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Abstract

The closed ASDEX Upgrade divertor |1 “Lyra’ is capable to handle heating powers up to 20 MW or
P/R of 12 MW/m due to a reduction of maximum heat flux to the target plates by more than afactor of
two compared to the open divertor |. This reduction is caused by high radiative losses from carbon and
hydrogen inside the divertor region and isin agreement with B2-Eirene modelling predictions.

At medium densitiesin the H-mode thetype-| ELM behaviour shows no dependencefrom the heating
method (NBI, ICRH). ASDEX Upgrade-JET dimensionless identity experiments showed compatibility
of theL-H transition with core physics constraints, whilein the H-mode confinement inconsi stencieswith
the invariance principle were established.

At high densities close to the Greenwald density the MHD limited edge pressures, influence of di-
vertor detachment on seperatrix parameters and increasing edge transport lead to limited edge densities
and finally temperatures below the critical edge temperatures for H-mode. This resultsin a drastically
increase of the H-mode threshold power and an upper H-mode density limit with gas-puff refuelling. The
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H-mode confinement degradati on approaching thisdensity limit is caused by the ballooning modelimited 0oV4/3
edge pressures and “ stiff” temperature profilesrelating core and edge temperatures. Repetitive high-field
side pellet injection allowsfor H-mode operation well above the Greenwald density, and moreover higher
confinement than with gas fuelling is found up to the highest densities.

Neoclassical tearing modes limit the achievable B depending on the collisionality at the resonant sur-
face. In agreement with the polarization current model the onset B is found to be proportional to theion
gyro-radiusin the collisionless regime, while higher collisionalitiesare stabilizing. Thefractional energy
loss connected with saturated modes at high pressures is about 25 %. Reduction of neoclassical mode
amplitude and increase of 3 has been demonstrated by using phased ECR heating and current drivein the
islands O-point.

Advanced tokamak operation with internal transport barriers for both ions and electrons have been
achieved with flat shear profilesand gp > 1 or with reversed shear and i, > 2. With flat shear astationary
H-mode scenario was maintained for 40 confinement times and several internal skin times with By = 2
and an H,ter_gop = 2.4, where fishbones keep the gg at one. By is limited by either neoclassical tearing
modesin case of flat shear or kink modes with reversed shear.

1. Introduction

The ASDEX Upgrade non-circular tokamak programme has largely been concerned with edge and
divertor physicsin the high-power H-mode regime with the new Div Il divertor configuration, with the
aim of identifying and optimizing ways for safe power exhaust and particle control (ash removal). Ad-
ditionally, during the last few years core physics, confinement and performance related, have played an
increasingly important role. Especially edge-core interaction has been the subject of pioneering work in
ASDEX Upgrade. The edge operational diagram introduced characterizes different edge operating con-
ditions for L- and H-mode in connection with the ballooning and density limits. MHD stability and
limits aswell as the avoidance and mitigation of disruptions have been further main topics. Investigation
of scenarios and physics of advanced tokamak plasma concepts has also been started. Alignment of the
internal transport barrier with the optimal shear profile and the compatibility of thisnew ideawith station-
ary operation at high power and, simultaneously, a cold divertor are to be the key elements of this future
programme.

Here the similarity of ASDEX Upgrade to ITER in poloidal field coil system and divertor configu-
ration makes it particularly suited to testing control strategies for shape, plasma performance and mode
stabilization (e.g. feedback stabilization of neoclassical MHD modes with ECRH/CD). Additionally, the
similarity in cross-section (R/a= 3.3, ¥ < 1.8, & < 0.2) to other divertor tokamaksisimportant in deter-
mining size scalingsfor core and edge physics. This collaborativework, including extrapolationto ITER
parameters, has continued with emphasis on the confinement scaling at high densities.

Since the summer of 1997, ASDEX Upgrade has been operated with the new Div Il installation,
“LYRA", and with a cryompump (100 m?/s pumping speed), both shown in Fig. 1 together with the pre-
vious configuration (Div I).

Figure 1: Poloidal cross-section of the original ASDEX Upgrade Divertor | (Ieft) and of the new Diver-
tor I (LYRA, right). The flux surfaces in both figures have aradia separation of 12 mm in the plasma
midplane.



While Div | used flat target plates (covered with fine-grain graphite) close to the X-point to benefit OV4/3
from thelarge flux expansion there, Div Il hasvertical, lyre-shaped targetsto reflect the neutrals created
at the target preferentially towards the power-conducting sheath close to the separatrix, and to make the
target heat load distribution as homogenous as possible. Details of the design, which is rather similar to
the present I TER reference design, are described in [1].

At the same time, the heating systems were substantially upgraded. For neutral beam injection of D°
at 60 keV, asecond injector box was installed, providing atotal NBI power of 20 MW in D%, and 14 MW
inHC. The scaling parameter P/Rfor divertor dischargesnow reachesvalues of about 12 MW/m, roughly
afactor of only 3 below the ITER value. This heating power further allows 3 limit and MHD stability
studieswith toroidal fields of up to 3 T and extended H-mode studiesin hydrogen. Thel| CRH system was
equipped with 3 db couplers [2] to enhance the system efficiency in ELMy plasmas, alowing coupling
of the full power of 5.7 MW. The ECRH system now consists of two gyrotronswith a power of 0.8 MW
for 2 s, dlowing stabilization of neoclassical modes [3,4], and transport studies, as described later. The
pellet injection system was modified to allow pellet injection from the high-field side (HFS) now also with
acentrifuge[5].

The following sections discuss the main topics of the ASDEX Upgrade experiments, viz. energy and
particle exhaust (Sect. 2), confinement (Sect. 3) and H-mode physics (Sect. 4), operation at high density,
including high-field-side pellet injection (Sect. 5), characterization and feedback stabilization of neoclas-
sical tearing modes (Sect. 6) and concept improvement with internal transport barriers, demonstrating the
possibility of steady state together with an H-mode edge (Sect. 7).
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2. Energy and particle exhaust

A detailed overview of energy and particle exhaust in Div 1 is presented in [6]. The LY RA divertor
has been very successfully operated, and the maximum heat flux on the target plates has been reduced by
afactor of more than 2, compared with Div | (Fig. 2). The maximum heat flux in discharges with input
powers of up to 20 MW is below 5 MW/m?2. This reduction of the power flow results from an increased
radiative power loss, which is concentrated in the divertor region. With Div |1, about 45 % of the input
power isradiated below the X-point (75 % total). Most of the divertor radiation is concentrated in asmall
emission zone along the separatrix, as measured with bolometry during a vertical sweep of the plasma.
Thiswas already predicted by modelling with the B2-Eirene code, and the agreement is shown in Fig. 3.
There are two pronounced radiation density peaks in both the inner and outer divertor fan with values
of up to 15 MW/m?®. The predicted radiation band is clearly seen with a width of afew centimetres and
aradiation density of about 3-4 MW/m3 at the inner divertor. Since there are no suitable lines of sight
for the outer divertor yet, the corresponding band cannot be detected there. 1n the main plasma one finds
radiation mainly along the separatrix with radiation densities below 1 MW/m?.

The enhanced divertor radiation isnot caused by astronger influx of carbon, but isdueto anincreased
combined radiation efficiency of carbon and hydrogen in the divertor plasma. Carbon cools the SOL
plasma down to the 5 eV region, where hydrogen losses become significant. This processis based on
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Figure 3: a) (left): B2-Eirene modelling of the radiation distribution predicts radiation bands between
the X-point and strike points. b) (right): The reconstructed radiation distribution using virtual lines of
sight during vertical shift of the plasma reveals a narrow radiation band between the inner strike point
and X-point.

the interplay between the following four effects, as could be partly disentangled by 2D modelling and
experimental parameter variations:

— Neutrals are reflected towards the “hot” separatrix region due to the highly inclined target plates.

— The high density and an electron temperature of a few eV allow effective radiation of hydrogen.
Carbon produces the necessary pre-cooling of the divertor plasma to make the hydrogenic losses
more effective.

— The volume for radiation is increased by broadening of the SOL due to radial transport. Thisis
especially the case for discharges with type-I| ELMs, asis found experimentaly [7]. Under these
conditions (Pheat > 2.5 MW) the boundary is at the ballooning limit, resulting in an increase of x|
with rising power.

B2-Eirenemodelling describesthe experimental dataif the carbon sputter yield and the perpendicular
transport coefficients are properly adapted, and allows an insight into the physical mechanisms responsi-
ble for the increase of the divertor radiation [8].

The fact that the fractional radiative loss in the divertor is rather independent of the heating power
suggeststhat self-regulating mechanismsare effective. For relatively cold divertor conditions, theparticle
flux at the target increases with the power flowing into the divertor, leading to higher radiative losses.
In addition, the dependence of the carbon erosion on particle flux and impact energy may contribute to
keeping the divertor radiation resilient to strong variations of the input power.

The modified divertor geometry also strongly influences the compression (defined as
No,div/ Mion,edge) OF deuterium aswell as helium, aswas predicted by B2-EIRENE modelling [8]. For both
ion species, the compression ratio in Div |1 ismuch larger than in Div |, resulting in practically identical
enrichment ratios for helium [9] and identical values for p* = 1},./te = 4...6.

3. Confinement physics

3.1. Confinement identity in ASDEX Upgradeand JET

Confinement identity experimentswere conducted in ASDEX Upgrade and JET [10] inwhich thedi-
mensionlessvariables (p*, v+, ) and plasma shape were made the same. Asexpected, Bite isthesamein
the two devices at low density but not at high density (ne/new = 0.8). It seemsthereforethat the physics
of confinement degradation with increasing density, which is related to edge effects (Sect. 5 and Ref.
[11]), is not necessarily compatible with the invariance principle, at least not in the form used here. This
is supported by the analysis of profileswhich at both low and high density exhibit a good match of den-
sity and temperature and therefore of px, v« and . However, it reveals that the NBI power deposition
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profiles were significantly more peaked in JET than in ASDEX Upgrade, leading to a factor of about 2 Q\/4/3
difference of the heat fluxesat mid-radius. Thisleadsto acorresponding difference of diffusivity although
the dimensionless parameters are quite similar.

3.2. Transgport studieswith ECRH

On- and off-axis ECRH has been applied to ohmically heated plasmas. Between 300 kW and 600 kW
of RF power was injected at about mid-radiusinto discharges with about 800 kW of ohmic heating. On
top of this, a 10% power modulation at 30 Hz was added to study the behaviour of transient transport.
Comparing on- and off-axisinjection, the temperature profiles remain quite peaked in the off-axis case.
Analysis of the power balance and heat pulseslaunched by modulated ECRH indicate a strong transport
reduction in the central region, between the ECRH deposition and the plasmaaxis, to sustain such peaked
profiles. The possibility of an anomalous inward heat pinch can be ruled out.

Heat pulse propagation from ECRH modulation and sawteeth was compared over a large range of
plasma parameters [11] with NBI background heating up to 5 MW and hydrogen or deuterium gas. The
ratio of the heat pulse (x"") and power balance (x"B) diffusivities in deuterium strongly increases with
heating power up to about 10 (ECRH modulation), while it is 15 for sawtooth heat pulses at Piegt = 5
MW. This suggests that transport might be determined by a critical gradient effect. Theratio xHP/x"Bin
hydrogen exhibits a weaker increase with heating power up to avalue of 3. Generaly, it is observed that
xHP from sawteeth is up to twice as high as that from ECRH modulation.

3.3. Profilesaturation and isotope effect

For both isotopes a temperature profile saturation with increasing heating power is observed in AS-
DEX Upgrade. The stationary high-power deuterium data well below ngy fit the thermal ITER ELMy
H-mode scalings. The hydrogen data show an even stronger confinement decay with increasing power
whichisonly compatiblewith the scaling if a (log-linear) interaction term for the power and i sotope mass
A isincluded [12]. For apair of discharges with identical global parameters except for A; and the same
density profiles the variation of the confinement was a factor of two larger than expected from the scal-
ing. The corresponding Te profilesdiffer by aradially constant factor, exhibiting “ stiffness” as described
in Sect. 5.

4. H-mode threshold

Thescaling and physics of the H-mode threshol d has beeninvestigatedin ASDEX Upgradein various
regimes[13,14]. With Div |1, theH-mode power threshold, expressedin termsof e x B, hasincreased by
about 20 %. However, the dependence on the edge density is unchanged and the scaling difference orig-
inates from a dightly different density profile peaking in the two geometries, which is generally visible
in L-mode. The critical edge temperature for the H-mode transition in hydrogen and deuterium plasmas
differs by only about 20 % for similar parameters, i.e much less than the heating power isotope effect
of afactor of 2. A simple scaling has been found which describes the H-mode threshold in local edge
parameters[15,16] even in cases where the power threshold diverges.

Identity experimentsin JET and ASDEX Upgrade have been used to test the compatibility of local
parameters at the L-to H transition with Kadomtsev constraints [10,17]. B, | and the edge density are
adjusted to match dimensionless parametersin the two machines of different size. Unlike in confinement
similarity studies, the heating power cannot be varied in order to achieve a match, but is defined by the
occurrence of the H-mode transition. Thus, in principle, only 2 out of 3 dimensionless parameters p*,
and v* can be matched. It was found, however, that p* and B at the transition depend only weakly on v*
and all three parameters can be simultaneously matched . Figure 4 showsthat even the T profile shapes
at the L-H transition satisfy the core Kadomtsev constraints. This demonstrates compatibility with the
Kadomtsev constraints, e.g. all H-mode physics models based entirely on Fokker-Planck and Maxwells
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eguations. An alternative assumption of atomic physics being relevant, e.g. viaionization or charge ex-
change processes, would lead to a different scaling of dimensional parameters with size[18].

H-mode theories which aim at explaing the driving and inhibiting forces for the observed build-up of
theradial electric field E; [19] have been tested on ASDEX Upgrade. A quantitative comparison of the
neutral friction force, using 2D EIRENE Monte Carlo neutral transport calculations, with neoclassical
viscosity has been done in full geometry [20]. In typical medium-density cases, the neutral forces are
weak and can affect E; only through their effect on toroidal rotation. Due to experimental uncertainties,
in particular in the mutual alignment of various measured edge profiles, it isvery difficult to estimate orbit
effects. Monte Carlo charged-particle calculationsin full ASDEX Upgrade flux surface geometry show
that the ion orbit loss current may account for the driving forces needed to compensate for the effect of
neoclassical viscosity [21] a v* =~ 1. However, experimentally the H-mode transition is achieved in a
wide range of collisionalities, ranging up to much higher values. A possible driving mechanism of E x B
rotation is Reynold stress due to the turbulence which causes anomalous transport. Various simulations
of edge transport in the drift-Alfvén-ballooning regime relevant at the plasma edge have been performed
[22—-24], but so far no definite picture exists on whether such an effect is obtained in alocal model or not.

In ASDEX Upgrade, for powersranging from 2.5 to 5 MW, with the plasmafar into the H-mode (1.5
to 3 times the threshold power, clear type | ELMS), no differences were observed in the ELM behaviour
between NI and ICRF heated plasmas. Not only is the ELM frequency at the same power and density
identical, but the average edge electron temperature (near the separatrix, 0.95 < ppo < 1.05) and the
amplitude of the variation of the edge €l ectron temperature due to the ELMs are the same [2,25].

5. Highdensity H-mode operation

Dedicated experiments over awiderange of plasmaparametersare carried outin ASDEX Upgradeto
investigate confinement and operational limits. The H-mode density limit [26] is closely connected with
aback-transitionto L-mode, followed by thetypical L-mode density limit scenario [27], full detachment,
MARFE expansion onto the closed flux surface, resistive MHD and eventually disruption. Thissequence
isroutingly interrupted in ASDEX Upgrade, where after detection of an expanding MARFE the control
system automatically increases the heating power and cuts off the gas puff, thereby avoiding a density
limit disruption. Asafinal protection method, an impurity-doped “killer pellet” or high gas puff is used
to mitigate the disruption.

A wideparameterrange(lp =0.4...1.4MA,B;=1.3...3T, Ryg = 2.5...20 MW) was used together
with controlled optimum heating-power-dependent neutral-gas flux to identify scalings with increased
precision. At high densities, core fuelling by gas puff becomes inefficient, and the density profileflattens
with increasing fuelling rate (see below). Figure 5 (a) shows the measured heating power dependence
of the density limit, normalized as afirst approximation to the Greenwald density ngw [29]. The power
is normalized to By (Me = New) o< NewBt o< ng to reflect the L-H transition power threshold found at
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Figure 5: (a) H-mode and L-mode density limitsin global operation space, showing a strong deviation
of the H-L back-transition from the Py, o e By scaling near n'SW, (b) comparison with boundary layer
(BLS, Ref. [28]) and Greenwald scalingsin aB; scan (see text).

low and medium densities (R o< NeB;) extrapolated to the Greenwald density ngw = Ip /ma?. At high
density, the heating power needed to stay in the H-modeincreases significantly abovethethreshold scaling
at lower densities, resulting in aweak power dependence of the H-mode density limit, ng® o< P21 [5].
Thewide parameter variation can be used to test more-physics-based scalings derived from edge physics,
e.g. the H-mode density limit scaling proposed in Ref. [28] on the basis of boundary layer transport at the
onset of detachment (BLS, nS-S o<« P%1BY3/¢3:) in comparison with the Greenwald scaling (GW, n§W o
Bi/qgs). As the two scalings differ mostly in their B; dependence, a B; scan is used for discrimination.
Figure 5 (b) showsfits to the experimental datang®, individually normalized to the scalings (curves) and
the residuals with respect to afit to the data points alone (circles). Thisfit yields ng® o< P-2BY6/55°,
whichiscloseto the BLS model and has anoticeabl e difference to apure Greenwal d-type scaling. Local
edge parameter measurements[30] reveal that near the H-mode density limit the onset of detachment in
between and during type-111 ELMs occurs at edge collisionaliti es close to those encountered at the H-L
back-transition. The back-transitionitself is recognized as abreakdown of the temperature gradient (edge
transport barrier) inside the separatrix. It isnot clear whether this apparent change of radial transport has
a causal relation to the detachment or is caused by an independent mechanism. One possibility might
be a collisionality dependence of anomal oustransport at high edge B (near the ballooning limit). Current
transport simulations disagree whether thiseffect is created locally by drift-Alfvén-ballooning turbulence
[22] or not [23].

For densities raised towardsthe density limit, confinement deterioration with respect to H-mode scal -
ing laws and reduction of stored energy are found [16]. Thisisillustrated in Fig. 6 afor a density ramp
experiment, where the neutral-gas flux and the heating power were raised together to avoid MARFE for-
mation. Even with increased heating power, the H-factors relative to L-mode (H,tgrgop) and ELMy H-
mode (Hiteraopy) decrease by about 50% when a density of 90% ng\y ia approached. The origin of this
degradation can be inferred from the profiles, taken at 3 different times, demonstrating that this deterio-
ration is due to an edge-core relation via stiff temperature profiles. Increasing the density by gas puff, the
main density risetakesplace at the edge, |eading to flattening of density profiles(Fig. 6 b). Inregimeswith
sufficient heating power flux, e.g. in type I-ELMy H-mode or in type I11-ELMy phases with high power
near the H-mode density limit, alimitation of the logarithmic gradient T'/T = 1/Ly is observed [11,15],
independent of (varying) power deposition profiles, radiation profiles, gas puff and density range. The
self-similar profiles lead to arelation T(0) o« Tegge. With increasing edge density, the pressure gradient
limit due to ELMs, in conjunction with a fixed edge pedestal width, forces a reduction of edge tempera-
ture, which in turn leads to reduction of the core temperature (Fig. 6 ¢). Shown areion temperatures, but
the same observation is made for electron temperatures as well. Asthe density profileis essentially flat,
areduction of the volume-integrated pressure or thermal stored energy results.

One can expect to achieve improved confinement if high core and low edge densities can be com-
bined, i.e. if asignificant density gradient can be maintained in the confined plasma. Thisis achieved
by pellet injection, in particular from the high-field side [5,31], which results in improved fuelling effi-
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Figure 6: Time traces (a), Density (b) and ion temperature (c) profiles for a density ramp experiment.
With increasing edge density, the edge temperature and core temperature drop, |eading to deterioration of
confinement.

ciency and deeper pellet penetration compared with injection from the low-field side with the same pell et
parameters. Figure 7 (a) shows density profilesin the course of a pellet train. The edge density gradi-
ent zone is extended into the core plasma, leading to a larger core density with a moderate increase of
the edge density. Compared with gas puff, first amuch higher density well above the Greenwald density
limit can be achieved. Secondly, at any given density, improved confinement is found (Fig. 7 b), but the
envelope of all pellet dischargetrajectories still indicates areduction of confinement with increasing den-
sity, in contrast to the prediction of the ITER H92P(y) confinement scaling. While at low heating powers,
high confinement can be achieved together with operation well above ngy, at high heating power the en-
ergy content decreases with increasing density already below ngy. Thisisat least partly due to the fact
that core temperature profiles are limited by the edge pressure gradient, which has a very weak power
dependence[32].
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6. Neoclassical tearing mode studies and ECCD feedback stabilization

The onset of neoclassical tearing modes (NTMs) leadsto the most serious 3 limitin ASDEX Upgrade.
The B, valuefor theonset of such modesisfound to be proportional to theion gyro-radiusfor collisionless
plasmas as proposed by theion polarization current model [3]. Within this model one arrivesat Bp onset o<
a(e, Ver ) - pp With g(e, Ver 1) = €3/2for ver < Land 1for verr 3> 1 (Ver s = Vii/ (ME®y) ~ v*/p*). w3 is
the electron diamagnetic drift frequency. In Fig. 8,the onset conditions in the much more unstable colli-
sionlessregimeves s < 1 arerepresented, and the Bp onset o p*;) scaling onion massisshown for different
species. Using the stabilizing effect of higher collisionalities, a scenario was developed for plasma dis-
charges at high density with large heating power and energy content in which the limiting (3/2)-mode can
be avoided in ASDEX Upgrade. Asshown in Fig. 9, this scenario has allowed stationary high values of
B [33].

Only islandslarger than aminimum “seed” island have positive growth rates. In ASDEX Upgradethe
seed island is often produced by sawteeth, although sometimes neoclassical modes start after fishbones
or even grow spontaneously [34]. Although the seed island creation by the (2,2)-precursor of a sawtooth
isregarded as the most common mechanism for the triggering of NTMs, in ASDEX Upgrade it has been
found that the sawtooth crash produces a (3,2)-seed island directly, without a coupled (2,2)-mode. Since
fishbones are usually regarded as an ideal instability, acting only on the fast particle distribution, they
should not be able to produce magnetic reconnection [35]. Nevertheless, it has been shown that fishbones
do change the temperature of the background plasma on a much faster time scale than would just follow
from the redistribution of the fast particles and the accompanying reduced heating power. For an NTM
following fishbones, B, is higher than in cases with a sawtooth trigger, indicating that fishbones are less
efficient than sawtooth crashes in producing seed islands [34].

The degree of confinement deterioration due to neoclassical tearing modes has been investigated and
compared with corresponding numerical smulations[36]. Thefractional energy lossdueto a(3,2)-mode
was found to saturate for high pressures at around 25 %, which isin good agreement with the theoretical
results. Thereby the theoretically derived saturation of theisland width with plasma pressure, the confine-
ment deterioration with increasing island width and the observed density decrease influencing the energy
confinement as described by the ITER-97P H-mode scaling have been combined.

Sinceneoclassical islandsaredriven by the vanishing bootstrap currentinside theisland, thegrowth of
these modes can beinfluenced by phased heating and current driveinto the O-point of theisland. Recently,
a reduction in amplitude of a neoclassical (3,2) tearing mode and partial recovery from an initial drop
of B by 40 % were been achieved in ASDEX Upgrade by using modulated ECCD/ECRH [4,38] with a
maximum pulse length of 200 ms, see Fig. 10. The resonance position was adjusted according to the
island location detected by ECE. The ECCD timing was controlled by Mirnov signals of the modeing
such away as to drive current only in the island O-point.

In numerical simulations, including an externally driven current into Ohm'’s law, one finds that sta-
bilization of neoclassical tearing modes should be possible if the external current replaces the missing
bootstrap current inside the island [37]. The driven current has been calculated using a dynamic model
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threshold is reached.

based on a 3D Fokker-Planck code coupled to the electric field diffusion and the island evolution equa-
tions. The stabilization efficiency strongly depends on the width of the driven current layer. If the current
layer width is small enough, one can completely stabilize the island since the pressureis not completely
flattened across small islands, resulting in a reduced driving term due to the smaller helical hole in the
bootstrap current.

7. Advanced tokamak operation

Improved core confinement due to modification of the current profile has been observed in severa
tokamaks. Common to these regimes of operation is the flattening of the central current profile corre-
sponding to a zero or even negative value of the central magnetic shear (s = g% where q is the safety
factor). Thereisincreasing evidence that, in addition to magnetic shear stabilization, acombination with
E x B shear stabilization is required for the initiation of internal transport barriers (ITB) [39,40].

On ASDEX Upgrade, various operating scenarios have been tested to achieveimproved core confine-
ment by modifying the current density profile by means of early additional heating in the current ramp to
reduce current diffusion at low initial density (Ne < 3 x 101 m=3):

1) ITBswith an H-mode edge in combination with aflat, but still hollow, g-profilewith qg > 1 are ob-
tained, which offer stationary, inductively driven H-mode operation with increased performancein terms
of confinement and B. Such g-profileswith gg = 1 — 1.5, resulting in |; values above 0.8 at qgs > 3 to-
gether with broad pressure profiles (po/ < p >< 3), helpto avoididea kink modesoccurring at B > 4l;
without wall stabilization. By values between 3 and 4 would be possible, if the neoclassical tearing modes
unstable under these conditions for By > 2.2 could be stabilized by active feedback control as described
in the previous section. Plasma shapeswith higher elongation k and triangularity & than those now being
used in ASDEX Upgrade (k < 1.8,8 < 0.2) should help by reducing A'.

10
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ITB and H-mode edge. The toroidal magnetic

2) ITBswith reversed shear and g, Values above 2 could only be transiently established in ASDEX
Upgrade both with plasmaedge parameters comparableto L-mode and with an H-mode edge. Here, ITBs
with L-mode edge are distinguished by steep pressure gradients in the barrier region, while discharges
with improved core confinement and H-mode edge exhibit more moderate gradients. These current pro-
fileswould offer the route for true steady-state, non-inductively driven tokamak operation combining im-
proved performance and high bootstrap current fraction fps = lps/Ip o BnGgsV/A, at high ggs > 4 and
Bn > 4. Low (m,n) neoclassical tearing modes are avoided by the reversed shear and gnin > 2, but ideal
kink modes are already unstable at low By values due to the broad j-profilewith low I; values. Wall sta-
bilization, broad pressure profiles and plasma shapes with high elongation and triangularity are therefore
needed to achieve By > 4. The possibly arising resistive wall modes would again need active feedback
control by coils creating toroidal n=1 and 2 components at the wall.

7.1. Stationary H-modewith improved core confinement

A stationary regime of operation has been found which shows improved core confinement of both
electronsand ions caused by an internal transport barrier (ITB) in combination with an H-modeedge[41].
In Fig. 11, the main plasma parameters of such a discharge are illustrated. During the current ramp of
0.8 MA/s moderate neutral beam heating of 2.5 MW is applied. Att = 1 sthe X-point is formed and
the L-H-transition occurs. After the current flat top isreached, the NBI power israisedto 5 MW and the
line-averaged density is kept at 4 x 10%° m~3,

Whilethe electron and ion temperatures increase at the same rate during the current ramp at a heating
power of 2.5 MW, T; reaches ailmost twice the value of T, when the heating power is doubled. Central
valuesof Ty = 10 keV and Te = 6.5 keV, Hi1grsg—_p = 2.4, and By = 2 are maintained for 6 s, only limited
by the programmed duration of the NBI. This correspondsto 40 confinement times or 2.5 resistive time
scalesfor internal current redistribution, which hereisthe time taken by a current perturbation to diffuse
over half of the minor radius. The perturbation was assumed to be located inside the half-radius region
and to conserve the total plasma flux. The 8-channel motional Stark effect (M SE) polarimeter data show
that the current profile remains stationary shortly after thefull neutral-beam power isapplied. Inaddition,
the measured |oop voltageis al so stationary within 10 %. Thesedischargesresultedin the highest value of
Np,o X Tio X Te (7.5 x 10 keV sm~3 for 6 sand 8 x 10%° keV sm=3 for 1 s) so far observed on ASDEX
Upgrade.

The profiles of the plasma temperature, density and toroidal rotation velocity (see Fig. 12) show, in
addition to the H-mode pedestal, a step starting at pior = 0.6 which, compared with ASDEX Upgrade

11
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transport barriers with L-mode edge, is less pronounced. The density peaking is ngo/Me = 1.5. Energy
transport has been analyzed with the 1-1/2-D ASTRA code. In the central regions of the plasmatheion
thermal conductivity drops to neoclassical values, but also the electron thermal conductivity is at alow
level, indicating that the transport reduction is not limited to theions, as seen in Fig. 13.

The only MHD activity observed in the core of the plasmais strong (1,1) fishboneswhich start at 1.1
sat p =~ 0.2 and accompany the entire 5 MW heating phase, indicating that the central g isin the vicinity
of one; but not low enough for the formation of sawteeth. These fishbone oscillations seem to behave
like aresistive MHD instability [35]. Similar to sawteeth, but on a much faster time scale of 1 ms, the
soft X-ray (SXR) and T (from ECE) profiles show arelaxation oscillation expelling energy and possibly
also impurities. The magnetic reconnection due to fishbones would also explain that, despite g being in
the vicinity of one, sawteeth do not appear, since the fishbone oscillations could serve as a mechanism
for keeping g at one. This is supported by the ASTRA calculations, which solve the current diffusion
equation using the experimental temperature and Zg¢+ evolution, using Kadomtsev reconnection, which
redistributes the central current as soon as g drops below one. The resulting g-profileisflat in the centre
with g linside pyor = 0.2, whichisconsistent with the location of the (1,1) fishbone mode derived from
the SXR oscillations. Without this mechanism a stationary current profileis not attained in the transport
calculation.

The composition of the current density profilefrom ASTRA isillustrated in Fig. 13 b. Thetotal cur-
rent profileisflat inthe centre, but still monotonic, which is supported by the bootstrap current having its
maximum closeto the centre due to asmaller pressure gradient as compared with internal transport barri-
erswith L-mode edge. These stationary dischargeswith ITB are mainly inductively driven (Uoop = 0.15
V) and exhibit on-axis peaked ohmic, bootstrap and beam ion driven currents. The moderate bootstrap
current fraction of 25% of 1, is dueto the By = 2.2 limit for this scenario, which, however, offers a po-
tential for long-pulse, stationary operation with high central ntT values and good performance.

The impurity content and Zg¢¢ profiles are dightly peaked in the plasma centre (see Fig. 13 ¢) , but
no temporal accumulationis observed from 2 s until the end of the 5 MW heating phase. From spectro-
scopic data the main impurities have been identified as helium (He: 5%), carbon (C: 2.5%), oxygen (O:
1.2%) and silicon (Si: ~ 0.3%) after siliconization of the vacuum vessel. Neglecting the presence of ele-
mentswith Z larger than Si, an upper limit of Z.s+ wasinferred from SXR emission by using an impurity
transport code. The peaking of the electron density is partially caused by the impurities, but nevertheless
the deuteron density also increasestowards the plasma centre. The steady-stateis possibly caused by the
strong fishbone activity expelling, like sawteeth, impurities from the plasma core.

If the density isincreased at constant heating power, sawteeth appear and the I TB islost but isrestored
as soon as the gas puff and density are reduced. This may be dueto 1) adensity dependence of the ITB
power threshold, 2) an effect of T /T, variation, where T; approaches the nearly unchanged Te, or 3) the

12
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increase of neutral particle flux and simultaneous decrease of density peaking.

Whenincreasing the beam power, By islimited by the occurrence of (3,2) neoclassical tearing modes,
the onset of whichisaways preceded by afishbone. Considering that sawteeth are not present, the second
harmonic of a(1,1) fishbone acts asa seed island for theinitiation of (3,2) neoclassical tearing modes|[3].
The resulting B-limit is close to By = 2.2. At 6.25 MW of NBI, By = 2.2 could still be maintained for
aduration of 1 s, after which a (3,2) mode occurred due to the proximity to the B-limit. With further
increased heating power (up to 10 MW), transient phases with higher By — 3 and Hggp — 3 are observed
which are terminated by neoclassical tearing modes. Dueto thelow density, the (3,2) modeswere usually
followed by (2,1) modes which ultimately lock.

7.2. Internal transport barrier with reversed shear and qqjn > 2

Applying 5 MW of NB heating power during the I, ramp of 0.8 MA/shasyielded transient reversed-
shear plasmas with I TB’s during thisramp-up phase. These ITB phases were usually terminated by (2,1)
modes already, when the plasmas still possessed an L-mode edge due to the initial limiter phase. The H-
modetransition occurring with theion (VB) drift towardsthe forming X-point only reduced the connected
B-drop.

Avoiding the H-mode transition by staying in limiter configuration has yielded, high reversed-shear
plasmas with ITB’s and centra values of T, = 5 keV and T; = 15 keV. The confinement enhancement
factor of Hytgrgo_p = 1.9 and normalized beta of By = 1.6 are limited by both the smaller radial extent
of the barrier region (por < 0.5) and the L-mode edge.

Figure 14 shows the profiles of the temperature, density, toroidal rotational velocity, and g of such a
discharge with L-mode edge and I TB. Associated with the high ion temperatures are toroidal velocities
of up to 370 km/s. Transport analysis again shows that the ion thermal conductivities are at neoclassical
valuesintheplasmacore. TheplateauinT; leadsto theriseof x; towardsthe plasmacentre, the uncertainty
of which islarge (50%) since it sensitively depends on the T; gradient there. Such ion thermal transport
enhancement near the magnetic axis might be explained by including finite orbit correctionsto xne Since
the measured E, field leads to anion orbit increase counteracting the orbit squeezing effect in thisregion.
The electron thermal conductivity inside the barrier is larger than x;, as reflected in the large difference
between T; and Te, whichis only partially caused by the stronger NBI heating of the ions.

The g-profile, inferred from the transport calculations, exhibits a negative central shear region with
Omin > 2. Thelimiting (2,1) mode, presumably an external kink mode, occurs as soon asaq = 2 surface
isformed dueto the constantly penetrating current. Thisis supported by theincreasing time delay for the
mode occurrence of about 0.4 s when the toroidal field was enhanced from2t0 2.8 T at I, = 1 MA.
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8. Summary Ov4/3

Thefollowing conclusions can be drawn from the comparison between the more closed Div |1 and the
more open Div | configurations. No major changes occurred in the typical high-power density ramp-up
scenarios, this including similar values for the upper density limit in H-mode and the ultimate L-mode
density limit. However, as expected the divertor neutral density is higher in the more closed Div |1, |ead-
ing to detachment at lower densities. A strong improvement of the helium exhaust efficiency has been
achieved, affording aratio t*(He) /tg ~ 4...6.

The most important observation in the Div |l geometry is a strongly distributed power flux to the
surrounding structures both during ELM and ELM-free phases. Even with a heating power of 20 MW
the maximum local heat flux density in the strike point region stays below 5 MW/m?. The origin of this
reduction by a factor of about three compared with Div | isa larger fraction of divertor radiation (up to
55 % of the heating power) due to increased cooling by hydrogen and carbon radiation in this divertor
geometry. Thisresult isin agreement with B2-Eirene simulations and may have a strong influence on the
future divertor designs.

Several new results have been obtained in the confinement and performance related physics. The
characterization of the L-H transition in termsof local edge parametersclearly indicatesaminor influence
of the collisionality. A result from the ASDEX Upgrade-JET dimensionless identity experimentsis that
the L-H transition is compatible with core physics contraints (p*, v, ) and shows no evidence of direct
influence from atomic physics processes. ELM frequencies were found to be rather independent of the
heating method up to 6 MW (afactor of 2.5 above the L-H transition power) when using either NBI or
ICRH minority heating.

Oneof the mainfocuses of our work wasan I TER-relevant ELMy H-mode scenario closeto the opera-
tion limits, namely density and B-limits, where the confinement is strongly influenced. Whilethe H-mode
transition can bereached up to high collisionalitiesand densities close to the Greenwald density, although
with finally drastically enhanced threshold power, the H-mode confinement degrades strongly in relation
to ITER-92P scaling. Thereported temperature profileresilience might be caused by turbulent convection
relating the plasma parameters at the edge transport barrier to the core parameters. As a consequence, the
achievable core temperatures and pressures degrade at high densities because the achievable edge pres-
sure and its gradients are limited by the edge ballooning mode. Stationary H-mode operation at densities
20 to 40 % above the Greenwal d density was demonstrated with pellet refuelling from the high-field side.
Thehigher densitiescompared with gas puff-refuel led plasmas are due to widening of the density gradient
region insidethe separatrix. These pellet-refuelled plasmas have better confinement than gas-puff-fuelled
ones, in general. At low heating powers, high confinement is maintained up to the highest densities, but
at high heating power a reduction of confinement with increasing density is again found.

At high heating powers, neoclassical tearing modes, mainly (3/2) modesbut also (2/1) modes at lower
densities, limit the achievable 3, but a so fishbones may be a limiting factor, depending on the collision-
aity at theresonant g-surfaces. At high densitiesand therefore high collisionality neoclassical modes can
be suppressed, allowing slightly higher By. The seed island size necessary for the growth of neoclassical
modesdecreasesat higher 3 values, whileat lower B abig seed island triggered by asawtoothis necessary.
Spontaneous, but slowly growing neoclassical modes have aso been observed. The measured saturated
island width and the scaling with p* and v* agree with theoretical MHD calculationsfor the polarization
model. For thefirst time, neoclassical tearing modes have been actively stabilized by feedback-controlled
ECCD into theidand s O-point. Thisfeedback stabilization scheme has ahigh potential for next-step de-
vices sincethe ECRH powersrequired are only afew per cent of the applied heating power and the driven
currentsintheislandsare only 1 % of thetotal plasmacurrent. New MHD phenomenawere observed, re-
sistive interchange modes with centrally inverted pressure profiles and cascades of high-n tearing modes
in flat shear regions [42].

In advanced tokamak scenarios strongly reduced core transport was achieved with flat shear profiles
and q(0) > 1 or with reversed shear and gmin > 2, created by freezing the current profilewith ‘early’ heat-
ing (ECRH, ICRH, NBI) during current ramp-up, which was followed by stronger central heating with
up to 10 MW NBI in the flat-top. A stationary H-mode scenario with internal transport barriers for ions,
electrons, particles and toroidal momentum, H,ter_gop = 2.4 and By = 2.0 was maintained for 40 con-
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finement times and several internal skin times. Highest n;Tite values of 8 x 10 keV s m—3 (for 1 9) OV4/3
observed so far in ASDEX Upgrade were obtained in these discharges. Both ion and electron transport
werestrongly reduced insidethebarrier region, and no temporal accumulation of impuritieswasobserved.

The stationarity of the discharges is associated with a fishbone induced stabilization of the current pro-

file occuring with small scale perturbations, which in contrast to sawteeth are compatible with improved
confinement. Attemptsto increase B were limited by either (3,2) neoclassical tearing modesin the case

of flat q profile or (2,1) modes with reversed shear profile by approaching gmin = 2.

During the next years, investigationswill be continued with enhanced capabilitiesfor plasma shapes

with higher triangularity (8§ — 0.45), off-axis current drive (< 400 kA, by NB-CD with 100 keV D° and
I CCD using mode conversion) and extended pulse lengths of up to 10 seconds.
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