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with an Elongation Ramp Technique in the DIII-D Tokamak
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High confinement mode (H-mode) discharges with peaked toroidal current density profile (high in-
ductance, /;) and improved confinement are obtained in the DIII-D tokamak by dynamically varying the
current profile using a rapid elongation ramp technique. The confinement improvement increases with /;
and persists in the presence of edge-localized modes. The plasma toroidal rotation and the correspond-
ing radial electric field component also increase with the peakedness of the current density profile.

PACS numbers: 52.55.Fa, 52.25.Fi, 52.25.Vy

The study of plasma energy confinement and methods
to improve it has been a very active area of tokamak re-
search [1-71, particularly since the discovery of the high
confinement mode (H mode) in the ASDEX tokamak [1].
Before this discovery, tokamak discharges were typically
operated in the low confinement mode (L mode) which
had a lower energy confinement than H-mode discharges.
An improved tokamak energy confinement, together with
the ability to operate at high plasma energy density (high
plasma beta) and advances in the area of heat flux han-
dling capability of the plasma facing components in the
first wall of a tokamak, can potentially lead to a more
compact and economically more attractive fusion reactor.
In this Letter, we report recent experimental results from
the DIII-D tokamak which show that plasma energy
confinement in H-mode discharges can be further im-
proved by varying the shape of the current profile. The
results suggest that detailed current profile control may
lead to better prospects for a fusion reactor based on the
tokamak concept.

This experimental study is motivated by the recent
confinement results from current ramp experiments in L-
mode limiter plasmas from various tokamaks [5-7],
where it has been observed that the plasma energy con-
finement improves with the peakedness of the current
profile shape in addition to the usual dependence on the
plasma current /p. The energy confinement time tg is
found to scale as the product of the plasma internal in-
ductance, /;=fdVB3/[VBA(1)], which is a measure of
the peakedness of the current profile, and Ip,7g oc/iIp.
Here, Bp is the poloidal magnetic field, V is the plasma
volume, Ep(x)Eﬁxdpr/ﬁxdl is the average poloidal
magnetic field on a flux surface, and 0<x=[V/
V(D12 <1 is a flux surface label. Because of the po-
tential usefulness of H-mode plasmas in advanced fusion
reactor applications, it is important to investigate whether
this method of confinement improvement by current
profile control can be applied to H-mode plasmas. The
present experiments are designed to further test the
effects of the current profile on the energy confinement in
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highly shaped divertor H-mode plasmas by making use of
the unique shaping capability of the DIII-D tokamak.
Unlike the current ramp method, which simultaneously
varies both the shape of the current profile /; and Ip, this
new technique is capable of varying only the current
profile shape while keeping Ip constant. Thus, the experi-
ments can yield additional important physical insight into
the energy transport mechanisms.

In these experiments, H-mode discharges with energy
confinement enhancement factor up to 1.8 times the H-
mode values [8] and 3 times the L-mode values [9] are
obtained. These high confinement discharges are pro-
duced by dynamically increasing the elongation « of the
plasma poloidal cross section at a fast rate, ¥ > 2/s, after
initiation of the beam heating phase. Both the neutral
beam injection power Pnpy and Ip are held fixed during
the x ramp. Since the current diffusion time in the hot
plasma center is long relative to that in the edge region,
the current channel is trapped in the plasma core, produc-
ing a very peaked current density profile. Values of /;
greater than 1.8 have been obtained. The x ramp serves
both to create a peaked current density profile and to in-
duce an L-mode to H-mode transition. When the max-
imum x exceeds 1.8, H-mode discharges are obtained.
The energy confinement improves with /; and then slowly
decreases to the standard H-mode value as the current
profile relaxes and edge-localized modes (ELMs) occur.
ELM is an edge-localized relaxation which reduces the
edge plasma pressure gradient by enhancing the particle
and energy transport [10]. In these discharges, the
confinement improvement persists in the presence of
ELMs.

The temporal evolution of a k¥ ramp discharge is given
in Fig. 1. Starting from a low x~1.3, inside limiter plas-
ma (Fig. 1), x is increased to > 1.8 in 200 ms with Ip
and Pngi held fixed at 1.0 MA and 5.7 MW. Around
2120 ms, when /;~1.8 and x~ 1.8, the plasma makes a
transition into the H-mode phase. Note that here the L-
H transition is induced by the change in x. After the L-
H transition, the discharge remains ELM-free for about
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FIG. 1. Time evolution of Wr, ty, the line-averaged n.,
divertor D, radiation, /;, and « for a x ramp discharge with
PnBi=5.7 MW (solid traces) and a constant x reference H-
mode discharge with Pngi=6.2 MW (dotted traces). Also
shown in the bottom panel are the poloidal cross sections from
equilibrium analysis for the x ramp discharge at 1950 ms and
2350 ms.

240 ms and then ELM starts. Despite the presence of
ELMs, the thermal energy confinement times, 7ty
=Wnu/P., remains substantially higher than values ex-
pected using the JET/DIII-D ELM-free H-mode scaling
[8], T et/Dinn-p. Here, Wy is the plasma thermal energy,
P.=Pr— Wy is the plasma loss power, Wr is the plasma
stored energy, and Pr is the total heating power. The
variation of 7y =7Tn/7eT/DII-D during the slow current
relaxation phase correlates well with the change in /;.
Note that in current ramp experiments in L-mode plas-
mas [5-7], W7 and 7g are observed to decay slowly and
only tg/Ip is observed to increase. Here, in addition to
tg/lp, the magnitude of both Wy and 7g are found to
improve following the change in the current profile shape.
In Fig. 1, the values of Wt and /; are obtained from the
external magnetic measurements using equilibrium anal-
ysis [11]. Wty and t1y are determined from Wy by sub-
tracting the fast ion stored energy calculated approxi-
mately using an analytical formula. For the time slices
when the density and the temperature profile measure-
ments are available, these approximate values of Wty
and Ty agree within ~10% with the values obtained
from the full kinetic profile measurements.

The effects of the x ramp on the discharge can be seen
more clearly by comparing to a reference constant x
ELM H-mode discharge, also shown in Fig. 1. The refer-
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FIG. 2. Variation of the normalized thermal energy con-
finement time with /;, Ip=1—15 MA, Pnpi=4—12 MW,
73e/p11-p(s) =0.106 P % (MW) I3 (MA)R "3 (m) [8]. Also
shown is the plasma poloidal cross section.

ence discharge has k~2.2, [;~1.0, and 5 ~0.9. It has
a double-null divertor shape similar to that obtained in
the later part of the x ramp discharge. Comparison of
the confinement results from these two discharges sug-
gests that the observed confinement improvement during
the current relaxation phase in the x ramp discharge is
due mainly to change in the toroidal current density
profile.

The data obtained from several x ramp experiments,
taken during the ELM and low current relaxation phase
of these discharges, when Wr/PrS0.15 with Ip=1-1.5
MA and Pnpi=4-12 MW, are summarized in Fig. 2.
Most of the data are for Ip=1 MA at moderate beam
power. 7y is observed to vary approximately linearly
with /;. These results are similar to those obtained in
current ramp experiments in L-mode plasmas in various
tokamaks [5-71.

The global observation of confinement improvement
with /; can also be seen in the increase of electron and ion
temperatures and electron density (T,, T;, and n,) with
the peakedness of the current density profile. This is il-
lustrated in Figs. 3(a)-3(c), where profiles of T, T;, and
n, for the x ramp discharge shown in Fig. 1 at various
times are compared. These profiles of T,, T;, and n, are
obtained from the Thomson scattering and the horizontal
electron cyclotron emission diagnostics, the charge ex-
change recombination (CER) diagnostic, and the Thom-
son scattering and the interferometry diagnostics, respec-
tively. Note that 3200 ms, T, in the edge region has
nearly approached a stationary value while T, in the cen-
tral region and n, are still relaxing.

Various theoretical and empirical models based on the
electron response in a stochastic magnetic field due to
magnetic turbulence [12], neoclassical bootstrap current
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FIG. 3. (a)-(d) Comparison of Te, T, n., and (J) at the L-
mode time 1950 ms (chain-dotted curves), /;~1.1; and at the
H-mode times 2500 ms (open circles and solid curves), /i ~1.7;
3200 ms (dotted curves), /; ~1.4; and 4000 ms (dashed curves),
/i~1.2 for a x ramp discharge.

driven turbulence [13], and anomalous electron viscosity
[14] have been proposed, which suggest that plasma ener-
gy confinement improves with the magnetic shear,
Sg=xq'(x)/q and the poloidal magnetic field Bp. A
peaked current density profile increases Sp in the plasma
outer region and Bp in the plasma interior region. In Fig.
3(d), profiles of the flux surface average toroidal current
density ¢J) at various times are compared. These (J)
profiles are reconstructed from equilibrium analysis [11]
using the measured kinetic profiles, the external magnetic
measurements, and a single channel motional Stark effect
(MSE) measurement. Equilibrium reconstruction using
the newly installed eight-channel MSE diagnostic [15]
and magnetic data for a recent similar discharge show
similar profiles. Profiles of Bp across the plasma mid-
plane associated with these current density profiles are
shown in Fig. 4(c). Transport simulations using neoclas-
sical resistivity and a simple sawtooth relaxation model
with the measured density and temperature profiles as in-
puts show qualitatively similar current density profiles
but with a larger edge current density, particularly during
the ELM relaxation phase. The calculated bootstrap
current fraction in this discharge is 20%-30%.

Sheared flow stabilization of turbulence due to the ra-
dial electric field shear has been shown to be a leading
candidate responsible for the confinement improvement in
H-mode discharges [16], and more recently for the en-
hanced confinement in VH-mode discharges [4]. In these
new experiments, the plasma toroidal rotation velocity Vr
is also found to increase with the peakedness of the
toroidal current density profile. This is illustrated in Fig.
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FIG. 4. (a)-(c) Comparison of V7, Bp, and Eg due to Vr
across the midplane at 1950 ms (chain-dotted curves), 2500 ms
(solid curves), 3200 ms (dotted curves), and 4000 ms (dashed
curves) for a x ramp discharge.

4(b), where profiles of V7 across the plasma midplane ob-
tained from the CER diagnostic at various times are com-
pared. As is shown, V7 in the edge region, R~2.2 m, in-
creases by nearly a factor of 2.5 from before to after the
k ramp. V7 then decreases as the current profile relaxes.
The increases in V1 and internal Bp give rise to an in-
crease in the radial electric field (Ex) component due to
this rotation motion, VrBp, and its shear, Se =0Eg/9R.
This is illustrated in Fig. 4(a), where profiles of Eg
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FIG. 5. Comparison of yeq at x =0.4 and 0.7.

3437



VOLUME 70, NUMBER 22

PHYSICAL REVIEW LETTERS

31 MAY 1993

across the midplane due to V7 at various times are com-
pared. In the plasma interior region, x <0.8, the Vr
component is the dominant contributor to Eg. Both Eg
and Sg increase with Bp and decrease as the current
profile relaxes and Bp decreases.

Consistent with the observation of global energy
confinement improvement with /;, the local single fluid
thermal diffusivity y.gq decreases with increasing Bp. This
is illustrated in Fig. 5, where values of yex at x =0.4 and
0.7 at various times are compared. e is obtained from
time-dependent transport analysis using the measured
density and temperature profiles. As is shown, yeg in-
creases by nearly a factor of 2-3 as the current density
profile relaxes. This increase in yex is representative of
the plasma in the region 0.3 < x < 0.8, where the con-
finement is little affected by sawtooth and ELM relaxa-
tion. In this region, yer varies approximately at 1/Bp as
the current profile relaxes, where a~3-4. This depen-
dence of yer on Bp is stronger than that observed in
current ramp experiments where a~1-2 [6,7]1. The
dependence of y.q on Sp appears to be weaker. All of the
models [12-14] discussed previously exhibit qualitatively
this local Bp dependence of g

As has been shown, a peaked current density profile in-
creases Bp in the plasma interior region, Sg in the plasma
outer region, and Eg and Sg in much of the plasma inte-
rior region. All of these may contribute to the observed
improvement confinement in these high /; x ramp dis-
charges. In the x ramp experiments, since Eg and Sg
also increase with Bp, the effects of Sg on transport can
also appear as a Bp dependence. However, in the region
R ~2.05 m where Sg is weak, improvement of y.q is still
observed, which suggests other mechanisms also play a
role in the confinement improvement. Further experi-
ments and studies are needed to separate the roles of Bp,
Sg, and Sk in the confinement improvement observed in
these high /; k ramp discharges.

The results from these experiments indicate that high

3438

energy confinement is obtainable with a peaked current
density profile (high /;), sufficient degree of shaping, and
perhaps some requirement for edge current density.
These results suggest that, with detailed current and
heating profile control in shaped tokamak discharges,
steady state and high performance tokamak operation
may be possible.
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