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Remarkable density structures are observed in the plasma generated during the rise of
a high-power CO& laser. Jetlike structures and density bowls are seen in interferograms.
Infrared imaging shows that these bowls are linked to localized Brillouin-instability back-
scatter. Depolarization measurements also exhibit filamentary structures that extend
far into the underdense regions of the plasma.

Recent publications have demonstrated the im-
portance of radiation-pressure effects in laser-
plasma interactions. Interferometric results
with subsequent Abel inversion have shown den-
sity cavities' while small-scale transverse
ripples ' and density steepening'~' are evident
without inversion. These studies confirmed the
existence of plasma density changes due to laser
effects at or below the critical density. While
profile steepening in the direction of energy flow
is of particular importance for compression ex-
periments using a long-wavelength laser, be-
cause it enhances energy transport to the core,
transverse Rayleigh- Taylor instabilities are con-
sidered dangerous in implosions. This latter in-
stability is expected to occur at the ablation layer
or in regions of the plasma where the density is
greater than the critical density. It is therefore
of considerable importance to study the over-
dense regions of the plasmas, particularly during
the rise of the laser pulse when compression is
occurring and therefore when the system is most
likely to be unstable. There already exists some
evidence in x-ray photographs of fine-scale in-
stability generated by laser beams free of "hot
spots jsli 6

In this Letter we present the first interfer-
ometric data with sufficient space-time resolu-
tion and a sufficiently high ratio of probe-beam
frequency to laser frequency to permit us to re-

solve the temporal evolution of the overdense
plasma during the rise of the CO, laser. In addi-
tion to the interesting results obtained in the
above-mentioned publications we have observed
(a) an extremely complicated plasma during the
first 100 ps; (b) the formation of "jets" that
originate deep in the plasma core (at densities
greater than 16 times the critical density) and
are seen to extend out to at least the critical den-
sity layers; (c) cross polarization of the diag-
nostic laser light in the corona which, in con-
trast with Faraday-rotation measurements done
on plasma formed by 1.06- p,m lasers, ' form
along jets that project from the plasma and tend
to be stronger near the plasma edges; (d) the
formation of low-density "bowls" that are evident
in the plasma up to 4 or 5 times the critical den-
sity; (e) that these bowls are linked either to
Brillouin-driven density compression or to fila-
mentation. '

The CO, laser used in these experiments con-
sisted of a conventional mode-locked oscillator,
optical gate, and two stages of amplification. It
produced 10-12 J of 10.6-pm radiation in a 1.P-
1.7-ns (full-width at half maximum) pulse. The
target was a ribbon of 150- p,m-thick polyethylene.
After obtaining preliminary interferometric re-
sults and observing the unusual structures pre-
sented here, we made a considerable effort to
characterize the energy distribution at the focus
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of our off-axis parabolic mirror used in focus-
sing the laser, in particular to ascertain whether
there were any significant hot spots in the laser
flux distribution. ' The measurements were made
by use of a film technique" with visible-light
afterexposure, and extra SF, attenuation" in the
CO, -laser amplifier isolater. The results are
presented in Fig. 1 and show (a) no evident inci-
dent laser hot spots and (b) a peak intensity of
roughly 10"W/cm'. Since some of the plasma
structures are quite reproducible, one may con-
clude that unobservably slight local but consistent
intensity variations in the focused CO, -laser
beam can produce important plasma profile modi-
fication, and that it may require unrealistically
smooth beams of suppress this behavior, at
least on planar targets.

Interferograms were taken with a 20-ps ruby
laser that was synchronized to the CO, laser
through the use of a common acoustic mode-lock-
ing sytem. " The jitter between the two lasers is
estimated to be much less than the 200 ps which
was our temporal resolution for this measure-
ment. This well-synchronized, short ruby pulse
that is considerably shorter than the main CO,
pulse allowed us to measure the temporal evolu-
tion of the plasma up to densities greater than 10
times the critical density on a shot-to-shot basis.
The interferometer used was a modified Wein-
berg-Wood" interferometer whose final adjust-
ment was done with white light. A selection of
interferometric results are shown in Figs. 2 and
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FIG. 2. (a) Interferogram of the plasma taken 700 ps
after the beginning of the CO2-laser pulse. (b) Infrared
image of the plasma taken at the same time as (a).
(c) Infrared image of the plasma on a subsequent shot,
showing multiple infrared-emission spots.

3. In addition the strong refraction of the prob-
ing beam tends to generate "false fringes" that
occur in a region of strong density gradients. '
In particular we have observed such fringes in
schlieren and shadowgraphy photographs. In
interpreting our interferograms it should be kept
in mind that one fringe corresponds to a density-
length product of (10"electron/cma) x 100 Ium.
The critical density occurs therefore after about
two fringes. The interferogram in Fig. 2 that
was taken 700 ps after the start of the CO, -laser
pulse shows most of the typical structures ob-
served in our experiments. In particular we note
the bowl that is formed in the subcritical regions
of the plasma a little to the left of center in the
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FIG. 1. (a) Photograph of the energy distribution in
the focal spot of the f/1. 5 off-axis parabola. (b), (c) Den-
sitometer traces along the vertical (interferometer line
of sight) and horizontal (CO2-laser polarization direc-
tion) axes of (a). The half-energy-point separations
are 100 pm by 160 pm along elliptic axes implying a
peak flux of about 10~4 W/cm .

2OOV (d)

FIG. 3. Interferograms of the plasma taken (a) 100
ps (b) 800 ps, (c) 900 ps, and (d) 1.2 ns after the be-
ginning of different CO2-laser shots.
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picture. Figure 2(b) shows the focal spot imaged
using the time-integrated backscattered infrared
light. " This photograph was taken on the same
shot as the interferogram. The position and size
of the dark spot in the infrared image correspond
to the bowl-shaped depression in the interfero-
gram. These bowls always originate at or below
the critical density and end at about 4 to 5 times
the critical density. In general we see many
more backscatter spots as shown in Fig. 2(c).
However in these cases the bowl formation is not
as clearly visible in the interferograms. Spec-
troscopic measurements of the backscattered
light show that the backscattered emission is in-
creasingly red-shifted at higher energies, as
found in a previous study, "and that more hot-
spot emission is seen at higher energies. We
can therefore link the formation of these bubbles
to Brillouin backscatter emission either as pri-
mary cause' or in association with filamentation. '
Some possible consequences of these bubbles is
their tendency to encourage Rayleigh- Taylor in-
stabilities and the generation of strong magnetic
fields. " Examination of the interferogram in
Fig. 2(a), and particularly the ones in Figs. 3(b)
and 3(c), shows bright lines that are perpendicu-
lar to the fringes. These light lines always origi-
nate at the critical density and penetrate the
plasma to densities greater than 16 times the
critical density.

In regions of the plasma where these "filaments"
are observed, the fringes bend outward in the
outer regions of the plasma. However in some
cases we found that in regions of overdense plas-
ma the fringes bend inward. This indicates that
large amounts of plasma are being transported
outwards from the overdense regions of the plas-
ma along these filaments. Since this in an in-
stability that (i) originates in overdense plasma,
(ii) occurs only during the rise of the CO, pulse
when the electromagnetic pressure is increasing,
and (iii) involves gross transport of plasma, it
is tempting to associate it with a type of Rayleigh-
Taylor instability, with the increasingly intense
electromagnetic field playing the role of the ac-
celerated light fluid. The bright line or filament
is tentatively interpreted as being a caustic gen-
erated by the plasma jet that carries the heavier
plasma out. On the other hand, although com-
puter simulation of large-amplitude filamentation
behavior' has not given results at large plasma
densities, it may be from lack of trying with our
parameters, including an increasing electromag-
netic flux.

As shown in Fig. 3(a), at time less than about
&00 ps after the start of the CO, -laser pulse the
plasma density is extremely complicated and
filled with such jets. Insufficient time-space
resolution could well result in the plasma being
characterized as "turbulent, " as has apparently
been done elsewhere. "

Figure 3(c) shows an interferogram taken 900
ps after the beginning of the CO, pulse. There is
still one caustic between the remnants of two
"bowls" that extend into 4 or 5 times the CO,
critical density. Figure 3(d) was taken 1.2 ns
after the beginning of the CO, pulse and shows
that after the laser peak, hydrodynamic "healing"
smooths out much of the complex structure ob-
served previously. The fringes are now much
sharper than previously, indicating a more quies-
cent plasma.

Figures 4(a) and 4(b) show images of the plas-
ma that were obtained by placing the plasma be-
tween two crossed polarizers and illuminating it
with a 1-2-ns ruby-laser pulse, the short-pulse
system undergoing modification at the time. In
Fig. 4(a) the ruby pulse was centered on the ris-
ing part of the CO, -laser pulse, whereas in Fig.
4(b) it was centered slightly after the peak. These
photographs also show jetlike cross-polarization
structures extending far into the underdense
corona of the plasma. This result and the inter-
pretation that the overdense jets seen in our inter-
ferograms are the result of a Rayleigh-Taylor in-
stability are consistent with the forms in the
simulations of Mima, Tajima, and Leboeuf" on
magnetic field generation. It should also be

FIG. 4. "Faraday rotation" photographs of the plasma
taken with a 2-ns ruby-laser probe pulse: (a) during
the CO2-laser pulse, and (b) just after the peak of the
CO&-laser pulse.
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pointed out that a breakup of these "jets" into
apparently still finer filaments, as is becoming
apparent in Fig. 4(b), becomes even more pro-
nounced at later times. On the other hand, de-
polarization from plasma density structures with-
out magnetic field is possible, "but how these
structures could retain their form without any
associated magnetic field is difficult to explain.

Although considerable density structure has
been expected and observed in the underdense
plasma and near critical density, we have pre-
sented results that show that the entire plasma
displays very complicated density behavior dur-
ing the rise of the CO, -laser pulse. In addition
we have found that plasma transport from the
ablation layer is in our case dominated by in-
stabilities in the overdense plasma that may well
generate complex magnetic fields even in the
underdense plasma. It therefore appears that
stable adiabatic compression of laser targets is
more difficult than foreseen, both to understand
and to improve. Obviously more work needs to
be done before an adequate knowledge of the prob-
lems in laser fusion is achieved.
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The yield strengths of thin-layered Al-Cu and Al-Ag laminates greatly increase as the
layer thicknesses are reduced. This strength enhancement is interpreted as evidence for
the retardation of dislocation generation and motion as has been theoretically proposed.

Several years ago, Koehler' proposed that a favored over a dislocation propagation across the
laminate structure which is formed of thin layers layer interface into metal A. In the case of thick
of two metals, A and B, where one metal (A) has layers, the dislocations generated in either of
a high dislocation-line energy and the other met- the layers will pile up in B at the B-A interface
al (B) has a low dislocation-line energy, should and thereby provide the stress concentrations
exhibit a resistance to plastic deformation and needed for premature yield. Hence, to suppress
brittle fracture well in excess of that for homo- the generation of new dislocations in the layers,
geneous alloys. If the dislocation-line energies the thicknesses of A and B must be small.
are so mismatched, the termination of the mo- In this Letter we report experimental results
tion of dislocations in metal B is energetically for the layer-thickness dependence of the yield
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