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Time-integrated, spectrally resolved measurements between 400 and 750 nm have been
made of light backscattered from plasmas produced by 450-psec pulses from a 351-nm
laser at 10 ~ to 10 ~ W/cm . Threshold and saturation behavior for the two-plasmon de-
cay and the absolute and convective Haman instabilities have been observed. The scat-
tered light spectra suggest the presence of a steepened density profile at the quarter
critical density.

PACS numbers: 52.25.Ps, 52.35.-g, 52.50.Jm, 52.70.Kz

Parametric processes in laser -produced plas-
mas can be sources of energetic electrons which,
through their long mean free paths, may preheat
the target core in laser fusion experiments and
thus influence the hydrodynamics significantly. '
Among the parametric processes, stimulated
Raman scattering (SRS) and the two-plasmon
(2m~) decay instability may be efficient genera-
tors of hot electrons, ' especially in the exten-
sive underdense plasmas expected for inertial-
confinement fusion targets. Observations of SRS
from plasmas produced by 1064- and 532-nm
lasers have recently been reported in the litera-
ture. ' The existence of the 2o ~ instability has
variously been inferred from &co, measurements~
and from direct plasma wave observations in CO, -
laser-produced plasmas by Baldis, Samson, and
Corkum. '

In this Letter, we report backscattering meas-
urements from plasmas produced by 351-nm

laser light which demonstrate (as a function of

intensity) clear thresholds and low-level satura-
tion for the 2'~ instability as well as for the
absolute (SRS-A) and convective (SRS-C) Raman
instabilities. Broad continuum spectra between
400 and 700 nm were observed for the SRS-C
instability. The relatively small frequency
change (b,&u) associated with the low-wavelength
limit of these spectra indicates that SRS is opera-
tive in plasma densities as low as 0.05n, (n, is
the critical density for 351-nm radiation). The
measurements do show the expected lower thresh-
old for the 2cu~ instability relative to the SRS-A
instability as predicted by theory. However, the
SRS-C is found to have approximately the same
threshold as the SRS-A instability, instead of the
considerably higher threshold expected if both
instabilities operate in plasmas with comparable
scale lengths.

The experiments described here were performed
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FIG. 1. SBS-A instability spectra from CH targets.
Curve a, Ii n c = 1.1&IsRg A, curve b, Ii nc

= 3 &1sRs
where lsRp A is the SRS-A threshold intensity. The
spectra have been recorded on Kodak high-speed ir
film. The curves shown have been corrected for film
response.

on the single-beam uv irradiation facility at the
Laboratory for Laser Energetics. ' An f/12
quartz lens was used to focus the linearly po-
larized light ()t, =351 nm) on the target. Intensi-
ties between 10" and 2 x10" W/em' were ob-
tained by varying both energy (10 to 50 J) and
focal spot size (100 to 500 p.m) of the 450-psec
pulses. The residual fundamental (1054 nm) and
second-harmonic (527 nm) light from the fre-
quency conversion typically account for (10 ' of
the intensity at the target plane. Parylene (CH)
slab targets, mostly oriented normal to the laser
beam, were used throughout these experiments.
A 0.25-m low-dispersion grating spectrograph
with 1-nm resolution was used to resolve the
light backscattered through the focusing optics
between 400 and 750 nm. In addition, six cali-
brated photodiodes with interference filters were
used for absolute measurements of the scattered
light around 700 nm. The diodes were located
around the target in the plane perpendicular to
the plane of polarization of the incident beam.

The spectral dependence of the backscattered
radiation between 400 and 750 nm is shown in
Fig. 1. Curve a shows the scattered spectrum
from a CH target irradiated at 4.6 X10"W/cm'
(=10/o above the SRS threshold). We observe
clear tu, /2 signals at 703 nm (SRS-A) as well as
between 490 and 550 nm (SRS-C, 4~ ( tu, /2).
Curve b illustrates the results well above thresh-
old. The convective signal now ranges between
450 and 610 nm. The observation of noticeable

scattering at 450 nm (~tu/tu, =0.2) indicates that
the SRS-C instability occurs at densities as low

as 0.05n, .
Figure 2 shows plots of the intensity dependence

of the fractional scattered light energy. The two

upper curves were obtained with the absolutely
calibrated photodiodes at 700 nm (&,/2). Curve

a, linking the solid points, represents measure-
ments of the scattered light with polarization
parallel to the incident laser polarization. Curve
b, which links the open squares, represents ob-
servations with opposite polarization. Two sepa-
rate sharp increases are evident in curve a at
4x10" and 4 x10"W/cm'. These are interpreted
as the thresholds for the 2'~ and SRS-A instabili-
ties, respectively. This interpretation is sup-
ported by the cross-polarized observations (curve
5) which do not show the second rise. The po-
larization dependence of the scattering is ex-
plained by noting that for SRS one observes direct
scattering events which remain highly polarized.
In contrast, the 2'~-instability light arises from

1O'

K
LUI-

10
O

o C:
X

10
LU

Z
e
eIZ"w

10-8

hC

LU
Q.

1 2 3 4 5 6„10 15 20
I

I
I

I
I

I
I

I
I

I I)/ I
I

I
I

I

.';..::~l, .4- "0:.:-...~., y ..~.. .. . .
0::::'O~l "-'4 ":". ~ i"t: ' i:

Q G
,,::. ..:~e:.~~%~ ~~~/ p&~&zw3PP~

1O'—
I

0

hotographic
Detection Level

I I I I I I I-- I I I II I I I I I

1 2 3 4 5 6 10 15
I

20

AVERAGE INTENSITY (10 W/cm )

FIG. 2. Intensity dependence of SRS. Curves a and b

are absolute backscattering measurements using cali-
brated photodiodes at 700 nm. The vertical axis repre-
sents the peak fluence in the angular distribution nor-
rnalized to the incident energy in units of J/(J sr).
Curve u is for scattered light polarized parallel to the
incident laser; curve b is for opposite polarization.
Curves c and d are similar curves obtained from spec-
trographic recordings at 700 and 500 nm. The vertical
axis for these two curves is not absolutely calibrated.
Curves c and d correspond to backscattering from the
convective and absolute Baman instabilities, respec-
tively.
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a two-stage process, in which the original photon
decays into two plasmons, each of frequency very
near ur, /2, which may then reconvert into pho-
tons with frequency cu,/2. Possible reemission
processes include direct conversion (the inverse
process of resonance absorption) and various
three-wave scattering processes. All these proc-
esses require a scattering of the plasma waves
before reemission in order to produce the essen-
tially unpolarized light shown in Fig. 2 below the
Raman threshold.

The lower curves in Fig. 2 represent the inten-
sity dependence of the SRS-A (curve d) and SRS-C
(curve c) instabilities as determined from back-
scattering spectra such as those shown in Fig. 1.
The limited sensitivity of the spectrographic
measurements did not permit the observation of
the 2~~-instability reemission. Contrary to ex-
pectation, the onset of the SRS-C instability at
approximately 500 nm occurs at almost the same
intensity as the SRS-A instability, a point to be
discussed later. A most significant aspect of all
the curves shown in Fig. 2 is the saturation of
the fractional scattered light energy from the 2~~
and SRS instabilities. Including the measured
angular distribution of the backscattered light we
find that typically no more than 10 of the inci-
dent light is scattered into the 700-nm components
of the SRS or 2&v~-instability reemission. At

present we are not aware of any existing applica-
ble theory to predict this level of saturation. No

comparable quantitative measurements are as
yet available for the SRS-C instability. We also
note that the SRS and 2~~-instability signals were
not measurably dependent on the irradiation spot
size in these experiments.

The spectral distribution of the SRS-C instabil-
ity near the threshold showed a peak around 520
nm. This wavelength was shorter than expected
since the calculated gain maximum lies around
&u,/2. SRS-C spectra were calculated by Williams,
Bingham, and Short, ' following earlier work by
Liu, ' including refraction and Landau damping.
Reasonable agreement between the intensity de-
pendence of the observed spectra and these cal-
culations was obtained if the spectral dependence
of both the SRS-C gain and the optical noise were
included, together with an appropriate density
profile. The optical noise was calculated for a
1-keV blackbody spectrum' corrected for opacity.
The lack of SRS-C signal between 610 and 700 nm

requires a steepened density profile between
0.2n, and 0.25n, . Such steepening, due to the
ponderomotive forces generated by the intense

17 1
ISRs-A ~ 5 x10 4/3 2/3 ~L' SRS-A ~p

(2)

IsRs-c ~ 2 x10 1
L' SRS-C ~p

where L»s z is the density scale length near n, /
4, while Ls~ c is the density scale length below

n, /4 (L and X, in micrometers, I in watts per
square centimeter). I»s~ is the intensity re-
quired for a convective gain of 50x, our best
estimate of the instrumental detection threshold.
For comparison of SRS-A and SRS-C thresholds
we divide Eq. (3) by (2) to give

e'3
ISRSM n g -]./3 ~ SRS An
I SRS-A ~SRSM

(4)

The observations shown in Fig. 2 indicate the

thresholds for the 2&~ and SRS-A instabilities
to be 4 x10" and 4 x10"W/cm', respectively.
These intensities are average values; however,
the instabilities will grow from the peak intensi-
ties within the focal region, which are estimated
to be 4 times larger. Thus, with peak intensi-
ties and a temperature' of T, = 1 keV, Eqs. (1)
and (2) yield scale lengths at n, /4 (L»s z) be-
tween 100 and 140 p.m. Two-dimensional hydro-
dynamic -code calculations" predict consider ably
shorter scale lengths of 50 to 70 pm. In addition,
using L sRs A =140 pm and the experimentally ob-
served ratio I»s ~/Is&s c =1 we calculate from
Eq. (4) Ls~ c ~400 pm. The instability data, and

existing theory thus appear to require scale
lengths twice as long as hydrodynamic model pre-
dictions at n, /4 and even longer ones (5 to 8

times longer) at lower densities.
Filamentation in the plasma can be proposed as

plasma wave fields, was found in plasma simula-
tions by Langdon, Lasinksi, and Kruer, and was
observed in CO, -laser-produced plasmas by
Baldis, Samson, and Corkum' and in microwave
plasmas by Mizuno et al."

The threshold for the convective Raman instabil-
ity was not taken directly from Table I of Ref. 8,
but was evaluated from the Rosenbluth gain for-
mula" without approximating the wave vectors
of the product waves by the pump wave vector.
This threshold varies by a factor of about 2 over
the range of wavelengths of interest and typical
values are given below for a convective growth
of a factor of 50 in intensity:

~ 5 x 10" Tg~v

L' SRS- A~p
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an attractive explanation for the effective intensi-
ties and for the larger scale lengths inside the
plasma. In many of the experiments, however,
we observe a strong directionality in the light
emitted at 700 nm from targets oriented at a
significant angle to the incident laser beam. This
suggests that for these experiments the plasma
gradient was normal to the target and not signifi-
cantly perturbed. Thus, filamentation may not
explain all the observations.

We propose here an alternative model based on
the fact that the instabilities at n, /4 have typical
growth regions of length I, such that l XD&byz
x (6vkoL)' '«LsRs A, i.e., l is approximately a
few microns. We postulate local regions (much
smaller than the typical scale lengths) where the
density gradients are shallower than implied by
the overall scale length, i.e., L sRs A&L~„o)l.
Such density modulation could easily arise from
density fluctuations produced near u, which then
propagate down the gradient through the region
a.t n, /4.

Once the absolute instabilities (SRS-A and/or
2~~) near n, /4 have developed, steepening of the
density gradient at n, /4 may occur as discussed
earlier. This process entails a plateau with a
long scale length below n, /4. '" Computer simu-
lations' indicate that this process leads to relaxa-
tion oscillations of the instabilities as well as the
density profile near n, /4. Thus the density step
originating near n, /4, along with the plateau be-
low it, typically propagates down the gradient.
This traveling plateau is then ideally suited for
the growth of the SRS-C instability in the region
below n, /4.

Relaxation oscillations of the profile steepening
near n, /4 and the ensuing traveling density steps
could well explain the apparent contradictions be-
tween the theoretical threshold predictions for
the two Raman thresholds and the experimental
observations of Fig. 2. While pulsing of the
Raman scattered light and time-varying spectral
distributions are consequences of this model, the
complex spatial intensity distributions may easily
mask the expected temporal signature.

In summary, we have observed clear evidence
for the threshold behavior of the 2w» SRS-A,
and the SRS-C instabilities. The SRS-C instabil-
ity is seen to occur over a density range of 0.2n,
to 0.05n, . Density steepening at n, /4 can be in-
ferred from the spectra. All measurements show
saturation of these instabilities. Fractional back-
scattering energies of 10 ' of the incident light
are typical for the SRS-A instability and the 2~~
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