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Two-Plasmon Decay and Profile Modification Produced
by 10.6-um Radiation at Quarter-Critical Density
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Two-plasmon decay of 10.6-um radiation has been studied in a long density scale length
(~300 um) plasma using Thomson scattering and interferometry. Enhanced levels of
both electron and ion plasma waves have been observed near in ¢ which are quenched dur-
ing the CO,-laser pulse. Profile modification localized at ~ %;nc has also been observed.

In this Letter, we present direct experimental
observations of the decay waves generated by
two-plasmon (2w,) decay instability*2 in plasmas
irradiated by intense CO,-laser radiation, the
modification of the electron density profile due
to this instability, and the subsequent quenching
of the decay wave during the evolution of the
4-ns CO,-laser pulse. This has been carried
out on a plasma with well-defined initial condi-
tions, using for diagnostics interferometry and
Thomson scattering. In many experiments the
2w, decay has been observed indirectly through
the $w, radiation,®'* while recently in a Thom-
son-scattering experiment on a gas target the
first direct observation has been reported.®

To establish well-defined initial conditions, a
target plasma was produced by irradiating solid
carbon disks with a 4-J, 30-ns ruby-laser pulse,
focused to a 600-um spot. At approximately
5-15 ns after the peak of the ruby-laser pulse,
the plasma had a scale length L =[(1/n)dn/dx]"*
along the laser axis x¥ equal to 300 um at the
electron density one-quarter critical (%nc). This

© 1978 The American Physical Society

scale size is much larger than those encountered
when irradiating solid targets with single CO,-
laser pulses.® Thomson scattering showed that
both the ion temperature T; and the electron
temperature T, were ~20 eV at 5n,.

The CO, laser consisted of an injection mode-
locked 8-cm aperture TEA (transversely ex-
cited atomsphere) laser with an unstable reson-
ator. The laser produced a train of 4-ns pulses
with an interpulse separation of 40 ns and a main
pulse energy of ~10J. The beam was focused
with a 50-cm—focal-length NaCl lens, giving a
focal spot ~200 pm in diameter, and a maximum
power density of ~5 X102 W/cm?®. The inter-
pulse intensity of the CO, laser was monitored
to a level of ~1.0x10° W/cm?.

Thomson scattering and optical interferometry
were performed simultaneously on each shot.
The folded—wave-front interferometer used two
orthogonally polarized beams to give interfero-
grams at two different times. The spatial reso-
lution of the imaging optics of the interferometer
was 10 pum. A 0.5-ns, 0.53-pm interferometer
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pulse and a 2.2-ns, 0.53-pm scattering pulse
were both obtained by cutting two segments from
the output of a single longitudinal- and trans-
verse-mode Nd:glass laser, and frequency doub-
ling. After passing through a spatial filter, the
scattering beam was focused to a 200-pm-diam
spot. The collecting optics had an f/4 aperture
and a 200-um-diam collecting volume, defined
by a spatial filter after the collecting lens. Scat-
tered spectra were analyzed with a 1-m~—focal-
length spectrograph and recorded on an optical
multichannel analyzer.” The dispersion was
varied between 7 and 0.7 channels/f& in order

to resolve either the ion feature or to record a
complete spectrum.

The electron and ion temperatures were meas-
ured using a scattering angle 6,=150° (direction
B, Fig. 1). Over the density range monitored,
the ion feature could be resolved in this scatter-
ing configuration during the time between CO,-
laser pulses (I < 10'° W/cm?) and during the main
CO,-laser pulse. The temperatures obtained be-
fore the arrival of the main CO,-laser pulse in-
dicated no effect due to the interpulse intensity.
In all these configurations the total scattered in-
tensities were consistent with Rayleigh scattering
and the scattered spectra in good agreement with
computed thermal spectra.

At in, the temperatures 7; and 7, changed from
20 eV before the arrival of the CO,-laser pulse,
to T;=(60+10) eV and 7, = (170 + 40) eV after the
peak of the CO,-laser pulse. These data imply
that the scattering parameter a = (kx,)™! (K is
the scattering wave vector and A, is the Debye
length) varies from ~2.2 to ~1. As a result of
the small values of (kX,)"!, no enhanced scatter-

TARGET PLANE

FIG. 1. Schematic of the incident laser and diagnostic
beams. The scattering beam is incident along line A,
and collected along directions B and C.
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ing at ~3w, is expected at this scattering angle
0. To observe enhanced scattering Landau
damping should be small and (%X;)"! large. Fur-
theremore, for values of >k, (EO is the wave
vector of COZ) the maximum growth rate should
occur in the direction midway between the elec-
tric field of the CO, and k,.}

To probe for the 2w, decay, the scattering an-
gle was changed to 6,=20° (direction C, Fig. 1),
with the scattering wave vector k in the plane of
polarization of the CO,-laser pulse, and at 35° to
K,. In this configuration (k\,) '~ 11 prior to the
arrival of the CO,-laser pulse. To ensure com-
plete coverage of any regions of enhancement,
scattering spectra were taken at densities rang-
ing from above n, to approximately n,.

A typical scattering spectrum taken at 37 ¢ be-
fore the arrival of the CO,-laser pulse is shown
in Fig. 2(a), where only the ion component of
the spectrum is observed. The scattered inten-
sity is consistent with Rayleigh-scattering cali-
bration., If we calculate the thermal scattered
spectra, the electron satellites are approximately
10° smaller than the ion peak. These intensities
are too low to be detected.

Figure 2(b) shows a spectrum taken at 4n ¢ when
the CO,-laser pulse is incident on the plasma;
the two electron satellites are now clearly visi-
ble. Using the spectra obtained before the arriv-

(a)

' »063—4 l :

(b) 2

100A-l =  a
FIG. 2. Low-dispersion scattering spectra at %nc

(please note the change in vertical scales): (a) before
the CO,-laser pulse and (b) during the CO,-laser pulse.
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al of the CO, laser as a reference, we observed
(a) an enhancement in the ion peak of ~ 4 and, (b)
electron satellite intensities corresponding to an
enhancement from the thermal level (for 7, ~170
eV) of at least 2 X10® and 0.4 X10° for the red
and blue satellites, respectively. These values
represent a lower limit due to the rapid tempera-
ture increase during the rising edge of the CO,-
laser pulse and to the large collecting volumes.
The relative intensities of the red and blue satel-
lites changed from spectrum to spectrum, but
the red satellite was usually the largest. This
preference for the red satellite might possibly
be caused by Landau damping since waves propa-
gating to lower densities (blue satellite) would

be damped in a much shorter distance.

The blue and red electron satellites show a
shift with respect to the central ion peak of 128
+2 Aand 136.5% 2 10\, respectively, a deviation
of approximately 4.5 A from the shift of 132.5 A
that corresponds to zw,. The ion feature, on the
other hand, shows no measurable shift.

When the plane of polarization of the CO, radia-
tion was rotated by 90°, no measurable enhance-
ment of the satellites was observed at§n,. Since
the enhancement due to the 2w, decay should be
predominantly in the plane of polarization of the
CO, radiation, this observation and the localiza-
tion of the enhancement near %nc give very strong
evidence for the 2w,-decay-instability nature of
the present observations.

Figure 3 shows the correlation between the
intensity of the blue satellite and the timing of
the CO,-laser pulse. At the peak of the CO,-
laser pulse and thereafter, we observed a marked
quenching that might be much greater than a
factor of 10 as a result of the rapid temperature
change during the evolution of the CO,-laser
pulse.

The enhancement is localized at densities near
in,, since spectra taken at 0.5z, and 0.2z, show
only the ion feature at a similar intensity before
the arrival of the CO,-laser pulse, and no evi-
dence of the enhanced electron satellites. During
the CO,-laser pulse we observed strong scatter-
ing signals at + w, and an enhanced ion feature
at densities near n.,. At densities ~ -l%nc an en-
hancement was observed only on the ion feature.
These effects have not been fully studied yet.

Axial electron density profiles taken before
and during the CO,-laser pulse are shown in
Fig. 4. Steepening of the profile at densities
in, and below is observed from the very begin-
ning of the pulse. At in, the scale length L de-
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FIG. 3. Correlation between the intensity of the blue
electron satellite and CO,-laser pulse—horizontal
scale 2 ns/division.

creased from ~ 300 pm before the CO,-laser
pulse to ~100 um near and after the peak. The
CO,-laser pulse actually produced a density cav-
ity just below 4n,, which was centered on the
CO,-laser beam axis, and has a transverse width
of ~500 um,

The profile steepening near %nc has been pre-
dicted by computer simulations,®:® but has not
been observed before in laser-produced plasmas.
The computer simulations indicate that the pon-
deromotive forces from the decay waves in the
2w, instability can drive ion perturbations, caus-
ing the formation of a cavity and profile steepen-
ing near §n,.

The profile steepening and the rise in the elec-
tron temperature at 57, are the most likely caus-
es of the quenching of the 2w, instability. If we
assume that the axial electron density profile has
the form n(X)=n,(1+X /L), then the threshold
for the instability® is given by 3(v,/vn)? kL >1,
where v, and v,;, are the laser-induced and therm-
al electron speeds, respectively. The profile
steepening and rise in electron temperature ob-
served in the experiment would indicate a re-
quired threshold of 8X10'° W/cm? at the begin-
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FIG. 4. Electron density profiles along the axis of
the incident CO,-laser beam: (a) 15 ns before the peak
of the CO,-laser pulse, (b) ~1.5 ns before the peak,
on the rising edge, (c) ~1 ns after the peak, and (d) ~4
ns after the peak. The error bars are ~80% confidence
limits.

ning of the CO,-laser pulse, and 1.6X10'? W/cm?
just after the peak of the pulse. The latter is
marginally lower than the peak intensity of the
CO,-laser pulse in vacuum (5% 10'2 W/cm?),
although only a qualitative comparison can be
made at this time since the actual intensity may
be lower as a result Brillouin scattering at den-
sities below 37, .%°

Two possible mechanisms for the enhanced
ion fluctuations can be presented at this time:
(i) the ponderomotive force from the superposi-
tion of various highly pumped, electron—-plasma-
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wave—driven ion perturbations®; and (ii) a four-
wave interaction'! whereby a highly pumped plas-
ma wave of frequency 3w, and an incident photon
w, produce an ion acoustic wave w,. and a pho-
ton of frequency %wo—wac. Although we have not
yet had an opportunity to look for 3w, radiation,
this emission has been seen in interaction exper-
iments 3+ 712

The results from this experiment agree with
predicted characteristics of the 2w, decay. En-
hancements in the electron satellites at ~3w,
are localized near 47, and are not observed for
k perpendicular to the plane of polarization of
the CO,-laser radiation. Furthermore, the heat-
ing of the electrons, and the steepening of the
density gradient near %nc may account for the
quenching of the observed enhancements.
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FIG. 2. Low-dispersion scattering spectra at énc

(please note the change in vertical scales): (a) before
the CO,-laser pulse and (b) during the CO,-laser pulse.



