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The multichannel far-infrare@~IR) heterodyne polarimeter-interferometer system on the Madison
Symmetric TorugMST) is now operational. The combined system consists of 11 channels with
variable radial and toroidal spacing. Poloidal magnetic field is determined by measuring the Faraday
rotation of the FIR laser beam after propagation through the plasma by use of a phase technique. The
polarimeter has 3 mrad rms noise level and 1 ms temporal resolution while the interferometer
resolution is ngdl=1x10"cm 2 with time response of 1us. Absolute calibration of the
polarimeter system is achieved by use of a rotating quartz half-wave plate. The first 11-channel
polarimeter measurements from MST indicate a Faraday rotation profile in good agreement with
expectations from the MSTFIT equilibrium code. Future plans to reduce the polarimeter time
response from 1 ms to 1@s will allow direct measurement of magnetic fluctuations associated with
global resistive tearing modes on MST. The effect of these modes on density is already clearly
resolved and provides insight into the dynamics of these structures. Improving the time response
will also result in lower phase noise for both the polarimeter and interferometeR0@. American
Institute of Physics.[DOI: 10.1063/1.1321744

I. INTRODUCTION chords positioned at=R—R,= 36, 21, 6,—9, and—24 cm)

. ' . . d 255°(six chords atk=43, 28, 13,-2, —17, and—32
Understand d-field pin¢RFP stability and " ! LS e Tl .
nderstanding reversed-field pin¢RFP stability an cm). The laser signal and local oscillator beams are subdi-

confinement requires detailed information regarding the elec ided i inall | . ¢ h chord and th
tron particle density, current density distribution, and poIoi-VI ed Into nominally equal portions for each chord and the

dal magnetic field. The stability of the plasma to tearingreference channel through the use of Ni-plated wire-mesh

modes and other magnetohydrodynailitHD) events such beam splitters. The FIR Igser syst_em operates at frequency
as the sawtooth perturbation or dynamo are closely related 94 GHz (432.5 um) with intermediate frequencyiF) be-

the current density profile. In addition, more recently, ad_tween_the dual _Iaser cavities typically set to 750 kHz. Phase
vanced RFP discharge scenarios have been achieved throug€ction techniques are employed for both the polarimetry
modification of the current density distribution, thereby at-and interferometry measurements. The polarimetry technique
taining access to new stability regimes and improved conwas developed based on a rotating polarization ellipse and
finement. Motivated by the need for improved information Successfully implemented on MPXand TEXT Upgradé:®

on the spatial distribution and temporal evolution of the cur-This approach eliminates the need for a second detector array
rent density and poloidal magnetic field, the multichanneland is insensitive to signal amplitude changes associated
interferometer systehf on MST was reconfigured to include Wwith refractive effects. Contamination to the polarimeter sig-
a simultaneous polarimeter capability. Here, in addition tonal resulting from plasma birefrigence is also mitigated.
measuring the phase change of the laser radiation transmittéseAs Schottky diode mixer®ne mixer per chondare used
through the plasma, information on the polarization rotationas the detectors for the simultaneous polarimetry and inter-
is also obtained. The new polarimeter-interferometer systerferometry measurement. The interferometry measurement,
is being used to investigate changes in the current densitfn.dl, is made by determining phase changes on the 750
profile and poloidal magnetic field associated with standardkHz IF signal with respect to a reference. The Faraday rota-

and high-confinement discharges in MST. tion signal, [n.Bydl, is extracted from the amplitude-
modulated waveform at 4 kHz resulting from the rotating
II. POLARIMETER-INTERFEROMETER SYSTEM polarization ellipse. A schematic of the polarimeter-

. L ) interferometer system is shown in Ref. 6.
The vertically viewing, multichannel, heterodyne FIR la-

ser polarimeter-interferometer system on MST consists of 1. Interferometer

discrete chords divided between toroidal locations %02 The interferometer system has fast time resolution and
excellent phase resolution. The upper bound on the system

3E|ectronic mail: brower@mail.utexas.edu bandwidth is limited by laser IF of 750 kHz. To reduce the
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MHz aliasing the IF to 250 kHz and thereby limiting the
interferometer bandwidth. This time response has proven
sufficient to see the high-frequency density fluctuations on
MST which are typically below 150 kHz. The phase infor-
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mation is extracted through the use of software using a nu-
merical demodulation algorithd’ The rms phase noise for
each interferometer channel is approximately 0.03 rad or
about 2°. This implies a minimum line-averaged density
measurement capability ofi,dl=1x10?cm 2. For the 200 Calloration 05
central chord of MST, a line-integrated density of 1 10
x10*%m™2, approximately 0.1% of the peak density, can (b)
be measured. Since the interferometer operates on the basis
of a phase measurement, absolute calibration of the mea- -100
sured phase change due to the plasma density and its fluc- 200 “——— . l |
tuations is easily achieved. The system resolution is suffi- 0 40 80 120 160
cient to investigate small-amplitude density fluctuations Quartz Rotation (deg.)
associated with resistive tearing modes in MST. o _
. . . FIG. 1. Calibration traces for polarimeter chann@sx= —32 cm and(b)
Due to the toroidal separation of the interferometer, _ 5"
chords, toroidal mode number information can be obtained
for wave numberk,.,=0.8cm 1. This is sufficient to see
all the modes of interest in MST. Separation of the chordgjivide the laser power among the 11 chords, wire mesh
along the major radius can be used to extract information opeamsplitters are used. These meshes complicate the polar-
the poloidal mode number. By computing the cross-phasgmetry measurement because their anisotropic reflection and
and cross-coherence between various chords, the mode nuffansmission properties can distort the polarization state of
ber information can be resolved and correlated with magthe beanf. This distortion couples multiplicatively to the
netic coil data. Details on the density and density fluctuationneasured phase of each chord and requires that each channel
measurements made with the MST interferometer are progf the polarimeter system, unlike the interferometer, be ab-

vided in Refs. 2 and 8. solutely calibrated.
_ Calibration of the polarimeter system can be achieved by
B. Polarimeter measuring the reflectivity and transmissivity of the mesh

The poloidal magnetic field is determined by measuringbe?‘msmitters for the TE and TM polarization components.
the Faraday rotation profile of the FIR laser beam polarizal i must be done for each mesh in the system and compu-

tion as it propagates through the plasma. The rotation angl@tion of a correction factor must be made based upon the

in radians is given by series of meshes a beam traverses for each channel. This
approach was successfully accomplished for a five-channel

W (x)=2.62x 10—13>\2f B,(x,2)Ny(x,2) dz, system that was previously test‘éﬁlowever{ as the number
of channels and therefore mesh beamsplitters increases, the

where B, is the component of the poloidal magnetic field Process becomes more complex and errors in evaluating the
parallel to the vertically propagating FIR beam, is the ~ Correction factor increase. To simplify this process and mini-
electron densityx=R—R,, and \ is the FIR laser wave- mize system errors, a new calibration procedure has been
length, all in mks units. Sinca(r) is known from the si- developed. In this approach, a crystal quaiz-wave plate
multaneous interferometer measurement, the poloidal majeplaces the plasma and is placed in front of the signal beam
netic field can be determined from inversion of the abovd©r @ specific chord. This wave plate, which is rotated at a
equation. The current density is then obtained from AmperefeW cycles/s, introduces a known rotation to the FIR beam
law where 3 V X B/ 1, . The polarimeter has 3 mr46.189 polarization. By comparing the measured polarization rota-
rms noise level and 1 ms time response. The polarimetetlion to the known rotation of the quartz, the calibration factor
bandwidth is limited by the mechanical rotator used to gencan be determined. o

erate the rotating polarization ellipse. Polarization rotation _AS an example, the calibration traces for two of the po-
information from the polarimeter is evaluated by isolating!@rimeter channels are shown in Fig. 1. The horizontal axis
the 4 kHz amplitude-modulated waveform for the signal andeorresponds to the quartz rotation angle while the vertical

reference mixers and computing the phase change via use 8XiS is the measured rotation. For chore: —32 cm [Fig.
the numerical demodulation algorithm mentioned earlier.  1(@], the FIR beam is transmitted through six mesh beam-
splitters of different wire densities before being directed into

1. Polarimeter calibration the vacuum vessel and plasma. The calibration trace indi-
The polarimeter system was designed to be insensitive toates a nonlinear relation between the quartz rotation and the
amplitude changes in the beams. However, any deformatiomeasured rotation. This is a direct consequence of the asym-
in the polarization state will appear as an additional changenetric reflection and transmission properties of the wire
in the measured polarimetry phase. As mentioned earlier, tmeshes. The calibration factor is evaluated by measuring the
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Plasma diagnostics
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slope of the trace at the point of the channel dc offset. If the
system were single channel using only mirrors, the trace
would be linear, indicating a measured rotation of exactly
two(four) times the actual polarizatiénuart rotation or a  FIG. 3. Polarimeter time traces for a 400 kA MST discharge with PPCD.
calibration factor of 0.5. The calibration trace for the chord atPPCD pulse on from 7-20 ms.

x=—2cm is shown in Fig. (b). For this channel, the FIR

beam is transmitted through four meshes and reflected from

one mesh. The measured rotation varies linearly with quart?SPect-ratid Ro/a] expansion. The toroidal current density
rotation and looks similar to the mirror-only case. A plot 'S shown in Fig. 6, for both the standard Ohmic and im-

showing the calibration factors for each of the polarimeterproved confinement PPCD dischar_ges at 400 kA. This repre-
channels is provided in Fig. 2. This factor is multiplied by sents the first measure of the toroidal current density profile

the measured rotation to give the calibrated polarimeter outl! @ reversed-field pinch. The polarimeter measurements in-
put. dicate that the toroidal current density profile is strongly

peaked for the improved confinement PPCD plasma. This is
consistent with the measured peaking of the electron tem-
perature profile.

Calibrated time traces from each of the 11 chords for a  From these results it is clear that the preliminary profile
400 kA MST discharge with peak densityn=1  measurements from the polarimeter system are encouraging.
x 103 cm 3 are shown in Fig. 3. This discharge represents aComparison of the measured Faraday rotation profile to cal-
high-confinement MST discharge achieved through pulseeulations from the equilibrium reconstruction code MSTFIT
poloidal current drivéPPCD. The PPCD acts to modify the
current density profile such that the gradient necessary to

T
0 5 10 15 20

Time (ms)

2. Initial polarimeter results

drive resistive tearing modes unstable is reduced. Improved 15 . - . T

. . . o . 1
confinement is obtained through stabilization of these global e wstem |
modes. The channel &—R,=6 cm shows zero rotation i ) A _uncalibrated | 1

and corresponds to the MST magnetic axis. Chords on either
side of the magnetic axis have opposite sign as expected
from Faraday rotation due to the change in direction of the
poloidal field. The Faraday rotation profile at tirtre 16 ms

is shown in Fig. 4, for both the calibrated and uncalibrated
data. For this shot, the measured rotation angles range from
—6° on the low-field side to 7° on the high-field side of the

Rotation [deg.]

plasma. This variation with major radius is expected due to -5 é 1
the toroidal geometry. i foﬁ;ck%

To obtain the component of the poloidal magnetic field ] oL ‘ N
along the FIR beam patB,(x,z=0) as plotted in Fig. 5, the a0 20 0 20 40 60
line-integrated density and calibrated Faraday rotation pro- R-Ro [em]

files are spline fit and inverted in a manner consistent with

the Grad—Shafranov equilibrium to first order in the large FIG. 4. Faraday rotation profile &&= 16 ms(same discharge as Fig).3
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0.3 —————— T T — spinning at its upper bound. Hence, the polarimeter is unable
- ] to resolve fast profile changes or fluctuations like those seen
= G 400 kA ] by the interferometer. The phase noise limit for the polarim-
§ PPCD = eter system is also determined by the mechanical rotator.
o 010 . B Reduction in polarimeter and interferometer phase noise,
£ ik _-' ] improved polarimeter time response, and increased signal
2 i - ] level can all be achieved in the MST polarimeter-
2 01f _-' ] interferometer system by removing th& plate mechanical
s " rotator and replacing it with a third FIR laser beam. This
02 3 scheme employs three separate FIR laser beams to determine
3 i the plasma density and Faraday rotation. The method basi-
2 -0.3F cally involves two separate phase measurements using or-
e . ] thogonally polarized waves. The interferometric phase and
-0.4— _;0 -z;o 6 2'0 4'0 Faraday angle are obtained by combining these two measure-
ments. Since no mechanical polarization modulation tech-
R-Ho [cm] niques are used, the modulation artifacts which contaminate

FIG. 5. Poloidal magnetic field profile &t 16 ms(same discharge as Fig. j[he p.halse are, a,bsent' Th.e ach|evaple tempgral rgsolutlon 1S,
3). in principle, limited by signal-to-noise considerations and
can be comparable to that of the interferometer. This would
permit resolution of fast changes in the poloidal magnetic
are also encouraging. As shown in Fig. 4, agreement befie|d profile and perhaps even magnetic fluctuations corre-
tween code and measurement is quite good. The next stefhonding to the core-resonant global tearing mo@es30
will be to use the polarimeter measurements as a constraigHz) on MST.
on the equilibrium reconstruction. In order to implement this system, a third laser cavity is
required along with appropriate wave plates. The detection
scheme remains completely unchanged from the existing
tSetup used on MST. The proposed changes to the
Opolarimeter-interferometer system have been tried recently
on the RTP tokamak! In this case, equilibrium profile in-
appropriately filtering the interferometer signal, the timeformatlon was Obta”?ed- However, the_ improved time re-
sponse associated with tha Baser technique was never re-

resolution is compromised. In addition, the mechanical rota lized in ol ts. On MST. the i dti
tor is a high-loss element in the optical system resulting in!12€d In plasma measurements. un » (N€ improved time

50% signal reduction. A final consideration is the slow time'€sponse will be utilized to investigate physics issues related

response of the polarimeter system itself. Unlike the interfert© fast profile changes and magnetic fluctuations.

ometer which has a time response up tesl the polarimeter ACKNOWLEDGMENT
system is limited to 1 ms by the mechanical rotator which is

Ill. FUTURE SYSTEM UPGRADES

A problem associated with use of a mechanical rotator
spin theA/2 wave plate is that it introduces phase noise int
the interferometer signaf. Although this can be removed by

-40 -20 0 20 40
R-Ro [cm]
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