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1. INTRODUCTION

Internal transport barriers (ITB), or regions of reduced ion thermal transport, are a common
feature in neutral-beam heated tokamaks [1-5]. The effect of the ITB often extends to the
particle and angular momentum channels, and less frequently, to electron thermal transport.
Recent experiments in DI11-D allow a comparison of ITBs formed with both co—neutral beam
injection (co-NBI; beam ions injected parallel to the plasma current) and counter-NBI (injected
antiparallel to the plasma current) [1]. Here we manipul ate the ExXB shear dynamics by reversing
the rotation contribution to the ExB shearing rate wexg While leaving the sign of the pressure
gradient term unchanged. Discharges with counter-NBI, where the pressure gradient and toroidal
rotation terms of the shearing rate are aligned, exhibit a broader ITB than that obtained with co-
NBI. This is consistent with the ExB shear turbulence suppression paradigm [6], since the
counter-NBI discharges do not exhibit the zero crossing in the shearing rate seen with co-
injection due to competition between these terms.

Although barriers in the ion thermal transport channel can be reproducibly obtained, the
behavior of the electron channel is relatively inconsistent [7,8]. In many cases, electron thermal
transport is either unchanged or even slightly increased after the onset of the ITB. Recently,
demonstrations of strong electron thermal transport barriers have been reported in the presence
of localized electron heating [5,9-11]. Such a regime has been produced in DIII-D, when
0.5 MW of 110 GW electron cyclotron heating (ECH) is applied off axis (0=0.3) in a low
current, low density plasma. ExB shear, although important in controlling the long wavelength
turbulence usually associated with ion thermal transport, is not expected to be a significant factor
in determining the behavior of the electron channel. Dynamic simulations of the formation of the
electron ITB indicate that the leading mechanism for transport reduction here is finite pressure
gradient (a) stabilization of turbulence.
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2. TESTS OF THE ExB SHEAR PARADIGM WITH COUNTER-NBI

ITB formation in DI1-D usually begins by injecting high power co-NBI into a low density
plasma during the initial current ramp [12]. The primary role of this preheat phase isto freeze in
a q profile with weak or negative central shear (NCS). Barrier formation usually begins during
this phase. The profiles steepen and broaden with increased neutral beam power, with the ion
thermal diffusivity x; reduced to levels at or below neoclassical. Reversing the direction of the
plasma current (the neutral beam geometry is fixed) allows counter-NBI operation. Due to poor
beam ion confinement at low current and with counter-NBI, a new preheat phase was devel oped
in which ECH is substituted for the NBI. Direct effects of the ECH are discussed below. This
scenario was successful in producing the desired NCS target g profile, after which the addition
of high power neutral beams resulted in formation of the internal transport barrier.

Comparison of profiles from similar co-and counter-NBI discharges is shown in Fig. 1.
These discharges have similar absorbed NBI power, plasma energy and core q profiles, but the
central temperatures and toroidal rotation velocity are considerably higher with co-NBI.
However, the barrier regions are broader with counter-NBI.

20

8m
N __-co e
15F7 ~ counter { oo 6=
> NoT £ S
@ 10-Te\T| {o 4 N
Bf— = _ \\ b 82- . 1
0—\\ 0 N
. I E /
T2k i 4 /
n N /
o \ s
— 1 N 2k T~~—_ _—~
0 —=1 0
100 Xe j 10
(%) e
— 7 1
L N
0ab 0.1y
1'De 410
n ,” ="
NE 0.1 /I// 1k //
001k~ ! ] 7
0.1

00 02 04 06 08 10 00 02 04 06 08 10
p p
Fig. 1. Comparison of profiles from similar dis-
charges (co: 87031 1.82s, Pyg; = 7.6 MW (ab-
sorbed), Wplasma= 1.2 MW, counter: 99849 1.17 s,
Png = 6.5 MW (absorbed), Wpjasma= 0.9 MW)
indicates broader profiles with counter-NBI.
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The shearing rate wexg is calculated from charge exchange recombination measurements of
the carbon impurity rotation velocities, density and temperature:

(RB;)° 9 DE O
B oyHRre,H

(1)

Wexp =

where
Er = (ZI eni )_1Dpi_ Va B¢+ V¢i Be . (2)

I can denote any species; usually the carbon impurity, measured by charge exchange
recombination, is used. wexg can also be written as the sum of pressure gradient and rotation
terms:
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In Fig. 2, the total shearing rate wexg, with its components a)r%t and wgp calculated for the
deuterium main ions, is shown for the two discharges. wgp Is calculated using the measured
impurity temperature (equilibrated with the main ions) and thermal main ion density calculated
by TRANSP. We calculate the rotation term by subtracting a) p from the total shearing rate. The
two terms are opposed with co-NBI, and parallel with counter- NBI.

In Fig. 2(c), the absolute values of the two shearing rates are shown together, along with the
linear growth rate ymax for low-k (ion temperature gradient; I TG, and/or trapped electron mode;
TEM) turbulence calculated by a linear gyrokinetic stability code [13] with non-circular
geometry [14] and fully electromagnetic dynamics [15]. The criterion |cwexg|>Ymax has proven a
reliable indicator of stability to these modes both in simulations [16] and in experiments [1,4,6].
Despite the contrasting dynamics of the individual terms, the total shearing rates are of similar
magnitude. Both the profile itself, and the region where the shearing rate exceeds the calculated
growth rate, are noticeably broader with counter-NBI, indicating an expanded region of stability
to ITG and TEM turbulence.

This may indicate removal of a fundamental obstacle toward ITB expansion. If the co-NBI
barrier could be forced to expand, the pressure gradient term would increase at the barrier front,
thereby reducing the total amplitude of the shearing rate and destabilizing turbulence in that
region. The same action performed on the counter-NBI discharge would be expected to have the
opposite effect, since increasing and/or broadening the pressure profile would now
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increase the total amplitude of the shearing rate. Thus, it is expected that further efforts with
counter-NBI might result in increased expansion of the barrier region.
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Fig. 2. Shearing rate wg.g and its components wr%t and
wDDp for the discharges shown in Fig. 1. (a) co-NBI, (b)
counter-NBI. (c) Profiles of |wexg| and the calculated linear
growth rate ymax for low-k turbulence shown for both
discharges.
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3. ELECTRON ITB PRODUCED WITH ECH

The ECH preheat employed to prepare the target q profile for ITB formation had additional
effects on the plasma. Starting 100-300 ms after the initial breakdown, while the plasma current
was 0.4-0.5 MA, the 0.5 MW output from a single 110 GHz gyrotron was injected toward an
absorption location of p=0.3. The antenna phasing was such that the ECH both heated electrons
and drove current in the direction opposite to the main plasma current. 0.5 MW of neutral beam
power was applied for diagnostic purposes, but most of this power was lost from the plasma due
to beam ion orbit losses.

An ITB, most evident in the electron temperature profile, rapidly formed after the activation
of ECH (Fig. 3). The electron temperature gradient increased to JT¢g/dR> 150 keV/m
concentrated within a 3-cm wide region on the outer midplane. T; remains small due to the small
amount of energy entering the ion channel (primarily from electron-ion coupling). Due to
ECCD, the q profile has regions of both positive and negative shear in the core. Regions of
reduced transport are calculated by TRANSP, with x; reduced approximately to neoclassical levels
and xe reduced essentially to zero. The GKS code [13-15] was again used to calculate the
growth rates for drift ballooning modes at the time when the electron temperature gradient was
the largest. Since measurements of the poloidal impurity velocity were not available, the
shearing rate was calculated as in Eq. (1), but with the vg calculated using the NCLASS code.
Although neoclassical estimates of vg have not proven to be particularly accurate when
compared with the measurement, its contribution to wexg is small here. Figure 4(a) shows a
comparison of this estimated |wexg| With the calculated linear growth rate ymax for low-k modes
(inthis case, primarily TEM). Here, the criterion |wex|>Ymax is not satisfied.

If the effects of the finite pressure gradient are removed from the calculation by setting the
normalized pressure gradient o = —op’ () V' (Y)(VI41iRp) Y2 to zero, the growth rate increases
significantly. Thus, with sufficiently large a, the low-k turbulence might be stable.

Figure 4(b) shows a comparison of the critical temperature gradient for onset of the ETG
mode (high-k) compared to the measured temperature gradient. As has previously been observed
[7], the temperature gradient is very close to the critical level throughout most of the ITB region
(the larger critical gradient at smaller radii is thought to be a consequence of a numerical
instability in the calculation). If the effects of finite a are removed again, the critical gradient is
reduced well below the measured level.
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Fig. 3. (a) Te and ECH heating profiles at several
times during the electron ITB evolution, (b) T,
profiles at same times. (c) heating and (d) diffusivity
profiles calculated by TRANSP at t=0.195 s, the time
of the peak OT.. ECH was turned on at t=0.11 s.
(99696).
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Fig. 4. GKS results: (a) |cE 8| and ymax calculated
with finite and zero a, (b) experimental and critical
values of normalized OTg, a/LTe. (99696 0.2 s).
Shaded region indicates I TB location.

This discharge has been dynamically simulated using the GLF23 model [17]. We use n, g
and source profiles from analysis and evolve the T and vy profiles beginning prior to ITB
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formation. Boundary conditions are enforced by experimental values at p=0.9. Results of this
simulation are shown in Fig. 5. Barriers form in both the temperature profiles and continue
evolving until equilibrium. The equilibrium Te and T profiles are remarkably similar to the
experimental results. Differences may be accounted for, at least in part, by the fact that resistive
interchange mode prevented the experimental profiles from reaching equilibrium. For the
simulation to reproduce the experiment, Ca=0ysed/ Acalculated Was increased to 1.35. With ¢4=1.0,
the ssimulation did not form a barrier, and at lower values of c4<1.0, a simulation started with a
pre-existing ITB could not maintain it.

Both calculations (GK S and GLF23) indicate a strong sensitivity to changes in a which are
within experimental uncertainties and predict ITB formation with parameters near those
observed in the experiment. This is consistent with earlier calculations indicating a stabilization
of turbulence as an important effect [18,19], but thisis the first time this has been identified as a
likely leading factor in transport reduction in DIII-D.
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Fig. 5. A dynamic GLF23 simulation indicates for-
mation of an ITB whose equilibrium characteristics
are remarkably similar to the measured temperature
profiles (99696).

General Atomics Report GA-A23428



C.M. Greenfield et al. IMPROVEMENT OF CORE BARRIERSWITH ECH
AND COUNTER-NBI IN DII-D

4. SUMMARY

Two classes of ITBs have been examined in recent experiments in DIII-D. The first pri-
marily affects the ion thermal channel. In such cases, ExB shear stabilization of the low-k tur-
bulence associated with the ITG and TEM instabilities is a sufficient condition to obtain the
barrier. This appears to be a necessary but not sufficient condition for reducing electron thermal
transport. High-k modes, such as electron temperature gradient (ETG) turbulence, are believed to
have an impact on transport in the electron, but not in the ion, channel [20]. Due to their smaller
gpatial scales and larger growth rates, ETG modes are not expected to respond to ExB shear.
Another mechanism must be active in order to stabilize these modes and establish an electron
ITB. Comparison of electron ITB characteristics with numerical predictions indicates that this
role may be played by «a stabilization of turbulence.
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