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Modifications to the edge current profile with auxiliary edge current drive
and improved confinement in a reversed-field pinch
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Auxiliary edge current drive is routinely applied in the Madison Symmetric Torus@R. N. Dexter, D.
W. Kerst, T. W. Lovellet al., Fusion Technol.19, 131 ~1991!# with the goal of modifying the
parallel current profile to reduce current-driven magnetic fluctuations and the associated particle and
energy transport. Provided by an inductive electric field, the current drive successfully reduces
fluctuations and transport. First-time measurements of the modified edge current profile reveal that,
relative to discharges without auxiliary current drive, the edge current density decreases. This
decrease is explicable in terms of newly measured reductions in the dynamo~fluctuation-based!
electric field and the electrical conductivity. Induced by the current drive, these two changes to the
edge plasma play as much of a role in determining the resultant edge current profile as does the
current drive itself. ©2000 American Institute of Physics.@S1070-664X~00!04109-4#

LETTERS
The purpose of this Letters section is to provide rapid dissemination of important new results in the fields regularly covered by
Physics of Plasmas. Results of extended research should not be presented as a series of letters in place of comprehensive articles.
Letters cannot exceed four printed pages in length, including space allowed for title, figures, tables, references and an abstract
limited to about 100 words.There is a three-month time limit, from date of receipt to acceptance, for processing Letter
manuscripts. Authors must also submit a brief statement justifying rapid publication in the Letters section.
n
oi

e
an
o
ri
g
tu
fi

lf-
hy

n
ied
in
iu
th

ee

the
nt
c-
idal

in

ere
by

t
tric
sed
et
tant
by

ur-
nt

ter

ric
ses,

ent
on
The reversed-field pinch is a toroidal magnetically co
fined plasma. Its principal distinguishing feature is its tor
dal magnetic field, whose direction in the plasma edge
reversed relative to its direction in the core. Reversed-fi
pinch plasmas exhibit large-amplitude, internally reson
magnetic fluctuations which allow rapid radial transport
particles and energy. These fluctuations are driven prima
by the gradient in the current-density profile, and althou
they are locally resonant, the fluctuations are globally per
bative and are sensitive to the shape of the current pro
over much of the plasma.

The current in the reversed-field pinch~RFP! is driven
both by the applied toroidal electric field and the se
generated dynamo electric field. According to magneto
drodynamics~MHD!, the dynamo electric field arises from
the correlated product of velocity and magnetic fluctuatio
~see, e.g., Ref. 1!. In standard RFP discharges, the appl
toroidal electric field constitutes antiparallel current drive
the region outside the toroidal magnetic field reversal rad
but parallel current is observed here. This current in
Madison Symmetric Torus~MST! ~Ref. 2! has been shown
to be driven by the MHD dynamo.3–5

For several years, auxiliary edge current drive has b
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applied to RFP plasmas with the goals of replacing
dynamo-driven current and modifying the parallel curre
profile to reduce current-driven instability. In the most su
cessful current-drive technique, referred to as pulsed polo
current drive, a poloidal~parallel! electric field is induced by
transiently increasing the reversed toroidal magnetic flux
the edge.6–9 In the MST RFP, this auxiliary current drive
reduces magnetic and electrostatic fluctuations everywh
in the plasma.10,11Particle and energy transport have there
been reduced~confinement has been improved! by at least a
factor of five.7,8 It was anticipated that if the auxiliary curren
drive successfully reduced fluctuations, the dynamo elec
field would also be reduced. However, given the increa
inductive parallel electric field, we could not predict the n
response of the edge current. Knowledge of the resul
current profile is critical to understanding the means
which fluctuations are reduced in these discharges.

First-time measurements of the edge current profile d
ing periods of reduced fluctuations with auxiliary curre
drive reveal that the edge current density is reduced~where,
for purposes of this work, the edge is defined as the ou
15% of the plasma, in minor radius!. The reduction is due
primarily to the anticipated reduction in the dynamo elect
field. However, the edge electron temperature also decrea
implying a reduction in the electrical conductivity~assuming
no significant change in the mean ionic charge!. Thus, the
dynamo and conductivity reductions induced by the curr
,
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drive play as much of a role in determining the resultant e
current profile as does the current drive itself.

The data described here were gathered in MST plas
with toroidal plasma currents ranging from 150–200 kA a
line-averaged electron densities ranging from 5
31018m23. The ohmically heated MST plasma has ma
and minor radii of 150 and 51 cm, respectively. The prima
diagnostics used in this work are probes which are inse
into the plasma edge. One of the probes is comprised of b
a Rogowski coil, used to measure the local current dens
and a set of magnetic sensing coils, used to measure the
fluctuating and equilibrium magnetic field. A triple Lang
muir probe was used to measure the edge electron temp
ture. A new optical probe was employed to measure velo
fluctuations of ions in the plasma edge.12 The probe essen
tially consists of two optical fibers which transmit light from
the plasma edge to a Doppler spectrometer.13 Each fiber’s
view has a radial and a toroidal component, and the fib
face in opposite toroidal directions. Plates mounted acr
from each fiber limit the collection of light to a region ex
tending 5 cm radially and toroidally. We have measured
velocity fluctuations of singly-ionized helium ions radiatin
at 4685.7 Å. To collect sufficient radiation, we fueled t
discharges with helium. The other data discussed in this
ter were gathered in similar hydrogen or deuterium d
charges.

A discharge in which auxiliary current drive induces
period of reduced fluctuations, improved confinement, a
reduced edge current density is shown in Fig. 1. The au
iary current drive begins at 11 ms, while the period of flu
tuation and edge-current reduction begins around 13.5
Figure 1~a! contains the inductive parallel electric field at th
plasma boundary,Ei[E•B/B5(EuBu1EfBf)/B, which is
small before the current drive begins. Here,B is the equilib-
rium magnetic field, and the subscriptsu andf represent the
poloidal and toroidal directions, respectively. Normally,Bu

FIG. 1. In a discharge with auxiliary edge current drive and a period
improved confinement,~a! inductive parallel electric field at the plasm
boundary,~b! parallel current 3 cm from the plasma boundary~48 cm minor
radius!, ~c! rms fluctuation in the toroidal magnetic field,~d! estimated
ohmic input power, and~e! soft x-ray intensity. Five poloidal electric field
(Eu) pulses, which peak at the times indicated by arrows at the bottom
the figure, are followed by toroidal electric field (Ef) reversal.
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@Bf in the plasma edge. Thus, parallel current drive is m
easily accomplished through an increase inEu , which is
induced by transiently increasing the reversed toroidal flux
the plasma edge. The poloidal electric field is induced in
series of five triangular-shaped pulses, which peak at
times indicated by arrows at the bottom of Fig. 1. At abo
18 ms, when the lastEu pulse has decayed away, we rever
Ef . By this time, the edge toroidal magnetic field has
creased significantly, to aboutBu/2, and reversal ofEf

yields a significant parallel electric field. This additional au
iliary current drive lengthens periods of reduced fluctuatio
The first twoEi(Eu) pulses in Fig. 1 are largely obscured b
brief electric field bursts, which are induced by bursts
plasma-generated toroidal flux and which will be describ
in more detail elsewhere. The bursts are also observed in
edge parallel current density,Ji[J•B/B. Figure 1~b! con-
tainsJi measured 3 cm from the plasma boundary.

After the bursts cease, the current decays almost to z
showing relatively little response to the auxiliary electr
field pulses. In otherwise similar discharges with the sa
auxiliary-electric-field amplitude and timing, the transition
reduced edge current occurs at different times and occas
ally not at all. The reduction of edge current is accompan
by reduced fluctuations and improved confinement. The
duction of toroidal magnetic fluctuations is illustrated in Fi
1~c!. Previously, periods such as this lasted only abou
ms,7,8 but reversal ofEf combined with longer and improve
sustainment ofEu ~achieved by increasing the number
electric field stages and by firing the stages closer togethe
time! has lengthened them up to 10 ms.14 The magnetic fluc-
tuation reduction is accompanied by a reduction in the oh
input power. A power-balance estimate of the ohmic pow
is shown in Fig. 1~d!. While the decrease in the ohmic pow
is firmly established, the extent to which it decreases is
yet well-determined. The power-balance estimate depend
the time dependent magnetic stored energy, but the extr
changes to the magnetic field associated with improved e
tric field sustainment preclude accurate measurement of
quantity. This inaccuracy results in occasional zero value
the ohmic input power. In addition to the reduced ohm
input power, the plasma temperature increases, indic
qualitatively by the increasing soft x-ray emission in Fi
1~e!. In improved-confinement discharges similar to tho
described in this Letter, the total beta increases from 9%
14%, due primarily to a large change in the on-axis elect
temperature, which increases from 200 to 550 eV. At
same time, the energy confinement time increases from
to an estimated 9 ms.

The reduction of current density with auxiliary curre
drive, as well as a steepening of the current profile, oc
over roughly the outer 15% of the plasma. Profiles ofJi

measured during standard discharges and during period
improved confinement with current drive are shown in F
2~a!. The corresponding profiles ofJi /B, which determine
the theoretical linear stability of current-driven magne
fluctuations, are shown in Fig. 2~b!. Each point in these pro
files is an ensemble average of time-averaged data from
eral similar discharges. The standard data set excludes
tooth crashes, which cause a transient increase in the
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3493Phys. Plasmas, Vol. 7, No. 9, September 2000 Modifications to the edge current profile with auxiliary . . .
current,3–5 and the improved-confinement data set exclu
bursts, which sometimes appear during periods when
edge current is otherwise reduced. In the standard cur
profile, there is a flat region centered at 45 cm. Since
current profile must steepen further inside the plasma~the
estimated current density at the plasma center is abou
A/cm2!, this flat region is expected to be localized. The fl
tening may be due to the quasilinear effect of poloidal mo
numberm50 fluctuations, which are resonant in the fla
tened region. With current drive, the increase in the rever
toroidal magnetic field moves them50 resonant surface
deeper inside the plasma.

The reduction of edge parallel current is qualitative
explicable in terms of modifications to the terms in para
Ohm’s law, which can be cast asJi5s(Ei1Ef), wheres
}Te

3/2/Z is the electrical conductivity,Te is the electron tem-
perature,Z is the mean ionic charge,Ei is the applied paral-
lel electric field,Ef5^v3b& i is the fluctuation-induced par
allel dynamo electric field, andv and b are the fluctuating
velocity and magnetic field, respectively. In the edge of st
dard plasmas without current drive,Ei is small and negative
while it becomes larger and positive with auxiliary curre
drive. Thus, the reduction of current with auxiliary curre
drive must entail a decrease ins and/orEf .

To detect changes ins, we measured the edge temper
ture with a Langmuir probe. We are as yet unable to meas
Z. Profiles ofTe

3/2 are shown in Fig. 3. In each of the profile
we have included data at 39 cm from our Thomson scatte
diagnostic. Due to thermal loading of the Langmuir pro
tips, which increases with insertion depth and can distort
data, we only insert the probe to a minor radius of 48 cm.
of the data points are averages over an ensemble of sim
discharges. In the absence of current drive, the pro
measured edge temperature is roughly constant in time,
during periods of reduced fluctuations like that in Fig. 1,Te

FIG. 2. From discharges with auxiliary current drive and improved confi
ment and from standard-confinement discharges, without auxiliary cur
drive, ~a! parallel current density, and~b! parallel current density normalized
to the local magnetic field. Plasma boundary is at 51 cm. Statistical e
bars are same size as the plot symbols.
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decreases with a time evolution similar to that of the ed
current. This is concurrent with the large increase in the c
tral electron temperature. Comparing the profiles of
probe-measured data~inset in Fig. 3!, the temperature
change in the current-drive case contributes to a reductio
the electrical conductivity of about a factor of two. Plasm
wall interaction and impurity influx decrease in the curre
drive case, so we expect thatZ will decrease in the edge
Hence, the net conductivity likely decreases modestly,
most by a factor of two.

The other term in Ohm’s law that can contribute to t
decrease in edge current isEf5^v3b& i'^vfbr2v rbf&,
where the subscriptr indicates the radial direction, and th
brackets indicate a flux surface average. The optical pro
used to measure velocity fluctuations, is quite perturba
relative to the other probes used here. In discharges w
auxiliary current drive, it extends by several ms the bur
phases like that in Fig. 1. Burst-free periods were o
achievable by limiting the insertion of the optical and ma
netic sensing probes to a minor radius of 48 cm. The pro
were at the same toroidal location but separated by about
poloidally.

With auxiliary current drive, the two fluctuation prod
ucts,uvfuubr u anduv r uubfu, not including the cross-coherenc
or cross-phase, decrease substantially. This is illustrate
Fig. 4, in which we present the time evolutions of data a
eraged over 43 similar discharges. In all 43 discharges,
auxiliary current drive begins at 10.1 ms, and only d
charges whose bursty phases end by 18 ms were include
the ensemble. In Fig. 4~a! is the inductive parallel electric
field at the plasma boundary, in which one can discern
five poloidal electric field pulses followed by toroidal ele
tric field reversal. The ohmic input power in Fig. 4~b!
reaches a minimum from about 18–19 ms due to the ce
tion of the bursts. In the last two plots are the fluctuati
products, which decrease rather suddenly at about 12.5
reflecting a decrease in the frequency of the bursts. A furt
albeit slight, decrease occurs after about 18 ms, when
bursts are finally suppressed altogether.

Including the coherence and phase, the total dyna
electric field in the burst-free period~from 18–19 ms! in Fig.

-
nt

or

FIG. 3. The electron temperature, to the power of 3/2,~3! from discharges
with auxiliary current drive and current reduction and~d! from standard-
confinement discharges, without auxiliary current drive. The data at 39
are from Thomson scattering, while the other data are from the Langm
probe. Inset is an expanded view of the probe data. Except for the erro
shown, statistical error bars are same size as the plot symbols. Pl
boundary is at 51 cm.
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4 is about 0.16 V/m. Before 18 ms~before the randomly
occurring bursts are suppressed!, the coherence between th
velocity and magnetic fluctuations is low, and the phase
tween these fluctuations is indeterminate. At the same m
radius in standard plasmas,Ef is about 0.83 V/m between
sawtooth crashes, and it reaches about 9.2 V/m du
crashes.4,5 Thus, the dynamo electric field decreases by ab
a factor of five from its between-crash value in standard p
mas and by over a factor of 50 compared to its value dur
crashes.

In summary, we have shown that with auxiliary ed
current drive and improved confinement, the edge curren
reduced. The reduction occurs largely due to the reductio
the dynamo electric field, but also due to a probable decre
in the electrical conductivity. Recent work in standard d
charges has shown thatEf in the plasma edge is due prima
rily to fluctuations associated with edge-resonant, poloi
mode numberm50 fluctuations.4,5 Thus, it is believed that
the reduction ofEf described here is due primarily to th
observed reduction of these fluctuations, described e
where. The reduced edge temperature and electrical con
tivity must stem from the changes in heating and/or ene
transport brought about by the auxiliary current drive, b
determination of the relative importance of these chan
will require transport analysis based on more detailed pro
measurements.

In addition to the edge current reduction, the edge c
rent profile steepens, and the shape of the resulting cur
profile ~Fig. 2! matches fairly well the corresponding profi

FIG. 4. From an ensemble of 43 similar discharges with current drive
ginning at 10.1 ms~a! parallel electric field at the plasma boundary,~b!
estimated ohmic input power,~c! and~d! products of velocity and magnetic
fluctuations, not including coherence and phase, measured 3 cm from
plasma boundary~48 cm minor radius!.
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of Te
3/2 ~Fig. 3!. SinceEi is roughly constant over the plasm

edge ~and assuming thatZ is roughly constant as well!,
Ohm’s law may be approximately satisfied without the d
namo electric field term, i.e.,Ji'sEi}(Te

3/2/ZEi , over the
entire edge plasma.

Reduction of edge current has also been observed
nonlinear MHD simulations in which auxiliary current driv
led to reductions of fluctuations and the dynamo elec
field.15,16 However, further understanding of the role of cu
rent drive and the current profile in RFP confinement i
provement requires measurement of the full current, pr
sure, and flow profiles and inclusion of these profiles
theory and computation.
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