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Abstract. The medium size divertor tokamak ASDEX Upgrade possesses flexible shaping and versatile
heating and current drive systems. Recently the technical capabilities were extended by increasing the
ECRH power [1], by installing 2×8 internal magnetic perturbation coils [2,3], and by improving the
ICRF compatibility with the tungsten wall [4]. Using these coils, reliable suppression of large type-I
ELMs could be demonstrated in a wide operational window, which opens up above a critical plasma
pedestal density. The pellet fueling efficiency was observed to increase which opened a path to H-
mode discharges with peaked density profiles at line densities clearly exceeding the empirical Greenwald
limit. Owing to the increased ECRH power of 4 MW, H-mode discharges could be studied in regimes
with dominant electron heating and low plasma rotation velocities, i.e. under conditions particularly
relevant for ITER. The ion-pressure gradient and the neoclassical radial electric field emerge as key
parameters for the transition. Using the total simultaneously available heating power of 23 MW, high
performance discharges have been carried out where feed-back controlled radiative cooling in the core
and the divertor allowed the divertor peak power loads to be maintained below 5 MW/m2. Under attached
divertor conditions, a multi-device scaling expression for the power decay length was obtained which is
independent of major radius and decreases with magnetic field resulting in a decay length of 1 mm for
ITER. At higher densities, however, a broadening of the decay length is observed. In discharges with
density ramps up to the density limit, the divertor plasma shows a complex behavior with a localized
high-density region in the inner divertor before the outer divertor detaches. Turbulent transport is studied
in the core and the scrape-off layer. Discharges over a wide parameter range exhibit a close link between
core momentum and density transport. Consistent with a gyro-kinetic model, the density gradient at half
plasma radius determines the momentum transport through residual stress and thus the central toroidal
rotation. In the scrape-off layer a close comparison of probe data with a gyro-fluid code showed excellent
agreement and points to the dominance of drift waves. Intermittent structures from ELMs and from
turbulence are shown to have high ion temperatures even at large distances outside the separatrix.

1. Introduction and technical boundary conditions

The main objective of the ASDEX Upgrade programme is to develop integrated scenarios
for long-pulse operation of burning plasmas in ITER and DEMOwhich include solutions for
plasma shaping, confinement and stability, divertor and power exhaust, as well as the choice
for wall materials. This effort includes advancing the physical understanding of related fun-
damental problems in order to create reliable predicting capabilities and to discover new paths
to advanced plasma operation. To reach these goals, ASDEX Upgrade is realized as a flexible
device with versatile heating systems and excellent diagnostics. Plasma shape and divertor con-
figurations are close to those of ITER and in an path-breakingeffort tungsten has been qualified
as a possible solution for divertor and first wall material [5,6]. In 2011 and 2012 systems for
the control of plasma stability and the mitigation of damages possibly caused by the plasma
have been improved. Systems for the real-time control of theplasma position by reflectometry
[7], the divertor power load, of neoclassical tearing modes[8], and disruptions have been put in
place and 2×8 internal magnetic perturbation coils are now used to mitigate large edge local-
ized modes (ELMs) [9]. Disruption mitigation studies usingmassive gas injection showed an
improved fueling efficiency of up to a factor of 2, when the valve is located on the high-field
side [10]. The ECRH power has been increased to 4 MW and it was demonstrated that replacing
NBI by ECRH or ICRH power leads to comparable global plasma parameters [11,12] with the
benefit for transport studies to change momentum and particle sources and the ratio of electron
to ion temperature in the core. The ICRH system was improved [4] by installing a modified
broad-limiter antenna, which reduced the rise in the tungsten concentration in the plasma dur-
ing ICRH by up to 40 % and substantially lowered the tungsten sputtering yield at the antenna
limiters, and by replacing tungsten-coated antenna side limiters by boron-coated ones on two
other antennas.
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2. High-performance discharges

Power exhaust is a key concern on the way to a fusion reactor and the demonstration of sta-
ble high-performance discharges with acceptable divertorpower loads is an important task for
present day devices [13]. In order to keep the power on divertor targets below the required
limit of 5 MW/m2, radiative cooling induced by injected impurities is used.In ASDEX Up-
grade, the technique of feed-back controlled radiative cooling has been substantially advanced
and applied to high-power discharges. By puffing argon into the main chamber, about 67 %
of the heating power of 23 MW could be radiated in the outer core plasma without degrading
the confinement properties. In addition, nitrogen was injected from the divertor roof baffle in
order to further reduce the power load on the divertor platesleading to radiation losses of about
5 MW from the divertor and X-point regions [13]. These discharges could be operated with a
power load below 5 MW/m2 which has to be compared with a value of 110 MW/m2 as obtained
from the appliedP/R = 14 MW/m and a radial strike line width of about 2 cm at the target.
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FIG. 1: High performance discharge with feed-
back controlled double radiative cooling with
argon and nitrogen (from Ref. [13]).

Figure 1 shows the time traces of such a dis-
charge which became possible through a real-
time feedback system to independently mon-
itor core and divertor radiation in a sophisti-
cated way [14] through bolometry and a tar-
get temperature estimate, respectively. The
maximum heating power of 23 MW is a mix
of 17.5 MW of NBI, 4.5 MW of ICRH and,
to limit tungsten accumulation in the plasma
center, 1.5 MW of ECRH, which is injected
in the second-harmonic ordinary (O2) mode,
a heating scheme developed earlier [15]. The
line-averaged density was close to the ITER
value of 1020 m−3 and a high confinement
factor of H98 = 1 and a normalized beta
of βN = 3 were maintained stationary over
many energy confinement times. At the same
time, the tungsten and argon concentrations
stayed at the low values ofcW = 2×10

−5 and
cAr = 3× 10

−3 with Zeff ≈ 2. The slight drop
in βN at about 3 s is attributed to a 3/2 neo-
classical tearing mode (NTM). These results
suggest that the combination of high main-
chamber radiation and high divertor radiation
will allow to control discharges at even higher
values ofP/R [13].
In high performance plasmas, neoclassical tearing modes can limit βN . On ASDEX Upgrade,
a closed-loop real-time feedback control system for NTM stabilization has been commissioned
including mode detection, deposition calculation and deposition control using the steerable
ECRH mirror. For the experiments, a target plasma with 13 MW of external heating leading
to βN = 2.7 was used. On developingm = 3, n = 2 modes the functionality of the feed-
back system was demonstrated and the mode amplitude could bereduced by means of localized
electron-cyclotron current drive [8]. A complete stabilization was not yet achieved in all cases
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with only one gyrotron included in the feed-back loop. Demonstration of complete stabilization
using several gyrotrons will be studied in the future.

3. ELM mitigation with perturbation coils

In order to study the mitigation of the high divertor power loads on the divertor plates caused by
ELMs, two rows of 8 saddle coils have been installed on ASDEX Upgrade. The coils allow for
magnetic field perturbations with toroidal mode numbersn ≤ 4. In a first step, with a reduced
set of 2×4 coils only, it was demonstrated that type-I ELMs could be replaced by smaller and be-
nign MHD events which appear at higher frequency [2]. Although these events resemble type-
III ELMs, they are probably not since they do not show a precursor and they appear at pedestal
temperatures well above 300 eV which is the upper limit for the appearance of type-III ELMs. A
more detailed characterization is ongoing. The suppression of the type-I ELMs appears above
a density threshold at about 65 % of the Greenwald density limit. With the full set of 2×8
coils it became possible to study the influence of the toroidal mode number on ELM mitigation
[9]. For these studies, NBI-heated type-I ELMy H-Mode discharges heated by NBI were used.
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FIG. 2: ELM mitigation with an = 2 per-
turbation field comparing even (non-resonant)
and odd (resonant) coil parity with single (up-
per and lower) row operation. (From Ref. [9]).

Figure 2 shows a typical discharge where the
density was ramped up and with the switch-
on of the perturbation coil current, the large
ELMs disappear. The effect does not depend
on the phasing of the coils. The suppression
holds even with only one of the coil rings ac-
tive and with all coils phased in a resonant
or non-resonant way. In Ref. [2] it was al-
ready shown that forn = 2 configurations,
the resonance condition is not important for
ELM suppression. The validity of this re-
sults could now be extended ton = 1 and
n = 4 magnetic-field perturbations [9]. Due
to low local shear at the outboard midplane,
the choice of the resonance condition is a
global one, which holds simultaneously in a
large radial range.
The ELMs are replaced by repetitive small
scale MHD events, which cause lower en-
ergy losses but are sufficient to keep the tung-
sten concentration in the core plasma at a low
level. The temperature in the outer divertor
rises moderately during ELM mitigation but
the inner divertor remains detached.
These investigations show that in ASDEX
Upgrade ELM mitigation can be obtained with perturbations of different toroidal mode numbers
and does not require a resonant perturbation field component. ELM Mitigation was also suc-
cessful in plasmas with different heating methods, different momentum input and thus different
plasma rotation velocities [16]. In all cases, ELM mitigation is found only at a relatively high
pedestal density. At the same time, collisionality does notappear to be an ordering parameter
for the transition into the mitigated state.
Although having a strong influence on the ELMs, the field perturbations do not substantially
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affect the H-mode pedestal profiles and do not cause modes to grow and lock; also existing tear-
ing modes do not lock to the error field in H-mode plasmas. Thisindicates, that the perturbation
field is rather well screened by the plasma. Quantitative studies of error field penetration in the
edge plasma are under way. Nevertheless, there is a mild sensitivity of the plasma density to the
field configuration. Perturbations withn = 1 cause a reduction or an increase of about 10 % in
the resonant and non-resonant configuration, respectively.
In the SOL the calculated 3D vacuum field topology as calculated by the EMC3 code nicely
reproduces the patterns measured on the target plates by means of IR cameras and Langmuir
probes [17,18]. Hence although there is little sign of a penetration of the error fields into the
edge plasma, the modification of the field in the SOL region is clearly present and consistent
with vacuum-field calculations. Further effects of the perturbation coils on the scrape-off layer
are addressed Ref. [19].
A further beneficial effect of the applied field perturbations is that pellets do not trigger ELMs
as they do in normal H mode discharges. This opens again the possibility of pellet fueling with
high efficiency. Injecting pellets from the high-field side of ASDEX Upgrade into ELM miti-
gated H-mode discharges leads to centrally peaked density profiles and line-averaged densities
well above the Greenwald limitnGW [20]. If maintained, this is a very attractive feature for
burning plasmas.
In discharges at medium densities (< 0.45nGW), the value of the power threshold for L-H
transitions is not influence byn = 2 magnetic perturbations. At intermediate densities (<
0.65nGW) type-III ELMs develop right after the L-H transition and ateven higher density the
field perturbations lead to a threshold power which is at least a factor of 2 above the usual value.
This increase is caused by a flattening of the ion and electronpressure gradients [21].

4. L to H-mode transitions

The studies of the power threshold for L to H-mode transitions and the search for the phys-
ically relevant parameters for this transition have been continued. The L-H power threshold
dependence on density is well-known to be non-monotonic andexhibits a minimum at a den-
sity of about4 × 10

19 m−3 in AUG [22]. This behavior is schematically indicated in Fig.3
by the orange region. As power is increased at constant density, the plasma often transitions
from L-mode to H-mode through an intermediate phase (I-phase) which exhibits an oscilla-
tory behavior of the edge turbulence. The figure depicts previous and recent data where zonal
flows and geodesic acoustic modes (GAMs) are observed in Ohmic and L-mode plasmas and
phases where turbulence-flow oscillation have been observed [23]. At a line-averaged density
of n̄ ≈ 4 × 10

19 m−3 the heating power required for the transition is minimal. The dependence
is not monotone and the threshold increases at higher and lower densities. In the low-density
range strong zonal-flow activity was observed previously and the I phase with zonal-flow turbu-
lence oscillations was limited to this region. This is an indication that the Reynolds stress could
play an important role in providing the requiredE×B flow shear to stabilise the turbulence and
trigger the transition. In recent experimental campaigns the signatures of the I phase were also
observed at higher density in the regions marked by the coloured bars.
With the upgraded ECRH power it is now possible to study L-H transitions at low density in
more detail. Due to strong heating of the electron channel the roles of the electron and ion
temperatures in the transition could be disentangled [25].It was found that the ion pressure
gradient plays the key role. This points to the neoclassicalradial electric field and the related
flow shear as the important player in the L-H transition. The parameter which orders best
between L and H-mode phases is found to be related to the ion pressure gradient in the form
∇pi/eni, whereni is the main ion density. If the maximum of this quantity in thepedestal is
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FIG. 3: Shaded area indicates power threshold for L-H transitions as function of line-averaged
density. Symbols indicate where GAM oscillation were measured by Doppler reflectometry and
in which regime they were. Adapted from Ref. [23,24].

plotted as function of the density a horizontal line separates L and H-mode phases [25], as it
can be seen in Fig. 4. Since the neoclassical radial electricfield in the simplest approximation
for a tokamak plasma is given by this term,Eneo

r = ∇pi/eni, this finding revives the interest in
the role of the neoclassicalE×B flow shear for the H-mode transition, as it was also stressed in
Ref. [26]. In developed H-modes, charge-exchange spectra of different impurities (He2+, B5+,
C6+, Ne10+) were analyzed and yielded consistent results for the radial electric field which
also agreed with the simple neoclassical prediction [27]. Whether the neoclassicalE×B flow
provides the seed shear flow needed to initiate Reynolds stress drive, which then causes the
transition, or whether it is itself sufficient to suppress turbulence remains an important question
to be addressed in the future.

FIG. 4: Simple estimated of the neoclassical radial electric field as function of the edge density
for different confinement regimes. Adapted from [25]

At medium densities and at different heating powers, the edge plasma parameters of L-H and
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H-L transitions were compared [25,28,29]. Although L-H andH-L transitions happen at differ-
ent densities, no strong sign of a hysteresis in the electronpressure was found. Both transitions
happen at very similar values of the electron pressure at theplasma edge. In these transient
phases radial electric field measurements do not have sufficient time resolution. But since at
edge densities above2 × 10

19 m−3 electron and ion temperatures are closely coupled, the elec-
tron parameters were used to derive the ion-pressure gradient. In both directions of the transition
the estimated ion-pressure gradient and, therefore, also the neoclassical radial electric field have
again the values in the ranges identified above as the the critical ones for the transition.
Although the transitions happen at similar values of the ionpressure gradient, a significant
difference was found in the temporal development of electron density and temperature profiles
in all phases across the L-H-L cycle [30]. Another interesting observation is that if the external
gas feed is switched off, the final density to which the plasmadevelops after the transition into
H mode is closely linked to the neutral pressure in the divertor and hence to the neutral particle
reservoir stored in the divertor [29].

5. Plasma-wall interaction

Studies related to the divertor and to plasma-wall interaction have been emphasized. The lim-
itation of the divertor heat load is a main concern for futuredevices. It is closely linked to the
power-decay length in the scrape-off layer (SOL) and an accurate prediction of it for ITER and
DEMO is of great importance. Since first principle modeling of power and particle exhaust is
not available yet, for predictions one has to rely on scalingexpressions.
Using improved infra-red camera systems with high spatial and temporal resolution, it was
found that previous ELM-averaged measurements substantially overestimate the power decay
length. This is due to two reasons: (i) ELM and inter-ELM phases correspond to different
physical processes which cannot be scaled in the same way and(ii) the strike line is found
to move between ELMs. Resolving these issues on ASDEX Upgrade and JET discharges, an
improved scaling expression for the power decay length at the divertor entrance for ELM and
inter-ELM phases became available [31]:

λq = 0.73×B−0.78
tor q1.20cycl P

0.10
SOLR

0.02
geo (1)

ITER will be operated at similar values of the safety factorqcycl as the discharges used for
the scaling. For the prediction to ITER, the important dependence is the one on the magnetic
field strengthBtor which leads to a reduction inλq compared to the values found in present-
day devices. Only a weak dependence on the power flux into the SOL, PSOL, and virtually
no dependence on the major plasma radiusRgeo is found. The experimental scaling shows
very similar parameter dependencies as a heuristic model where drifts are used to explain the
broadening of the decay length in the SOL [31]. For ITER parameters the regression yields a
rather short power decay length ofλq ≈ 1 mm. Other than for confinement scalings, where
the ITER prediction lies about a factor of 10 away from the underlying data, the ITER power
decay length is only a factor of two shorter than that in JET. It is important to note, however,
that expression (1) is obtained for attached divertor conditions. In more realistic scenarios for
a burning plasma closer to the density limit with a partiallydetached divertor, broader decay
lengths can be expected. Also in the high-performance discharges presented in Sec. 1, the power
decay length widens by a factor of two with respect to the scaling value.
The understanding of the processes leading to power and particle detachment of the divertor
target plates in current devices is rather incomplete and a reliable prediction for the divertor
behavior of future large scale devices is presently out of reach. For example, the fundamental
observation that the detachment of the inner divertor appears much earlier than in the outer



8 OV/2-2

divertor is not reproduced by the most sophisticated simulation codes, such as SOLPS5.0. In
order to overcome this deficiency, experimental observations with 2D information on the plasma
parameters in the divertor are required. To this end, new diagnostics have been installed on
ASDEX Upgrade. From 25 lines of sight and with a time resolution of 2.65 ms, the electron
density in the inner divertor volume was spectroscopicallydetermined for the first time from
Stark broadening of the Dǫ line. In addition, radiative fluctuations were measured with a new
array of fast diode bolometers which cover the inner divertor volume also with a grid of crossed
lines of sight [32].
The divertor detachment on ASDEX Upgrade has been studied inOhmic and L-mode dis-
charges using density ramps up to the density limit, but similar observations are also made in
discharges where detachment is initiated by radiative cooling using nitrogen injection. In the L
mode discharges between 400 and 900 kW of ECRH power was applied. With increasing den-
sity it was observed that the divertor undergoes different distinct states and the behaviors of the
inner and the outer divertor were found to be strongly coupled. Prior to the detachment of the
outer divertor, strong fluctuations in the radiated power appear in the SOL of the inner divertor
close to the X-point. The frequency is in the kHz range and scales with the ion mass asm−1/2

i .
Simultaneously a high-density region appears in the inner far SOL and around the X-point.
During this phase, the experimentally measured particle flux in the inner divertor remains well
below the prediction of a two-point model. A high degree of detachment at the inner divertor
appears already in an early phase of the density ramp. On the other hand the roll-over in the
particle flux at the inner and outer divertor appear at similar densities. After the disappearance
of the fluctuations, detachment occurs along the entire inner target plate.
With tungsten as the plasma facing material, in the divertorvolume high density is correlated
with high total radiation. Therefore the tomographic reconstruction of the emission measured
along the line of sight of the foil bolometers can be used to study the 2D temporal density
evolution. Thus it was found that after detachment of the inner strike point a high density region
is located at the target plate next to the X-point. This region then moves radially inwards and
then closer to the separatrix above the X-point. Simultaneously, the outer divertor completely
detaches [32]. The modeling of these observation is ongoing[33].

6. SOL-turbulence studies

For a fundamental description of the power decay length, theunderstanding of turbulent trans-
port in the scrape-off layer has to be improved. The fluctuations in the SOL are known to be
strongly intermittent and large events, called blobs (in 2D) or filaments (in 3D), radially trans-
port plasma as far as to the plasma facing components. The erosion of the wall material by the
plasma blobs is of great concern for ITER [34].
Advance turbulence simulation codes for the plasma edge andalso for the SOL are available.
In order to validate these codes, the characteristics of theturbulence needs to be measured in
detail and in order to estimate the erosion rate on the first wall, the plasma parameters inside the
blobs need to be known. These topics have been addressed in ASDEX Upgrade using different
kinds of electric probes.
Fluctuation measurements have been carried out using Langmuir probes close to the separa-
trix of L-mode discharges [35]. Since the plasma potential and its cross-phase to the den-
sity fluctuations is of key importance for a comparison with theory, the plasma potential
was directly measured with an emissive probe. In addition, aconditional sampling tech-
nique was used to compile current-voltage probe characteristics from which the full set of
electron plasma parameters could be deduced inside of blobs. Both methods yielded con-
sistent information on the plasma-potential fluctuations.They were found to be in phase
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with the density fluctuations as deduced from the ion-saturation current in good approxi-
mation (see Fig. 5a). The plasma-potential fluctuations are, however, out of phase with
the directly measured floating-potential fluctuations by 180 ◦ (Fig. 5c). The difference be-
tween plasma and floating potential fluctuations is caused byelectron-temperature fluctua-
tions (Fig. 5b). The temperature fluctuations are also in phase with the density fluctuations
an they reverse the amplitude of the floating potential fluctuations with respect to the plasma
potential. This emphasizes the known problem related to themeasurement of cross-phase re-
lated quantities such as turbulent transport or Reynolds stress with Langmuir probe arrays.
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FIG. 5: Fluctuating plasma parameters in a
blob from conditional sampling. Adapted from
Ref. [35].

A detailed comparison of the fluctuation mea-
surements with gyro-fluid simulations using
the GEMR code [36,37] was carried out [35].
The simulated volume encompasses the tran-
sition from close to open field lines includ-
ing a sheath model in the SOL. In the ana-
lyzed region close to the separatrix, simula-
tion and experiment are in excellent agree-
ment. Both consistently find in-phase fluctu-
ations in density, plasma potential and elec-
tron temperature which is in agreement with
a mixing-length approach. Also in the code,
where synthetic Langmuir probes have been
included, the ion-saturation current measure-
ments turn out to reproduce density fluctua-
tions quite well. As in the experiment, the
fluctuations in the floating potential, however,
are strongly influenced by temperature fluctu-
ations and, hence, are strongly distorted com-
pared to the actual plasma-potential fluctua-
tions. The fact that both experiment and sim-
ulation shows that plasma-potential and den-
sity fluctuations are almost in phase clearly
points to drift waves as the dominant turbu-
lence mechanism in the L-mode edge and
near-SOL plasma. Details of the blob gen-
eration close to the separatrix are studied and
it is observed that an admixture of interchange characteristics increases as the blob propagates
radially outward [38].
In order to estimate sputter yields related to the interaction of turbulent filaments or blobs with
the plasma facing components and to develop models for the blob dynamics with predictive
capabilities, the ion density and temperature need to be measured. Using a radially movable
retarding-field analyser, RFA, and again conditional sampling techniques, a systematic study of
the ion energy in turbulent events has been carried out in theSOL of ASDEX Upgrade [19,39].
Inside of plasma filaments which were created by ELM crashes,the RFA measured rather high
ion temperatures of up to 200 eV in the far scrape-off layer. The measured ion temperatures
amount to values between 5 and 50 % of the ion temperature at the pedestal top. The temperature
was found to scale with the total energy drop induced by the ELM. Large ELMs seem to carry,
on average, ions with higher energy into the far SOL. This might suggest that filaments in larger
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ELMs propagate faster radially.
Radial propagation velocities of 500 – 2000 m/s were estimated from the temperature decay
with the distance from the separatrix using a simple blob model [40]. From the measured
ion temperature together with densities deduced from the ion-saturation current, parallel power
fluxes could be estimated and they were found to agree quite well with thermographic measure-
ments using an IR camera viewing the RFA.
Also the blobs occurring during inter-ELM phases were foundto transport high ion tempera-
tures over large radial distances into the SOL. The temperature decreases with a radial decay
length of about 2 cm and blobs with higher density show also a somewhat higher ion temper-
ature. With increasing distance from the separatrix, the temperature decays faster with radius
pointing to lower radial propagation velocities.

7. Core transport studies
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FIG. 6: Top: measured density gradient length
vs. normalized rotation gradient, bottom: pre-
dicted vs. measured rotation gradient. Adapted
from Ref. [41].

Core momentum and particle transport have
been studied over a wide range of param-
eters. Taking advantage of the enhanced
ECRH capabilities, core transport was stud-
ied in discharges without an external source
of particles or momentum [41]. Using
charge-exchange spectroscopy, a comprehen-
sive database of toroidal flow measurements
in Ohmic, ECR and ICR-heated L and H-
mode discharges could be assembled. In
spite of the absence of an external momen-
tum source, a large variation of the flow ve-
locity in the plasma core from co to ctr. di-
rection was measured. In addition it was ob-
served that in all scenarios the central toroidal
Mach number closely correlates with the nor-
malized velocity gradient calculated at about
mid plasma radius. The observed variations
in the intrinsic rotation velocity at zero exter-
nal momentum input clearly point to substan-
tial changes in the the terms governing the ra-
dial momentum transport. Assuming a fixed
value for the diffusive component of the trans-
port equation entrain the existence of a term
leading to transport in direction of the flow
gradient. This could be a convective pinch
or/and a Reynolds stress term.
Furthermore, the database also exhibits a cor-
relation between the normalized density gra-
dient at about half radius with the velocity
gradient and thus to the central rotation ve-
locity. This is shown in Fig. 6a, which also
includes some H-mode discharges. In a previ-
ous study, core density peaking in the absence of a particle source was successfully described by
transport coefficients derived from linear calculations with the gyro-kinetic model GS2 [42,43].
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Using the same code and an appropriate assumption on the tilting angle of the turbulent ed-
dies with the experimental parameters as input, the momentum transport and thus the toroidal
flow profile can be predicted. Figure 6b shows, that the agreement between the experiment and
the model is excellent. According to that model, all points in the database which fall into the
trapped-electron-mode (TEM) regime are well described by the modification of the internal mo-
mentum transport which is caused by changes in the residual stress through a density gradient
dependence. The pinch term plays a minor role only.
A related behavior was found in NBI-heated discharges, too.With NBI central particle and mo-
mentum sources are present and due to almost equal electron and ion temperature profiles, the
discharge core is in the ion-temperature-gradient (ITG) driven turbulence regime. The addition
of 2 MW of ECRH to the 2.5 MW of NBI leads to an increase in electron temperature and to a
transition into the TEM regime. According to the GS2 linear model this transition enhances the
turbulent particle pinch and indeed a central peaking of thedensity profile was found. At the
same time the rotation profile flattens qualitatively consistently with the observations from the
internal-rotation database [44].
Turbulence can also influence the radial fast particle distribution in the plasma core. This is also
of interest for future devices whenα-particle heating becomes important or neutral beams will
be used for plasma current profile control. Turbulent fast ion transport was one candidate to
explain the observation in ASDEX Upgrade that for the off-axis neutral beams the current-drive
efficiency is below the theoretical prediction [45]. Recently, fast-ion D-alpha (FIDA) spec-
troscopy, which analyses the Doppler shifted Balmer-α radiation from neutralised deuterium
ions, was used to measure the radially resolved slowing-down distribution function of fast ions
originating from NBI [46]. The fast-ion profiles from on and off-axis beam sources measured
with the FIDA diagnostic were compared with slowing-down ion distribution functions which
were calculated with the TRANSP transport code. For the 93 keV beam, good agreement of the
distribution of ions with energies in the range 30 – 60 keV wasfound when classical slowing
down was used in the calculation. In contrast, assuming an anomalous diffusion of 1 m2/s for
the fast ions in the TRANSP simulations yields fast ion profiles which do not agree at all with
the experimental result. Therefore, diffusion of fast ionscannot explain the low current drive
efficiency of the off-axis case [46].
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