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Abstract

Since 1998 ASDEX Upgrade has developed stationary H-modes that routinely obtain confinement
enhancement factors Hogyo) > 1 and normalised beta, fx = 2-3. These discharges are characterized by a g-
profile with low magnetic shear in the centre and q(0)~1. New results presented here concentrate on
extending the operational range of these improved H-modes at ASDEX Upgrade and extrapolating the
results to ITER. Discharges are obtained at high density, over a wide range of plasma collisionality and
with a first wall predominantly covered by tungsten coated carbon tiles. The performance is optimised for
Qs ranging from 3 to 5. At qos~3 real time control of By is used and in some cases ECCD to suppress NTM
activity at low x~2. For the extrapolation to ITER, the fusion power is calculated using the same thermal
beta (Bnw) and kinetic profile shapes as obtained in ASDEX Upgrade and setting <n<>/ngw=0.85. The
fusion gain that could be obtained is evaluated using different confinement scaling expressions. The results
indicate that improved H-modes are a candidate for an ITER hybrid scenario or could extend ITER

operation beyond what is currently foreseen using standard H-modes.



1. Introduction

In thermonuclear fusion research using magnetic confinement, the tokamak is the
leading candidate for achieving conditions required for a reactor. A tokamak is inherently a
pulsed experiment. To achieve steady state operation it would be necessary to decrease
plasma current to minimise the need for non-inductive drive, increase plasma pressure to
maximise both the fusion power and the bootstrap current fraction [1] and optimize external
current drive sources to sustain the discharge. The stability of the plasma is governed by the
plasma pressure obtained. An important definition is the ratio of the average plasma pressure
to the total magnetic pressure <[3>, which can be normalised to obtain By (Bn= <p>aB+/l; in
%mT/MA (where aisthe minor radius of the tokamak, B+ the toroidal field and I, the plasma
current).

The best results in terms of plasma confinement for inductive (pulsed) operation are
obtained in H-modes, a regime with a transport barrier for energy and particles at the edge of
the plasma [2]. In stationary H-mode discharges, Edge Localised Modes (ELMs) are
observed, that is periodic relaxations of the edge pressure gradient. A widely used, empirical
scaling for the thermal energy confinement in ELMy H-mode plasmas has been published
[3], cdled the 1PB98(y,2) scaling expression. The ratio of the measured thermal energy
confinement time (te) and predicted thermal energy confinement time (Tegsy.2) IS defined as
Has(y.2); for standard H-modes the value for Hogy.2) should be near 1.

An international experimental reactor, ITER, is planned as a first integration of the
physics of plasmas heated predominantly by the confined alpha particles from the deuterium-
tritium fusion reactions, and key technological requirements, in order to demonstrate fusion
as a viable source for generating electricity [4]. The standard operation regime of ITER is
based on the ELMy H-mode, owing to its reproducibility and the large experimental database
from various experiments. ITER is designed using Hegy> = 1.0 and a plasma current of 15
MA, to provide operation at afusion power (Prs) in the range 400-500MW and Q=10, with Q
defined asthe ratio of the fusion power and the external heating power.

The inverse rotational transform of a magnetic flux surface, the safety factor g, is an
important parameter in tokamaks. This safety factor q and the magnetic shear s=(r/q)dq/dr
(with r the minor radius of the flux surface) play a key role in plasma stability and
confinement. Typically, magnetohydrodynamic (MHD) instabilities are observed at or near
rational q values. These MHD events generally can lead to significant reduction in
confinement and limit the plasma performance. In the standard inductive operation mode of

ITER, the safety factor increases monotonically with radius and q on the magnetic axis (q(0))



is below unity. The safety factor close to the edge, at the 95% flux surface (qos), is 3, a
compromise between maximising the confinement (which scales linearly with I,) and the
increased risk of damage to the mechanical structures due to electromechanical forces during
disruptions. Another requirement is operating at sufficiently high plasma density (near
1.0x10*°m?) to generate large enough fusion output power and to ensure the power exhaust
with a reasonable lifetime of the divertor target. However, there is a limit to the maximum
density in ELMy H-modes, above which the energy confinement drops sharply. This so-
called Greenwald density limit for H-modes is defined as ngw = 10 [m3]I [MA]/T&? [m?] [5].
The line-averaged density <n.> normalised to the Greenwald density limit, <ne>/new, IS set at
0.85inthe ITER design.

The operational space of the inductive reference scenario at [,=15 MA has been
assessed for a range of Hogy, factors to determine the ‘envelope’ of performance within
ITER’s capabilities and physical constraints [6,7]. These show a strong dependence of Q and
Pss with Hogsy2), average plasma density and impurity concentration. Hence, a significant
increase in ITER performance could be achieved with a relatively small improvement in
energy confinement. As shown in Figure 1 (adapted from [7]) an increase in Hogy ) to a value
of 1.3, although outside the confidence interval for the IPB98(y,2) scaling, would give Py
near 800MW and Q~20. As a result, any discharge in ITER that achieves Hogy,) > 1 and is
able to operate at higher beta compared to the ITER reference scenario can be used to
increase the performance at 15 MA. Alternatively, these discharges at high confinement can
be utilised for ITER operation at [,=11-14 MA, while keeping Q=5-10. Moreover, a
demonstration fusion reactor “DEMO”, the next step after ITER, will require Hog(y ) in the
range 1.2-1.4 and By >3.5 to be achieved routinely for economical operation of the plant [8].
Hence, ITER needs to confirm that these values are accessible reliably.

In the past ten years, a large effort has been made to develop regimes that could lead
to fully non-inductive operation of a tokamak at high fusion yield, utilising the self generated
(pressure driven) bootstrap effect. These scenarios typically rely on the formation of an
internal transport barrier to improve the confinement. Sufficient bootstrap current may be
provided in this way to satisfy ITER’s second major goal of reaching Q=5 under fully non-
inductive conditions. However, achieving these conditions necessitate careful tailoring of the
current density profile by the external heating and current drive methods. The stringent
control requirements for discharges with internal transport barriers have prompted research
into advanced operating scenarios that are inherently stationary with respect to the current

relaxation time scale, imposing minimum control by external actuators.



For ITER, it was originally envisioned [4] that discharges with extended burn at lower
plasma current (I, < 15MA) would be intermediate between the inductive burn (baseline)
scenario and the fully non-inductive (steady state) scenario; therefore, this type of discharge
is known as the ITER “hybrid” scenario. This would allow operation in a mode with high
reliability and would maximise the neutron fluence (integrated neutron wall load during a
pulse) in ITER for material testing. Several experiments [9,10,11] have independently
developed (stationary) H-modes with q(0)~1 exhibiting improved confinement factors,
Hosy2>1 and good stability Bx=2-3.

At ASDEX Upgrade [12,13,14,15,16] stationary H-mode discharges have been
developed that are characterized by a g-profile with low magnetic shear in the centre and q(0)
~ 1, typically obtained by applying heating during the current rise phase of the discharge. It
has been found that discharges with q¢s=3.8-4.4, q(0)~1 and weak central shear can have an
improved energy confinement compared to H-mode confinement scaling at high beta[13].
The g-profile characteristic of this scenario (called improved H-mode), compared to that of
the standard inductive H-mode scenario, prevents sawtoothing m=1/n=1 MHD activity in the
centre and the triggering of large m=3/n=2 or m=2/n=1 neo-classical tearing modes ((3,2)
NTM and (2,1) NTM, respectively). These discharges are candidates for the ITER hybrid
scenario. Also other experiments (DIII-D [17], JT-60U [18] and JET [19]) have shown rapid

progress in the development of this operational scenario in the past few years.

In this paper, an overview is given of improved H-modes in ASDEX Upgrade (section 2).
New results presented here concentrate on extending the operational range of improved H-
modes at ASDEX Upgrade. The performance is optimised at different values of the plasma
collisionality and even at high density (section 3). The optimisation is made for a range of
values for qys, most importantly at qos = 3 (section 4). The strategies for operation and control
of high beta plasmas are given, including the control of the NTM activity (section 5). The
fusion power which could be obtained in ITER is estimated by scaling the kinetic profiles

obtained in ASDEX Upgrade (section 6).

2. An overview of improved H-modes at ASDEX Upgrade

H-mode operation at ASDEX Upgrade is achieved for a wide range of deuterium plasmas
using predominantly neutral beam injection (NBI). The NBI system has four beam lines with
60 kV injection energy and four beam lines at 93 kV, each delivering 2.5 MW (in deuterium),

giving a total available power of 20 MW. The injection geometry of two neutral beam



sources at 93 kV enables off-axis power deposition of up to 5 MW. Ion Cyclotron Resonance
Heating (ICRH) at 30 MHz, 36 MHz or 40 MHz using a Hydrogen minority heating scheme
can also be applied to the plasma with a maximum coupled power of 6 MW. In addition, four
gyrotrons at 140 GHz can be used to heat electrons (Electron Cyclotron Resonance Heating:
ECRH) with a total power of 2.0 MW.

A scenario used to obtain high beta (Bx>2) in improved H-modes at ASDEX Upgrade
is described in detail below (section 2.1). The collection of results for analysis is given and
discussed in section 2.2. This is followed, in section 2.3, by a brief overview of the typical
parameters achieved in standard H-modes and in improved H-modes. Operation of the

scenario with a tungsten first wall is discussed at the end of this section (2.4).

2.1 Operational scenario for the improved H-mode

Heating during the current rise phase of a discharge raises the electron temperature and slows
down the current penetration to the plasma centre. This operational scheme is generally used
to obtain improved H-modes, although it is also possible to produce the desired g-profile
(with flat shear in the centre and q(0)~1) under some conditions with heating during the flat
top phase [20]. At ASDEX Upgrade a lower single null divertor configuration can be formed
during the current rise phase at t ~ 0.5s, as shown in Figure 2. In the phase before t~0.5s a
limiter configuration is used with the largest possible plasma cross section to minimise the
current penetration. Forming the divertor configuration during the current rise allows
operation at low plasma density (< 3x10" m™), minimises the impurity content, and allows
application of additional heating (typically 2.5 MW NBI). The rate of rise of the plasma
current is not varied at ASDEX Upgrade and is close to the maximum dI,/dt~0.66MA/s, in
line with the capabilities of the poloidal field coils and the preference to form the divertor
configuration early in the discharge. By using such a scenario, a low magnetic shear in the
centre is obtained at the beginning of the flat top phase of improved H-modes. Two, typical,
examples of the g-profiles obtained during the flat top phase are shown in Figure 3. These q-
profiles are calculated with the CLISTE equilibrium code [21] using magnetic data as input
together with the measurements from the Motional Stark Effect (MSE) diagnostic [22] that
has 10 observation channels in the inner region of the plasma. The MSE system is available
again since 2006, after several hardware upgrades. The error bars for the reconstruction and
the magnetic shear obtained are also shown. During the flat top phase, typically 50% of the
neutral beam heating is directed off axis. However, according to neoclassical current

diffusion calculations, q(0) should be below 0.9 [23] and therefore the off axis neutral beam



deposition would not be sufficient to keep q(0) ~ 1. Nevertheless, the measured q-profile
remains stationary with low central shear throughout the discharge with q(0) near 1. MHD
modes are thought to be responsible for keeping q(0)~1. Typically (3,2) NTMs (combined
with higher m/n activity) or (1,1) fishbone activity in the centre are observed in improved H-

modes as described later in this paper.

2.2 Selection of discharges for analysis

For the analyses presented here, two datasets are created for H-mode discharges with
predominantly type I ELMs. The first dataset contains ELMy H-modes that have been used
for physics studies in ASDEX Upgrade, such as edge pedestal studies, ELM studies, or
confinement studies. Selected are discharges with plasma current [,=0.6-1.4MA, toroidal
field of Br=1.6-3.0T, qos < 5.5, and stationary phases longer than 0.2 seconds (somewhat
longer than the typical energy confinement time). The minor radius (a) of the discharges in
the dataset lies between 0.49m and 0.505m. This dataset includes some pulses that are heated
during the current rise phase. The values for the parameters stored in the dataset are averaged
for the time window selected. Figure 4a shows the 944 data points in this first dataset with
Hog(y0) versus normalised beta (Bn). A wide range of Hosy ) is obtained at ASDEX Upgrade.
The ITER reference scenario at 15SMA is indicated in Figure 4a (Hosy2=1.0, Bv=1.8). A
second dataset is created containing only improved H-mode discharges in ASDEX Upgrade,
i.e. plasmas with low magnetic shear in the centre. Selected are discharges with heating
during the current rise (standard recipe to obtain low magnetic shear in the centre) with a
range of plasma current [,=0.8-1.2MA, of toroidal field Br=1.8-2.8T, and qys=3-5.5. The time
scale of the evolution of the current profile is important for improved H-modes, hence only
discharges that are stationary for more than 0.5 seconds are selected. A few pulses at qos > 4
that achieve a g-profile typical of improved H-modes, but obtained without heating during the
current rise phase, are also included. These conditions have been achieved in recent
experiments [20] by applying strong heating during the flat top phase. The 259 data points in
this second dataset are given in Figure 4b. Also indicated in Figure 4b are the minimum
requirements for a DEMO reactor as given in reference [8]. The dataset used gives an
overview of all stationary, improved H-mode discharges obtained over the past few years.
This dataset is not merely a collection of the best H-modes realised at ASDEX Upgrade, all
the data available are shown for this scenario rather than the best the discharges that reach the
highest beta or the highest confinement enhancement factors. This introduces scatter in the

overview plots presented in this paper. Important however is that such a scatter is observed,



especially when comparing the results to other experiments or making projections to ITER.
The two data sets are compared in Table I. The 944 observations in the type I ELMy
H-mode database include also phases that achieve high beta and may have developed a g-
profile with low magnetic shear in the centre. In H-mode discharges the pedestal has a
significant contribution to the beta achieved [24], giving a considerable bootstrap current at
the edge of the plasma. Consequently, some discharges at high beta included in the first
dataset could be labelled as improved H-modes. However, since MSE measurements are not
available for most of the discharges in the dataset, this could not be confirmed. The second
dataset serves as a comparison by selecting solely attempts to establish an improved H-mode
scenario at ASDEX Upgrade. In the future, physics criteria should be developed to
distinguish between standard H-modes and improved H-modes. Given the importance of the
current density profile, the plasma inductance may be used (e.g. 1i<0.95 to identify improved
H-modes). This is not done here due to the uncertainty in the measurements, resulting from
the unavailability of MSE data to constrain the equilibrium reconstruction with the CLISTE

code.

2.3 Typical parameters for improved H-modes

On average improved H-mode discharges achieve higher Hog( ) and higher Bn compared to
standard H-modes (see Table I). By using heating during the current rise and maintaining the
g-profile during the flat top phase, the average value of the plasma inductance (l;) is lower
(1=0.89), compared to the averaged 1=0.95 for standard ELMy H-modes. However, magnetic
measurements are used to evaluate 1; (the majority of the discharges selected have no MSE
data), leading to large scatter of the values obtained. Another difference between the two
datasets is that improved H-mode discharges typically operate at somewhat lower density,
<nS>/ngw ~ 0.54 compared to standard H-modes. This is shown in Figure 5 where the
confinement enhancement factor Hosy,) is plotted versus <n.>/ngw, together with the
requirements for ITER (Hogqy2=1.0 and <n>/ngw=0.85). Improved H-modes at higher density
are obtained at ASDEX Upgrade by increasing the density after the formation of the g-
profile, together with an increase in heating power. The datasets contain the complete
triangularity range available at ASDEX Upgrade. The average triangularity (mean of upper
and lower triangularity) ranges from 0.15 to 0.46. As commonly observed in ELMy H-mode
discharges [25,26], only in configurations with high triangularity, 6=0.35-0.46, good
confinement is obtained for ITER relevant values of <n>/ngw=0.85. For improved H-mode

discharges at ASDEX Upgrade, Hos(y2) up to 1.3 can be achieved at high density (see section



3).

2.4 Operation with a tungsten first wall at ASDEX Upgrade

Control of impurity influxes and impurity transport are important with the progressive
increase in the area of the first wall covered by tungsten coated carbon tiles at ASDEX
Upgrade. This is imperative for improved H-modes that typically operate at low density, at
least during the current rise phase of the discharge, to achieve (and maintain) the desired g-
profile. Since 2001 the surface area of tiles on the first wall with a tungsten coating has been
increased to 36 m* (2006), which is about 90% of the first wall surfaces, but not the lower
divertor tiles [27], this is indicated in Figure 2. Considering all discharges in ASDEX
Upgrade, the tungsten concentration in the centre of the plasma shows a steady rise since
2001 (Figure 6). The tungsten concentration is measured spectroscopically for the plasma
region at T.~2-4keV (core). The peak in the tungsten concentration observed in all plasmas
around #19000 was a result of a failed coating of one tile. This tile was replaced and
operation resumed successfully. Most H-modes, including improved H-modes, have central
tungsten concentrations below 10™. This is considered acceptable for a reactor, provided the
tungsten concentration at the plasma edge is kept below 10°. However, central heating with
ICRH or ECRH is necessary for avoiding impurity accumulation and achieving a low
tungsten concentration (<10*) [27]. Nearly all improved H-mode discharges in 2005 and
2006 use 1 to 3MW of ICRH minority heating, or ~IMW of ECRH in addition to the neutral
beam injection. Operation at the lowest plasma densities (4-6x10" m™) in improved H-modes
requires a boronisation prior to the experiments to minimise tungsten influxes. In addition,
the boronisation allows the ICRH to be used to control the impurity concentration in the
centre, as the sputtering of tungsten near the ICRH antennae is too high when the limiters are

not covered by boron [28].

3. Operation over a wide range in normalised collisionality (v*)

Typically H-mode discharges at high triangularity can operate close to the Greenwald density
limit, while keeping Hos(y) in the range 0.9-1.0 [25,26]. Improved H-mode discharges at high
density were obtained by starting at low density during the current rise phase, and then
carefully increasing the amount of additional heating together with the gas puff rate. Using a
configuration with 6~0.45 at 800kA, and qos = 3.5-4 a value of <n>/ngw = 0.88 was realised
with good confinement, Hosy2=1.3 [13]. These discharges are included in Figure 5, but were

only achieved in a narrow operational space (at I, = 800kA). With the first wall covered by



tungsten coated carbon tiles, it is important to obtain standard H-modes and improved H-
modes at high edge density (n.p.q) to minimise the tungsten influxes over a wide operational
range. Recent experiments have extended high density operation of improved H-modes to a
plasma current of IMA (qos=4). The best discharges achieve <n>=1.1x10*m> (<n>/ngw
=0.85-0.9), that is beyond the absolute densities required for ITER, while maintaining high
performance: Hogy2=1.2, Bx=3.0. In these discharges the measured density profiles are
moderately peaked, with nepe~9.2x10"”m™ and the density in the centre, neo ~ 1.3x10*m”.
The density profile is reconstructed from a combination of diagnostic measurements:
Thomson scattering in the centre and at the edge, lithium beam diagnostic measurements, and
five horizontal viewing chords of the Deuterium-Carbon-Nitrogen (DCN) laser
interferometer.

The results presented here can be compared to ITER using the normalised collisionality
(V¥ ~ a’<n>k?*/(e'W?), with W the total stored energy, K the elongation of the plasma cross
section, and € the inverse aspect ratio). When devices smaller than ITER, such as ASDEX
Upgrade, operate at densities relevant for exhaust (<n.>/ngw =0.85-0.9) they run at relatively
high collisionality, vV*/V*g ~ 10. Hence, it is important to study the confinement
improvement over IPB98(y,2) scaling versus V¥/V¥ for standard H-modes and improved
H-modes covering a range of electron densities for varying <n.>/ngw. As shown in Figure 7,
the highest values of Hog(y ) are obtained at ITER relevant v*. Improved H-mode discharges
are predominantly obtained close to ITER collisionality values and occupy the upper
envelope of the operating space in Figure 7.

The improved H-mode discharges were particularly selected for long pulse operation
(see selection criteria in section 2.2) and generally fall in a more restricted operational range
compared to standard H-modes. There is however significant variation of the confinement
enhancement factor at low V* that requires further clarification. Table II shows the results of
improved H-mode discharges at 1.0MA, with similar q¢s~4, at V¥*/V*1r=2.3-3 showing a
spread of Hogy 2 0f 1.01 to 1.45. First, not all discharges with a typical improved H-mode g-
profile are heated to high beta (like #18046 in Table II). As given in [23], these discharge at 3
n~2 remain at Hogy o) ~1. Second, the NTM activity in improved H-modes is often small and
contributes to keeping the g-profile stationary in ASDEX Upgrade [23]. There is however
some penalty for having a (3,2) NTM on Hygy ) related to the size of the mode obtained
(although not quantified in this analysis). At low collisionality the discharges are more

susceptible to strong (3,2) NTM activity [29] and in these discharge the confinement
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enhancement factor may drop to 0.9-1.0 for improved H-modes at high beta (3x>2). Finally,
the best discharges at low v* with the highest Hos(y») presented in Table II and Figure 7 are
dominated by fishbone activity. As given by Stober [20], improved H-mode discharges with
fishbone activity systematically have the best confinement enhancement factors at ASDEX
Upgrade (Hosyo = 1.4-1.5 at low v*). The difference in g-profiles obtained between a
fishbone dominated improved H-mode and a (3,2) dominated improved H-mode is shown in
Figure 3; the fishbone dominated discharge obtaining a flatter shear in the centre, while
achieving higher shear for the region p,,—0.4-0.8. The high density (high v*) improved H-
modes always have fishbone activity [13], at low v* only a subset of the pulses. Therefore the
discharges at the highest Hog(y ) for the v* range covered typically belong to a similar type of
improved H-mode (with fishbone activity).

Another important dimensionless quantity is the ratio of the electron temperature (T.) to
the ion temperature (T;). In most experiments high performance H-mode discharges are
established using strong neutral beam heating at low plasma density so that the ion
temperature is usually higher than the electron temperature. However, plasmas in ITER will
operate with Ti~T.. Hence, the results obtained in ASDEX Upgrade are important in two
respects: (1) The use of RF heating, and (2) operation at high density. Both allow operation in
the range 0.7 < Tio/Tep < 1.3 as shown in Figure 8a, with Tj, Tey corresponding to the central
ion and central electron temperatures reached. Especially the high density discharges
described above achieve equal ion and electron temperatures in the centre Ti=T.=3keV.
However, a systematic study of the improved H-modes with increasing density, while
keeping other parameters constant is not available for ASDEX Upgrade. In Figure 8a, six
points with NBI only at Ti/Te > 2, still show a spread in Hos ). As explained above, this
difference comes from comparing five discharges with moderate (3,2) NTM activity with
confinement quality 1.0-1.2 and one discharge pulse with Hogy2) > 1.4 which has fishbone
activity. While operating with Ti~Teo, no reduction in confinement is observed, as shown in
Figure 8b (no trend of Hogy,) with Tio/Te is observed). A detailed analysis of improved H-
mode discharges with varying RF/NBI mix is reported by Stébler [15]. Shown in this

reference are discharges where the net power to the ICRH antenna, Picry = 6MW, exceeds the
NBI power injected into the torus, Pxgi ~4.5MW that achieve a stationary value of fx = 2.6

with Ti/Te ~1, at a confinement factor of Hogy2) ~1.2, in support of the claims presented here

using a broader dataset.
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4. Operation at qos = 3-5

In previous studies of improved H-modes at ASDEX Upgrade different values for qos were
obtained by changing the toroidal field (Br=1.9T-2.5T) at fixed plasma current, [,=1MA.
Still, most improved H-mode experiments in ASDEX Upgrade are at qys=3.8-4.4. In recent
studies qos was varied from 3 to 5 by changing the plasma current at roughly fixed toroidal
field (B1=2.0T-2.1T). Keeping Br constant allows the same RF heating schemes to be used
for controlling the impurity concentration in the centre. A similar scheme for changing qos is
likely to be used in ITER, as the RF heating systems and the ferritic steel inserts for
compensation of the toroidal field ripple are both optimised at the maximum toroidal field,
B=5.3T.

First, discharges at qos~5 (0.8MA/2.1T) have been obtained at high values of beta
poloidal (~2). These discharges have similar MHD behaviour, stability and confinement
compared to pulses at qos=3.8-4.4 reported previously [16]. ASTRA code [30] analysis of the
kinetic data, including models for the bootstrap current (Igzs) and beam driven current (Ixgcp),
estimate a non-inductive current drive fraction of 0.73 (Iss/I,=0.4, Ixgcn/I,=0.33). The non-
inductive current contributions alone sustain a current density profile with q(0) just above 1.
Therefore discharges with qos well above 5 would allow operation close to fully non-
inductive conditions. However, in H-modes the overall confinement, performance and
capability to operate at sufficiently high densities all scale strongly with the plasma current I,.
Operation at qos > 5 would imply a further reduction of the plasma current in ITER, which
results in a too low plasma density (for <n>/ngw <1) and too low performance of these
plasmas (Q < 5). This statement is particularly apparent from the projections of ITER
performance presented in section 6 of this paper.

Discharges at low qos (~3) are achieved in ASDEX Upgrade by increasing the plasma
current to 1.2MA (Br=2.0T). The results obtained at these low values for qos are important
and are given in detail. Figure 9 shows an example of a discharge at qos=3.17 (#20449). In
this improved H-mode discharge, during the current rise to 1 MA (dI,/dt=0.66MA/s) the
plasma is in the divertor configuration from t=0.5s onwards with 2.5MW NBI heating. The
current rise from [,=1.0MA to 1.2MA uses SMW NBI while dI,/dt is reduced to 0.4MA/s to
prevent the occurrence of MHD instabilities (external kinks) due to high edge currents. In this
discharge equal amounts of central and off-axis neutral beam heating (current drive) are used
and in addition 1.8MW of ICRH power is applied to minimise the central impurity

concentration. Feedback control of beta (Bx) is used (with Pyg; as actuator), starting at t= 1.7s



12

to avoid detrimental MHD modes or the formation of an internal transport barrier. In this
operational scenario, the steepening of the pressure gradient in the centre due to an internal
transport barrier poses a risk of a disruption. The discharge reaches By = 2.9 and is stationary
for 1.5s (10 energy confinement times), limited by the duration of the additional heating.
During the high beta phase, the tungsten concentration in the centre is 2.5x107°, for
<n>=6.4x10"m" and <n>/ngw=0.42, V*/V* =2, with the ratio Ti/Teo~1.4. After 2 seconds,
n=1 MHD modes are observed, dominated by fishbone activity that remains throughout the
high power heating phase, indicating that q ~ 1 in the centre. Also a (4,3) NTM is observed,
however throughout discharge there are no sawteeth present. These MHD modes can be seen
in Fourier spectra taken from fast soft X-ray data as shown in Figure 10. It is reported in [20]
that improved H-modes without (3,2) NTM activity (as observed in this discharge for t >
2.3s) reach the highest values of Hogy2 observed in stationary discharges in ASDEX
Upgrade. In #20449, Hogy2) continues to rise with increasing beta, until Hogy2=1.4 at fx=2.9.
Thus, this pulse displays a significant increase in performance compared to standard H-mode

discharges.

5. Operation at high beta: Limits and control of NTMs

Improved H-modes at low qos have fishbone activity at high beta (Bx~2.5-3.5). Despite using
control for the evolution of By, this type of discharges consistently develop (3,2) NTM modes
when Py is increased above 2 during the first few seconds of the discharge. A characteristic of
(3,2) NTM activity at low qos < 3.5 is that the impact on confinement is generally stronger
compared to improved H-mode discharges at higher qos > 4 [31]. In the example given before
at qos=3.17 (Figure 9) the (3,2) NTM mode is seen on magnetic probe signals from 1.7 to 2.3
seconds. This NTM behaviour is reproducible using the same discharge set-up. However, the
spontaneous stabilisation of the (3,2) NTM in #20449 is not fully understood, in some
discharges the NTM grows in amplitude leading to a deterioration of the energy confinement
and in most cases to a (2,1) NTM.

The effect and control of (3,2) NTMs is studied in detail in two similar discharges at
1.2MA/2.0T (#21269 and #21272) that reproduce the conditions of #20449. The time
evolution of these two pulses is compared in Figure 11. In both pulses a (3,2) NTM starts
spontaneously (without sawteeth trigger) around t = Is, growing in size until t = 2.0s In
#21269, ~1 MW of electron cyclotron current drive (ECCD) in direction of the plasma

current was deposited near the q=3/2 surface at p,,=0.77 (with p,, the normalised poloidal
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flux radius). With the application of co-ECCD starting at 2.0 seconds, the (3,2) NTM is
stabilised rapidly. No ECCD was applied in the second discharge (#21272). Without ECCD
the (3,2) NTM remains, deteriorating the plasma confinement, and leading to a (2,1) NTM
that grows and locks. When this occurs, the plasma protection system triggers an impurity gas
injection to induce a mild disruption. In Figure 12 the profiles of the electron temperature, the
ion temperature and the electron density are shown just before and just after the stabilisation
of the (3,2) NTM in #21269. These profiles are obtained from fits to various diagnostic
measurements available at ASDEX Upgrade. The kinetic profiles recover inside the
deposition radius of the ECCD after the NTM is stabilised. The ECCD deposition is also

shown in Figure 12d.

6. Extrapolation to ITER
Simulation codes can be used to predict the performance in ITER. These codes require
models for transport in the plasma, models for the power deposition of the actuators and
various supplemental models (e.g. fusion power, non-inductive current distribution).
However, credible predictions of ITER performance depend on the successful validation of
simulation codes on existing experiments. Moreover, since large extrapolations from
conditions in present plasmas to burning plasmas are needed, it is important to base the
predictions on rigorous calculations using physics based models (that also require validation
on existing experiments). Typically, these physics-based predictive models are used to
simulate the kinetic profiles. The performance of the standard ITER scenario at 15SMA has
been assessed [6,7] using an assumption for the density profile and by calculating the
temperatures in the plasma, these profiles are shown in Figure 13. Here the transport model
used is adjusted to obtain Hogy2=1.0, producing ~400MW of fusion power for 40MW input
power (Q=10). Plasmas that are candidates for the ITER hybrid scenario appear more
challenging for the transport models used than standard H-mode plasmas as they generally
have higher confinement and [y, a wider variety of magnetic shear in the centre and
interaction of the observed MHD with the current density profile obtained [20], making
predictions for ITER more uncertain.

In another approach, the measured kinetic profiles in the experiments are scaled to
ITER, preserving the profile shapes or gradient lengths that are determined by the transport.
Moreover, the pedestal region is also scaled. For most predictive simulations described above
the pedestal height is an assumed boundary condition and very often a free parameter in the

predictions for ITER, even though the pedestal region sometimes contains 40%-50% of the
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total stored energy [24]. The method presented here takes the measured profiles in ASDEX
Upgrade, applies a set of rules for the scaling to ITER and uses the ASTRA code to evaluate
the results. The ASTRA code is used here as it contains several modules for calculating the
fusion power, Q, and bootstrap current fraction, once the kinetic profiles are known. By using
the profiles shown in Figure 13 as input, the ASTRA code has been benchmarked [32] to
reproduce (within small numerical error bars) the fusion power and Q quoted in [7]. In this
paper, results are calculated for 68 ASDEX Upgrade discharges, with qos=3.15-4.8,
Hos(y2=0.95-1.65. The improved H-modes discharges in this dataset span a range of By from
1.7-3.5. The lower beta discharges do not represent the best improved H-modes at ASDEX
Upgrade, but are included here as these type of ELMy H-modes were originally envisaged for
hybrid operation in ITER [4]. In addition several standard H-mode discharges at Bx~2, are
included in this dataset, heated after the onset of the sawteeth, at a range of qo¢s = 3.1-4.6. For
all of these 68 discharges good profile data have been acquired, as most of the discharges
were repeated to get the best measurements of the core and edge region of the plasma. Hence
this is only a subset of the data shown in the previous sections. The density and temperature
profiles are obtained from a fit to the data of several diagnostics. The thermal beta determined
from the kinetic profiles (Bnn) is somewhat lower than the total beta, which is consistent with
measurements as the total stored energy includes fast particles: B is typically 0.8-0.9 .
Various assumptions can be made to scale ASDEX Upgrade experiments to ITER
[32]. A similar method has been used for DIII-D discharges [33]. The toroidal field (5.3T)
and the equilibrium boundary are taken from the ITER design [4]. The plasma current in
ITER is chosen to match the qos used in ASDEX Upgrade, and varies from [,=14.2MA down
to [,=9.4MA for the range of qvs=3.15-4.8 of the 68 discharges selected. The shape of the
density profile is taken as measured in ASDEX Upgrade, the scaling factor is adjusted to
obtain <n>=0.85ngw in ITER. At ASDEX Upgrade H-modes have good confinement over a
range of <n>/ngw (see Figure 5). As a result choosing <n>=0.85ngw for ITER while keeping
the same Hog(y ) factor is valid, even though the ASDEX Upgrade pulses mainly operate at
<n> ~ (0.4-0.6) ngw (note that v* is close to ITER in these conditions). Electron and ion
temperatures are assumed to be equal in ITER. The shape of the temperature profiles is taken
to be equal to the measured profiles in ASDEX Upgrade. Either the ion temperature profile or
the electron temperature profile is used. The ion temperature profile from ASDEX Upgrade is
taken when Ti>Te, and the electron temperature profile is taken when T;<T.. Usually, the

temperature gradient lengths are quite close to each other in H-mode plasmas, some
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differences are observed at the lowest plasma densities (at high Ti). The value for ion and
electron temperature (maintaining the shape) is adjusted to match the Bnw value obtained in
the ASDEX Upgrade discharges, the density profile required for this calculation having
already been set. It is assumed that similar Bng values can be achieved, although the
normalised Larmor radius p* is substantially lower in ITER, which could make discharges
more susceptible to NTM activity [31]. The deuterium and tritium concentrations are
assumed to be equal. Impurity concentrations are taken from the ITER design [3]: Beryllium
2 %, argon 0.12 %, helium 4.3 %. As a result, the volume averaged Z. is approximately 1.65
in all simulations, and the dilution of the tritium and deuterium fuel is ~0.8.

The density profiles and temperature profiles obtained for ITER by applying this
method for extrapolation are shown in Figure 14. The projections for three distinct discharges
are shown here: (a) A standard H-mode plasma (#17847), (b) an improved H-mode (#20449,
see section 4) and (c) an improved H-mode (#20448) at qos=4.6. Parameters for these shots
and the projected parameters for ITER are listed in Table III. The kinetic profiles are
compared to the simulated profiles for the ITER reference scenario at 15SMA (shown in
Figure 13), observing various differences. First, the scaled density profile is peaked, while the
density profile used in the code simulations of the ITER reference scenario at 15MA is flat.
Typically the improved H-modes operate at low v*. Analysis of JET and ASDEX Upgrade
data have shown [34,35] that the peaking of the density profile increases at lower v*, hence
this trend is contained in the extrapolations made here. Second, for the discharges at qos~3,
the temperature profiles in the outer region (1.2m< i, <1.8m) of the scaled ASDEX Upgrade
data have steeper gradients compared to the code simulations of the ITER reference scenario
at 15MA. The codes used in these simulations predict a high transport for this region, which
may not be correct for ITER. Figure 14c shows that at qos=4.6 the scaled profiles and profiles
from the code simulation are more similar, hence the heat transport model used for the
simulations of the ITER reference scenario at 15SMA seems more suited for plasmas at low
density with strong NBI heating as used for #20448 in Figure 14c.

The fusion power in ITER can be calculated directly from the scaled kinetic profiles.
Table III gives an overview of the projections to ITER for three improved H-mode discharges
and one standard H-mode. These improved H-modes are among the best discharges (Hogy ),
and total beta) for a range of qos, the standard H-mode is closest to the ITER conditions
(qvs=3.1, and other parameters, see Table III). An overview of the results for the whole

database is given in Figure 15. In this figure, different symbols are used for improved H-
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mode discharges with Bx>2, the improved H-modes at low beta Bx<2, and the five standard
H-mode discharges. Moreover, the discharges given in Table III are indicated. The maximum
fusion power obtained ranges from 420MW at Bno=2.6 and [,=9.4 MA to 1070MW at 3
ne=2.8 (#20499) and 1,=14.2 MA in ITER. These extrapolations indicate that operation at
high beta results in significant fusion power for 1[,=9.5MA to [,=12MA in ITER, the
operational range envisaged for the hybrid scenario. The bootstrap current fraction at these
plasma currents is fs~0.4 at Bn~3. Alternatively, the results at low qos~3 (I,=14-15 MA)
indicate that the fusion power could be more than doubled compared to the ITER reference
scenario, moreover these discharge would obtain ignition (Q=c0) for any of the three energy
confinement scalings used here (see below). For the highest fusion power obtained at qos ~
3.1, the pedestal conditions (scaled from the ASDEX Upgrade profiles) remain within the
ITER design parameters [36], with n.,.=6.8x10"m™ along with the ion temperature (T;eq)
and electron temperature (Tepeq) at the pedestal Tepes=Tipea=5.7 keV,

An estimate for the required input power (P..x) and Q depends on the energy
confinement. In Figure 15 the IPB98(y,2) scaling expression is used, assuming the same
Hog(y2) values are obtained in ITER and ASDEX Upgrade. Figure 16 shows the amount of
auxiliary power required as a function of the plasma current and the confinement
enhancement factor. Clear is that in ITER only discharges with good energy confinement,
either by operating at high plasma current or sufficiently high Hos ), are achievable with the
heating power foreseen (P, < 73MW).

However, the results obtained above depend on the energy confinement scaling
expression used in the analyses. Hence, the fusion gain and input power (P,.) required have
been calculated for three different energy confinement scalings: The most commonly used
IPB98(y,2) [3] indicated by Teesy.2), an electro-static gyro-Bohm scaling law derived in [37]

denoted by Teeses and a newly derived scaling by Cordey et al. [38] denoted by Te cordey

TE,98(y,2) = 0 145 H98(y,2) Ip0‘93 BTO.IS Pheath.é‘) 1,10.41 M0.19 R1.39 a'0.58 K0.78 (1)

TE,ESGB = 00865 HESGB Ip0.83 BT0.07 Pheat —0.55 1'10‘49 M0.14 R].Sl a0.30 K0‘75 (2)

= - 1 —0.4 2 11 p1.21 40. 82
TE cordey = 0.092 HCordey Ipo 8 ]3T0 7 Pheat 043 nO 6 MO R a() 39 KO (3)
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In the equations above n is the density in units of 10**m™, R is the major radius in m, a is the
minor radius in m, M is the averaged ion mass in AMU, K = A/Tla’ is the plasma elongation,
A 1is the area of the poloidal cross section, and P the net heating power in MW. In the
extrapolation to ITER, the respective H-values for each scaling obtained at ASDEX Upgrade
are taken. The results are shown in Figure 17. For the IPB98(y,2) scaling, operation at high
beta would require, in some cases, a value for P, which is above the maximum planned for
the first stage in ITER (73MW). These are indicted by the open symbols in figures 15 and 17.
This is a characteristic of the IPB98(y,2) scaling law which has a strong beta degradation (BT
e~B7?); this scaling maximises Q at the lowest possible beta. Especially for high qos (I, in
ITER < 11MA), the extrapolation using the IPB98(y,2) scaling predicts that discharges at 3
2.5 are inaccessible (not enough input power available) at <n.>=0.85ngw even for
Hosy2=1.3-1.5. The fusion gain and fusion power in ITER are also evaluated in [39] by
means of analytic expressions using confinement enhancement factors for different scaling
expressions, By and qos. The results in [39] provide similar predictions, using the IPB98(y,2)
scaling, that some discharges at high beta (Bx > 2.5) will not be accessible in ITER due to the
lack of heating power. The result that some operational ranges are not accessible in ITER
due to the availability of limited additional heating power, and the requirement to operate at
<n>=0.85ngw are not apparent from the performance indicator Hos(y,2)Bn/qos’, as is often used
to assess discharges obtained in advanced scenarios in present day experiments. Moreover,
reference [39] gives more details on the correct use of performance indicators. From the
results shown in Figure 17, far more optimistic values for P, and Q are obtained using a
GyroBohm scaling [37] (Bte~B°). Also the scaling proposed by Cordey in 2005 [38] (BT~f")
would predict higher Q at high beta compared to the IPB98(y,2) scaling expression (BTe~[3
09),

The results obtained in this paper can be compared to results from DIII-D given by Wade in
2005 [40]. In this reference hybrid discharges are reported at high beta, with good
confinement quality under stationary conditions. Also in DIII-D these discharge have been
obtained over a wide range of qos (2.8-4.7) and plasma density (35-70% of the Greenwald
density). The projections of the DIII-D results to ITER use a similar method as described in
this section of the paper (as both are based on [33]) and indicate that a wide range of
operating options may be available on ITER, including the possibility of sustained ignition

for hybrid discharges at low qos ~3.2, in line the results presented here.
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7. Conclusions

At ASDEX Upgrade, H-modes with low magnetic shear in the centre achieve Hogsy2>1 and 3
x=2-3. The central tungsten concentration can be kept at acceptable levels (<10*) in these
experiments, provided ICRF and/or ECRF heating in the core is used to control impurity
accumulation. Operation at high density with <n>=1.1x 10* m” (<n>/ngw=0.85-0.9) is
demonstrated. However, the highest Hosy» values are achieved at ITER relevant v*
(operation at low <no> in ASDEX Upgrade). Improved H-modes at q¢s=3.1 achieve
Hosy2=1.4 at By=2.9, with fishbone activity in the centre keeping the g-profile stationary with
q(0)~1. ECCD can be used to stabilise (3,2) NTM activity during the low beta (Bx~2) phase
of these discharges. The kinetic profile shapes at ASDEX Upgrade are scaled to ITER, setting
<n>=0.85n6w and maintaining the same value of Bywm. This predicts high fusion power for
improved H-mode discharges at qos=3.1 (Pw=1070 MW, Q=co). In these conditions, the
density and temperature at the edge are within ITER design parameters. At lower I, in ITER
(9.5MA-13MA), significant fusion power can be achieved (Pns > 400 MW, Q=6-15).
However, using the IPB98(y,2) scaling expression, the auxiliary power requirements at high
Br>2.5 and at [,<I1MA may exceed the maximum P, planned for the first stage of ITER
(73 MW).
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Tables

Table I: Overview of discharges used in the Type I ELMy H-mode dataset and the improved
H-mode dataset at ASDEX Upgrade. The number of time-slices in the dataset is given (#).
Ranges are given for the edge safety factor (qos), the line-averaged electron density (<n.>),
the fraction of the Greenwald density limit (<n.>/ngw), the confinement enhancement factor
Hos, ), the normalised beta (By) and the plasma inductance (1;). The values in brackets are
average values.

<ne>
dataset # qos (x10") <nS/mew Hosy2) B~ Ii
Eﬁ’&; ogs 2955 2614 02511 0516 0735 07513
oy @.1) (7.0) 0.60)  (1.08)  (1.89)  (0.95)
Improved | ., 2854 4012 03097 0815 1436 07511
H-modes (4.0) (6.6) 054)  (121)  (243)  (0.89)

Table II: Overview of discharges at 1.0MA, qos~4, with similar low V* and different
confinement enhancement factors.

# V*N*11ER H93(y,2) qos Ip [MA] Br [T] P.aa [MW] Behaviour
16688 2.3 1.45 4.0 1.0 2.1 9.2 fishbones
17519 2.9 1.44 3.8 1.0 2.0 5.7 fishbones
16736 2.8 1.40 4.0 1.0 2.1 9.5 fishbones
17511 2.4 1.40 3.8 1.0 2.0 6.8 fishbones
17296 2.6 1.36 3.8 1.0 2.0 6.5 fishbones

fishbones +(3,2)
20005 2.5 1.21 4.1 1.0 24 10.0 NTM
18880 2.8 1.17 4.0 1.0 2.2 12.5 (3,2) NTM
18881 24 1.10 4.1 1.0 2.2 13.0 (3,2) NTM
18046 2.7 1.06 3.8 1.0 2.1 5.0 low power
Strong (3/2)
18869 2.9 1.01 3.9 1.0 2.2 8.8 NTM
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Table III: Overview of four specific ASDEX Upgrade pulses and the extrapolation to ITER,
using the assumption given in the text.

AUG,

AUG,

AUG,

AUG,

417847  TTER 1 unggqe  TTER 1yiogg0  TTER | unggeg  TTER
Type ‘S};‘Tn “;‘;,re J Imfg)_ve Imflr_[o_ve Imé)]r{o_ve
mode mode mode

I, (MA) 115 14.7 1.2 142 1.0 118 1.0 9.7
B (Tesla) 20 53 20 53 21 53 24 53
Qos 3.05  3.05 317 317 38 38 46 46
ne (10°m™) 120 112 81 122 8.0 126 85 94
<n> (10°m™) 10.6 9.9 6.3 96 51 80 59 66
<nS/mew 0.73  0.85 0.41  0.85 0.40  0.85 0.46  0.85
Bx.n 1.94 194 280 2.80 240 240 222 222
Hoggy ) 0.95 0.95 1.40  1.40 132 132 1.44 144
Te (keV) 24 203 4.7 295 40 282 57 274
Ti (keV) 1.8 203 69 295 71 282 6.3 274
Q - 80 - - 114 - 65
Ps.s (MW) - 619 - 1070 - 597 - 360
P... (MW) 7.7 78 83 0 75 52 11.0 55
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Figures

ITER:15 MA, <n,>/ng, = 0.85
40 | | g T ! 800

P, =40MW

30 ~600

—1400

L
10 «---—- 4 — 200

Figure 1: Simulation of the ITER reference scenario as given in Figure I of reference [7].
The prediction (points in this graphs) of the fusion power (Pj, right y-axis) and fusion gain
(O, left y-axis) are given for ITER at 15MA, 5.3T, <n.>/negw=0.85 and 40MW of input power.
The variation of the ITER performance (Pjus, solid curve, and Q dashed curve) shows a
strong dependence of Pys and Q on Hys, 2. The confidence interval for the IPB98(y,2) scaling
expression is also specified.
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Figure 2: Evolution of the plasma cross section during the current rise phase of an improved
H-mode at ASDEX Upgrade. Typically 2.5MW of neutral beam heating is applied during the
current rise (t<1.0s), followed by an increase in heating during the flattop phase (with
1,=0.8-1.2MA). The first wall components covered with tungsten coated carbon tiles are
indicated by the black, dotted lines, the areas covered with carbon tiles indicated by the solid
purple lines (lower divertor).
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(a)

Figure 3: Typical q-profiles in improved H-modes for two types [20] of discharges. These g-
profiles are obtained during the flat top phase of the pulse. (a) One discharge with NTM
activity (solid curve) is compared to one discharge with fishbone activity in the centre
(dashed curve), (b) The magnetic shear s=(r/q)dq/dr is shown, normalised to the local q

value for these two cases.
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Figure 4a: Overview of Type I ELMy H-modes in ASDEX Upgrade. As given in Table I, a
wide range of Hos(y,2,) and By is obtained. Also indicated are the values for the ITER

reference scenario.
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ASDEX Upgrade, all improved H-modes
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Figure 4b: Overview of improved H-mode discharges in ASDEX Upgrade. As given in Table
1, most pulses obtain Hos(y,2,)> 1 and By > 2. Also indicated are the values for the ITER
reference scenario, and the minimum values required for a DEMO reactor [§].
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Figure 5: H-mode operation at ASDEX Upgrade showing the Hs, 5 factors obtained for a
range of line-averaged densities normalised to the Greenwald density limit (<n.>/ngw). Data
points are given for both datasets of Table I: The Type I ELMy H-mode dataset (grey) and
the improved H-mode dataset (darker colour). Also indicated are the values for the ITER
reference scenario.
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Figure 6: The concentration of tungsten in the centre for # 14000 (March 2001) to # 21500
(April 2006). Data points are given for two sets of data: All successful discharges in ASDEX
Upgrade during this period (grey) and the improved H-mode data given in Table I (darker

colour).
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Figure 7: H-mode operation at ASDEX Upgrade showing the Hos, 2 factors obtained for a
range of collisionality, normalised to the ITER collisionality (V[IV[jgx). Data points are
given for both datasets of Table I: The Type I ELMy H-mode dataset (grey) and the improved
H-mode data set (darker colour). Also indicated are the values for the ITER reference
scenario.
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Figure 8a: For a set of improved H-mode discharges in ASDEX Upgrade, the ratio of the
central ion temperature (Ty) to the central electron temperature (T,) is given relative to the
line-averaged density normalised to the Greenwald density limit (<n.>/ngw). The range
0.7<T/T<l1.3 is highlighted. Indicated are discharges that are heated with NBI alone
(circles) and the discharges heated with a combination of NBI and ICRH (open squares).
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Figure 8b: For a set of improved H-mode discharges in ASDEX Upgrade, the ratio of the
central ion temperature (Ty) to the central electron temperature (T.) is given relative to the
Hysy, 5y confinement enhancement factor. The range 0.7<T/T,y<1.3 is highlighted. Indicated
are discharges that are heated with NBI alone (circles) and the discharges heated with a
combination of NBI and ICRH (open squares).
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Figure 9: An improved H-mode at qos=3.17 in ASDEX Upgrade (1.2MA/2.0T, #20449).
Shown are (from top to bottom): The plasma current (I,) and the D, emission from the lower
divertor, with an indication when the divertor configuration is formed, the neutral beam
power (Pxgy) and ion cyclotron resonance heating power (Picry) used, the poloidal beta ([3,)
and normalised beta (PBy) achieved (a dotted line indicates [By=3), the observed MHD activity
for even and odd harmonic mode numbers, the confinement enhancement factor Hos,z and
the plasma inductance () (a dotted line indicates Hosyz=1, or 1;=1), the central ion
temperatures (Ty) and central electron temperatures (T,,) obtained.
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Figure 10: Fourier spectra of the MHD activity observed using soft X-ray data viewing the
central region of the plasma for #20449 (the discharge shown in Figure 9).
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Figure 11: Two similar discharges at qos=3.17 in ASDEX Upgrade (1.2MA/2.07). #21269
uses ECCD to stabilise the (3,2) NTM, #21272 does not. Shown are (from top to bottom):
The observed MHD activity for the n=2 harmonic mode numbers (indicating the (3,2) NTM
activity), the normalised beta (By) achieved, the confinement enhancement factor Hosg s

obtained and the electron cyclotron power applied (Pgcrp).
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Figure 12: The kinetic profiles obtained for #21269 (for time traces, see Figure 11). A
comparison is made between the period around t=1.9 seconds with the (3,2) NTM (dotted
curves) and the phase just after the (3,2) NTM is stabilised (t=2.3 seconds, solid curves).
Shown are profiles for (a) the electron temperature, (b) the ion temperature and (c) the
electron density. These profiles are obtained from fits to various diagnostic data. Shown in
(d) is the deposition of the electron cyclotron current drive (ECCD) at p,n=0.77 used to
stabilise the (3,2) NTM, with an indication of the power absorbed, the amount of current

driven locally (Icp) and the local current density achieved by the ECCD (jcp).
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Figure 13: Kinetic profiles obtained in simulations [7] of the ITER reference scenario at
15MA, 5.3T, <n.>/new=0.85 and 40MW of input power. On the left, the density profile (n.,
solid curve) used together with the profile for the sum of the deuterium and tritium densities
(nptng, 50:50 mixture, dotted curve). The computed electron temperature (T., solid curve)
and ion temperature (T, dotted curve) profiles in ITER are shown on the right. The average
(dashed curve) of T: and T, is also indicated.
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Figure 14: Scaled to ITER, the profiles of three distinct discharges in ASDEX Upgrade: (a)A
standard H-mode plasma (#17847), (b) an improved H-mode (#20449) and (c) an improved
H-mode (#20448) as given in Table III. On the left, the scaled density profiles (n., solid
curve) together with the profiles for the sum of the deuterium and tritium densities (np+nr,
50:50 mixture, dotted curve). The scaled ion and electron temperatures are assumed equal
(solid curve). The density and temperature profiles are compared to the simulated profiles
for the ITER standard scenario at 15MA, shown in Figure 13 (indicated by the grey dashed
curves).
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Figure 15: The fusion power in ITER is predicted by scaling the kinetic profile data from
ASDEX Upgrade. The dependence on the plasma current used (I,,eg) is shown. The
discharges with Bys < 2 are indicated by the circles, the discharges that achieve By, =2-3
are shown by the squares. The blue squares are standard H-modes for a range of qos. Closed
and open symbols represent discharges where the required input power (Pu.) is below 73
MW or above 73 MW respectively. These power requirements to sustain the Pya are
calculated using the IPB98(y,2) scaling expression. The pulses listed in Table III, are
denoted by the black circles (improved H-modes) and the black square (standard H-mode) in

this plot.
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Figure 16: Contour plot of the amount of additional heating required to sustain the projected
ITER discharges using the IPB98(y,2) scaling expression. Plotted is P.. (MW) as a function
of the plasma current (I, irer) and confinement enhancement factor (Hosp, ).
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Figure 17: Input power requirements (P..) to sustain the beta (Byus) in ITER as obtained in
ASDEX Upgrade for three different energy confinement scaling expressions [3,34,35]. The
variation of P, with beta is shown. Closed and open circles represent discharges where the
required input power (P..) is below 73 MW or above 73 MW respectively.



