Mg, Al, Si, Ti, Fe, Cu,

Ni, Ga, Ge, Rb, Nb reproduced from the review of Kollath [ 2]. The other data
points are for TaC (x), TiC (4 ) and ZrC (O ) drawn from the work of Thomas
and Pattison [3 ]. The line is the semi-emprirical curve of Eq. (£).

TABLE 1. MAXIMUM OF THE SECONDARY
ELECTRON EMISSION YIELD, é,,.,, AND
PROJECTILE ENERGY AT WHICH IT OCCURS,
Erax: FOR SELECTED ELEMENTAL METALS

AND CERTAIN OTHER MATERIALS

Target z B nax B
Be 4 0.5 200
C (graphite) 6 1.0 300
C (pocographite) 6 0.55 500
Al 13 1.0 300
Ti 22 0.9 280
Fe 26 1.3 400
Ni 28 1.35 550
Mo 42 1.25 375
w 74 1.4 650
TiC 1.0 460
TaC 0.84 270
ZrC 1.25 340
TiN 0.95 350
Stainless steel 1.22 400
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The &-curve decreases for E>E,,,x owing to deeper penetration of the incident electron into the
target. It can be seen that for most tokamak edge electron energies (i.e. thermals and LH-
generated fast electrons) and edge component materials of interest, the s.e.e coefficient d lies
between 0.5 and 2. In the context of a particle-in-cell (PIC or QPIC) code this is to be interpreted
as follows. Suppose that during a particular time step At, which in a QPIC code is limited in
magnitude by the Courant condition At<Az/Vwermal, there are N electrons incident upon a material
target. Clearly, we would like the number N to be very large with a well-defined energy
distribution so that we could intepret 3 AN as the number of secondary electrons generated per
time step by the AN electrons falling into the energy range (E,E+AE). However, At is typically
small and so is the corresponding number N of incident electrons per time step. Thus we cannot
obtain significant ensemble statistics in a time step. On the other hand, in a typical QPIC
simulation proceeding on the ion thermal transit time scale, the number of time steps is very
large, typically around 10°,

The probabilistic meaning of the 6-coefficient can be therefore retained by working with time —
rather than ensemble — averages, adopting an electron-by-electron Monte-Carlo technique. This is
done as follows. Take a particular electron which has reached the material target. (i.e. we assume
that its energy exceeds in magnitude the self-consistent wall potential). This electron is
characterized by its energy E and the corresponding 6 in Eq. (1) or Fig. 1. We furthermore assign
the electron a uniformly distributed random number RAND from the interval (0,1). For the sake
of illustration, let us consider the following simple emission algorithm: if the s.e.e probability is
high enough, i.e. if >1 or RAND<0<1, then a secondary electron is emitted and the wall global
charge is unchanged. If, however, 5<RAND, then secondary emission does not occur and the
wall charge state changes as the incident electron neutralizes one of the incident ions. In the long
run, for N primary electrons in the energy range (E,E+AE), this algorithm clearly generates NO(E)
secondary electrons.

We limit ourselves here to intermediate values of & such that no more than one secondary
electron can be emitted. This has far-reaching consequences for the QPIC code and simulation,
which thereby remains relatively simple to modify and execute. The essential simplification, as
was already mentioned, is that a single electron emission event does not change the wall charge
state. Hence the ion wall charge throughout the simulation only depends on ions reaching the
walls. The only complication which can arise (and ocassionally it does) is that with many
secondary events we might in a particular time step run out of electrons capable of maintaining
global wall charge balance since the corresponding primary electrons do not contribute to
neutralizing the wall ion charge. Now imagine the much more severe consequences of a multiple
secondary event. First, with multiple secondary events the wall positive charge increases and
many more electrons than in single events are required for wall neutralization.In addition, the
positive electron ,,holes™ arising in multiple seconary events must be included in global wall
charge balance.

In the present work we therefore only deal with single secondary events and discontinue

secondary electron production when in a time step the number of secondary events plus wall ion
charge exceeds the number of electrons incoming to the target..
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We now turn to the question of global charge conservation and the determination of self-
consistent wall potentials in the presence of single secondary electrons ( i.e. the global positive
wall charge per time step q comes only from incident ions). Even without secondaries this is a
complicated non-linear problem involving global charge conservation together with Kirchofft's
second law for the tokamak circuit with the discharge. We thus need do solve the system of two
equations

do T9erk =9 *dir =9 ()

=0 3)

fE-dh=v, ~V, 10, ~®, +V,,
where the elements of the potential arrays Vi r(1:q) are the kinetic energies of the highest-energy
incoming electrons. A solution of these two equations exists if the maximum V on one side is not
smaller than the minimum V on the other, and at best it is only approximate, since the charges q
are integers and the potentials V| r take on discrete values. The solutions are the wall potentials
VLR, functions of the appropriate wall electron charges qerr. In practice we arrange the first q
most energetic electrons on each side in descending order of kinetic energy, so that the first
elements correspond to the electrons least likely to be reflected from, i.e. most likely to be
"passing", the potential barrier. On each side we need q such electrons since we do not know
beforehand which will be the combination of wall electron charges that will satisfy (2) and (3).

Let us now consider what happens when a secondary electron is emitted. As already mentioned,
an electron which gives rise to a single secondary does not contribute to neutralizing the wall ion
charge. Therefore another electron, less energetic than the ones already in the list, must be
admitted. Thus for every secondary event, less energetic electrons take the place of the originally
most energetic ones travelling to the target. It follows that the solutions of Eq. (3), the wall
potentials Vi r, decrease in magnitude in the presence of secondary electron emission. This
tendency is naturally stronger with multiple secondary events.

The solution itself of Eqs (2,3) is quite complicated. Without secondaries, the algorithm is fairly
straightforward, but with secondaries an additional major complication arises owing to the
dependence of energy E in Eq. (1) on the unknown value Vy, of the wall potential. With
secondaries, the resulting non-linear trancendental equations are resolved by a bisection method,
which will be presented elsewhere. Convergence of the method is fast, typically in less than 100
iterations.

Results for thermal electrons are obtained mostly without problems, but we have been
experiencing difficulties resulting from too many secondaries associated with fast primaries
generated when lower-hybrid power is switched on. As mentioned above, we dealt with this
problem by disabling secondary electron production when a certain critical number of
secondaries is exceeded. Selected results are presented for illustration below.

In conclusion, we introduced secondary electron production in the QPIC code, carried out

necessary code modifications and debugging, and obtained some first exploratory results. The
main difficulties with introducing secondary electrons have been identified, some of which (e.g.
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multiple secondary events) will be dealt with in the continuation of this project. We consider the
milestones set out for this part (B) of the mission to have been met.

Selected results

Table IT Some results of selected 6 QPIC simulations at the following conditions: "natural"
Tore Supra SOL, Tep=T;jp=50 eV, n=5x10"" 1/m’ ; initial number of particles per cell = 5000 ions,
5000 electrons; zero background drift velocity; E;.x=300 eV. Further, Ey is the LH grill electric
field strength, and we imposed a symmetric LH grill spectrum in order to test the expected
symmetry of the simulation. The subscript "L" refers to the left wall, "R" to the right wall.

dinax  |Eo[kV/cm] |spectrum |Vy | Vur Tewr Tewr | Temax
0 -0.180 [-0.187 0.09 0.09 0.163
1.0 -0.141 |-0.139 0.09 0.09 0.167
1.6 -0.126 [-0.127 0.09 0.09 0.174
0 1 symmetric |-13.20 |-13.22 8.56 8.58 22.65
1.0 |1 symmetric |-6.64 |-7,12  [7.20 7.60 [19.06
1.6 1 symmetric |-4.58 |-4.31 6.31 6.07 18.71

The wall potentials Vi, r given in Table II are time-averages taken over the period when the
simulation has reached equilibrium, as indicated below in Fig. 2 :
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Fig2. a) The number of ions and electrons in the simulation region as a function of time. The
simulation is seen to reach equilibrium in about 3 ion transit times. b) The evolution of wall potentials
VyLr at the left and right targets, respectively. Results are obtained at simulation conditions of Table II.
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We note a small effect of secondary electrons on Vi, as dmay increases in the three simulations at
thermal conditions of Table II , but a relatively much larger effect at LH conditions . This

indicates that the effect of secondary electrons should be taken into account in the intrepretation
of probe diagnostics.
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Simulation of processes in high-temperature plasma toward better

interpretation of experimental data
R. Hrach, Z. Pekarek, E. Havlickovd, S. Roucka

In collaboration with:
R. Panek, Association EURATOM-IPP.CR

The Faculty of Mathematics and Physics continued the work on development of hybrid code. The
program under development presents a self-consistent model of central and border regions of
this tokamak for different experimental conditions. The goal is to determine the anticipated range
of plasma parameters in this system and to forecast the conditions for superior plasma
confinement. Confinement like that is characterized by a low-temperature and low power load of
the divertor. In addition the doctoral student Josef Havlicek participated in improving the EFIT
2006 program. This program enables calculating the current density, plasma shape and pressure
and further plasma parameters. Our diploma, now PhD, student Michael Komm improved the
SPICE code in such a manner that the program runs approximately 20 times faster.

The work in 2007 covered two main areas: (i) Numerical investigations of plasma parameters in
COMPASS tokamak and (ii) Preparation of 3D particle code of magnetized plasmas. In frame of
the first part numerical investigation of plasma parameters in COMPASS tokamak was
performed and presented in the 34th EPS Plasma Conference on Plasma Physics in Warsaw,
Poland [1]. The plasma parameters in the device were analyzed in the frame of the self-consistent
model of central plasma and edge region. The possibility of achieving high recycling and
detached regimes in COMPASS divertor was discussed (see Fig. 1).
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Figure 1. Total energy losses P, energy confinement time 7z, average plasma temperature 7,,., plasma
temperature at the LCMS T, plasma temperature at the plate 7, and normalized parameter £, as functions of
normalized volume average density <n,>/n¢ for different configurations. Scaling (B).

In frame of the task preparation of 3D particle code of magnetized plasmas there was developed
during 2007 the self-consistent fully 3D Particle-In Cell code for modeling of plasma-solid
interaction with new Poisson solver based on direct LU decomposition combined with multigrid
approach. The model was tested on a cylindrical cavity geometry, i.e. on a hollow cylindrical

88



ANNUAL REPORT 2007 ASSOCIATION EURATOM/IPP.CR

chamber opened to the plasma, in both collisionless and collisional plasmas (see Fig. 2). The
basic studied feature was the influence of non-axial orientation of magnetic field — this parameter
is important for the analysis of experimental data from the Katsumata probe. Earlier version of
the model was published in [2], the improved model developed in 2007 in [3,4].
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Figure 2. The angular (left) and axial (right) distributions of ions on the inner cylindrical wall, with the magnetic
field inclination o and ambient gas pressure as parameters.
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Results of PIC modeling of the ball-pen probe
J. Adamek, R. Panek, J. Stockel, M. Komm

This contribution presents the Particle-in-Cell (PIC) modeling of the Ball-pen probe using the
2D XOOPIC code developed in Berkeley University. The ball-pen probe has been designed for
the direct measurements of the plasma potential. The probe head consists of a movable
conducting collector, which is partially shielded by the isolator. This construction allows
modification of the ratio of the electron and ion saturation currents with respect to the collector
position.

The basic idea of the direct plasma potential measurement by the ball-pen probe [1,2] is to adjust

the ratio R = |/ /1. | in Eq. (1) to be equal to one. When this is achieved, the floating potential
of the probe V; is equal to the plasma potential @ as follows from

V,=®-T,In(R) (1)
Figure 1 shows the results of the PIC simulations (7.=7=20 eV, ®=0, B~=1T) of I-V
characteristics of the ball-pen probe using 2D XOOPIC (developed in Berkeley University) [3].
The I-V characteristics are plotted for different collector positions, when the collector is partially
exposed to plasma (#>0). The probe current is normalized to the ion saturation current. It is
evident that the value of the ratio R and the floating potential V; depend on the collector position.
This is in a good agreement with the experiment and the theoretical predictions.
The relation between In(R) and V; can be approximately described by the linear function as seen
in Fig. 2. The value of the plasma potential is according to the Eq. 1 estimated as @ = -24V,
which is below the value of the plasma potential given in the PIC simulation (@ = 0V).

Ball-pen |-V characteristics - PIC simulations
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Fig. 1. IV characteristics of the ball-pen probe for
several collector positions calculated by the PIC
simulations (T,=T;=20 eV, ®=0).
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Fig.2. The dependence of the ball-pen probe potential
Vi on the logarithm of the ratio R. for several position
of the ball-pen collector.

The discrepancy can by explained by detailed analysis of the potential around the ball-pen probe
head. The 2D profile of the potential around the probe is plotted in Fig. 3. The plasma is injected
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from the left and right side of the simulated area. The probe collector is exposed 0.2 mm to
plasma and negatively biased by U = -150 V. In spite of the fact, that plasma potential is equal to
0 V at the left and right boundary of the simulated area the potential inside area is below that
value. It means that the plasma potential provided by the ball-pen probe (see Fig. 2) should be
equal to the potential given by PIC modeling a few ion Larmor radii far from the probe head
along y coordinate. The potential above the probe orifice at coordinates y = 3.0 mm (dash line in
Fig. 3) is approximately equal to -5 V and it might be assumed as the unperturbed plasma
potential.

y [mm]
potential [V]

"6 8 10 12 14 16 18 20 22

X [mm]

Fig.3. The 2D profile of the potential around the ball-pen probe. The probe collector is exposed 0.2 mm in
plasma and negatively biased by U = -150 V. The plasma is injected from left and right side of the simulated
area. The magnetic field is parallel with x coordinate, By =1 and B, = 0 T.

It can be summarized that the results of the PIC simulations of the ball-pen probe confirmed that
the relation between the difference of the plasma and floating potential and In(R) is linear as
predicted the Langmuir probe theory (Eq. 1). However, the plasma potential provided by the
ball-pen probe in Fig. 2 is approximately 1*7, (T=7,=20 eV) less than the plasma potential
estimated by using 2D profile of the potential in Fig. 3. The discrepancy can point out that the
basic idea of the direct measurements of the plasma potential based on the simple Langmuir
probe theory above mentioned is not suitable for this kind of magnetized plasma. However, it can
be also explained by the fact that the model results in zero electron density inside the shielding
tube, which was not observed in the experimental observation [1,2].
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Adaptation of ASTRA and CRONOS for COMPASS simulations
M. Stransky, V. Fuchs

In collaboration with:
V. Basiuk, Y. Peysson, Association EURATOM-CEA Cadarache, France
L Voitsekhovitch, Association EURATOM-UKAEA Abingdon, United Kingdom..

Transport codes solve coupled diffusion equations for heat, matter, and magnetic field (current).
These partial differential equations are coupled to a magnetic field equilibrium code and
modules for LH and NB injection. Such codes thus allow fully self-consistent calculations of
tokamak operation, and are highly desirable for the study of COMPASS operation with the
planned LH and NB systems.

Currently, the transport modeling of the tokamak COMPASS is performed using the ASTRA [1]
and CRONOS [2] codes. The ASTRA code had been in use at IPP for some time and it has
limited internal capabilities as far as external heating and current drive is concerned. It was
therefore decided that a more advanced code, CRONOS, is necessary for the prediction and
analysis of COMPASS operating scenarios. During the mobility stay of M. Stransky at CEA
Cadarache in April 2007, the CRONOS transport code was acquired and adapted for the
COMPASS tokamak, and installed in Prague by the CEA staff in November 2007. Currently both
codes are capable of simulating ohmic heating schemes of various equilibrium settings.

During the visit of Irina Voitsekhovitch last September (2007) a robust transport model for
COMPASS was developed for the ASTRA code, including the possibility of external heating.
Simulations with externally calculated (ACCOME, FAFNER) NBI heating and current drive
were also successfully performed using both of these codes [3,4]. Even though such calculations
are not automatically self-consistent, the transport models show reasonable behavior, and it can
be foreseen that once the modules for NBI heating currently being developed at CEA for
CRONOS are satisfactorily finished, self-consistent predictive simulations of NBI heating on
COMPASS with CRONOS will be possible on a routine basis.

Fig. 1 shows an example calculation of the ion and electron temperature profiles calculated by the
ASTRA code using the transport model developed with I.Voitsekhovitch for the SND
equilibrium with /,= 200 kA, Br=1.2 T and central electron concentration of 3.5 10" m™ for co-
NBI and counter-NBI each delivering 300 kW. The NB power deposition profiles were
calculated using the FAFNER code [5-7].

In December 2007, Yves Peysson of the CEA staff has also made available to us the “Starwars”
suite of lower hybrid (LH) toroidal ray-tracing (C3PO) and 3-D Fokker-Planck (LUKE) codes
[8], which can simulate LH heating and current drive in a stationary state. This LH current drive
module takes as an input an externally provided equilibrium, provided presently by the
ACCOME code [9]. One of the results of the “Starwars” calculation are the LH power deposition
and driven current density profiles.

Results from the “Starwars” module were compared with ACCOME LH results, and several
conclusions about the COMPASS LH heating scheme became evident. The particularly
unfavorable lower hybrid slow wave accessibility conditions at the foreseen Phase I level
operating conditions (/,=170 kA, By=1.2 T) indicate that rays travel around the plasma edge for a
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long time before penetrating into the central plasma region with significant absorption near the

edge, and the rays also show very stochastic behavior in COMPASS.

Presently there is an ongoing effort to incorporate the non-inductive current drive modules into

CRONOS for the COMPASS configuration with promised help from CEA staff.

co-NBl counter-NBI

TlkeV]

0.00 0.05 0.10 0.15 0.00 0.05 0.10 0.15
am] a[m]

Fig. 1. Ion and electron temperature profiles calculated by the ASTRA code for the SND equilibrium with

1,=200 kA, Br=1.2 T and central electron concentration of 3.5 10" m™ for the co-NBI and counter-NBI each at
300 kW.
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OVERVIEW OF TECHNOLOGY TASKS

In the Association EURATOM-IPP.CR, research for the technology tasks is focussed on
properties of various diagnostic and structural elements and materials of future thermonuclear
reactors, both before and under neutron irradiation. Two irradiation sites are available for this
purpose: the light water experimental fission reactor LVR-15 (operated by NRI plc), and the
isochronous cyclotron U-120M with the maximum proton energy of 37 MeV (operated by
NPI ASCR). Both institutes are members of the Association EURATOM-IPP.CR and their
facilities are located in ReZ research site about 20 km north of Prague.

The technology research in the Association EURATOM/IPP.CR covered the following
areas in 2007:

e Tritium Breeding and Materials

0 Breeding Blanket
0 Materials Development
e Physics Integration

o TPDC Diagnostics - Ceramics
e Vessel/In Vessel
o Blanket

All the technology tasks are listed below; followed by a more detailed report on the progress
in individual deliverables.

UT7_IFMIF_IPPCR_NPI

Measurement of activation cross sections at neutron energies below 35 MeV. Data for
Nickel.

Field/Area: Tritium Breeding and Materials / Materials Development

Principal Investigator: P. Bém, Nuclear Physics Institute Rez

Co-authors: V. Burjan, M. G6tz, M. Honusek, V. Kroha, J. Novak and E. Sime¢kova

In collaboration with: U. Fischer and S.P. Simakov, Association FZK-Euratom,
Forschungszentrum Karlsruhe, Germany

Due date, 30.11.2007, status: completed

UT7-WELD-IPPCR-IAM

Development of new numerical macroelements method for distortion prediction of the
big welded construction

Principal Investigator: M. Slovacek, IAM Brno

Field: Vessel/In-Vessel

Collaborative staff: L.VI¢ek, PhD.
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UT 2007 PFW_IPPCR_NRI

Establishing of a specialized laboratory for handling, manipulations and analysis of
Beryllium specimens (e.g. Be coated PFW mock-ups)

Principal Investigator: V1. Masaiik, NRI, Rez

Field: Vessel /In Vessel, Area: Blanket, Materials

Coordinated by NRI staff: V1. Masafik, T Klabik, J. Hajek

UT7 _SURF_IPPCR_IPM1

Structure and phase composition of surfaces of materials modified by plasma treatment
Field/Area: Tritium Breeding and Materials/ Materials Development

Principal Investigator: Oldfich SCHNEEWEISS, Institute of Physics of Materials, Brno
Co-authors: Jiti BURSIK, Jiti CERMAK, Petr KRAL, Pavla ROUPCOVA

Due date, status: 2007, completed

IPP-CR_UT7_DEGR_IPM2

The Eurofer steel: microstructural degradation and embrittlement
Field/Area: Tritium Breeding and Materials / Materials Development

Principal Investigator: I. Dlouhy, Institute of Physics of Materials AS CR, Brno
Co-authors: H. Hadraba, V. Kozak, P. Cupera, Z. Chlup

Due date, status: 2007, completed

TW6-TVV-SYSEG

Assessment of PSM Welding Distortions and Field Welding
Principal Investigator: M. Slovacek, IAM Brno

Field: Vessel/In-Vessel

Collaborative staff: L.VI¢ek PhD.,V. Divi§, M. Slovacek,PhD.

TW3-TVB-FWPAMT

Mechanical Testing of PFW panel attachment system

Contract: FU06-CT 2004 — 00061, EFDA/04-1137

Field/Area: Vessel / Mechanical Structures

Principal Investigator: Vladislav Oliva, CTU in Prague - FNSPE Prague

Co-authors: Ale§ Materna (FNSPE Prague), Jaroslav Véclavik (SKODA Vyzkum Ltd.,
Pilsen)

In collaboration with: P. Lorenzetto, A. Furmanek, EFDA- CSU, Garching

Revised due date: 31. 12. 2007

Status: completed

IPP-CR_TW4-TVB-TFTEST2, 1

Thermal fatigue testing of PFW mock-ups at high heat flux conditions.
Principal Investigator: T. Klabik, NRI, ReZ

Field: TV — Vessel in Vessel, Area: TVB Blanket

Collaborative staff: V1. Masarik, P. Hajek, O. Zlamal

In collaboration with: P.Lorenzetto, F4E, Barcelona, Spain

IPP-CR_ TW6-TTMS-003, D5

Study of fatigue and crack propagation issues of EUROFER in liquid Pb-L.i.
Development and testing cold traps, high temperature flanges and circulation pump for the
liquid metal Pb-Li loop

Principal Investigator: V1. Masarik, NRI, ReZ
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Field: Tritium Breeding and Materials, Area: Breeding Blanket
Collaborative staff:: L. Kosek, J. Berka, M. Ruzickova, M. Zmitko, K. Splichal

IPP-CR_ TW6-TTMS-003, D5

Development of design of Pb-Li auxiliary system for HCLL TBM.

Evaluation Pb-Li compatibility of EUROFER samples coated by Al and Er203 layers under
higher temperature conditions

Principal Investigator: K. Splichal, NRI, ReZ

Field: Tritium Breeding and Materials, Area: Materials Development

Collaborative staff: L. Kosek, J. Berka, M. Zmitko

IPP-CR_ TW2-TTMS-003b, D4

Hydrogen compatibility and emrbittlement issues of EUROFER weldments.
EUROFER and Pb-Li melts testing under higher temperature irradiation conditions
Principal Investigator: K. Splichal, NRI, Rez

Field: Tritium Breeding and Materials, Area: Materials Development
Collaborative staff: J. Berka, M. Zmitko, V1. Masarik, Z. Lahodova, L. Viererbl

IPP-CR_TW2-TTMS-001, D3

Behaviour of EUROFER weldments in Pb-L.i.

Static and dynamic fracture toughness of plates and weldments at the transition irradiated up
to 2.5 dpa at 200°C — 250°C

Principal Investigator:P. Novosad, NRI, Rez

Field: Tritium Breeding and Materials, Area: Materials Development

Collaborative staff:, M. Falcnik M. Kytka, K. Splichal

TW7-8_ TTMN_002B_D6

Development of activation foils dosimeters for determination of IFMIF-relevant flux
spectra: validation experiments.

Experiments for the validation of Bi cross-sections up to 35 MeV in a quasi-monoenergetic
neutron spectrum

Field/Area: Tritium Breeding and Materials / Materials Development

Principal Investigator: P. Bém, Nuclear Physics Institute ReZ

Co-authors: V. Burjan, M. Gotz, M. Honusek, V. Kroha, J. Novéak and E. Simeckova

In collaboration with: U. Fischer and S.P. Simakov, Association FZK-Euratom,
Forschungszentrum Karlsruhe, Germany

Due date, 30.06.2008, status: in progress
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Measurement of Activation Cross Sections
at Neutron Energies below 35 MeV, Data for Nickel

Principal Investigator: P. Béem, NPl AS CR, Rez
bem@ujf.cas.cz , tel. +420 266 172 105 (3506)

Task : UT7_IFMIF_IPPCR_NPI

Field: Vessel/In-Vessel

Collaborative staff: V. Burjan, M. Gétz, M. Honusek, V. Kroha, J. Novik and E. Simeckova
In collaboration with: U. Fischer and S.P. Simakov, Association EURATOM-FZK,
Karlsruhe, Germany

The neutron cross-section data of reactions at incident energies E, > 20 MeV are needed to
improve the accuracy of neutronic calculations incorporated with various advanced nuclear-
energy technologies. There are almost no experimental cross-sections data on Ni for neutron
energies > 20 MeV and only limited data exist for neutron energies < 20 MeV [1]. In the
following sections the quasi-monoenergetic p-'Li neutron source, the activation experiment
on CrNi foils and the method of data evaluation are described. The resulting radioactive
isotopes were studied by means of gamma spectroscopy methods. The preliminary analysis of
measured activities was carried out by comparison of measured and predicted reaction rates.

In the analysis, the neutron cross sections for different neutron reactions on Ni nucleus were
taken from EAF 2007 library [1].

The target station of quasi-monoenergetic neutron source based on 'Li(p,n) reaction is
described elsewhere [2] together with preliminary results of present work. The proton beam
from isochronous cyclotron U-120M strikes
the "Li foil at four energies between 20 and
37 MeV. The carbon backing of the cooled
Li foil serves as a beam stopper. The

1E15
} Neutron spectra at

vy different proton
vY energies

1E14 o T | —=— 22 MeV . . .
v |* 27 Mev irradiated foils were placed at and above
v |4 29Mev
|

37 MaV distance of 46 mm from the Li foil.

1E13 o

Neutron flux (n/sr/MeV/C)

Tab. 1. Neutron reaction products, observed in
present experiment

T T
0 10 20 30 40 50 60

Neutron energy (MeV)

Reaction Reaction | T1/2 Threshold
product (MeV)
Fig. 1. Neutron spectra of the p-7Li source Ni58(n,3n) Nis6 6.077d | 22857
Ni58(n,2n) Ni57 35.60h | 12.432
To evaluate the neutron flux at sample Ni38(nnt+) | Co35 17.53h_| 21.517
ositions, the spectral yield of source reaction Ni38(nt+) Co36 77.27d | 11.259
P Ty - ’ .p y . Ni58(n,d+) Co57 271.97d | 6.051
p+'Li(C backing) were calculated using data Ni38(np) Coss 70.86d 10
from Ref. 3. The spectrum consists of quasi- Ni60(n,1+) 11.699
monoenergetic part corresponding to the Ni58(n,p) Co58m | 9.04h | 0
reactions to g.s. and 0.429 MeV states in 'Be, Ni60(n,1+) 11.674
and of the low-energy tail generated a) by Ni61(n,p) Cob1 1.650h | 0.548
reactions on 'Li leading to further excited Ni62(n,d*+) 2.057
o~ & Ni6O(m2p) | Fes9 | 44.503d | 10.490
states in 'Be and b) reactions of protons on Ni62(n, a+) 0.450
carbon stopper. Experimental data were taken Ni58(n, pa+) | Mn34 3123d | 6.424

at incident proton energies of 22.0, 27.2, 29.5
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and 37.5 MeV (neutron spectra peaking at 19.0, 24.3 26.6 and 35.6 MeV, respectively — see
Fig. 1). The stacks of irradiated foils (NiCr and Au) were activated at two distances (46 and
86 mm) from the source target to test the effect of the flux-density gradient in the vicinity of
neutron source. The Au foil was used as a "reference monitor" [3].

The time profile of the neutron source strength during the irradiation was monitored by the
proton beam current, recorded by a calibrated current-to-frequency converter on PC. The
typical beam current was about 3 nA. The irradiation was carried separately with Li+C and C
targets to investigate the contribution of neutrons from carbon stopper. The density of
neutron flux at foil positions was approximately evaluated using the data of Ref. 3.

Irradiated samples were investigated by means of gamma-spectroscopy method. Two
calibrated HPGe detectors of 23 and 50 % efficiency and FWHM of 1.8 keV at 1.3 MeV
were used. Reaction products were identified on the basis of T,;,, y-ray energies and
intensities. Cooling times of gamma measurement ranged from minutes to approx. 100 day.
(Each foil was measured at approx. 5 cooling times).

Up to 14 isotopes (see Tab. 1) were determined

2,04

] T from measured activities. Experimental cross
184 sections (derived from observed reaction rates)
1 were compared with theoretical predictions based
16- }\ on the usual C/E ratio (C and E correspond to the

calculated and experimental cross sections,

{- respectively). In these calculations, theoretical

124 cross sections were taken from EAF-2007 library

[1]. In most cases, the deviation of C/E from unity

clearly indicates the difference between

20 25 % 3 experimental and predicted (EAF-2007 library)
Ep (MeV) values of relevant neutron cross section.

Fig3. C/E ratio for the reaction Ni58(n,po+)Mn54  Ag an example, the C/E ratios for the reaction
Ni58(n,po+)Mn54 (Eth=6.424 MeV) are given
in Fig. 1. As the preliminary conclusion, an upgrade of EAF-2007 library is needed [4,5].

This work was performed within the partial support of EFDA Technology Program and of
the Ministry of Trade and Industry of CR.
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Development of new numerical macro elements method for distortion
prediction of the big welded construction

Principal Investigator: L.Junek, PhD. NPI AS CR, Rez
junekl@uam.cz, tel: +420-606 717 655

Task : UT7-WELD-IPPCR-IAM
Field: Vessel/In-Vessel
Collaborative staff: L.Vicek, PhD.

The manufacturing process of the Vacuum Vessel requires a lot of the welding operations.
The weld joints are very long and contain a lot of welding passes. The local global approach
is a new methodology for prediction of distortion of the large structure during welding
assembly process. Each welding operations and weld joints generate residual distortions.
The final distortion has to comply with the very strict manufacturing tolerances and
requirements for final size and shape of the construction parts.

The numerical computation of distortion by using local/global approach can be described by

four following stages:

1. Typical welding joints on the structure are chosen and simulated by numerical analysis of
local models. Total elastic-plastic deformations are computed as the results of local
model computations

2. The global model which represents the whole welding structure is created

3. Only plastic deformations obtained on local models are transferred onto the global model
as the load of global model

4. The structural elastic analysis of the global model including each welding joints is
computed. The results of this part are distortion during and on the end of assembly process

Local models are usually computed by so-called transient method. This well known method
describes the real moving heat source very sharply, but generally the solution is very time
consuming. Now, improvement of local model solution is proposed and the whole idea is
based on so-called macroelements or macro bead deposition (MBD). Due to the fact mention
above the several experimental mock-ups have been done and also these experiments were
numerically analyzed. These mock-ups represent one of the main types of welding joints
using in real welding assembly process. The aim of this work is to compare between classical
transient method and new method of macroelements.

Numerical method of welding solution by macroelements or macro bead deposit (MBD)
consists of the same steps as in the case of classical or transient method. It covers thermal
calculation followed by mechanical analyses. The main difference of MBD is in temperature
analyses. In the case of transient analyses the heat flux into the material is defined by
mathematical model of heat source, which is depended on location of its space coordinates
and time. To the contrary MBD inserts the whole fictive temperature, which is needed for
welding one bead, into the material volume representing the whole bead. Next, inserted heat
is distributed by heat conductivity between melting metal and base material in user defined
time steps. Number of time steps depends on welding velocity and the length of bead.
Finally, time step (or steps) has to be chosen in order to melt through the real thickness of
material. The MBD does not require very fine mesh in melt area and that is why the
computational time is reduced in comparison with classical transient method. The MBD has
been used in order to verify the process of “right” fictive temperature input in to the bead
volume. In parallel different time steps and numbers of macroelements have been tested.
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At first, the variant of plate welding with
totally fixed edges has been solved. On the
base of our results it can be said that there
are no significant difference when the
different numbers of macroelements have
been used. This fact results from the short
length of each bead (approximately 400
mm). Finally, the whole deposit of weld

PLATE-PART 1

PLATE-PART 2

60

BASE DESK

Fig.1 Experimental model of plate material corresponded to one bead has been

described by one MBD in the same time.
Inserting of temperature into the whole beat is the fastest computational variant. It can be
seen very good agreement between measured and computed values of shrinkage. Size and
shape of plastic deformation spread in the material is nearly the same as in transient analysis.
This fact is very important mainly because of real residual stress distribution after welding
and releasing.

No. shrinkage [mm]
bead | Section A1-A2 | Section B1-B2 | Section C1-C2 | Section D1-D2
M C M C M C M C

1 0,32 0,43 0,50 0,49 0,59 0,49 0,40 0,44
2 0,82 0,90 1,08 1,00 1,17 1,00 0,94 0,92
3 1,52 1,43 1,62 1,55 1,74 1,55 1,52 1,46

after | 457 | 144 | 162 | 156 | 1,74 | 156 | 153 | 146

releasing

Tab.1: Measured (M) and computed(C) shrinkage

As results from performed analyses very good agreement was observed between experiments
and numerical calculations. Moreover, the new MBD method is very promising and power
tool for numerical analyses of large welded structures, which consider many beads. The total
fictive temperature is defined on the base of temperature measurement by thermocouples and
melting zone size. On the base of performed mock-ups and their numerical analyses it can be
said, that MBD method reduces computer time very significantly, while numerical outputs
has the same quality as in the case of classical transient method. MBD method should be
used for numerical simulations of complicated structures.
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Establishing of a specialized laboratory for handling, manipulations and
analysis of beryllium coated PFW mock-ups
Principal Investigator: VI. Masarik, NRI, Rez
mas@ujv.cz, tel: +420-26617-2453
Task: UT 2007 PFW_IPPCR_NRI

Field: Vessel /In Vessel, Area: Blanket, Materials
Collaborative staff: VI Masarik, T Klabik, J. Hdjek

The main objective is commissioning and operation of a dedicated workplace for handling
and manipulations with beryllium coated Primary First Wall (PFW) mock-up specimens.
This workplace needs to be operated to fulfill requirements for safe handling beryllium to
minimize health hazard of the involved personnel. This workplace will be used for
preparation and realization of the thermal fatigue tests under the framework of the EFDA
technology programmes (EFDA tasks TW3-TVB-INPILE, TW4-TVB-TFTEST2 and TW6-
TVM-TFTEST).

The Beryllium laboratory for handling and manipulations with Be coated PFW mock-up
specimens needs to be commissioning and operating in accordance with the requirements of
the health and safety authorities.

In the last period the following activities have been performed:

o [Establishing of the certified Beryllium workplace approved by the state health and
safety authorities; for this reason necessary documentation has been prepared,
including the elaboration of the Safety Report, Limits and Conditions of the
Laboratory Safe Operation, the Emergency Plan, the Personnel Monitoring Plan, etc.

e Application of the Quality Assurance and Quality Control system at operation of the
Be workplace. These include the elaboration of the Working Procedures, personnel
training, personnel entrance/exit checking, utilization of personnel protection tools,
etc.

——=———

Fig 1. Laboratory for handling and manipulation with beryllium coated specimens
o Installation and testing of the beryllium workplace air-conditioning system, including

setting of underpressure in the room, HEPA filters performance, checking, replacing
and monitoring.
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e Necessary adaptation of the PFW mock-up specimens to be used for testing by
drilling, grinding, polishing.

e Assembly of the preliminary PFW dummy specimens for qualification test.

e Realization of the qualification test consisting of thermal cycling of dummy
specimens.

¢ Dismantling of the PFW dummy specimens from the test rig after completion of the
qualification test.
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Structure and phase composition of surfaces of Eurofer 97-2 modified
by plasma treatment

Principal Investigator: O. Schneeweiss, IPM AS CR,Brno
schneew@ipm.cz, tel: +420 532290434

Task: IPP-CR_UT7_SURF_IPM1
Field: Tritium Breeding and Materials, Area: Materials Development
Collaborative staff: Jiri Bursik, Jiri Cermak, P. Kral, P. Roupcovd

The motivation of this study was investigation behaviour of the Cr,0j3 coating prepared by
plasma spraying and its interface with the EUROFER substrate in the dependence on the
conditions of heat treatments. Possible effect of tritium penetration was modelled by
comparison of effect of surrounding atmospheres by annealing. The detailed structure
investigations were focused on stability of both the EUROFER substrate and the Cr,0;
coating during the annealing in range 550-750 °C in argon and hydrogen. No gradients of
chemical composition of metallic elements were found in the substrate near the coating by
means of EDX analyses.The concentration curves of the main elements at interface Cr;0;
layer/EUROFER measured by WDS show redistribution of manganese only. For samples
annealed in argon, diffusion coefficients of manganese were calculated. The results showed
that negative influence of the hydrogen as the surrounding atmosphere by the annealing at
750°C/100h occured. It can be important drawback for an application of the Cr,0; coating
due to expected tritium penetration.

EUROFER steel is taken as possible structural materials in the programme of European
Breeding Blanket Programme for the DEMO design. Its properties were already described,
e.g., in [1]. Further research has been focused on corrosion and optimising tritium recovery
cycle. Coatings which would form barriers protecting EUROFER from a direct lithium lead
contact were taken into account [2]. The problem is still open because increase of the steel
temperature in contact with the lithium lead increases the tritium penetration towards He-
coolant.

Research on Al based permeation barriers from the side of lithium lead exhibited some
problems with applications of these coatings [2,3]. Therefore other kinds of barriers can be
important. Cr,O; can be taken into account as good candidate from the point of view of
reduced-activation characteristics of the irradiated EUROFER structures. Another point of
view is operation of removing of the coating layer from the supporting steel structures at
dismounting of the blanket.

The motivation of this study was investigation behaviour of the Cr,O3 coating prepared by
plasma spraying and its interface with the EUROFER substrate in the dependence on the
conditions of heat treatments. Possible effect of tritium penetration was modelled by
comparison of effect of surrounding atmospheres - argon and hydrogen — by the annealing.
The material used for preparation of the substrate is the European reference steel EUROFER
97 produced by Bohler Edelstahl company. Its chemical composition is given in table 1. The
surfaces of the samples were ground by mechanical grinding. Before the plasma spraying the
surface was cleaned once more by standard industrial procedure using sand jet. Subsequently
thermally sprayed Cr,0O3 coating was deposited by Ar+H, gas stabilized plasma torch.

The structure of the original state of the ingot was characterized in details by x-ray
diffraction (XRD), Mossbauer spectroscopy, optical and electron microscopy. The specimens
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were cut using spark erosion and the surfaces were ground and subsequently coated by
chromium oxide using plasma spraying using a standard industrial technology procedure.
The phase composition of the as-deposited coating was checked by XRD and  characterized
by means of analytical scanning electron microscopy. That includes overall microstructure
characterization and EDX analyses of existing phases in various regions of coating/substrate
system.

In the next step, heat treatment modelling exploitation conditions were performed with the
aim to study influence of temperature and the surrounding atmosphere. For this purpose the
coated samples were annealed in various regimes (at three temperatures - 550, 650, and 750
°C for 100 hours - and in two types of surrounding atmosphere - either argon or hydrogen).

For conclusions we can summarize following results:

1. Structure of both the substrate and the coating are stable during the annealing in range
550-750 °C in argon and hydrogen.

2. The microstructure of plasma sprayed layers shows a variety of layering and stacking of
the coatings. From the plan view of the inner surface of peeled off coating it is seen that

some powder particles did not completely melt during spraying. Analysis of the
microstructure shows that the bonding between the EUROFER substrate and coating is very
good especially at lower applied annealing temperatures. Annealing at 750 °C in hydrogen
deteriorates the quality of bonding between substrate and sprayed layer. Chemical
composition of the coating is inhomogeneous and this is not smeared out by applied thermal
treatment. Large Al-rich particles were found frequently at the interface in annealed samples.
No gradients of chemical composition of metallic elements were found in the substrate near
the coating by means of EDX analyses.

3. The concentration curves of the main elements at interface Cr,0; layer/EUROFER
measured by WDS show redistribution of manganese only. Concentration changes of other
elements (Cr, O, V, W, Ta) are insignificant. This result is not valid for sample annealed at
750°C/100h in hydrogen where de-cohesion between L and E along large areas of L/E
interface was found. We suppose that hydrogen promotes both a creation of C- and Mn-rich
interlayer at L/E interface and the L — E de-cohesion.

4. Diffusion coefficients (5, were calculated for samples annealed in argon only. Obtained
value of ﬁMn at 750 °C agrees very well with known diffusion coefficient D&Fn ¢ . Other

diffusion coefficients ﬁMn (at 650 and 550°C) are higher than Dﬂ; ¢. This phenomenon is

probably a consequence of Mn redistribution during plasma deposition of Cr,O3 layer.
Reliable values of ﬁMn at 650 and 550°C should be obtained from redistribution curves that

would be measured after much longer anneals.

5. Negative influence of the hydrogen as the surrounding atmosphere by the annealing at
750°C/100h was observed. It can be important drawback for an application of the Cr,0O;
coating due to expected tritium penetration.
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The Eurofer steel: microstructural degradation and embrittlement
Principal investigator: Ivo Dlouhy, IPM AS CR, Brno, Czech Republic
e-mail: idlouhy@ipm.cz , tel.: +420 532 290 342, fax.: + 420 541 218 657

Task: IPP-CR_UT7_DEGR_IPM2
Field: Tritium Breeding and Materials, Area: Materials Development
Collaborative staff: Hynek Hadraba, Viadislav Kozak, Pavel Cupera, Zdenek Chlup

The utilization of the ferritic-martensitic reduced activation steel Eurofer 97 steels for in-
vessel components of proposed fusion reactors is limited up to a temperature about 550°C.
The long term exploitation of the steel at high temperatures leads to microstructural changes
(see Fig. 1). The aim of the work has been to investigate the influence of thermal ageing on
fracture properties of Eurofer'97 steel. The short time thermal ageing of two sheets with
different thickness (14 and 25 mm) was simulated by step cooling treatment. For description
of thermal ageing static and dynamic tensile tests and Charpy impact tests were performed.

The thermal ageing of Eurofer'97 steel was
simulated by means of step cooling
treatment: 650°C/1 h, 590°C/15 h, 575°C/24
h, 550°C/48 h and 520°C/72 h. The
microstructural observations (light optical
and scanning electron microscopy) before
(as-received - AR) and after thermal ageing
(step-cooled - SC) revealed no substantial
differences in microstructural parameters.
The microstructure of FEurofer'97 steel
sheets was fully martensitic with equiaxed
prior austenitic grains of diameter from 5
pm to 10 pm. The prior austenite grains
were decorated by Cr-rich M,3Cg carbides.

r

600°C

ageing temperature

500°C
|

1000 h 5000 h 10 000 h
ageing time

Fig. 1. Microstructural changes of Eurofer’97 steel after
long term thermal ageing.

Basic mechanical properties of the

Eurofer'97 steel were investigated by means of static and dynamic tensile tests (see Table 1).
Static tests were performed at room temperature and dynamic tensile tests were performed at
room temperature and temperature near the t,, transition temperature (-55°C and -75°C in the
case of 25 mm and 14 mm sheet respectively) identified by means of impact tests. There was
difference in static and dynamic

Sheet temp. oy OuTs Orr £ tensile properties between 14 mm

[°C] [MPa] [MPa] [MPa] [%] and 25 mm shgets. The 14 mm
static tensile properties (strain rate of 2 mm.min™) sheet kept higher value of
14 mm RT 550 693 344 25 ultimate tensile strength (ouyrs),
25 mm RT 555 678 317 24 fracture stress (opzr) and total
dynamic tensile properties (strain rate of 1 m.s™) clongation (er) in comparison
14 mm RT 1219 1566 695 208 with 25 mm sheet. Also the small
AR 75 1783 1959 875 13 difference in dynamic tensile
55 mm RT 1199 1524 608 278 properties between 25 mm sheets
AR 55 1600 1779 720 22.8 in as-received and in step-cooled
55 mm RT 1172 1505 610 31 '2 state was observed: the steel in as-
SC - . regelved state kep‘F higher value of

55 1548 1790 a7 233 ultimate tensile strength
Table 1: Static and dynamic tensile properties of the sheets used. comparing to SC steel.
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Fig. 2. Temperature dependencies of Charpy impact energy of Eurofer'97 steel (left 14 mm sheet, right 25 mm sheet,
upper figures — temperature dependence of impact energy, bottom — temperature dependence of Fy, and F,,).

The temperature dependence of impact energy for 14 mm and 25 mm sheet compared with
values collected from literature is given in Fig. 2. It is evident that the fracture behaviour of

14 mm Eurofer'97 steel was comparable with published results. The tg, transition
temperature of 14 mm sheet was about -75°C. The comparably different fracture behaviour

of 25 mm sheet compared with 14 mm sheet was observed: the transition temperature tpgrr
and transition temperature ty, were shifted for about +20°C. No difference between
temperature dependence of impact energy of 25 mm sheet in as-received state and in state
after step-cooling was observed.

The cleavage mechanism of crack initiation and propagation in Eurofer'97 steel in as-
received state and in step-cooled state under the conditions of brittle fracture (near tgy
transition temperature) was identified.

The results obtained by solving this project were published in the proceedings of workshop
Fracture and Design of Materials (ISBN 978-80-254-0725-7, in Czech) held in Brno, Czech
Republic, in October 31" — November 1™ 2007 [1] and in the proceedings of 13"
International Conference on Fusion Reactor Materials held in Nice, France, in 10" to 140
December 2007 [2].

The work will be followed by analysis of fracture behaviour of long isothermally aged (up to
5000 h) specimens. The results from this analysis were not available during preparation the
report because of continuing thermal ageing exposition.
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Assessment of PSM welding distortions and field welding
Principal Investigator: L.Junek,PhD. NPI AS CR, Rez
junekl@uam.cz, tel: +420-606 717 655

Task : TW6-TVV-SYSEG
Field: Vessel/In-Vessel
Collaborative staff: L.Vicek PhD.,V. Divis, M. Slovacek, PhD.

The manufacturing of the vacuum vessel requires a lot of the welding operations. The
weld joints are very long and contain a lot of welding passes. Each welding operations (weld
Jjoints) generate residual stresses (deformation) and distortions. The final distortion has to
comply with the very strict manufacturing tolerances and requirements for final size and
shape of the construction parts. Due to stated facts the three experimental mock-ups (VMO,
LMVMO and VVPSM) have been done and also manufacturing process was numerically
analyzed. The final welding technology can be proposed based on the obtained experimental
and calculated experiences.

The project was divided into three tasks. In the first task “Modification of VMO and
LMVMO models” the VMO (Validation MOck-up) and LMVMO (Local Model Validation
Mock-up) final manufacturing processes were numerically simulated. VMO and LMVMO
represented typical weld joints they are contained on VVPSM. The VMO mock up was done
for narrow TIG gap welding technology qualification for 60 mm thick plate.

Weld joints on ~ Measured Calculated | The numerical parameters (size and shape of
LMVMO [mm] [mm] molten zone, input welding parameters, heat
Weld no.1 2,74 2,77 input), which were found out on VMO and
Weld no.2 10,82 9,74 LMVMO, were used for all narrow TIG

Tab.1 Comparison of results on LMVMP  automat weld joint and T-joint on VVPSM.

The VVPSM full-scale mock-up has been

prepared and done in cooperation between Companies ANSALDO (Genoa, Italy) and SIMIC

(Camerana, Italy). VVPSM is the full-scale model of the PS1 and PS2 parts of the vacuum

vessel from austenitic steel AISI 316 LN ITER GRADE. The very good agreement between
calculated and measured final shrinkage after welding were observed (Tab.1).

Variant 1 Variant 2 In the second task 2 “Weld
joints optimization” the
connection between PSI1 and
PS2 of VVPSM were
numerically simulated. These
welding joints are done as last
assembly step and have got the
big influence on the final
distortion. The  numerical
optimization of the PS1 and PS2
weld joints was done and
several modifications of the

= . p - technology and construction
ﬁ e ‘f, = stiffness were proposed (Fig.1).
' ; Based on the calculated results
and internal discussion with

Y&.

Fig.1 Variants of PSI and PS2 weld connection
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EFDA, IAM Brno, ANSALDO and SIMIC the modification of the welding technology and
stiffness of the bracing tools were proposed. Based on the calculated results the welding
technologies were modified.

Vacuul

m Vessel p‘t’)loidnl segmentation

Fig.2 VV PSM mock-up

FRAME
AND

SUPPOR

Continuing on the previous
task 1 and 2 the third task
“PS1 and PS2 of VVPSM,
numerical analyses and results
comparison” was done. VV
PSM consists from two parts —
PS1 and PS2. The numerical
analyses of PS1 and PS2
manufacturing process and
comparison between measured
and calculated results were
done. In this task PS1 and PS2
according to real welding
fabrication  process  were
numerically simulated. Macro

bead deposit method (MBD) and local-global method (LGA) for manufacturing distortion
prediction were applied. Welding parameters from the task 1 for the numerical simulation of
PS1 and PS2 were used. Results of numerical predictions (distortions and shrinkages) with
distortion measurement on PS1 and PS2 were compared. On the basis of these comparisons,
conclusions were done.

E

D -0

Fig.3 Comparison points
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