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Both in Ohmically and beam-heated L-mode discharges of ASDEX, the electron-temperature
(T.) profile shape can be varied over a wide range by the choice of the safety factor ¢g,. The
power-deposition profile, on the contrary, has no effect on the 7, profile shape. In current-free
W-VII-A stellarator plasmas, no such invariance property is found. An independent constraint
seems to fix the current distribution j (r) of the tokamak, which defines the conditions of electron

heat transport.

PACS numbers: 52.25.Fi, 52.55.Fa

The electron-heat-transport mechanisms in a
tokamak are still not understood after two decades of
concentrated efforts. Mostly Ohmically heated (OH)
plasmas have been studied in the past.! Auxiliary
heating, successfully applied in the last few years,
caused distinct changes in the confinement properties
and offered the possibility of reconsidering the dom-
inant features of tokamak transport: Auxiliary heating
changes the scaling of the global energy-confinement
time ¢ from density to plasma current as the leading
scaling parameter.”? Furthermore, a degradation in 7
with auxiliary heating power is generally observed? ir-
respective of the heating method (L mode), while
divertor tokamaks can operate with neutral-injection
(NI) heating in a regime of good confinement (H
mode).> This paper presents an analysis of plasma
profiles of the asymmetric-divertor tokamak ASDEX
with NI heating and confronts the tokamak observa-
tions with those from the Wendelstein (W) VII-A stel-
larator with electron-cyclotron-resonance heating
(ECRH) .4

In Ohmically heated plasmas the plasma profile
shapes for density (n,) and temperatures (7,,7;) can
easily be varied by a change of the ratio of toroidal
field By to plasma current I, (corresponding to a
change in the safety factor g,). At a large ¢, value,
the profiles are peaked and the gradients in the insula-
tion zone (between ¢ = 1 and the periphery affected by
atomic processes) are mostly flat; at low ¢, (with ex-
tended ¢ =1 zone), the profiles are broad and the gra-
dients are steep. Figure 1(a) shows the ratio of peak
to volume-averaged electron temperature versus g,
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(open and solid circles are the Ohmic values) for two
different line-averaged density values. The T, profile
shape shows a strong dependence on ¢,. In clean
Ohmic discharges as provided by the divertor config-
uration and under steady-state conditions, the 7, pro-
file is linked resistively to the current distribution and
reflects its g, dependence. The current distribution,
however, largely determines the Ohmic-heating-power
profile. As the 7, profile follows the power-deposition
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FIG. 1. (a) Ratio of central to volume-averaged electron
temperature and (b) radius of the ¢ =1 surface vs cylinder
q, at different densities and beam heating power.
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profile in Ohmic discharges, it seemed justified to base
the transport analysis of tokamak discharges on dif-
fusive transport and to aim at determination of local
transport coefficients and their dependence on local
parameters

Figure 1(a) also shows the ratio of peak to volume-
averaged electron temperature for various beam
powers in the L regime. The 7, profile shapes hardly
change with beam power but can still be varied by the
choice of g, to the same extent as in Ohmic
discharges. It is important to note that with auxiliary
heating the relative 7, gradients d InT,/dr and not the
absolute gradients remain invariant. The invariance of
the 7, profile during NI has also been observed by oth-
ers> and has been dubbed ‘profile consistency.’’® This
invariance property has further been confirmed in den-
sity scans of Ohmically and beam-heated ASDEX
discharges where T,, was changed by a factor >3,
while T,o/(T,) values scattered between 2.1 and 2.6
(g,=2.8). The invariance of the logarithmic deriva-
tive (and not the absolute gradient) has been further
confirmed in OH discharges by comparison of a clean
discharge (T,,=1.0 keV) with one polluted by neon
(T,p=2.2keV).

The invariance of the 7, profile even at high beam
power with negligible Ohmic power input indicates that
the 7, profile is not determined by the power-
deposition profile—as first concluded from the con-
sideration of Ohmic discharges alone. The lack of
dependence of the 7, profile shape on the heat-
deposition profile has been tested in two extreme
cases. A peaked deposition profile was realized by
high-velocity beam injection (H°, 42 keV) into a low-
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FIG. 2. Electron-temperature profiles (a) of ASDEX
tokamak plasmas with peaked beam-power deposition (dots;
7. =0.9%x10" cm~3, H*— D* at 42 keV) and off-axis depo-
sition (circles; 7, =5x 10 cm ™3, D°— H* at 29 keV) and
(b) of currentless W-VII-A stellarator plasmas with ECRH
at 2w,: ECRH ~0.1 MW; f=70 GHz; n,=2.2x10"
cm™3; By =1.26-1.28 T. The arrows indicate the maxima of
the auxiliary-heating-power deposition; the solid curve is a
fit by the lower curve matched to the central value of the
upper profile to demonstrate the profile invariance of the
two cases.
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density discharge (7, =0.9%10'* cm™3); the width of
the centrally peaked deposition profile was ~— 14 cm.
The other extreme—low-velocity injection (D°, 29
keV) into a high-density plasma (7, =5x10"
cm~3)—yielded a hollow beam-deposition profile
peaked at r = 0.65a [the deposition profile is shown in
Fig. 3(a)l. The 7, profiles are plotted in Fig. 2(a) (the
deposition maxima being indicated by arrows). The
solid line is the fit through the lower profile, but nor-
malized to the peak value of the higher one: The pro-
file shape is hardly affected by the large differences
between the heat-deposition profiles.

ECRH experiments in W-VII-A* reveal that a dif-
ferent mechanism determines plasma profile shapes
and consequently transport in a current-free stellara-
tor. Figure 2(b) shows the variation of the T, profiles
at different locations of the ECRH power-deposition
region. The deposition width is typically 5 cm. The T,
profiles are indeed flat inside the zone of no power
deposition and show steep gradients outside the radius
of power deposition. Detailed transport analysis* con-
firms that the stellarator profiles are governed by the
expected transport principles where the heat conduc-
tion coefficient is given (dependent on local parame-
ters such as By, ¢, n,, and T,) and the gradients adjust
according to the heat flux.

The different constraints on the 7, profiles of the
ASDEX tokamak and currentless W-VII-A stellarator
discharges point to the current distribution as the dom-
inant element which shapes the tokamak profiles. The
invariance of the current profile is confirmed by the
analysis of the sawtooth inversion radius in ASDEX.
The radius of the ¢ =1 surface is found to vary with ¢,
according to a/q, but otherwise is not dependent on
heating power [see Fig. 1(b)], indicating that an invari-
ant fraction of the plasma current flows within the
q = 1 surface.

Normally, auxiliary heating leads to enhanced power
input and X, increases. On the other hand, even in the
L regime an injection scenario is possible where at
least core confinement does not degrade.” With low-
velocity NI (29 keV, D) into a high-density hydrogen
discharge (7,=5x10"* cm™3), the beam-power-
deposition profile is hollow with small central heating.
The calculated power-deposition profile P is shown in.
Fig. 3(a) together with that of a control series (same 1,
and By) of high beam velocity (42 keV, H°) into a
deuterium discharge of the same density. The different
central power densities in the two cases are confirmed
by the different rates with which 7, increases after a
sawtooth fall: With hollow deposition, d7,/dt is the
same as in the Ohmic phase; in the peaked-deposition
case, it doubles. In both cases a similar H-D species
mix of the plasma was aimed for in order to compen-
sate for the isotope effect on global confinement® as
far as possible. Figure 3(a) also shows the energy-
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FIG. 3. (a) Energy-density and beam-power-deposition
profiles for central (solid lines; H®— D*, 42 keV) and off-
axis (dashed line; D°— H*, 29 keV) deposition; 7,
=5x10" cm™3. The dotted curve is the Ohmic power dur-
ing NI. (b) Radial dependence of the global energy-
confinement time for the two cases; the symbols represent
the values from the diamagnetic loop.

density profile E from individually measured 7,, n,,
and T; profiles. Even with off-axis deposition cases,
the T, profile is peaked and obeys the profile-
invariance constraint [see Fig. 1(a)]. Figure 3(b)
shows the radial variation of the energy-confinement
time

TE(r)=J:)rEI" dr'/j;’Pr’dr’

for the two beam cases together with the Ohmic
dependence. The global 7, values obtained from plas-
ma diamagnetism are also shown. In the peaked-
deposition case, the confinement is degraded over the
whole cross section; in the off-axis case, the local 7 is
high in the plasma center.

The dominant profile effect of a tokamak discharge
seems to be the invariance of the current distribution,
which is not affected by the heating method or the de-
tails of the power-deposition profile. As the local 7,
gradients are specified at the steady-state conditions by
the superimposed constraint, the heat flow in the insu-
lation zone occurs with NI, as in Ohmic plasmas, basi-
cally via low gradients at high g, and via steep ones at
low g,. As the gradients cannot adjust according to the
local heat flux, the thermal diffusivity must change in
order to yield steady-state conditions. Therefore, the
case with low central power deposition needs low cen-
tral transport; the one with high central deposition re-

quires high transport and yields low confinement. The
global 7 values, however, are similarly reduced in
comparison to the OH phase. (The difference in the
global values might be due to a residual different
species mix.)

The possibility of the plasma rapidly adjusting X, to
match the heat flux requirements is observed in rapid
sawtooth propagation,9 which frequently occurs much
faster than expected from the X, of the undisturbed
plasma; another example is the rapid degradation of
confinement in the case of beam heating, which sets in
typically after one ion slowing-down time. After a
sawtooth drop, the plasma is forced to transport a high
power flux; with beam heating, the degradation occurs
as soon as power is deposited even though it may still
be in the neighborhood of OH plasma parameters. It is
important to note that X, obtained from the propaga-
tion of ECRH-produced heat pulses matched the X, of
the undisturbed equilibrium plasma in the case of
current-free W-VII-A discharges.!?

Because of the global constraint, the definition of a
local heat transport coefficient with a dependence on
local plasma parameters does not seem to be appropri-
ate; X, directly depends on the heating power. Conse-
quently, the improved central confinement in the
hollow-deposition case is only maintained as long as
the local power flux is low, and it does not seem to be
an easy solution to the problems caused by the
deterioration of global energy confinement.

Profile consistency as described above concerns only
the logarithmic temperature derivative and therefore
allows no statement about absolute temperature levels
and total confinement times. For these to be deter-
mined, a relationship between absolute local plasma
parameters and the locally passing heat flux has to ex-
ist in some region in space. The lack of any depen-
dence of the energy content on power-deposition pro-
files, as observed in our NI experiments, suggests
placement of this region outside the deposition zone,
where the passing energy flux remains constant for
these cases. This would give dominant importance to
the confinement properties in the boundary region.!!
This is consistent with the observed strong improve-
ment in overall confinement accompanying the forma-
tion of an edge temperature pedestal in H-regime
discharges.!?

The outstanding feature of all tokamak experiments
with strong additional heating is the apparent change
in magnitude and scaling of confinement times com-
pared with purely Ohmic discharges. Scaling might be
determined by processes in the postulated boundary
loss region, or, in its major trends, by the profile con-
straint. At high heating power—when the plasma
current does not contribute to heating—7gec [, is
found irrespective of the auxiliary heating method.
The variation of the otherwise invariant 7, profile
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shape with g,—shrinking towards higher g, at con-
stant central value—might lead to current scaling.
Under Ohmic conditions, however, when the heating
power increases with current, profile invariance might
cause a largely current-independent scaling. In this
view, 7gx I, is not the result of a new transport prop-
erty which is common to all auxiliary heating methods;
it seems more plausible that it is the result of a com-
mon feature of auxiliary heating, namely the loss of
dominance of the Ohmic power input. Consequently,
at low beam power, a mix of Ohmic- and auxiliary-
heating scaling elements is observed in 7 scaling.?

The actual microscopic mechanism which provides
invariant current-density profiles at the expense of the
thermal transport (increasing with the thermal flux to
be transported) is not yet known. However, experi-
mental observations yield some important clues:
Energy- and particle-confinement degradation are al-
ways correlated (in the case of ASDEX also with
counter NI); the sudden degradation in confinement
shortly after firing of the beams causes a rapid loss of
runaway electrons, pointing to strong magnetic tur-
bulence; the comparison of hydrogen, deuterium, and
helium discharges reveals as a common feature of
high-density Ohmic- and auxiliary-heated plasmas
(geometrical parameters excluded) an increase of the
electron thermal diffusivity (at constant By) with ei-
ther decreasing ion Larmor radius or increasing sound
velocity.
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