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A strongly sheared radial electric field is observed in enhanced
confinement discharges [Phys. Plasmas 3, 709 (1996)] in the MST
reversed-field pinch. The strong shear develops in a narrow region
in the plasma edge. Electrostatic fluctuations are reduced over the
entire plasma edge with an extra reduction in the shear region.
Magnetic fluctuations, resonant in the plasma core but global in
extent, are also reduced. The reduction of fluctuations in the shear
region is presumably due to the strong shear, but the causes of the

reductions outside this region have not been established.
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The feversed-ﬁeld pinch (RFP) is a magnetically confined
toroidal plasma configuration characterized by a relatively weak
toroidal magnetic field whose direction in the plasma edge is
opposite that in the core. There is also a poloidal magnetic field
whose strength is comparable to that of the toroidal field.
Fluctuations in the magnetic field have been measured to drive
particle [1] and energy [2] transport in the plasma core, and
reduction of magnetic fluctuations has been linked to recent
improvements in particle and energy confinement [3,4]. Fluctuations
in the electric field, induced by charge buildup in the plasma, have
been measured to drive particle transport in the plasma edge [5], but
the mechanism underlying energy transport in the edge has not been
established. In general, magnetic fluctuations are believed to play a
larger role than electrostatic fluctuations in determining RFP global
transport.

In contrast to the RFP is the tokamak configuration, which has
a strong, stabilizing toroidal magnetic field and weak magnetic
fluctuations. Electrostatic fluctuationsvare believed to drive the
bulk of particle and energy transport in the tokamak. In this (and
other magnetic configurations) electrostatic fluctuations and
transport have been reduced by the generation of strongly sheared E
x B plasma flow attributed to shear in the radial electric field [6,7].

In this Letter, we report observations of a strongly sheared
radial electric field in the RFP. The shear develops in a narrow
region in the edge of enhanced confinement discharges, where the
energy confinement time can reach triple the normal value [8]. Also

observed in these discharges is a reduction of electrostatic




fluctuations over the entire plasma edge with an extra reduction in

the shear region. These reductions occur over a broad range of
frequencies. Magnetic fluctuations, resonant in the core but global
in extent, are also reduced. The reduction of fluctuations in the
shear region is presumably due to the strong shear, but the causes of
the reductions outside this region have not been determined. Also
yet to be determined is the relative contribution to enhanced
confinement from each fluctuation reduction.

A distinguishing feature of these discharges is the reduction
of low frequency fluctuations in the shear region. These
fluctuations have correlation lengths substantially larger than the
width of this region. This suggests that localized shear flow may
influence non-localized fluctuations, unlike the standard tokamak
case, where only smali-scale fluctuations in and around the shear
region are affected by the shear.

These observations were made in the Madison Symmetric Torus
(MST) [9] RFP. The MST is a relatively large Ohmically heated device
with a major radius of 150 cm and a minor rédius of 52 cm.
Graphite limiters mounted on the plasma-facing wall restrict the
plasma minor radius to < 51 cm. Subject to constraints on toroidal
field reversal, electron density, wall conditioning, and fueling,
enhanced confinement discharges are achievable at all plasma
currents of which the MST is capable (100 kA < Iy < 600 kA). The
most important requirements are sufficiently strong toroidal field
reversal and sufficiently low density. The toroidal field reversal is
represented by F = Bya)/<Bp>, where Bya) is the toroidal field at the

edge, and <B¢ is the cross-section average. The reversal and




density requirements relax with increasing Iy. For example, at 200
kA, the minimum (least negative) F ~ -0.5, and the maximum line-
averaged density, <ng> ~ 6 x 10’2 cm™3. At 500 kA, the minimum F ~
-0.2, and the maximum <ng> ~ 1.2 X 1013 em3. Enhanced
confinement discharges requiring strong toroidal field reversal were
also observed in the TPE-1RM20 RFP [10]. Discharges in this device
exhibited reduced magnetic fluctuations, but neither electrostatic
fluctuations nor the radial electric field were measured.

Careful conditioning of the plasma-facing wall is important as
well. Enhanced confinement discharges were first obtained
following boronization [8,11] but are now achievable with more
standard wall conditioning techniques such as pulsed discharge
cleaning in helium. Both the fuel and the fueling method are also
important. Deuterium generally provides better confinement and
reproducibility than hydrogen, and wall fueling is preferred over gas
puff fueling. Wall fueling is achieved by turning off the puff valves
after formation of the discharge, allowing the wall (including the
limiters) to provide the necessary fuel through recycling and other
processes.

To illustrate the differences between standard (low) and
enhanced confinement, we compare two discharges in Fig. 1. The
central electron temperature, indicated roughly by soft x-ray
emission, is shown in Figs. 1(a) and 1(e), and the Ohmic input power
is shown in Figs. 1(b) and 1(f). The emission from one impurity
species in the plasma edge is shown in Figs. 1(c) and 1(g). Brief
periods of enhanced confinement occur in both discharges around 10

ms. Shortly after 10 ms, these enhanced confinement periods are



interrupted by sawtooth crashes [8,12], where the central electron
temperature decreases, and both the Ohmic input power and impurity
radiation increase. The discharge on the left then degrades to
standard confinement, while the discharge on the right exhibits a
sustained period of enhanced confinement. With enhanced
confinement, the central electron temperature is higher, and the
Ohmic input power is lower. Radiation power loss from edge
impurities is also reduced, as is the radiation from neutral fuel
atoms (Hy, not shown). Both of these discharges satisfy all of the
externally controllable conditions for enhanced confinement
described above. Thus, while meeting these conditions is necessary,
it is not always sulfficient.

Due to the increase in stored thermal energy and the reduction
of Ohmic input power, the enhanced energy confinement time, Teg=
(stored thermal energy)/(Ohmic input power) is = 3 ms, a roughly
three-fold improvement over the standard Tg of 1 ms [8]. Note that
the enhanced Tg averages over small dynamo events (described in the
next paragraph), which momentarily degrade confinement.
Accompanying the improved energy confinement is a poloidal beta =
(plasma thermal pressure)/(edge poloidal magnetic pressure) of =
7%. The particle confinement time is unknown due to uncertainty in
the particle source rate, but low H, (or D,) radiation and a constant
or rising <ne> indicate that particle confinement likely improves.

Referring again to Fig. 1, one observes sawtooth crashes
throughout the discharge on the left and occasionally in the

discharge on the right. In addition to appearing in the Ohmic input

power and edge impurity emission, they also appear in the surface




poloidal voltage [Figs. 1(d) and 1(h)], which increases in response to

an increase in the toroidal flux in the plasma volume. Thus,
sawtooth crashes are dynamo events, characterized by the
generation of poloidal plasma current and toroidal flux. During
periods of enhanced confinement, dynamo events occur with
substantially lower amplitude than sawtooth crashes [8]. These
small dynamo events appear as rapid bursts in Figs. 1(f) and 1(h).
Most of the data discussed in the remainder of this Letter was
gathered using probes inserted into the edge of MST plasmas with Iy
= 200 kA and <ng> ~ 5 x 102 ¢cm™3. Magnetic sensing probes were
used to measure B(r), and Langmuir probes were used to measure
radial profiles of Vp (plasma potential), E, (radial electric field) =
-V(Vp), and V¢ (floating potential). Vp was measured using the
swept probe technique. On each of the Langmuir probes a shield was
installed to block the small population of superthermal (fast)
electrons present in the plasma edge [1]. Fast electrons can render
the probe signals unreliable (e.g., from the sudden onset of
thermionic electron emission) and lead to rapid destruction of the
probes. Comparisons of Langmuir probe data with and without the
shield show that its presence does not significantly affect the shape
of the equilibrium profiles. Each data point in the profiles presented
below is an ensemble average of time-averaged data from 10-30
similar discharges. The time windows are of varying length, chosen
to avoid sawtooth crashes but averaging over smail dynamo events

in the enhanced confinement case. Error bars represent the

statistical variation in the ensemble averages.




The radial electric field and its shear are relatively small in
standard (low confinement) discharges, but both become large in a
narrow region in the edge of enhanced confinement discharges. The
profiles of Vp(r) and ELr) for both cases are shown in Figs. 2(a) and
2(b). The shear in the magnetic field is relatively weak in the
plasma edge, so EA{r) approximates the shape of the sheared E x B
flow profile. The positive E, (pointing out of the plasma) in the
shear region is in contrast to the negative E, typical of the shear
region in tokamaks and other devices [6].

The reduction of electrostatic and magnetic fluctuations
during a period of enhanced confinement is shown in Fig. 3. The
floating potential measured 2 cm from the plasma edge is shown in
Fig. 3(a), and in Fig. 3(b) is shown the normalized rms fluctuation in
the poloidal magnetic field, b;ns, measured with an array of
magnetic pickup coils at the plasma edge. Before and after the
period of enhanced confinement, fluctuation levels are substantial,
and confinement is degraded. The surface poloidal voltage is
included in Fig. 3(c) to show the timing of the small dynamo events.
Each event momentarily increases both electrostatic and magnetic
fluctuations. This discharge is atypical in that the time between
small dynamo events is relatively long, and the time-averaged
electrostatic and magnetic fluctuation amplitudes are particularly
low.

The dominant contributors to b;ms are core-resonant global
tearing modes with poloidal mode number m =1 and toroidal mode

numbers n = 6-10. Also important is the (m,n) = (0,1) mode,

resonant at the reversal radius (across which the toroidal field




changes direction) near the plasma edge. The (0,1) amplitude, and
brms, increase momentarily with each small dynamo event [8]. A
common feature of the m = 1 modes during enhanced confinement is
that their normally steady growth between sawtooth crashes is
absent [8]. In some discharges, like the one in Fig. 3, brms drops to ~
1% between small dynamo events. This is close to the record low
brms ~ 0.8% achieved recently in the MST when auxiliary poloidal
current was driven in the edge plasma with the goal of reducing brms
[4].

The reduction of electrostatic fluctuations during enhanced
confinement occurs over the entire edge plasma and over a broad
range of frequencies. This is illustrated in Fig. 4. The enhanced
confinement and standard profiles of the total fluctuation power in
the floating potential are shown in Fig. 4(a). These profiles result
from frequency-integration over the ensemble power spectrum at
each radius. Also shown is the enhanced confinement profile of E,
from Fig. 2(b). In addition to the roughly ten-fold reduction of
fluctuation power over the entire edge plasma, the enhanced
confinement profile also exhibits a further reduction in the region of
strong shear. It is not known whether the weaker structure in the
standard profile is physically significant. The power spectra
comprising the total fluctuation power at 49 cm are shown in Fig.
4(b). Enhanced confinement spectra, comprising the total power
inside the shear region (43.5 cm) and outside the shear region (45
cm), are shown in Fig. 4(c). In both cases, the reduction in

fluctuation power occurs over the entire frequency range (1-250
kHz).



To summarize, RFP plasmas with increased energy and particle
confinement are observed having a large, sheared radial electric
field and reduced electrostatic and magnetic fluctuations. The
electrostatic fluctuation power decreases ten-fold at all
frequencies throughout the edge region (r/a > 0.84) and twenty-fold
within the narrow ~ 1 cm region of strong shear at r/a = 0.87. The
magnetic fluctuations are reduced to a level approaching the
minimum ever observed in the MST.

The mechanisms underlying the electrostatic fluctuation
reductions are not yet identified. The decrease in high frequency
fluctuations within the region of strong shear is qualitatively
consistent with existing theory [13], but this theory does not
account for the decrease of low frequency fluctuations, which have
correlation lengths ~ 10 cm [14], substantially larger than the width
of the shear region. If the observed reductions result from the
sheared flow implied by the sheared radial electric field, these
observations could significantly extend the applicability of the
sheared-flow turbulence suppression paradigm [13].

Improved confinement from reduced magnetic fluctuations in
the RFP is anticipated, owing to the measured dominance of
magnetic-fluctuation-induced transport [1,2]. The reduction of m =
1 magnetic fluctuations could result from the quasilinear edge
current profile modification that occurs with each of the dominantly
m =0 small dynamo events, in analogy with auxiliary poloidal
current drive [15,4]. However, the dramatic reduction in

electrostatic turbulence might also affect energy transport. Further

measurements are required to understand the relative importance of




electrostatic and magnetic fluctuations in these enhanced

confinement discharges.
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FIG. 1. Time variations of (a) ratio of two soft x-ray signals < core
electron temperature, (b) Ohmic input power, (¢) Clll (464.74 nm)
radiation, and (d) surface poloidal voltage in a standard discharge.
These same parameters are shown in (e)-(h) for an enhanced
confinement discharge.
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FIG. 2. Enhanced confinement (o) and standard (x) profiles of (a)
plasma potential and (b) radial electric field. Here, "standard"
refers to discharges with relatively weak reversal (  F~ -0.2).
Error bars are shown only for the enhanced confinement data, but
error bars for the standard data are similar.
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FIG. 3. Time variations of (a) floating potential 2 cm from the
plasma edge, (b) rms fluctuation in the poloidal magnetic field
normalized to the total field at the edge, and (c) surface poloidal
voltage during a discharge with a period of enhanced confinement.
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FIG. 4. (a) Profiles of the enhanced confinement (EC) radial electric
field and total fluctuation power in the floating potential, (b)

enhanced confinement and standard power spectra at 49 cm, and (c)
enhanced confinement power spectra at 43.5 cm and 45 cm. Spectra
are frequency-integrated to derive the total fluctuat
Here, "standard" refers to low confinement periods
reversed discharges.
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