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As a consequence of recent improvements to the far-infréféR) interferometer time response,

from bandwidth of 10 kHz up to 1 MHz, high-frequency density fluctuations can now be resolved
on the Madison symmetric torugMST) reversed-field pinch. The phase measurement allows
absolute calibration of the fluctuation amplitude while eleven chords generate information on the
spatial distribution. Density fluctuations up to 200 kHz are observed. A unique feature of the MST
interferometer is that six chords are toroidally displaced 5° from the remaining five. Hence, besides
information on the poloidal structure, i.em=1, toroidal information is also available. By
computing the cross power, coherence, and cross phase between two toroidally displaced chords,
one can determine the toroidal rotation speed, dispersion, and correlation length9930
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I. INTRODUCTION the vacuum vessel. The laser system operates at a frequency
The Madison symmetric torud/IST) is a reversed field of 694 GHz(432.5 um) with difference frequency IF be-

pinch whose experimental program includes a focus on basitVeen the dgal laser cavities typically set to 750_,1000 KHz.
physics studies of fluctuations and transport. A multichannef Urther details of the system hardware have previously been

far-infrared interferometer was installed and operated begindescribed' _ _
The frequency bandwidth of the interferometer system

ning in 1992 for the purpose of characterizing the electron
density profile and its evolution throughout the various conas been increased from the analog limit<0t0 kHz to 1
finement regimes of MS¥.Recently, through implementa- MHz through implementation of a digital phase comparator
tion of digital phase detection technigufethe time response technique. In this approach, the probe and reference wave-
has been improved by two orders of magnitude thereby peforms are directly digitized and the phase is computed in
mitting detection of high-frequency electron density fluctua-software using a numerical demodulation algorithrfihe
tions. Since the confinement on MST has been shown to bepper bound on the system bandwidth is determined by the
limited by turbulence, both electrostatic and electromagnetidaser IF frequency. For data shown here, the IF frequency
investigation of these fluctuations is crucial to the overallwas set to 750 kHz and sampled at 1 MHz. This results in an
experimental program. This article will describe how an in-gjiasing of the IF down to 250 kHz which becomes the ef-
terferometric measurement of the electron density can be Utiactive system bandwidth. This bandwidth is sufficient for
lized to characterize turbulent fluctuation parameters such ag pulence studies on MST, where the fluctuation power is
amplitude, ;patial_distribution, frequency and wave_numbe{:ommomy below 150 kHz. By reducing the sampling rate
_spectrum, dlsp_ersmn, and coherence I_ength. The hlgh—spe%ild aliasing the IF, the total system data load is minimized
interferometer is also capable of resolving fast plasma even%hile invoking no loss of information.
such as the sawtooth collapse. The sensitivity of the interferometric fluctuation mea-
surement to the wave number is determined by the shape and
Il. INTERFEROMETER SYSTEM orientation of the sample volum@ vertical chord with 3.8

MST is a reversed field pinch with torus major radius .cm diametey with respect to the plasma modes. A vanish-

Ro=150 cm and minor radiua=52 cm which operates with ingly small sample volume would be sensitive to all wave

plasma currents up to 500 kA and electron densitiea.gf NUMbers. An upper bound on the sensitivity to the wave
—1.5x 1013 cm™2 for discharge pulse lengths up to 100 ms, "umber in a particular direction can be defined when the

The multichannel, vertically viewing, heterodyne FIR lasersample volume length in that direction is half a wavelength,

interferometer consists of eleven chords divided between td-€-, Kmax= 27/ A\max= /L, whereL is the sample volume di-
roidal locations 250¢five chords located at=R— R,= 36, mension. For a vertical chord, for directions transverse to the

21, 6, —9 and —24 cm and 255°(six chords located ax beam, the wave number limit lg,,,=0.8 cm ! while along
=43, 28, 13,—2, —17, —32 cm). The eleven individual the beam the upper bound is 0.05 ¢hfor the shortest chord

chords access the plasma through 3.8 cm diameter holes and 0.03 cri® for the longest chord.
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FIG. 1. Typical power spectra for an interferometer chord. L . x=21 om
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For the outer half of minor radius on MST>a/2, per- 2.
pendicular corresponds to the toroidal and radial directions 1.
while the parallel corresponds to the poloidal direction. This 1.
stems from the fact that the toroidal and poloidal fields are of
comparable magnitudes and the device safety fagisral-
ways much less than 1. Consequently, edge interferometer
chords are equally sensitive to both radial and toroidal wave
numbers while the central chords see only the toroidal com-
ponent. The radial component is cutoff due to the extended
sample volume length. The fluctuation poloidal component is
observed for all chord positions.

As the interferometer operates on the basis of a phase e gEem N
measurement technique, absolute calibration of the measured 15.50  15.51  15.52  15.53  15.54  15.55

. . . . Time (ms)
phase change due to the plasma density and its fluctuations is
easily achieved. The eleven interferometer chords provideiG. 2. Interferometer time traces for toroidal locaticias 255° and(b)
eleven |ine-integrated measurements ﬁﬂedl where Ne 250°. Expanded time traces for toroidal locatigos255° and(d) 250°. The
:Fe+ﬁer the average and fluctuating quantities. These ir{iasf;‘eddlineir(c) and(d) connects maxima showing a time delay from chord
turn can be inverted to provide information on the local den—to enore.
sity and density fluctuation distribution.

-
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provides an estimate of the poloidé&r paralle) velocity
IIl. APPLICATIONS TO MST which is 230 km/s. When comparing chords from different
o . _ toroidal locations, the time delay divided by toroidal separa-
For the digital phase comparator technique describegon generates an estimate of the toroidal velocity which is
previously, the detector output from the reference andg km/s. These measurements of velocity are made in the
plasma legs of the interferometer is directly digitized using aaporatory-frame-of-reference. For the poloidal velocity esti-
LeCroy 6810 waveform record¢t2 bif] with 5 MHz band-  mate, the slope can change sign when going from one per-
width and variable sampling speed up to 5 MHz. Samplingyrpation to the nexfisee Fig. 2d)]. This most likely results
speed for these data was set to 1 MHz. Low-pass filtering atom the chord-averaged nature of the measurement, as po-
200 kHz has been applied to the results described below. |oigally propagating fluctuations located above and below

InFig. 1, the frequency power spectra, averaged over 1.ghe midplane along the same chord would be observed to
ms, for typical chord-averaged data are shown. Both th%ropagate in opposite directions.

ohmic plasma result and that for external electrostatic bias- |nformation on the fluctuation propagation velocity
ing show a broadband spectra well above the noise level Olycross the entire spectrum, as opposed to a specific fre-

to 200 kHz. The fluctuation level peaks at low frequenciesyyency, can be obtained by computing the coherence and
(f<20 kHz) with the overall amplitude being larger for the

case with external biasing. Similar results are available from

all the interferometer chords. W " Y
Density fluctuation time traces for the 255° and 250° - _f N

toroidal locations from 15.4 to 15.6 ms are shown in Figs. §7F

2(a) and Zb), respectively. A sawtooth crash occurs at ap- o 05_ :

proximately 15.54 ms. The high-frequency oscillations with o 2°;'

period roughly 10us are out-of-phase for the two toroidal “or .

locations. Further expansion of these plots, as shown in Figs. 15.525 15.530
2(c) and 2d), reveals a phase delay within each toroidal Time (ms)

|0C§t!0n- _The_se delays are plotted ~against time and chorgig. 3. piot of delay time vs chord position for data from 255° to 250°
position in Fig. 3. For a given toroidal position, the slope toroidal locations.
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FIG. 4. Computeda) coherence anth) cross phaséor dispersionbetween  glong the major radius by 45 cm. If the fluctuations originate

tl\/\éo toroidally separated chords @t 13 and 21 cm. Toroidal separation is largely from the edge of the plasma, this would correspond
em to a poloidal separation or coherence lerigta 45 cm. If we

define the width of the spectrum ag=v2/l,, this would

. correspond too,=0.03 cml. When computing the cross

cross phase between two toroidally separated chords ase for two edge chords, located on opposite sides of the

shown in Fig. 4. Across most of the spectrum, out to 15 magnetic axis, the observed phase differencer ifor fre-

kHz, the coherence is approximately 0.4, well above the Stac']uencies above-5 kHz indicating the poloidal mode num-
tistical noise level of 0.1. This indicates that the fluctuation,, i =1 [ ower frequencies are in phase suggesting

toroidal correlation length is of order or greater than the to-_
roidal separation for this externally biased plasma. The
cross-phase plot shows a linear variation with a frequenc%a
out to 150 kHz. As done with two-point correlation tech-
niques, dividing the cross phase by the toroidal separation
provides an estimate of the wave number, toroidal wave
number in this case, versus frequency or the fluctuation sta-
tistical dispersion. For the 100 kHz oscillation discussed in
the previous paragraph, the corresponding toroidal wave
number is 0.23 cm' with phase velocity 27 km/s. In addi-
tion, the poloidal mode numbek,=0.03 cm! indicating
k,/k, <1. This value of the toroidal wave number is well
below the system limit of 0.8 cit and the estimated phase
velocity agrees well with that determined from Fig. 3. The
toroidal wave number can be related to the toroidal mode
numbern by the expressiok ,=n/R which givesn= 38 for

the 100 kHz fluctuation. If the sign of the externally biasing
voltage is changed, the fluctuation propagation direction also
reverses, as expected if the measured velocity is dominated
by EX B effects when compared to the actual mode velocity
in the plasma frame.

On MST, analysis of the magnetic fluctuations has
shown that the modes which dominate transport in the core
correspond tan=5-10. This would correspond to the fre-
guency range of 13—-26 kHz in Fig. 4. This portion of wave
number and frequency space is easily resolved by the high-
speed interferometer system and actually corresponds to the
region of the largest measured density fluctuations. Previ-
ously on ZT-40M, an infrared interferometer system was
used to investigate density fluctuations. However, there was .
no toroidal displacement of the chords thereby precluding 00 e

Information on the density fluctuation spatial distribution
n be obtained by integrating the power spectra over the

[ @, di (10" cm?)

fi, (10" cm?®)

[EX VAR

fig(r) / ne(r)
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any information on the toroidal mode number. R-R, (cm)
An estimate of the poloidal correlation length can be

obtained by examining the changes in coherence versudG. 6. Density fluctuation spatial distributida) line-integrated/n(x)dl,

; : i (b) inverted N(x), (c) line-integrated fractional fluctuation level
chord separation, at the same toroidal position, as shown it )/ 4™ and (d) local fractional fluctuation level. Solid data

Fig. 5. For this ohmic plasma, the coherence drops to Ofgints/iines correspond to externally biased plasmas and ¢eshed data
below 0.2 across most of the spectrum for chords separatgints, (lines) correspond to ohmic discharges.
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desired frequency range and plotting the resultant amplitude Another way to view the amplitude data is by dividing
against the chord position. In Fig(&), this is done over the the fluctuating line integral by the mean line integral in order
frequency band from 50 to 150 kHz for biased and unbiasetb generate an estimate of the line-integrated fractional fluc-
plasma discharges as shown by the discrete data points. Theation level as seen in Fig(@&. Once again the profile is
power spectra for each chord were evaluatedr@a/d ms edge peaked with a line-integrated fluctuation level of 30%
time window. For both plasma cases, the line-integrated flucfor the outermost chord. The local fractional fluctuation level
tuation profile/n(x)dl is slightly hollow. This is contrary to is obtained by dividingn, [Fig. 6(b)] by the local density as
the line-integrated mean density profife(x)dl which is  shown in Fig. 6d). Once again we see that the density fluc-
centrally peaked indicating a peaked inverted profile. Theuation distribution is strongly peaked near the plasma edge.
density fluctuations are observed to be larger for the case dfhe fluctuation profile information plotted in Fig. 6 can be
the biased plasma. produced every=0.5 ms for a specified frequency band. This
The line-integrated density fluctuation profile can also beenables temporal tracking of the fluctuation amplitude and
inverted by making the assumption that the fluctuation disspatial distribution through confinement transitions on MST.
tribution is symmetric above and below the torus midplane.
As is the case for the mean density profile, no assumptiofiy. CONCLUSION
reggrdmg infout symmgtry need. be made. Since we are in-p, summary, by use of digital techniques for evaluating
verting only the fluctuation amplitude, averaged over a timg,q

int [ d to the fluctuation f th interferometer phase information, the time response of
interval fong compared 1o the fluctuation frequency, tey,q system was decreased by tifereby allowing investiga-
above assumptions seem reasonable. Coherent oscillatio

i . ) fion of high-frequency electron density fluctuations. For the
180° out-of-phase, like am=1 oscillation picked up by the eleven chords making up the MST FIR interferometer sys-

central chord at the plasma top and bottom, will average t?em, one can now evaluate the frequency and wave number

Zero producmg no signal. However, for this to oceur, a po.'spectra, dispersion, correlation lengths, and fluctuation spa-
loidal correlation length much greater than the earlier esti

mate of 45 cm is required. Inversion of the fits to the dat tial distribution throughput the discharge pulse length. This

ill ili i i ity fluc-
points in Fig. §a) gives the local density fluctuation profilesaUpgraded system will be utilized to investigate density fluc

LS . ) tuations in the various improved confinement regimes avail-
shown in Fig. 6b). In each case, with and without external able on MST P 9

biasing, the fluctuation distribution is estimated to be

s_:tror_lgly peaked at f[he edge. This is as expected for a hOIIO‘Q(CKNOWLEDGMENT
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