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I.

EXECUTIVE SUMMARY

This report gives an overview of the 2013 fusion research activities of the EURATOM Association of
the Hungarian Academy of Sciences. The report is divided to sections according to the chapters of the
EURATOM fusion workprogramme. However, most of the work of the Hungarian fusion team is
centered around implementation and operation of diagnostic systems on large fusion experiments,
therefore it is often difficult to divide work done on a given experiment to chapters of the
workprogramme. Therefore the reader interested in a certain scientific topic is advised to read multiple
sections which describe achievements on various devices.
In 2013 research continued along lines started in the previous years: diagnostic development for and
measurements with Beam Emission Spectroscopy on MAST, COMPASS, JET, ASDEX Upgrade,
KSTAR and EAST, video and pellet diagnostic on ASDEX Upgrade, JET and the future Wendelstein
7-X experiment. Additionally interesting results have been obtained in the physics of fast particles and
transient phenomena like ELMs. The diagnostic activities are supported by related technology
development and supplemented by theory, materials development and keep in touch activities for
Intertial Fusion Energy (IFE).
It is an extremely important development that fusion educational activities are improving and widening
year by year resulting, in a steady flow of B.Sc. and M.Sc. students doing research in fusion.
In 2013 the European Union's 7-th Framework Programme came to an end and by decision of the
European Commission the existing Contracts of Association will not be prolonged. This also means an
end to the European Fusion Development Agreement and work in Horizon 2020 will continue in a new
structure. In preparation for this a Fusion Roadmap has been elaborated in 2012. A consortium of all
EU fusion research laboratories has been set up under the name Eurofusion. The grant agreement
between the European Commission and Eurofusion is being concluded. According to the present status
Hungarian research organizations will have an even increasing part in EU fusion research, therefore we
are looking forward to a successful continuation of the Association program in a new framework.
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II.

ITER PHYSICS BASIS

TURBULENCE IMAGING DIAGNOSTICS MEASUREMENTS ON MAST
D. Dunai
Wigner RCP
Collaboration: CCFE
Contact E-mail:dunai.daniel@wigner.mta.hu
A 2D turbulence imaging Beam Emission Spectroscopy (BES) diagnostic was installed in 2010 on
MAST in collaboration with CCFE. After the successful M8 campaign in 2011 several improvements
have been implemented in early 2013. The M9 measurement campaign started in May 2013 by that
time the diagnostic was fully operational and commissioned. The 2D BES diagnostic was operated by
HAS in M9 campaign and bedside providing BES measurements for MAST team several dedicated
physics program based on the BES capabilities have been carried out.
Study of ELM precursors
Several devices have reported a precursor oscillation that grows up in the 50 – 150 microseconds before
an ELM is triggered. On MAST the 2D 4x8 pixel BES diagnostic has been used to characterise the
edge plasma region with a 2cm spatial and 500 kHz temporal resolution. The excellent signal to noise
(up to 300) and very high signal to background (up to 50) has enabled a detailed study of the density
variation pattern before and during ELMs.
During the ELM crash the BES system observes filament structures, similar to those observed
previously on MAST using visible imaging that erupt from the edge of the plasma and rotate in the cocurrent (ion diamagnetic) direction. What is new is the observation of the growth of a mode which is
localised near to the top of the pedestal that grows up in ~ 100 microsecond before the ELM crash. The
mode is characterised with a frequency of ~ 20 kHz, a 6-10 cm poloidal wavelength (corresponding to a
toroidal mode number of n~30) and a radial extent of ~ 2cm. The mode is observed to propagate in the
counter current (electron diamagnetic direction). At a time when the plasma edge profiles are at the
peeling ballooning stability limit, the mode appears to modify the flow in the pedestal region allowing
the filaments associated with the peeling ballooning mode to grow and erupt from the plasma edge.
II.1. Figure The time evolution of a
Type I. ELM in 4 radially adjacent
BES channels is showed in a SND
configuration plasma discharge. The
bottom plot is the Dα signal. In the first
phase a precursor appears poloidally
localized to a few cm on the pedestal.
This leads to the ELM crash, which is
as extremely fast loss process. SOL
layer ELM filaments observed
simultaneously. Later the violent
turbulent phase is observed in the
confined area, which leads to further
ELM filament formation.
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Measure turbulence activity around the L-H and H-L transition on MAST.
The above shown excellent edge measurements made possible to study LH transition on MAST. The
LH transition is observed in BES as immediate suppress of turbulence and the evolution of the edge
pedestal pressure profile is a slower timescale. Interesting I-phase observations are shown below. In
these measurements I-phase looks that it is a series very frequent mini ELMS, and the instability that
causes it is radially localized similar to the precursor observations. The analysis showed that the
coherent structure has smaller poloidal wavelength and propagates to the electron diamagnetic
direction.

Dα

II.2. Figure The time evolution of 4 radially adjacent BES channels is showed in a dithering H-mode
shot. The middle plot is the Dα signal, the bottom is a magnetic signal. The radial positions of the BES
channels are shown in the right bottom corner of the figure.
Participation in physics programs
Due to the unique capabilities BES was an important diagnostics for various physics programs.
Resonant Magnetic Perturbation (RMP) field measurements are important part of the MAST physics
program. Unfortunately the RMP program mostly favours the large plasma radius scenarios, where the
BES has serious limitations. However a few RMP shots were done in which the ELM mitigation was
achieved and BES was also measured. Although the statistics is poor we can definitely say that the
precursor oscillations were observed also before mitigated ELMs. The edge turbulence in RMP plasmas
were also characterized in L-mode plasmas, the H-mode behavior needs further analysis.
Core BES measurements were carried out for core turbulence in ITB plasmas. In these experiments
HAS provided the measurements and the analysis is being done in CCFE and Oxford University.
The pellet injection induces high amplitude turbulence and increased transport is observed. This
phenomenon could be characterized with BES as the observation range is sufficiently large.
High frequency fast ion excited MHD activity was studied with BES. This activity is present in nearly
all beam heated discharges and in most cases causes significant difficulties for turbulence analysis. BES
diagnostic was operated in dedicated fast ion loss physics programs. It has to be noted that passive
FIDA signal is also measured with the beam emission, which might be disturbing especially in the edge
measurements.
BES design for MAST-U.
The MAST tokamak was shut down in September 2013 for two years. In these two years several major
components will be upgraded and other developments are also planned. The BES diagnostic has been
dismounted at the beginning of the shutdown and the design and the development of the new diagnostic
for MAST-U has already been started. The new BES will have a larger 8*8 detector and it will be
moved to a new dedicated port.
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EDGE TURBULENCE AND DENSITY PROFILE MEASUREMENT ON ASDEX UPGRADE
USING THE LITHIUM BEAM DIAGNOSTIC
S. Zoletnik, A. Czopf
Wigner RCP
Collaboration: IPP-Garching
Contact E-mail: zoletnik.sandor@wigner.mta.hu
In 2012 a new optical head has been installed on ASDEX Upgrade in collaboration with IPP-Garching.
It was agreed that Association HAS provides a new fast measurement system using an APDCAM
multi-pixel avalanche photodiode camera. For this a trial measurement was prepared in 2013 in order to
assess the signal to noise ratio and the bakcground.
The new optical head couples light from the frintend optics in 600 micron diameter optical fibres which
run from the tokamak to the diagnostic hall. For the trial measurment an optical coupling setup was
designed which can filter and image the light from 9 fibres onto 9 APD detector pixels. Althouhg the
detector can measure on 32 channels 9 the measurement was limited to 9 fibres as this enabled the use
of an existing 2'' optical filter and custom lenses.
Optical fibres
Core diam. =
600 ± 12 μm
NA = 0.22

Narrowband filter
f = 50 mm
Ø 1”
CW = 671 nm
BW = 1.5 nm

Detector pixels
Pixelsize: 1.6×1.6 mm
(×32 pixel)
Pixel pitch=2.3 mm

II.3. Figure The trial optical setup
The setup was operated for one week during the campaign. The signal to noise at the peak of the
Li-beam light intensity was found to be around 2 109 photon/s, which resulted in a signal to noise level
of 10. Concerning the signal to background ratio it changed from about 1 to 7. The highest background
was found whan high power NBI heating was applied to the discharge and additionally N seeding was
also used. Scrape Off Layer turbulence could be detected at this signal level. These data will be used as
input for building an optical system and specifying a custom interference filter for a final 32 channel
detection system
.
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LI-BEAM DIAGNOSTICS ON COMPASS
A. Bencze, G. Anda, D. Dunai, I.G. Kiss, T. Krizsanóczi,
S. Zoletnik
Wigner RCP
M. Berta
Széchenyi István University
Collaboration: IPP Prague
Contact E-mail: bertam@sze.hu
High energy Li-BES diagnostic system has been developed, designed and manufactured at Wigner RCP
for the COMPASS tokamak. The aim of the measurement is to measure the edge plasma density profile
and turbulence and to test a new diagnostic concept for edge current density measurment. For these
purposes different observation systems has been built and operated by Hungarian researchers.
1. A CCD camera for density profile measurement has been installed on COMPASS to record radial
profile of emitted light from the interaction of Li atoms with hot plasma. Using appropriate
reconstruction algorithm the radial density profile can be determined based on measured light profiles.
First electron density profiles has been reconstructed at the end of 2012, we continued in these
measurements in 2013. The reconstruction algorithm has been also modified to reconstruct absolute
density profile (see.II.4. Figure.).

II.4. Figure CCD camera frame with subtracted background (left),
light profile (middle), reconstructed density profile (right)
2. A Fast detection system is installed for fast density profiel and quasi-2D turbulence measurement.
In 2013 the 20 channel Avalanche Photodiode-based observation system started to produce
experimental results. After collecting the first data it became clear that background originated from
bulk plasma radiation is too high. It was necessary to replace the interference filter with spectrally
narrower and with better blocking. Now the background looks acceptable. First data from plasma
turbulence hve been obtained.
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II.5. Figure Time evolution of light fluctuation signals from 18 channels of APDCAM (Li-beam was
periodically modulated for background measurement)
3. The Atomic Beam Probe (ABP) has been developed some years ago as an addition to the Li-BES
system for small and medium size tokamaks. The first prototype test detector has been installed on
COMPASS tokamak to study background noise and the ability to detect ions stemming from the high
energetic diagnostic beam (Eb ~ 80-100 keV). However the beam energy on COMPASS is still limited
to 50 keV, only few measurements have been performed with ABP test detector in the decreasing
toroidal magnetic field of COMPASS. In 2013 a new data acquisition system with 32 channels has been
manufactured and installed for ABP system on COMPASS.
The ABPIons code is the numerical code to calculate ion trajectories in the inhomogeneous magnetic
field of tokamaks. Originally it was written in MATLAB, and one calculation with 105 particles of
Li - beam in the typical magnetic field of COMPASS took computation time ~ 120 s on a modern CPU.
Code has been parallelized and implemented for CUDA processors and now above mentioned test took
time ~ 0.2 s on GeForce GTS 450 graphics card.
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MEASUREMENT TURBULENCE, ELMS AND DENSITY PROFILE ON KSTAR
S. Zoletnik, M. Lampert
Wigner RCP, BME-INT
Collaboration: IPP-Garching
Contact E-mail: zoletnik.sandor@wigner.mta.hu
A Beam Emission Spectrosopy (BES) diagnostic was installed in 2012 on the KSTAR tokamak using a
fund from the Korea Research Council of Fundamental Science & Technology. The system can
measure beam emission on a 4x8 point matrix with 1 cm spatial and 500 kHz temporal resolution. This
diagnostic was regulary operated in the 2012 and 2013 KSTAR measurement campaigns. Besides
providing general BES data for the KSTAR team some specific studies were done in the framework of
the Euratom programme:
Characterization of turbulence and search for zonal flows. Turbulence power spectra and (apparent)
poloidal propagation was measured in the SOL and the edge plasma. In L-mode a broad peak appears in
the power spectrum in the 10-100 kHz frequency range similarly to other tokamaks. Althouhg the mean
poloidal velocity could be detected all attempts to find high-frequency zonal flows (GAMs) failed. The
reason is believed to be partly the limited sitgnal to noise ratio, partly the strong toroidal rotation with
produces an apparent poloidal flow.

Edge

SOL

II.6. Figure Power spectra of desnity fluctuations in the Scrape Off Layer (SOL) and the the edge
plasma. The narrow peaks at 4 kHz and harmonics are dure to beam intensity modulation by the beam
power supply.
Study of density profile and turbulence behaviour at the LH transition. At the LH transition the
density pedestal develops on a few ms timescale. The turbulence power in the 100-200 kHz frequency
range drops on a shorter timescale. In some cases transient bursts in turbulence are observed during the
profile evolution.
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(a)

(c)

(b)

II.7. Figure (a) Time evolution of the beam light emission as measured with the BES diagnostic at
various radial locations during an L-H transition. The lowest curve is in the SOL.
(b) Profiles of the beam light emission at times indicated on plot (a).
(c) Time evolution of turbulence power in the 20-200 kHz frequency range during the same LH
transition.
Study of ELM precursors. The KSTAR BES diagnostic has vary low (~5%) background therefore the
time evolution of the signals at the plasma edge are nearly proportional to the electron density. The
timer resolution can as as fast as a few microseconds, therefore the diagnostic is well suited fur
studying fast transients like ELMs. Indeed growing presursor oscillations are observed before ELMs in
the middle of the pedestal. The violent part of the ELM also starts in the middle of the pedestal, the
density ejection to the SOL accurs a few 10 microsecond later.

II.8. Figure Time evolution of BES signals at various radii at the plasma edge during an ELM event.
The SOL is in the bottom. In pahse 1 a growing precursor is observed. In phase 2 the pedestal moves in
and at pahse 3 density is ejected into the SOL.
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MEASUREMENTS WITH THE LI-BEAM DIAGNOSTIC ON JET
D. Réfy, G. Petravich, S. Zoletnik, D. Dunai, B. Tál
Wigner RCP
Collaboration: JET, CCFE
Contact E-mail: refy.daniel@wigner.mta.hu
A light splitting optics was designed, built and installed on the Li-BES system at JET tokamak in the
framework of a JET EP2 upgrade project. The system is capable of splitting the light between a 26
channel spectrometer, which is measuring the lightp rofiles on a 10ms timescale, and a fast 32 channel
APDCAM avalanche photodiode camera, which is capable of the measurement of the light coming
from the tokamak on the microsecond timescale.
The original aims of this measurement was to detect light fluctuations in order to resolve plasma
turbulence and fast events on the plasma edge, and to produce light profiles on a much shorter (10100us) timescale, to resolve L-H transition, ELM precursors through the measurement of the dynamics
of the edge electron density profiles.
Yet the performance of the fast measurements is limited by the low light levels, the SNR is also low
accordingly, approximately 10 for the best channels, at a bandwidth of 200 kHz. The other limitation
was that we were lacking on fast background correction at most of the shots, which is necessary for fast
profile measurements.
This report aims to summarize the results of the measurements performed with the fast branch of the
diagnostic operated by the Hungarian Association.
The first task was to clarify the signal levels during a typical shot. On Fig. xx two example signals are
plotted. The beam chopping shows the background level. ELMs clearly show up on the signals.
Although the light level is low, the fast diagnostic can clearly resolve details not seen by the
spectrometer due to its limited temporal resolution.

II.9. Figure Li-BES signals in the pedestal region (left) and outside the pedestal
The next step was the lightprofile production from the modulated signal, through the cross calibration
with the spectrometer, as long as no relative calibration is possible with the APD measurement due to
the low light levels in gas. The following figure illustrate the data quality. The signals are integrated for
1ms and the background light signal is removed making use of beam chopping. The effect of a fast
event (pellet injection) is clearly shown.
A following step was the installation and the integration of the fast modulation system, which is
capable of moving the beam out of the observation volume by switching ~1kV up to 20-30 kHz for 5s.
The results show that a background corrected light profile can be calculated on a 100us timescale.
The latter measurements are limited by the low signal level, the profiles are too noisy for electron
density reconstruction, which would be needed for the edge plasma density dynamics studies.
The fluctuation and ELM presursor measurements did not bring the expected results yet, the plasma
turbulence could not be resolved, not even in L-mode, and no GAMs could be detected.
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A new ion source was delivered, and installed, which will hopefully increase the beam current by a
factor 3-4 and the signal levels as well, which will allow us more detailed plasma edge dynamics
studies.

-

II.10. Figure Surface plot during a fast event (pellet injection). The light profile shifts out

II.11. Figure The same event in a contour plot. The time evolution of the event can be clearly seen, and
probably fast effects can be investigated.
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TURBULENCE AND DENSITY PROFILE MEASUREMENTS ON EAST
S. Zoletnik, D. Dunai, G. Anda
Wigner RCP
Collaboration: ASIPP, Hefei, China
Contact E-mail: zoletnik.sandor@wigner.mta.hu
Two Beam Emission Spectroscopy diagnostics are being built for the EAST tokamak in Hefei China:
one looking onto the heating beams and an independent one observing light from a Li-beam also being
built by Wigner RCP. The hardware procurement and construction cost is completely covered by
ASIPP, Euratom support was obtained for joint measurement using these systems. According to the
original plans the EAST campaign would have started in September 2013. Due to the complexity of the
many new subsystems on EAST the campaign gradually shifted to 2014, therefore no measurement
were done in 2013.
MODULATION OF NEAR-WALL PLASMA RADIATION BY CORE MAGNETIC MODES
DURING DISRUPTIONS
B. Tal
Wigner RCP
Collaboration: CRPP Lausanne
Contact E-mail: tal.balazs@wigner.mta.hu
The influence of a core MHD mode on plasma-wall interaction is studied during the density-limit
disruption of a limited plasma. This discharge is the same one as utilized in the section of “Validation
of AXUV measurements”.
Consecutive radiation profiles recorded during the disruptive phase of the plasma are depicted in Fig.
XX. In this period an m=1, n=1 core magnetic mode is present, which results in an apparent poloidal
rotation of the central radiation peak around the equilibrium magnetic axis. This is clearly visible in the
top row of Fig XX, where the distributions are calculated from the data of the XTOMO system, which
is sensitive only in the soft X-ray range. The white cross marks the magnetic axis, around which the
radiation peak gyrates. The rotation is also visible on the AXUV profiles depicted in the bottom row,
although the peak is less highlighted there.
Additionally to the modulation of core emissivity, the 2D profiles from AXUV show changes in the
radiation pattern near the inner wall: when the poloidally rotating central peak sweeps along the high
field side a shiny peak propagates downward till the lowest position of the plasma column remaining
inside the last closed flux surface. However, it does not rigidly follow the rotating mode.
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Looking for a possible explanation for the observed phenomenon one could speculate as follows: the
poloidal rotation of the central emissivity peak around the magnetic axis is caused by the toroidal
rotation of a saturated MHD mode. This mode might modulate the plasma edge, making the plasmawall contact toroidally non-uniform. From that toroidal zone of the plasma where this interaction is the
most intensive the impurities could diffuse far along the field lines illuminating a filament at the edge.
The toroidal rotation of this structure could be observed as a poloidally downward propagation near the
high field side wall. The direction of the toroidal field, the plasma current (both point anticlockweise as
viewed from the top) and the toroidal rotation (countercurrent) are in agreement with this model. The
propagation speed of the filament, which does not follow the rigid rotation of the plasma column might
be explained by the difference in the tilt of the magnetic field lines.

II.12 Figure: Radiation profiles in different rotation
phases during one period of emissivity peak
movement. White crosses: magnetic axes obtained
from equilibrium calculations, white curves: LCFSs.
Top row: soft X-ray measureing system (XTOMO),
bottom row: AXUV. Different colums are consecutive
time instances. Discharge #45186.

INVESTIGATION OF PELLET FUELLING BY PELLET TRACKING
G. Kocsis, G. Cseh, T. Szepesi
Wigner RCP
Collaboration: IPP Garching
Contact E-mail: kocsis.gabor@wigner.mta.hu
Cryogenic pellet injection is one of the prime candidates to fuel large scale fusion devices - like ITER
and DEMO - in different operational regimes. Moreover, cryogenic pellet injection is also a promising
tool to control Edge Localized Modes (ELMs) associated with the standard H-mode foreseen as ITER’s
baseline scenario.

II.13. Figure The tangential view of the fast framing camera. The red rectangle represents the applied
ROI (200 kHz frame rate). The red dots are the pellet positions determined by the individual frames.
The pellet observation system was recently upgraded and now includes two ultra-fast CMOS cameras.
One of them - with a tangential view overlooking the whole poloidal cross section of the pellet injection
- was optimized for pellet tracking. The camera can be triggered for each pellet and captures a small
region of interest which covers the whole expected pellet trajectory. This allows us to record fast
framing movies of the ablating pellets with a frame rate between 150 – 200 kHz in a distinct time
window. During the movie post processing the pellet position is calculated for each frame and stored in
toroidal and flux coordinates as a function of time (see II.14. Figure)

II.14. Figure The reconstructed pellet trajectory (in flux coordinate) as a function of time
The pellet tracking system gives useful data for high density pellet fuelled operation and a typical
example is presented on Fig.3. In this discharge 7.5MW neutral beam heating was combined with about
2MW ICRH heating during the pellet injection. The possible largest pellets were injected with the
highest frequency (70Hz) to push the plasma density to high values. In this shot 150% of the Greenwald
density was reached keeping the plasma stored energy almost constant. Fig.3. shows the time evolution
of the pellet fuelling: the first few pellets cool down the plasma by fuelling it (this is clearly shown by
the deeper and deeper pellet penetration) and then a plateau phase is obtained where the plasma has a
new equilibrium with a much higher density. During this new equilibrium pellets penetrate up to a
poloidal flux of 0.6 which agrees well with the measured density gradient zone. The plasma state is
clearly changed which can be seen on the change of the ELM activity.

II.15. Figure Pellet fuelling into high density scenario. In the upper
box the different plasma heating (black: NBI, blue: ECRH, green:
ICRH) and the total plasma radiation (red). The next box shows the
total plasma stored energy. The third from top is the line integrated
density measured by the DCN (blue) and CO2 (red) interferometers.
The fourth graph is the divertor current to see the ELM activity. The
next one is the pellet monitor signal (red: wide angle view photodiode,
blue: fast framing system; each frames are integrated). The last box is
the pellet trajectory in toroidal flux coordinate.

INVESTIGATION OF PELLET CLOUD RADIATION DYNAMICS AT ASDEX UPGRADE
G. Kocsis, G. Cseh, T. Szepesi
Wigner RCP
Collaboration: IPP Garching
Contact E-mail: kocsis.gabor@wigner.mta.hu
Although several explanatory models have been published, such basic questions as the origin of the
fluctuation in the light emitted by both cryogenic and impurity pellet clouds are still not well
understood.
Recently fast framing movies (up to 600kHz frame rate) recorded during cryogenic pellet ablation
clearly show that from time to time cloudlets are erupted from the main pellet cloud. The erupted
cloudlets emit visible light for a while and therefore also contribute to the visible radiation. The
radiation of the main cloud and the released drifting cloud was separated by applying the 'flux tube
approach' (Fig.1.) revealing that the appearance of the drifting clouds play an important role in the
intensity fluctuation (Fig.2.). Considering the separated main cloud radiation only, its total radiation
still fluctuates with anti-correlation to that of the drifting cloud. Therefore we can conclude that
substantial amount of the main cloud particles are erupted by the drift process.

II.16. Figure The injection geometry (left): the red rectangular area is the selected region of interest
(64x64 pixels) with 581250Hz frame rate (1.7µs). The red points represent the calculated positions of
all pellets in shot #29456. Pellets are injected from left to right with a speed of 570m/s, nominal
deuterium pellet volume is 7.2mm3. The upper right plot is a part of a frame showing the main cloud
and a cloudlet drifting upward (over plotted dotted white lines are vertical while the white solid lines
are horizontal). A two pixel wide region along the magnetic field line is also over plotted. The total
radiation is calculated within this region (flux radiation), the starting point is shifted along the pellet
trajectory (yellow line). This way the flux tube radiation along the pellet trajectory is calculated
(middle figure on the left), which can be well fitted by the sum of two Gaussian distributions (lower left
figure).
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II.17. Figure The total flux radiation (dotted), total radiation of the main (grey solid) and the drifting
cloud (red solid) calculated from the fitted flux radiation.

PELLET-INDUCED MHD ACTIVITY IN H-MODE PLASMAS AT ASDEX UPGRADE
T. Szepesi, G. Cseh, G. Kocsis
Wigner RCP
Collaboration: IPP Garching
Contact E-mail: szepesi.tamas@wigner.mta.hu
Present experiments at ASDEX Upgrade indicate that the pellet-plasma interaction behind ELM
triggering is a much more complex process than it was envisaged in the last decade: now, in the fullmetal (W) wall tokamak, the type-I ELMy H-mode is much more stable against ELM triggering by
pellets, than it has been with the mixed carbon-tungsten wall, where essentially each injected pellet
could reliably trigger an ELM. The usual ELM behaviour during pellet injection in the all-metal
machine is that the ELM frequency cannot be directly set by the pellet injection frequency; only a
fraction of the pellets are able to trigger ELMs, while the rest of them hit already ongoing ELMs or
simply burn in the plasma without triggering any instability (like in L-mode). This latter scenario
provides the opportunity to study spontaneous and triggered ELMs, as well as undisturbed pellet
ablation within the same discharge.
Comparing triggered ELMs in carbon-wall and metal-wall cases shows a high level of similarity when
considering the pellet-induced magnetic perturbation amplitude (a box-car peak-to-peak value of a
high-pass filtered magnetic pick-up coil signal): an initial large spike is followed by a gradual increase,
finally an exponential decay (see Fig.1. A and B). During the earlier carbon-wall studies it was assumed
that the initial spike belongs to the ELM, as it was very similar to natural ELMs, and the pellet-induced
activity showed a constant growth in L-mode (Fig.1. C). The recent results revealed that this
assumption was correct: Fig.1. D, showing pellets in H-mode in the all-metal wall machine which did
not trigger ELMs, is very similar to plot C.
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II.18. Figure Magnitude of the pellet-induced perturbation. Plots A and C show data from the carbon
wall machine, while plots B and D present results from all-metall wall discharges. The different colors
denote different pellet velocities (see A and C), valid for all plots. Traces are only shown until the end
of pellet ablation, therefore the decay of the signals is not visible.

The ELM delay time was also studied: it is the time difference between the pellet crossing the
separatrix (determined by video analysis) and the emergence of the ELM on pick-up coil signals. It was
assumed that the ELM is always triggered in the same location inside the plasma (location of the "seed
perturbation"), i.e. the pellet has to move to this position in order to trigger the ELM. Therefore, the
ELM delay has two components: a time-of-flight term and constant term, the latter being and ‘internal’
delay time, which is the time needed for the ELM instability to grow. However, the ELM delay is also
influenced by the time elapsed after the previous ELM. If this elapsed time is too short, the delay time
is considerably increased, as shown in Figure 3A. Therefore, a separate fit was applied to data where
the elapsed time was shorter than 10 ms.

II.19. Figure ELM delay time as a function of the elapsed time after the previous ELM (A). Plot B:
ELM delay versus 1/v_pellet. Colors denote the two sets of data by elapsed time. Parameters of the
fitted lines are also provided with uncertainties: internal delay in microsec, and position of the seed
perturbation in cm.

Figure II.19 reveals that if the elapsed time is too short, the pellet has to travel deeper into the plasma to
trigger the ELM. Additionally, these ELMs were also found to be smaller in terms of plasma energy
drop than those with larger elapsed times. However, the internal delay is not significantly different
within the error bars, implying a similar ELM instability growth rate for all cases.

SCALING LAW FOR PELLET CLOUD DISTRIBUTION
AT ASDEX UPGRADE
G. Cseh, G. Kocsis, T. Szepesi
Wigner RCP
Collaboration: IPP Garching
Contact E-mail: cseh.gabor@wigner.mta.hu
Cryogenic pellet injection is one of the prime candidates in fusion plasma fuelling and instability
control at the plasma edge (ELMs). For the successful optimization of the above mentioned
applications in the next step fusion devices, deep understanding of the pellet ablation is crucial. When
the pellet flies through the plasma, during the ablation a radiating cloud aligned along the magnetic
field lines is formed around it. The visible radiation of these clouds was recorded with high speed
visible cameras (few µs exposure time). The width of these clouds (along the magnetic field line
crossing the middle of the cloud – the FWHM) was calculated, and the corresponding, local pellet- and
plasma parameters were collected (also at the middle of the cloud). Based on the above mentioned
dataset, a scaling law was derived for the pellet cloud light intensity distribution as a power function of
the relevant pellet- and plasma parameters.
Using the collected dataset, a multidimensional least squares regression was performed based on the
clouds’ FWHM, the pellet velocity and volume, the plasma electron temperature and density. It was
assumed, that the scaling follows the power function
⋅

⋅

⋅

⋅

,

where FWHM is the clouds’ width, C is a constant, vpel is the pellet velocity, Vpel is the pellet volume,
Te is the plasma electron temperature, ne is the plasma electron density, α1-4 are the fitted coefficients.
After the regression the following constants were derived (see Table. 1).
C

α1 (vpel)

α2 (Vpel)

α3 (Te)

α4 (ne)

Value

0.9

-0.31

-0.2

0.33

-0.07

Error

---

0.07

0.1

0.07

0.07

1. Table The value of the regression parameters and their errors.

It is claimed, that the field aligned extension of the pellet cloud is decreasing with increasing
pellet velocity and volume, and increasing with increasing plasma temperature. It seems to be that the
plasma density is an irrelevant parameter.
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PELLET ELM PACING AND TRIGGERING INVESTIGATION AT JET
G. Kocsis, G. Cseh
Wigner RCP
Collaboration: EFDA JET
Contact E-mail: kocsis.gabor@wigner.mta.hu
Pellet ELM pacing and triggering was investigated at JET by using pacing size pellets. The fast framing
camera system - operated by HAS in these experiments - is the only diagnostic which is able to observe
pacing size pellets injected from the low field side (LFS). The system was optimized for this
investigation by integrating the pellet cloud emitted light in an appropriate region of interest on the
camera frames and storing this data as a function of time (pellet monitor signal). This signal allows us
to validate that a pellet triggered an ELM or not and to estimate the pellet size (see II.20. Figure).

II.20. Figure Pellet monitor signal (blue) and an ELM monitor signal (black).
Despite technical limitations, injecting LFS pacing size pellets resulted in a transient enhancement of
the initial ELM frequency up to a factor 4.5. It was recognized that at JET with ITER like wall not
every pellets trigger an ELM therefore pacing size pellets were also used to investigate the ELM trigger
threshold. It was observed, that for LFS pellet launch the ELM triggering probability increases with the
time elapsed since the previous ELM occurred, with pellet mass and speed. Inboard launched pellets penetrating deeper into the plasma - showed a higher trigger capability than pellets launched from the
LFS, where the asymmetric shielding of the pellet resulted in a shallower penetration.
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LINEAR AND NON-LINEAR INTERACTIONS OF FAST IONS AND ASSOCIATED
INSTABILITIES AT ASDEX UPGRADE
G. Pokol, N. Lazányi, L. Horváth, G. Pór
BME-NTI
Collaboration: IPP Garching
Contact E-mail: pokol@reak.bme.hu
NTI Wavelet Tools is an IDL language software package maintained by BME NTI integrated
into the ASDEX Upgrade signal processing utilities through the MTR data access and processing tool.
In 2013 the Short-time Fourier algorithms of the toolbox were upgraded to enable the characterization
of the core MHD modes, which play a key role in impurity transport.
The toolbox was used to investigate the MHD activity in the electron temperature measurements
by characterizing its oscillations using short-time Fourier transform (STFT). This method was used for
the characterization of the core MHD modes and the reconstruction of the 2D electron temperature
profiles. The calculation of the phase of the transform was modified to shift the phase centred to the
middle of the time-frequency window, thus the Short-time Fourier transform can be directly used to
reconstruct mode oscillations as can be seen on II.21.Figure.
Furthermore, the physical unit of the transform was determined in order to get oscillation
amplitudes in keV. The uncertainty of the STFT was also investigated by Gauss error propagation. The
results were published in a paper by Marco Sertoli describing core mode evolution.

II.21.Figure The amplitudes of the three harmonic components at all radial positions (a) and
the comparison of the raw (black) and the reconstructed (dashed red line) signal (b).
Confinement of fast ions is crucial for future fusion devices. The lost fast ions are measured by a
set of three scintillator-based fast ion loss detectors (FILDs) in the ASDEX Upgrade tokamak. The
scintillator of the FILDs is observed with fast CCD cameras and photomultiplier arrays (PMTs). The
PMTs signals are sampled by 2 MHz thus allowing calculation of fluctuation spectra up to 1 MHz and
thus comparison with other diagnostics signals such as magnetics and Soft-X-ray (SXR) radiation.
Fast ion losses associated with ELMs were studied in detail. In some discharges fast ion losses
prior to the ELMs were observed, and filamentary fast ion losses during the ELMs. An exemplary study
is shown in Figure 2. In this case a strong mode is present in the plasma. The mode is characterized by
an n=1 toroidal mode number determined from magnetic signals by the NTI Wavelet Tools. The ELMs
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have almost no effect on the mode, which is visible on magnetic signals, edge and core SXR channels
and edge ECE signals. The latter locates the mode to the plasma edge around ρpol=0.8.
A possible hypothesis is that this strong n=1 mode expels fast ions from the plasma
continuously, but when an ELM occurs, it removes the particles including fast ions from the edge of the
plasma. This leads to the disappearance and weakening of the FILD signal until new fast ions are
transported from the core to the edge.

II.22. Figure Toroidal mode numbers of coherent modes in ASDEX Upgrade shot #27602
determined from the signal of magnetic diagnostics. ELMs occur around 1.279 s and 1.290 s. The
corresponding oscillations are characterized by toroidal mode numbers n=2 and 3. The strong mode
(n=-1) around 5 kHz expels fast ions and is hardly effected by the ELMs.

24

RUNAWAY ELECTRON MODELLING
G. Papp, A. Kómár, G. Pokol, Á. Budai
BME-NTI
Collaboration: VR Chalmers, IPP Greifswald
Contact E-mail: pokol@reak.bme.hu
Runaway electron modelling at BME NTI is carried out in strong international collaboration.
Modelling efforts require the use of codes with different models. The GO code is a 1D model
simulating the self-consistent evolution of electric field, runaway current and background plasma
parameters. It has a complete atomic physics model based on the ADAS database and is therefore
capable of simulating gas- and pellet injection during disruptions.
Our work with the GO code in 2013 marks the first time when runaway generation is compared
to experimental measurements with a simulation that includes a self-consistent evolution of runaway
electrons, background plasma parameters (density, temperature, electric field, etc.) and several
impurities at the same time.
Using this model, we have been able to reproduce the difference observed in runaway behaviour
on JET after the switch in wall materials from carbon to beryllium in the ITER-Like Wall (ILW). The
different radiation characteristics of the two wall materials combined with differences in plasma
parameters and injected argon amount together lead to the disappearance of runaway electrons, which is
well reproduced in our simulations. We have also been able to estimate the argon assimilation rate and
the impurity content coming from the wall by forward modelling and parameter scans. These values are
very challenging to diagnose during a disruption. We have achieved good agreement between the
measured and simulated total radiated energy for the carbon wall case, while discrepancies in this
respect for the ILW case call for further development of our model. The results also indicated that
runaway electrons are expected to be present if massive gas injection is applied even with the ITER-like
wall, which was indeed observed in the latest JET campaign. We also demonstrated the effect of
magnetic perturbations on the runaway current evolution with a self-consistent electric field calculation.
A perturbation in the range of O(10-3), in agreement with previous predictions, was shown to be
sufficient to counteract the avalanche mechanism and therefore significantly alter the runaway
dynamics.

II.23. Figure Evolution of central electron temperature and plasma current during a C-wall (black) and
ITER-like wall (blue) disruption in JET. Runaway pleateau visible for carbon case while absent in the ILW case.
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II.24. Figure Simulated runaway current for various amounts of argon injection in the presence
of carbon (a) and beryllium (b) impurities. Experimental measurements well matched at ~35%
assimilation rate and 20-30% wall impurity content.

II.25. Figure Effect of magnetic perturbations on maximal runaway current in the carbon and
ILW cases. The ILW case is more prone to avalanching and therefore is more sensitive to radial
runaway transport due to magnetic perturbations.
In a more theoretical work the quasi-linear evolution of the extraordinary electron wave was simulated
using an analytical runaway distribution as initial condition. A specialized code was developed for this
purpose, which takes the runaway distribution and the wave dispersion, calculates the linear growth rate
numerically, develops the wave energy in time then proceeds to calculate the new runaway distribution
using the equations for the quasi-linear development.
The runaway electrons are pitch-angle scattered due to the interaction with the wave. After an initial
scattering the wave is first stabilized and then destabilized again due to the growth of the runaway
distribution, which once again leads to pitch-angle scattering. After several of such destabilization
cycles the distribution is significantly deformed, with a significant ratio of the runaways around the
most unstable momentum being scattered.

II.26. Figure Runaway distribution before and after the pitch-angle scattering caused by the
quasi-linear interaction, for ITER parameters.

ATOMIC DATA FOR INTEGRATED TOKAMAK MODELLING – FERMI-SHUTTLE TYPE
IONIZATION AS A POSSIBLE SOURCE OF HIGH ENERGY ELECTRONS
K. Tőkési
MTA ATOMKI Debrecen, Hungary
Collaboration: Institute for Theoretical Physics University of Innsbruck, Innsbruck, Austria,
Max-Planck-Institut für Plasmaphysik, Garching, Germany
Contact E-mail:tokesi@atomki.mta.hu
The Integrated Tokamak Modeling Task Force (ITM-TF) was set up in 2004. The main target
is to coordinate the European fusion modelling effort and providing a complete European modelling
structure for International Thermonuclear Experimental Reactor (ITER), with the highest degree of
flexibility. For the accurate simulation of the processes in the active fusion reactor in the ITM-TF,
numerous atomic, molecular, nuclear and surface related data are required.
In this work we present total-, single- and multiple-ionization and charge exchange cross
sections in close connection to the ITM-TF. Interpretation of these cross sections in multi-electron ionatom collisions is a challenging task for theories. The main difficulty is caused by the many-body
feature of the collision, involving the projectile, projectile electron(s), target nucleus, and target
electron(s). The classical trajectory Monte Carlo (CTMC) method has been quite successful in dealing
with the atomic processes in ion-atom collisions. One of the advantages of the CTMC method is that
many-body interactions are exactly taken into account during the collisions on a classical level and in a
nonperturbative manner. In this work fusion related CTMC simulations for a various collision systems
are presented. To highlight the efficiency of the method we present electron emission cross sections in
collision between dressed Alq+ ions with He target. The theory delivers separate spectra for electrons
emitted from the target and the projectile. By summing these two components in the rest frame of the
target we may make a comparison with available experimental data. For the collision system in
question, a significant contribution from Fermi-shuttle ionization has to be expected in the spectra at
energies higher than E=0.5 me (nV)2, where me is the mass of the electron, V the projectile velocity and
n an integer greater than 1. We found enhanced electron yields compared to first order theory in this
region of CTMC spectra. The signature of the Fermi shuttle type ionization can be identified in the
electron spectra, thus indicating that this multiple scattering mechanism is important for describing the
energetic electrons produced in low energy ion-matter interactions. These electrons can significantly
contribute for further excitations in the plasma. The corresponding data will be implemented into the
ITM data structure.
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III.

PLASMA DIAGNOSTICS

SIMULATION OF BEAM EMISSION DIAGNOSTICS WITH RENATE
D. Guszejnov, G. Pokol, G. Galgóczi, P. Kovács
BME-NTI
D. Réfy
Wigner RCP
Collaboration: VR Chalmers, NFRI, EAST, IPP
Contact E-mail: pokol@reak.bme.hu
RENATE is a beam emission synthetic diagnostic simulation tool developed at BME NTI, which is
capable of simulating both the absolute photon flux on the detectors and the spatial resolution for
complex beam and observation geometries. In 2013 measurement evaluation features were developed
and there were several applications of modeling for BES diagnostic systems at EAST, JET and ASDEX
Upgrade.
New features include mapping of detector segments onto the beam or any poloidal or horizontal crosssection and new magetic field manipulation options. Furthermore, a study was performed on the direct
applicability of the fluctuation response matrix for the evaluation of the electron density along the
beam. Figure 1 shows simulated density perturbations reconstructed with inversion of the fluctuation
response matrix with or without regularization forcing small second derivative. Although there are
more sophisticated inference methods, this study provides general conclusions on the amount if
information provided by the BES diagnostic.

III.1. Figure Study of electron density reconstruction of different density perturbation
structures. Gaussian-like radial structures reconstructed well even with direct inversion of the
fluctuation response matrix (top), while in case of alternating perturbations regularization forcing
small second derivative was necessary (bottom). Even this method breaks down for perturbation
wavelengths comparable to the resolution of the diagnostic (bottom right).
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DESIGN AND MODELING OF A RADIATION SHIELDING
FOR THE KSTAR BES DETECTOR
G. Náfrádi, G. Pór, Á. Kovácsik
BME-NTI
Contact E-mail: nafradi@reak.bme.hu
A PCO Pixelfly VGA CCD camera which was a part of the BES system of the KSTAR was used
mostly for spatial calibrations. The measurements during the campaign in 2012 showed that the CCD
camera suffered serious radiation damage and white pixel defects have been generated in it. The main
goal of this work was to identify the origin of the radiation damage and to give solutions to avoid it.
MCNPX model of KSTAR BES was built using MCAM (Monte Carlo Modelling Interface Program)
and calculations were carried out to predict the neutron and gamma fields in the camera position.
Besides the MCNPX calculations pure gamma irradiations of the CCD camera were carried out in the
Training Reactor of BME. Before, during and after the irradiations numerous frames were taken with
the camera with 5 sec long exposure times. The evaluation of these frames showed that with the applied
high gamma dose (1.7 Gy) and dose rate levels (up to 2 Gy/h) the number of the white pixels did not
increased, which means in the future only neutron shielding is necessary around the CCD camera.
Another solution could be to replace the CCD camera with a more radiation tolerant one for example
with a sufficient CMOS camera or apply both solutions simultaneously.
Trial runs showed that the temporary shielding (maximum thickness is 6.5 cm) around the camera
position decreases the total neutron fluence just about 10%-15% with the currently applied shielding
materials (Dehoplast Pe55, Mirrobor 50-80% and lead). Further calculations showed that at least 8 cm
of Mirrobor 50-80% is necessary to reduce the neutron fluence by 50%. Similar calculations were
carried out to predict the lead shielding capabilities with the present gamma spectrum around the
camera positions. These calculations concluded approximately 2 cm of lead shielding to reduce the
gamma dose in the camera by 50 %.
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III.2 FigureThe MCAM model of the KSAT BES system.
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INSTALLATION OF KSTAR LI-BEAM SYSTEM
G. Anda, T. Krizsanóczi, J. Németh, S. Zoletnik
Wigner RCP
Collaboration: NFRI, Daejeon, Korea
Contact E-mail:anda.gabor@wigner.mta.hu
The KSTAR Lithium beam diagnostic
The parameters of the BES system are the following:
 up to 60 keV beam energy
 newly developed recirculating neutralizer
 new ion source with higher ion emission capacity (j ≥ 2.5mA/cm2)
 1.5-2 cm beam diameter
 ~5 mA ion beam current
 ~1s time resolution
The beam arrangement can be seen on Figure 2. The original ion optic is followed with two pairs of
deflection plates. This way the beam can be moved both horizontally and poloidally. It is used to adjust
the beam into the beam axis and –connected the voltage of the plates via fast high voltage switches –
the beam can be moved out from the plasma at the frequency of the plasma turbulence (for accurate
background measurement).

III.3. Figure Theengineering design of the KSTAR Li-beam injector
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Recirculating neutralizer
The base of the newly developed neutralizer is to heat up the Sodium, produce a sodium vapour
pressure in a cell and minimize the loss by condensing the sodium vapour (outside the neutralization
volume), see Figure III.4. The neutralizer middle cell, also called oven, can be heated up to 300C
degrees. The temperature of the oven is independently controllable to be able to regulate the sodium
pressure. The cones with the diaphragms on both ends have a lower temperature where sodium
condenses but still in liquid state, at around 130 C degrees. The Sodium flows back from the cones to
the oven gravitationally.

III.4. Figure The recirculating neutralizer

The new ion source
The new ion source can be seen in the Pierce electrode on III.5. Figure

III.5. Figure The new ion source.
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The main development is the heating system. It consists of a SiC disc, a graphite current conductor and
a Tungsten “leg”. The heat is formed in the Sic disc applying about 70 Amps/4V AC. At this value the
surface of the plug –filled up with B-eucrytite- reaches about 1350-1400 C degree temperature. At this
temperature the extracted ion current does not saturate at two 2mA but at around 4 mA.
Test and installation at KSTAR
The Lithium beam system was buillt in Hungary at Wigner RCP. Laboratory tests were done during
April – June, 2013. The beam was transported to KSTAR on 25 June. The beam was built up in a
laboratory and after successful testing it was moved to the tokamak hall on 17 July.

III.6. Figure Installation of the system at the KSTAR tokamak
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INSTALLATION OF THE EAST LI-BEAM SYSTEM
G. Anda, D. Dunai, T. Krizsanóczi, J. Németh,
S. Zoletnik
Wigner RCP
Collaboration: ASIPP, Hefei, China
Contact E-mail:anda.gabor@wigner.mta.hu
The EAST Li-beam diagnostic is being built at Wigner RCP. The procurement and manpower for the
development and construction are supported by ASIPP, only part of the installation work in Hefei is
supported by Euratom. Originally the system installation was planned for summer 2013. Due to delay
in EAST upgrade the date of installtion was gradually shifted and it is now planned in spring 2014.

LI-BEAM DIAGNOSTIC DEVELOPMENTS
S. Zoletnik, G. Anda, S Bató
Wigner RCP
Wigner RCP builds and operates Li-beam systems for several experiments: JET, COMPASS, KSTAR,
EAST. As support work technology develeopments were done in the laboratory. A duplicate of the JET
Li-beam is available there where long term heating, beam extraction and acceleration tests were done to
prove the reliability of components. Additonally a computer controlled ion source heating system was
developed in the framework of an EP2 Li-beam upgrade project and tested on the JET duplicate beam.
A new reflow Sodium neutralizer has been designed and first tested on the KSTAR Li-beam still in the
Wigner RCP laboratory. Some more tests are planned on the EAST Li-beam system. If the technology
proves to be reliable in practice on these two devices it will be likely used on EU experiments as well.
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DEVELOPMENT OF A TABLE-TOP PELLET INJECTOR (TATOP)
T. Szepesi, G. Kocsis, J. Németh
Wigner RCP
Collaboration: IPP Garching
Contact E-mail: szepesi.tamas@wigner.mta.hu
Experiments on ELM triggering by cryogenic Deuterium pellets are presently hampered by the relative
large size of the pellets compared to the confined plasma. When trying to produce mm or sub-mm size
cryogenic pellets, technical limitations have been reached, directing attention to solid state pellets for
further volume reduction.
A small, portable injector for solid state pellets (TATOP) has been designed by Wigner RCP to address
the above issue. In early-2013 the TATOP was transported to ASDEX Upgrade (AUG) tokamak for
first test. The injector was successfully integrated into the tokamak vacuum system, although the
achieved vacuum levels were only marginally acceptable. This problem can be addressed in the near
future by a) using more vacuum-compatible materials in the TATOP chamber and b) optimizing the
vacuum system, possibly with an additional turbomolecular pump.
Additional hardware upgrades are also necessitated: 1) Re-design of the pellet reservoir for a more
convenient change of the pellet pool. 2) Re-design of the pellet feeding components in order to allow
for a precise timing of the pellet feed compared to the acceleration arm position.
Aluminum impurity pellets, however, are presently not in-line with most of the other investigations,
therefore the TATOP experiments were scheduled for the last day of the AUG campaign. As a direct
consequence, no experiments could be conducted because of a series of technical problems: at one
occasion the vacuum valve between the AUG and TATOP chambers was accidentally not opened; at
the second attempt a plasma disruption preceeded the pellet injection time window; and at the last
attempt a signal transmission line failure prevented the injector to be triggered off – this last problem
could not be addressed due to lack of time, and the 2013 AUG campaign ended.
In the 2014 campgaign TATOP experiments are scheduled for the ‘domestic’ AUG programme,
bearing the support of the project leader as well. Experiments with other impurities, such as elemental
Boron or Boron-nitride are also foreseen, as being much more compatible with the AUG machine.
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VALIDATION OF AXUV MEASUREMENTS ON TCV USING AXUV BOLOMETRY
B. Tal
Wigner RCP
Collaboration: CRPP Lausanne
Contact E-mail: tal.balazs@wigner.mta.hu
In order to test the reliability of the AXUV system its results are compared to some radiometric
diagnostics available on TCV. To ensure high variety of qualitatively different radiation profiles limited
discharges are formed with initially low plasma content and then their densities are ramped up until the
plasmas terminate in disruptions.
Emission profiles reconstructed in the 1 sec long rampup phase of discharge #45181 are shown in Fig.
XX. The first and second columns contain bolometric profiles measured with AXUV and foil
bolometer type detectors. Two high-intensity zones are dominant in the distributions provided by the
two systems: enhanced radiation is present where the plasma touches the wall at any density and the
distribution is peaked on the magnetic axis in the high density case. The former zone is reconstructed
with a factor of two lower amplitude from the AXUV signals than from the foil bolometer data.
However, both systems measure the same central peak intensity. The third column of Fig. III.7. shows
the profiles calculated from XTOMO data. This system detects radiation emitted in the soft X-ray
region only which results in distributions peaked on the magnetic axis. The aforementioned facts imply
that radiation is dominant near the wall in the UV range at the AXUV spectral sensitivity hole and on
the magnetic axis in the soft X-ray range.
The low-emissivity regions of the confined plasma are not reconstructed properly on any diagnostics
and artificial patterns also appear: one near the top wall on the AXUV profiles and another one along
the low-field side wall on the foil bolometer profiles.
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III.7 Figure: Radiation profiles (W/m3) at
different density (and G Greenwald fraction)
levels: 1st row - low density, 2nd - medium
density, 3rd - high density case. 1st column:
measured by AXUV (η=0.24 A/W is assumed),
2nd column: by foil bolometers, 3rd column:
by XTOMO. The same color scale belongs to
the 1st and 2nd column. Discharge #45181.
Green curves: LCFSs.
Additionally to the comparisons in the slowly evolving phase of this kind of plasmas, the data recorded
by AXUV and XTOMO are compared during the fast disrupting phase of discharge #45186. Here high
MHD activity is present. The appearance of the m=1 magnetic mode manifests in an oscillation in the
central radiation peak position. This is visible in Fig. III.8, where the radial (a) and vertical (b)
coordinates of this central peak are depicted with solid blue and dashed red curves determined from
AXUV and XTOMO profiles respectively. The diagnostics observe the same modulation but in
opposite phase. Since they are 180o apart from each other in the toroidal direction, the measurements
are consistent if the mode has an odd toroidal mode number. The magnetic signals indicate dominant
n=1 mode activity in this period with the same frequency, as shown in Fig. III.8. (c). This confirms the
aforementioned result.
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III.8. Figure Radial (a) and vertical (b) position of the central radiation peak reconstructed from
AXUV (solid blue curve) and from XTOMO (dashed red curve) data. Dash-dotted green curves denote
the position of the equilibrium magnetic axis. (c) dBn=1/dt from Mirnov coils associated with the n=1
toroidal mode number.Discharge #45186.
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DEVELOPING TEST SITE AND EVALUATION PROGRAM FOR RADIATION DAMAGE
OF CAMERAS AND OTHER SENSORS TO BE INSTALLED IN FUSION DEVICES
(W7-X, ASDEX-UPGRADE, ITER)
G. Póra, G. Náfrádia. G. Pokola, Sz. Czifrusa, S. Zoletnikb, G. Kocsisb, T. Szepesib
a
BME-NTI, bWigner RCP
Contact E-mail: por@reak.bme.hu
The behaviour of the dark current images of the Event Detection Intelligent Camera (EDICAM) was
investigated placing it into an irradiation field of gamma rays. EDICAM is an intelligent fast framing
CMOS camera operating in the visible spectral range, which is designed for the video diagnostic system
of the Wendelstein 7-X (W7-X) stellarator. Monte Carlo calculations were carried out in order to
estimate the expected gamma spectrum and dose for an entire year of operation in W7-X. EDICAM
was irradiated in a pure gamma field in the Training Reactor of BME. During the irradiation, numerous
frame series were taken with the camera with exposure times: 20 microsec, 50 microsec, 100 microsec,
1 ms, 10 ms, 100 ms. EDICAM withstood the irradiation, but suffered some dynamic range
degradation.
The irradiation level with pure gamma field in the Training Reactor was up to 23.6 ± 11% Gy dose with
up to∼27 Gy/h dose rates. The average brightness of the frame series ID(t,τ) were examined during the
irradiation. Three main effects influenced the behaviour of ID(t,τ)of EDICAM during irradiation. The
first effect is a non linear exposure time dependence of ID(t,τ) which can be tracked back to the applied
dose rate levels. The current dose rate on small exposure times (20µs, 50µs, 100µs) could not generate
enough electrons in the pixels to increase significantly ID(t,τ). The electron generation become
significant after a certain threshold exposure time τthreshold in the pixel sensitive volume. The other two
effects are theTotal Dose Effect and the Dose Rate Effect. We presented a simple model to describe the
behaviour of ID(t,τ). The predictions of the applied model was in accordance with the results of the
measurement and showed that ID(t,τ) can be normalised by the dose rate and the dose, respectively.
Accordingly, the dose and dose rate dependent effects can be handled separately. ID(t,τ)/DRs(t) grows
linearly, and ID(t,τ)/Ds(t) roughly follows the time evolution of the gamma dose rate. ID(t,τ)/DRs(t)
grows 150–170% due to the gamma dose during a full year operation in W7-X. From the results of the
test, we could extrapolate and give the operational limits of gamma dose and dose rate. We concluded
that after approximately 11 years of operation (which means after 200 Gy) EDICAM will lose the half
of its dynamic range on longer exposure times (10–100 ms) which means practically inoperability.
From this dose the obtained prompt dose rate limit is 200 Gy/h which is 3 orders of magnitude higher
than the expected maximum dose rate (260 mGy/h) during the first phase of operation of W7-X. At this
point we should emphasize that neutron irradiation can result shorter operation time limits. In the future
we would like to perform such tests too.

III.9. Figure (a) ID(t,τ)/DRs(t) in the function of dose during the irradiation. The dose refers to
the dose absorbed by EDICAM. (b)ID(t,τ)/Ds(t) as a function of dose rate in the position of EDICAM
during the irradiation; consider that the dose rate scale is decreasing.
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TESTING THE FEASIBILITY OF ACTIVATION FOIL DIAGNOSTICS FOR
MEASUREMENT OF FLUXES OF LOST FAST PARTICLES
AT ASDEX UPGRADE TOKAMAK
A. Fenyvesi,
MTA Atomki
G. Bonheure
LPP-ERM/KMS, Brussels, Belgium
Collaboration: IPP Garching
Contact E-mail: Fenyvesi.Andras@atomki.mta.hu
Escaping fast ion measurements rescheduled from year 2012 have been performed at ASDEX Upgrade
tokamak (AUG). The activation technique was employed. The geometry was similar to that foreseen for
an ITER activation probe. An activation probe was mounted on the mid-plane manipulator slightly
above the tokamak mid-plane. The probe was filled up with 24 pcs of activation detectors made of
boron carbide (natB4natC), calcium fluride (natCanatF2) and yttrium ortho-vanadate (natYnatVnatO4). The
detectors were exposed to products of the fusion reactions
D + 3He  p (14.7 MeV) +  (3.7 MeV)
D + D  p (3.0 MeV) + T (1.0 MeV)
D + D  n (2.5 MeV) + 3He (0.8 MeV)
D + T  n (14.1 MeV) +  (3.6 MeV)
of two H-mode deuterium plasmas (Bt =2.5 T, Ip = 106A) with long flat-top phases and high DD fusion
yield.
After irradiation the radioactivity of the samples was measured at ultra-low background gamma
counting facilities. Products of nuclear activation reactions induced by neutrons, protons and 3He ions
have been identified in the measured gamma spectra [1].
Products of the neutron induced 46Ca(n,)47Ca, 48Ca(n,2n)47Ca, 51V(n,)48Sc, 89Y(n,2n)88Y and
Y(n,2n)90mY reactions were present in the samples. The obtained emission of En = 2.5 MeV energy
neutrons was 7.0x1015 for the #29226 shot and 1.1x1016 for the #29228 shot.

89

7

Be from the 10B(p,)7Be reaction induced by Ep = 3.7 MeV protons and 89Zr from the 89Y(p,n)89Zr
reaction induced by 14.7 MeV protons were identified in the irradiated detectors with high significance.
The obtained fluence of Ep = 3.7 MeV protons was 5.8x108 cm-2  50%.

91m

Nb from the 3He induced 90Y(3He,n)91mNb reaction was also identified but only with small
significance. Further investigations are necessary for confirming this observation.
ASCOT simulations done for the experiment by the TEKES Finnish team [2] show that the difference
between the fluxes obtained from measurements and simulations was significant. It has been concluded
that further optimization of the irradiation arrangement is necessary.
The nuclear activation cross section background of the technique has to be improved, too. Estimation of
particle fluences needs good quality excitation function data (cross sections) for the nuclear activation
reactions. Experimental, theoretical and evaluated cross section data are missing or scanty, and the
available cross sections are discrepant especially in the Eparticle < 5 MeV energy range. A critical
overview of the relevant libraries of experimental, theoretical and evaluated cross section data has been
in progress.
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INTEGRATION OF EDICAM INTO W7-X TEST DATA ACQUISITION SYSTEM
T. Szabolics
Wigner RCP
Collaboration: IPP Greifswald
Contact E-mail:szabolics.tamas@wigner.mta.hu
EDICAM(Event Detection Intelligent Camera) was developed for plasma monitoring and for real time
data manipulation and interaction. A 10 camera system will be built in Greifswald for W7-X stellarator
for these purposes.
In this year the firmware tests are ongoing for the EDICAM system and a new software interface was
built around the new system. At W7-X we upgraded the previous hardware with the new firmware and
the system is now running under Windows with a new driver as well. There is a console and GUI
application as well for EDICAM testing pursoses at W7-X and they will be upgraded continuously
during 2014. By the end of 2014 we have to deliver all 10 cameras with a new measuring and data
acquisition software as well because contrary to the previous agreement the EDICAM system won't be
integrated into W7-X data acquisition system sooner than 2016.
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IV.

DEVELOPMENT OF CONCEPT IMPROVEMENTS AND
ADVANCES IN FUNDAMENTAL UNDERSTANDING
OF FUSION PLASMAS
EMERGING TECHNOLOGIES

STUDY THE LOW ALLOYED STEEL CHARACTERISTICS FOR FUSION DEVICES
A. Kovács1, F. Gillemot1, M.Horváth1, Gy. Török2, A. Horváth1
1
Fuel and Reactor Materials Department, Centre for Energy Research, HAS
Neutron Spectroscopy Department, Wigner Research Centre for Physics, HAS

2

Contact E-mail: Attila.Kovacs@energia.mta.hu
The high heat resistant and high strength structural materials are among the key components of the
future fusion reactors. Ferritic steels, specially designed for the needs of the power industry with CrMo-V alloying elements, are providing the necessary creep resistance even at high temperatures. The
radiation resistance of this material has been studied in our laboratory for several years. Recently we
continued our investigations towards the nanoscale modification of commercially available ferritic steel
with the addition of oxide particles in the matrix. Although capability of steels has been improved in the
past by thermo-mechanical treatment, utilization of powder metallurgy provide with more controlled
microstructure and tailored properties in terms of strength and radiation resistance. Development of
oxide strengthened ferritic steels has been launched three years ago with the fundamental studies
concerning the optimization of the mechanical milling process. The quality of the powder and the
sintered steel was evaluated in various microstructure studies.
In order to investigate the radiation resistance at high temperature, an in-pile experiment with post
irradiation examination was prepared. At the Budapest Research Reactor, two gas cooled irradiation
rigs (BAGIRA 1 and 2) have been operated since 1998. The devices served more than 12 years. The
material aged by irradiation and corrosion, and their capacity couldn’t satisfy the up-to date
requirements of the newly developing materials.
Description of the new device
The new device is called Budapest Advanced Gas-cooled Irradiation Rig with Aluminium structure 3,
BAGIRA3 (Fig.1.). The main features are:
-

-

The rig capacity is 36 Charpy size specimen (appr. 1200 gr steel) or similar. The specimen sizes
and shape can be varied according to the requirements, since only the target simple holder has to be
changed.
The maximum fluence rate is 1-5*1013 n/cm2 E>1MeV (approximately 0,5 dpa/year). The
irradiation rig is shielded with boron carbide, to filter the thermal neutrons, reducing the activity of
the irradiated specimens and the nuclear heating. Reduced target activity decreases the cost of the
test or transportation of the irradiated specimens
The rig design allows irradiation creep or irradiation-low cycle fatigue study
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IV.1. Figure Target holder, filled with specimens
Twelve different safety tests performed successfully, and the Hungarian National Safety Authority
permitted the installation into the reactor. The rig operates from January 2013 in several research
projects.
Microstructure investigations
Evolution of microstructure was investigated in selected high chromium Fe-Cr ODS steels using small
angle neutron scattering (SANS) at the Budapest Neutron Centre, focusing on the α- α′phase separation.
SANS is a suitable, non-destructive, technique for studying precipitation in ferromagnetic steels at
nanometer scale. Advantage of the SANS is that the average characteristics (mean size, total volume
fraction) of the particles can be obtained from macroscopic volumes of several hundred mm3. The ratio
of the magnetic and nuclear scattering intensity provides additional information about the composition
of the precipitates. SANS is particularly powerful inthe case of study the α′phase separation because of
the large difference between the neutron coherent scattering lengths of Fe (9.45x10-15m) and Cr
(3.635x10-15m). Investigations will be continued on the irradiated steel samples.
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EXPERIMENTAL VERIFICATION OF THE TRITIUM PRODUCTION RATE
CALCULATIONS
I. Rovni, M. Szieberth, L. Palcsu
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.

HTO+HT

RTC/RTE

RTC/RTE

A (Bq)

RTC/RTE
ENDF/B-VI.I.

ENDF/B-VII.0.

FENDL3.0/SLIB

kv_Li_11

504.916.1

0.9180.040

0.9400.040

0.9150.039

0.9170.039

kv_Li_13

304.78.6

0.9150.037

0.9370.038

0.9110.037

0.9130.037

kv_Li_14

292.86.5

0.9330.034

0.9550.035

0.9290.034

0.9310.034

kv_Li_15

312.87.1

0.9280.035

0.9500.035

0.9240.042

0.9260.034

average*

--

0.92420.0181

0.94620.0184

0.92010.0188

0.92240.0179

Name

E

RTC/RTE
JEFF-3.1.2.

Table 2. Comparison of the measured activity, AE, of the total tritium content with simulations using
different data libraries. [*]: weighted average
Monitoring the amount of the produced tritium is fundamental to verify that the fuel cycle is selfsustainable and the breeding ratio is above unity. Therefore the verification of the simulation methods
with high accuracy experiments is necessary. Aqueous solution of Li2CO3 has been irradiated in sealed
quartz ampoules in the Training Reactor of BME-NTI. The amount of the produced tritium via the
6
Li(n,T) reaction has been precisely measured in the Hertelendi Laboratory of Environmental Studies
(HEKAL) in Debrecen. As the tritium is a volatile nuclide, its amount has been measured in hermetic
environment with static noble gas mass spectrometer (VG-5400) based on the 3H-3He ingrowth method.
The produced tritium amount has been also calculated with MCNPX, and the results have been
compared with the experimental ones. Table 2 presents the results of the verification experiments. The
first column shows the sample ID, the second column shows the total tritium activity produced in a
sample and the columns assigned with RTC/RTE present the ratio of the calculated and the
experimentally determined reaction rates in the case of different data libraries. It is obvious that the
simulation underestimates the experimental results in all cases.

V.

TRAINIG AND CAREER DEVELOPMENT
ORGANIZATION OF SUMTRAIC 2013
D. Réfy1, A. Bencze1, M. Berta2
1
Wigner RCP
2
SZE
Collaboration:IPP-CAS
Contact E-mail:refy.daniel@wigner.mta.hu

The 11th Summer Training Course (SUMTRAIC) on Experimental Plasma Physics – following the
many years old practice - was jointly organized with the EURATOM Association IPP.CR between 26th
August and 4th September at the COMPASS tokamak in Prague. The SUMTRAIC series is an
outstanding event for physics and engeneering students those are interested in experimental work, as
long as this course gives a detailed introduction to:
 magnetically confined fusion devices
 the basics of tokamak operation and plasma physics
 many different plasma diagnostics
 experimental techniques
 data acquisition and evaluation techniques
 programming in high level programming languages.
The course started with a series of preliminary lectures about general subjects of nuclear fusion, the
basics of plasma physics and diagnostics, and tokamak operation. The team is then divided into groups,
those works on more specific problems separately, namely each group (with 2-3 people) on an
experiment, those were the following:
 impurity detection with SXR tomography and IR spectrometer
 plasma breakdown studies with microwave diagnostics
 neutral beam injector studies
 Langmuir probe diagnostics
 magnetic diagnostics
 Thomson scattering diagnostics
At the end of the course, all groups had to make a presentation of their work, which is again a great
practice, as long as this is one of the best ways to interpret scientific results. The whole SUMTRAIC
student team made a one day measurement session on GOLEM tokamak as well.
The Hungarian participation was three physics students from the University of Technology this year.
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DEVELOPMENT OF REMOTE STUDENT MEASUREMENTS
ON THE GOLEM TOKAMAK
D. Réfy
Wigner RCP
Collaboration: CTU and IPP-CAS
Contact E-mail:refy.daniel@wigner.mta.hu
As it turned out already in 2009 for us, GOLEM is a great possibility for student education purposes.
Since that time we (Budapest University of Technology and Economics – Department of Nuclear
Techniques) organize remote measurements in each year which is the first (and yet only) tokamak
experiment for the students at our university. The simplicity and the remote control abilities of the
device fit perfectly to the needs of such practical lab exercise.
The GOMTRAIC summer course is an outstanding event, where the inquiring students can improve
their acquaintances. This is the first occasion for most of the participants, where they learn how
experimental work is carried out. They can see and touch the machine itself, see how the diagnostics
built up, on the other hand, the experimental data is delivered for them, as long as the diagnostics and
the data acquisition system is working automated, they don’t have to go too much into technical details.
This way, their work can be more focused on the data evaluation, and the understanding of physical
processes. The participants have to go through the whole process of scientific experimental work, from
the basics of the hardware down to the physical interpretation of the processed data, and at the end of
the kick off week, they have to give a presentation of their results, which is extremely useful for their
future work.
The work was carried on through the following months after the kick off week, the participants could
make further shot sessions where they could apply their experiences, and go for more detailed results.
I participated this year on GOMTRAIC as a supervisor of MHD studies.

DEVELOPMENT OF FUSION EDUCATION
G. Pokol, G. Papp, N. Lazányi, L. Horváth, G. Pór, Á. Kovácsik
BME-NTI
G. Kocsis, S. Zoletnik, A. Bencze, G. Cseh, G. Veres, D. Dunai, G. Anda,
S. Kálvin, T. Szepesi
Wigner RCP
Collaboration: VR Chalmers, FUSENET
Contact E-mail: pokol@reak.bme.hu
In 2013 the curriculum of fusion-related courses complying with FUSENET recommendations for the
European Fusion Master Certificate was finalized with the development of wtitten lecture notes. Notes
for courses worth a total of 22 ECTS were written – some in Hungarian some in English. As a result of
our fusion teaching efforts two MSc students have already received the European Fusion Master
Certificate.

PARTICIPATION IN THE NUCLEAR TENT AT “Sziget Fesztival”
T. Szabolics
Wigner RCP
Contact E-mail:szabolics.tamas@wigner.mta.hu
At the last 7 years the Plasma Physics Department was at “Sziget” to show and tell about it’s work for
the people. It is very important to speak about Fusion development because people are usually don’t
know about anything but are curious. Sziget is one of the biggest festival in Europe thus these kind of
festivals are the best places to populize our work because there are many kind of people from all age
groups but mostly young people from all over the world.
As always our tent was one of the most popular at “Civil Sziget” which is a place inside Sziget for
organizations to advertize their work.
We had questionaries for people who want to know more about Fusion and after they finished the tests
our colleagues corrected the tests with them and explained the good and the bad answers as well. After
they filled in the tests they got free gifts such as stamps, condoms and a lottery ticket because we had a
lottery every day and people could win Fusion t-shirts.
In this year we made several new materials for festivals. We translated the popular EFDA poster
"Cleaner energy to the future" and we made a hungarian ITER poster as well. Renewed our hungarian
brossure about fusion and we made new t-shirt, stickers, neckbands and magnetic beer openers as well.

COORDINATION, IN THE CONTEXT OF A KEEP-IN-TOUCH ACTIVITY, OF THE
MEMBER STATE’S CIVIL RESEARCH ACTIVITIES ON INERTIAL FUSION ENERGY
I.B. Földes, A. Barna, I.F. Barna, M. Aladi
Wigner RCP
Collaboration: University of Szeged, MPQ Garching
Contact E-mail: foldes.istvan@wigner.mta.hu
The HILL Laboratory in Szeged is slowly evolving towards the full power operation of the KrF laser
system. Plasma mirror experiments demonstrated record reflectivity, reaching 50%, which allows its
integration to the laser system. A new vacuum chamber has been constructed, it is of 80 cm diameter
and it will allow the installation of a high-quality off-axis parabola mirror with which 1018 W/cm2
intensity is expected to be obtained. Analysis of previous experimental results carried out by the
IFPILM group in Szeged shows detection of ions with10 keV energy using a new type SiC detector.
In the laser laboratory of the WRC high harmonics from clusters were obtained up to the 45th order. The
experiments aimed to determine the ionization limit and it demonstrated the effect of free electrons and
that of nanoplasmas inside the cluster onto the harmonics spectrum.
In collaboration with the MPQ high harmonics were generated from solid surfaces with the ROM
mechanism. Using a 1.5 cycle high-power laser the aim of these experiments is the generation of
isolated attosecond pulses.
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Plasma mirror experiments

V.1Figure Intensity dependence of reflectivity of the plasma mirror.
KrF laser energy: 5 mJ, pulse duration 600 fs, angle of incidence: 12°.
Fig. 1 shows the results of plasma mirror experiments. The angle of incidence was 12°, the energy of
the incoming and reflected light were monitored. For these experiments only 2 pass amplification in the
KrF amplifier was used, i.e. ~5 mJ energy. The result that more than 50% reflection was obtained
shows that this reflected pulse can be directly amplified with the final amplifier, probably resulting in
~50 mJ laser energy with high contrast
Ion detection
L. Ryc (IFPILM, Warsaw) and coworkers carried out joint experiments in the HILL laboratory. Most
ion detectors can detect only high energy ions. Using new type of SiC semiconductor detectors ions of
low energies, ~10 keV were detected. It was shown by time-of-flight analysis that first the impurities
from the surfaces, mainly protons are accelerated, and then subsequent shots penetrate deeper into the
target accelerating bulk ions.
High-harmonics from clusters
Cluster targets by gas jets up to 20 bar backup pressure were used in the WRC. Harmonics from atomic
He, and from Xe clusters were investigated whereas Ar gives atomic source for low pressures and
clusters for higher ones. It is shown that the conversion is highest for Xe clusters, showing an order of
magnitude higher conversion than for other materials. Ionization of the target gives however a limit of
the applicable intensity for clusters, too. Spectral shift of the harmonics caused by propagation effects
in the partly ionized medium is demonstrated. It is also detected that nanoplasmas inside the clusters
give a spectral shift with opposite sign as compared with the contibution of free electrons in the
interaction range.
ROM harmonics using a <5 fs pulse duration laser in the MPQ
We participated in the joint experiments with the MPQ using the 1.5 cycle (<5 fs), 20 TW LWS laser
system. Preliminary results (Fig.2) show the CWE (coherent wake emission) harmonics in the low
frequency and ROM (relativistic oscillating mirror) harmonics in the high frequency range. The strong
broadening refers to a probable generation of isolated attosecond pulses, whereas the structure refers to
carrier-envelope phase effects.

V.2. Figure High harmonics from laser plasmas using <5fs laser. The wavelength increases from left
to right
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