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Study of Driven Lower-Hybrid Waves in the Alcator Tokamak using Coz-Laser Scattering
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The wavelengths, amplitudes, frequencies, and spatial distributions of driven lower-
hybrid wave fluctuations are studied in the Alcator tokamak with use of CO&-laser scat-
tering. It is found that for incident microwave power densities from 0.4 to 4.5 kQl/cm
the wave amplitudes are nearly independent of the relative phase of the electric fields
at the exciting waveguides. The waves are not localized in resonant cones and they have
frequency widths of from 0.5 to 6 MBz.

A potentially important method for heating toka-
mak plasmas involves the generation of lower-
hybrid waves which propagate to the center of the
plasma and then deposit energy into the ions and
electrons. Until now, however, it has not been
possible to study directly lower-hybrid waves in
a, hot tokamak plasma. In this Letter we report
a study of driven lower-hybrid waves in the Al-
cator tokamak using the small-angle scattering'
of CO, laser radiation. The results indicate that
the wave amplitudes and spectra are nearly inde-
pendent of the relative phase of the exciting fields
of the two-waveguide launching structure; the
waves are distributed in broad annular regions
of the minor cross section of the torus and are
not confined to resonant cones.

The frequency vo of the incident microwaves is
2.45 GHz. A two-port waveguide array (described
elsewhere)' launches the lower-hybrid waves
with total incident microwave powers of up to 90
kW (power densities up to 4.5 kW/cm'). The rel-

ative phase cp of the fields at the waveguides is
adjustable from 0' to 360'. The position of the
face of the waveguide, x~, is adjustable from the
plasma chamber wall, 12.5 cm from the magnetic
axis, to the limiter radius, a, at 10 cm. The
CO, laser beam, which is located 90 around the
major direction of the torus from the waveguide,
is parallel to the major axis of symmetry of the
torus and can traverse the minor cross section
at major radii located + 8, +4, 0, and —4 cm
from the magnetic axis. We denote these posi-
tions by x/a of 0.8, 0.4, 0, and —0.4, respective-
ly. The scattering angles are adjusted to meas-
ure the wavelengths X ~ of waves propagating
nearly perpendicular to the incident laser beam'
and to the toroidal magnetic field. For each A, ,
the range of wave vectors IK~ I (equal to 27r/A, )
sampled is constant and equal to 10 cm ' half
width at half maximum. Depending on the posi-
tion in the plasma, K~ is a mixture of radial and
poloidal wave-vector components. Scattered
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FIG. 1. The wave amp1itude &, as a function of inci-
dent microwave power ~~. The solid and open circles
represent data with the relative phase y at the wave-
guides of 180 and the triangles represent data with

y equal to 0.

light is heterodyne detected with a local oscilla-
tor (LO) beam split off from the incident beam. '
The LO beam intersects the incident beam as it
passes through the plasma so that the alignment
of the LO and scattered radiation necessary for
heterodyne detection is quaranteed. 'She Ge:Cu
detector, designed by Airborne Instrument Lab-
oratories, has a high quantum efficiency near
0.1 at 2.5 GHz.

The D, plasma duration was 120 ms, the toroi-
dal magnetic field was 60 kG, and the plasma
currents were near 150 kA. The microwave pow-
er lasted 20 ms starting 60 ms after the beginning
of the discharge. The scattered signals were de-
pendent on plasma density; however, the signals,
if present, were reasonably constant throughout
the heating pulse.

Shown in Fig. 1 is the dependence of the mean
squared amplitude of the scattered signal as a
function of both the incident microwave power and
the relative phase of the waveguides. The laser
beam was at x/a of + 0.4, X, was 0.07 cm, x~ was
12.5 cm, and the signals were integrated over a
1-MHz band centered at vo. The frequency and
wave-vector spectrum of the scattered signal did
not vary significantly over the microwave power
range shown in Fig. 1. Thus the signal is pro-
portional to the square of the electron density
fluctuation 8,' and is a direct measure of the rel-
ative conver sion efficiency of microwave power
into lower-hybrid waves. The chord-averaged
density was 1.1 to 1.2 &&10'~ cm ' for the solid

circles and 0.6 to 0.8&10"cm ' for the open
symbols, and the amplitudes n, ' for these density
ranges were normalized at 90 kW. The parallel
index of refraction Nii (equal to c/v, X„) for these
lower-hybrid waves is calculated from the elec-
trostatic dispersion relation to be 5 for the open
symbols and 4 for the solid symbols. The experi-
mental wave-vector resolution introduces an un-
certainty in Nii of + 0.5. Up to 70 kw, n, ' is a
linear function of incident power as predicted by
linear theory. However, the saturation between
70 and 90 k and the lack of dependence of n, ' on

y (comparing the open circles and triangles in
Fig. l) disagrees with this theory. "As the wave-
guide was moved into the plasma, n, was found
to change with y but only in proportion to the net
microwave power transmitted into the torus. For
example, when x~ was decreased to 11 cm, n, '
decreased from its values at x~ of 12.5 cm by
ratios of 0.6 and 0.42 for y equal to 180' and 0',
respectively, while the transmitted power de-
creased by corresponding ratios of 0.64 and 0.36.
For this experiment Nii was 4 and linear theory'
would have predicted changes in n, ' of more than
a factor of 2 with a reversal of y at constant net
microwave power as compared with the observed
factor of 1+ 0.2.

Shown in Figs. 2 and 3 is the density dependence
of the scattered signal in a 1-MHz bandwidth
about vo for the laser beam at x/a of +0.8 and
+0.4. The unit of chord-averaged density, r7, is
10"cm '. The different symbols correspond to
data taken during individual operating days. Pre-
liminary data from vertical scans along the in-
cident beam indicate that the signal arises from
a region within + 5 cm of the midplane of the torus
and therefore the observed fluctuations have pre-
dominantly radial wave vectors.

If the lower-hybrid waves excited by the micro-
wave array propagated in well-defined resonant
cones as observed previously in some plasma de-
vices, ' the width of these cones at the laser beam
would be about 1 mm which is also the radius of
laser beam. A light-scattering signal would then
require the plasma density and current to be ad-
justed previsely for one of the widely spaced res-
onant cones and laser beam to coincide. We
therefore have evidence that the waves are not
confined to resonant cones, since the scattered
signal is approximately constant throughout the
microwave pulse and the density dependence of
the signal is relatively smooth (Figs. 2 and 3).
At x/a of 0 and —0.4 the data are similar to those
shown in Fig. 3(b). These data also indicate a,
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FIG. 2. The dependence of n, (~i) on chord-averaged
densityn for &i of (a) 0.12 cm, (b) 0.07 cm, and (c)
0.04 cm, with the laser beam at x/a = 0.8.

FIG. 3. The dependence of &, (&j) on chord-averaged
densityn for &i of (a) 0.12 cm, (b) 0.07 cm, and (c)
0.04 cm, with the laser beam at x/a = 0.4.

broad spatial distribution of the Quctuations, and
the data at x/a of zero indicates the existence of
appreciable poloidal wave-vector components.

The scattered signal has a frequency width &v
which increases linearly with density from 0.5
to 6 MHz and which is independent of microwave
power from 7 to 90 k'tIItt. As n increases above
O.V ~10" cm ' the frequency spectrum becomes
asymmetric. The peak of the frequency distribu-
tion shifts down from vo by as much as 1 to 2

MHz for n greater than 1&10"cm '. Prelimi-
nary data, show that 4v increases as x/a decreas-
es from 0.8 to 0.4 and that 4v in hydrogen plas-
mas is larger than in deuterium plasmas by near-
ly 4%o at constant n and 2%o at constant Nii.

The expected dependence of n, '(X, ) on n is
shown by the solid curves in Figs. 2 and 3, under
the assumption that the waves have a uniform pow-
er density as a function of Nii and propagate with-
out damping. It is also assumed that the scatter-
ing is produced near the midplane of the torus,
and warm-plasma corrections are included. A

factor of 1/n is included for the solid curves to
account for the observed increase of ~v withn.
The upper scale for each value of X, denotes
the values. of Nii as determined from the electro-

static lower-hybrid dispersion relation, and thus
scanning n scans the N

~i
spectrum. The ampli-

tude of the calculation was normalized only at n
of 1 &&10'~ cm ' and A i of 0.07 cm at x/a of 0.4.
In Fig. 3 the zeros in the solid curves as n in-
creases are due to a cancellation of the inertial
motion of the electrons along the magnetic field
and the polarization drift.

A comparison of the calculations and measure-
ments in Figs. 2 and 3 shows that the data are
consistent with a broad spectrum of waves with

Xtt 's from 2.5 to 6 with decreasing intensity as
Nii increases above 3. The wave amplitudes de-
crease more rapidly than expected above n of 2
&&10" cm '. If chord-averaging effects are in-
cluded, the zeros in the solid curves in Fig. 3
become only minima and this effect is even more
striking. This decrease in wave amplitudes with
increasing n is evidence of either increased at-
tenuation or decreased launching efficiency. Fi-
nally, a compa. rison of Figs. 2(b) and 3(c) indi-
cates that the higher-Nii waves are attenuated as
they propagate into the plasma which is qualita-
tively consistent with electron heating observed
between n of (1.0 and 1.2) && 10'4 cm ' and enhanced
neutron emission between (1.3 and 2) &&10" cm '.'
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At mean densities less than 1 &10' cm ' the ob-
served fluctuation levels n, (X ~)/r7 in a 1-MHz
bandwidth about v, and in a wave-vector interval
of 20 cm ' were near 10 '. When integrated over
frequency, wave-vector, and plasma cross sec-
tion these levels are consistent with the conver-
sion of an appreciable fraction (0.01 to 1.0) of
the incident microwave power into lower hybrid
waves. In previous, less sensitive, experiments
on the ATC tokamak' a limit of less than 10 '
was set for a similar measurement of n, (A, )/n.
This limit is less than the level predicted for res-
onant cone propagation and indicates the possi-
bility of spatial frequency or wave-vector broad-
ening of lower-hybrid waves during ATC experi-
ments.

There is a high level of low-frequency density
Quctuations which peak near the radius of the
limiter for n ~ 0.5 &&10'~ cm '.' That the lower-
hybrid waves are not localized in resonance cones
is consistent with their being scattered by these
low-frequency fluctuations" by angles which are
expected to be' of the order of 90'. A portion of
the frequency width of the lower-hybrid waves
may also be due to the low-frequency Quctuations;
however, the expected widths are 1 to 2 MHz as
compared with the observed widths of up to 6

MHz. The explanation of the lack of dependence
of the waves on y and the asymmetry of the fre-
quency spectra is not yet clear.

This study of lower-hybrid waves in the Alcator-
A tokamak shows that the Quctuation level is near-
ly independent of the driving field phase and be-
gins to saturate near an incident power density of
3.5 kW/cm . The waves are spread throughout
the minor cross section of the plasma, have a

frequency width of 0.5 to 6 MHz about the driving
frequency, and are consistent with a broad Nt~

spectrum ranging from 2.5 to 6.
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A systematic procedure for deriving the guiding-center Hamiltonian E is described,
valid for arbitrary ratio of particle gyro-scale length to perpendicular magnetic scale
length. Practial examples are given where the method permits an explicit evaluation of
E for cases where the small-gyroradius approximation used for standard guiding-center
theories is invalid.

Standard guiding-center theory assumes that a
particle's gyro-orbit is well approximated by a
circle, centered about a particular magnetic field
line. In addition, it is assumed that the param-

eter q (the ratio of the radius p of the gyro-orbit
to the magnetic scale length I ~ normal to the
magnetic field B) is small enough that the parti-
cle motion may be described in terms of B and
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