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Abstract. An overview of recent results obtained at the tokamak ASDEXtdde (AUG) is given.

A work flow for predictive profile modelling of AUG dischargesms established which is able to repro-
duce experimental H-mode plasma profiles based on engigegairameters only. In the plasma center,
theoretical predictions on plasma current redistributigra dynamo effect were confirmed experimen-
tally. For core transport, the stabilizing effect of fagt istributions on turbulent transport is shown to
be important to explain the core isotope effect and imprdakiesdescription of hollow lowZ impurity
profiles. The L-H power threshold of hydrogen plasmas is ffetted by small helium admixtures and
it increases continuously from the deuterium to the hydndgegel when the hydrogen concentration is
raised from 0 to 100 %. One focus of recent campaigns was #retséor a fusion relevant integrated
plasma scenario without large ELMs. Results from six défgrconfinement regimes are compared.
ELM suppression by magnetic perturbation coils could bébatied to toroidally asymmetric turbulent
fluctuations in the vicinity of the separatrix. Stable I-reqaasma phases with a detached inner divertor
were obtained using a feedback control of the plagmBedestal relaxation events appearing at heating
powers close to the H-mode transition are found to be snihlertype-I ELMs, but still must be avoided
in future devices to protect the divertor. The EDA H-modéamegwas extended to higher heating power
by feedback controlled radiative cooling with argon. TheE)X€gime was developed into an integrated
scenario at high power and confinement, with a detachedtdivand without large ELMs. Small ELMs
close to the separatrix lead to peeling-ballooning stgbdind quasi continuous power exhaust. He-
lium beam density fluctuation measurements confirm thaspmaimn close to the separatrix is important
to achieve the different type-1 ELM-free regimes. Based @pasatrix plasma parameters, an analytic
interchange-drift-Alfvén turbulence model was derivbdttreproduces the experimentally found impor-
tant operational boundaries of the density limit and betwkeeand H-mode confinement. Feedback
control for the X-point radiator position was establisheda important element for detachment control.
Stable and detached ELM-free phases with H-mode confinemer obtained when the radiator was
moved 10 cm above the X-point. Investigations of the plasmthe future flexible snow-flake divertor
of AUG by means of first SOLPS-ITER simulations with driftsiaated predicts beneficial detachment
properties and the activation of an additional strike pbinthe drifts.

1. Introduction

ASDEX Upgrade (AUG) is a midsize tokamak with major and miraatii of Ry = 1.65 m and

a = 0.5 m, respectively. The plasma facing surfaces are coverértwigsten and the magnetic
and divertor geometries are like as for ITER. AUG plasmas roatch a number of fusion
relevant parameters simultaneously, such as high valuéseohormalized plasma pressure,
P, the normalized confinement tinféyg, the Greenwald density fractiofsw = n/new, and
the power density’/R,. In general, these values can be reached also under detdivler
conditions.

Experiments on AUG are carried out to enhance the physicinstanding necessary to better
predict the performance of ITER or fusion reactors. Furtia@e, new plasma scenarios are
explored and control tools developed that can facilitagedperation of a reactor plasma. To
achieve these goals, AUG is equipped with a powerful heatystem that delivers up to 27 MW.
Neutral beam injection (NBI), electron (ECRH) and ion cyao resonance heating (ICRH)
are routinely and flexibly combined. In particular, the 6 MMZEH system equipped with 8
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gyrotrons is very versatile in locally heating the plasmuaaatable positions [1].

In close contact with ITER and DEMO developers, a dischamgerol system is constantly
being further developed and enhanced with real-time céipabj new real-time sensors and
actuators to e.g. avoid disruptions [2] or to control detaeht by regulating the vertical position
of the X-point radiator (XPR) [3]. The control system is alsoupled to a dischargight
simulator[4] with a comprehensive plasma model.

An important goal of the research effort is to design tootgpfedicting future reactor discharges
based on validated physical models. For this purpose, aflearkor integrated modelling based
on engineering parameters (IMEP) was established thatpabta of predicting the plasma
profiles in stationary phases of AUG H-mode discharges [3MEP is based on the ASTRA
transport code, coupled with the HELENA code for high-raioh equilibrium reconstruction
and the MISHKA MHD stability code. With this workflow it is pele to model the entire
plasma cross section of AUG discharges when the pedestditions are close to the peeling-
ballooning stability limit. The separatrix parameterddal from an empirical model with the
prescribed gas fuelling and the 2-point model for the sciEplayer (SOL), the pedestal shape
is given by peeling-ballooning stability where a criticahtperature gradient model is used, and
the core plasma profiles from the pedestal top inwards aresheadwith TGLF.
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FIG. 1: Comparison of the thermal energy content in AUG H-mpldsmas as derived from the
IMEP model and from the IPB98(y,2) scaling with experimewddues (adapted from Ref. [6]).

Figure 1 shows that the energy content evaluated from thdigepfredictively modelled pro-
files of stationary H-mode discharges agrees better witlexperimental values than estimates
derived from the IPB98(y,2) H-mode confinement scaling][SWith the software package it
is possible to understand the physical reasons for the widetependencies of profiles and
confinement time on engineering parameters including tigathe influence of fueling, the
positive impact of triangularity, and the positive impaétam increase of plasma current at
constant fuelling rate [5]. In parallel to the ASTRA-IMEP wdlow, at AUG the first toka-
mak flight simulator FENIX was developed [4,8,9]. FENIX idlyubased on the AUG pulse
schedule and directly coupled to the AUG control system.

The following paper reports on recent results obtained oAb challenge the physical mod-
els used for predictions, to develop them further where #reystill empirical, and to extend
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them to a wider parameter range and to new discharge regBtasing with core physics and
confinement in Sec. 2, the paper summarizes the investigatidifferent ELM-free regimes
in Sec. 3, then presents results demonstrating the impar@ithe plasma parameters close to
the separatrix for the plasma performance, to finish withlte®n power exhaust and divertor
physics in Sec. 4. Section 5 briefly summarizes the paper.

2. Core transport and confinement

Starting with the redistribution of magnetic flux in the pias center, this section is devoted

to results on core heat and particle transport, turbulenaties and the L-H transition power
threshold.

2.1. Core MHD and heat transport

First an MHD phenomenon is addressed in the plasma centerewdlevated central safety
factor values of;;(0) > 1 together with sawtooth-free phases were observed, whasptoat
modelling would predict(0) < 0 and sawteeth. The experiments were carried out motivated
by theoretical results from nonlinear MHD simulations wilie MD3D-C code, where it was
found that a dynamo driven by @, 1) quasi-interchange mode transports poloidal magnetic
flux radially outward raising;(0) above one [10]. This occurs in a stationary process with
continuous redistribution of magnetic flux. In the simwas, this mechanism is activated at
high values of the plasma when the dynamo drive is sufficiently strong in order to deuact

the current diffusion which would lead to a centrally peakadent profile.

Recently, thes threshold for the flux pumping effect was investigated by mseaf on-axis
electron-cyclotron current drive (ECCD) experiments. bischarge with modest co-ECCD of
100 kA, the sawteeth disappeared whenghelue, increased by NBI power steps, surpassed
a critical value [11]. A successive increase of the ECCDenirmade the sawteeth reappear. It
was shown that the amount of tolerable co-ECCD current witbooducing sawteeth increases
with g [11]. This dynamo effect can enable strong ECCD in the ceoteeactor plasmas,
where the current drive efficiency is high, with flat centyaprofiles as required for enhanced
core plasma performance.
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FIG. 2: Kinetic profiles of a pair of hydrogen and deuteriutmibde plasmas, where the edge
profiles were matched while the source profiles are kept airfaldapted from Ref. [12]).

One of the unresolved issues of core heat transport is thaitndg of the isotope effect and its
cause. A novel strategy was used to disentangle the isoffgot i H-mode core and pedestal
transport by matching the pedestal profiles with a slightdase of the plasma cross section’s
triangularity for the deuterium case with respect to thahmhydrogen plasmas while keeping
heat and particle sources the same [12,13].
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This comparison highlights the role of fast ion populatiamseducing turbulent transport in
NBI heated discharges. In agreement with results from teerthbased turbulence model
TGLF, the core isotope effect was found to be small as londhadraction of fast particles
remained below about 30 % of the main ion density [12]. At enbigNBI power with larger
fast particle populations, a stronger decrease in ion h#asutity was indicated in deuterium
with respect to that in hydrogen plasmas leading to suliatgrhigher core ion temperatures.
Due to the longer slowing down time of injected deuteriumsi@ompared to that of hydro-
gen ions, the fast ion energy content in deuterium plasmasalvaut 50 % higher. Nonlinear
simulations of these discharges with the gyro-kineticwlebhce code GENE [14,15] revealed
the importance of turbulence stabilization by electronedigrand fast ion effects. For both iso-
topes, the fast ion distribution from NBI stabilises tudnute and reduces turbulent transport.
The stronger effect observed in deuterium plasmas is atéibto the higher content of fast
particles [12]. The energy confinement in helium plasmas wadminant electron heating is
similar to that in deuterium, while a degradation with anr@asing fraction of ion heating is
observed. These observations can be theoretically exguldog a different role of zonal flows
in electron and ion dominated turbulence with differentmmans [16].

Low-density L-mode plasmas with dominant electron heatigge studied on AUG [17] in
particular for their relevance to the first pre-fusion poweeration phase of ITER. For this
purpose, ECR heated hydrogen and deuterium dischargespedoemed and modelled with
TGLF-SAT1geo, a quasi linear turbulent transport modeketasn TGLF that includes a tur-
bulence saturation rule and an improvement in the desonpif geometrical effects [18,19].
The model reproduced both the central electron temperanagdhe edge ion heat flux, which
is critical for the L-H transition [20,21], with high confidee. This is seen as a validation of
TGLF-SAT1geo also in applications for the prediction of #iesorption of X3-mode ECRH in
ITER, which critically depends on the central electron tenagure.

The same model was also used for the interpretation of cdkkmxperiments using impurity
laser ablation. The dynamic response of the electron teatyrer profile following the cooling
event in the plasma edge was successfully modelled with 8iER¥ transport code with the
local transport model TGLF-SAT1. The reason for the — somesi called nonlocal — fast
response of the core temperature was explained by theizgdigih of trapped electron modes
(TEM) through an induced and also correctly predicted fiatig of the electron density profile
[22].

The TGLF model also proved reliable in describing the roleedm ions in reducing ion heat
transport in H-mode plasmas. It predicted ion-temperaguaelient (ITG) turbulence proper-
ties observed in experiments, where the ion stiffness wadiscer simultaneously with a drop
of the electron to ion temperature ratifi,/7;. In addition, a potential role of electron tem-
perature gradient (ETG) driven modes in strongly electrestéd H-modes plasmas in limiting
the increase of electron temperature gradient was idehtiffemeans of linear and nonlinear
gyrokinetic simulations with the GKW code [23].

2.2. Core patrticle transport

The core density profiles of ITER or reactor plasmas will benohated by transport processes.
AUG experiments reproducing reactor conditions of heatjigda and momentum sources and
related integrated modelling using ASTRA and TGLF dematstt the role and dominance of
a collisionality dependent turbulent pinch in producingtcally peaked plasma density profiles
at reactor relevant low collisionalities [24].

Fast ion effects turn out to also be important for the desompof low-Z impurity transport,
which has important consequences for the operation repl@emas. Especially helium trans-
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port will determine the amount of fuel dilution in the core aburning plasma. In order to
enhance the physical understanding of l@wimpurity transport, steady state and transient
transport studies were carried out for helium and boroneR#dy, a new modulation technique
was developed and applied to boron transport enabling theste and convective transport
coefficients to be disentangled. [25,26]. Using this teghaj a database of transport coeffi-
cients covering a wide range of plasma parameters was akstarid compared to theoretical
predictions.

For steep ion temperature gradient (L, > 6), which coincide with strong NBI heating,
outward convection and hollow boron density profiles appé&acontrast, even low levels of
electron heating increase both the diffusion and inward/ection and result in peaking of the
impurity density profiles. The hollow boron density profitnot yet be entirely reproduced
by the modeling. However, the inclusion of fast ions greatiproves the agreement between
theory and the experiment. Comparisons with a combinatioreoclassical and quasi-linear
gyrokinetic turbulence simulations (NEO and GKW, respatyi) showed good agreement for
plasmas with combined NBI and ECR heating. The observedl trerollow boron density
profiles could only be reproduced by GKW and NEO simulatiohemthe impact of fast ions
on the turbulent and neoclassical impurity transport whksrtanto account. The fast ion dis-
tribution stabilises ITG driven turbulence and leads toramease of neoclassical outward con-
vection. It is a combination of different fast ion effectaiteads to the development of hollow
boron profiles [27,28].

2.3. Core turbulence studies

A validation of the physics models of turbulence codes is atsried out directly on the micro-
scopic level of the fluctuations [29]. For this purpose, nieasients of a large set of fluctuation
data is assembled on L-mode discharges at two values of go&r@t temperature gradient
length. This implies density fluctuation wavenumber s@e[80], temperature fluctuation fre-
guency spectra [31], the correlation lengths of both, cpheses between density temperature
fluctuations [31], turbulent flow and phase velocities idahg zonal flow structures. The ex-
periments are completed and the analysis is ongoing. Casopanf these data with local and
global GENE simulations will provide a comprehensive tdghe physics models used in the
code.

As a first example, the poloidal symmetry of the turbulenpaigation velocity was tested using
a Doppler reflectometer which probed a radial and poloidgibrearound the outer midplane.
It turned out that the interpretation sensitively dependthe background density profile. From
careful analysis, it was concluded, that the flows on theaartbside are poloidally symmetric,
where on each flux surface fluctuations propagate with thesestocity at all wavenumbers.
A comparison with spectroscopic measurements showedhisatelocity is close to thé& x B
velocity [32].

2.4. L-H power threshold

Due to the absence of reliable physical models for the L-nudema edge, predictions for
the power threshold for L-H confinement transitiof},;, rely on experimental scaling laws.
In particular, the dependence Bfy on the isotopic mass must be known to predict the perfor-
mance of ITER in the pre-nuclear phase in hydrogen or helnahfar the D-T phase. An earlier
study on JET indicated a beneficial 40 % reductio®qf when small concentrations of helium
were added to NBI heated hydrogen plasmas. Furtherifigréncreased to the hydrogen level
when even a small amount of hydrogen was admixed to deutgriasmas [33].
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FIG. 3: Dependence of the L-H power threshold values in hyenodischarges as function
of the helium content (a) and for a transition from a pure eéewim to a hydrogen plasma
(b). Symbols indicate differen heating beams (H or D NBI) B&RH plasmas (adapted from
Ref. [34] with additional data [35]).

Figure 3 shows comparable experiments performed on AUG.|dhdigure shows that the
threshold power did not change and remained at the hydregeh When up to 20 % of helium
was added to the hydrogen plasmas. The data was obtainedtttnECRH and hydrogen
NBI heated discharges. For the right figure, a continuoussitian from a pure deuterium
plasma to a pure hydrogen plasma was performed. The datatiedifferent heating schemes
consistently shows a continuous increasé&’@f with hydrogen concentration from the D level
to the H level. A stronger increase starts only above a wedtigh hydrogen content of about
60 %. These differences from the JET results need furthesiigations.

Power balance analyses show that the ion heat flux througdegrearatrix, which is known to be
a key quantity for the L-H transition on AUG [20], is indepemd of the helium concentration
and heating scheme [35]. In hydrogen and deuterium plasitmad,-H transitions happen at
similar values for the neoclassicalx B shearing rate [21]. Spectroscopic measurements of
the edge radial electric field at the L-H transition of hyd¥ngand deuterium plasmas were
also consistent with the observation that the neoclassisab shear, given by the ion pressure
gradient, is the key physical parameter for turbulence maggpon. The transition in hydrogen
and deuterium plasmas is found to occur at the sAmés velocity [36].

3. Plasma scenarios without large ELMs

Large (type-l) ELMs are considered critical for fusion rems to the extent that they must be
avoided altogether. Therefore, it is important to searehrébust small or no ELM regimes,
that simultaneously have H-mode-like confinement and cavpleeated at high density where
the divertor can be in a detached state. This section summesarecent studies of six such
regimes. An earlier overview article is Ref. [37]. It turngathat the most promising candidates
for regimes without large ELMs have in common, that turbuférctuations and more or less
coherent modes near the separatrix cause transport thejehthe pressure gradient of the H-
mode pedestal in such a way that the peeling-ballooning Ismot reached and type-1 ELMs
do not occur.
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3.1. ELM suppression by magnetic perturbations

On AUG, the edge density was identified to be the leading pet@nfior ELM mitigation with
magnetic perturbation fields [38]. At low densities the desdlrelative pedestal energy losses
are observed whem = 2 magnetic perturbation fields are applied, inducing a stedaensity
pump-out

In recent experiments, the physical origin of the densitgnptout was investigated [39]. By
toroidal rotating of the:, = 2 perturbation field, a reflectometer observed toroidallyrasyetric
broad-band fluctuations with frequencies up to 150 kHz attiter midplane. The fluctuation
spectrum is locally quenched at a certain phase angle ofdliepferturbation. The fluctuations
appear simultaneously with a drop in edge density assakvwath a density pump-out and are
held responsible for it. To identify the transport lossasseal by the fluctuations, their dynamics
was compared to that observed with a poloidal array of Langprabes on the outer divertor
target. It was found that the toroidal asymmetry of the tigboe at the outboard midplane
maps along the magnetic field lines to the divertor. High awd fluctuation amplitudes at
the plasma edge are magnetically connected to high and lowlparansport measured in the
divertor [39].

These observations lead to the interpretation that tunioel@ear the separatrix causes the den-
sity pump-out which reduces the edge pressure gradiennandi leads to peeling-ballooning
stability and ELM suppression. The formation of magnetiands due to the perturbation field
is not indicated on AUG [39].

3.2. Improved confinement mode

Theimproved confinement modemode), which was observed on several tokamaks [40-43],
has a number of attractive properties with respect to aseatasma. It can be achieved with
pure electron heating and shows neither impurity accunauator large ELMs. The I-mode
occurs in an unfavorable magnetic configuration, i.e \the drift points away from the active
divertor, resulting in a higher L-H power threshold. On AU@e I-mode is routinely achieved
as long as the heating power remains below the H-mode threghloie [44,45]. The operating
space was also expanded to NBI heating, where stationapderphases were achieved using
active feedback control.

Figure 4 depicts such a discharge, where the requiremlue was stepwise ramped up by feed-
back controlled NBI power raising to a total heating powerabbut 4 MW [46]. After an
increase in the edge electron temperature, indicating ategtron heat transport barrier, a sta-
tionary I-mode phase develops with a weakly coherent modeNyn the range 50-100 kHz.
In the particle transport channel, the transport barrigrasvisible and the density remains
constant. Intermittent transport events associated Weh¥CM become more dominant with
increased heating power until the I-mode phase ends wittraitron to H-mode when values
of Bpol = 0.6 and Hyg ~ 0.9 were reached. In the phase before the transition, larger esdax-
ation events (PRES) are observed. They are smaller thad &kls but can be expected to be
detrimental for a reactor divertor and therefore must tovmeded [46].

The operational window for I-mode discharges was invetgdjan the basis of a database
with density and electron temperature pedestal values piasmas in different confinement
regimes. The data from L-mode, I-mode and H-mode plasmadeady separated by electron
pressure isobars. I-mode pedestal relaxation events ootyiwhere the edge plasma pressure
is close to the isobar above which the operational spacerable discharges begins [46]. This
study highlighted the importance of the edge electron pres®r a stable operation of I-mode
discharges and also the challenge of extending the regimmigher heating powers.
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FIG. 4: Time traces of I-mode discharge parameters, whegegpthsmas,, was feedback con-
trolled via the NBI power. The weakly coherent mode appeaathe spectrogram of the ECE
radiation measured with a channel close to the separatrins€to the I-H transition, pedestal
relaxation events (PRE) are visible in the divertor radietisignal (adapted from Ref. [46]).

Furthermore, nitrogen seeding of I-mode discharges wésdes a way to combine the I-mode
regime with a detached divertor [47]. In these experimethis,seeding rate was ramped to
a maximum nitrogen core concentration of about 1.5 %. Fheindow in which the I-mode
can exist becomes wider and shifts to higher values. Thistislne to increased radiation, but
rather due to increased edge transport as nitrogen is unteatinto the plasma. While complete
detachment was not obtained, the inner divertor was dedeadbag with a reduction of the heat
flux on the outer divertor at a confinement factorrs = 0.9 [47].

A physical picture of the I-mode was derived from simulasoising the gyro-fluid code GEMR
[48]. Based on the experimentally justified assumptionahéte separatrix the ion temperature
is larger than the electron temperature and the ion tempergtradient is shallower than that
of the electrons, the strong drive of the ITG turbulence maeed. Consequently, the L-mode
turbulence turns out to be drift-wave like before the traosi It is shown, that the L-I transition
is caused by a suppression of small scale turbulent fluchstyy finite Larmor radius effects
and the large scales by phase randomization. The weaklyaatraode appears as a remnant of
drift wave turbulence spectrum. The simulations reprodheantermittent transport related to
the weakly coherent mode and also clarify the origin of theode operation window in heating
power, magnetic field strength, and collisionality. The that a transport barrier forms only in
the electron heat channel is attributed to the dissipatidimeoelectron temperature fluctuations
by parallel heat conductivity at low collisionalities [48]

3.3. ELM-free H-mode

Recently, stationary ELM-free phases of H-mode dischame® observed on AUG [49].
Closer inspection revealed the similarity of key propertie those of th&eDA H-modefrom
Alcator C-Mod [50-52]. In contrast to the I-mode discussbdwe, the ionVB drift is in the
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favourable direction and the density pedestal is H-mod® lik has high energy confinement
(Hgg = 0.9-1.3) and high densityf6w = 0.8—0.9) without impurity accumulation. This makes
the EDA H-mode a candidate for a fusion reactor regime. On Abi& ELM-free regime is
accessed when the ECRH power is above the L-H power threahdld can be sustained with
50 % of the NBI power. Key elements to reach this regime aomgtgas puffing and a relatively
high safety factor while plasma elongation is favourablmake it more robust [49].

Also on AUG, the EDA regime exhibits the characteristic quahierent mode (QCM) with
frequencies decreasing from the range 40-80 kHz after amsition to 20—-40 kHz during the
stationary phase. The mode spectrum broadens under s@smifiing. The QCM is localized
close to the separatrix or in the region of steep pressumiegraand causes transport to the
divertor. The toroidal mode number is about= 20 and the mode propagates in the electron
diamagnetic direction. This leads to a pedestal presswféepclose to the ballooning but far
from the peeling limit [49].

While the regime appears to be compatible with nitrogenisgddr divertor detachment, main
challenges in terms of reactor relevance are the limitedgpomindow and the high safety
factor under which it exists. Without impurity seeding, tBBA regime develops ELMs when
the total heating power exceeds about 3 MW. Shaping, galsfgi@ind higher current increase
the acceptable power before ELMs occur. However, in recgmer@ments with argon seeding
it was possible to increase the heating power up to about 8 B [In such discharges, the
argon seeding rate was the feedback actuator with the pawessing the separatrix as control
variable. The latter was derived from the difference of titaltheating power and the real time
bolometric measurements of the radiated power from indideseparatrix [54]. Since argon
radiates mainly from the plasma edge region, the heat floutiir the separatrix could be kept
below the threshold value for the transition to an ELMy H-ra¢83]. A more robust extension
of the power window and the compatibility with lower safecfors remain the challenges to
be overcome for this regime.

3.4. Quasi continuous exhaust regime

Some time ago it was observed at AUG that in strongly shapedode plasmas strong gas
fuelling can suppress type-l1 ELMs [55-57]. The large ELMatttause high transient divertor
power loads are replaced by more frequent and smaller ethypaat®n events, also known as
small, type-Il or grassy ELMs, leading tuasi continuous power exhauy§CE). Due to its
relevance to a reactor plasma scenario, the now called Q@iEaeehas recently been further
studied and developed on AUG [58,59], TCV [60] and EAST [61].

Figure 5 illustrates the two key ingredients for obtaining QCE regime, which are high den-
sity (left) and the closeness of the magnetic configuratahouble null (right). As in the other
ELM-free scenarios, also in the QCE regime it is indicated transport caused by fluctuations
close to the separatrix relax locally the pressure gradidmth stabilizes peeling-ballooning
modes and thus the large ELMs. The remaining small edge #tiots, which can also appear
in-between type-lI ELMs, are attributed to highballooning modes [58,60]. These modes be-
come more unstable due to the increasing connection lergjéielen the stable high-field and
the unstable low-field side in close to double null configioreg. A study of type-1 ELMs on
AUG with the non-linear MHD code JOREK [62] proposes a merarfor the QCE regime
related to resistive peeling ballooning modes which appéhigh density near the separatrix
and prevent pedestal build-up and type-I ELM crashes [68{h¢é QCE regime, enhanced fila-
mentary transport at the plasma edge broadens the SOL pallveffflength by up to a factor
of 5 as compared to inter type-I ELM values and a density stesyb4,65] forms [66].

The QCE regime, with separatrix plasma parameters sinoldhase expected for a reactor
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FIG. 5: The QCE regime appears when type-l ELMs, detectethendivertor current/sgy,
vanish at high density (left) and in configurations closeaalale null (right), measured by the
distance of the separatrix from the second X-paiifiyp.

plasma, was further developed to integrate high energyrmemint and high density with a de-
tached divertor. Furthermore, in order to demonstratedhetor relevance of the QCE regime,
a discharge was designed that did not produce a single tigh#4I[67]. To avoid large ELMs
in the early phase of the discharge, it was started with a llasnpa current and high safety
factor q95, Wwhere the ballooning modes near separatrix are more uastafier the transition
to H-mode, the dynamic increase of the triangularity and ingptowards a double-null config-
uration was accompanied by strong gas fuelling. After reech flattop, a double feed-back
control was activated: The pre-programmed constant plasvadéue was controlled by the NBI
heating power and the divertor temperature was reduced ityatied nitrogen seeding in two
steps first to 10 eV and later to 5 eV. With a combined ECR, IC&RMBI heating power of 15
MW, this type-I ELM-free demonstration discharge achieagtl, = 2.1 and aHgg = 0.9 with

a partially detached divertor. The detachment is acconipddyy a modest loss of confinement
[67].

This promising regime for ITER and DEMO plasmas will be fentkdeveloped to achieve lower
qs values and a robust detachment scenario, where the cormrdhe X-point radiator (see
Sec. 5), which also appears during QCE phases, can make artamipcontribution.

3.5. Further ELM-free scenarios

On AUG, thequiescent H-modéQH-mode), an ELM-free operational regime previously dis-
covered on DIII-D [68], was observed for the first time on a ahetall device [69]. The QH
regime relies on strong plasma rotation and low edge dénsityl was obtained on AUG with
8 MW counter-NBI heating. The characteristic edge harmaosillation (EHO) was clearly
observed. However, the particle transport driven by the B3 insufficient to control the
impurity content of the discharges. Consquently, the QHsphaemained transient and ended
in a radiation collapse. Central ECRH to avoid impurity anclation resulted in high. /T;
ratios, one of the fundamental differences to previouseobed QH-modes on AUG equipped
with a carbon wall [70]. The stationarity of this regime inumgjsten device and the integration
of divertor detachment remain open questions.

First experiments were conducted to investigate the effiecegative triangular plasma shapes
on the discharge performance of AUG [71]. Shapes with uppeéi@wer triangularity ob,, =
—0.45 andd, = 0.05, respectively, with an average triangularitydof= —0.2 were achieved
on AUG. In discharges where the ECRH power was stepped upotat &MW at 80 % of the
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Greenwald density, the plasma edge remained in L-mode utitBbMs. At the same time the
normalized energy confinement was closéfig = 1 and also the power degradation followed
that known for H-mode confinement [71].

4. Importance of the outer plasma edge

For the ELM-free discharges discussed in the previous enhape importance of transport near
the separatrix as key element for the stabilisation of pgdballooning modes was pointed
out. The close connection between fluctuations in the owstmlasma edge and filamentary
transport in the scrape-off layer (SOL) is also evident wlagamining the density fluctuation

data in Fig. 6, which were obtained from a new helium beamrdiatic [72]. The 2D structures

of the density fluctuations covering near and far SOL as wsetha region up to 1 cm inside

the separatrix reflect the weakly coherent and quasi coheredes of the I-mode and EDA H-

mode, respectively, and the relaxation phenomena relatbeé small ELMs of the QCE regime.

Although the characteristic frequencies and degree ofnmteency are different, the figures

show the close correlation of edge fluctuations with ragialitward propagating filaments in

the SOL [73].

#36247 #36124 #34940

I ELMs |
|

smal

SOL separatrix I

time (s) !im.e‘('s) h . 7 time (s)
FIG. 6: Density fluctuations measured with the helium beaagibstics across the separatrix
during (from left to right) I-mode, EDA H-mode and QCE dises phases (adapted from
Ref. [73]).

A close correlation also exists between the electron pressecay lengths inside and outside
the separatrix and the power decay lengflover the different confinement regimes L-mode,
I-mode and H-mode. This was derived from edge Thomson scajtdata on AUG [74]. Fur-
thermore, the scaling behaviour of the power decay length separatrix plasma parameters
was studied beyond the previously addressed range of dgehavith low-density attached
divertor conditions to high density plasmas reaching thaétle density limit [75].

The data from the edge Thomson scattering diagnostic cadbimth the assumption of
Spitzer-Harm parallel heat conductivity was used to estém,. It was found that\,, which
scales about linearly with the poloidal Larmor radjys at low densities, undergoes an addi-
tional widening at higher collisionalities [75]. This wals@aseen in BOUT++ transport simu-
lations [76]. A scaling of the form\, = 2.1ppai(1 + 2.1} ) was determined, where increasing
values of the normalized collisionality;, which is the turbulence parameter introduced by
Rogers, Drake and Zeiler [77] and Scott [78], describes riduasttion of the turbulence char-
acteristics from drift-wave to interchange-like leadimgat sharp increase in radial transport
around the separatrix. Accordingly, for a valuengf= 1 the power fall-off length broadens by
a factor of about 3 also influencing global confinement. H-endidcharges with; > 1 do not
exist on AUG [75].
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FIG. 7: Operational boundaries in the separatrix electrolagma parameter space. Symbols
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H-L back transition prior to an L-mode disruption. (adapteEdm Ref. [75]). The parameter
ranges of an EDA H-mode and two QCE discharges are overlapddlze separatrix density
range expected for ITER [79,80] is indicated.

A subsequent study goes one step further by showing thateiheratrix plasma parameters
could be responsible for setting important operationalnolauies to tokamak plasmas such as
the density limit and the L-H transition. Based on a fundatadnterchange drift Alfvén turbu-
lence model [78], analytic expressions were derived whasttig. 7 shows, correctly describe
the boundaries between the separatrix plasma parametérsnofle and H-mode discharge
intervals as well as the boundary to the density limit [81].

In this model the L-mode density limit (red line) occurs a¢ tinansition from electrostatic
drift wave to electromagnetic resistive ballooning tugnde. The L-H transition (grey line)
occurs when the turbulence suppression byAhes flow shear caused by the ion background
pressure gradient, which is consistent with the neoclakgix B shear, is stronger than the
turbulent growth rate. Additionally diamagnetic afigtabilization of turbulence are included
[81]. At high density on AUG, H-mode discharges do not dismipectly, but undergo an H-
L back transition [82] which is partly attributed to the lasfsefficiency in the energy transfer
from turbulent fluctuations to the shear flow at high collmgbty or o, [81,83]. The relationship
between these observations and the plasma boundary flectsiavhich play a key role in the
ELM-free scenarios discussed in Sec. 3, will be addresskdtimer research.

In Fig. 7 the ranges of the separatrix plasma parametersnf®@A H-mode and two QCE
discharges are overlaid, with the EDA plasma differing frdme QCE regime by its lower
separatrix density and electron temperature. To disceseethtionship of these data with the
boundaries plotted in Fig. 7, it is important to know that thger were computed for a fixed
magnetic lower single null magnetic configuration. Poss#dfects due to the proximity to a
double null configuration, as used for QCE discharges, ohai@daries are currently not taken
into account. Under the assumption that for the near doubleonfiguration the boundary for
the H-L back transition limits the parameter range of the QIi¥harge toward high densities,
the fluctuations observed at the QCE plasma edge could bpiieted as a signature for a loss
of turbulence suppression liyx B shear at high collisionalities. Exploring this relationsis



ov/2-2

the subject of ongoing research.
5. Elements of effective power exhaust

On AUG different elements are routinely used for impuritgdi@g to selectively induce radia-
tive losses in the divertor plasma (nitrogen) [84—86] or pleesma edge (argon and krypton)
[53]. Simulations with the impurity transport code STRAHR&7] showed that the radiation
efficiencies of the impurities nitrogen and argon in the plasdge of AUG are strongly en-
hanced by charge exchange processes between highly iompedties and neutral hydrogen
[88]. This effect has been neglected so far and when exiaggubto ITER pedestal parameters,
it is predicted that it will also significantly increase thedestal radiation in ITER for the lighter
elements neon, argon, and krypton [88]. In this study, tgeradensities were evaluated based
on improved charge-exchange cross sections which wereedddom recent charge exchange
recombination measurements [89].

The distribution of seeded nitrogen and argon impuritigs/ben inner and outer divertors was
studied by means of SOLPS simulations [90]. It was found #hatodification of the main
particle sources at high seeding rates leads to a reverghkahain ion flows in the SOL,
which in turn leads to a redistribution of argon from the outethe inner divertor. The smaller
effect observed with nitrogen seeding is explained by tHaced radiation efficiency and hence
smaller effect on the particle source [90]. Furthermorghasimulations it was found that the
divertor impurity retention is determined by the relativespions of the ionization front of
the impurities and the impurity stagnation point in the diwe[90]. This relationship was
confirmed in a recent multi tokamak study using the SOLPSRThde [91].

The X-point radiator (XPR) refers to a dense, cold and strongly radiating plasahanve lo-
cated in the confined region above the X-point. It is obsewhkdn the outer divertor is de-
tached under nitrogen or argon seeding in the metallic dsvidJG [85] and JET [92]. The
electron temperature in the XPR volume is of the order of M-2rd the density is well above
10%° m=3. This was previously inferred from spectroscopic measerer{85] and recently di-
rectly measured with the new divertor Thomson scatteriagibstic. On AUG, the position
of the X-point radiator can be derived in realtime from linéeigrated radiation measurements
of an AXUV diode bolometer array and it can be actively mataped up to 15 cm above the
X-point by adjusting the heating power or the impurity segdiate [3]. Due to the magnetic
flux expansion near the X-point, a vertical distance of 10 omeasponds to a distance from the
separatrix at the outer midplane of only a few millimeter .

Figure 8 shows time traces of a discharge, where the X-padthi&tor position was programmed
to be moved 10 cm into and out of the plasma. The measured XBiqgpofollows the pre-
programmed waveform with stable discharge phases at atiggus The reduction in seeding
rate later in the discharge shows that the process is rélems the XPR moves back down.
For XPR positions higher than 8 cm above the X-point, theyifeMs disappear. During the
ELM-free phase the radiative power fraction is 90 % and a @Bxadd density offew ~ 0.8 and

a confinement factor affog = 0.95 were achieved. Since the occurrence of the XPR is linked
to the detachment of the outer divertor [85], this contrdiesoe is a useful tool to control
detachment and to avoid the generation of unstable mard¢sain lead to disruptions.

To contribute to the investigation of alternative divertonfigurations, such as the snowflake di-
vertor [93], a new divertor will be installed on AUG during aesyear shutdown in 2022/2023.
While the ITER like lower divertor remains unchanged, the ngper divertor will allow a con-
tinuum of configurations between single null and snow-fl&&95]. Preparatory SOLPS simu-
lations have indicated that the increased flux expansidmeipteferred low-field side snowflake
minus (SF) configuration should facilitate detachment with nitrogeeding [96].
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FIG. 8: XPR position control (a) by nitrogen seeding (b) with ELM-free phase at high
confinement and density (c) (adapted from Ref. [3]).

Recently, the SOLPS-ITER code [97] was used investigatetieet of plasma drifts on the
SF- divertor plasma [98]. Compared to a reference case withofis dhe simulation showed
an increased asymmetry of the power loads on the inner amd dwertor targets. Th& x B
and diamagnetic drifts, which were fully activated in thmslation, increase the power load-
ing on the outer divertor. The drifts also enhance the rattiaés field transport and lead to
a redistribution of the power between the primary and seapnstrike lines of the outer di-
vertor, increasing the power at the strike line connectetthéoinner SOL. In agreement with
experimental observations on TCV [99], the drifts also atlpewer to a third strike line that is
magnetically disconnected from the outer mid-plane SOIL.[98

Since the AUG will be equipped with both an ITER-like diveremd a flexible snowflake di-
vertor starting in 2023, the evaluation of the best diveswution for a fusion reactor will be
possible on a single device.

6. Summary

A summary of selected results from recent experiments pedd at the ASDEX Upgrade

(AUG) tokamak was presented. They aim of the work is to furttevelop the physical un-

derstanding of fusion plasmas and to improve models fortoegtasma predictions as they
are integrated in the ASTRA-IMEP code package developedd@.AThe main results are as
follows.

In the plasma center, theoretical predictions on magnetcglmping were confirmed exper-
imentally. The plasma current redistribution at higHacilitates the operation of advanced
plasma scenarios in a reactor with central current drive afuantitative modelling of the core
heat and particle transport, the effects of fast particitrithution functions on the turbulence
play an important role. They are found to be mainly respdadix the core isotope effect,

where in deuterium the longer slowing-down time of NBI ionmsguces a larger fast particle
content and thus a stronger reduction of turbulent trarispbee inclusion of fast particles also
improves the theoretical description of experimentallgated hollow lowZ impurity pro-
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files. On AUG the fast particles originate from NBI or ICR hegt For reactor predictions it
will be necessary to transfer this effect to non-thermahrticle distributions.

Important for ITER operation in the pre-nuclear and in th& phases is the investigation of the
L-H power threshold. It is shown that the threshold poweraig® on the hydrogen level when
up to 20 % of helium is added to a hydrogen plasma and that teshtbld power continuously
increases from the deuterium to the hydrogen level whenyleolgen concentration is raised
from O to 100 %, with a steeper slope above a concentratiohaits60 %.

An integrated naturally ELM-free high confinement plasmanseio would be of great advan-
tage for a safe operation of a fusion reactor. Experimeatallts from six different confinement
regimes without large ELMs were compared on the same tokaiiraksport by turbulence or
coherent modes that flatten the pressure gradient of themdgma was identified as a com-
mon cause of peeling-ballooning stability and ELM suppressThe integration of high edge
plasma density and divertor detachment is another obstadle overcome on the way to a
reactor scenario. This applies in particular to ELM supgia@asby magnetic perturbation coils
and to the QH-mode, while in I-mode plasmas detachment ointier divertor and reduced
power loadings on the outer divertor where achieved by génoseeding. Furthermore, the
regimes must be developed towards higher heating powershwémains difficult for I-mode
and EDA H-mode plasmas. For the latter, radiative coolinfpefplasma edge by argon seeding
was demonstrated to be a promising resource.

Plasma shaping and strong gas fuelling appear to be impatements to achieve ELM sup-
pression in the QCE regime, which is the candidate regimecinaently operates closest to
a reactor relevant integrated scenario. Higballooning modes near the separatrix are made
responsible for a local flattening of the pressure gradidrithvenhances peeling-ballooning
stability. A QCE demonstration discharge without any lafdéM at high heating power and
close to the density limit was presented. The discharge swmrlhigh confinement with a
partially detached divertor. For detachment control o$ thnd other discharges, a feedback
controlled X-point radiator is an important element. Sudoatrol scheme was established and
used to create stable and detached ELM-free phases atnefmrameters.

The plasma parameters near separatrix, which in AUG areondiar from those in a reactor,
prove to be not relevant only for ELM suppression but alsadfescribing important operating
limits of tokamak plasmas. Analytic expressions derivexfrgyro-fluid turbulence equations
reproduce the experimentally found boundaries for the ldengensity limit, the L-H transition
and the H-mode density limit, which is set by the H-L back siian at high densities. The
separatrix parameters of the QCE discharges extend to lgtldnsities and high temperatures
inside the H-L transition boundary into the region of exped{TER separatrix parameters.

To evaluate the best divertor solution for a fusion reactoiGAwill be equipped with an ad-
ditional flexible divertor geometry from 2023 on. The firstIS€5-ITER simulations of the
expected plasma in a snow-flake minus configuration witly fattivated plasma drifts showed
favourable detachment properties and an activation of diiadal strike point.
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