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Laser polarimetric measurement of equilibrium and fluctuating magnetic
fields in a reversed field pinch „invited …
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New developments in Faraday rotation polarimetry have provided the first measurements of current
density profile and core magnetic fluctuations in the core of a high-temperature reversed field pinch.
This has been achieved by a fast-polarimeter system with time response up to 1ms and phase
resolution,1 mrad. Recent experiments on Madison Symmetric Torus have directly measured
radial magnetic field fluctuations in the plasma interior with amplitude 33 G,;1%. A broad
spectrum of magnetic fluctuations is observed up to 100 kHz. Relaxation of the current density
profile at the sawtooth crash occurs on the timescale of 100ms. Reversed-field pinch behavior is
determined in large part by magnetic fluctuations driven by the radial gradient in the parallel current
density. Hence, measurement of magnetic fluctuations and the current density profile is essential to
understand the link between the current density profile, fluctuations, and transport. ©2003
American Institute of Physics.@DOI: 10.1063/1.1526927#
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I. INTRODUCTION

Understanding plasma stability and confinement in
reversed-field pinch~RFP!, or any toroidal confinement de
vice, requires detailed information on the internal magne
field structure and current density distribution. The stabi
of the plasma to tearing modes and other magnetohydro
namics~MHD! events such as the sawtooth perturbation
dynamo are closely related to the current density profile
RFPs, resistive MHD instabilities can produce magnetic
lands on rational surfaces that are closely spaced in ra
causing magnetic stochasticity resulting from island overl
Energy transport in conventional RFP plasmas is believe
arise mainly from particles streaming along these stocha
magnetic field lines. For the Madison Symmetric Tor
~MST!, a major goal is to reduce magnetic fluctuatio
through current density profile control. Elucidating the phy
ics of this interplay requires high-resolution measuremen
both the current density profile time evolution and magne
fluctuations.

Motivated by the need to address these critical meas
ment needs within the RFP community and the potential
plication to other toroidal confinement devices~such as the
tokamak!, a new high-resolution polarimeter-interferomet
system ~POLARIS! is being developed to measure th
plasma poloidal magnetic field profile and magnetic fluct
tions, as well as the electron density profile and density fl
tuations in the core of a high-temperature plasma. The d
nostic being developed will provide a nonperturbing meas
of the spatial distribution of both the equilibrium and fluct
ating quantities. Time resolution of the simultaneo
polarimeter–interferometer system will be;4 ms. This reso-
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lution will be sufficient to measure perturbed equilibriu
profiles on the time scale of the sawtooth crash and hi
frequency small-amplitude magnetic fluctuations. The f
time resolution and small-amplitude phase resolution h
already been demonstrated by the interferometer.1,2

To date, the maximum bandwidth achieved
polarimetry–interferometry systems in plasma applicatio
has been 5 kHz using amplitude techniques3 and 1 kHz by
phase measurement techniques.4 This is insufficient to see
fast changes to the equilibrium profiles or the magnetic fl
tuations of interest in the MST. Observations made by ex
nal magnetic probes show fluctuations at frequencies u
and well beyond 100 kHz which are dominated by resist
tearing modes in the range of 5–30 kHz with fractional a

plitudesB̃/B0'1%. In order to observe these frequencies
polarimeter–interferometer system is currently being dev
oped and tested which will employ a three-wave far-infrar
laser. This approach, originally proposed by Dodel a
Kunz,5 produces a phase measurement and involves
launching of two waves into the plasma that are circula
polarized and counter rotating. Previous phase measurem
techniques involved mechanically spinning wave pla
which generated a rotating, linearly polarized beam.6 In such
systems, the bandwidth is limited by the plate rotation sp
and phase noise generated by the mechanical rotator lim
the phase resolution.

The Dodel and Kunz technique has been previously u
to obtain information on equilibrium profiles. Single an
multichannel systems have been developed and emplo
~with varying degrees of success! on the ZT-40M reversed-
field pinch,7 RTP tokamak,8,9 LHD stellarator,10 and a field
reversed configuration.11 However, the potential for high
time response has never before been exploited to investi
4 © 2003 American Institute of Physics
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1535Rev. Sci. Instrum., Vol. 74, No. 3, March 2003 Plasma diagnostics
fast changes to equilibrium profiles or broadband magn
fluctuations. Fast time response with high phase resolu
will be the focus of the new work presented in this article

Laser polarimetry has been used previously to inve
gate magnetic fluctuations associated with the coherenm
51, n51 MHD modes~;2 kHz! on theTEXTOR tokamak.12

This single-chord system had maximum time response of
ms. Other approaches used to measure the interior mag
field structure and fluctuations in high-temperature plasm
include a heavy ion beam probe on theTEXT tokamak which
measured core magnetic perturbations associated withm
52, n51 MHD mode~;3 kHz!.13 In addition, cross polar-
ization scattering was used on the TORE Supra tokama
study short wavelength (k;12 cm21) magnetic
fluctuations.14 We extend these efforts to include measu
ment of the broadband magnetic fluctuation amplitude,
quency and wave number spectrum, and behavior chang
improved confinement plasmas.

The remainder of the article is organized as follow
First, the diagnostic approach and system will be describ
Modifications necessary to realize the fast time response
be highlighted. Second, experimental results from the M
RFP will be presented for both~1! fast changes to the equ
librium profile and~2! core measurement of magnetic flu
tuations. Finally, we will conclude by pointing out futur
directions of diagnostic development and their application
fusion plasma research.

II. POLARIMETER–INTERFEROMETER SYSTEM

The fast-polarimetry technique employed on MST u
lizes two distinct but collinear far-infrared~FIR! laser beams
to probe the plasma. A third FIR laser, serving as the loc
oscillator~LO! drive for the mixers, can be added to provid
a simultaneous polarimetry–interferometry capability
measure both the plasma density and Faraday rotation.8,9 The
method basically involves two separate phase measurem
using orthogonally polarized waves, the polarization of ea
remaining stationary. The interferometric phase and Fara
angle are obtained by combining these two measureme
Since no mechanical polarization modulation is used, mo
lation artifacts which contaminate the phase are also abs
The achievable temporal resolution is, in principle, limit
by the frequency offset of the laser beams and can be s
,1 ms. The technique employed has been previously
scribed and will only be briefly reviewed here.5,8,9

A schematic the three-laser setup is shown in Fig. 1. T
two probing beams are slightly frequency offset and th
polarizations are set to counter-rotating circular. This
achieved by making the two linearly polarized beams
thogonal via use of al/2 wave plate and combining them
through use of a polarizing beamsplitter to be collinear. T
collinear beams are then passed through al/4 wave plate
generating the counter-rotating circularly polarized bea
Upon emerging from the plasma, the probing beams p
through a polarizer that transmits the polarization compon
in the toroidal direction. The two probe beams, which we
initially orthogonal, are then combined with the linearly p
larized local-oscillator beam, which is also frequency off
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from the two probe beams, to give a total of three prima
intermediate-frequency~IF! signals multiplexed at the detec
tor. A portion of each beam is collected before reaching
plasma and used to generate a reference waveform for
of the mixing products. The phase difference between re
ence and plasma signals is then evaluated at each IF
quency.

Because of plasma birefringence, each beam experie
a different value of refractive index while propagatin
through the plasma. The difference in refractive index for
right (nR)- and left (nL)-hand circularly polarized waves i
related to the Faraday rotation angle,C, by the relation:

C5
2p

l E ~nR2nL!

2
dz

52.62310213l2E ne~z!Bi~z!dz, ~1!

whereBi is the component of the magnetic field parallel
the FIR beam,ne is the electron density, andl is the FIR
laser wavelength, all in MKS units. Sincene is known from
the interferometer measurement, the poloidal magnetic fi
can be determined from inversion of the above equation.
toroidal current density is then obtained from Ampere’s la
The average refractive index is related to the density ph
shift according to

F5
2p

l E ~nR1nL!

2
dz'2.82310215lE ne~z!dz. ~2!

The frequency offsets that allow us to isolate and separa
demodulate the independent carriers are generated by pr
tuning of the three FIR laser cavities. Phase information
recovered from each of the three independent mixing pr
ucts. First, mixing between the right-~left! circularly polar-
ized probe beam and the LO gives phase information on
refractive index for theR-(L-) wave. Second, mixing of the
two signal beams provides phase information that is dire
proportional to the Faraday rotation angle. This quantity c
also be obtained indirectly by taking the difference betwe
the phases of the probe-LO mixing products@see Eq.~1!#.
The interferometer phase shift is obtained by taking the

FIG. 1. Schematic of MST three-wave FIR polarimeter–interferome
system.
IP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp
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1536 Rev. Sci. Instrum., Vol. 74, No. 3, March 2003 Brower et al.
erage of the two probe-LO phases@see Eq.~2!#. Since the
FIR source frequency~694 GHz! is much greater than th
electron cyclotron frequency~11 GHz! in MST, only ;1.5%
error occurs when using the individual probe-LO mixin
products to obtain the interferometer phase shift. The in
vidual phase of each of the mixing products is determin
with respect to a reference mixer by use of a digital ph
comparator technique.15

The three-wave FIR laser source is optically pumped
an infrared CO2 laser~continuous output 140 W! and oper-
ated at 432.5mm ~694 GHz; 25 mW/cavity!. The three FIR
cavities will be operated such that the IF between the
slave cavities and the master cavity are 600 and 900 k
These frequencies will be multiplexed onto a single mix
for each chord and reference along with the beat freque
between the two slave cavities at 300 kHz. This will provi
a 4 ms time response for the simultaneous polarimete
interferometer measurement. Both the probe and lo
oscillator beams are subdivided for the discrete vertica
viewing ports covering most of the plasma cross secti
Corner-cube GaAs Schottky-diode mixers are used as de
tors in the receiver where the probe and local-oscilla
beams are combined. The combined polarimet
interferometer system~see Fig. 2! consists of 11-chords di
vided between toroidal azimuths 250°~five chords located a
x5R2R0536, 21, 6, 29, and 224 cm! and 255° ~six
chords located atx5R2R0543, 28, 13,22, 217, and232
cm!. Calibration of the polarimeter system, necessitated
the asymmetric reflection-transmission properties of the w
mesh beamsplitters,16 is achieved through rotation of an ad
ditional half-wave plate placed in the probe-beam path. D
tails of this procedure have been described elsewhe17

Typical polarimeter system rms noise levels are 1 m
~'0.1°! at 100 kHz bandwidth@0.4 mrad~0.04°! at 20 kHz
bandwidth#. The data can be ensemble averaged over sim
time windows~e.g., sawtooth cycle! for further noise reduc-
tion.

Experimental work is carried out on the Madison Sy
metric Torus~MST! RFP which is ohmically heated with
major radiusR051.50 m and limiter radiusa50.51 m. Data

FIG. 2. Three-wave FIR polarimeter–interferometer system proposed
MST.
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presented are for deuterium plasmas with toroidal curr
I p5400 kA and nominal electron density ne51
31019 m23.

III. EXPERIMENTAL RESULTS

The first tests of the 11-chord fast POLARIS diagnos
have recently been conducted on MST. For these tests
two available far-infrared probe beams are frequency of
at 750 kHz ~1.4 ms minimum time response! and set to
counter-rotating circular polarization. Without the LO bea
the simultaneous interferometry capability is lost but the f
polarimetry capability can be realized. The mixer for ea
channel then detects the mutual mixing product of the t
probe beams which is directly proportional to twice the F
aday rotation angle as described by Eq.~1!. The data are
sampled at 1 MHz with the difference frequency bei
aliased to 250 kHz.

Typical MST polarimetry data for a standard sawtoo
ing discharge withI p5400 kA, bandpass filtered at 20 kHz
are shown in Fig. 3. All chords show a strong correlati
with the sawtooth cycle, even during the setup phase of
discharge~0–10 ms!. Sawtooth crashes, characterized
changes in toroidal flux, are denoted by prompt increase
the average toroidal field,̂Bf& and spikes in the surfac
poloidal voltage,Vp . As expected, the Faraday rotatio
angle changes sign about the magnetic axis due to a ch
in the direction of the poloidal magnetic field with respect
the polarimeter chords. Zero Faraday rotation angle indica
that the probing beam passes through the magnetic axis.
sawtooth crash represents a discrete dynamo event in
RFP.

or

FIG. 3. ~a! Plasma current and average toroidal magnetic field;~b! Faraday
rotation angle for standard Ohmic MST plasma from six polarimeter cho
~c! expanded time scale. Sawtooth crashes are denoted by the promp
eration of toroidal magnetic field and spikes in poloidal voltage,Vp . Fara-
day rotation data are low-pass filtered with 20 kHz cutoff.
IP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp
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In Fig. 3~c!, the time axis is expanded to isolate an ind
vidual sawtooth crash (t525 ms). The typical sawtooth
crash or relaxation time scale is measured to be'100–200
ms. A clear coherent oscillation is observed on all cho
prior to the sawtooth crash. The frequency of these fluct
tions matches the dominantm51 tearing mode in MST~as
measured by external magnetic coils! and have frequency
peaking near 12 kHz. Finite coherence is observed at
quencies up to 100 kHz when computing the coherence
tween a polarimeter chord and an external magnetic coi
shown in Fig. 4. This measurement demonstrates two im
tant facts:~1! The fast polarimeter not only has sufficie
time response, but also the phase resolution necessary t
serve high-frequency small-amplitude fluctuations, and~2!
Faraday rotation fluctuations are strongly correlated w
magnetic field fluctuations in MST.

Since the polarimeter measures the line-integrated p
uct of density and magnetic field@see Eq.~1!#, changes ob-
served in the Faraday rotation signal likely correspond
changes in both parameters. With these results, it is n
possible to extract information on the plasma poloidal m
netic field, current density profile, their temporal evoluti
and magnetic fluctuations.

A. Equilibrium measurements

Equilibrium analysis of the Faraday rotation data can
accomplished using any one of three independent techniq
of increasing complexity, to arrive at information on the cu
rent density distribution. The simplest analysis yields
central current density from the slope of the Faraday rota
profile at the center according to the relation

J~0!5
2

m0cF

dC

dx

1

*nef ~r ,a!dz
, ~3!

where cF is a constant andf (r ,a) represents the curren
profile shape @estimated from the total currentI p

5J(0)*2pr f (r ,a)dr]. This leaves us with a relation fo
J(0) which is proportional to the slope of the Faraday ro
tion signal across the magnetic axis,dC/dx. The next ap-
proach employs a fitting method to solve Eq.~1! and yields
the toroidal current density profile. The most complex ana
sis utilizes a two-dimensional equilibrium reconstructi
code~solving the Grad–Shafranov equation! to yield the cur-

FIG. 4. Coherence betweenx521 cm polarimeter chord and external ma
netic sensing coil. Solid~dashed! line corresponds to coherence~statistical
noise!.
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rent density as a function of magnetic surface coordinate.
three techniques provide consistent information onJ(r ) and
have been described previously.18 To obtain the necessar
polarimetry and interferometry data for equilibrium analys
the system is first operated in polarimeter mode for 20–
similar shots and then converted to interferometer mode f
similar number of shots to obtain the electron density. T
data are ensemble averaged over the sawtooth cycle pro
ing the profile change averaged over;400 sawtooth events

Direct experimental measurement shows that the cur
density on axis drops by 20% during the sawtooth relaxati
Comparison ofJ(0) estimated from the slope of the Farad
rotation angle across the magnetic axis withJ(0) from a
simple cylindrical equilibrium model19 is shown in Fig. 5
and the two agree quite well in both absolute value and te
poral history. The agreement, within measurement errors
;10%, bolsters confidence in both the measurement te
nique and the cylindrical equilibrium model. The curre
density decrease at the sawtooth crash can potentially be
plained by the MHD dynamo which is predicted to driv
antiparallel current in the plasma core.20

Faraday rotation profiles, taken from the ensembled d
at times immediately before~20.25 ms! and after~10.25
ms! the sawtooth crash are shown in Figs. 6~a! and 6~b!,
respectively. The magnetic axis corresponds to the p
whereC50 and is shifted;4–5 cm outward from the cen
ter of the conducting boundary. Reduced slope (dC/dx),
proportional to reduced current density on axis, is evident
the central chords after the sawtooth crash. The maxim
rotation angle~absolute value! is larger on the inboard side
due to the toroidicity of the plasma.

By use of the functional fitting technique, toroidal cu
rent density (Jf) profiles corresponding to times before an
after the sawtooth crash are generated and shown in
7~a!. Corresponding fits to the measured Faraday profiles

FIG. 5. Comparison ofB̃r andJ(0) through the sawtooth cycle~crash oc-
curs att50). J(0) is determined from Eq.~3! ~solid line!, cylindrical equi-
librium model ~open circles,b57%), and functional fit analysis~open tri-
angles!. Ensembled data are used.

FIG. 6. Measured Faraday rotation profiles at times~a! 0.25 ms before and
~b! 0.25 ms after the sawtooth crash. Symbols represent the measure
points ~error bars approximately equal symbol size!, solid lines the func-
tional fit and dashed lines the MSTFIT matching.
IP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp
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1538 Rev. Sci. Instrum., Vol. 74, No. 3, March 2003 Brower et al.
shown as solid lines in Figs. 6~a! and 6~b!. The toroidal
current density indicates a clear reduction in the plasma c
r ,0.2 m, and increase towards the outside,r .0.2 m, imme-
diately after the sawtooth crash. The decreased interior
rent density is in excellent agreement with Fig. 5. After t
crash, the flattened profile begins to slowly narrow and p
on axis until the next sawtooth or relaxation event. The t
oidal current density is very small in the edge where
toroidal field reverses and the parallel direction is predo
nantly poloidal.

The toroidal current density determined from the eq
librium reconstruction code MSTFIT21 is shown in Fig. 7~b!.
Inputs to the toroidal equilibrium code include the extern
magnetics, pressure profiles, motional Stark effect meas
ments ofB(0), as well as the Faraday rotation data. Th
corresponding fits to the Faraday rotation profile@see Figs.
6~a! and 6~b!# are nearly indistinguishable from the fun
tional fit result, and both match the measured Faraday r
tion profile quite well. The current density profile is ve
sensitive to changes in the Faraday profile. Differences
toroidal current density shape between the functional fit
equilibrium reconstruction approaches provide an indicat
of errors in the resulting profiles. Both results show the sa
general features of a peaking current density distribut
which flattens significantly at the sawtooth crash.

High-confinement plasmas are achieved in MST by
ductively driving parallel current in the edge through a p
cess called pulsed parallel current drive or PPCD. PPCD
to suppress sawteeth and reduce them50 andm51 resis-
tive tearing modes that limit energy and particle confinem
in RFP plasmas. Field reversal is maintained via exter
drive rather than the dynamo. For these improve
confinement plasmas, both the energy and particle confi
ment time are observed to increase tenfold.2,22 As shown in
Fig. 7, from both the functional fit and MSTFIT equilibrium
reconstruction, distinct peaking of the toroidal current de
sity in the plasma core is observed during PPCD. The cur
density on axis increases by 30% compared to the
sawtooth-crash value while the current tends to decreas
the edge. This peaking may be explained by a reductio
the ‘‘dynamo effect’’ and the emergence of high-energy ru
away electrons that accompany the fluctuation reduction

B. Fluctuation measurements

Since the measured Faraday rotation angle depend
both the density and magnetic field, it is necessary to se

FIG. 7. Toroidal current density profile generated by~a! functional fit ap-
proach and~b! MSTFIT for times 0.25 ms before~solid!, 0.25 ms after~long
dash!, the sawtooth crash and during PPCD~short dash!.
Downloaded 06 Jan 2005 to 128.104.223.90. Redistribution subject to A
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rate the two in order to isolate the fluctuating magne
field.3,23 By rewriting Eq.~1! in terms of the equilibrium and

fluctuating quantities for each variable~e.g., C5C01C̃,
Bz5B0z1B̃z , ne5n01ñ), the fluctuating part of the Fara
day rotation signal becomes

C̃5cFS E B0zñ dz1E B̃zn0 dzD , ~4!

where the second order term,cF*B̃zñ dz, is negligible be-
cause bothñ and B̃z are small. From this equation we se
that the fluctuating part of the polarimetry signal is the su
of the fluctuating electron density weighted by equilibriu
magnetic field, and the fluctuating magnetic field weight
by equilibrium density.

For all polarimeter chords shown in Fig. 3~c!,

the *B0zñ dz term of Eq. ~4! is negligible and C̃

'cF*B̃zn0 dz. By using measured values for equilibrium
poloidal magnetic field and electron density fluctuations
can be shown that*B0zñ dz,0.04°, which is less than the
polarimeter rms noise level~0.1°!. Finite contributions from
the toroidal magnetic field to the Faraday signal result
from misalignment have also been considered and foun
be negligible.

Phase measurements indicate that fluctuations~both den-
sity and magnetic field! with frequencies.5 kHz have po-
loidal mode numberm51. For the central interferomete
chords, we measure* ñ dz→0 since a line-averaged mea
surement of anm51 density perturbation cancels out alon
the chord.24 However, for the magnetic field, anm51 per-
turbation above and below the midplane points in the sa
direction along the chord thereby adding to give a maximu
consistent, with experimental observations. For the cen
chord~i.e., x56 cm), the fluctuating Faraday rotation sign
provides a chord-integrated measurement of radial magn
field fluctuations.

The line-integrated magnetic fluctuation amplitude c

be estimated from the relationB̄̃>(n̄0Dz)21*n0B̃z dz

>(cFn̄0Dz)21C̃. Using the measured line-averaged dens
(n̄0), chord length (Dz) and Faraday rotation, we find th
time-averaged rms amplitude of the magnetic field fluct
tions,BD r;33 G orBD r /B0;0.6%, for the data shown in Fig
3~c!. The polarimeter rms noise level is;10 G. Since the
density profile is centrally peaked, the line-averagedB̃r mea-
surement is weighted to the plasma core. In addition, ou
from a 3D, nonlinear, resistive MHD simulation25 predicts
that the eigenfunctions for the dominant tearing modes
MST ~i.e., m51, n55 – 10, f ;10– 20 kHz) peak in the
plasma core. Both of these factors suggest that the meas
BD r is primarily a measure of magnetic fluctuations in t
plasma core.

Information on the magnetic fluctuation poloidal mod
number can be obtained by measuring the phase differe
between chords along the same major radius. This rev
that fluctuations with frequency,5 kHz are m50 while
higher frequency fluctuations arem51. The toroidal mode
number~n! spectrum and dispersion relation can be det
mined by applying two-point correlation techniques to tor
IP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp
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dally displaced polarimeter chords~chords atx529 and 6
cm are offset 5° toroidally from chords atx522 and 13
cm!. The cross-phase between toroidally offset chords~Df!
can be related to toroidal wave number (kf) through the
relation kf5Df/d5n/R, whered is the distance betwee
the chords.1 Magnetic fluctuation dispersion and toroid
mode number spectra for a standard sawtoothing M
plasma are shown in Fig. 8. An upper bound on the meas
wave number,kf , is determined by the chord width an
corresponds to;1 cm21.1 Measured mode velocities ar
consistent with external coil measurements. The toro
mode number spectrum, like the frequency spectrum
broad but peaked atunu55 – 10. This corresponds to th
dominant core-resonant modes. Modes withn,0 originate
in the plasma core while modes withn.0 are from outside
the reversal surface (r /a;0.85) whereq50. For high n
modes, the magnetic fluctuation energy spectrum falls of
n25/3.

Equilibrium magnetic field measurements and equil
rium reconstruction indicate that at the midplane, theq
5m/n51/6 rational surface is located between chordsx
513 and 21 cm! and (x529 and217 cm!. The p phase
change observed on the polarimeter chords across this re
@see Fig. 3~c!# is consistent with expectations for a curre
channel associated with the island. By applying Amper
law to the loop between adjacent chords, one can estim
the toroidal current perturbation associated with the island
maximum occurs when choosing chords with out-of-ph
oscillations indicating the current density perturbation for
(m/n51/6) mode is approximatelyj̃ m51,n56 /J0;3% with
spatial extent,8 cm.23

A strong correlation between internal magnetic fie
fluctuations and the current density dynamics is experim
tally observed. The magnetic field fluctuation amplitude
ensembled data isBD r /B0;1% ~before the crash! but varies
significantly during the sawtooth cycle as shown in Fig. 4~a!.
The magnetic fluctuation amplitude is fairly constant un
100 ms before the crash, when it jumps over fourfold with
;50 ms. The equilibrium current density gradually increas
during the slow ramp phase of the cycle and promptly dr
20% at the sawtooth crash as shown in Fig. 4~b!. The en-
hanced magnetic fluctuations are predicted to generate a
namo electric field which acts to reduce toroidal current d
sity in the core and increase poloidal current at
edge17,26,27as evidenced by toroidal flux increase at the cra
@see Fig. 3~a!#.

FIG. 8. Magnetic fluctuation~a! dispersion and~b! toroidal mode number
spectra.
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The core radial magnetic field fluctuation frequen
spectrum for a high-confinement PPCD plasma is shown
Fig. 9~a! along with the broadband fluctuation spectrum fo
standard sawtoothing discharge~using 5 ms time average!.
Here it is clearly seen that the magnetic field fluctuation a
plitude is reduced across the entire spectrum~by at least a
factor of 2 for the core modes,f ;10– 20 kHz). In fact, the
fluctuation spectrum measured during PPCD is essent
the same as the polarimeter noise spectrum implying tha
are limited by the instrumental resolution. In an effort
extract the coherent portion of the spectrum from these d
we plot the coherence-weighted frequency spectra in F
9~b!. The coherence weighted spectra is the product of
fluctuation spectrum and computed coherence between
x56 cm polarimeter chord and an external magnetic c
Here we see the coherent portion of the spectrum fr
10–20 kHz, which corresponds to the dominant core mod
is reduced fourfold during PPCD. This indicates that the c
fluctuation amplitude is more strongly suppressed than at
edge. A change in the radial structure of the fluctuations
implied. The reduction of core magnetic fluctuations stron
correlates with flattening of theJi profile at the edge~acting
to suppress the magnetic fluctuations! and increased particle
and energy confinement.

Temporal evolution of the Faraday rotation frequen

FIG. 10. ~Color! Time evolution of Faraday rotation fluctuation spectru
during a quasi-single-helicity PPCD shot on MST.

FIG. 9. ~a! Radial magnetic field fluctuation spectrum, and~b! coherence
weighted spectrum for standard sawtoothing~solid line! and PPCD~dashed
line! plasmas in MST.
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spectra is shown in Fig. 10 for a PPCD discharge where
magnetic fluctuations were not completely suppressed. D
ing the time of improved confinement~15–20 ms!, a low-
frequency mode~;10–20 kHz, lown! is observed to spin-up
and then slow down. However, at higher frequenc
~;40–80 kHz, highn! a different mode is observed to firs
slow down and then spin-up on the same timescale.
interplay of these various modes, which originate in differe
regions of the plasma, is under active investigation. This p
serves to show the dynamic nature of the magnetic fluc
tions in MST and POLARIS’s ability to resolve them.

IV. CONCLUSION

In summary, the poloidal magnetic field structure a
magnetic field fluctuations have been nonperturbatively m
sured in the core of a high-temperature RFP plasma usi
newly developed fast-polarimetry system, POLARIS. Fut
work will focus on implementing the full three-wave las
capability so that the Faraday rotation and interferome
measurements can be made simultaneously. In addition, m
surements will focus on extracting the magnetic field flu
tuation amplitude from all polarimeter chords in order
determine the spatial profile for the dominant global mod
Issues related to MHD stability, core-fluctuation-induced p
ticle flux and dynamo will be addressed. The fast polarime
technique described herein is also directly applicable to o
toroidal confinement devices such as the tokamak. Fo
standard tokamak withB052 T, the polarimeter noise leve
of 10 G would allow measurement of magnetic fluctuatio
with amplitudeB̃/B0'531024.
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