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Excitation of electron plasma waves in a hot and fully ionized plasma by two laser beams is
presented. The growth time and absolute amplitude of the excited waves, measured by light
scattering, indicate very strong coupling of the laser light with the plasma.

PACS numbers: 52.35.Mw, 42.65.Cq, 52.25.Rv, 52.50.Gj

Nonlinear excitation of plasma waves by two elec-
tromagnetic beams has been of great interest as a
result of its applications in plasma physics. Of particu-
lar importance is the possibility of using this mechan-
ism to heat the laboratory fusion devices by presently
available high-power laser or rf beams. Some other
applications besides plasma heating!=? are plasma diag-
nostics,*® studying and controlling ionospheric plas-
mas,’ and, as shown here, studies of filamentation.

A number of theorists have investigated the excita-
tion of plasma waves by two laser beams. Among
them Rosenbluth and Liu calculated the saturation
amplitude of a cold plasma involving relativistic ef-
fects. Lee er al.® predicted a smaller value by includ-
ing collisional damping. Schmidt® employed kinetic
descriptions in a hot plasma. Experimentally, there
have been only two observations confirming the densi-
ty resonance.!%1!

In this Letter, the growth time and absolute ampli-
tude of the excited electrostatic waves are presented.
From these fundamental quantities, the strength of the
coupling of the laser with the plasma and, as a result,
the efficiency of ‘‘beat heating’’ are tested.

The experimental arrangement has been reported
previously.!! Two counterpropagating CO, laser
beams at 10.3- and 9.6-um wavelength with finite
bandwidth and full width at half maximum of 50 nsec
were used to excite the plasma wave at the difference
frequency, and a third beam from a ruby laser was
used to detect the plasma wave by Thomson scattering.
The helium plasma which was produced in a fast theta
pinch was fully ionized with 7,=30 eV and 7;=80
eV. The electron density for excitation was around
4.8x10'% cm~3 and as a result of the finite spectral
width of the pump there was a range of density for res-
onance.

In the experiment to be described, the design and
parameters are carefully chosen so as to eliminate pos-
sible ambiguities in the interpretation of data. Among
these are the following: (1) The driving beams over-
lap coaxially and at the center of the plasma column
the spot sizes are 1.7x 2.5 and 2.5 3.5 mm?, therefore
assuring a large overlap of 1.7x2.5 mm?. The ruby
light is then focused to a smaller spot size in the in-
teraction region defined by the overlap of the CO,

beams. As a result, the interaction length along the
ruby light L, is well defined (Ly=2.5 mm). (2) The
average intensities of the pump beams are kept below
the stimulated Raman instability threshold observed
previously in this plasma. (3) The plasma is hot and
fully ionized. As a result, the temperature increase
due to inverse bremsstrahlung absorption is negligible.
Experimentally there is no measurable increase in the
intensity of the normal satellite caused by either of the
pump beams. (The word ‘‘normal satellite” is used
for the electron satellite without the pump beam.) Re-
call that [S(k w)dw=1/a?, where S(kw) is the
spectral density function and « = 1/k\p is the correla-
tion parameter. Therefore the intensity of the normal
satellite scales with the temperature.

Time and space variations of plasma density are
measured independently by simultaneous end-on
(along the plasma column) and side-on (across the
plasma column) holographic interferometry!? in con-
junction with the signal from a photodiode monitoring
the plasma radiation. The side-on hologram also gave
directly the density scale length along the axis in the
central region. In this experiment the radiation from
the interaction region is used to monitor the plasma
density variations in time. This radiation scales with
the square of the electron density and is, therefore,
very sensitive to plasma density.

Figures 1 and 2 show a typical normal satellite, and
the scattered light from the excited plasma wave,
respectively, on a 2-m 500-channel spectrograph. The
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FIG. 1. Normal satellite on the left and the unshifted
stray light on the right. The portion to the right of the arrow
has been attenuated to show the unshifted light.
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FIG. 2. Scattered spectrum from the excited plasma wave
on a reduced vertical scale. (The reduction factor can be
visualized from the unshifted light by comparing this and
Fig. 1.) This is a single peak which is broken symmetrically,
by instrument, into five pieces in order to be displayed on
the screen.

dispersion on the spectrograph is 0.2 A per channel
and each dot represents a channel. In both Figs. 1 and
2 the plasma density at the center is relatively constant
during the 25-nsec duration of the diagnostic beam.
The equation relating the plasma wave amplitude 72/ ng
to the ratio of the scattered to incident light power
D/ P is given by!3

71/110=2(ps/po)1/2/r0)\0n0L, (1)

where rg is the classical radius of the electron, Ay is the
wavelength of the diagnostic beam, and L is the size of
the resonant region along the diagnostic beam. For
the normal satellite L = 5.5 mm, which is the extent
of uniform density at the center of the plasma
column,'t"12 and the measured value of p/p, is
2.3%x10712,

To find L for the scattered light we inspect the in-
teraction region. Outside the CO,-laser oscillator a
grating was used to split the pump beams. The two
beams centered at 9.56 and 10.27 uwm each have four
dominant lines with a total frequency spread of
(Aw/w); ,=1.1x10"2. By combination of a lens and
the grating, the frequency of each beam along the 2.5-
mm interaction region Ly, which is away from the fo-
cal spot, changes steadily from one end to the other.
This frequency change along L, was set up to be in-
creasing for one beam while decreasing for the other
beam, thus producing a large difference frequency
along L. For the plasma wave which grows at the
difference frequency this gives

Aw/o= (Aw;+ TAwy)/ (0] — »y)
and
Ak/k=(—Ak +2Aky)/(ki+ k).

The factor % is from the geometry. Here, Aw corre-

sponds to about 45 channels. Since the plasma is uni-
form at the interaction region!’"!2 and the difference
frequency of the driving beams at a given point along
L, is constant with time, for those shots where the
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FIG. 3. The measured amplitude of the plasma wave vs
the intensity of the 9.6-um beam is shown by open circles.
The experimental variation of the first point, obtained from
the normal satellite, is *3% and for the last three points is
+12%. The predicted values are indicated by triangles.

plasma frequency matches the difference frequency
the perfect matching occurs in a small region (ideally,
at one point) and so the resonant region L will be lim-
ited by the frequency mismatch introduced by the
pump beams. By including a 12-channel instrumental
width, we find from Fig. 2 that the contribution of L to
the width is 13 channels. This will give L = 0.5 mm
(see below).

The measured absolute amplitude, calculated from
Eq. (1), as a function of the 9.6-um beam intensity /;,
is shown with open circles in Fig. 3. On this plot the
intensity of the 10.3-um beam, /,=1.3x10® W/cm?,
is constant. The first point indicates the initial fluctua-
tion level obtained from the normal satellite.

To measure the growth time, the timing was set so
that during the 25-nsec duration of the ruby light, the
plasma density at the interaction region had the
steepest change in time. This rapid change of plasma
density occurs during the wave breaking of a macro-
scopic instability!? combined with decreasing magnetic
field of the theta pinch between the two half cycles.
Consequently, in these shots the resonant region L is
swept through the interaction length L, in less time
than 25 nsec. The result is demonstrated in Fig. 4.
From the plasma time monitor and ruby light timing,
the sweep time is expected to be about 10 nsec. Fifty-
nine channels responded to the scattered light in Fig.
4. Therefore, on the average, each channel is exposed
to the peak of the scattered light for about ;—3=0.17
nsec. (This time will be longer if one includes the
width of the ruby light.) During this time, the ampli-
tude of the plasma wave, from this and similar shots,
increases about 50-55 times above the initial fluctua-
tion. This value which is the average value during this
short period of time is only less than 40% smaller than



VOLUME 54, NUMBER 11

PHYSICAL REVIEW LETTERS

18 MARCH 1985

FIG. 4. Scattered spectrum during the time that the plas-
ma density had the steepest change. The width of the scat-
tered light indicates the bandwidth of the driving beams.

the average value obtained in shots like Fig. 2. Now
let us view the problem in terms of mapping. In each
shot the scattered light maps the resonant region into
certain channels on the spectrograph. The entire in-
teraction region Lo can be mapped either with dif-
ferent shots by different plasma density or, as in Fig.
4, in a single shot with rapid change of density. The
resonant region L =0.5 mm referred to previously
was obtained by multiplication of L, by % where 13
and 59 are the number of channels which L and L,
have been mapped into, respectively. It is worthwhile
to mention that by masking portion(s) of the 9.6-um
beam it was proven, as one expects from the setup,
that this mapping is single valued.

Figure 5 shows a sample picture with the timing
similar to Fig. 4. The portion of the scattered light
which is missing in Fig. 5, but is filled in for the same
channels in Fig. 4, is possibly due to filamentation.
Detailed study of filamentation is possible by simply
imaging the interaction region onto a two-dimensional
array detector, like a CCD (charge-coupled device).

The contribution of the relativistic effects in the sat-
uration of the plasma wave amplitude is due to a fre-
quency mismatch of the order of (v¥/¢?)w,, where v is
the longitudinal quiver velocity of the electron. Since
v=(71/ny)v,,, where vy, is the phase velocity, and in
this experiment vph/c =0.035 << 1, the relativistic ef-
fects are negligible. However, the saturation and the
growth of the plasma wave due to damping rate 7y,
under the assumption that y; << w, is given by

ﬁ/n0= (vlvzw/4vghyL)(1—€—th), (2)

where v,-=eE,-/ mw; are the transverse quiver veloci-
ties. This equation was obtained by inclusion of the
damping in Ref. 1 and the use of the Green’s function
to solve the differential equation. For y,;r>> 1, Eq.
(2) reduces to the asymptotic value calculated by
Schmidt. The inhomogeneity of plasma along the
driving beams which was not considered in Eq. (2) is
not significant. As was shown earlier,!* for a given
density scale length the interaction length along the
driving beams L; (the size of the region where the

FIG. 5. The valley in the scattered light spectrum is possi-
bly due to filamentation of the driving beams.

three waves phase lock) is larger for a symmetrical
density profile than a linear one. In this experiment,
because of the parabolic profile, the growth time is
much smaller than Lp/v,, where v, is the group velo-
city. As a result, the plasma can be considered homo-
geneous. Moreover, dissipation of energy by damping
dominates the convection, that is, y;E%/8=w
>> (v,/Lp) E?/ 8.

Numerically, y; = 4x 10'%; then the growth time of
the plasma wave to reach the saturation level is expect-
ed to be around 0.1 nsec. The measured value,
demonstrated in Fig. 4, is an upper limit and agrees
with Eq. (2). Note that during saturation, collisions
(y.=5%10%) might help dissipation by Landau damp-
ing to maintain its dominance.!®

The predicted amplitude obtained from Eq. (2) is
shown by triangles in Fig. 3. Although the disagree-
ment between the measured and predicted values is
small, except at the second point, these lower experi-
mental values were expected. This is due to depletion
of the pump beams combined with the long plasma
column, since the plasma wave can grow at either side
of the plasma column, while the diagnostic beam only
scans the central region. Finally, in Fig. 3, the mea-
sured values of the last two points are at nearly the
same level. (Note that the ion dynamics, which can
saturate the plasma wave,!® is negligible as a result of
the weak longitudinal field.) One possible reason for
this is depletion of beam 2 (the weaker beam). Exper-
imentally, this statement is supported by the fact that
the scattered light level decreases by attenuation of the
second beam at the last point of Fig. 3. From the dis-
cussion of this paragraph one can conclude with some
assurance that beat heating can be used to heat fusion
devices efficiently, although the maximum heating ef-
ficiency is limited to w/w;.?

In conclusion, the growth time and absolute ampli-
tude of the plasma waves, excited by optical mixing of
two laser beams, have been measured. The measured
values are in reasonable agreement with theory. It was
also shown that optical mixing can be used to study
filamentation directly, and that the laser light couples
very strongly with the plasma, so that beat heating is
suitable for heating plasmas.
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