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Abstract Detailed studiesof the confinement physicsin advanced scenarioson ASDEX Upgradeare pre-
sented. The confinement of theimproved H-mode can largely be unified with that of the standard H-mode.
Theincrease in the H-factor is partly dueto density peaking, partly due to the density dependence in the
scaling law, and partly dueto the non-thermal populationif anon-corrected scaling law isused. Thecon-
finement region of these discharges can be simulated well with the ITG/TEM models. Clear transport
barriers are observed to be formed in discharges with reversed shear. Turbulence suppressionis observed
in these discharges, and within the error barsthisisin agreement with the E x B paradigm. Monte Carlo
simulationsof the neoclassical transport in discharges with reversed shear show a reduction compared to
the standard theory, and agree reasonably well with the experimental ion heat conductivity over alarge
inner region.

1. Theimproved H-mode

The record value of npgTigTg = 9- 1019 keV.-sm—3 (BN = 2.4 HTErg9_p = 30) on ASDEX Up-
grade is obtained in theimproved H-mode[1,2]. Thisregimeis obtained through pre-heatingin
the current ramp up phase, but with smaller power thanthe L-model TBs. The power isincreased
at the end of the current ramp up phase, causing a transition into the H-mode, and a stationary
state is obtained.

Detailed studies have shown that the physics picture of the confinement in this regime of opera-
tion can be largely unified with that of the standard H-mode. In Fig. 1 the data of a density scan
0.3 < N/Ngreenwald < 0.6 isshown. The dischargesin this scan have the same plasma current (1
MA), the same NBI heating power (5 MW), and low triangularity & < 0.25. The color coding
isexplained in the figure. The following observations can be made: The shotswith pre-heating
haveingenera alow lineaveraged density and ahigh central and edgeiontemperature. Thefew
standard shotsthat also have high temperaturesare special shotswhich aretailoredto havealow
edge density and allow for acheck of the hypothesisdescribed inthispaper. Theiontemperature
profileis stiff (the central value is afactor timesthe value at r = 0.8a, with r being the volume
radius). The electron temperature deviates from the linear dependence at lower density (higher
temperature) where the electron-ion coupling isreduced. The density profilespeak at lower den-
sity and show asteep increase of peaking at alineaverage density around 4- 101° m~3, correlated
with the flattening of the electron temperature.

The roughly constant pressure at the pedestal top allows for a high ion edge temperature when
the edge density islow. Due to the stiffness also the core temperature increases. This explains
the high ion core temperatures of the improved H-mode, but would not lead to an increase in
the stored energy if the density profile would be stiff as well. The density peaking at low line
averaged densities, however, leads to such an increase. The H-factor, the relative improvement
of the confinement time Tg over the scaling ITER98(y,1), shown in Fig. 1 has some scatter but a
fit allowsto estimate theincrease over the studied density rangeto be afactor 1.62. A part of the
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Figure 1: Comparison of improved H-mode with standard H-mode

improvement can be thought to be due to the density dependence in the scaling law tg 0 14!
which would not occur in the physics picture discussed above. If the confinement time of the
experiment isindependent of the density then arelative improvement against the scaling law is
obtained if one goesto lower density. Thiscan explain an increase in H-factor of 36%, whichis
somewhat too low to explain the entire increase. The additional improvement in the H-factor is
expected to be due to the density peaking. Indeed, integrating the obtained density profileswith
astandardion temperature profilegivesan estimate of theincreasein stored ion energy dueto the
density peaking aloneof 32%. For the el ectronsthe density peaking and flattening of the el ectron
temperature profile partly compensate each other yielding only asmall increasein stored energy.
So the density peaking has a clear favorable effect. It ishowever difficult to calculate the stored
energy directly from the profiles because of the uncertainty in the determination of Zg and the
contributions to it from the various e ements. Simply integrating the profiles assuming nj = ne
yields an increase of 70% in stored ion energy, but Zg is observed to go up at lower densities,
and partly reduces theion density and therefore the ion stored energy. The standard discharges
with low density show that as far as confinement is concerned the pre-heating is not essential.
The improved H-mode can better be defined through the density peaking.

The ion and electron temperatures profilesin the outer region 0.4a < r < 0.8a can successfully
be modeled [3] with the ITG/TEM models of Weiland [4] (shown in blue in Fig. 2), and IFS-
PPPL [5] (shown in red). These models predict stiff ion temperature profilesin agreement with
the experimental observations. The IFS-PPPL model dightly over-predictsthe gradient length
(E x Bshearisincludedin al models). Weiland predictsthisquantity better on average but there
is also more scatter. 1t must be noted too that the non-stiff behavior of the electronsis also rea-
sonably predicted by these models. The instability is dominantly driven by the ion temperature
gradient and the flattening of the electron profileisrelated to the reduced energy coupling, with
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Figure 2: Resultsof theory based transport simulations



less power going into the electrons at lower density. The profiles can not be explained very
well by the non-stiff CDBM model [6] shown in black. The standard deviation of predicted
stored energy over the measured stored energy for the different modelsis. Ojgs_ppp. = 9.5%,
Oweiland = 9.2%, and ocppym = 24.1%. A deviation of 9% is better than obtained with the scal-
ing law. However, the boudary condition for the temperature (applied at r = 0.8a) aswell asthe
density profileis taken from the experiment, i.e. a better prediction can be expected.

2. Internal Transport barriers

Most of the ITBson ASDEX Upgrade are obtained through significant heating, usually around
5 MW, in the current ramp up phase, and preventing the H-mode through alimiter configuration
or unfavorabledrift direction. Transiently the magnetic shear isreversed in the center, and ITBs
form with theion temperature gradient length being much smaller than that of theH or L-mode.
Thisisshownin Fig. 3where the different confinement regimes are compared. The large scatter
in the ITB data suggests non-stiff behavior or different confinement states.

It hasbeen found that the Shafranov shift in thereversed shear discharges playsan importantrole
in bringing down the growth rates to levels where they are below the E x B shearing rate. The
central Shafranov shift is much larger than in normal discharges because of the large safety fac-
tor on axis, connected with the negative shear. Fig. 3 shows the growth rates obtained from the
GLF23 model [7] of two discharges (#12224 without ECRH shown in blue and #12229 with
ECRH shown in red) together with the shearing rates for comparison. In the discharge with
ECRH, which isdescribed in detail in [8,9], the el ectron temperature could be raised to 10 keV
without any change intheiontemperature. The growth ratesin thefirst plot which are calculated
without Shafranov shift show that raising theratio of electron to ion temperature isdestabilizing
for the I TG. Thisdestabilizing effect, however, islargely compensated by the stabilizing Shafra-
nov shift which is larger in the case with ECRH because the electron pressure in the center is
raised.

The shearing rates shown in Fig. 3 are obtained assuming neoclassical poloidal rotation, which
might not be entirely justified since corrections to the standard theory are expected as will be
discussed below. The shearing rate from the measured poloidal rotationisin general larger, but
it must be noted that the error bars on these measurements are rather large leading to significant
uncertainties. In the discharges with internal transport barriers the turbulence is observed to be
suppressed. Thisisshown in Fig. 4 which shows the reflectometry signals as afunction of time
for discharge #13553. Aroundt = 0.75 aclear reduction of the turbulence is observed. At this
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time point the position of the reflection layer falls together with the foot of the transport barrier
p =~ 0.6a. Using the neoclassical poloidal rotation yields shearing rates which are somewhat too
small to explain the suppression of the anomalous transport at this location. Unfortunately, the
poloidal rotation was not measured in this shot. However, the comparison of the shearing rate
obtained from the measured poloidal rotation with thelinear growth ratefor adifferent discharge
#13149 (which has dightly larger temperatures) shows that the shearing rate largely exceedsthe
growth ratesin the center of the discharge and is of the same order as the growth rate at the foot
of the barrier (p = 0.6a) [10]. Within the error bars the assumption that the E x B shearing rate
suppresses turbulenceisin agreement with the experiment. The uncertainty in the measurement,
however, does not allow for a stronger statement at the present time.

3. Neoclassical transport closeto the axis

If the E x B shear suppresses the turbulence on scale lengths several timestheion gyro radius,
for which the reflectometry is sensitive, than the ion heat transport is expected to be reduced
to the neoclassical level. In many experiments it has in fact been found to lie below standard
neoclassical theory. Standard neoclassical theory indeed breaks down close to the axis because
theradial size of the orbitsisno longer small compared with the minor radius of the flux surface.
Fat banana orbits, so called potato orbits are formed with aradiusry

rp = 1.6(20p)%/°RY/3

where qisthe safety factor, p isthegyro radius, and Risthe mgjor radius. Especialy inreversed
shear discharges this radius, and consequently the region in which the standard theory breaks
down, can be large.

Different theories [11,12], with strong contradicting results, try to describe the influence of the
large orbits on the neo-classical ion heat flux. The theory of Z. Lin predicts a strong decrease
in the heat flux, whereas the theory of Shaing gives a heat flux even larger than the standard
theory. To investigate this discrepancy, and to compare the transport inthe L-mode I TBsof AS-
DEX Upgrade with neoclassical theory Monte Carlo &f smulations have been performed. The
of code integrates the particle orbitsin Boozer coordinates. A Monte Carlo procedure is used
to model the collisions, which consist of pitch angle scattering and a correction for momentum
conservation. More details of the applied method can be found in Ref. [13].

Fig. 5 shows the results of these calculations. The figure on the left shows the obtained ion heat
conductivity normalized to the thin orbit theory as a function of the radius normalized to the
potato width. Different simulations are shown which have been obtained by varying
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Figure 4: Observed suppression of turbulence.



0.05 < rp/a < 0.15, through a variation in g and R, in a circular equilibrium. It can be seen
that the different smulations yield roughly the same result in normalized units For r > rp, the
resultsof the standard theory are obtained. Also shown arethe predictionsof the afore mentioned
theories. The reduction of the transport is in qualitative agreement with the theory of Lin, but
the heat fluxesfor r < rp are much larger. It must be mentioned here that the comparisoniswith
the analytic formulaof Lin, and not adirect comparison with his code results. The differencein
the ranger < rp isimportant for the comparison with the experiment. In the figure on the right
the experimental and simulated heat conductivity of an ASDEX Upgrade discharge (#10701)
with an ITB and H-mode edge is shown. The simulations are done for area ASDEX Upgrade
equilibrium, correcting for Zg; with a multiplication factor. Reasonable agreement is obtained
over alargerangeincluding the region of the steep gradient around r /a = 0.5. This givesstrong
support to the assumed switch off of the anomalousion heat transport.
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Figure 5: Result of Monte Carlo delta-f calculations



