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Abstract. The ASDEX Upgrade programme is directed towards physicatitg critical
elements of the ITER design and the preparation of ITER djoeraas well as addressing
physics issues for a future DEMO design. After the final@aif the tungsten coating of the
plasma facing components, the re-availability of all flywhgenerators allowed high-power
operation with up to 20 MW heating power gtup to 1.2 MA. Implementation of alternative
ECRH schemes (140 GHz 02- and X3-mode) facilitated centratihg above g 1.2-10%°
m~2 and low @5 operation at B= 1.8 T. Central O2-mode heating was successfully used in
high P/R discharges with 20 MW total heating power and darddad control with nitrogen
seeding. Improved energy confinement is obtained with génoseeding both for type-I
and type Il ELMy conditions. The main contributor is inceea plasma temperature, no
significant changes of the density profile have been obsefiled behaviour may be explained
by higher pedestal temperatures caused by ion dilutionrimbdoeation with a pressure limited
pedestal and hollow nitrogen profiles. Core particle transpimulations with gyrokinetic
calculations have been benchmarked by dedicated dischasjeg variations of the ECRH
deposition location. The reaction of normalized electrengity gradients to variations of
temperature gradients and the/T; ratio could be well reproduced. Doppler reflectometry
studies at the L-H transition allowed the disentanglemédnthe interplay between the
oscillatory geodesic acoustic modes (GAMSs), turbulentdiations and the mean equilibrium
ExB flow in the edge negative,Bvell region just inside the separatrix. Improved pedestal
diagnostics revealed also a refined picture of the pedestasort in the fully developed
H-mode type-lI ELM cycle. Impurity ion transport turned ootlie neoclassical in between
ELMs. Electron and energy transport remain anomalous, xhib# different recovery time
scales after an ELM. After recovery of the pre-ELM profilespsg fluctuations develop in
the gradients of iand Te. The occurrence of the next ELM cannot be explained by the
local current diffusion time scale, since this turns outéado short. Fast ion losses induced
by shear Alfvén eigenmodes have been investigated by taselved energy and pitch angle
measurements. This allowed the separation of the coneeait diffusive loss mechanisms.
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1. Introduction and technical boundary conditions

ASDEX Upgrade (AUG) is operated with full tungsten coatedspha facing components
since its 2007 experimental campaign [1]. After initial qeigns demonstrated plasma
operation with pure tungsten plasma facing components gP@hout wall conditioning,
phases with boronization intervals of 4-6 weeks were runraento reduce the intrinsic
impurity content, in particular that of O and C [2]. The lowetrinsic impurity content was
found to reduce tungsten sputtering rates and thereforedenvihe operational range. This
domain is partly restricted by the occurrence of centrafjsti®n accumulation in combination
with electron density profile peaking [3]. The coverage oigsten by boron layers appears to
be a short term effect (less than 2 experimental days) foerth&on dominated outer divertor
and main chamber wall surfaces, as can be shown by compasfstumgsten fluxes and
concentrations measured in boron-free and boronizedaligeh. After repair of the flywheel
generator 4 (EZ4), which was damaged in April 2006, full poaed energy supply became
available again in October 2009. In fact, retaining somédefrheasures taken before for the
better exploitation of the limited power supply, peak poaed maximum energy for ASDEX
Upgrade operation are increased now as compared to theswahieh were in place before
the EZ4 damage. In particular for low ELM frequency condigpoperation with tungsten
plasma facing components (PFCs) requires a few MW centratifgeto prevent central
tungsten accumulation. The use of ICRF for this purpose wasd to be limited due to
strong tungsten sputtering at the antenna limiters [4].rowgd antenna designs are currently
under investigation. A first design change will be testedofoe antenna in autumn 2010 [5].
Central ECRH with 140 GHz in the standard X2 scheme (seconadrac, extraordinary
polarisation) at a toroidal field{B -2.5 T is restricted by the density cut-off, which occurs
for peaked electron densities at 1 MA discharges and evequiibe flat iy profiles at higher
currents. To allow for central heating at high currents amddgs operation at reduced toroidal
field, O2-mode (second harmonic, ordinary polarisatiomating at B=-2.5 T and X3-mode

heating (third harmonic) at;B -1.8 T have been developed [6]. Both schemes have a reduced

single-pass absorption which potentially endangers gs@ecomponents due to ECR stray
radiation. This problem has been solved by utilizing the ¥&aption on the high field side
for the central X3 scheme. For the O2 scheme, a holograpfiécter was installed at the
inner wall which reflects the non-absorbed ECR radiatiork timugh the plasma center and
towards the robust passive stabilizing loop at the low fiedé.SsTo protect the target tungsten
coating from thermal overload in high power dischargesjlieek-controlled nitrogen seeding
has routinely been used for discharges with more than 10 MWéafing power. This paper
summarises the experimental results obtained in ASDEX aipgyduring the autumn 2008
and 2009 campaigns.
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2. Pedestal physics

2.1. Inter-ELM structure of the pedestal

The pedestal is the key area for the total stored energy dsawehe impurity content of

H-mode plasmas in AUG. While for the energy content tempeeaprofile stiffness is the

dominant mechanism which propagates pedestal parametirs tore plasma, the impurity

content is determined by the interplay of edge impurity sesrand the out-flushing of

impurities from the pedestal by ELMs. Several diagnostigsrovements allowed us to refine
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Figure 1. Pedestal profiles of the electron density (the solid linewshthe result
of integrated data analysis (IDA) of Lithium beam and DCNeifgrometer data),
electron and ion temperature, toroidal angular rotatioeduency and radial electric
field for the inter-ELM phase of a type-| ELMy H-mode.

the picture of the spatial pedestal structure and its teaigwolution during an ELM cycle
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[7]. ELM-synchronized spatial profiles of various paramgtiuring the inter-ELM phase are
shown in figure 1 [8]. Only data which lie in the time window 8f5 to -0.5 ms before an ELM
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Figure 2. Pedestal profiles of impurities with different charge Z mgad by CXRS and
STRAHL modelling of the corresponding transport coeffisidd,v. Neoclassical values
are shown for comparison. The right figure shows the experiahd=TB impurity peaking
factor between separatrix and pedestal top versus the aesiclal predictions for the different
species.

are chosen, while the typical ELM period was 15 ms. A radi#t sif the plasma by 2.5 cm
was employed to improve the spatial resolution. The mosarkable features are a negative
peak of the toroidal rotation profile situated at the loaabbthe density pedestal top as well as
a pronounced negative dip of the radial electric field praiileated in the steep gradient zone.
The E profile shown in figure 1 has been derived from the (mainly pial) Doppler shift of
passive Hell emission from the plasma edge. Its magnitudespatial position corresponds
in good approximation to th&lp/n term in the radial force balance of the deuterium ions
[9]. It has to be noted here that the radial electric fieldsveerfrom Doppler reflectometry
measurements [10] show the same spatial structure (widthpasition of minimum), but
for certain H-mode conditions systematically lower valoég&,. A possible reason may be
the fact that Doppler reflectometry needs some degree aflembe for backscattering which
might be too low in high performance H-modes. Generallynigasured Ecorresponds to a
low perpendicular velocity of the fuel ions, i.e. their Ex8tation velocity approximately
cancels their diamagnetic drift velocity. This behaviosirconsistent with predominantly
neoclassical ion transport in the edge transport barri€éBjEegion.

2.2. Impurity transport in the edge transport barrier regio

Further evidence of neoclassical ion transport in the ETfBoreis obtained from the analysis
of radial profiles of different impurity species in the edgansport barrier region measured
by the edge charge exchange recombination diagnosticoasmsh figure 2 [11]. Diffusion

coefficient D and convective (inward) velocity v were ob&drby a fit of the time dependent
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Figure 3. Maximum gradients of the electron temperature and densitind an ELM
cycle, measured by ECE and combined Li-beam/interfergmedspectively. Data
represent the coherent overlay of 105 ELM cycles.

profile changes during an ELM cycle with the impurity trandpmde STRAHL [12]. Also
shown are the ETB impurity peaking factors (relative risehaf impurity density from the
separatrix up to the pedestal top). Quantitative agreeimémiind between the fitted transport
coefficients and the neoclassical prediction, resulting pronounced impurity density rise
between separatrix and pedestal top. Obviously, for higimZurities an additional, outward
directed transport mechanism is required to avoid excessire concentrations. ELM
flushing has been identified as a corresponding mechanisimeistandard H-mode [12].
For conditions of low ELM frequency or full ELM stabilizatip an additional outward
impurity ion transport mechanism has to be maintained td tine pedestal high-Z impurity
concentration, like, e.g., the edge harmonic oscillatBiHQ) in the QH-mode [13].

2.3. Transport variations during the ELM cycle

The improved diagnostics also allowed the refinement of ittei@ of transport and stability
of the pedestal region during an ELM cycle [7]. Figure 3 shdwestemporal evolution of the
maxima of the electron temperature and density gradiergsav ELM cycle. The recovery
of the gradients can be divided into different phases. AftelELM crash, first the dgradient
recovers moderately. Then, it stays at a constant levebvthé density gradient rises. When
the density gradient has recovered its pre-ELM value (on @vglightly higher value) about 4
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ms after the crash, thesGradient accelerates its approach towards the pre-ELMevallhen
both gradients have approximately reached their final wahib®ut 7 ms after the crash, strong
fluctuations of temperature and density gradients aroueid thean value set in, which may
last for several ms. The occurence of the next ELM can varhiwithis fluctuating phase,
which can lead to discharges having two distinct ELM freques, with the ELM occuring
either right at the gradient recovery or several ms afterstiet of the fluctuating phase.
The empirical picture to explain this behaviour requires itterplay of different transport
channels, the edge ballooning instability alone is not cieffit to explain the observed ELM
behaviour. Peeling-ballooning theory suggests the edgeribuildup time to be important
for the temporal evolution of the ELM cycle, but our experitad findings suggest a more
complicated picture. Current diffusion calculations skdwhat the edge current builds up
almost as fast as the gradients, with a delay of less than Z3His disqualifies a delayed
edge current diffusion as a trigger late during the fluchgaphase. The presence of ETG
instabilities may explain why theglgradient does not increase during the density recovery
phase. In the later phase, turbulent instabilities likerféats are supposed to be responsible
for the large gradient fluctuations.

2.4. Interaction of turbulence and geodesic acoustic m¢@#dvis) during the L-H
transition

The physics of the L-H transition is still not explained bysfiprinciple theory. Turbulence
studies by means of Doppler reflectometry recently perfdroreASDEX Upgrade [14] shed
light on the possible role of geodesic acoustic modes (GAdAsihe formation of the edge
transport barrier (ETB). The studies were performed unole@rdensity conditions, where the
L-H threshold power increases with decreasing densitysé&leenditions were favourable for
the measurement of GAMs with Doppler reflectometry. A cocgikd interplay of GAMs,
edge turbulence and mean flow shear could be disentanglgdreHa shows a time trace
of the Doppler shift of fluctuations during a discharge phelsse to an L-H transition,
measured closely inside the separatrix around the posifitine E minimum. The phases
with enhanced Doppler shifts are associated with GAMs, theh@rge is in an I-mode phase
with confinement characteristics in between L-mode and HianoComparisons of this I-
phase with the characteristics of the I-mode phase in Atdatblod [15] are foreseen in the
next campaign scheduled from November 2010 till July 201he improved confinement
in the AUG I-Phase is connected to a negativewell that is about a factor of 2 deeper
than in the preceding L-mode. Synchronized Doppler spdotréhe temporal phases with
low and high turbulence levels are shown in figure 4b,c togretith pure L and H-mode
cases for comparison in 4d,e. These figures suggest thevioopredator-prey picture
[16] for the interaction of turbulence, GAMs and equilibridlows at the L-H transition,
which is described in more detail in [14]. Strong turbuleegeites GAM oscillations. These
oscillations produce a sheared flow, which similar to a pumeed equilibrium flow stabilizes
the turbulence and finally the GAM due to the loss of its drivar these discharge conditions,
several phases with low/high turbulence levels alterngieally, if the discharges enter into
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Figure 4. Instantaneous Doppler shift ftime series (a) showing several |-mode
pulses with GAM oscillations present, plus synchronizegdar spectra S(f) from
the reduced (b) and enhanced (c) phases. For comparisonlsmeshown an L-mode
(d) earlier in the discharge and an H-mode spectrum (e) fromilar # 24570 [14].

H-mode, the sheared equilibrium flow takes over in staloigjzhe turbulence. At this point,
no GAM is observed any more in the edge region. The interntitierbulence stabilization
may be the crucial ingredient for the transition into thdyfuleveloped H-mode. Although
these results were obtained for low density conditiongniot be excluded that the described
mechanism is also valid for any L to H transition. On the ottend, the localisation of the
measurements in the low density branch of the L-H transiti@y bring additional physical
mechanisms, which are not necessarily present in a higinsitgeegime.

3. Core transport

3.1. Core transport studies with ECRH

Centrally deposited wave heating is an important tool tacheocumulation of tungsten ions
in the plasma center for standard, high current H-mode diggs in AUG [17]. To improve
and to benchmark the theoretical understanding of corspi@t, dedicated transport studies
were performed for different, low plasma current condisi¢h8] (I,= 0.6 MA, B=-2.5T,
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Puei= 5 MW, Ne= 5x10'° m~3). These conditions allowed a strong variation of théTT
ratio and better experimental parameter characterisasonput for gyrokinetic calculations.
While for typical AUG parameters central heating leads t@tdhing of the density profiles,
a different behaviour can be obtained in lowgy low density conditions. Figure 5 shows
the effect of central ECRH on various plasma profiles undeh stonditions [18]. Here,
even though only 2MW of ECRH are added to a 5MW NBI heated @igyy a strong
rise of the central electron temperature still occurs. kemgerature and toroidal plasma
rotation have been measured with charge exchange recatiobiispectroscopy (CXRS) on
boron ions, which give a lower noise and uncertainty compaoeCXRS on carbon for
boronized conditions. The change in toroidal rotation edusy the ECRH is remarkable.
The central rotation speed is drastically reduced and p@msnalyses show that diffusion
alone can not explain the observed profiles; non-diffustaedport terms must be active.
The central ion temperature is also considerably reducesl @mnsequence of the central
electron heating. Similar to the electron density profile ttoron density profile peaks
moderately with centrally applied ECRH power. Variatioriglee ECRH deposition radius
showed that the pronounced profile changes shown in figurecdr anly for very central
deposition. Theoretical studies [19] in fact explain thatcasting behaviour of different
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Figure 5. Comparison of low density discharge phases with 5 MW NBlitgatith
(red) and without (blue) 2 MW central ECRH atH 0.6 MA. Shown are radial profiles
of a) the electron density, b) Topen symbols) and:Tfull symbols) from CXRS and
ECE diagnostics, ¢) the’8 density profile and d) toroidal rotation profile from CXRS.
The vertical grey bars indicate the spatial location for thgasi-linear and non-linear
transport calculations.

discharge types to central electron heating by the intgrpfadifferent control parameters
like the To/T; ratio, normalized gradient lengths and collisionality. rical calculations
reveal that dominant instabilities around mid—radius atendl to be ion temperature gradient
(ITG) modes during the heating phases without ECRH and withECRH power (around
0.6 MW), whereas a transition to dominant trapped electraes (TEM) occurs in the
phases with high ECRH power (around 2 MW). Figure 6 compareasured normalized
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electron density inverse gradient lengths with GS2 [20kgtlanear and GYRO [21] nonlinear
calculations for conditions corresponding to profiles shawfigure 5. Good agreement is
found for the dependence on thg'T; temperature ratio. In fact, the dependence ofRAn
all relevant experimental parameters (R{LR/Lyj, collisionality) appears to be well ordered
by the real frequency of the most unstable mode [22], seedigbr As shown in figure
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Figure 6. Analysis of representative cases of the three heating ghameesponding to figure
5 at half radius. a) Comparison of predicted quasi-linearZ5&uill symbols with squares,
triangles pointing down and up), nonlinear GYRO (diamondsnected by a dashed line)
and measured (open symbols) values of,Rés a function of the temperature rati@Q/T;. b)
Predicted and measured R4versus the real frequency of the most unstable modgpatk
0.3. ¢) Normalized inverse gradient length Rdlof B>+ ions versus the toroidal Mach number
[19]. This figure has corrected an error in the theoretical@maations shown in corresponding
IAEA viewgraph Fig. 6 in [23]. The correct mode rotation irethigh ECRH power phase is
negative, indicating dominant TEM instabilities.

6¢c, the change of the normalized logarithmic gradidtk,g of the boron densities is also
satisfactorily predicted. The boron profiles are much lesakpd compared to the electron
density at half radius, or even slightly locally hollow. Themerical predictions reproduce
the experimentally observed dependence, with lower valti®gL,g in the NBI only heated
phases, and with larger values®fL,g with increasing ECH power, although locally hollow
profiles, that is negative values Bf/L,g, are not predicted by the simulations. In order to
reproduce the experimentally observed behaviour of therbdensity profiles, the toroidal
rotation and its radial gradient [24] turned out to be an ingoat ingredient in the modelling of
the turbulent boron ion transport. In the event that thiggoution is neglected, the values of
R/Lng are predicted not to vary significantly in the different egtphases, in disagreement
with the experimental observations [19].

3.2. Effect of nitrogen seeding on plasma performance

Feedback-controlled nitrogen seeding is used routinelyigh power discharges to protect
the divertor tungsten coatings from thermal overload [2.apositive side effect, improved
energy confinement and an increased ELM frequency at shiéttist duration have been
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Figure 7. a) Hogyo) confinement factor vs. collisionality for different H-mode
discharges with and without nitrogen seeding. b) H-factgg$) for discharges with
/without (blue/red) nitrogen seeding versus Zat ppo= 0.2/0.9 (open/full symbols)
[25].

observed [17]. The nitrogen puff leads mainly to increasedrtbr radiation, while the total
radiation inside the separatrix stays approximately @nistThe confinement improvement,
as shown in figure 7a, is related to increased temperaturtte giedestal top and in the
plasma core, while the electron density profile is hardlg&td by the presence of nitrogen.
Analysis of Z ¢ profiles derived from bremsstrahlung revealed a close letioa of the
Hog confinement qualifier with & [25], as shown in figure 7b. These results suggest
a simple, empirical picture for the confinement behavioasda on the observation that
impurity concentration profiles are hollow: Assuming that total edge pressure is limited
by an instability, the ion dilution by the presence of impies results in a higher pedestal
temperature. If the core temperature profile is stiff, whisha good approximation for
AUG conditions, the increased pedestal temperature pedpado the plasma center. Hollow
impurity profiles lead to a decrease of dilution towards tkater and hence result in an
increase of the total pressure anggldaused by the higher ion density. In addition to the
pedestal dilution effect, changes in core transport areeep. Gyrokinetic calculations
suggest changes of the critical gradient as well as in theedegf temperature profile stiffness,
both effects tend to cancel in their overall effect on confieat [26]. Clearly, further theory-
based calculations are required for a quantitative unaledstg of the pedestal response to the
nitrogen seeding.

3.3. Fast particle losses

Fast particle transport through the plasma and their |ldssesds plasma facing components
may affect the fusion rate, the current drive location arfidiehcy and the integrity of vessel
structures in a fusion reactor. Various MHD modes may cbute to fast particle transport,
like Alfvén cascades (ACs) and toroidal Alfvén eigenm®@EAES). Location and structure
of the modes are determined by various diagnostics in ASDEpgrade, like soft X-ray
diodes [28], reflectometry [29], collective Thomson saatig [30] and fast ECE imaging
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Figure 8. a) Raw signal of the fast ion loss detector during a pulse witbng MHD
activity. b) Spectrogram showing AC and TAE activity. Thedgsic frequency
f?icn [27] is indicated in white for reference. c) Linear dependerof coherent FIL
signal on magnetic fluctuating amplitud® interpreted as convective losses. d) Non-
linear (offset-quadratic) dependence of incoherent Fignal ondB interpreted as
conductive losses.

[31] measurements. Particle losses are detected by afdssi®detector (FILD) [32]. Figure
8 shows the raw signal and spectrograms obtained by the F#t&ctbr during a discharge
with AC and TAE activity [33]. The raw signal exhibits a flueting component, which is
closely related to the frequency signatures of the MHD #@@sas observed by soft X-ray and
Mirnov coils. This component of the fast ion losses is reldtea convective loss mechanism,
where the perturbing field amplitude leads to the direct tfgsarticles. Analysis with the
HAGIS code revealed that the lost particles are not thoselwtidminate the drive [34]. The
FILD raw signal also exhibits a component which is time-ipeledent on the MHD mode
time scales (lower envelope in figure 8a). This componenttigoated to a diffusive loss
term, invoking more than one perturbation. The differerttadv@our of the convective and
diffusive losses is shown in figure 8c,d, where a linear andiadratic dependence on the
perturbed field amplitude is found. Investigations of tueinti fast ion transport by means of
fast ion Oy (FIDA) and collective Thomson scattering (CTS) diagnashiave started [33].
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4. Power exhaust and plasma-wall interaction

4.1. High power exhaust experiments

The ratio of separatrix power flux and major radius, P/R, iseggmance parameter for
divertor power exhaust [35] and a measure for the effortirequo keep the divertor peak
power load below a certain critical level. High power expents were conducted with
feedback-controlled nitrogen seeding to keep the targek peat flux at a moderate level.
Nitrogen is puffed at several toroidal locations in the Xntaegion, using proportional-
integral (PI) feedback on the outer divertor temperatureszdéd from shunt measurements of
the inter-ELM thermoelectric divertor current [36]. Figu® shows time traces of a discharge
with 20 MW heating power, including about 1 MW central ECRH@2 mode (central
electron density is above X2 cut-off density). Good energyfinement (Hgy,»=1) could
be obtained simultaneously with a low impurity content of tore plasmaZess < 1.8).
Although the discharge used also strong deuterium puffiegb@ance SOL/divertor radiation,
the corresponding confinement degradation is compensgtéatebmprovement caused by
nitrogen. The radiation distribution from bolometer tormaghy is shown in the middle of
figure 9, about half of the radiated power is emitted in the $@d divertor. It is worthwhile
to compare the measured divertor and SOL radiatiors & MW with a simple analytical
estimate based on a radiative loss model coupled to clapsilel electron heat conduction
[37]. SOL and divertor are approximated as a single flux tulik thie radial width equal to
the power decay lengthy, in the outer midplane. Electron pressure conservationsisrasd
along the flux tube.

The radiated heat flux is calculated as the integral of theykted radiative loss function,
L., where non-Coronal effects are introduced via the parametg@,tn, wherenegiy is
the characteristic divertor electron density ang the residence time of nitrogen in the
divertor plasma [38]. With\p=5 103 m about 5 MW radiated power is predicted for the
conditions of the discharge shown in figure 9, well in linehnihe experiment. A factor of
4 enhancement above the Coronal radiation level is obtdmethese conditions, a lower
level of enhancement has to be assumed for reactor corslivth higher divertor density
and longer residence tintg. Nitrogen seeding does not significantly enhance the liadiat
inside the pedestal. To control the power flux through theeptad independently from the
divertor heat flux, multi-species impurity seeding has t@pplied. Initial experiments have
been performed with combined N and Ar injection [39].

4.2. Tungsten melt experiment

So far, tungsten erosion and transport studies concedtoataormal H-mode operation. For
these conditions, the outer limiters have been identifidthi@sungsten source which is most
important for the observed core tungsten concentratioh [D2spite the higher absolute W
source strength in the divertor, its good W retention cdpgbeads to a relatively small
core penetration. For preparation of future high power aeviwith a tungsten divertor,
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Figure 9. High P/R discharge with divertor power load control by ngen seeding
in ASDEX Upgrade. left: Time traces of various plasma patanse The strong
deuterium puff allows for low & in the core plasma, while the confinement
improvement due to nitrogen maintains H-mode confinemetht bgg,»,=1. Tdiv is
derived from a shunt measurement of the inter-ELM thernectrdedivertor current
and is a proxy for the outer divertor electron temperature. iddife: radiation
distribution from tomographic bolometer reconstructiont=a3.5 s. right: estimated
maximum radiated parallel power flux density from simplelgizal model and ADAS
data. ’infty’ refers to Coronal conditions, non-Coronallencement is expected for
the present conditions (grey area) corresponding doys 1016 m—3s.

melting events have to be studied, which can occur eithengwabnormal events or due
to imperfections of tile alignments. To simulate an abndrimmagsten melting in the divertor,
small W pin probes were inserted into the divertor plasma leams of a manipulator for
attached L-mode and detached H-mode conditions [41]. Tpererents were performed
under well diagnosed and stable plasma conditions, reatdtshown in figure 10. Main
chamber injection of tungsten was done by laser blow-off Q)Bater in the discharge
for the same plasma conditions, allowing the comparisorhefrise of the core tungsten
concentration for the different release locations. Thhs, divertor screening for molten
W injection was measured. For the H-mode case, tungstenpmoretration probabilities
(probability for a released atom to reach the core plasm&j2§0 and 1/11 were derived for
the divertor and the main chamber, respectively [40]. Theeerents were accompanied by
numerical simulations with the 3D edge code EMC3-Eirend.[#2high divertor screening
could be reproduced, albeit a strong dependence of the rp&nat probability from the
distance of the injection position to the strike point wasrfd in the modelling.
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Figure 10. W concentration measurements and EMC3-Eirene modelling & melt
experiment. a) measured W concentration for W melting andB®: b) EMC3-Eirene
calculation of W injection in the midplane by laser blow-off) EMC3-Eirene calculation
for ablation in the divertor at the strike point position acale) [40].

4.3. Disruption mitigation

Disruptions have been successfully mitigated with masga® injection (MGI) [43] and
disruption avoidance or delay by off-axis ECRH has been destnated for higlfgy discharges
[44] [45]. During MGI mitigated discharges, newly installaXUV (Absolute X-ray and UV
diode detectors) bolometer arrays allowed the study of adiation events including the
VUV radiation, which is blocked by the filters of the soft Xyrdiagnostic. The temporal
and spatial evolution of the radiating zone is particulamportant, since large asymmetries
may lead to excessive wall loads in ITER. Figure 11 shows tbpamation of the radiating
zone during a fast plasma shutdown by massive gas injectieasured by poloidal fans of
AXUV diodes in the sector of the gas valve and on the oppogite af the torus. A poloidal
propagation of filamentary radiating layers is clearly of3ed. On the opposite side of the
torus, the radiation rise is substantially delayed. Imjmsgiare supposed to reach the high
field side predominantly by streaming parallel to the fiefte§, plus some additional drift
effect. The emissivity front moves towards the plasma cenl@es not penetrate that far,
but reaches the surface with=@ within 2 ms; afterwards the thermal quench sets in. The
experiments with one MGI valve generally show a highly atrgaic radiating layer. To
reduce this localization, the simultaneous use of sevef@l Whlves may be required.

Disruption avoidance or at least substantial delay has bebieved by localized injection
of 1.5 MW ECRH onto the g=2 resonant surface in a hggh scenario [45]. Like the
MGI, in standard } > 1 MA operation the ECRH is triggered by the locked mode manito
precursor signal of the 2/1 mode. For suitable scenario®HEMjection can be considered
as a complementary technique to MGl for disruption control.
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[43]. The right figure shows the geometry of the viewing ljrfesm this, a poloidal motion
of filaments over the plasma top towards the high field sidebzaimferred in the gas valve
sector.

4.4. Plasma-wall interaction with nitrogen seeding

Fuel retention and heat removal capabilities of tungstgredd strongly on its microscopic
characteristics in the near-surface layers. A modificatfdhe material properties is expected
due to the storage of nitrogen, which is now routinely usedigh power discharges. The
formation of a tungsten nitride layer with a 1:1 atomic raitiothe first few nm below
the surface had been observed in laboratory experimenis [M@rogen particle balance
in AUG seeded discharges revealed even an order of magriigtler nitrogen storage of
about 181 N atoms/m. The higher storage is expected to be caused by surfacemesgh
and co-deposition with boron and carbon in local recessinrthe tungsten surface [38].
Laboratory studies showed a reduction of the tungstenesrugtyield by nitrogen compared
to a pure tungsten surface. Collisions of impacting ion$winbedded nitrogen atoms are
supposed to reduce the sputtering yield for tungsten. Eid@rshows tungsten sputtering
yields measured in AUG for conditions of dominant sputtgrisy nitrogen. Within the
considerable uncertainties, the measured yields agrédh@fTRIDYN code [47] predictions
without a modification of the yields due to nitrogen stora§erface analysis and ion beam
experiments with tokamak samples will be required to resthe differences between the
'ideal’ laboratory and tokamak surface conditions.

5. Conclusions and outlook

Re-establishment of its full flywheel-generator capalb#itallowed us to operate the full-
tungsten ASDEX Upgrade tokamak with up to 20 MW heating powdew results have
been obtained in particular on the pedestal structure amdiort, the L-H transition, core
transport, fast ion losses, high power operation with tadiacooling and plasma-wall
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interaction. After installation of the first set of 8 resoharagnetic perturbation (RMP) coils,
AUG resumed plasma operation in December 2010. Two new mgyrtwill increase the
ECRH capability up to 5 MW. Characterisation of a modified FCBntenna will be used
to validate antenna models developed with HFSS and TOPIGfes;0aiming towards an
antenna design leading to reduced tungsten erosion. Povaust studies will aim at the
integration of impurity seeding and RMP controlled ELMse tungsten PFC environment.
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