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

1. Introduction
The ’improved H-mode scenario’, studied in ASDEX Upgrade for several years [1], shows high
confinement enhancement over H-mode (H98(y,2) = 1.1. . .1.5, exceeding the requirements for
the ITER H-mode baseline scenario [2]) and is obtained in a wide density range,ne,0/nGW =
0.3. . .0.9. Projected to ITER, fusion power comparable with baselineH-mode is achieved with
reduced plasma current and higher bootstrap current fraction [3,4]. Because of its potential for
long pulse operation (aimed at in advanced scenarios) combined with the robustness of ELMy
H-mode, this class of plasmas has also been dubbed the ’hybrid’ scenario in studies at JET [5]
and DIII-D [6].
In ASDEX Upgrade, improved H-mode is obtained by application of high heating power (Ptot ≥

7.5 MW) in H-mode discharges with essentially flat central shear profile and central safety
factorq(0) > 1, i.e. little or no sawteething. Typically, thisq profile is achieved by early heating
with moderate neutral beam injection (NBI) power during thecurrent rise phase. The slow
evolution of the initialq-profile is stabilised by mild central MHD activity, oftenm = 1,n = 1
fishbones or small neoclassical tearing mode islands. Recently, improved confinement with
similarq-profile has also been obtained in discharges with late startof NBI heating [7].
To date, the reason for the observed confinement improvementat high heating power is still
being investigated. A previous study [8] indicates that thepedestal pressure is higher than in
conventional H-mode plasmas. The pedestal pressure plays arole for confinement if “stiff”
temperature profiles create a link between the pedestal and core regions, as commonly observed
in conventional H-mode plasmas [9]. Compared to conventional H-modes, improved H-mode
plasmas show a similar edge-core relationship and similar variation of central density profile
peaking, as will be discussed below. The confinement enhancement factor improves with in-
creasing heating power, therefore we examine edge pedestalprofiles in heating power scans
that have been first presented in Ref. [10], both for early andlate heating scenarios. Finally,
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Figure 1: Edge core relation in improved H-mode (squares) and reference type I ELMy H-mode
(plus sign) data sets : (a)Ti (at ρ = 0.4) vs. (Ti at ρ = 0.4), (b) total MHD stored energy vs.
pedestal electron energy.

the energy losses associated with Edge Localised Modes (ELMs) are compared between im-
proved and conventional H-mode plasmas. A comparison of theASDEX Upgrade pedestal
measurements to various other tokamaks is presented in Ref.[11].

2. Discharge characterisation
The H-mode discharges considered subsequently are mainly heated by neutral beam injection
(NBI), with the addition of centrally deposited ion cyclotron resonance heating (ICRH), which
is mostly coupling to the hydrogen minority.
Two main data sets are used:
(a) A comprehensive set of improved H-mode discharges that are performed in ASDEX Up-
grade according to the above recipe. This data set is defined in Ref. [3].
(b) As a reference, a selection of longest stationary phasesin type I ELMy discharges with
largest possible variation of machine parameters. This data set is described in Ref. [12].
Dedicated pedestal profile measurements are only availablefor subsets of the two data sets.
Improved H-mode pedestal data originates from power scans in discharges 20116, 20431 (early
heating) and 20448 (late heating), as described in Ref. [10]. Type I ELMy H-mode reference
data is taken from the ASDEX Upgrade pedestal data base, which covers a wide parameter
range, plasma currentIp = 0.6. . .1.4 MA, NBI powerPNBI = 2.5. . .15 MW, edge safety factor
q95 = 3. . .5 and line-averaged density normalised to the Greenwald limit, ne/nGW = 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 electrons and ions) [9,13], independent of plasma
current, shaping, hydrogen or deuterium, which links the core performance to pedestal top
parameters. A linear relationship is found between ion temperatures (Ti) across the confinement
region [14]. This relationship is checked in Fig. 1 (a) for improved and reference data sets
by plotting Ti(ρp = 0.4) vs. Ti(ρp = 0.8), whereρp = ψ1/2 and ψ the normalised poloidal
flux. For improved H-mode with early heating, the same linearrelationship between core and
peripheral temperature is observed as in the reference dataset and as reported in Ref. [14]. Late
heating discharges can have weaker core gradients [7]. However, the gradient lengthTi/∇Ti in
improved H-mode is not systematically shorter than in the reference H-mode set, and does not
indicate the formation of an internal transport barrier. Insideρp = 0.4 there are deviations from
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Figure 2: Density peaking: (a)H98(y,2) vs. peaking factor,ne,0/ne(ρ = 0.9), and (b) peaking
factor vs. peripheral densityne(ρ = 0.9) for improved H-mode and standard H-mode plasmas.

proportionality due to presence or absence of sawtooth oscillations, which affect profiles in a
small core volume [7].
For similar density profiles, the relation of edge and core temperatures leads to a relationship
between total stored energy and pedestal pressure or pedestal energy, which also has been ob-
served in conventional H-modes [15]. Figure 1 (b) shows the MHD stored energy vs. the elec-
tron pedestal energy, defined as(3/2)(kB Te ne)ped ×V (kB: Boltzmann constant,Te,ped ,ne,ped:
pedestal electron temperature and density, taken here atρp = 0.9, V plasma volume) for im-
proved H-mode and reference data sets. Improved H-modes occur at higher values of stored
energy, but follow basically the same linear relationship between pedestal and core stored en-
ergy as H-modes generally do. As an exception, pulse 15651 (indicated in the figure) shows
enhanced stored energy. This is due to a peaked density profile in this discharge (see next
section).

2.2. Density peaking Variations of the density profile shape can lead to variations of the re-
lationship between edge pressure and core pressure despitestiff temperature profiles. Confine-
ment improvement with density peaking is found, for example, in completely detached H-mode
with radiating mantle [15]. In Fig. 2 (a),H98(y,2) is plotted as a function ofne/ne(ρp = 0.9),
which is used here as a measure of density peaking. Improved H-modes populate higher values
of the confinement improvement factor, independent of density peaking. The effect of peaked
density profiles is mostly contained in the positive line averaged density dependence of the
confinement time as predicted by theH98(y,2) scaling. Fig. 2 (b) showsne/ne(ρp = 0.9) as a
function ofne(ρp = 0.9)/nGW . With the exception of one pulse, 15651, the density peakingin
improved H-mode shows similar behaviour as the reference discharges, i.e. decreasing density
peaking with increasing pedestal density.
We conclude that strong density peaking can occur and can lead to improved confinement, as in
pulse 15651, but this is not the rule, and in general, improved H-mode confinement in ASDEX
Upgrade is not due to peaked density profiles. In fact it is observed that central peaking of
the main ion density can cause inward drift of high-Z impurities as predicted for neoclassical
transport [16]. In ASDEX Upgrade, with about 90% of the plasma-facing surface covered with
tungsten, this inward drift can cause accumulation of tungsten in the core. Operationally, the
density peaking is limited by increasing the core heat flux, for example with centrally deposited
ICRH, which increases ion diffusivity [17,18]. This technique is regularly applied for improved



4 IAEA-CN-149 / EX / 8-5

0.7 0.8 0.9 1.0 1.1
normalised poloidal flux radius ρ

0.0

0.5

1.0

1.5

2.0

2.5

el
ec

tr
on

 te
m

pe
ra

tu
re

 [k
eV

]

Edge Thomson scattering  
ECE Radiometer           
Fitted Te profile        

0.7 0.8 0.9 1.0 1.1
0

1

2

3

4

5

el
ec

tr
on

 d
en

si
ty

 [1
0 

   
 m

   
]

Core Thomson scattering  
Edge Thomson scattering  
Lithium beam             
Reflectometer (LFS)      
Interferometer channel H5

Fitted ne profile        
ASDEX Upgrade #20431
t=1.65 ... 2.0 s, 
before ELMs

E
C

E
 optical depth τ

p normalised poloidal flux radius ρp

0

5

10

15

20

25

τ

Te

19
-3

ASDEX Upgrade #20431
t=1.65 ... 2.0 s, 
before ELMs

Figure 3: Pedestal profiles ofTe 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 variation ofthe density profile shape suggests
that the confinement enhancement in improved H-mode may be due to improved pedestal pres-
sure. In this section, we study the effect of heating power variation on pedestal parameters, in
particular the pedestal top temperature and density and thewidth of the steep gradient region
(edge transport barrier).
To assemble high resolution edge profiles, we follow the techniques described in Ref. [20], us-
ing electron cyclotron emission (ECE) measurements in the second harmonic X-mode and high
resolution edge Thomson scattering [21] for electron temperature profiles, Thomson scattering,
microwave reflectometer [22], and Li beam density measurements with ELM resolution [23]
for electron density, and charge exchange spectroscopy (CXRS) for ion temperature profiles.
Highest resolution edgeTi profiles are obtained by CXRS measurements in the Li-beam [24],
however this technique requires extended integration intervals with sufficiently long time inter-
vals in between ELMs which were not obtained in the currentlyinvestigated improved H-Mode
shots. Hence gradient region width measurements are only presented for electron profiles.
Figure 3 shows examples ofTe andne profiles from various diagnostics along with the fitted
modified tanh functions [20]. In addition, the ECE second harmonic X-mode optical depthτ
is plotted, which is calculated by an approximate formula,τ = 3.94× Tene (keV, 1019 m−3)
[25]. Only ECE channels withτ ≥ 5 are used for the profile fit in order to obtain best radial
resolution (close to the width of the cold resonance layer (≈ 5 mm atBRF = 300 MHz RF
bandwidth) and to avoid overlap of down-shifted ECE from thetail of the energy distribution
of electrons located further inside the main plasma. This effect is responsible for the observed
signal in channels with cold plasma resonance in the scrape-off-layer. ECE shine-through is
commonly observed at the edge of H-mode plasmas and is discussed in detail in Ref. [25].
We investigate the heating power dependence of pedestal parameters in improved H-mode. Fig.
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Figure 4: Fitted pedestal profiles for heating power scan (a)with early heating (shot 20431) (b)
with late heating (shot 20448)

4 shows the profiles fits of improved H-mode discharges 20431 (late heating) and 20448 (early
heating) for various steps of input power,Ptot = 6, 11 and 13.5 MW. The individual diagnostics
profiles are omitted for clarity. The ion temperature profiles are fitted to core CXRS data with
barrier width kept fixed at 2 cm.
For early heating (Fig. 4 a) the electron density, electron temperature and ion temperature at the
pedestal top all increase with heating power. While the electron density gradient width remains
constant or decreases with increasing heating power, the electron temperature width increases
keeping the temperature gradient roughly constant. In the case of late heating (Fig. 4 b), the
density profile remains unchanged, while both electron and ion temperature at the pedestal top
increase with increasing power.
The fit parameters of power scans in three different discharges, 20431 and 20116 (early heating),
20448 (late heating) are summarised in Fig. 5, plotted against the ASDEX Upgrade pedestal
data base of type I ELMy discharges for comparison. The pedestal temperature (Fig. 5 a) is
highest while the pedestal density (Fig. 5 b) is moderate in the improved H-mode shots under
consideration. It must be noted that this is not a restriction; higher density cases exist but are
not shown here. The electron temperature and barrier widths(Fig. 5 c and d, respectively) are in
the range of those in conventional H-mode, with the marginally significant trend of increasing
temperature width and constant or decreasing density widthwith power. It should be noted that
the precision of the edge gradient measurements and the mutual alignment is critical, and the
width variations are near the actual resolution of the technique.
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4. ELM energy loss
Subsequently, we discuss whether the confinement improvement in H-mode is systematically
connected with larger ELM energy losses. This question is critical, because ELM losses might
be large enough in ITER to cause excessive divertor target erosion and tritium co-deposition.
The ELM energy loss is evaluated from the change of MHD storedenergy before and after an
ELM. Fig. 6 shows the ELM energy loss∆WELM, normalised to the MHD stored energyWMHD,
as a function of various parameters that show significant experimental variation: (a) total heating
powerPtot, (b) upper triangularityδu, (c) pedestal density normalised to the Greenwald density,
(d) electron pedestal collisionalityν∗e = πRq95/λee (λee: mean free path for electron-electron
collisions) and (e) edge safety factorq95. The lower triangularityδl is strongly correlated with
βp and can therefore not be considered an independent shape parameter. The ELM energy loss
shows significant scatter, which has already been noted in Ref. [12]; nevertheless, one can
compare standard and improved H-modes. Fig. 6 (a) shows thatthe upper envelope of observed
normalised ELM energy losses decreases with increasing input power. This a consequence of
increasing stored energy with heating power; the absolute ELM energy itself does not show a
significant variation with input power. A positiveq95-dependence can be seen in Fig. 6 (e) for
improved H-mode only, which corresponds to a positiveBt dependence in the data. There is no
clear dependence on the other three parameters. For lowest (δu ≈0) and highest (δu > 0.3) upper
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Figure 6: ELM behaviour in improved and standard H-mode discharges: Normalised ELM en-
ergy loss∆WELM/WMHD as a function of (a) input power, (b) upper triangularity, (c) pedestal
Greenwald fraction, (d) electron pedestal collisionality, and (e) edge safety factorq95; (f)
PL/∆WELM vs. ELM frequency, lines indicate various fractions of power lost during ELMs.

triangularities the normalised ELM energy loss appears to be reduced compared to intermediate
δu. Finally, Fig. 6 (f) is a plot ofPL/∆WELM vs. ELM frequency, wherePL is the loss power
Ptot − dW/dt. Lines of constant ELM loss power fraction are indicated in the figure. With
increasing ELM frequency, the upper bound of ELM loss power fraction seems to decrease
from about 50% to 20%. Despite the large scatter in the data, Figs. 6 (a) and (b) indicate that
high heating power and high ELM frequency in improved H-modedo not imply larger ELM
energy losses than those found in the reference H-mode data set.

5. Summary and Discussion
Power scan experiments in ASDEX Upgrade show that in improved H-mode, the pedestal tem-
perature increases with heating power, which is the main cause for a positive power dependence
of the pedestal pressure. Because of stiff core temperatureprofiles and, in most but not all cases,
weak variations of the density profile shape, the increased pedestal pressure accounts at least
for part of the observed confinement improvement. Within experimental accuracy, the pedestal
temperature increase is connected with a widening of the electron barrier, not an increasing
temperature gradient. In Ref. [10], a model is discussed which assumes that the barrier width
is determined by the radial region in which the pressure gradient-drivenE ×B shearing rate
exceeds the ITB growth rate, which depends on the product of toroidal Larmor radius and mag-
netic shear. The resulting predicted temperature barrier width variation is weak and difficult to
test with the present data. In improved H-modes, and unlike most conventional H-modes cases
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studied so far, the density barrier width is narrower than the temperature barrier width and, at
lowest densities, tends to shrink with heating power. Consequently, the edge pressure gradient
remains constant or increases weakly (at low density) with heating power. As discussed in [10],
a correlation ofβp with the (electron) pressure gradient exists, which suggests that configuration
changes, in particular local magnetic shear and magnetic well can modify edge stability. If the
edge radial electrical fieldEr is mostly driven by the edge pressure gradient, one would expect
only weak variations ofEr in the barrier region. However, Doppler reflectometer measurements
in ASDEX Upgrade [26] show that theEr well depth increases from typicallyEr ≈ 30 keV/m
in ELMy H-mode toEr ≈ 50 keV/m in improved H-mode, well correlated with the confine-
ment enhancement. TheEr well is always aligned with the steep pressure gradient region. Er

shear can be influential in two ways: (a) weakEr shear near the pedestal top might reduce ITG
turbulence and widen the barrier, and (b) rotational shear along with theEr shear can enhance
MHD stability in the gradient region and steepen the barrier. WhetherEr is mainly driven by
the pressure gradient is not clear as yet.
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