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Current profile control is employed in the Madison Symmetric Torus@R. N. Dexteret al., Fusion
Technol.19, 131 ~1991!# reversed field pinch to reduce the magnetic fluctuations responsible for
anomalous transport. An inductive poloidal electric-field pulse is applied in the sense to flatten the
parallel current profile, reducing the dynamo fluctuation amplitude required to sustain the
equilibrium. This technique demonstrates a substantial reduction in fluctuation amplitude~as much
as 50%!, and improvement in energy confinement~from 1 to 5 ms!; a record low fluctuation~0.8%!
and record high temperature~615 eV! for this device were observed simultaneously during current
drive experiments. Plasma beta increases by 50% and the Ohmic input power is three times lower.
Particle confinement improves and plasma impurity contamination is reduced. The results of the
transient current drive experiments provide motivation for continuing development of steady-state
current profile control strategies for the reversed field pinch. ©1997 American Institute of
Physics.@S1070-664X~97!91905-4#
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I. INTRODUCTION AND MOTIVATION

Local measurements of fluctuation induced transp
across the confining field of the reversed field pinch~RFP!
have identified magnetic turbulence as the principal caus
anomalous particle1 and energy2 loss~insider /a 5 0.85!. The
dominant fluctuations are understood to result from int
nally resonant resistive tearing instabilities,3,4 the drive for
which is the gradient in the current density.5–7

The experiments reported in this article were designed
a test of the effects of current profile modification in t
RFP. Current profile control has been proposed to reduce
magnetic turbulence that drives transport. The proposals
ploy auxiliary electrostatic,8 rf,9,10 or neutral beam11 current
drive to flatten the current profile and reduce the free ene
for the tearing instability. The current profile control tests
the Madison Symmetric Torus~MST! make use of an induc
tive electric-field pulse to transiently drive poloidal curren
During the applied pulse, we observe a robust reduction
the magnetic fluctuations and a coincident improvemen
particle and energy confinement. The results provide c
firming evidence that RFP transport is governed by magn
turbulence and encourage pursuit of noninductive curr
profile control strategies for improving the RFP concept.

The RFP configuration is maintained by application o
toroidal electric field that tends to peak the current pro
due to the shear in the magnetic field. At theq 5 0 surface,
for example, the applied electric field is perpendicular to
local magnetic field. The peaked current profile drives re
tive tearing instabilities that redistribute the input elect
magnetic energy and drive poloidal~i.e., parallel! current at
the edge of the plasma sustaining the equilibrium. This ef
is the so-called RFP dynamo, and in the MST dynamo ac
ity is observed in both a continuous background form and

*Paper 7IB2, Bull. Am. Phys. Soc.41, 1558~1996!.
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periodic, discrete bursts or ‘‘sawteeth.’’12 The fluctuations
responsible for the dynamo~internally resonant, poloida
mode numberm51 tearing modes! are also responsible fo
the observed anomalous transport.1,2 The goal of auxiliary
current drive for confinement improvement is to tailor t
externally applied parallel electric field to matchhJi , obvi-
ating the need for the dynamo fluctuations. The experime
reported here represent the first step in this program.

In Sec. II, we describe the experimental technique. T
observation of fluctuation reduction and confinement i
provement are presented in Sec. III, with a description of
model used to determine the time-dependent Ohmic hea
power. The same model provides information on the mo
fication to the current profile that occurs with the auxilia
drive ~Sec. IV!. A summary of the main results are given
Sec. V.

II. EXPERIMENTAL TECHNIQUE

The Madison Symmetric Torus~R5 1.5 m,a 5 0.52 m!
is operated as a reversed field pinch. Previous papers
scribe the device,13 the global confinement properties o
MST discharges,14 and the scaling of confinement with con
trol parameters.15 Except where noted, the results report
here were obtained at toroidal plasma current,If ' 340 kA,
and the central line averaged density,ne ' 1.03 1019 m23.

To drive poloidal current, a series of four poloid
electric-field pulses are generated during the current fla
by application of voltage (Vu) pulses to the toroidal field coi
from four capacitor banks triggered independently~Fig. 1!.
We refer to this technique as pulsed poloidal current dr
~PPCD!. In previously reported PPCD experiments,16 a
single large pulse was used. With the upgraded four-pu
circuit, the transition to the current drive phase is mo
gradual, reducing impurity influx due to enhanced wall inte
action, and the current drive period is extended up to;10
ms, of order or longer than the transport time scale. In ad
tion, a new extremely low amplitude fluctuation period ph
(5)/1632/6/$10.00 © 1997 American Institute of Physics
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nomenon has been observed with the upgraded circuit.
transition to this low fluctuation period is not precisely u
derstood, but the energy confinement is highest when
fluctuations are minimum. The sharp positive spikes see
Fig. 1 prior to and following application of PPCD result fro
discrete dynamo~flux generation! events, hereafter referre
to as ‘‘sawteeth.’’ TheVu spikes represent the toroidal fie
circuit’s inductive back reaction to internally generated flu
and they oppose the natural current profile flattening ass
ated with sawteeth.17 In contrast, PPCD is an externally ap
plied poloidal electric field with the sense required to flatt
the parallel current density profile.

III. FLUCTUATION REDUCTION AND CONFINEMENT
IMPROVEMENT

A. Magnetic fluctuations

The dominant fluctuations in the RFP are saturated,
ternally resonant resistive tearing modes. In MST, the tea
modes propagate presumably due toE3B and diamagnetic
drifts giving them Doppler shifted frequencies in the ran
10–20 kHz. Fluctuation measurements are made with an
ray of 32 toroidally separated poloidal field pickup coils a
tached to the vacuum vessel wall and spanning the en
toroidal circumference. Toroidal mode numbersn<15 are
resolved. The total rms fluctuation amplitudeb̃rms
5Ab̃ u

21b̃ f
2 at the plasma surface is obtained using

curl-free condition,k3b̃50 and the fact that the dominan
modes arem51, to relate the toroidal field amplitude to th
measured poloidal field amplitude of each mode. Past m
surements have confirmed them51 polarization of the
dominant fluctuations and the radial component is negligib
since the plasma is bounded by a close-fitting conduc
shell.

FIG. 1. ~a! Poloidal loop voltage for a discharge with current profile cont
applied at 13 ms, along with~b! toroidal plasma, and~c! toroidal loop
voltage.
Phys. Plasmas, Vol. 4, No. 5, May 1997
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Figure 2 shows the mean-squared fluctuation level at
plasma surface during the same discharge as shown in Fi
Prior to application of PPCD, the fluctuation bursts asso
ated with sawteeth are observed. In general, during
PPCD phase, the fluctuation amplitude is maintained at
low level realized between sawteeth. However, in the d
charge shown, there is a spontaneous transition to an
tremely low fluctuation level. Such transitions occur in
subset of PPCD discharges. Following the current dr
phase, there are a sequence of small amplitude sawteeth
to a very large sawtooth crash. The small amplitude sawte
are frequently observed during the PPCD phase as we
immediately following it. They have a different spectral co
tent than ordinary sawteeth~with m51 precursors!, are not
as detrimental to confinement, and may act as the trig
event for the transition to the low fluctuation period by l
cally modifying the current profile. Also shown is an es
mate of the global particle diffusion coefficient~discussed
below!, the ratio of two soft x-ray detector signals with di
ferent filter thicknesses~Be 0.3 and 0.6mm!, and the floating
potential signal from a Langmuir probe at the edge of
plasma. These signals are shown to indicate the remark
correlation between magnetic fluctuations and all other in
cators of turbulence and confinement. The source of the
x-ray emission is bremsstrahlung radiation as well as h
charge state impurity lines~e.g., OVIII! that are only excited
at high temperatures. The ratio of the signal with two diffe
ent filters is an indicator of electron temperature. Coincid
with the decrease in the magnetic fluctuation level, the th
entirely independent measurements show reduced edge

FIG. 2. ~a! Mean-squared magnetic fluctuations at the plasma surface~b!
estimated global particle diffusion coefficient,~c! ratio of beryllium filtered
surface barrier diode signals indicating central electron temperature, an~d!
the raw floating potential signal from a Langmuir probe during a discha
with PPCD applied at 13 ms.
1633Stoneking et al.
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bulence (Ṽfloat), increased central electron temperatu
~SXR!, and improved global particle confinement (D).

The dominant toroidal mode number fluctuations
MST are n56, 7, and 8. Then55 mode is frequently
present with an ‘‘inverse sawtooth’’ variation, suggesting
passes into and out of resonance, and therefore, that the
axis value for the safety factor,q5rBf /RBu , hovers around
0.2. In Fig. 3, toroidal mode number spectra averaged o
three time intervals are compared. The spectrum avera
from 7.0 to 11.5 ms is typical of the spectrum averaged o
the sawtooth cycle and illustrates the contribution of ma
modes to the total fluctuation. After PPCD is applied at;12
ms, all mode amplitudes are significantly reduced, except
the n56, which is somewhat larger. The spectrum is dom
nated by then56 single helicity during this phase. Durin
the extremely low fluctuation period~17.5–20.0 ms!, all the
dominant mode amplitudes are reduced, including then
5 6. The dominance of the single mode in the stand
PPCD spectrum is not understood, but likely depends
details of the current profile that are not experimentally
cessible with the present diagnostic set.

B. Plasma beta and energy confinement

Fluctuation reduction and confinement improvement
robust features of discharges with inductive poloidal curr
drive. Figure 4 shows the results of averaging 100 discha
~solid curves!. The only shot selection for the average w
done to assure relatively uniform plasma current and den
in the shot set. The dashed curves are averages over;60
standard RFP discharges with comparable toroidal pla
current and density. Panel~a! shows the robust suppressio
of magnetic fluctuations with the auxiliary current profi
control, at the level generally observed between sawte
The Ohmic heating power is reduced by a factor of;3
@panel~b!# and represents the largest contribution to the
proved confinement time measurement. Calculation of
time-dependent heating power is discussed below.

The stored thermal energy in the plasma is measu
with a single point, single pulse Thomson scattering diagn
tic (Te0), a neutral ~charge exchange! energy analyzer
(Ti), and an 11 chord far-infrared~FIR! interferometer
@ne(r )#. Temporal information on the electron temperatu

FIG. 3. Toroidal mode number spectra averaged over three time perio
indicate changes in the fluctuation spectrum during PPCD and PPCD
extremely low fluctuations.
1634 Phys. Plasmas, Vol. 4, No. 5, May 1997
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is acquired by varying the trigger time for the Thomson sc
tering laser on a shot by shot basis. The results of th
measurements show that electron temperature is increase
50% when PPCD is applied. For each point in panel~c!,
Thomson scattered spectra from;12 discharges were accu
mulated to improve the fitting uncertainty. Uncertainties a
comparable to the symbol size. Overlaid with the electr
temperature is the filtered soft x-ray signal ratio, providi
an indication of electron temperature with good time reso
tion. The ratio shows a similar increase to the Thomson s
tering measuredTe . Neither the majority proton temperatur
~charge exchange energy analyzer! nor the core impurity ion
species temperature~Doppler spectroscopy of carbon V!
show significant change with application of PPCD. For the
discharge conditions,Ti ' 115 eV. The standard RFP contro
set discharges were chosen to have comparable densi
those with PPCD~see Fig. 7 for shot averaged densi
traces!. The last panel in Fig. 4 gives an indication of th
temporal behavior of the energy confinement time. Since
temporal resolution on the electron temperature meas
ment is coarse, the confinement time in Fig. 4~d! was calcu-
lated using the ratio of the soft x-ray signals shown in F
4~c!, scaled to agree with the Thomson scattering meas
ments. The magnitude of the oscillations intE give an indi-
cation of the uncertainty~;1 ms! in the confinement num-
bers quoted below. Confinement degrades following
PPCD phase even relative to standard RFP discharges.
reflects the reproducible occurrence of large sawtooth ev
immediately following PPCD. The elevated magnetic flu
tuation level seen in Fig. 4~a! ~from 20 to 25 ms! due to

to
ith

FIG. 4. Signals averaged over ensembles of standard RFP disch
~dashed! and discharges with PPCD applied~solid!: ~a! mean-squared mag
netic fluctuation,~b! Ohmic heating power,~c! central electron temperature
measured with Thomson scattering~filled circles are with PPCD, open
squares without PPCD! and the ratio of two filtered soft x-ray detecto
signals,~d! energy confinement time calculated using the scaled ratio of
x-ray signals to get a time-resolved electron temperature.
Stoneking et al.
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sawtooth activity results in enhanced transport~higher
Ohmic input power!.

For the shot ensembles shown in Fig. 4, the poloidal b
bu [ 2m0^nkBT&/Bu(a)

2 in the middle of the poloidal cur-
rent drive phase~17 ms! is 8% compared to 6% withou
PPCD at the same time. The energy confinement t
reaches;4 ms with PPCD compared to 1 ms in standa
RFP discharges. Parabolic pressure profiles were used fo
beta and confinement calculations. The measured den
profile from 11 chords of interferometry is generally flatt
than parabolic, but no profile information is available on t
temperature. When shots with extremely low fluctuation
riods are ensembled~like those in Fig. 2!, the poloidal beta
reaches 9% and the confinement time rises to 5 ms~61 ms!,
five times the confinement observed in standard RFP
charges. Table I summarizes the confinement numbers
standard discharges and the PPCD case with very low m
netic fluctuations.

Extremely low fluctuation events similar to Fig. 2 hav
been observed in higher plasma current~450 kA! PPCD plas-
mas. The highest electron temperature recorded in MST~615
eV! was observed in these discharges, and the confinem
time is comparable to or higher than the 5 ms value m
sured at 340 kA, although the uncertainty is larger.

C. Time-dependent Ohmic input power

The experiments reported here are transient and m
use of a changing toroidal flux in the plasma volume to g
erate a parallel electric field. To assess changes in the en
confinement time, it is necessary to carefully track chan
in the stored magnetic energy to determine the time-reso
heating power or Ohmic dissipation. This calculation is
pecially important in light of the observation that much
the inferred confinement improvement comes from a drop
the Ohmic input power, despite a relatively constant Po
ting flux into the plasma~when compared to discharges wit
out application of PPCD!.

From global power balance, the Ohmic heating powe

POhmic5VfIf1VuI u2
d

dt S 12 LIf
2 D . ~1!

The first two terms on the right-hand side of Eq.~1! make up
the integrated Poynting flux entering the plasma from
external circuit. The second term on the right-hand side is
changing stored magnetic energy; it is the inductive corr

TABLE I. Data summarizing the improvement in plasma parameters w
application of pulsed poloidal current drive~PPCD!.

Standard RFP PPCD

Plasma current,If 340 kA 340 kA
Density,ne 1.031019 m23 1.031019 m23

Temperature,Te0 230 eV 390 eV
Beta,bu 6% 9%
Heating power,POhmic 4.4 MW 1.3 MW
Fluctuation,b̃rms/B(a) 1.5% 0.8%
Confinement,tE 1 ms 5 ms
Phys. Plasmas, Vol. 4, No. 5, May 1997
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tion to the heating power. The energy confinement time
calculated, taking account of changes in the thermal ene

tE5
3* nkBTdV/2

POhmic2d/dt~3* nkBTdV/2!
. ~2!

The top curve in Fig. 5~a! shows the integrated Poynting flu
into the plasma volume~shot averaged!. The time derivative
of stored magnetic energy is calculated from the field mo
described below. The dissipated~or Ohmic heating! power,
the difference between the two curves~hatched!, is signifi-
cantly reduced during the current drive phase. The po
added to the plasma through the auxiliary current drive
cuit is included in the Poynting power~throughVuI u!, but is
a small fraction~;1 MW! of the total input power.

Since the toroidal plasma current is constant during
current drive phase~Fig. 1!, the change in magnetic energy
primarily a change in inductance. The inductance chang
calculated using a cylindrical, four-parameter magnetic-fi
model. The model is a solution of Ampe`re’s law and equi-
librium force balance with the following parametrization
the current density:

~“3B!/m05l0„12~r /a!a
…B1B3“p/B2. ~3!

The pressure profile is assumed to be parabolic, and the
value is adjusted to agree with the measured poloidal b
bu 5 2m0^p&/Bua

2 . The model is further constrained by me
surements of the toroidal plasma current, the toroidal m
netic flux, and the toroidal field at the plasma surface.
independent check of the model was performed by comp
ing the measured poloidal asymmetry factor,L, with the
model’s prediction. Figure 6~top curve! shows the behavior
of the asymmetry factor measured with set of 16 field se

FIG. 5. ~a! The integrated Poynting flux into the plasma volume~top curve!
for an ensemble of discharges with PPCD and the model calculated
derivative of the stored magnetic energy. Shading indicates the ti
dependent Ohmic heating power.~b! Mean-squared magnetic fluctuatio
shown to illustrate the correlation between low Ohmic power and low fl
tuations.

h

1635Stoneking et al.
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ing coils at the plasma surface~averaged over 100 discharge
with current drive applied!, and determined from the
relation18

Bu~a,u!5Bu0S 11
a

R0
L cosu D . ~4!

Physically,L is determined by the internal inductance a
poloidal beta:L 5 bu 2 1 1 l i /2 ~see, for example, Ref. 18!.
The experimental observation that the asymmetry factor
creases is direct evidence that~1! the normalized plasma
pressure increases and/or~2! the internal inductance (l i
5 2* Bu

2rdr /a2Bua2 increases. In either case, the calcula
confinement time is higher for PPCD discharges than w
out PPCD. As discussed above, the plasma beta incre
during PPCD, but the measured increase in beta is not l
enough to account for the increase inL.

The total inductance@L in Eq. ~1!# in the RFP is domi-
nated~;70%! by the poloidal field contribution that make
up the internal inductance. The measurement of increa
internal inductance~with constantIf! is evidence that Ohmic
power drops during the current drive phase independen
the model used. Because the time derivative ofL is well
reproduced by the model~Fig. 6, lower curve!, we are con-
fident that the model quantitatively tracks changes in
total energy inductance, and hence, tracks changes in
stored magnetic energy.

D. Particle confinement

An improvement in the particle confinement time com
parable to the observed improvement in energy confinem
is inferred from interferometric measurements of plas
density and absolutely calibrated Ha emission measure
ments. A single collimated Ha detector measures the ioniz
tion rate integrated along the line of sight. The detector lo
through a central chord into a view dump. The measurem
is, therefore, not sensitive to localized sources such as
hanced recycling regions on the wall or puff valves. T
calculated particle confinement assumes that the primary

FIG. 6. The poloidal asymmetry factor measured with an array of 16 fi
sensing coils for an ensemble of discharges with PPCD applied~top curve!,
and the prediction for the asymmetry factor from the cylindrical mod
usingL 5 bu 2 11 l i /2~lower curve!.
1636 Phys. Plasmas, Vol. 4, No. 5, May 1997
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ticle source is due to uniform recycling in the edge regio
From global particle balance, a particle confinement time
determined from

tp5
n̄

f S̄2dn̄/dt
, ~5!

where,n̄ is the chord averaged plasma density andS̄ is the
chord averaged ionization rate~per unit volume!. The ioniza-
tion rate is multiplied by a factor,f , that depends on both th
plasma density profile and the ionization source profile, a
has a value between 1.5 and 2.5 for realistic profiles. T
density profile is measured in MST with 11 interferome
chords, but the source profile is not, in general, measu
Figure 7 shows the improvement in particle confinement d
ing PPCD for a profile factor,f 5 2.06 0.5. Particle confine-
ment improves by a factor of 4, similar to the observed e
ergy confinement improvement.

The reciprocal of Eq.~5! can be interpreted as a glob
diffusion coefficient. Locally, it is expected that the radi
magnetic fluctuation amplitude governs the diffusion.19,20

Figure 2 shows a remarkable correlation between the
bally inferred diffusion coefficient and the total mea
squared magnetic fluctuation measured at the plasma sur
The absolute scale for diffusion in Fig. 2 requires more d
tailed profile information. To get order of magnitude value
the relationD 5 a2/4tp was used.

IV. CURRENT PROFILE EFFECTS

In the absence of a current profile diagnostic such as
motional Stark effect~MSE!, we employ the cylindrical
model@Eq. ~3!# and measurement of the poloidal asymme
factor ~Fig. 6! to assess effects on the parallel current profi
The model parametrizes the parallel current~normalized to
B! through an amplitude,l0 , and a profile ‘‘flatness’’ pa-
rameter,a. Large values ofa correspond to flat normalized

d

,

FIG. 7. Ensemble averaged quantities for standard RFP discharges~dashed!
and discharges with PPCD applied~solid!: ~a! particle confinement time,~b!
chord averaged ionization source density from Ha radiation, and~c! chord
averaged electron density from interferometry.
Stoneking et al.
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parallel current profiles. During the typical sawtooth cyc
the profile varies from an extremely flata;8 immediately
after the crash to a peakeda;2, which corresponds to a
rough threshold for the sawtooth crash. These features ca
seen prior to the application of the current drive pulse in F
8 for a single discharge.

To obtain fluctuation suppression and confinement
provement, we find it is not necessary to significantly flat
the current profile, in the sense of increasinga. As shown for
the single discharge~Fig. 8!, a is not increased; rather th
natural rate of profile peaking associated with the sawto
cycle is slowed. PPCD maintains a current profile that
flatter than the threshold for a sawtooth crash and, ther
maintains a fluctuation level lower than the sawtooth cy
averaged fluctuation level. After the last of the pulses fr
the current drive circuit, the profile peaks up leading to
large sawtooth event that terminates the good confinem
period. This picture of the effect of PPCD on the curre
profile comes through in the ensemble of discharges@panel
~b!#. The plasma tolerates a more peaked current profile
lower fluctuation level with PPCD~solid curve! than without
PPCD because the applied parallel electric field is be
matched to the current profile~times resistivity!. Without
auxiliary poloidal current drive, the RFP dynamo mainta
the configuration through a fluctuation induced parallel el
tric field ~at theq 5 0 surface, for example,^ṽ 3 B̃& i 5 hJi

without PPCD!. The auxiliary applied electric field replace
some of the drive for the parallel current, thereby reduc
the fluctuations.

V. CONCLUSIONS

Application of an inductive poloidal electric field to th
RFP plasma in MST reduces the fluctuation amplitude as

FIG. 8. Profile flatness parameter determined from model@Eq. ~3!#. Large
values ofa indicate a flatter normalized parallel current profile.~a! Profile
parameter calculated for an ensemble of standard RFP discharges~dashed!
and discharges with PPCD applied~solid!. ~b! Profile parameter for a single
discharge where PPCD was applied at;12 ms.
Phys. Plasmas, Vol. 4, No. 5, May 1997

Downloaded¬28¬Nov¬2007¬to¬128.104.165.63.¬Redistribution¬subject¬
,

be
.

-
n

th
s
y,
e

a
nt
t

a

r

s
-

g

o-

ciated with core resonant tearing modes up to 50%. A co
cident improvement in the energy confinement time from
to 4 ms occurs in nearly all such discharges. For a subse
discharges where current drive is applied, the fluctuat
level reaches record low values~for MST!, the confinement
time reaches;5 ms, beta increases from 6% to 9%, and t
Ohmic heating power falls by a factor of 3~Table I!. In
similar discharges at higher plasma current, we recorded
highest electron temperature measured in MST of 615 e

Modeling of the current profile peakedness during the
experiments indicates that substantial flattening is not
quired to produce the observed confinement improvem
This result is encouraging for more steady-state current p
file control strategies in the RFP~e.g., electrostatic curren
injection and rf current drive!.
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