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tems where the above effect can be seen. A can-
didate for the first case would be the excited line
in Cu,O where the values of the parameters pre-
dict a large effect with crucial consequences on
the interpretation of some experiments on the ex-
citons and biexcitonic states using counterpropa-
gating beams. In a different context the soft
modes near a paraelectric-to-ferroelectric tran-
sition in a crystal will be another interesting sys-
tem; these modes are highly anharmonic and the
damping will play a very crucial role.
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When one takes into account damping but still ne-
glects the out-of-phase component in @ 3, 1 near r, ap-
proaches 9AT 2, The out-of-phase component cannot
be neglected near ;. At and very near the critical
points, the expansion @ =@, + 6@ and Eqgs. (4) and (8)
as well as the mean-field approximation cannot be used.
The detailed behavior near the critical points and the
implications of the near-field approximation are being
investigated and the results will be reported elsewhere.
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The first far-infrared laser scattering measurements from a tokamak plasma are re-
ported. Spatially and temporally resolved power spectra of density fluctuations in the
Microtor plasma have been studied with an absolutely calibrated far-infrared scattering
system which allowed measurement of the wide range of wave numbers from 2=3 to 50
cm”™!. The wave-number dependence of the scattered power of 0.6 Sk,p; ~2 was found to

satisfy a £7%*° form.

PACS numbers:

Low-frequency microturbulence may explain
the anomalous transport and energy loss observed
in toroidal magnetic confinement devices. One
way of studying such turbulence is by the scatter-
ing of electromagnetic waves from small-scale
density fluctuations.'™ We report herein the first
study of collective scattering of far-infrared
(FIR) laser light (447 and 1222 pm) in a tokamak.
This represents an important alternative diagnos-
tic to microwaves,' and CO, lasers.® FIR lasers
are capable of simultaneously providing localized
measurements (Ax =1.5-3 c¢m) with good wave-
number resolution [AZ < 3 cm™! full width at half
maximum (FWHM)]. The ease of source wave-
length variation in the far infrared permits the

52.35.Gj, 52.25.Ps, 52.35.Kt, 52.70.Kz

determination of S(E) over a wide wave-number
region, and also allows the observation of the
same wave number at different scattering angles.
This is of importance when calculating absolute
density fluctuation levels.

The output of a cw optically pumped FIR laser*
(C¥H,F, A=1222 um, P~3 mW; or CH,I, =447
pm, P~10 mW) is directed into a wire-grid beam
splitter which can be rotated to vary the coupling
ratio. A portion of the beam is collected by a
lens and focussed into a quasioptical biconical
Schottky-barrier diode mixer,’ thereby serving
as local oscillator for the homodyne receiver.
The remainder of the FIR beam enters along a
vertical plane and is focussed at a point located
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on a horizontal plasma diameter, and thus scat-
ters primarily from kg at the plasma center and
k, at the plasma edge. The scattered light in the
same plane as the input beam is collected by a
movable mirror which allows the variation of the
scattering angle from 0° to 20°. An absolute cali-
bration of the scattering system sensitivity was
obtained by comparing the noise-power differ-
ence between 77 °K and 298 °K blackbody loads.
The measured system noise temperature was

~ 20000 °K double sideband. In addition, test
scattering from driven ion acoustic waves in a
controlled laboratory plasma, with a nearly iden-
tical apparatus, permitted the direct measure-
ment of wave-number resolution (Ak=~2 cm™')
and also allowed confirmation of the system sen-
sitivity.®

The parameters of the Microtor tokamak at the
University of California at Los Angeles are toroi-
dal field B=15 kG, I=50 kA, T, ~350 eV, minor
radius ¥ =10 cm, and major radius R=30 cm,
with a plasma pulse duration of = 20 msec. The
density profile was parabolic with a peak density
of n=~3X10'® em™3. Temperature profiles were
obtained with calibrated 60- and 90-GHz heteor-
dyne receivers to observe optically thick second-
harmonic emission. Peak temperatures of ~ 350
eV were typical with an approximately parabolic
profile.

Fluctuation spectra were obtained by changing
parameters such as scattering volume position,
scattering angle, and probe wavelength. The
Fourier-analyzed signal from the digitizers, P,
is related to the spectral power density S(k,w)
by

Ps=Pi7'o2noLss(E’w)Qs, (1)

where 7, is the classical electron radius, 7, is
the mean plasma density, P; is the incident laser
power, £ is the solid angle of .collection, and L
is the scattering length.

Typical examples of the frequency spectra of P,
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FIG. 1. Frequency spectrum of scattered 1222~-um
radiation at two times in the tokamak discharge.
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are shown in Fig. 1 for A;=1222 um. These were
obtained with a scattering angle of 6=3.5° (£=3.1
em™!), and a radial position » =3.75 cm from the
minor axis. Time is measured relative to the on-
set of the tokamak discharge current. The spec-
tra typically extend in frequency to 500 kHz; how-
ever, most of the energy resides below =~ 200 _
kHz. Above 100kHz, the scattered power exhibited
a power-law falloff w™25, This represents the
best straight-line fit to the data displayed in

Fig. 2(b). Over the course of the experiment, a
variation in the exponent of + 0.3 was observed.
This spectral shape seems to be independent of »
and k for £= 10 cm™'. With S(&,w) as a known
function of w, the wave-number spectral density,
S(E), is obtained by integrating over the frequen-
cy. .

Figure 2(a) shows the time-resolved wave-num-
ber spectrum (averaged over At<500 us) at 7
=5.0 cm obtained with A;=1222 and 447 um. We
should note here that the absolute values of S(k)
obtained with these two incident beams agree well
with each other at the same values of ¥ without
adjustment. It is seen that S(E) varies as k"%
for 6 cm™'<k, =20 cm™" with a flattening of the
spectrum below 6 cm™1, S(E) seems to be inde-
pendent of & for 2,2 20 cm™! (however, the sig-
nal-to-noise ratio is rather low in this region,
~2). Furthermore, the spectral shape of S(k) is
independent of radial position » which suggests
than an isotropic turbulence spectrum is formed
in a two-dimensional plane? as previously ob-
served in tokamaks.!?

The frequency-integrated scattered power is
shown in Fig. 3 as a function of minor radius and
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FIG. 2. (a) Wave-number spectrum of scattered 1222~
pm (circles) and 477-pum (squares) radiation. (b) Fre-
quency spectrum of scattered 1222-pum radiation.
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FIG. 3. Frequency-integrated power from CI3H3F laser scattering as a function of wave number and radial posi-

tion.

wave number. The fluctuations are observed to
peak toward the outer edge and toward lower wave
number. The total mean square density fluctua-
tions are obtained by integration of S(k,w) over

w and k. If we make the assumption that kR, ~kg
>>ky, we then obtain,"*® employing the random-
phase approximation,

(7l 1)) ~n, [S&)d*k

= (2)%n, [S(k e . dE ., (2)

where the angular brackets denote the time aver-
age. Typical normalized density fluctuation lev-
els of ~1.5% rms are observed near the outer
edge of the plasma (r ~7.5 cm).

Fluctuation measurements were also performed
with Langmuir probes inserted up to ~7 cm from
the minor axis. This allowed for the first time a
direct comparison between scattering and probe
measurements in the interior of a fusion plasma.
In the range 20 kHz to 1 MHz the probe and FIR
spectra were identical. In addition, the satura-
tion current fluctuation level /I, was also found
to peak toward the edge of the plasma. However,
the absolute level [/1, was found to be significant-
ly larger (I/1,~0.1 rms) than the density fluctua-
tion amplitude determined from FIR scattering
data.

Several possible sources for the above disagree-
ment between probe and scattering measurements
of the fluctuations suggest themselves. First,
since the saturation current I«nT,?, a large
T,/2T, represents a possible explanation for the
large probe f/Io. However, the second-harmonic
fluctuation spectrum possessed a weak frequency
dependence and was quite different from the
probe/FIR spectra. In addition the data was con-

sistent with an interpretation based on classical
radiometer fluctuations, similar to the TFR re-
sults.® A second explanation for the probe/FIR
discrepancy is that the probe itself perturbs the
local value of #%/n,. However, the similarity of
the probe/FIR frequency spectra and spatial fluc-
tuation distribution makes this seem unlikely.
Finally, in order to perform the integration in-
dicated in Eq. (2), #, was assumed to be <<k,
=~F o A finite-% , distribution could explain the
probe/FIR disagreement but appears unlikely in
view of previous scattering measurements.?

It is instructive to compare the scattering re-
sults with current theoretical predictions keeping
in mind the inherent limitations. In Microtor,
both collisionless drift waves and dissipative
trapped-electron modes are possible candidates
for the above-mentioned observations. With our
measured plasma parameters, the collisionless
drift wave appears to be more unstable. Linear
theory predicts that for 2, =3 cm™, the observed
spectrum should peak sharply in the vicinity of f
=50-150 kHz. However, as seen in Fig. 1, the
actual spectrum is quite broad with significant
energy below 25 kHz, as observed also in previ-
ous tokamak scattering experiments.!*3

There have been several calculations”*1°+!
which predict wave-number spectra similar to
those observed in this experiment. Specifically
these theoretical models predict a £~ falloff with
n=4-6,” 2,' and 2.6,'° as opposed to the experi-
mental value n=3.5. Each of these theories, how-
ever, predicts a flattening of S(K) for &, p,= 1,
roughly as observed experimentally. Cheng and
Okuda'' have carried out large-scale, fully three-
dimensional particle simulations of collisionless
drift instabilities, and observe that convective
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cells can be excited nonlinearly by drift instabili-
ties. These cells have different frequency and
wave-number spectra from those of the drift
waves with more spectral weight at small w and
k in qualitative agreement with the data shown in
Figs. 1 and 2.

The fluctuation level has also been calculated
by various authors. At quasilinear saturation
e@/kT,~1/k,L, (L, is the density scale length)
which yields 7 /n,=1-2%. More sophisticated
treatments such as that by Lee et al.'® also pre-
dict fluctuation levels in this range. The radial
variation of % /n, of Fig. 3, of course, implies
that considerable care needs to be taken in relat-
ing these calculations to the experimental results;
however, the predicted levels do appear to be in
the range observed by the FIR measurement.

The gross Microtor energy-confinement time,
calculated from the measured plasma parame-
ters, is =1 msec. This allows an estimate of
the global heat diffusion coefficient D, =a®/47,
~3X10* cm?/sec. This can be compared with the
enhanced diffusion expected from low-frequency
microturbulence. The cross-field diffusion coef-
ficient due to electrostatic-drift-wave fluctuations
can be obtained from a quasilinear procedure;
this gives D ~vL ?#/n|?, where v is the growth
rate of the linearly unstable wave. If we assume
that v~! is roughly given by the measured auto-
correlation time of the fluctuation signal (~4
usec), we find D, ~6x10° cm?/sec assuming (72/
n,)~1.5% from the FIR scattering. This is some-
what less than the value computed from the ener-
gy confinement time; a density fluctuation of =~ 3%
is required for absolute agreement. A resolution
of the probe/FIR disagreement will therefore per-
mit a more critical assessment of theoretical
predictions regarding anomalous transport phe-
nomena.

In conclusion, the first FIR scattering measure-
ments of density fluctuations in a tokamak have
corroborated many of the features of previous
~ scattering experiments, e.g., the broad frequen-
cy spectra, an isotropy in the plane perpendicu-
lar to By, and a peaking of % /n, near the outside
of the discharge. New information has also been
obtained regarding frequency and wave-number
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spectra. In particular, power-law dependences
of S(RK)c k3% and S(w)x w25 have been observed
together with a flattening of S(k) at k,p;<1. In
addition, the first comparison of scattering meas-
urements with Langmuir probe results in a toka-
mak plasma has been made. An examination of
several theoretical models has shown that partial
agreement is observed with these experimental
results [e.g., S(k) and 2/#], but there is as yet no
single model which accounts for all the observed
phenomena.

A major participant in the experimental design
was the late J. J.Gustincic. We are grateful to
R. Taylor for supplying the tokamak time and for
informative conversations. D. T. Hodges and
E. Danielewicz provided considerable advice on
the FIR lasers and J. Hardy performed the diode
contacting. This work was supported by the U. S.
Department of Energy, Office of Fusion Energy,
under Contract No. EY-76-C-03-0010, PA 26.
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