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Abstract. Improved and conventional high confinement mode dischanggSDEX Upgrade are com-
pared with respect to H-mode pedestal properties and etesggs due to Edge Localised Modes. In
both scenarios, “stiff” temperature profiles and, with feweptions, only small variations of the density
profile shape give rise to a significant correlation betwese and pedestal stored energy. The confine-
ment improvement with increased heating power is acconeganith increasing pedestal temperature
and pedestal pressure. While the electron temperaturebaidth increases with power, the density
barrier width remains unchanged or even decreases. Thepedggure gradient increases with power,
indicating improved edge stability with increased heafogver or beta. The ELM energy loss in im-
proved H-mode is not significantly different from that in gentional H-mode, although there is large
scatter in both distributions.

1. Introduction

The 'improved H-mode scenario’, studied in ASDEX Upgradesieveral years [1], shows high
confinement enhancement over H-mo#ligg{y o) = 1.1...1.5, exceeding the requirements for
the ITER H-mode baseline scenario [2]) and is obtained indewdensity rang€leo/New =
0.3...0.9. Projected to ITER, fusion power comparable with basdlifraode is achieved with
reduced plasma current and higher bootstrap currentdrag3i4]. Because of its potential for
long pulse operation (aimed at in advanced scenarios) ecwdbiith the robustness of ELMy
H-mode, this class of plasmas has also been dubbed the dhgbgnario in studies at JET [5]
and DIII-D [6].

In ASDEX Upgrade, improved H-mode is obtained by appliaabbhigh heating powelRq >
7.5 MW) in H-mode discharges with essentially flat central sh@afile and central safety
factorg(0) > 1, i.e. little or no sawteething. Typically, thigorofile is achieved by early heating
with moderate neutral beam injection (NBI) power during tuerent rise phase. The slow
evolution of the initialg-profile is stabilised by mild central MHD activity, often=1,n=1
fishbones or small neoclassical tearing mode islands. Rgcéenproved confinement with
similar g-profile has also been obtained in discharges with late stdNBI heating [7].

To date, the reason for the observed confinement improveatdngh heating power is still
being investigated. A previous study [8] indicates thatkdestal pressure is higher than in
conventional H-mode plasmas. The pedestal pressure plegle éor confinement if “stiff”
temperature profiles create a link between the pedestal@aedegions, as commonly observed
in conventional H-mode plasmas [9]. Compared to conveatibBlhmodes, improved H-mode
plasmas show a similar edge-core relationship and simdeation of central density profile
peaking, as will be discussed below. The confinement enhagrtefactor improves with in-
creasing heating power, therefore we examine edge pegesfdes in heating power scans
that have been first presented in Ref. [10], both for early latelheating scenarios. Finally,
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Figure 1: Edge core relation in improved H-mode (squaredyeference type | ELMy H-mode
(plus sign) data sets : () (atp = 0.4) vs. (T; atp = 0.4), (b) total MHD stored energy vs.
pedestal electron energy.

the energy losses associated with Edge Localised Modes ¢Ebké compared between im-
proved and conventional H-mode plasmas. A comparison oABBEX Upgrade pedestal
measurements to various other tokamaks is presented iffIRéf.

2. Discharge characterisation

The H-mode discharges considered subsequently are maiatgdh by neutral beam injection
(NBI), with the addition of centrally deposited ion cyclotrresonance heating (ICRH), which
is mostly coupling to the hydrogen minority.

Two main data sets are used:

(&) A comprehensive set of improved H-mode discharges tieaperformed in ASDEX Up-
grade according to the above recipe. This data set is defni@dfi [3].

(b) As a reference, a selection of longest stationary phizsgge | ELMy discharges with
largest possible variation of machine parameters. This skttis described in Ref. [12].
Dedicated pedestal profile measurements are only avaifabkubsets of the two data sets.
Improved H-mode pedestal data originates from power scadischarges 20116, 20431 (early
heating) and 20448 (late heating), as described in Ref.. [I¥}}e | ELMy H-mode reference
data is taken from the ASDEX Upgrade pedestal data base hvdaeers a wide parameter
range, plasma curreiy = 0.6...1.4 MA, NBI powerPyg = 2.5...15 MW, edge safety factor
gos = 3...5 and line-averaged density normalised to the Greenwald Ingyngyw = 0.3...0.9.

2.1. Edge-core relation H-mode plasmas in ASDEX Upgrade show a pronounced relation
between edge and core temperatures (both for electronsasid9,13], independent of plasma
current, shaping, hydrogen or deuterium, which links thee qeerformance to pedestal top
parameters. A linear relationship is found between ion Enatpires|j) across the confinement
region [14]. This relationship is checked in Fig. 1 (a) forpimved and reference data sets
by plotting Ti(pp = 0.4) vs. Ti(pp = 0.8), wherep, = U/? and @ the normalised poloidal
flux. For improved H-mode with early heating, the same limetationship between core and
peripheral temperature is observed as in the referencesetdéad as reported in Ref. [14]. Late
heating discharges can have weaker core gradients [7]. Wowtbe gradient length /0T, in
improved H-mode is not systematically shorter than in tHeremce H-mode set, and does not
indicate the formation of an internal transport barriesidiep, = 0.4 there are deviations from
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Figure 2: Density peaking: (d)logy,2) VS. peaking factomeo/ne(p = 0.9), and (b) peaking
factor vs. peripheral density(p = 0.9) for improved H-mode and standard H-mode plasmas.

proportionality due to presence or absence of sawtoothlasmns, which affect profiles in a
small core volume [7].

For similar density profiles, the relation of edge and coreperatures leads to a relationship
between total stored energy and pedestal pressure or peeerstgy, which also has been ob-
served in conventional H-modes [15]. Figure 1 (b) shows tih\Mstored energy vs. the elec-
tron pedestal energy, defined@32) (kg Te Ne)ped X V (kg Boltzmann constanile peq, Ne, ped:
pedestal electron temperature and density, taken hegygat0.9, V plasma volume) for im-
proved H-mode and reference data sets. Improved H-modes attigher values of stored
energy, but follow basically the same linear relationsheépaeen pedestal and core stored en-
ergy as H-modes generally do. As an exception, pulse 1568licéted in the figure) shows
enhanced stored energy. This is due to a peaked densityepnofthis discharge (see next
section).

2.2. Density peaking Variations of the density profile shape can lead to variatimirthe re-
lationship between edge pressure and core pressure dstipitemperature profiles. Confine-
ment improvement with density peaking is found, for examipleompletely detached H-mode
with radiating mantle [15]. In Fig. 2 (a)legy,2) is plotted as a function dfe/ne(pp = 0.9),
which is used here as a measure of density peaking. Improveddés populate higher values
of the confinement improvement factor, independent of dgpsiaking. The effect of peaked
density profiles is mostly contained in the positive lineraged density dependence of the
confinement time as predicted by thigg,») scaling. Fig. 2 (b) showse/ne(pp =0.9) as a
function ofne(pp = 0.9) /new. With the exception of one pulse, 15651, the density peaiking
improved H-mode shows similar behaviour as the referemsghdrges, i.e. decreasing density
peaking with increasing pedestal density.

We conclude that strong density peaking can occur and cdridaenproved confinement, as in
pulse 15651, but this is not the rule, and in general, imptd¥anode confinement in ASDEX
Upgrade is not due to peaked density profiles. In fact it issoled that central peaking of
the main ion density can cause inward drift of high-Z impastas predicted for neoclassical
transport [16]. In ASDEX Upgrade, with about 90% of the plasfacing surface covered with
tungsten, this inward drift can cause accumulation of tterg the core. Operationally, the
density peaking is limited by increasing the core heat flaxgkample with centrally deposited
ICRH, which increases ion diffusivity [17,18]. This techjaoe is regularly applied for improved
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Figure 3: Pedestal profiles @ andne from various diagnostics with profile fits (see text) and
calculated ECE optical depth.

H-mode experiments [19].

3. Edge pedestal measurements

The existence of stiff core profiles and limited variationtloé density profile shape suggests
that the confinement enhancement in improved H-mode may é&&dmproved pedestal pres-
sure. In this section, we study the effect of heating poweatian on pedestal parameters, in
particular the pedestal top temperature and density andititt of the steep gradient region
(edge transport barrier).

To assemble high resolution edge profiles, we follow thertgples described in Ref. [20], us-
ing electron cyclotron emission (ECE) measurements ingbersd harmonic X-mode and high
resolution edge Thomson scattering [21] for electron teadpee profiles, Thomson scattering,
microwave reflectometer [22], and Li beam density measunésneith ELM resolution [23]
for electron density, and charge exchange spectroscopR8}Xor ion temperature profiles.
Highest resolution edg§ profiles are obtained by CXRS measurements in the Li-beain [24
however this technique requires extended integratiomvate with sufficiently long time inter-
vals in between ELMs which were not obtained in the curreimthgstigated improved H-Mode
shots. Hence gradient region width measurements are oedgpted for electron profiles.
Figure 3 shows examples @ andne profiles from various diagnostics along with the fitted
modified tanh functions [20]. In addition, the ECE secondvaric X-mode optical depthn

is plotted, which is calculated by an approximate formuala; 3.94 x Tene (keV, 10 m—3)
[25]. Only ECE channels witli > 5 are used for the profile fit in order to obtain best radial
resolution (close to the width of the cold resonance layeb(mm atBrr = 300 MHz RF
bandwidth) and to avoid overlap of down-shifted ECE from tii€of the energy distribution
of electrons located further inside the main plasma. THecefs responsible for the observed
signal in channels with cold plasma resonance in the sa#idayer. ECE shine-through is
commonly observed at the edge of H-mode plasmas and is detus detail in Ref. [25].

We investigate the heating power dependence of pedestahpéers in improved H-mode. Fig.
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Figure 4: Fitted pedestal profiles for heating power scaw(th) early heating (shot 20431) (b)
with late heating (shot 20448)

4 shows the profiles fits of improved H-mode discharges 20k34 keating) and 20448 (early
heating) for various steps of input powBjg; = 6, 11 and 13 MW. The individual diagnostics
profiles are omitted for clarity. The ion temperature prafiee fitted to core CXRS data with
barrier width kept fixed at 2 cm.

For early heating (Fig. 4 a) the electron density, electeomgderature and ion temperature at the
pedestal top all increase with heating power. While thetedeadensity gradient width remains
constant or decreases with increasing heating power, gdotreh temperature width increases
keeping the temperature gradient roughly constant. In #ise of late heating (Fig. 4 b), the
density profile remains unchanged, while both electron andemperature at the pedestal top
increase with increasing power.

The fit parameters of power scans in three different disdsa@20431 and 20116 (early heating),
20448 (late heating) are summarised in Fig. 5, plotted agjdéie ASDEX Upgrade pedestal
data base of type | ELMy discharges for comparison. The paldesnperature (Fig. 5 a) is
highest while the pedestal density (Fig. 5 b) is moderatéenimproved H-mode shots under
consideration. It must be noted that this is not a restmgtiogher density cases exist but are
not shown here. The electron temperature and barrier Wigitgs5 c and d, respectively) are in
the range of those in conventional H-mode, with the margirsagjnificant trend of increasing
temperature width and constant or decreasing density widthpower. It should be noted that
the precision of the edge gradient measurements and theahalignment is critical, and the
width variations are near the actual resolution of the tegpa
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Figure 5: Power dependence of pedestal parameters: (ajtpktigp electron temperature, (b)
pedestal top electron density, (c) electron temperatudghw(d) electron density width. Data
sets are improved H-mode power scans (squares) and H-niedenee (plus signs).

4. ELM energy loss

Subsequently, we discuss whether the confinement impraveimél-mode is systematically
connected with larger ELM energy losses. This questioniikal, because ELM losses might
be large enough in ITER to cause excessive divertor targsiar and tritium co-deposition.
The ELM energy loss is evaluated from the change of MHD stereztgy before and after an
ELM. Fig. 6 shows the ELM energy logs\e| v, normalised to the MHD stored ener@¥Hp,

as a function of various parameters that show significargrxyental variation: (a) total heating
powerPyt, (b) upper triangularityy, (c) pedestal density normalised to the Greenwald density,
(d) electron pedestal collisionality;, = TRggs/Aee (Aee: Mean free path for electron-electron
collisions) and (e) edge safety factps. The lower triangularityy, is strongly correlated with
Bp and can therefore not be considered an independent shapagiar. The ELM energy loss
shows significant scatter, which has already been noted in R&]; nevertheless, one can
compare standard and improved H-modes. Fig. 6 (a) showHiapper envelope of observed
normalised ELM energy losses decreases with increasing puwer. This a consequence of
increasing stored energy with heating power; the absolutd Energy itself does not show a
significant variation with input power. A positivggs-dependence can be seen in Fig. 6 (e) for
improved H-mode only, which corresponds to a posiBvelependence in the data. There is no
clear dependence on the other three parameters. For laxyes0) and highest&, > 0.3) upper
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Figure 6: ELM behaviour in improved and standard H-modeldisges: Normalised ELM en-
ergy lossAWeL m /Wunp as a function of (a) input power, (b) upper triangularity), jedestal
Greenwald fraction, (d) electron pedestal collisionalnd (e) edge safety factaps; (f)
R /AWeLm vs. ELM frequency, lines indicate various fractions of povest during ELMs.

triangularities the normalised ELM energy loss appeargteduced compared to intermediate
oy. Finally, Fig. 6 (f) is a plot o /AW m vs. ELM frequency, wher@_ is the loss power
Rot —dW/dt. Lines of constant ELM loss power fraction are indicatedha figure. With
increasing ELM frequency, the upper bound of ELM loss powactfon seems to decrease
from about 50% to 20%. Despite the large scatter in the daga, B (a) and (b) indicate that
high heating power and high ELM frequency in improved H-mddenot imply larger ELM
energy losses than those found in the reference H-mode elata s

5. Summary and Discussion

Power scan experiments in ASDEX Upgrade show that in imatéi«enode, the pedestal tem-
perature increases with heating power, which is the maisecar a positive power dependence
of the pedestal pressure. Because of stiff core tempernatofiées and, in most but not all cases,
weak variations of the density profile shape, the increaseggtal pressure accounts at least
for part of the observed confinement improvement. Withinegxpental accuracy, the pedestal
temperature increase is connected with a widening of thetrele barrier, not an increasing
temperature gradient. In Ref. [10], a model is discussedhvassumes that the barrier width
is determined by the radial region in which the pressureigradirivenE x B shearing rate
exceeds the ITB growth rate, which depends on the producroidal Larmor radius and mag-
netic shear. The resulting predicted temperature baridthwariation is weak and difficult to
test with the present data. In improved H-modes, and unligstmonventional H-modes cases
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studied so far, the density barrier width is narrower thantédmperature barrier width and, at
lowest densities, tends to shrink with heating power. Cqusagtly, the edge pressure gradient
remains constant or increases weakly (at low density) watitihg power. As discussed in [10],
a correlation of3p with the (electron) pressure gradient exists, which sugdgbat configuration
changes, in particular local magnetic shear and magneticam® modify edge stability. If the
edge radial electrical fiel&; is mostly driven by the edge pressure gradient, one wouldaxp
only weak variations o, in the barrier region. However, Doppler reflectometer messents

in ASDEX Upgrade [26] show that th& well depth increases from typically ~ 30 keV/m

in ELMy H-mode toE, ~ 50 keV/m in improved H-mode, well correlated with the condfine
ment enhancement. TH& well is always aligned with the steep pressure gradienpredt;
shear can be influential in two ways: (a) weagkshear near the pedestal top might reduce ITG
turbulence and widen the barrier, and (b) rotational shieengawith theE, shear can enhance
MHD stability in the gradient region and steepen the barhN@hetherk, is mainly driven by
the pressure gradient is not clear as yet.
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