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Stationary discharges withH-mode edge and internal transport barrier for energy, momentum,
and particle transport have been obtained on ASDEX Upgrade. At a line averaged density of
4 3 1019 m23 an H factor of HITER89-P � 2.4 andbN � 2 could be maintained for 6 s corresponding
to 40 confinement times, limited only by the possible discharge duration. Theq profile is flat in the
center and close to 1. Current diffusion calculations suggest that reconnection is required to clamp th
safety factor at 1, which in the absence of sawteeth is explained by the strong fishbone activity.

PACS numbers: 52.55.Fa, 52.25.Fi
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Improved confinement related to the modification o
the current profile was observed in several tokamak
Common to these regimes of operation is the flattenin
of the central current profile corresponding to a zero
even negative value of the central magnetic shear (s �
r
q

dq
dr , whereq is the safety factor). There is increasing

evidence that, in addition to magnetic shear stabilizatio
a combination withE 3 B shear stabilization is required
for the initiation of internal transport barriers (ITB) [1,2].

In most experiments additional heating in the curre
ramp phase is used to reduce current diffusion a
hence generate a broad or hollow current profile withq
above 1. TFTR [3], DIII-D [4], and JT60-U [5] achieve
this by neutral beam heating (NBI), while JET uses
combination of lower hybrid current drive, ion cyclotron
heating, and NBI [6]. Discharges with improved cor
confinement or ITBs have been established with bo
L-mode edge like the negative central shear plasmas
DIII-D [7] and ELMy H-mode edge plasma parameter
like JET ELMy H-mode discharges with ITB [8], or
JT60-U high bp H-mode discharges [9,10], some o
which have been approaching steady state conditions.

On ASDEX Upgrade a stationary regime of operatio
has been found which shows improved core confineme
of both electrons and ions in combination with anH-mode
edge. In Fig. 1 the main plasma parameters of su
a discharge are illustrated. During the current ramp
1 MA�s moderate neutral heating of 2.5 MW is applied
to reduce current diffusion. At 1 s the current flat top i
reached and theX point is formed. Simultaneously, the
NBI power is raised to 5 MW, theL-H transition occurs,
and the line averaged density is kept at4 3 1019 m23. At
a toroidal magnetic field of 2.5 T and a plasma current
1 MA q95 is 4. While during the current ramp at 2.5 MW
heating power electron and ion temperatures increase
the same rate;Ti reaches almost twice the value ofTe

when the heating power is doubled, as 75% of the pow
is going into the ions. The high performance phase las
for 6 s, limited only by the prescribed duration of the
NBI. This corresponds to 40 confinement times or�2.5
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resistive time scales for internal current redistribution
which here is the time for a current perturbation t
diffuse over half of the minor radius. Current profile
from an equilibrium reconstruction using the multichanne
motional Stark effect (MSE) polarimeter [11] confirm tha
the current profile remains stationary shortly after the fu
neutral beam power is applied. In addition, the measur
loop voltage is also stationary within 10%.

The profiles of plasma temperature, density, an
toroidal rotational velocity [Fig. 2(a)] show, in addition to
the H-mode pedestal, an increase starting atrtor � 0.6,

FIG. 1. Time evolution of plasma current�Ip�, neutral beam
heating power�PNBI�, H factor �HITER89-P�, normalized b
�bN �, divertor Da radiation, density peaking and neutra
particle flux in the divertor, line averaged density�ne�, loop
voltage �Uloop�, MSE polarization angles�gm� at three radial
locationsr�a, and central electron and ion temperatures�Te,i�
for a stationary discharge with ITB andH-mode edge.
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which is attributed to the formation of an ITB. The strong
density peaking of ne0�ne � 1.5 suggests that not only
the energy but also the particle confinement is improved.
Compared to ASDEX Upgrade internal transport barriers
with L-mode edge at the same power [12], the gradients
are less pronounced, while the central ytor is comparable.
The central Ti is still more than a factor of 2 above the
ELMy H-mode level. For comparison, the profiles of Ti ,
Te, ne, and ytor for a standard ELMy H-mode discharge
are plotted in Fig. 2(b), exhibiting lower central values
of all quantities (except for the density). This is also re-
flected in low values of bN � 1.6 and HITER89-P � 1.8,
compared to bN � 2 and HITER89-P � 2.4 for dis-
charge #11190. The density of the sawtoothing discharge
is slightly higher than that of the ITB discharge, as stan-
dard H-mode plasmas with sawteeth at lower densities
suffer from neoclassical tearing modes, resulting in an
even more degraded confinement.

The only MHD activity observed in the core of the
plasma is strong �1, 1� fishbones which start at 1.1 s and
accompany the whole 5 MW heating phase, indicating
that the central q is in the vicinity of 1, but not low
enough for the formation of sawteeth. The plasma edge

FIG. 2. (a) Radial profiles of ion and electron temperatures
[�: electron cyclotron emission (ECE); �: Thomson scatter-
ing], electron density, toroidal rotational velocity �ytor� of the
discharge presented in Fig. 1 (#11190). The profiles are quasi-
stationary during the 5 MW heating phase. (b) For comparison,
the profiles of a sawtoothing discharge with the same heating
power and comparable density are plotted (Te from ECE only).
1788
is that of an ELMy H mode, as seen on the Da trace.
The fishbone oscillations seem to behave like a resistive
MHD instability [13]. Similar to sawteeth, but on a much
faster time scale, the soft x-ray (SXR) profiles from a
1D deconvolution of the line integrated SXR emissivities
show a relaxation oscillation expelling energy and possibly
also impurities. This is confirmed by Te measurements
using electron cyclotron emission. The fishbones change
the temperature of the background plasma on a much
faster time scale ��1 ms� than would follow from the
redistribution of the fast particles, and consequently of
the heating power. The magnetic reconnection due to
fishbones would also explain that sawteeth do not appear,
as the fishbone oscillations could serve as a mechanism
for keeping q at 1. When increasing the beam power,
bN was limited by the occurrence of �3, 2� neoclassical
tearing modes, the onset of which was always preceded by
a fishbone. Because of the low density, the �3, 2� modes
were usually followed by �2, 1� modes which ultimately
lock. Considering that sawteeth are not present, the second
harmonic of a �1, 1� fishbone acts as a seed island for the
initiation of �3, 2� neoclassical tearing modes [14]. The b

limit is close to bN � 2.2. At 6.25 MW of NBI bN � 2.2
still could be maintained for a duration of 1 s after which,
due to the proximity of the b limit, a �3, 2� mode occurred.

For the sustainment of the ITB the heating power
during the current ramp is very critical. Applying more
NBI power during the current ramp resulted in large
scale MHD instability as soon as the L-H transition
occurred. Discharges without preheating in the current
ramp show only a transient improvement of the plasma
confinement indicating that the current profile so obtained
cannot stabilize the larger pressure gradients. A �3, 2�
neoclassical tearing mode leads to a deterioration of the
confinement and finally to �2, 1� locked modes.

A major concern regarding the stationary plasma opera-
tion with improved confinement is the behavior of the
impurity content. From spectroscopic data the main im-
purities have been identified as helium (5%), carbon
(2.5%), oxygen (1.2%), and silicon (0.3%) after sili-
conization of the vacuum vessel [15]. Charge exchange
recombination spectroscopy yields a flat concentration
profile of carbon, and the 1D deconvolution of SXR mea-
surements indicates no temporal accumulation of impuri-
ties in the center. Neglecting the presence of elements
with Z larger than Si, an upper limit of Zeff can be in-
ferred from SXR emissivities by using the impurity trans-
port code STRAHL [16]. The calculation assumes flat
profiles for the concentration of He, C, and O and fits the
Si profile to the measured SXR emissivity. The resulting
Zeff profile is slightly peaked in the center (see Fig. 3)
and quasistationary from 2 s until the end of the 5 MW
heating phase. The peaking of the electron density is par-
tially caused by the impurities, but nevertheless, also the
deuteron density is increasing towards the plasma center.
The stationarity is possibly caused by the strong fishbone
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FIG. 3. Radial profiles of electron, deuteron density �nD�, and
Zeff at 4 s of discharge #11190. ne is based on DCN laser
interferometer and lithium beam measurements. From this and
the various impurity concentrations nD is inferred.

activity expelling, similar to sawteeth, impurities from the
plasma core.

Energy transport has been analyzed using the 11
2 -D

ASTRA code. Besides electron density, ion and electron
temperature profiles, profiles of the radiated power and
Zeff have been incorporated in the study. In Fig. 4
the resulting ion and electron thermal conductivities are
shown. In the central regions of the plasma xi drops to
neoclassical values, but also xe is at a low level indicating
that the transport reduction is not limited to the ions.

The q profile inferred from MSE, which is illustrated
in Fig. 5(a), shows an extended low shear region in the
plasma center with q0 � 1 and remains stationary through-
out the discharge, which is exemplified by the time traces
of q0, qmin, and the radius of the �1, 1� surface in Fig. 5(b)
and is consistent with the fixed location of the �1, 1� fish-
bone mode derived from the SXR. To reproduce this be-
havior in an ASTRA simulation, which solves the current
diffusion equation using the experimental temperature and
Zeff evolution, Kadomtsev reconnection [17] has to be in-
voked, which redistributes the central current as soon as
q drops below 1. Without this reconnection mechanism
the calculated q0 drops towards 0.7, which is inconsistent
with the MSE result. As no sawteeth have been observed,

FIG. 4. Ion and electron thermal conductivity at 2.5 s of
discharge #11190 vs normalized toroidal flux. Also shown is
the neoclassical ion thermal conductivity [18].
FIG. 5. Safety factor profile (a) and time traces of q0 and
qmin (b) inferred from MSE of a stationary discharge with ITB.
Also shown is the calculated evolution of q0 using neoclassical
current diffusion (ASTRA code) without reconnection. As the
initial condition the current density profile from MSE at 1.484 s
has been used. The shaded area represents the uncertainty due
to variations of Te by 615%, which is a conservative estimate
of the error of the ECE measurements, and Zeff between 1 and
the profile shown in Fig. 3.

the reconnection, required to explain the clamping of the
central q, is attributed to the strong �1, 1� fishbone activity.
The total current, the composition of which is derived from
ASTRA, consists of 70% Ohmic current, 10% current drive
from NBI, and 20% bootstrap current, the small bootstrap
current fraction corresponding to relatively moderate val-
ues of bN and q95.

Both raising the density and reducing the heating power
resulted in a deterioration of the confinement, which is
accompanied by the appearance of sawtooth oscillations
when Ti approaches Te. A discharge, where the line
averaged density was increased from 4.2 3 1019 to

FIG. 6. Ip , PNBI, H factor, bN , Da signal, density peaking
factor, neutral particle flux in the divertor, line averaged
density, and central temperatures of a discharge where after
the formation of the ITB the density was increased.
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5.8 3 1019 m23 is shown in Fig. 6. Associated with the
increase of the density was an increase of the neutral
particle flux in the divertor, representing the particle
source for the main plasma, and a simultaneous reduction
of the density peaking. The central ion temperature and
the toroidal rotation velocity decreased by more than a
factor of 2. On Te the effect is less prominent, as with
the drop if Ti more power is going into the electrons.
Also the amplitude of the fishbone oscillations decreases.
It is seen from the bN and HITER89-P traces that the
confinement drops, which means, as the power is kept
constant, the temperature decrease is stronger than the
corresponding density increase. It is interesting to note
that, after decreasing the density again, the ITB recovers
partially, although it is finally terminated by a �3, 2� mode.
This suggests that the stability of the regime could not be
recovered entirely. The influence of the neutral particle
flux has also been observed in cases where the cryopump,
which has been used in the discharges described so far, has
not been in operation. After increasing the NBI power to
5 MW an ITB is formed transiently lasting only 100 ms.
While the density is 15% higher than in the cases where
the ITB could be sustained, the neutral particle flux is
about a factor of 3 higher.

In summary, stationary internal transport barriers com-
bined with an H-mode edge barrier have been produced,
which last for 40 confinement or more than 2 current dif-
fusion times. bN � 2 and a high H factor result in a sta-
tionary value of bN 3 HITER89-P � 4.8. The discharges
show the highest nD,0Ti,0tE so far observed on ASDEX
Upgrade. 7 3 1019 keV s m23 have been maintained for
6 s and 7.5 3 1019 keV s m23 for 1 s. The stationarity
of the discharges is associated with a fishbone induced
stabilization of the current profile occurring with small
scale perturbations, which in contrast to sawteeth are com-
patible with improved confinement. b is limited by the
occurrence of neoclassical tearing modes which are initi-
ated by fishbones.
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