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Measurements of the Parametric Decay of Co-Laser Radiation into Plasma
Waves at Quarter-Critical Density Using Ruby-Laser Thomson Scattering
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We report the results of small-angle ruby-laser Thomson-scattering measurements of
the parametric excitation of plasma waves by CO&-laser radiation at quarter-critical
density in a laser-heated gas-target plasma. From supplementary data obtained from
interferometry and large-angle ruby-laser scattering we infer that the threshold condi-
tions for a convective decay are satisfied.

It has long been recognized that parametric
processes in the underdense plasma will crucial-
ly affect the prospects for both laser-pellet fu-
sion and laser-heated solenoid fusion. Numerous
experiments have been carried out studying Bril-
louin backscattered light' ', absorption instabili-
ties at quarter-critical density have been ob-
served by the detection of ~&, harmonically gen-
erated light. ' Langmuir turbulence driven by
a CO, -laser pump wave near critical density has
been observed by incoherent ruby-laser scatter-
ing-in a dense-plasma focus. ' In this Letter we
report the first direct ruby-laser Thomson scat-
tering observation of the parametric decay of
laser light into plasma waves at quarter-critical
density in a CO, -laser-heated gas-target plasma.
This diagnostic is supplemented by large-angle
Thomson scattering and ruby-laser interferome-
try, which obtain n„T„andthe gradient length
I at the time the instability occurs. This com-
bination of ruby-laser Thomson scattering on a
gas-target plasma offers substantial advantages
over other diagnostics in determining the level
and localization of parametric instabilities; this
is especially true when the direct products of
the instability do not exit the plasma, as in the
two-plasmon decay to be discussed here.

The experiment is schematically depicted in
Fig. 1. A 40-J 130-nsec FWHM (full width at
half-maximum) TEA (transversely excited atmos-
phere) CO, laser beam-is focused onto a hydro-
gen gas jet exiting from a 47-Torr pressurized
chamber through a 6-mm-diam orifice. The neu-
tral-gas density gradient formed by this gas jet
prevents the formation of a backward-propagating
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FIG. 1. Geometry of the small-ogle scattering ex-
periment. I. o -0.66 mm, d&0.25 mm, and a=0.23
mm. For large-angle scattering, the angle between
the ruby-laser beam and collected light is changed to
150', L, 0-0.66 mm, and 0= 0.33 mm.

ionization wave and allows the penetration of the
laser light into the plasma interior. ' The plasma
which is created at the CO, -laser focal spot
grows in the axial direction until it reaches the
ruby-laser scattering volume approximately 10
nsec after breakdown. Thomson scattering is
accomplished by focusing the output of a 2-J 3-
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nsec FWHM ruby-laser beam to a spot size less
than 0.25 mm at the scattering volume, as shown
in Fig. 1. The light that is Thomson scattered at
a 20' angle relative to the ruby-laser beam is
then collected and directed into a sixteen-channel
spectrometer for analysis. This geometry se-
lects a, b.k which approximately bisects the angle
between the k, and E, of the CO, -laser pump
wave; this orientation of &k maximizes the growth
rate of the two-plasmon decay when «u = ~,/2. '
Large-angLe scattering is accomplished by col-
lecting the radiation Thomson scattered by the
plasma at a 150' angle relative to the ruby-laser
beam. The remainder of the geometry and the
scattering volume remain the same as in 20 scat-
tering. Both 150' and 20' scattering are supple-
mented by simultaneous ruby-laser interferome-
try, which is accomplished by splitting off a
small component of the ruby-laser beam and
using it to illuminate a Mach- Zehnder interferom-
eter. The time of breakdown is determined by
a photon-drag detector that monitors the initia-
tion of plasma self-focusing of the CO, laser
light. '

Each frequency channel of the spectrometer
consists of a single low-loss optical fiber whose
light-transmitting core of 55 pm diameter has
an attenuation of 5 dB/km at 0.82 p, m"; the chan-
nels have an average spectral width of 11 A and

0

separation of 25 A. The fibers are made suc-
cessively longer in proportion to their frequency
shift and then rejoined and focused onto a single
photomultiplier tube; the average time separtion
is 18 nsec/channel. Since the Thomson scattered
light has a time duration of approximately 5 nsec,
the output of the photomultiplier consists of a
series of sharp spikes, each spike being a meas-
ure of the light collected by its respective chan-
nel. This output signal can then be reconstruct-
ed into the incident spectrum.

Typical raw data obtained near the time the
instability occurs are shown in Fig. 2. Each chan-
nel is identified by its delay relative to the ruby-
laser monitor signal. The first channel is set
at A, =6943+13 A and channel No. 10 is set at~
=6943+235 A, the frequency of ruby-laser light
scattered by the two-plasmon parametric decay.
For small-angle scattering at quarter-critical
density with T,= 50 eV, a =- (&k&~) ' = 10.1, and
each scattering spectrum is composed of a sharp
spike at h&u = ~~, as shown in Fig. 2(a). In the ab-
sence of the instability, small-angle scattering
yields similarly sharply peaked spectra at &
=&~„butthe level of the peak is reduced by
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FIG. 2. Typical raw data. (a) 20' scattering spec-

trum exhibiting the instability and (b) is a typical 150'
spectrum (1 division is 50 nsec). The photomultiplier
gain in (a) is a factor of 8.8 less than in (b). The inter-
ferogram in (c) was taken simultaneously with an ob-
servation of the instability.

more than a factor of 10 from the unstable case;
nevertheless, the signal-to-noise ratio is still
better than 10:1, permitting a measurement of
the thermal level of fluctuations in the absence
of the instability. Figure 2(b) shows a typical
large-angle spectrum taken at a time approxi-
mately 2 nsec after the instability is expected to
occur; in this case n, =1.3&&10" cm ' and T,=45
eV, yielding & =1.31. These broad large-angle
spectra can be computer fitted to obtain n, and
T, at the location of the scattering volume. A

typical interferogram taken simultaneously with
an instability observation is shown in Fig. 2(c).
An Abel inversion of the interferogram reveals
a 1-mm-diam plasma with a relatively flat low-
density inner core of approximately 0.6 mm diam.

Figure 3 shows the n, (t) and T,(t) determined
by both 150 and 20' scattering at the location of
the scattering volume. The solid line is an ap-
proximate analytical fit to the observed time be-
haviors. A rapid time variation of T = l(1/n)(dn/
dt) I

'= 5 nsec is revealed by Fig. 8 near t =10
nsec and is caused by the rapid radial expansion
of the breakdown plasma. Figure 4(a) graphs the
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amplitude of the small-angle scattered signal ver-
sus density, assuming»=&&, ', a sharp increase
in intensity occurs at b, &a= &a,/2.

The stationary homogeneous-pla, sma thermal
scattering level graphed in Fig 4(a) .is just

P, =pP)r 2LQQ(1 yn2) ',
where dA is the collected-light solid angle, xo'
=7.95~10"cm', P& is the ruby-laser power,
P, is the scattered power in the &+=+~, wing,
and o.' is calculated from Fig. 3. It was not possi-
ble to absolutely calibrate the system using Ray-
leigh scattering in a neutral gas, as the small
ruby-laser focal spot always precipitated a gas
breakdown. The spectrometer itself was abso-
lutely calibrated, and the known losses between
the scattering volume and spectrometer were in-
corporated into the thermal-level calculation.
Since unkown losses such as small misalignments
mere not included, the thermal level graphed in
Fig. 4(a) was always more than a factor of 2 larg-
er than any observed signal amplitude for b.~ (~,/
2. Nevertheless, the peak signal at &~ = &u,/2
is a factor of 7 above this level, clearly indicat-
ing the presence of the two-plasmon decay. A
more realistic assessment of the expected scat-
tering power is the graph in Fig. 4(a) for a time-
varying inhomogeneous plasma, where it is as-
sumed that at the time of scattering

n, (s, t) =n,[1+(s/L) —t/T], (2)

where 1' is taken from Fig. 3. The resulting
curve implies that virtua, lly a.ll of the scattering

FIG, 4. (a) Scattering intensities vs n„.the horizontal
bars indicate the channel widths. The upper curve is
that of a homogeneous, stationary plasma and the lower
curve takes into account time and space variations in
n„A&a= ~0/2 corresponds to n, ——2.5 && 10'8 cm
(b) Threshold powers vs Z', for flied ak; curve 1 is
the absolute instability threshold, curve 2 is the homo-
geneous-plasma threshold, and curve 3 is the convec-
tive instability threshold. The bars indicate the ex-
perimental uncertainty of T~ and pump power at the
time the instability is observed.

observations at &u~, =~,/2 are nonthermal.
Figure 4(b) plots the threshold power versus

'E, for parametric decay in a homogeneous col-
lisional plasma, ' and for convective"'" and ab-
solute" decay in an inhomogeneous collisionless
plasma with L = 2.5 mm, and where &k is fixed
by the scattering geometry. The bars indicate
the experimental uncertainty in pump pomer and
T, when the instability is excited. Figure 4(b)
indicates that the homogeneous plasma and con-
vective thresholds are satisfied, but not the ab-
solute threshold. If this decay mere convective
in nature, it would saturate at a level"

(n, '(Lk, b, &u))

& .'(&&, &~)~h.. .i)

= exp[(2my, '/ V'~ ) (1 —4I'/my, )], (3)

where yo is the instability growth rate, V its
group velocity, z = (d/ds) +,k„),I' is the damp-
ing rate, andy, &I'. In estimatingI, we must
calculate the scattering-amplitude reduction fac-
tor 5 =(hs/L, ')(nt/7), where 7 is the ruby-laser
pulse duration, &z is the extent of the instability,
4t is the time duration of the instability in the
scattering volume, and L,' =L, cos30 . Using
Eq. (2), tAt= (L,'/L)T, T = 5 nsec, and interferom-

29



VOLUME 40, NUMBER I PHYSICAL REVIEW LETTERS 2 JANUARY 1978

etry yields a value l(1/n)/(dn/dz) I
' =L = 2+ 1 mm

at r=0. It may be shown that a,t resonance

9 T~ 96k ~ 2 T~
2 4',c' 2 k, m, c' '
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and that at any position (&~)' = to~, '+36k'T, /m, .
(The other sideband has ~' =e, +«u. ) From
Eq. (4) it can be shown that if we depart a. dis-
tance « from resonance, the plasma wave de-
tected at this &~ is at resonance at distance «'
= (2b.k z/k, )bz away. «' is then just the width
of the convective instability, which for our ex-
perimental parameters may be numerically cal-
culated to be 30+ 10 p m. Using these values,
we may calculate I; matching in? to the exponent
in Eq. (3) and letting the pump power be 10"W/
cm', we obtain I- =2.7 mm, in qualitative agree-
ment with the experimentally determined value.

In conclusion, we have observed the parametric
decay of CO, -laser light into plasma waves at
quarter-critical density; the amplitude and ex-
perimental parameters allow us to infer that this
decay is convective. The technique of ruby-laser
Thomson scattering in a CO, -laser-heated gas-
target plasma seems to hold great promise as a
tool for diagnosing parametric turbulence of in-
terest to laser-fusion schemes.
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Electromagnetic Structure Resonances in Inhomogeneous Plasma Layers
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Laser-light absorption and radiation forces are investigated for weakly collisional
(v/&u «1), rigid, two-step plasma profiles in planar and spherical geometry. For the
first step near critical density, the second step above critical, and appropriate step
lengths, we find strong absorption even for weakly collisional plasmas. We show, how-
ever, that the radiation forces may not permit such profiles to persist in realistic, dy-
namic situations.

The subject of electromagnetic-wave absorp-
tion in high-density plasmas has received con-
siderable attention recently" because of its
importance to the laser-driven-fusion program.
It is we11 known that the electron density profile
which is produced not on1y strongly affects the
relative importance of various absorption mech-
anisms, but also affects the strength and direc-
tion of the ponderomotive force" exerted on the
ions through electrostatic coupling with the elec-

trons. The ponderomotive force has also re-
ceived considerable attention recently' ' in re-
gard to self -consistent density profile for mation;
not all treatments, however, account for absorp-
tion and some are not rigorous. In this Letter,
we examine the transverse electromagnetic wave
interaction for two very simple inhomogeneous
plasma layers, a two-step planar plasma layer
and a two-step spherical layer. In these cases,
the plasma is forced to be rigid, i.e. , no plasma
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