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I. Executive Summary
This yearbook is prepared for the Steering Committee of the Hungarian Fusion Association to give
an overview of the annual activities. However, during the compilation care has been taken to make
the overview readable for the general public as well. Given the limited space, not all expressions
and concepts are explained but the non-expert reader can always refer to introductory materials
available on the Internet.
Thermonuclear fusion of light nuclei as a source of energy is a promising alternative to both
renewable and nonrenewable energy sources available to date. The major attractiveness of fusion is
its availability everywhere on Earth as well as its potential to produce large amounts of energy
without substantial loads on the environment.
To achieve fusion, the light nuclei – such as Hydrogen, Deuterium and Tritium – must be “shot”
against each other with a high velocity to overcome the repelling Coulomb force existing between
nuclei of the same charge. Unfortunately, the effective scattering cross-section associated with the
Coulomb force is much larger than the fusion cross-section, and so many scattering events occur
before a useful fusion reaction takes place. To overcome this problem, a very high temperature (of
the order of 107 K) medium, called plasma must be generated and confined for a long enough time.
In this medium the nuclei may collide and fuse many times.
There are several devices around the world (and so around Europe) that are capable of
confining Hydrogen/Deuterium plasmas of fusion relevant temperature for a fusion relevant time
(of the order of one second). The researchers conduct dedicated experiments on those devices to
not only achieve fusion relevant, but also fusion reactor relevant conditions or extrapolate from
their results to those conditions.
Association HAS does not have at present a fusion experiment on its own. As a consequence, its
scientists participate in and contribute to the fusion programs that are run at major European
devices: the ASDEX Upgrade tokamak (Garching bei München, Germany), the TEXTOR tokamak
(Jülich, Germany), the TCV tokamak (Lausanne, Switzerland), the MAST tokamak (Culham, UK),
the COMPASS tokamak (Prague, Czech Republic), the Wendelstein 7-X stellarator (under
construction in Greifswald, Germany) and the JET tokamak (Culham, UK). The participation on
these machines covers (among others): the development and installation of new diagnostics,
modeling activities and taking part in experimental research. These collaborations were made
possible by means of the Mobility Program of EURATOM. Additionally to the work done on
existing devices preparatory studies are also undertaken for the next generation experiment ITER.
In 2010 Association HAS contributed to the European fusion program mainly in the following
three fields:
 development of the ITER physics basis;
 development of plasma diagnostic systems;
 development of emerging technologies.
Besides these, some minor contribution has been done in the framework of keep-in-touch activity
in inertial fusion energy, in training of young scientists and engineers, and in PR activities.
ITER Physics basis
On of the key questoins for ITER is the behaviour of the so-called Edge Localised Modes (ELMs)
which are instabilities appearing on the steep pressure gradient of the edge plasam. On the one side
these are needed to prevent accumulation of impurities, on the other hand they might damage the
device if their amplitude is too large. In 2010, during the last campaigns pellet ELM pacemaking
and triggering was intensively studied on JET. In this work the onset of spontaneous and triggered
ELMs were investigated. The location and the time of the first appearance of the interaction of
filaments with outboard limiters indicate that the seed perturbation of the pellet ELM triggering is
toroidally and poloidally localized and can be the high pressure pellet cloud itself - at least for
fueling size pellets and Low Field Side injection. In contrast to triggered ELMs, the first
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appearance of the interaction of spontaneous ELM filaments can be delayed up to 100µs after the
MHD ELM onset and their locations are scattered poloidally as well. This may be explained by
assuming that early spontaneous ELM filaments are born at random toroidal locations and they
need a certain time to reach the observation volume of the fast framing camera.
Understanding the ablation process of cryogenic Deuterium (D) pellet in fusion plasmas is of great
importance. The pellet-plasma interaction already determines the effectiveness for application in
plasma fuelling and edge control. Fast framing cameras’ short exposure (in the order of μs) images
of the radiating cloud formed around the ablating pellet were recorded, collected and analyzed for
this investigation.
On TEXTOR, measurements were done with the Li-beam diagnostic in a series of low density
discharges with Dynamic Ergodic Divertor (DED) when Langmuir probe measurements were also
performed. Bayesian density reconstruction algorithm was used for data analysis. The density
profiles could be calculated reliably in the r/a>0.8 range for these low density discharges. These
measurements confirmed the density calculation capability of the Li-beam diagnostic.
In the previous year we developed a numerical method for measuring high-frequency poloidal
velocity modulations in the edge plasma of TEXTOR from Li-beam turbulence data. Using this
technique Geodesic Acoustic modes were identified. In 2010 these studies were continued to
clarify the spatial structure of GAMs and their radial propagation properties. Measurements,
together with Langmuir probes and reflectometry, revealed the theoretically expected m=0, n=0
structure of GAMs. We could also confirm that at the plasma edge the GAM frequency depends on
the radial location as expected from theory.
One of the most critical problems facing ITER and similar machines is the occurrence of
plasma-terminating disruptions. During the disruptions, the swift cooling of the plasma leads to
high electric fields and finally to runaway electron generation. Eventually, a beam of runaways can
form, which has a potential to damage machine parts. One possible intervention method is to
degrade the magnetic confinement using resonant magnetic perturbations (RMP), thus enhancing
the primary runaway losses to avoid avalanche generation. In 2010, we carried out an analysis for a
TEXTOR-like model tokamak and prepared the numerical tools for ITER studies in 2011.
Disruptions can be mitigated by impurity injection (pellets or massive gas injection), but if the
post-disruption plasma temperature becomes too low, runaway electrons can be produced, which
might damage the vessel. We studied several ITER plasma shutdown scenarios, where we
calculated the current quench time as well as the number of runaway electrons. We assumed that
runaway electrons are produced by Dreicer mechanism, by hot tail generation, by Compton
scattering of gamma rays and by avalanche mechanism. Runaway losses by diffusion due to
magnetic perturbations were also taken into account. In our calculations we found that Dreicer
runaway electrons can be suppressed by increasing the plasma density with injecting deuterium
besides neon or argon.
Recent analysis of the crash mechanism of the so-called sawtooth instability in ASDEX
Upgrade (AUG) tokamak suggests that stochastization of the magnetic field occurs during the
crash. A possible cause might be the interaction of different (transient) MHD modes. We could
determine the frequencies of the modes as a function of time by using an instantaneous frequency
following algorithm, applied to the Short Time Fourier Transform (STFT) spectrogram of the
signals. We also applied bicoherence analysis to determine the phase coupling between the (1, 1)
kink and the Low Frequency Sawtooth Precursor (LFSP). The results show a significant, 0.6
bicoherence already 15 ms before the crash.
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Development of plasma diagnostics
It became necessary to equip the existing AXUV bolometer cameras at TCV with shutters to
protect the sensitive detectors. The greatest challenge was the extremely limited available space
both around and inside the cameras for the installation of the shutter mechanism. For manipulation,
many different options were studied, among them operation based on bimetal principle, bourdon
tube and piezo-motor. At the end a mechanically operated, directly driven shutter was
implemented.
The ASDEX Upgrade pellet observation camera system was upgraded by two fast cameras. The
first element of the upgrade was a considerable step in both sensitivity and speed: the EDICAM
camera was designed to directly observe plasma activity, without the need of additional fiber
optics. The second element of the upgrade was a Photron type extreme speed camera, capable of
running at 1.000.000 fps.
Following successful operation of the new hardware of the EDICAM camera using a 10 Gbit
digital optical link, in 2010 the logic design and detailed documentation of the algorithms for the
real-time processing were finished. Programming of the algorithms in VHDL has also been started.
The algorithms allow simultaneous readout of several different size and shape Regions of Interests
(ROI) in the camera. Discussions on the integration of the 10 EDICAM cameras in the Wendelstein
7-X data acquisition and control system have started. As a first step design of an Application
Software Interface has started.
The upgrade of the Li-beam diagnostic for JET has been an ongoing task since 2006, led by
Association HAS. The JET shutdown gave now the possibility to install a new periscope head
which has a more advanced drive mechanism and a remote handling compatible mirror. In 2010 the
JET EP2 project board decided to install a full combined detector system where light is shared
between a spectrometer and 32 fast detector channels. An initial optical analysis revealed that a
two-slit system could increase the amount of light which can be processed by the spectrometer and
a well designed optical setup could direct 90% of the light to the fast detectors while keeping the
light level in the spectrometer unchanged. The optical design of this system has been finished and
the selection of the manufacturers of the special optical elements has started.
On the MAST tokamak a Beam Emission Spectroscopy diagnostic has been installed and
calibrated in colaboration with the british Association. This work is the culmination of a project
started back in 2007. The diagnostic was designed, built and tested in pervious years and now it is
ready for measurements in 2011.
The construction of the COMPASS Li-beam diagnostic has been progressing. After laboratory
testing in Budapest it has now been transported to Prague and it is waiting for installation on
COMPASS. Meanwhile tests with an ion collector probe has been going on in order to determine
the background signal level.
In September 2010, KFKI RMKI has won grant support for an application to a joint call from
the Korea Research Council of Fundamental Science and Technology and the Hungarian Academy
of Sciences. The project aims at a conceptual design of a Beam Emission Spectroscopy diagnostic
for the KSTAR tokamak. The Consultative Committee of the Euratom-Korea Fusion Agreement
included this action in the list of fusion collaborations. In 2010 a workshop was held in Daejeon
where the measurement possibilities were discussed. According to the plans modeling started using
the RENATE code developed in previous years at BME-NTI. It is assumed that a diagnostic similar
to the MAST BES system will be conceived.
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Two contributions to the development of ITER’s CXRS diagnostics were also made in 2010. In
the UPP 3 (upper port 3) the retractable tube shall carry those most vulnerable components of the
CXRS optics that have unknown life time: first mirror, shutter and calibration lamp, they all likely
need frequent replacement. During 2010 the tube development concerning cooling circuit was
focused on the manufacturing processes. The earlier manufacturing assumptions the deep-hole
gundrilling for cooling channels was changed to a cooling layout formed between two sheets by
welding. The greatest advantage of this method could be the flexibility of the cooling layout and
the even welding properties around the cooling routes. Further investigations are needed on
welding of such large components - 2 m long - and the possible ruptures of sheet cross-sections
during bending procedures. For the tube support a flexible support concept was developed.
Based on a study presented at the 2009 Workshop on Active Beam Spectroscopy, a fluctuation
beam emission spectroscopy (BES) measurement using the Core and Edge CXRS front optics
viewing the diagnostic neutral beam (DNB) seemes feasible. In order to benchmark the simulation
results and explore the possibility of the integration of the fluctuation BES and CXRS
measurements, design of a fluctuation BES setup into the ITER prototype spectrometer had been
started. In 2010, the detailed optical design and the conceptual mechanical design were finalized. A
3D optical model of the system was created, and manufacturing and integration tolerances were
evaluated in detail.
Emerging technologies
The following topics can be mentioned in this category: investigation of structural materials for
fusion applications, molecular dynamics simulation of radiation damage in beryllium and the
design of HELOKA auxiliary components. For fusion reactor relevant structural materials a strong
development started for Oxide Dispersion Steel (ODS). Laboratory scale manufacturing has been
done and the resulting materials characterized. These advanced materials are expected to have
improved the radiation toughness.
HELOKA is a Helium gas cooling experiment under construction at the Karlsruhe Institute of
Technology for testing the cooling circuit of the ITER Test Blanket Modules. Important parts of
this experiment have been designed by Hungarian engineers in the past years, and now the
Association is also involved in the detailed work during construction.
Keep-in-touch activity
The EURATOM fusion program is oriented towards magnetic fusion but has a Keep in Touch
Activity in inertial confinement fusion. In the framework of this, experiments were further carried
out in the direction of harmonic light generation in laser plasma and the study on the applicability
of plasma mirrors in the experiments. The inertial fusion activities are done in collaboration with
the University of Szeged and the Max-Planck-Institute für Quantenoptik in Garching, Germany.
Other activities
For training and career development in 2010, the 8th Summer Training Course (SUMTRAIC) for
experimental plasma physics was jointly organized with the EURATOM Association IPP.CR at the
COMPASS tokamak in Prague. Three Hungarian students were present and successfully completed
the course.
In the Public Information activities of the Association is the most important element is the
participation in the civil village of the "Sziget" rock festival. This event is one of the largest such
festivals in Europe. A "nuclear tent" is set up traditionally in each year and enthusiastic young
colleagues present information to the next generation.
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II. ITER Physics Basis
1. Analysis of ELM triggering with pellets: Comparison of the onset of triggered and
spontaneous ELMs on JET
G. Kocsis, M. Lampert, G. Petravich
KFKI-RMKI
Collaboration: EFDA JET, CIEMAT, UKAEA, IST, IPP Garching
Contact E-mail: kocsis@rmki.kfki.hu

During the last campaigns pellet ELM pacemaking and triggering was intensively studied on JET.
JET is well equipped for these investigations since it has a newly installed pellet injector and
appropriate diagnostics to investigate the fast process of ELM triggering. In the investigation
presented here only large pellets (typical dimension 4mm) were considered injected from the
magnetic low field side (LFS) into JET plasmas because that was the only reasonably operational
mode of the pellet injection system. ELMs were usually triggered in JET if pellets intactly arrived
into type-I ELMy H-mode plasma and our investigations aimed to compare the onset of triggered
and spontaneous ELMs.
In 2010 the data evaluation was ongoing and the results are presented in this section.
ELM onset is accompanied by high frequency large amplitude magnetic activity recorded by
Mirnov coils. To be able to compare the temporal behavior of different ELM events an MHD ELM
onset time was calculated the following way. For five representative Mirnov coils located at both
LFS and HFS a high frequency envelope of the coil signals was calculated and the particular onset
is defined as the time when the envelope exceeds a predefined threshold. The MHD ELM onset
time is defined as the earliest of these five onset times. The particular onset time was also
calculated for all available Mirnov coils and the HWHM of the distribution was found to be around
of 15µ.
After the MHD ELM onset time bright spots - recorded by the fast framing camera developed
recently at JET in the frame of an EP2 project (see annual report in 2008) - can be observed on
limiter elements located at the outboard wall of the torus. It is thought that these bright spots are
consequence of the interaction of filaments with limiter elements. It is worth to mention that the
appearance of bright spots was plasma scenario dependent. It seems to be that for those scenarios
where the last closed flux surface - above the midplane - is shifted away from the outboard limiters
(e.g. for high triangularity) this activity could not be observed. The location of the first bright spots
seen on camera images for triggered (#76930) and spontaneous (#76997) ELMs are determined and
it can be recognized that for the pellet triggered case the locations are more or less aligned along a
magnetic field line which crosses or is behind the pellet cloud, while for spontaneous case the
contact points are not ordered the same way but have a larger poloidal scattering.
The first appearance of the bright spots both for triggered and natural ELMs and for all limiters
seen on the camera images is plotted as function of time measured from the MHD ELM onset on
Figure 1. It can be recognized here that the triggered events are around t=0 while the spontaneous
ones are spread between t=0-100μs. The poloidal location is scattered for spontaneous ELMs while
the first appearance of the triggered events are well aligned along a field line starting at the pellet
cloud.
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Figure 1: The first appearance of the bright spots both for triggered (in blue) and natural (in red) ELMs and for all limiters
seen on the camera images (marked as k1,k3 and k5) as function of time measured from the MHD ELM onset.

In this work the onset of spontaneous and triggered ELMs are investigated. The location and the
time of the first appearance of the interaction of filaments with outboard limiters indicate that the
seed perturbation of the pellet ELM triggering is toroidally and poloidally localized and can be the
high pressure pellet cloud itself - at least for fueling size pellets and LFS injection. In contrast to
triggered ELMs, the first appearance of the interaction of spontaneous ELM filaments can be
delayed up to 100µs after the MHD ELM onset and the their locations are scattered poloidally as
well. This may be explained by assuming that early spontaneous ELM filaments born randomly
localized toroidally and they need a certain time to reach the observation volume of the fast
framing camera.
2. Studying of pellet ablation: A database for pellet cloud distribtion on ASDEX Upgrade
G. Cseh, S. Kálvin, G. Kocsis, T. Szepesi
KFKI-RMKI
Collaboration: IPP Garching
Contact E-mail: kocsis@rmki.kfki.hu

Understanding the ablation process of cryogenic Deuterium (D) pellet in fusion plasmas is of great
importance. The pellet-plasma interaction already determines the effectiveness for application in
plasma fuelling and edge control. Fast framing cameras’ short exposure (in the order of μs) images
of the radiating cloud formed around the ablating pellet were recorded, collected and analyzed for
this investigation. For every image, the spatial distribution of the visible radiation was determined.
Based on this two dimensional information a database was created, storing parameters
characterizing the cloud, pellet parameters and local plasma parameters. Our analysis aims at
revealing if and how pellet cloud shape and radiation distribution depend on different parameters.
For the measurements the centrifuge pellet injector of ASDEX Upgrade was used. The pellet
injection was made from the magnetic High Field Side. The available pellet velocities at this
injector system are in the 240-1000 m/s range with the following pellet sizes: 1.77, 2.87, and 4.35
x1020 Deuterium atoms.
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Figure 2: ASDEX Upgrade experimental set-up and the schematic method of processing.

On ASDEX Upgrade tokamak the fast framing pellet observation system consists of several
PCO cameras, observing the pellet cloud radiation with good spatio-temporal resolution. The
cameras used in this investigation have a radial view to the pellet injection plane (see Figure 2).
They worked in a multiple short exposure mode in which the cameras made exposure for a few μs,
then waited 100 μs, and then made exposure again. Three cameras were used in this investigation;
all three have configurable exposure and waiting time. There are many expositions on one image –
it results in stroboscope-like recording (see Figure 2 top right corner – every little white “patch” is
a picture from a pellet cloud). Several parameters were calculated for every single cloud.
After the processing, the calculated and collected data were arranged to a structured database
form. In this database the separated cloud images are stored. From these pictures, the main cloud
types were determined in 2009. The main determined values for one cloud besides its type are the
position, the brightness distribution along the designated pellet trajectory and along the field line
crossing the maximum brightness point of the cloud, the FWHM-values for both distributions.
In 2010 this database was further elaborated: it contains not only distributions along the
designated pellet path, but also along a modified (probably the actual) pellet trajectory assuming
the pellet trajectory crosses the maximum of the cloud radiation.
Finally the database contains the following pararameters (both for designated and real
trajectories): the cloud position parameters; parameters describe the cloud shape (e.g. the moments
of the brightness distribution along the pellet trajectory or the magnetic field line); plasma
parameters (e.g. electron temperature, heating scenario); and the group, which contains local and
global information about the pellet, which formed the actual cloud (e.g. pellet speed and initial
volume; the ablation rate and the pellet size calculated by the Neutral Gas Shielding model along
the whole designated and modified (more realistic) pellet trajectories and at the actual location of
the pellet).
Recently the database has been filled with the above data for about 150 pellet cloud images, and
we investigated the parametric dependency of the cloud distribution both parallel and perpendicular
to the magnetic field lines. Figure 3 shows the calculated pellet volume and ablation rate as a
function of the local plasma temperature for the whole database for two different pellet velocities.
It can be seen here that the slower pellets have a larger volume-temperature dependency and the
ablation rate highly depends on the temperature as it is expected. Figure 4 shows the width
(FWHM) of the pellet cloud along the modified path and along the magnetic field line crossing the
maximum radiation of the pellet cloud as a function of the local target plasma temperature. It can
be seen that the size of the cloud along the realistic pellet trajectory is approximately 10 mm
regardless of the target plasma temperature while the size of the cloud along the magnetic field
lines crossing the maximum radiation point seems to grow with the temperature from 30mm
(@200eV) to 50mm (@600eV).
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Figure 3: Pellet volume and ablation rate as a function of local target plasma temperature for the whole database (two
different pellet velocities).

Figure 4: The width (FWHM) of the pellet cloud along the modified path and along the magnetic field line crossing the
maximum radiation of the pellet cloud as a function of the local target plasma temperature.

3. Study of H-mode transition in the TEXTOR tokamak
S. Zoletnik
KFKI-RMKI
D. Réfy
BME-NTI
Collaboration: FZ Jülich
Contact E-mail:zoletnik@rmki.kfki.hu

The limiter H-mode was achieved in TEXTOR some years ago. In 2008 during one of the first
measurement campaigns of the Li-beam diagnostic after its refurbishment by Association HAS the
density profile steepening and fast density profile changes during ELMs were measured using the
exceptional 160 kHz high-frequency chopping (modulation) capability of the diagnostic. In this
first campaign no proper characterization of turbulence and poloidal flow velocity changes could be
done, therefore it was planned in 2010 to join other groups at TEXTOR and perform more
measurements. Unfortunately the limiter H-mode conditions could not be reached; therefore these
experiments were shifted to 2011.
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4. Measure density profile in Ergodic Divertor discharges on TEXTOR
S. Kálvin, G. Petravich, S. Zoletnik
KFKI-RMKI
Collaborations: FZ Jülich, ERM/KMS Brussels
Contact E-mail:kalvin@rmki.kfki.hu

Measurements were done with the Li-beam diagnostic in a discharge series with Dynamic Ergodic
Divertor (DED) when Langmuir probe measurements were also performed. The Bayesian density
reconstruction algorithm was used for data analysis. The density profiles could be calculated
reliably in the r/a>0.8 range for these low density discharges. At the very edge the values show
good agreement with Langmuir probe measurements except an approximately 1 cm shift in the
profile. An example result is shown in Figure 5. An interesting observation is that in some shots a
flat part was observed in the profile just inside the LCFS. This was confirmed by probe
measurement as well, but a physical explanation was not found. These measurements confirmed the
density calculation capability of the diagnostic.

Figure 5: Density profiles calculated from Li-beam measurement in TEXTOR during DED operation.

5. Studies of zonal flows and turbulence in TEXTOR
S. Zoletnik, L. Bardóczi
KFKI-RMKI
D. Réfy
BME NTI
Collaborations: FZ Jülich, Ghent University, ERM/KMS Brussels
Contact E-mail:zoletnik@rmki.kfki.hu

In the previous year we developed a numerical method for measuring high-frequency poloidal
velocity modulations in the edge plasma of TEXTOR from Li-beam turbulence data. Using this
technique Geodesic Acoustic modes were identified. In 2010 these studies were continued to
clarify the spatial structure of GAMs and their radial propagation properties. Data analysis of
measurements in 2009 revealed that the velocity modulations measured with reflectometry and Libeam at about r/a=0.9 are highly correlated with 0 phase for both the equatorial plane and top
reflectometry system. Measurements together with Langmuir probes revealed the same feature at
r/a=0.98, therefore the theoretically expected m=0, n=0 structure of GAMs has been clearly
showed.
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The joint Li-beam - probe measurements in 2009 had the difficulty that the plasma conditions
were different from the ones used in reflectometry measurements; therefore it was not clear
whether the different frequencies are a result of different plasma conditions or different radial
location. To check this and improve the statistics of our data a new measurement campaign was
done where the plasma condition approached step-by-step the conditions of the reflectometry
measurements and all 3 systems were operated. We could finally confirmed, that at the plasma edge
the GAM frequency depends on the radial location as expected from theory.
Calculating correlations between velocity modulations measured at different locations in the
tokamak allowed us to decorrelate the broadband noise caused in the calculate velocity signal by
the finite lifetime of turbulence. This way the radial correlation structure of GAMs could be studied
by taking a velocity signal from reflectometry or probe measurement as reference. Figure 6 shows
the spatiotemporal correlation function of GAMs in these two cases
Several additional measurement campaigns were done for GAMs in 2010. One aimed at
studying how properties change when the toroidal magnetic field and the plasma current direction
is changed. No difference was found in the radial propagation properties, but an asymmetry was
found in the related density modulation at the top and bottom of the plasma. Another campaign
aimed at measuring the length of turbulence structures along the magnetic field lines. Less than one
toroidal turn length was found. The GAM measurement results were presented in an oral
contribution on the EFDA Transport Topical Group annual meeting.

Figure 6: Spatiotemporal correlation function of poloidal velocity fluctuations at r/a=0.9 (left) and r/a=0.98 (right) in the
TEXTOR tokamak.

6. Runaway electron losses due to resonant magnetic perturbations
G. Papp, G. Pokol
BME-NTI
Collaboration: Chalmers, IPP Greifswald
Contact E-mail: papp@reak.bme.hu

One of the most critical problems facing ITER and similar machines is the occurrence of plasmaterminating disruptions. During the disruptions, the swift cooling of the plasma leads to runaway
electron generation. Eventually, a beam of runaways can form, which has a potential to damage
machine parts. The severity of the problem scales with the size of the device, and in reactor-sized
tokamaks, such as ITER, it is desirable to suppress the runaway beam. One possible intervention
method is to degrade the magnetic confinement using resonant magnetic perturbations (RMP), thus
enhancing the primary runaway losses to avoid avalanche generation. The efficiency of the concept
has been experimentally proven on a number of devices, for example JT-60 and TEXTOR.
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In order to be able to design such suppression tools for forthcoming tokamaks, an extended
knowledge is needed about the mechanism of the RMP. Since the problem cannot be handled
analytically, we started to use 3D numerical modeling for that purpose. In 2010, we carried out an
analysis for a TEXTOR-like model tokamak and prepared the numerical tools for ITER studies in
2011.
The calculations were carried out with the ANTS (plasmA simulatioN with drifT and
collisionS) code. The code solves the relativistic, gyro-averaged drift equations for the runaway
electrons in 3D fields and takes into account collisions with background (Maxwellian) particle
distributions, using a full-f Monte Carlo approach. For the purposes of this work, the ANTS code
has been extended to include synchrotron radiation. A collision operator, which is valid for both
low (thermal) and high (relativistic) energies, has also been derived and implemented. Such an
operator is necessary for dealing with particles for which the evolution should be followed in a
wide energy range.
In order to benchmark the code, we first compared our results with a device which had shown
runaway suppression experimentally. We used a TEXTOR-like equilibrium with typical parameter
profiles. The unperturbed magnetic equilibrium was calculated by VMEC using these parameters
and the actual TEXTOR coils. The magnetic field perturbations were modelled to be like the ones
produced by Dynamic Ergodic Divertor (DED) coils at TEXTOR. For the work presented here, the
DED coils operated in the (6,2) DC operation mode, hence the formation of magnetic islands with
n=2 toroidal mode number was the most favored. On the plasma edge, due to the steep q profile,
the overlapping of islands generates a large ergodic zone, thus enhancing radial transport and
runaway electron losses (Figure 7a).

Figure 7: (a) Magnetic structure with IDED = 6 kA. Large ergodic zone forms at the edge of the machine, marked with red.
(b) Time dependence of particle losses. The DED influences the onset time of the losses.

We found that runaway electrons in the core of the plasma are likely to be well confined. For
low-energy (≃ 1 MeV) particles closer to the boundary, the onset time of the losses is dependent on
the amplitude of the magnetic perturbation (see Figure 7b). The runaway current damping rate is,
however, insensitive to the magnetic perturbation level and its experimentally measured value is
consistent with our simulations. Our results indicate that the loss of high-energy (> 10 MeV)
runaways in the simulation is mostly due to the fact that their orbits are wide, which allows them to
intersect the wall. The loss is dominated by the shrinkage of the confinement region, which is
independent of the DED current. We expect the experimental results to be reproducible only by
more complex simulations including the temporal evolution of the magnetic structure and the
indirect effects of the RMP on runaway electron generation and loss processes.
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7. Study of the sawtooth crash mechanism
G. Papp, G. Pokol, G. Por, A. Magyarkuti, N. Lazányi, L. Horváth
BME-NTI
Collaboration: IPP Garching
Contact E-mail: papp@reak.bme.hu

Recent analysis of the sawtooth crashes in ASDEX Upgrade (AUG) tokamak suggests that
stochastization of the magnetic field occurs during the crash. A possible cause might be the
interaction of different (transient) MHD modes. The appearance of two signal components with
roughly 0.6 frequency ratio and indications of their possible interaction has been observed in
different shots on AUG in the soft X-ray (SXR) signals. One of the two components is the wellknown sawtooth precursor (m,n)=(1,1) internal kink mode. The other one, which appears at lower
frequency in the spectrum, is named as the Low Frequency Sawtooth Precursor (LFSP). In 2010 we
carried out a systematic analysis of the LFSP in various neutral beam heated AUG plasmas.
We could determine the frequencies of the modes as a function of time by using an
instantaneous frequency following algorithm, applied to the Short Time Fourier Transform (STFT)
spectrogram of the signals. The frequency ratio of the two modes does not show any particular
temporal development pattern and it is in the 0.5-0.7 range. Analysis of the energy evolution of the
mode showed a systematic behaviour, exponential growth with the growth rate of 400 1/s, which
was shown to be consistent with the growth rate of a resistive core mode. During the stationary
precursor phase well before the sawtooth crash, the power modulation of the LFSP mode correlates
with the power modulation of the (1,1) internal kink mode. Measured correlation is about 50% in
most cases. This indicates the existence of an interaction between the two modes already 20-40 ms
before the crash event.
We applied bicoherence analysis to determine the phase coupling between the (1,1) kink and
the LFSP. The results show a significant 0.6 bicoherence already 15 ms before the crash. This
suggests the existence of a nonlinear interaction between the two modes already in the low-energy
phase of the LFSP, in agreement with the bandpower-correlation analysis.

Figure 8: (a) Autospectrum and (b) bicoherence of the sawtooth precursor phase 15ms before the crash event. Significant
bicoherence between the LFSP and the (1,1) kink mode is visible, despite the extra low energy of the LFSP.
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The mode structure was determined with a wavelet based method used on SXR measurements.
Results indicate that the toroidal and poloidal structure of the LFSP agrees with that of the (1,1)
kink precursor mode. The agreement between the spatial structures may enhance interactions of the
modes.

Figure 9: (a) Toroidal and (b) poloidal modenumber analysis of coherent sawtooth precursors on the time-frequency plane.
The LFSP has (1,1) mode structure.

It has been proposed that the LFSP is most probably excited by the kink mode via magnetic
coupling. Due to the similar spatial structure but different mode frequencies, the localized
interaction of the kink and the LFSP can lead to an enhanced stochastization of the magnetic
structure in the neighborhood of the q=1 surface, where the crash occurs. The LFSP is expected to
play a role in the partial magnetic reconnection process, hence every crash model involving such
reconnection can be affected by the existence of the LFSP.
8. Installation of turbulence imaging beam emission spectroscopy diagnostics on MAST
D. Dunai, S. Zoletnik, I.G. Kiss, T. Krizsanóczi, B. Mészáros
KFKI-RMKI
Collaborations: CCFE
Contact E-mail:dunai@rmki.kfki.hu

A new Beam Emission Spectroscopy (BES) turbulence imaging system has been installed onto the
MAST spherical tokamakon in 2010 as the result of a four years long design and collaboration. The
system utilizes a high-throughput, direct coupled imaging optics and a single large interference
filter for collection of the Doppler shifted D emission from the ~ 2 MW heating beam of ~ 70 keV
injection energy. The collected light is imaged onto a 2D array detector with 84 Avalanche PhotoDiode (APD) sensors which is incorporated into a custom camera unit to perform simultaneous 14bit digitization at 2 MHz of all 32 channels. The array is imaged at the beam to achieve a spatial
resolution of ~ 2 cm in the radial (horizontal) and poloidal (vertical) directions, which is sufficient
for detection of the ion-scale plasma turbulence. The resulting 125-330 signal to noise ratio is
predicted to be sufficient to detect fluctuations in the Dα beam emission intensity at the few times
0.1% level. The 2D detector arrangement allows us to measure poloidal flows and radial
propagation of turbulent structures.
RMKI was responsible for the production of the whole mechanical system including the invessel elements and test vacuum chamber. These elements were fabricated mainly in the RMKI
workshop with collaboration of Hungarian subcontractors. The final fitting of the in-vessel
mechanics has been finished in early 2010. Detailed mechanical, heating and optical tests have
been carried out in the RMKI labs. The complete system has been shipped to CCFE in April 2010
and the installation has been finished by July.
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The installation of the system involved in-vessel works, which were completed with the support
of the CCFE colleagues. For the in-vessel installation special calibration tools have been designed,
which mimics the camera pixels on the observation positions on the heating beam path. With these
special tools the optics and the actuating mechanics and electronics have been carefully calibrated.
The detector and data acquisition system was installed in late 2010 in close collaboration with
the local colleagues. The actuating control system was also integrated to the MAST system by the
end of the year.
The first measurements are expected in 2011 at M8 measurement campaign.
9. RENATE BES simulation development
G. Pokol, D. Guszejnov, D.I. Refy
BME-NTI
Collaboration: Chalmers
Contact E-mail: pokol@reak.bme.hu

The desire for an accurate and comprehensive simulation of BES diagnostics, which could be used
both in the evaluation of BES measurement results and the development of new BES systems led to
the birth of the RENATE (Rate Equations for Neutral Alkali-Beam Technique) simulation code
some years ago. As its name suggests, it was originally developed for modeling alkali beams
(lithium and sodium), but support for the more common hydrogen and deuterium beams was also
added in 2010. RENATE can now calculate beam evolution in plasmas with mixed isotope content
and impurity composition using either a simple quasi-stationary model corrected with finite atomic
level life-time, or by calculating the evolution of several atomic levels by solving the timedependent rate equations in the bundled-n approach.
In 2010, the code was continued to be utilized in the course of the design of COMPASS LiBES,
by providing information on the expected photon currents on the detectors with different optical
systems and beam parameters. In parallel, the full 3D geometry generalization of RENATE has
begun, and the capabilities were demonstrated by modeling an ITER Diagnostic Neutral Beam BES
system, as shown on Figure 10.

Figure 10: Poloidal and toroidal views of modeled emissivity and lines of sight for a geometry resembling ITER DNB being
viewed for the Core CXRS upper port.
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10. Runaway electron generation during ITER plasma shutdown by impurities
K. Gál
KFKI-RMKI
Collaboration: Chalmers University Sweden, IPP-Greifswald, Germany
Contact E-mail:gal@rmki.kfki.hu

A major concern of the ITER machine are disruptions where the plasma energy is suddenly lost and
the current quenches on a very short time scale causing large heat and electromechanical loads on
the vessel. Disruptions can be mitigated by impurity injection (pellets or massive gas injection), but
if the plasma temperature is too low, runaway electrons can be produced, which might damage the
vessel upon impact.
We studied several ITER plasma shutdown scenarios, where we calculated the current quench
time as well as the number of runaway electrons. We assumed that runaway electrons are produced
by Dreicer mechanism, by hot tail generation, by Compton scattering of gamma rays from the
activated wall and by avalanche mechanism. Runaway losses by diffusion due to magnetic
perturbations were also taken into account.
In our calculations we found that Dreicer runaway electrons can be suppressed by increasing the
plasma density with injecting deuterium besides neon or argon. However, the avalanche
mechanisms is strongly increasing the amount of the runaway electrons, therefore if there are no
runaway losses present in the plasma a large runaway current will be produced. If the magnetic
perturbations are as high as δB/B~10-3, the runaway avalanching is stopped. Thus, impurity
injection can reduce the heat loads by cooling the plasma and quenching the current in a reasonable
time (shorter than 0.5ms), but runaway electrons cannot be fully suppressed only if large runaway
electron losses are present as shown in Figure 11.

Figure 11: Runaway fraction of total current as a function of normalized magnetic field perturbations at injection of Argon.
The Argon density in this case is 90% of the plasma electron density before impurity injection.

11. A novell method for ELM mitigation studies
K. Gál, G. Molnár
KFKI-RMKI
Collaboration: IPP Garching
Contact E-mail:gal@rmki.kfki.hu

Plasma facing components has to be protected from the heat and particle loads accompanying ELM
events. ELM mitigation techniques based on deuterium pellet injection or on magnetic
perturbations are very complicated and costly, thus a novel method was suggested: the application
of room temperature solid state pellets (RTSP). As the ITER first wall is considered to be
Beryllium, the particle flux caused Be pellet injection has been calculated and it has been showed
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that it is much smaller (~%) compared to the wall erosion flux (1022Be/s) causing only a tolerable
plasma performance degradation.
Based on these findings we have suggested a detailed investigation of the ELM trigger potential
of impurity pellets for ASDEX Upgrade. First the pellet code was upgraded to calculate the
penetration depth of different candidate materials as Be pellets are toxic and forbidden, therefore
the trigger potential needs to be verified by other less toxic elements with similar material
properties (sublimation energy and density). According to the technical feasibility the injection of
single Aluminum pellets with ~1018 atoms was proposed to probe the trigger potential, but to avoid
plasma shutdown. Experiments will be performed next year and based on the results further
investigations will be planed.
These experiments also allow the study of pellet plasma interaction, differences in the pellet
cloud formation of deuterium and impurity pellets can be examined. Earlier studies showed that in
case of deuterium pellets systematic peaks, so called striations can be seen in the ablation light
caused by the fluctuation of ablation rate caused by the Kruskal–Schwarzschild instability of a
pellet ablation cloud. Our earlier perturbative model for deuterium pellets was extended for
Aluminum pellets as well and the growth rate of the instability (m=1 mode) was calculated and the
stability of the pellet cloud was compared to the deuterium pellet cloud stability. According to the
calculations the aluminum pellet cloud is less stable than the deuterium one. However, the validity
check of these calculations will be only possible by performing the experiments which is the
subject of our future work.

Figure 12: The ratio of the imaginary part of the m=1 mode frequency normalized to the azimuthal cloud frequency versus
the azimuthal cloud frequency for Aluminum (up) and for Deuterium (down)
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III. Plasma Diagnostics
1. AXUV camera upgrade at TCV
D. Nagy, B. Tal
KFKI-RMKI
R. Chavan
CRPP Lausanne
Collaboration: CRPP Lausanne
Contact E-mail:daniel.nagy@rmki.kfki.hu

The AXUV bolometer camera array on TCV is a device mesuring the total radiation of the plasma.
It became necessary to equip the existing AXUV cameras with shutters to protect the sensitive
detectors. The project, including engineering, manufacturing, assembly and testing, started and in
great parts was completed in 2010. What remains is further testing and installation at CRPP, which
will likely be done during the summer of 2011.
There are seven AXUV cameras at TCV, all in the same poloidal cross-section. Although all of
them are a little different, there are two main types: three large cameras (C3, C4 and C5) are
oriented horizontally and the four small cameras are oriented vertically (C1, C2 on top and C6, C7
on bottom). For the orientation and camera types, see Figure 13.

Figure 13: AXUV camera configuration at TCV and modification overview

For the shutter system, the greatest challenge was the extremely limited available space both
around and inside the cameras for the installation of the mechanism. On the air side the space was
limited because of coils and other diagnostics, and inside (and especially for the small cameras) the
available cross section was entirely taken up by electrical feedthroughs for the detectors and the
cooling ring.
For the shutter manipulation many different options were studied, among them operation based
on bimetal principle, bourdon tube and piezo-motor.
At the end a mechanically operated, directly driven shutter was implemented. The general idea
is that the shutter plate is mounted on a shaft that is directly rotated by a pneumatic rotor and a
rotary vacuum feedthrough (see Figure 13).
Some design details of the small camera:
As the design of the small camera is more complicated, that shall be described in this chapter.
The shutter have three positions: all open, one open and all closed, see Figure 14.
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Figure 14: AXUV small camera shutter positions

The rotating shaft has a diameter of 3mm (see Figure 15), and is rotating inside a 4x0.4mm
vacuum tube. The vacuum tube is inserted in the cooling pipe (D8x1mm). This cooling pipe is
feeding the cooling ring around the detector. The advantage of the solution to insert the rotating
mechanism inside the cooling pipe is that the water ring must only be drilled and welded on the
vacuum side (which is fairly easily accessible), and that the water flow remains symmetric. The
4x0,5 vacuum tube is welded (electron beam welding) at both ends: at one end on the vacuum side
of the cooling ring, on the other side to a steel adapter, which has a CF16 flange for the vacuum
rotary feedthrough. Different coupling methods were used for plate-shaft, shaft-feedthrough and
feedthrough-rotor attachments.

Figure 15: Some design details of the modification of AXUV small cameras

2. Implementation of reconstruction algorithms for the 2D tomographical systems of the TCV
tokamak
B. Tál, G. Veres
KFKI-RMKI
Collaboration: CRPP Lausanne
Contact E-mail:tal@rmki.kfki.hu

Tomographical reconstruction is a well-known method for the calculation of 2D profiles from line
integrated measurements. Hence, radiation distributions of toroidally symmetric tokamak plasmas
can be calculated from the signals of multichord systems, whose detectors are located around the
vacuum vessel and their lines of sights cover the same poloidal cross section in an appropriate
manner.
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The TCV tokamak is equipped with more tomographical systems measuring the plasma
radiation in different spectral regions: the 64 channel foil bolometer system, the 140 channel
AXUV system, the 200 channel SXR system and others are also under construction. The exact
reconstruction of radiation profiles is a non-trivilal task because: the mathematical problem is illposed despite the high number of chords (this is typical in plasma tomography) and the algorithm
should be able to cope with a high variety of plasma configurations (this is a speciality of the
Tokamak à Configuration Variable).
The chord number and the required resolution imply that the application of local basis functions
can provide the best quality profiles in plasma tomography. But the regularization method, the
shape of the local basis functions, the numerical algorithm and the geometrical calculations can be
different. Hence, more approaches were implemented beside the existing ones and were compared
to each other with the help of phantom simulations.
The numerical algorithm which had been used on TCV was a simple iteration method, while the
newly implemeted algorithm, which had been developed for JET, divides the problem into two
parts: calculation of generalized eignevalues of a huge matrix and calculation of roots of a higherorder polynomial. The first method was found to be a fast and robust method and the second one
was able to take the nonnegativity-costraint into account correctly. Hence, when fast but not too
precise data analysis is important (e. g.: calculation of radiation power), the iteartion method is
more practical, and when the time evolution of the radiation profile is required, the eigenvaluemethod provides better results.
Concerning the regularization, the minimum-Fisher method had been applied ont TCV. We
found that this was the best choice when sharp peaks existed in the profile. However, the total
radiation is not always localized but sometimes elongated on the flux surfaces. This can be taken
into account as an a priori information, using the anisotropic smoothing as regularization. An
example, where this is essential, is shown in Figure 16: a phantom emission profile is depicted on
the left (this is not a real one), signals were calculated and the profile was reconstructed with
isotrop regularization (in the middle) and with anisotropic regularization (on the right).
Two shapes of local basis functions were applied in the inversions: the pixel-shaped ones and
the pyramid-shaped ones. Although the second type provided sharper profiles the difference was
not significant.
New geometrical calculations were performed with the method had been developed on JET.
This takes the finite beam width into account instead of the simple line integrated approach. This is
necessary in case of the 64 chord foil bolometer system as the pinhole sizes are big and also
required in case of the AXUV system, where although the pinhole sizes are small the detectorpinhole distances are also small.
(a)

(b)

(c)

Figure 16: Effect of anisotropic smoothing on the reconstructed radiation
(a) phantom radiation profile (not a physical one), reconstruction of phantom profile with isotropic smoothing (b) and with
anisotropic smoothing (c). 64 chord bolometer system geometry is applied.
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3. Development of image processing and control unit and image processing algorithms for
Wendelstein 7-X
S. Zoletnik, B. Fekete, G. Kocsis, J. Sárközi, T. Szabolics, T Szepesi
KFKI-RMKI
Collaborations: IPP-Greifswald
Contact E-mail:zoletnik@rmki.kfki.hu

Following successful operation of the new hardware of the EDICAM camera using 10 Gbit digital
optical link in 2011 the logic design and detailed documentation of the algorithms for the real-time
processing were finished. Programming of the algorithms in VHDL has also started. The
algorithms allow simultaneous readout of several different sizes and shapes Regions of Interests
(ROI) in the camera. The Intelligent Processing Unit (IPCU) can do various simple calculations on
the data (minimum, maximum, total) and change the data storage modes depending on the results,
switch ROIs on and off and can change the state of output signals as well. The block diagram of the
IPCU is shown in Figure 17.
Discussions on the integration of the 10 EDICAM cameras in the Wendelstein 7-X data
acquisition and control system have started. As a first step design of an Application Software
Interface has started.

Figure 17: Block scheme of the EDICAM IPCU.
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4. Upgrade of the JET Li-beam diagnostic
S. Zoletnik, G. Anda, S. Bató, B. Mészáros, G. Petravich
KFKI-RMKI
Collaborations: IPP-Garching, CCFE
Contact E-mail:zoletnik@rmki.kfki.hu

The upgrade of the Li-beam diagnostic for JET has been an ongoing task since 2006, led by
Association HAS. Several elements of the system have been changed in previous years: optical
fibres, spectrometer, and a beam chopper. The JET shutdown gave now the possibility to install a
new periscope head which has a more advanced drive mechanism and a remote handling
compatible mirror. This instrument was manufactured in Hungary and its operation was thoroughly
tested in vacuum from room temperature up to 300 C. After confirming reliable and precise
operation it was delivered to Culham where it will be installed in 2011.
In earlier years the possibility of turbulence measurement was also demonstrated by installing a
4-channel trial detector system. In 2010 the JET EP2 project board decided to install a full
combined detector system where light is shared between a spectrometer and 32 fast detector
channels. An initial optical analysis revealed that a two-slit system could increase the amount of
light which can be processed by the spectrometer and a well designed optical setup could direct
90% of the light to the fast detectors while keeping the light level in the spectrometer unchanged.
The optical design of this system has been finished and selection of the manufacturers of the
special optical elements has started.
5. Conceptual study of a Beam Emission Spectroscopy system for the KSTAR tokamak
S. Zoletnik, D. Dunai, I.G. Kiss, G. Veres
KFKI-RMKI
D. Guszejnov, G. Pokol
BME NTI
Collaborations: NFRI, Daejeon
Contact E-mail:zoletnik@rmki.kfki

In September 2010 KFKI RMKI has won grant support for an application to a joint call from the
Korea Research Council of Fundamental Science and Technology and the Hungarian Academy of
Sciences. The project aims at a conceptual design of a Beam Emission Spectroscopy diagnostic for
the KSTAR tokamak. The Consultative Committee of the Euratom-Korea Fusion Agreement
included this action in the list of fusion collaborations. In 2010 a workshop was held in Daejeon
where the measurement possibilities were discussed. It was agreed to widen the collaboration with
the University of Wisconsin in the US, which specified the observation geometry when the KSTAR
device was designed and does BES measurements on US fusion devices. According to the plans
modeling started using the RENATE code developed in previous years at BME-NTI. It is assumed
that a diagnostic similar to the MAST BES system will be conceived.
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6. Retractable tube for ITER core CXRS and Development of a fluctuation BES diagnostics
into CXRS spectrometer
T. Baross, G. Grunda, B. Meszaros, S. Zoletnik, D. Dunai
KFKI RMKI
G. Pokol
BME NTI
Collaboration: FZJ, ITER-NL, CCFE
Contact E-mail: baross@rmki.kfki.hu, pokol@reak.bme.hu

Development of the Retractable tube
In the UPP 3 (upper port 3) the retractable tube shall carry those most vulnerable components of the
CXRS optics, which have hardly definable life time: first mirror, shutter and calibration lamp, they
all likely need frequent replacement.
During 2010 the tube development concerning cooling circuit was focused on the
manufacturing processes. The earlier manufacturing assumptions the deep-hole gundrilling for
cooling channels was changed to a cooling layout formed between two sheets by welding. This
method’s first step is to mill cooling layout in a sheet and the second step is to weld with a cover
sheet by large pressure and heat treatment. It is possible with a so called solid-state welding, like
explosion welding or hot isostatic pressure welding. The welded layers afterwards can be formed to
a half-cylinder around the components of the diagnostics. On Figure 18. a gundrilled structure and
on Figure 19. the bent strucure can be seen.
The greatest advantage of this method could be the flexibility of the cooling layout and the even
welding properties around the cooling routes. Further investigations are needed on welding of such
large components - 2 m long - and the possible ruptures of sheet cross-sections during bending
procedures. A FEM calculation was performed by the FZJ colleagues to see the thermal behavior of
the bended tube. It showed much better thermal distribution compared to the earlier one.

Figure 18: Gundrilled cooling channels (blue pipes)

Figure 19: Welded bent sheets around the shutter

For the tube support a flexible support concept was developed together with a summer student.
The basic task of the end support is to withstand large E-m forces, but allow the axial thermal
expansion of the tube. A new concept was investigated that combines in one flexible support
system two features: the frictionless expansion joint and an axially prestressed tube support against
axial loads. Figure 20. shows the concept with leaf springs.
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The estimations showed, that 5 mm thick leaf springs can hold the tube end, and at a 6 mm
displacement of the tube flange the springs can provide a 16 [kN] load in axial direction as well. It
is around the same amount of load that is arising from the E-m loads. Further developments tend to
separate the support function of the flange and applying axial load on the tube.

Figure 20: Tube flange support with three leaf springs

Fluctuation BES measurement
Based on a study presented at the 2009 Workshop on Active Beam Spectroscopy, a fluctuation
beam emission spectroscopy (BES) measurement using the Core and Edge CXRS front optics
viewing the diagnostic neutral beam (DNB) seemes feasible. In order to benchmark the simulation
results and explore the possibility of the integration of the fluctuation BES and CXRS
measurements, design of a fluctuation BES setup into the ITER prototype spectrometer had been
started.
In 2010, the detailed optical design and the conceptual mechanical design were finalized. A 3D
optical model of the system was created, and manufacturing and integration tolerances were
evaluated in detail. Based on these calculations, the optical system was designed with a minimum
number of adjustable elements: only one adjustable mirror and a focusing element. The system has
been optimized for TEXTOR measurement conditions, but the flexible mechanical design allows
easy adaption to other applications, as well. Detailed design and assembly of the system is to be
continued.

Figure 21: Detailed optical design and conceptual mechanical design of the fluctuation BES system to be integrated into the
ITER CXRS prototype spectrometer
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7. Development of fast framing video diagnostics on ASDEX Upgrade using EDICAM
cameras
T. Szepesi, G. Kocsis, Sz. Tulipán
KFKI-RMKI
Collaboration: IPP Garching
Contact E-mail: szepesi@rmki.kfki.hu

The ASDEX Upgrade pellet camera system was upgraded by two fast cameras. The first upgrade
was a considerable step in both sensitivity and speed: the EDICAM camera was designed to
directly observe plasma activity, without the need of additional fiber optics.
As the first step, the resistivity of the camera against the magnetic field was measured in a test
magnet facility. It was found, that some of the power supply ICs in the camera head are sensitive to
the magnetic field, and the change in the provided voltage depends on the direction and strength of
the field. However, all the internal voltages remained within a range small enough to be tolerated
by the camera stabilizer ICs. Therefore the camera operation could successfully be presented up to
1T.
In the second phase the EDICAM was installed into one of the optics boxes of the AUG pellet
camera system, and connected to the 4Co view via light fibers. Although this could only be realized
close to the end of the year (beginning of the campaign), the observation of pellets could be
demonstrated above 8000 fps, see figure below.

Figure 22: Frames 2271 – 2278 of the EDICAM movie in AUG shot #26065, covering about 1 ms. In this time
window the pellet seen on the images is completely ablated. Grid lines were added to guide the eye; the green arrow denotes
the injection direction

The other major upgrade of the AUG pellet camera system was a Photron type extreme speed
camera, capable of running at 1.000.000 fps. Due to some delays in the delivery, unfortunaltelly no
observations could be done with this device in 2010.
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8. Installation and commissioning of the EDICAM system on ASDEX Upgrade
T. Szepesi, G. Kocsis, Sz. Tulipán
KFKI-RMKI
Collaboration: IPP Garching
Contact E-mail: szepesi@rmki.kfki.hu

The novelty of the EDICAM camera lies in its compact camera head size (6 cm in diameter),
allowing for a diagnostic layout where the camera head is inserted directly into a viewing port. This
setup has the advantage that no light fibers (“image guide”) are necessary to transmit the image to
the camera, thereby increasing the sensitivity of the diagnostic by at least an order of a magnitude.
In the 2010 shutdown period two viewing ports have been modified in ASDEX Upgrade in
order to be able to house EDICAM cameras. The 5Co port is a horizontal view, looking radially
towards the plasma from the LFS, see figure below. The view consists of a periscope type mirror
array, tilting the view a bit downwards compared to the horizontal in order to be able to detect the
ablating cryogenic pellets. The periscope is equipped with a shutter to protect the mirrors against
boronization.

Figure 23: Top: The 5Co view port (plasma side) with the EDICAM camera and closed shutter. Bottom: cross
sectional view with the shutter opened. Viewing cone in green.

The 1Co port was also modified to house the EDICAM. Here, the mirror head of an existing
view was rotated to provide a tangential view, looking to the LFS limiters of a radio frequency
antenna where the detection of filamenst is expected. The designed view as well as the measured
test view can be seen on the Figure below.

Figure 24: The design view (left) and the real view (right) of the 1Co view.
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IV. Emerging technologies
1. Modelling helium behaviour in radiation damaged beryllium
A. Fenyvesi, I. Mező, I. Valastyán
ATOMKI
Collaboration: KIT, Karlsruhe
Contact E-mail:fenyvesi@atomki.hu

Elaboration of a framework of simulation of the displacement damage of beryllium is in progress.
The aims are studying 1) the evolution of displacement cascades and 2) helium behaviour in the
damaged structure.
In 2010 different ways of data transfer from the MARLOWE-15b Binary Collision
Approximation (BCA) code to the DL_POLY 3 molecular dynamics (MD) simulation code were
studied. Several BCA and MD trial simulations have been carried out for hcp Be crystals with
different numbers of unit cells (min. 16000 up to 106 unit cells) with few He atoms (5-20). A code
has been written for extracting time, coordinate and velocity data of collided atoms listed in the
MARLOWE output file. A second code was written for a) visualizing the graph of the BCA
displacement cascade and b) generating coordinates of the moving atoms of the cascade for each
MD time step. Development of a third code has been started to map the space-time region affected
by the BCA cascade onto the set of processors of a PC Linux cluster that executes the DL_POLY
MD run below a specified kinetic energy.
In MD calculations 20 eV  EPKA  200 eV Primary Knocked Atom (PKA) energies were
selected to initiate displacement cascades. The Be-He interaction was described by a Morsepotential while a Born-Mayer type repulsive potential was used for the He-He interaction. The BeBe interaction was treated by a) an electron density dependent many body metal potential and b) a
Tersoff type potential. Using the two Be-Be interatomic potentials significantly different numbers
of Frenkel-pairs and mobility of helium atoms were observed in the thermal spike phase. By the
end of the late phase of the evolution of the cascades (recombination phase) the defects disappeared
in almost all cases. MD simulations have been started to produce more damaged structures where
the differences could be more pronounced.
2. High Flux Heium Cooling
G. Porempovics, V. Szabó
BME MM
Collaboration: KIT Karlsruhe Institute of Technology
Contact E-mail:vszabo@mm.bme.hu

ITER’s Test Divertor Modules (TDMs) will be tested in the Heloka facility, Karlsruhe, which was
originally conceived for testing of Test Blanket Modules (TBM). After the preliminary design of
the TBM vacuum vessel, our team will implement the preliminary design of the TDM vessel.
As the first stage of the design, information was collected on the TDM Heloka tests. Some open
issues were found which have great influence on the design of the vessel. Therefore, some
additional studies were suggested prior the vessel design.
The Helium Pipe Feedthrough plan, started in 2009, has been finalized. Additional analyses,
modifications were needed, to verify it against the large displacements and tehrmal gradients.
A Helium Pipe support structure has been designed. It is needed for the feedthrough, which
limits the pipe's radial translational movement, to avoid rippling the feedthrough out of the vessel.
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Figure 25: Catia model of the pipe support

3. Investigation of Oxide Dispersion Strengthened Steels developed for high temperature
applications
Á. Horváth, F. Gillemot, M. Horváth
KFKI AEKI
Cs. Balázsi, F. Wéber
MFA
Contact E-mail:Akos.Horvath@aeki.kfki.hu

The development of fusion devices involves the invention of new structural materials in order to
meet the higher requirements on strength and radiation resistance. Among the candidate materials,
nickel base superalloys are known to loose their ductility after high temperature irradiation.
Refractory alloys are typically susceptible to irradiation, ceramic composites, such as SiC fiber
reinforced SiC have limited ductility and fracture thoughness. Nanoscale modifications of the
existing ferritic/martensitic steels offer the best opportunity to improve the radiation resistance and
operating temperature window for structures. The studies on the structural, and mechanical
properties of oxide disperson strengthened steel prepared by powder metallurgy methods has been
started in the cooperation of our research groups two years ago. High temperature mechanical
strength and the study of the effect of milling properties on the microstructure continued in 2010.
A set of samples was prepared from pre-alloyed, commercial austenitic AISI Type 316 stainless
steel, and martensitic powders. An efficient dispersion of commercial ODS steels has been
achieved by employing a high efficient attritor milling at 600rpm in combined wet (in ethanol) and
dry conditions. For bulk processing, the Spark Plasma Sintering (SPS) method was applied on the
powders. The main difference between SPS and hot isostatic pressing (HIP) is the simultaneous
application of a pulsed current in the former, which generates electrical discharges. The electrical
discharges do not densify powders and, therefore, additional energy is required to increase the final
density. Circular samples with 50 mm were realized. In order to reveal the size distribution and
volume fractions of the added particles in the bulk material, small-angle neutron scattering (SANS)
was used at the Budapest Research Reactor. SANS measurements usually carry a non destructive
character, therefore they do not need a sample preparation which changes the original form and
layout of investigated details.
The microhardness results of the samples were in the range of 500-800HV (Vickers hardness),
which correspond to a good quality sintered steel. The measured tensile strength values were
between 700-1400MPa at room temperature and 20% less at 500°C. The strength and hardness are
satisfactory, but the samples were found to be brittle, as a possible consequence of the very fine
grains and the ceramic addition.
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4. Secondary charged particle activation method for tritium production rate measurement in
breeding blankets
I. Rovni, M. Szieberth,
BME-NTI
Collaboration: EUROBREED GOT project
Contact E-mail: szieberth@reak.bme.hu

EUROBREED is a goal oriented training project with 8 participating institutes having their own
work packages. Our work package is the WP5: “Measurement techniques development for breeding
blankets”. The main emphasis is put on the passive neutron diagnostics for measuring the neutron
spectrum, the tritium production rate (TPR), heat load etc.
Monitoring the amount of the produced tritium is fundamental to verify that the fuel cycle is
self-sustainable and the breeding ratio is above unity. At the moment several techniques for TPR
measurement are under investigation in a search for the optimal one to be integrated in the blanket
modules. Both active, as gas-chromatography, diamond detectors, and the passive methods as Lipellets, TLD detectors are considered.
A new passive technique based on the secondary charged particle activation (SCPA) method is
investigated at the BME NTI in the framework of the EUROBREED project. The method is based
on the irradiation of samples containing two main components: a tritium producing target (in our
case this is 6Li or 7Li) and an indicator nuclide, which has relatively high cross-section for an
incoming tritium. During the neutron irradiation of such a sample the 6Li produces tritium through
the 6Li(n,t) nuclear reaction. In case of thermal neutron irradiation the outgoing tritium particle
has 2.7 MeV energy. This energy is high enough to cause charged particle activation reactions on
the so called indicator nuclides. For example the 26Mg(t,n)28Al reaction has relatively high cross
section, so the 28Al radioactive nuclide with 2.24 min half life and E=1778.97 keV gamma energy
can be measured with a HPGe detector after irradiation. There are many tritium induced reactions,
which differ from each other in cross-section and half life making easier to design measurements
for different irradiation conditions.
Many irradiations were carried out at the Training Reactor of the Budapest University of
Technology and Economics to prove the feasibility of the method and compare with calculation
results. Li2CO3 powder was used as tritium producing compound, and MgO and S powders, to add
indicator nuclides. In order to find the optimal atomic ratio of the indicator nuclide and the 6Li, the
Li2CO3 powder were mixed with the MgO or S powder in different ratios, then pellets were made
of the powders with spindle press. These samples were then irradiated in the reactor and the γspectrum of the irradiated samples was measured with a HPGe detector. The following charged
particle reactions were observed and investigated: 27Al(t,p)29Al; 26Mg(t,p)28Mg; 26Mg(t,n)28Al;
32
S(t,n)34mCl; 16O(t,n)18F and 18O(t,)17N.
These reaction rates were also estimated by calculations with the MCNPX Monte Carlo
particle transport code which is capable to simulate the transport of both neutrons and charged
particles, such as tritons. However, tritium induced reaction cross-section data with proper
precision cannot be found in the literature, therefore these calculations contains rough estimations
and cannot be considered as reliable.
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In Figure 26 one can see the comparison of the measured and the calculated data of the
Mg(t,p)28Mg reaction at different atomic ratios. 28Mg is a radioactive nuclide with T1/2=20.91 h
half life and with its highest intensity gamma line E=30.6 keV. The irradiation was 8 hours at
100 kW fission power. The so called normalized net peak areas are shown on the left and right
vertical axes, normalized to the pellet weight and to the produced amount of tritium, respectively.
The normalized net peak area means that the measured net peak is corrected with the saturation, the
decay and the counting factors. The measured and the calculated curves have similar shape. The
reasons of the difference in the absolute values are mainly the poor cross-section data of the
charged particle induced reactions, and the difficulties in the tritium transport calculations. One can
observe that the highest peak could be reached around 1:1 26Mg/6Li atomic ratio (blue curves),
which provides the best statistics of the results. On the other hand the higher is the 26Mg content,
the higher peak is generated by the same amount of produced tritium (red curves), and so the
resolution of the method improves. During the design of an actual TPR measurement these two
competitive conditions should be taken into account when choosing the optimal sample
composition.
The comprehensive set of the measurement proved the feasibility of the new method. Further
work is needed to calibrate the method for the measurement of the TPR and to select the optimal
sample composition.
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Figure 26:Normalized net peak areas of 28Mg generated through the 26Mg(t,p)28Mg reaction at different atomic ratios
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V. Keep in touch activities in Inertial Fusion Energy
I.B. Földes, A. Barna

KFKI-RMKI
Collaboration: University of Szeged, MPQ-Garching
Contact E-mail: foldes@rmki.kfki.hu

Due to the building reconstruction at the University of Szeged the laboratory room had to be
cleared out by early July 2010, although our expectation was the December schedule. Thus
experiments could be carried out with the full power laser system (output energy of 70 mJ in
62010 fs pulse duration) of the HILL laboratory of the Department of Physics of the University of
Szeged only until the end of May. In the end of the year the system could be started again without
the final amplifier in a temporary laboratory, with operational parameters of 15 mJ in 62010 fs
pulse duration. Therefore the experiments in Hungary - especially those which were carried out in
international collaboration – were carried out in the early 2010.
Laser-plasma interferometry
The main purpose of plasma interferometry was to combine it with magnetic field measurements
via Faraday rotation for the investigation of the role of self-generated magnetic field. The quality of
the complex interferometry was improved in collaboration with M. Kálal and M. Martinkova from
the Technical University of Prague and with the participation of C. Liberatore from the University
of Milano Bicocca. The diagnostic beam had a wavelength of 496nm, coming from the dye-laser,
the second harmonics of which is used as the seed beam for the excimer amplifiers. Thus the
temporal synchronization can be fixed by an optical delay line up to picosecond accuracy. In order
to fix the delay accurately experiments were carried out on laser sparks in air. A stable self-focused
laser plasma filament of several mm length was observed from 10 ps up to several nanoseconds.
Figure 27 illustrates both the raw interferogram and the obtained phase shift. The maximum density
on the optical axis corresponds to ~2*1019cm-3, i.e. the air is fully ionized in this case. As the main
beam was focused by a 30 cm lens, corresponding to a Rayleigh-length of some hundreds
micrometers, the obtained mm length homogeneous filament is probably caused by self-focusing.
Due to the above-mentioned deadline of the experiments there was no possibility to carry out
experiments on solid targets during this experimental session.

Figure 27: Interferogram of the laser spark and the phase shift derived from it.
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Experiments with solar blind detectors
High-harmonics are very attractive intense coherent radiation sources in the vacuum ultraviolet.
Due to the short wavelength of the KrF lasers nonlinear effects have minor importance, therefore
the highest observable harmonics order are lower. On the other hand, due to the shorter initial
wavelength the intensity of the low-order harmonics can be higher in the same spectral range. One
of the critical issues of harmonics experiments is the measurement of conversion to the VUV
radiation which is difficult due to the disturbing source radiation. In a large collaboration with a
group lead by L. Ryc with Polish and Italian participation experiments were carried out using solar
blind VUV diamond detectors. These detectors are sensitive to 82.8 nm radiation of the third
harmonics of the KrF lasers but they are not sensitive to the 248-nm UV radiation from a KrF laser.
In the first series of experiments harmonics generated in Ar gas was investigated where due to an
atomic resonance intense harmonics generation was reported. The detectors were tested to work
excellently in this wavelength, suppressing the 248nm radiation with more than 3 orders of
magnitude. Preliminary data with the diamond detectors show nearly 10-3 conversion efficiency.
Next the detectors will be absolutely calibrated (preferentially at BESSY) then absolute
experiments with gas and laser plasma harmonics will be continued.
High-harmonics experiments in the MPQ
The collaboration with the Max-Planck-Institut für Quantenoptik (MPQ) within the frames of the
EURATOM mobility program was continued in high-harmonics generation. The pulse of the
LWS20 laser system was focused on solid targets with 45° angle of incidence. The laser is based on
the OPCPA technique and it provides laser pulses of 8 fs duration up to 1019 W/cm2 focused laser
intensities (aL≈1.5). The generated harmonic radiation in the specular direction was recorded using
a grazing-incidence imaging XUV spectrometer. In the previous yearbook dependence of
harmonics generation by sub-10 fs laser pulses was reported and it was demonstrated that in the
case of the intensity range where the coherent wake emission (CWE) model of harmonics
generation dominates only the p-polarized radiation component can generate harmonics. In order to
obtain the selection rules for harmonics generation the polarization of the generated harmonics are
also to be investigated. For this purpose a modified version of our previously (in Hungary) used
polarization analyzer consisting of 3 Au mirrors was used. The analyzer has a ~10:1 suppression.
Figure 28 shows p-polarized harmonics signal obtained with our analyzer.

Figure 28.:P-polarized 6th to 8th harmonics selected by the polarization analyzer.

On the other hand no s-polarized harmonics was observed which corresponds to the
expectations. The usability of the polarization analyzer thus has been proved. It is planned that after
the upgrading of the laser system, when the intensity will be increased, then harmonics generated
by the so-called relativistic oscillating mirror model (ROM) will be expected, too. In that case
harmonics form s-polarized laser beam is expected as well, thus the importance of polarization of
the generated harmonics will be increased.
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VI. Other activities
1. Summer Training Course 2010 at COMPASS
A. Bencze, M. Berta, Cs. Buday, G. Veres
KFKI RMKI
Collaboration: IPP Prague
Contact E-mail: abencze@rmki.kfki.hu

The 8th Summer Training Course (SUMTRAIC 2010) was organized on the COMPASS tokamak
in collaboration with the Association EURATOM/CZ in the period 22.8. - 3.9. Before the practical
training, several introductory lectures have been presented. The Course was attended by 15 students
from nine countries. Students were divided to five experimental groups supervised by local and
Hungarian supervisors. Four days were devoted to experiments on the COMPASS tokamak; the
remaining time was spent by data processing and preparation of presentation at the closing
workshop.
The summer school SUMTRAIC 2010 is focused to teach participants all important aspects of
experimental work on tokamaks, i.e. planning of experiment, performing experiment, processing
experimental data, discussion of achieved results within an experimental group, preparing a
presentation and present results at the closing workshop.
The SUMTRAIC is organized as follows: First day of the school is devoted to introductory
lectures explaining basic features of the COMPASS tokamak (infrastructure, available diagnostics,
data acquisition system, software for data processing, etc.) followed by a tour around the tokamak.
Then, the participants are divided into 4 experimental groups. Each group is supervised by two
senior scientists.
Experimental groups:
1. Magnetic diagnostics (Loop voltage, plasma current, plasma position, etc.)
2. Optical diagnostics (visible spectroscopy, evolution of selected spectral lines, fast camera)
3. Microwave diagnostics (interferometer, ECR radiation)
4. Probe diagnostics (measurements of I-V characteristics of divertor probe array, fluctuation
measurements with the reciprocating probe)
Majority of experiments were performed on the COMPASS tokamak at IPP Prague in seven
half – day experimental campaigns. One day is reserved to performing experiment on the GOLEM
tokamak at the Czech technical University in Prague. The remaining time was reserved to
processing of experimental data and discussion of achieved results within the experimental group
and with supervisors. Finally, each experimental group prepares a presentation on the achieved
results. The closing workshop is organized the last day of the school, where representatives of each
experimental group present the results. The best presentation was honored.
2. Participation in the nuclear tent on the “Sziget Fesztivál”
D. Dunai
KFKI-RMKI
Contact E-mail: dunai@rmki.kfki.hu

The Sziget Fesztivál celebrated its 18th anniversary in 2010. From a local rock festival it became
one of the largest, most colourful and most well known festival in Europe. One of the beauty of the
festival is that is held on a Danube’s island in the heart of Budapest. The variety of the programs
attracts the young from all over Europe, resulting in a very international atmosphere.
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Besides music the festival offers dance, theatre and other performances and a “civil village”: a
devoted part of the island where non-profit organizations can present themselves and give valuable
information to the islanders. The covered topics span a wide range of problems, questions
concerning our world and society (health, environment, energy, religion, etc.).
Traditionally the Nuclear Tent is set up in the civil village where students and young
researchers provide in-depth information on nuclear energy, both nuclear fission and fusion. The
fusion community joined this work 6 years ago and has played a more and more important role in
the organization and in the image of the tent. The recent visitors not just learn the basics of fusion
reaction but also discover the advantages of the future fusion energy production as well as face the
technical difficulties to be solved.
To meet the challenges of the international environment students of other European associations
were joining the Hungarian team. It is easier to make a scientific topic understood, if the
explanation comes in one’s own mother tongue. Small presents are given to the visitors, like CD-s,
balloons, pens, and other funny and useful gifts which make the time spent memorable. Fusion Tshirts were one of the most valuable PR gifts at Sziget; they could be seen all over the place. They
remained popular even after the festival, since then they even appear even in various fusion labs
across Europe.
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