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Abstract. The medium size divertor tokamak ASDEX Upgrade possessébléehaping and versatile
heating and current drive systems. Recently the technagzdlilities were extended by increasing the
ECRH power [1], by installing 28 internal magnetic perturbation coils [2,3], and by impngvthe
ICRF compatibility with the tungsten wall [4]. Using thesaeils, reliable suppression of large type-I
ELMs could be demonstrated in a wide operational window,ciwtipens up above a critical plasma
pedestal density. The pellet fueling efficiency was obskeeincrease which opened a path to H-
mode discharges with peaked density profiles at line dessitearly exceeding the empirical Greenwald
limit. Owing to the increased ECRH power of 4 MW, H-mode deges could be studied in regimes
with dominant electron heating and low plasma rotation eiéiks, i.e. under conditions particularly
relevant for ITER. The ion-pressure gradient and the nesidal radial electric field emerge as key
parameters for the transition. Using the total simultasgoavailable heating power of 23 MW, high
performance discharges have been carried out where fexddebatrolled radiative cooling in the core
and the divertor allowed the divertor peak power loads to Amtained below 5 MW/fh Under attached
divertor conditions, a multi-device scaling expressionth® power decay length was obtained which is
independent of major radius and decreases with magneticrésullting in a decay length of 1 mm for
ITER. At higher densities, however, a broadening of the gdeagth is observed. In discharges with
density ramps up to the density limit, the divertor plasmewsha complex behavior with a localized
high-density region in the inner divertor before the outeedor detaches. Turbulent transport is studied
in the core and the scrape-off layer. Discharges over a vadenpeter range exhibit a close link between
core momentum and density transport. Consistent with a-kiyretic model, the density gradient at half
plasma radius determines the momentum transport throwihued stress and thus the central toroidal
rotation. In the scrape-off layer a close comparison of préta with a gyro-fluid code showed excellent
agreement and points to the dominance of drift waves. Iritinm structures from ELMs and from
turbulence are shown to have high ion temperatures evergatdiistances outside the separatrix.

1. Introduction and technical boundary conditions

The main objective of the ASDEX Upgrade programme is to dgvehtegrated scenarios
for long-pulse operation of burning plasmas in ITER and DEMRIch include solutions for
plasma shaping, confinement and stability, divertor andgs@xhaust, as well as the choice
for wall materials. This effort includes advancing the pbgkunderstanding of related fun-
damental problems in order to create reliable predictinmbdities and to discover new paths
to advanced plasma operation. To reach these goals, ASDEXade is realized as a flexible
device with versatile heating systems and excellent distiggd Plasma shape and divertor con-
figurations are close to those of ITER and in an path-breadifogt tungsten has been qualified
as a possible solution for divertor and first wall materigb]5 In 2011 and 2012 systems for
the control of plasma stability and the mitigation of dansgessibly caused by the plasma
have been improved. Systems for the real-time control opthema position by reflectometry
[7], the divertor power load, of neoclassical tearing md@gsand disruptions have been putin
place and 28 internal magnetic perturbation coils are now used to middarge edge local-
ized modes (ELMs) [9]. Disruption mitigation studies usimgssive gas injection showed an
improved fueling efficiency of up to a factor of 2, when theweals located on the high-field
side [10]. The ECRH power has been increased to 4 MW and it eamdstrated that replacing
NBI by ECRH or ICRH power leads to comparable global plasmrampaters [11,12] with the
benefit for transport studies to change momentum and pasgazirces and the ratio of electron
to ion temperature in the core. The ICRH system was impro¥gdy installing a modified
broad-limiter antenna, which reduced the rise in the tuiergsbncentration in the plasma dur-
ing ICRH by up to 40 % and substantially lowered the tungsferitering yield at the antenna
limiters, and by replacing tungsten-coated antenna smliégelis 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 reactbtrendemonstration of sta-
ble high-performance discharges with acceptable divg@darer loads is an important task for
present day devices [13]. In order to keep the power on diveargets below the required
limit of 5 MW/m?, radiative cooling induced by injected impurities is usél ASDEX Up-
grade, the technique of feed-back controlled radiativdincgdias been substantially advanced
and applied to high-power discharges. By puffing argon ih®rain chamber, about 67 %
of the heating power of 23 MW could be radiated in the outee gdasma without degrading
the confinement properties. In addition, nitrogen was iegdrom the divertor roof baffle in
order to further reduce the power load on the divertor pleaging to radiation losses of about
5 MW from the divertor and X-point regions [13]. These disges could be operated with a
power load below 5 MW/rhwhich has to be compared with a value of 110 MW/as obtained
from the applied?/R = 14 MW/m and a radial strike line width of about 2 cm at the target.

Figure 1 shows the time traces of such a dis-
charge which became possible through a rea- 207
time feedback system to independently mo® 15}
itor core and divertor radiation in a sophistig 1o
cated way [14] through bolometry and a tard 5!
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, o3
to limit tungsten accumulation in the plasma -
center, 1.5 MW of ECRH, which is injected_ 2}
in the second-harmonic ordinary (02) modeg
a heating scheme developed earlier [15]. TH&
line-averaged density was close to the ITER ¢ |
value of 102 m=3 and a high confinement 1
factor of Hgg = 1 and a normalized betaé 8l
of By = 3 were maintained stationary oveF “'E 6
many energy confinement times. At the santg S
time, the tungsten and argon concentratios= :
stayed at the low values of, = 2 x 10~° and § =~ 2) !
car = 3 x 1073 with Zeg &~ 2. The slight drop 0 ‘

in By at about 3 s is attributed to a 3/2 neo- 2 3 4 5
classical tearing mode (NTM). These results time (s)

suggest that the combination of high mai g, 1. High performance discharge with feed-

chamber radiation a’_‘d high divertor rad!atlogack controlled double radiative cooling with
will allow to control discharges at even h'gheérgon and nitrogen (from Ref. [13])

values ofP/R [13].
In high performance plasmas, neoclassical tearing modebmd 5. On ASDEX Upgrade,

a closed-loop real-time feedback control system for NTNbisitzation has been commissioned
including mode detection, deposition calculation and dépm control using the steerable
ECRH mirror. For the experiments, a target plasma with 13 MV@xternal heating leading
to Sy = 2.7 was used. On developing = 3, n = 2 modes the functionality of the feed-
back system was demonstrated and the mode amplitude cotgédbeed by means of localized
electron-cyclotron current drive [8]. A complete stalalimn was not yet achieved in all cases
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with only one gyrotron included in the feed-back loop. Destaation 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 poweadis on the divertor plates caused by
ELMs, two rows of 8 saddle coils have been installed on ASDEygtade. The coils allow for
magnetic field perturbations with toroidal mode numbers 4. In a first step, with a reduced
set of 2<4 coils only, it was demonstrated that type-1 ELMs could aeed by smaller and be-
nign MHD events which appear at higher frequency [2]. Althlothese events resemble type-
[l ELMs, they are probably not since they do not show a precuand they appear at pedestal
temperatures well above 300 eV which is the upper limit ferdppearance of type-Ill ELMs. A
more detailed characterization is ongoing. The suppressithe type-1 ELMs appears above
a density threshold at about 65 % of the Greenwald density. linvith the full set of 28
coils it became possible to study the influence of the totardade number on ELM mitigation
[9]. For these studies, NBI-heated type-I ELMy H-Mode dedjes heated by NBI were used.

Figure 2 shows a typical discharge where the Z %
density was ramped up and with the switch- = 4W

on of the perturbation coil current, the large 2K fotal radiated power 4
ELMs disappear. The effect does not depend oss

. | . . 0.50F ]

on the phasing of the coils. The suppression o4 A

. . . 0.40F E

holds even with only one of the coil rings ac- o5} MHD stored energy -
. . . . 0.30t4

tive and with all coils phased in a resonant
or non-resonant way. In Ref. [2] it was al-
ready shown that fon = 2 configurations, ]
the resonance condition is not important for  °°

5.0
ELM suppression. The validity of this re- ° 45t
sults could now be extended to = 1 and % ;. Peripheral electron line density
n = 4 magnetic-field perturbations [9]. Due  2°

10

to low local shear at the outboard midplane, ¢ Outer divertor current
4 (shunt measurement)

the choice of the resonance condition is a *
global one, which holds simultaneously in a 1-3'

|arge radial range. O':VSaddle coil current/UPper/ odd parity i
. ’ only (resonant)
The ELMs are replaced by repetitive small = °° S b ey
)

Deuterium gas puff rate

ASDEX Upgrade #27794 L
saddle coils n=2

o0 = = N hw
0o 0o o

@
o
N
N
)

f upper row even parity

scale MHD events, which cause lower en- 1ol ey (non-resonant
ergy losses but are sufficient to keep the tung- ? * Time(s) ° °

sten concentration in the core plasma at a low

level. The temperature in the outer divertd!G- 2: ELM mitigation with an = 2 per-
rises moderately during ELM mitigation buturbation field comparing even (non-resonant)
the inner divertor remains detached. and odd (resonant) coil parity with single (up-
These investigations show that in ASDERer and lower) row operation. (From Ref. [9]).
Upgrade ELM mitigation can be obtained with perturbatiofdifberent toroidal mode numbers
and does not require a resonant perturbation field compomg¥l Mitigation was also suc-
cessful in plasmas with different heating methods, difietreomentum input and thus different
plasma rotation velocities [16]. In all cases, ELM mitigetiis found only at a relatively high
pedestal density. At the same time, collisionality doesapuear to be an ordering parameter
for the transition into the mitigated state.

Although having a strong influence on the ELMs, the field pdtions do not substantially
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affect the H-mode pedestal profiles and do not cause modesvoagnd lock; also existing tear-
ing modes do not lock to the error field in H-mode plasmas. ifigates, that the perturbation
field is rather well screened by the plasma. Quantitativéistuof error field penetration in the
edge plasma are under way. Nevertheless, there is a mildiggysf the plasma density to the
field configuration. Perturbations with= 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 caledldty the EMC3 code nicely
reproduces the patterns measured on the target plates msrmEiR cameras and Langmuir
probes [17,18]. Hence although there is little sign of a paien of the error fields into the
edge plasma, the modification of the field in the SOL regioriearty present and consistent
with vacuum-field calculations. Further effects of the pdyation coils on the scrape-off layer
are addressed Ref. [19].

A further beneficial effect of the applied field perturbagas that pellets do not trigger ELMs
as they do in normal H mode discharges. This opens again gs#ydy of pellet fueling with
high efficiency. Injecting pellets from the high-field sideASDEX Upgrade into ELM miti-
gated H-mode discharges leads to centrally peaked densfijes and line-averaged densities
well above the Greenwald limiigy [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 by = 2 magnetic perturbations. At intermediate densities (
0.65ncw) type-lll ELMs develop right after the L-H transition and @éten higher density the
field perturbations lead to a threshold power which is at led&ctor of 2 above the usual value.
This increase is caused by a flattening of the ion and elegiressure gradients [21].

4. L toH-modetransitions

The studies of the power threshold for L to H-mode transgiand the search for the phys
ically relevant parameters for this transition have beeminaed. The L-H power threshold
dependence on density is well-known to be non-monotonicexhibits a minimum at a den-
sity of about4 x 10* m=3 in AUG [22]. This behavior is schematically indicated in Hg
by the orange region. As power is increased at constanttgetis plasma often transitions
from L-mode to H-mode through an intermediate phase (I-4phadich exhibits an oscilla-
tory behavior of the edge turbulence. The figure depictsipuavand recent data where zonal
flows and geodesic acoustic modes (GAMSs) are observed in ©ana L-mode plasmas and
phases where turbulence-flow oscillation have been obd¢P33. At a line-averaged density
of n ~ 4 x 10! m~3 the heating power required for the transition is minimale Hependence
is not monotone and the threshold increases at higher aref ld@nsities. In the low-density
range strong zonal-flow activity was observed previoustythe | phase with zonal-flow turbu-
lence oscillations was limited to this region. This is anigadion that the Reynolds stress could
play an important role in providing the requirétk B flow shear to stabilise the turbulence and
trigger the transition. In recent experimental campaigpessignatures of the | phase were also
observed at higher density in the regions marked by the cetbibars.

With the upgraded ECRH power it is now possible to study L-&hsitions at low density in
more detail. Due to strong heating of the electron chanrelrtfes of the electron and ion
temperatures in the transition could be disentangled [&5)vas found that the ion pressure
gradient plays the key role. This points to the neoclassaidibl electric field and the related
flow shear as the important player in the L-H transition. Tlaeameter which orders best
between L and H-mode phases is found to be related to the essyre gradient in the form
Vpi/en;, wheren; is the main ion density. If the maximum of this quantity in {hedestal is
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FIG. 3. Shaded area indicates power threshold for L-H traéiosis as function of line-averaged
density. Symbols indicate where GAM oscillation were mealslly Doppler reflectometry and
in which regime they were. Adapted from Ref. [23,24].

plotted as function of the density a horizontal line sepat and H-mode phases [25], as it
can be seen in Fig. 4. Since the neoclassical radial eldelitin the simplest approximation
for a tokamak plasma is given by this teriif}*® = Vp,/en;, this finding revives the interest in
the role of the neoclassicalx B flow shear for the H-mode transition, as it was also stressed i
Ref. [26]. In developed H-modes, charge-exchange spettifferent impurities (Hé+, B>+,
C%*, Ne'®*) were analyzed and yielded consistent results for the Iratigtric field which
also agreed with the simple neoclassical prediction [27heWer the neoclassicalx B flow
provides the seed shear flow needed to initiate Reynoldssstheve, which then causes the
transition, or whether it is itself sufficient to suppresdtuence remains an important question
to be addressed in the future.
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FIG. 4: Simple estimated of the neoclassical radial eledfield as function of the edge density
for different confinement regimes. Adapted from [25]

At medium densities and at different heating powers, thegigsma parameters of L-H and
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H-L transitions were compared [25,28,29]. Although L-H &hdl transitions happen at differ-
ent densities, no strong sign of a hysteresis in the ele@iressure was found. Both transitions
happen at very similar values of the electron pressure apldsma edge. In these transient
phases radial electric field measurements do not have suifitime resolution. But since at
edge densities aboex 10! m~2 electron and ion temperatures are closely coupled, the elec
tron parameters were used to derive the ion-pressure gtatheboth directions of the transition
the estimated ion-pressure gradient and, therefore, la¢sogoclassical radial electric field have
again the values in the ranges identified above as the theatones for the transition.
Although the transitions happen at similar values of the poessure gradient, a significant
difference was found in the temporal development of electtensity and temperature profiles
in all phases across the L-H-L cycle [30]. Another interggtobservation is that if the external
gas feed is switched off, the final density to which the plasiezelops after the transition into
H mode is closely linked to the neutral pressure in the dorexhd hence to the neutral particle
reservoir stored in the divertor [29].

5. Plasma-wall interaction

Studies related to the divertor and to plasma-wall intéwadbtave been emphasized. The lim-
itation of the divertor heat load is a main concern for futdesices. It is closely linked to the
power-decay length in the scrape-off layer (SOL) and anrateyrediction of it for ITER and
DEMO is of great importance. Since first principle modeliigpower and particle exhaust is
not available yet, for predictions one has to rely on scaixjgressions.

Using improved infra-red camera systems with high spatia gemporal resolution, it was
found that previous ELM-averaged measurements subdtgrmieerestimate the power decay
length. This is due to two reasons: (i) ELM and inter-ELM pdssorrespond to different
physical processes which cannot be scaled in the same watiiptite strike line is found
to move between ELMs. Resolving these issues on ASDEX Uggaad JET discharges, an
improved scaling expression for the power decay lengtheatihertor entrance for ELM and
inter-ELM phases became available [31]:

Ay = 073 x Bl gl PAg RO @

ITER will be operated at similar values of the safety facigg as the discharges used for
the scaling. For the prediction to ITER, the important dejezrte is the one on the magnetic
field strengthBtr which leads to a reduction ik, compared to the values found in present-
day devices. Only a weak dependence on the power flux into @e Bso., and virtually

no dependence on the major plasma radiys, is found. The experimental scaling shows
very similar parameter dependencies as a heuristic modedendrifts are used to explain the
broadening of the decay length in the SOL [31]. For ITER patams the regression yields a
rather short power decay length &f ~ 1 mm. Other than for confinement scalings, where
the ITER prediction lies about a factor of 10 away from theendng data, the ITER power
decay length is only a factor of two shorter than that in JETS Important to note, however,
that expression (1) is obtained for attached divertor domas. In more realistic scenarios for
a burning plasma closer to the density limit with a partialgtached divertor, broader decay
lengths can be expected. Also in the high-performance digels presented in Sec. 1, the power
decay length widens by a factor of two with respect to theisgalalue.

The understanding of the processes leading to power anilpatetachment of the divertor
target plates in current devices is rather incomplete araliabte prediction for the divertor
behavior of future large scale devices is presently out afle For example, the fundamental
observation that the detachment of the inner divertor agpemich earlier than in the outer
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divertor is not reproduced by the most sophisticated sitimnlacodes, such as SOLPS5.0. In
order to overcome this deficiency, experimental obsermatrath 2D information on the plasma
parameters in the divertor are required. To this end, negndistics have been installed on
ASDEX Upgrade. From 25 lines of sight and with a time resolutnf 2.65 ms, the electron
density in the inner divertor volume was spectroscopicdéfermined for the first time from
Stark broadening of the Dine. In addition, radiative fluctuations were measurechwaithew
array of fast diode bolometers which cover the inner divertdume also with a grid of crossed
lines of sight [32].

The divertor detachment on ASDEX Upgrade has been studi€ghimic and L-mode dis-
charges using density ramps up to the density limit, butlameibservations are also made in
discharges where detachment is initiated by radiativeiiegaising nitrogen injection. In the L
mode discharges between 400 and 900 kW of ECRH power wasedppliith increasing den-
sity it was observed that the divertor undergoes differgstirttt states and the behaviors of the
inner and the outer divertor were found to be strongly cadipRrior to the detachment of the
outer divertor, strong fluctuations in the radiated powgresp in the SOL of the inner divertor
close to the X-point. The frequency is in the kHz range antkesoaith the ion mass a&;l/Q.
Simultaneously a high-density region appears in the inaeiSOL and around the X-point.
During this phase, the experimentally measured particleifidhe inner divertor remains well
below the prediction of a two-point model. A high degree aladement at the inner divertor
appears already in an early phase of the density ramp. Ortliee loand the roll-over in the
particle flux at the inner and outer divertor appear at sintiensities. After the disappearance
of the fluctuations, detachment occurs along the entireritanget plate.

With tungsten as the plasma facing material, in the divertdume high density is correlated
with high total radiation. Therefore the tomographic restomction of the emission measured
along the line of sight of the foil bolometers can be used tmlgthe 2D temporal density
evolution. Thus it was found that after detachment of theirstrike point a high density region
is located at the target plate next to the X-point. This redleen moves radially inwards and
then closer to the separatrix above the X-point. Simultasgpthe outer divertor completely
detaches [32]. The modeling of these observation is ond@8iBly

6. SOL -turbulence studies

For a fundamental description of the power decay lengthutiterstanding of turbulent trans-
port in the scrape-off layer has to be improved. The fluctunetiin the SOL are known to be
strongly intermittent and large events, called blobs (ir) @bfilaments (in 3D), radially trans-
port plasma as far as to the plasma facing components. Thmerof the wall material by the
plasma blobs is of great concern for ITER [34].

Advance turbulence simulation codes for the plasma edgeaadior the SOL are available.
In order to validate these codes, the characteristics ofuitiilence needs to be measured in
detail and in order to estimate the erosion rate on the firi tha plasma parameters inside the
blobs need to be known. These topics have been addressediEXA8pgrade using different
kinds of electric probes.

Fluctuation measurements have been carried out using Langmobes close to the separa-
trix of L-mode discharges [35]. Since the plasma potentil @s cross-phase to the den-
sity fluctuations is of key importance for a comparison witledry, the plasma potential
was directly measured with an emissive probe. In additiocpmrditional sampling tech-
nique was used to compile current-voltage probe charattexifrom which the full set of
electron plasma parameters could be deduced inside of.blBbsh methods yielded con-
sistent information on the plasma-potential fluctuationghey were found to be in phase
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with the density fluctuations as deduced from the ion-stituracurrent in good approxi-
mation (see Fig. 5a). The plasma-potential fluctuations hosvever, out of phase with
the directly measured floating-potential fluctuations b1 8Fig. 5¢). The difference be-
tween plasma and floating potential fluctuations is causeelégtron-temperature fluctua-
tions (Fig. 5b). The temperature fluctuations are also irsphaith the density fluctuations
an they reverse the amplitude of the floating potential flattuns with respect to the plasma
potential. This emphasizes the known problem related tartbasurement of cross-phase re-
lated quantities such as turbulent transport or Reynoldsstwith Langmuir probe arrays.

340
320
300
280

A detailed comparison of the fluctuation med-4
surements with gyro-fluid simulations using 5|
the GEMR code [36,37] was carried out [35].
The simulated volume encompasses the trdm |
sition from close to open field lines includ4 .25 260
ing a sheath model in the SOL. In the ana- 040
lyzed region close to the separatrix, simula--20 -10 0 10 20
tion and experiment are in excellent agree4s
ment. Both consistently find in-phase fluctu-44
ations in density, plasma potential and eleciz:
tron temperature which is in agreement withsg
a mixing-length approach. Also in the code,36
where synthetic Langmuir probes have beeg4[ T
included, the ion-saturation current measureg_%o -10 0 10 20
ments turn out to reproduce density fluctuagg
tions quite well. As in the experiment, the
fluctuations in the floating potential, however,70
are strongly influenced by temperature fluctu-
ations and, hence, are strongly distorted conf0
pared to the actual plasma-potential fluctua-
tions. The fact that both experiment and sim=% 0 0 10 6
ulation shows that plasma-potential and den- At (us)

sity fluctuations are almost in phase clearly

points to drift waves as the dominant turbu-IG. 5: Fluctuating plasma parameters in a
lence mechanism in the L-mode edge aimdbb from conditional sampling. Adapted from
near-SOL plasma. Details of the blob gerRef. [35].

eration close to the separatrix are studied and

it is observed that an admixture of interchange charatiesiscreases as the blob propagates
radially outward [38].

In order to estimate sputter yields related to the inteoaotif turbulent filaments or blobs with
the plasma facing components and to develop models for tie dynamics with predictive
capabilities, the ion density and temperature need to besumed. Using a radially movable
retarding-field analyser, RFA, and again conditional samgkechniques, a systematic study of
the ion energy in turbulent events has been carried out i8@ie of ASDEX Upgrade [19,39].
Inside of plasma filaments which were created by ELM cradihesRFA measured rather high
ion temperatures of up to 200 eV in the far scrape-off laydre Theasured ion temperatures
amount to values between 5 and 50 % of the ion temperature petlestal top. The temperature
was found to scale with the total energy drop induced by thielHLarge ELMs seem to carry,
on average, ions with higher energy into the far SOL. Thishisgiggest that filaments in larger
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ELMs propagate faster radially.

Radial propagation velocities of 500 — 2000 m/s were esgthfitom the temperature decay
with the distance from the separatrix using a simple blob eh¢#0]. From the measured
ion temperature together with densities deduced from thesaiuration current, parallel power
fluxes could be estimated and they were found to agree quitewtie thermographic measure-
ments using an IR camera viewing the RFA.

Also the blobs occurring during inter-ELM phases were fotmd¢ransport high ion tempera-
tures over large radial distances into the SOL. The temperatecreases with a radial decay
length of about 2 cm and blobs with higher density show alsonaesvhat higher ion temper-
ature. With increasing distance from the separatrix, thegperature decays faster with radius
pointing to lower radial propagation velocities.

7. Coretransport studies

Core momentum and particle transport have

been studied over a wide range of param- 05
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  _ ) ‘, P4
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 &.-0.5 ',
value for the diffusive component of the trans- 0‘
port equation entrain the existence of a term

edicted u
o
<
>
28 o
&
e

leading to transport in direction of the flow , z ¢
gradient. This could be a convective pinch '1_1 05 0 0.5
or/and a Reynolds stress term. méasured u’ '

Furthermore, the database also exhibits a cor-

relation between the normalized density gr&iG. 6: Top: measured density gradient length
dient at about half radius with the velocitys. normalized rotation gradient, bottom: pre-

gradient and thus to the central rotation veticted vs. measured rotation gradient. Adapted
locity. This is shown in Fig. 6a, which alsGrom Ref. [41].

includes some H-mode discharges. In a previ-
ous study, core density peaking in the absence of a partiakes was successfully described by
transport coefficients derived from linear calculationdwtine gyro-kinetic model GS2 [42,43].
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Using the same code and an appropriate assumption on fhg alhgle of the turbulent ed-
dies with the experimental parameters as input, the mometransport and thus the toroidal
flow profile can be predicted. Figure 6b shows, that the agee¢ivetween the experiment and
the model is excellent. According to that model, all poimtghie database which fall into the
trapped-electron-mode (TEM) regime are well describedbytiodification of the internal mo-
mentum transport which is caused by changes in the resithessshrough a density gradient
dependence. The pinch term plays a minor role only.

A related behavior was found in NBI-heated discharges,\Wth NBI central particle and mo-
mentum sources are present and due to almost equal eleaglaaratemperature profiles, the
discharge core is in the ion-temperature-gradient (IT@&pedrturbulence regime. The addition
of 2 MW of ECRH to the 2.5 MW of NBI leads to an increase in elenttemperature and to a
transition into the TEM regime. According to the GS2 lineardal this transition enhances the
turbulent particle pinch and indeed a central peaking ofdinesity profile was found. At the
same time the rotation profile flattens qualitatively cotesidy with the observations from the
internal-rotation database [44].

Turbulence can also influence the radial fast particleiigtion in the plasma core. This is also
of interest for future devices whenparticle heating becomes important or neutral beams will
be used for plasma current profile control. Turbulent fasttransport was one candidate to
explain the observation in ASDEX Upgrade that for the ofisaxeutral beams the current-drive
efficiency is below the theoretical prediction [45]. Redgntast-ion D-alpha (FIDA) spec-
troscopy, which analyses the Doppler shifted Balmerdiation from neutralised deuterium
ions, was used to measure the radially resolved slowingadbstribution function of fast ions
originating from NBI [46]. The fast-ion profiles from on andf-axis beam sources measured
with the FIDA diagnostic were compared with slowing-down wistribution functions which
were calculated with the TRANSP transport code. For the ®3deam, good agreement of the
distribution of ions with energies in the range 30 — 60 keV waasd when classical slowing
down was used in the calculation. In contrast, assuming amalous diffusion of 1 s for
the fast ions in the TRANSP simulations yields fast ion pesfivhich do not agree at all with
the experimental result. Therefore, diffusion of fast icasnot explain the low current drive
efficiency of the off-axis case [46].
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