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by Tvvo Laser Beams
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Electron plasma waves excited by optical mixing of two antiparallel CO2 laser beams have
been detected by ruby-laser Thomson scattering. The density resonance is confirmed by two
separate methods.

PACS numbers: 52.35.Mw, 42.65.Cq, 52.40.Mj, 52.70.Kz

Excitation of plasma waves by beat-frequency
mixing of laser or rf beams has been of great in-
terest for two decades because of its possible appli-
cation to plasma heating, ' plasma diagnostics,
ionospheric sounding, plasma lasers, feedback sta-
bilization, ' and particle accelerators. " We also
suggest that a localized heat source like this could
be used for studies of cross-field heat transport.
The growth and saturation of the plasma waves
have been treated by a number of theorists, ' ' but
experimental observations are extremely limit-
ed. ' In this Letter we report the first measure-
ment of the plasma wave excited by a CO2 laser in a
long-scale-length plasma, together with a definitive
verification of the density resonance. The signal-
to-noise ratio is 1 —2 orders of magnitude higher
than in the pioneering experiment of Stansfield,
Nodwell, and Meyer' with dye lasers.

The experimental arrangement is shown in Fig. 1.
The plasma is produced by a fast theta pinch with a

4.25-p, sec ringing time, a 10-cm-i.d. and 22.5-cm-
long coil with a 2.5-cm gap at the midplane, and a
7.5-cm-i. d. quartz chamber. The He plasma is
compressed a factor of 3 in radius and at the time of
measurement is fully ionized with T, = 30 eV and

T, =80 eV. The two 50-nsec (full width at half
maximum) CO2-laser beams at X = 9.55 p, m (P-20)
and 10.26 p, m (R-18) are generated in the same os-
cillator with use of an intracavity SF6 cell, ' separat-
ed with a grating, and focused coaxially at the
center of the plasma by lenses L2 and Ll. The spot
sizes are kept large to assure good beam overlap and
definition; approximately rectangular, they are
1.7 & 2.5 and 2.5 x 3.4 mm for the 9.6- and 10.3-p, m

beams, respectively. The average intensities are
=1.3&10 and 1.3x10 W/cm, well below the
stimulated-Raman-instability threshold of =10"
W/cm2.

The 25-nsec (full width at half maximum), 1-J
ruby-laser beam (A. = 0.6943 p, m) used for diagnos-
tics is focused by lens L3 to a 600-p, m-diam spot in-

side the interaction region defined by the overlap of
the CO2-laser beams. The ruby light enters and
leaves through midplane ports of 2X2.4 cm clear
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FIG. 1. Experimental arrangement.

FIG. 2. End-on ruby interferogram showing uniform
density and therefore no trapped magnetic field in the
central region (1.3X 10' cm ' per fringe).
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FIG. 3. Theoretical Thomson-scattering spectrum for a thermal plasma. The scale has been expanded at the center to
show the ion feature.

aperture, and the scattered light is collected by lens
L4, subtending an angle of 0.005 sr (1.5 times the
ruby-laser divergence), and sent to a 2-m spectro-
graph and a 500-channel digital multichannel
analyzer. Timing of the laser pulses relative to the
pinch is monitored by a photodiode sensitive to the
optical radiation seen through a third midplane port.

The plasma density np is independently measured
by Thomson scattering, as explained later, and by
simultaneous end-on and side-on holographic inter-
ferometry (Fig. 2) using the same ruby laser in a
different setup. This shows a radial density profile
with a 5-mm-diam flat top, sufficient to cover the
CO2-laser focal spots; and the absolute density can
be set equal to the resonance value of 5.0&10'
cm ~ (see later) for a period of 80-100 nsec. Elec-
tron temperature was measured by the line-to-

0
continuum ratio of the Heal 4686 A line. Ion tem-
perature was estimated by three methods, which
agree: (1) line profile of 4686 4, with assumption
of simple convolution of Stark and Doppler
broadening; (2) assuming that the kinetic energy of
the ions during implosion is all converted into heat,
and (3) presure balance with assumption of p= 1

and use of the previous measurements of n p and T,
and the known coil current.

In optical mixing, beating of the two pump beams
(o)p, kp) at 9.6 p, m and (cut, k t ) at 10.3 p, m forms a
pattern of ponderomotive force with frequency and
wave number

&~=~p —o)1, 5 k = kp —k1', (1)

and this drives density perturbations with co=Aco,
k=4k. The interaction peaks when co matches a
natural frequency of the plasma —in this case, the
Bohm-Gross frequency for electron plasma waves,

(~ 2+ 3k2 2) 1/2 (2)

where cu~ =47rnpe /m and u, =KT, /m. Since the
light waves satisfy

cUp 1=0)&+kp ]c (3)
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the simultaneous solution of Eqs. (1)-(3) gives cu,

k, kp, k&, and co~ when cop, co~, T„and the angle 0
between kp and k& are specified. In the present
case of //= 180' and cop = 200&v~2 )) su~~, Eqs. (1)—
(3) give ~k ~

= 2~kp~ and np 5 OX——10.' cm
Thus the plasma wave has A. =5 p, m, and the
resonant density is = 5 x 10' cm

For the Thomson-scattering system, let k; and k,
be the incident and scattered ruby-laser wave vec-
tors, respectively, and let $ be the angle between
them. The k-matching condition k;= k, + k then
requires sin(P/2) = k/2k;, where k = kp+ k& is the

k of the detected plasma wave. The angle $ is then
fixed at 8.0' and is split symmetrically about the
midplane (Fig. 1). The scattering parameter n =1/
kXD in this case is 4.35, so that the scattering is in

the collective regime, and one expects the observed
spectrum to consist of an ion feature plus two elec-
tron wave peaks at &u, = co; + ciao (Fig. 3). Only the
red-shifted peak is used here because of the prox-
imity of the blue peak to a spectral line of He.

Figure 4 shows an example of the 2-rn 500-
channel spectrograph output at a dispersion of 0.2
A/channel, showing the red-shifted plasma-wave

0
peak at a shift of 35.2 A, or 176 channels, corre-
sponding to the density at that time. The spectro-
graph slit was widened to 1000 p, m to insure collec-
tion of all of the scattered light, allowing it to show
above the stray-light background. The width of the
peak is consistent with the density gradient, the
density variation during the ruby-laser pulse, and
geometrical factors. The level of the plasma satel-
lites is above thermal; this level is unchanged if
only one CO2 beam is incident and fluctuates only
10'/o from shot to shot.

When optical mixing occurs, the plasma peak is
greatly enhanced, as shown in Fig. 5, which is taken
with a 200-p, m slit width. The enhancement factor
depends on the proximity of cu&G to 4~ and reaches
a maximum of about 70. The position of the peak
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FIG. 4. Thomson-scattered spectrum in the absence of
wave excitation. The portion to the right of the arrow
has been attenuated to show the unshifted stray-light
peak.
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FIG. 6. Enhancement factor vs plasma-wave frequen-
cy normalized to the beat frequency between the two
strongest lines in the CO2 pumps.

can be determined within three channels, corre-
sponding to a density uncertainty of only 1%. Thus
the resonance condition Aco=co&G can be checked
in a self-calibrating way. By varying the filling pres-
sure, the resonance curve can be traced (Fig. 6).
The error bars reflect the variation in height and in

~q~ in the shots that have been averaged to give
each point. Note, however, that the plasma-wave
frequency ~„„is known within 1% in each shot,
whether it be coqo or co&G plus a nonlinear frequen-
cy shift of = —,'%. The presence of weaker lines
in the C02- and ruby-laser beams can cause a width
of + 9% in the curve of Fig. 6, in agreement with
what is observed.

The density resonance can be demonstrated in a
single shot by masking one of the pump beams into

three strips. These are made to fall on a region of
steep density gradient, so that each 1.7X0.5 mm
strip, separated from the next by 0.5 mm, falls on a
different density region. When the density is ad-
justed so that the middle strip falls on the correct
density, the scattered spectrum (Fig. 7) shows three
peaks, with the highest in the rniddle. The density
can also be adjusted so that the resonant region is
on either side. The range of wavelengths in the
pump waves is sufficient to cover the density varia-
tion. This technique can be used to measure densi-
ty profiles on a very fine scale.

The theory of optical mixing ' ' shows that the
plasma-wave amplitude n grows linearly with time
until either a parametric instability occurs or the
wave saturates. Rosenbluth and Liu' consider sat-

34.4 A
FIG. 5. Scattered spectrum in the presence of driven

plasma waves. The satellite level would not be visible on
this scale. Again, the right-hand portion has been artifi-
cally suppressed.

~ 1A/div

FIG. 7. Scattered spectrum with a divided pump beam
~here only the middle part sees the resonant density.
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uration due to the relativistic increase in electron
mass. However, saturation can also occur when the
damping overcomes the drive. If the plasma-wave
damping rate is yz, it is easy to show ' that, for op-
positely directed beams,

n/no (u——ovtk'/4o)yt )(1—e "),

where uj = eEJ /mcuj are the quiver velocities of the
two beams. In this experiment, yz is primarily due
to Landau damping and is = 1.2 && 10' sec
Thus, for our pump intensities, n/no saturates at
0.6% in = 0.1 nsec, below the level of = 1.6% ex-
pected from relativistic effects.

In this Letter we have shown (I) that collective
Thomson scattering can give a precise measurement
of the plasma-wave frequency, (2) that optical mix-

ing of antiparallel laser beams drives up the plasma
waves in a manner consistent with theory, (3) that
the resonance condition Ice = uzi must be met be-
fore this happens, and (4) that optical mixing with

masked beams offers a way to measure steep densi-
ty gradients.
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