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Self-focusing filaments have been observed in a long —scale-length plasma irradiated
arith a 10.6-p, m beam containing hot spots. Filaments frere observed by use of Thomson
scattering from electron plasma waves produced by two-plasmon decay in the walls of
the filament, and Fresnel reflection of a visible probe beam from the density discontinui-
ty at the filament boundary.

PACS numbers: 52.40.Mj, 52.25.Ps

In addition to its intrinsic interest, the self-fo-
cusing of laser radiation in subcritical density
(n &n, }plasmas may present severe problems for
maintaining symmetry of energy deposition and
implosion in laser fusion targets. Further, the
undiagnosed presence of self-focusing filaments
in experiments aimed at analyzing the basic phys-
ics of high-power laser-matter interactions can
severely distort the conclusions drawn from
these experiments. Self-focusing thresholds are
predicted to be only 10' to 10' W for any pump
wavelength in typical uniform plasmas. ' Thus in
many cases the threshold for self-focusing is
less than that for other instabilities. However,
self-focusing is much more difficult to observe
since the dimensions of a self-focusing filament
are expected to be on the order of a vacuum wave-
length in diameter. ' Perhaps the best experimen-
tal evidence of self-focusing to date comes from
x-ray pin-hole photographs which show small
regions emitting hot x-rays spatially correlated
with, but smaller than hot spots in a pump beam. '
These, however, have not been systematically
studied. Other studies have been largely based
on observing spatial structure in focused back-
scattered radiation. ' This method, however, may
not necessarily yield an image of the plasma. '

We report an experimental investigation of self-
focusing using 10.6-Ij,m radiation with the aid of
a new diagnostic. Two intensity distributions
were used, one containing three hot spots of
about equal intensity and -80 p.m in diameter
each (structured beam), and the other with an
-200- p, m-diam Gaussian spatial profile (uniform
beam). Within the limited dynamic range of Kal-

var film (-3), no modulation was observed for
the uniform beam.

We have directly observed self-focusing of the
structured beam in two regions of the plasma:
(i) in the low-density region O. ln, &n &0.5n, (n,
=10"cm ') where it was observed by monitor-
ing the Fresnel reflection of a probe (0.53 pm)
beam from the density discontinuity, and (ii) in
the high-density region n, &n )0.25n, where it
was observed by use of Thomson scattering from
electron plasma waves generated at n = ,'n, (~—
= s &u, ) and at n =n, (m = &uc), both from within the
same scattering volume. No evidence of self-
focusing of the uniform beam was found even at
incident intensities up to 1= 10"W/cm'.

In addition to the direct evidence listed above,
other (indirect} evidence is consistent with the
hypothesis of self-focusing in the structured
beam. Qualitatively different behavior was ob-
served between the structured pump and uniform
pump cases in (1) the level of backscattered 10.6-
p, m radiation and, (2) the plasma temperature
profile.

The experiment was performed on a long-gra-
dient-scale-length carbon plasma [I.= (din~/d~) '
=300 pm] described previously. ' The 10.6- pm
beam consisted of a train of 4-ns (full width at
half maximum) pulses separated by 120 ns. ' The
pulses acted on the plasma independently and only
the largest was probed. ' Interferometry and
Thomson-scattering data were taken simultane-
ously on every shot with a 1-ns probe pulse of
0.53-pm radiation. This provided a routine mon-
itor of the electron and ion temperatures and the
plasma density.
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FIG. 1. The 10.6-pm power dependence of the un-
shifted scattered signal, normalized to the thermal
component of scattered spectrum for & = 0.16&~ and
n = 0.4n, .

In the density range 0.1n, &n &0.5n, we observed
an anomalous component in the large-angle (135')
scattering signal in addition to the usual Thom-
son-scattering spectrum when and only when the
structured 10.6- p.m beam was incident upon the
plasma with a power density &10"W/cm'. This
new component was unshifted from the probe-la-
ser frequency and displayed a strong dependence
on the incident 10.6- p.m power density. The spec-
tral width of the unshifted component was less
than 0.5 A and unresolved. The 10.6- p.m power
dependence of the unshifted signal, normalized to
the thermal component of the spectrum, is shown
in Fig. 1 for n=0. 16n, and n=0. 4n, . At 0.16n, a
clear threshold and saturation behavior was ob-
served while at densities n &0.5n, the unshifted
component was not observed.

The above characteristics of the anomalous sig-
nal cannot be accounted for by scattering from
any of the normal modes of the plasma. Moreo-
ver, the anomalous signal was only present when
the plasma was irradiated with the structured
beam and then, only for I 2 5 && 108 W/cm2. Final-
ly, since the frequency shift was less than 0.5 A
(the limit of our resolution), the velocity compo-
nent of the anomalous source in the direction of
the scattering 0 vector must be less than 1.5
x 10' cm/sec. This is less than —,

' of the meas-
ured thermal sound velocity of -4 && 10' cm/sec.
These characteristics are consistent with the ex-
istence of self-focusing channels in the plasma
leading to Fresnel reflection at a discontinuity in
the electron density profile at the channel bound-
ary. For n -0.2n, and for an initial (measured)

electron temperature of T, =10 eV, the laser
power density required for the 10.6- p, m-radia-
tion pressure to balance the plasma pressure is
I-0.8 && 10"W/cm'. Including heating during the
laser pulse (T, reaches -30 eV) the required in-
tensity is I-2.5&10"W/cm'. The threshold in-
tensity implied by Fig. 1 corresponds to the pre-
dicted threshold I-10' W/cm' for self-focusing'
while saturation is predicted to occur at intensi-
ties of 1-10"W/cm'.

The above interpretation can qualitatively ac-
count for the relative signal strength of the shift-
ed (thermal scattering) and nonshifted (reflected)
component. Thomson scattering is observed from
a plasma volume of -10 ' cm'. As such, the sig-
nal strength at n-0. 16n„scattered into 4m sr, is
I,h„,-3 & 10'I,. Normal-incidence Fresnel re-
flection from an electron density discontinuity of
1.6 ~ 10"cm ' leads to a reflected intensity of
I„-2&& 10'I,. If one makes the (over)simplifica-
tion that the reflected signal is distributed equal-
ly over 4n sr, a remarkable qualitative agree-
ment is found with experimental results. In prac-
tice, of course, a true density discontinuity is
not possible. The observation of a significant re-
flected signal implies a minimum radial density
scale length l ~ 0.53 pm/2~- 0.1 pm for the plas-
ma. This is a surprising result and to our knowl-
edge such scale lengths have never been predict-
ed, nor measured in any laser-plasma-interac-
tion experiment. It should be noted, however,
that in the ambient plasma, the Debye length is
only -0.01 pm while a thermal electron entering
a filament which is supported by a 10"-W/cm',
10.6- p.m beam with a radial intensity profile
given by exp(2m/Ap„~) (characteristic of an eva-
nescent wave in a metal) will be reflected in -0.1
p, m.

At higher electron densities the observed de-
crease in I„/I,„„,could be the result of (i) the
background thermal-scattering level which must
increase with increasing density, (ii) a decrease
in the cross section of the filament (for I-10"
W/cm' and an 80- pm-diam focal spot, steady-
state self-focusing is expected in -240 pm), '
and/or (iii) a change in the radial density scale
length of the plasma.

The lack of an observed unshifted signal for n
&0.5n, may reflect the combined effects of the
above and/or that the filament decays in the high-
density region. Forward scattering provides
strong evidence that the latter does not occur.

Forward (20') Thomson scattering was used to
monitor the collective behavior of the plasma.
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Experiments carried out with the uniform pump
beam have demonstrated that it is possible to ob-
serve the signal scattered from the nonlinearly
enhanced electron plasma waves having a frequen-
cy u& =

& u&, (a signature of the n = ,'n—, region due
to two-plasmon decay)' and a frequency &u = &a, (a
signature of n = n, because of parametric decay
instability and/or resonance absorption). In our
plasma these regions are separated by ~1 mm,
or more than 7 times the spatial resolution of
the scattering system. With the structured beam,
however, we observed electron plasma waves v
= &co, and ~ = w, within the same scattering vol-
ume (Fig. 2) throughout the electron density range
+n, (n &n,. The presence of such strong signa-
tures of the two distinct densities within the same
scattering. volume (diameter 150 p.m) indicates a
strong profile modification (scale length (40 pm).
Such a dramatic change in the initial density pro-
file, if it occurs over the whole pump beam pro-
file, should be resolvable by use of interferome-
try. However, we find no evidence of it. (Fila-
ments with diameter on the order of one or two
vacuum wavelengths are unresolvable in an am-
bient density of sn, with visible interferometry. )

The signature of the 2~~ decay is observed at
all (background) electron densities (measured in-
terferometrically) between n, and ,'n, . This in-—
dicates the 2~~ decay takes place along the fila-
ment walls. Growth is possible in the long scale

FIG. 2. Forward (20') Thomson scattering at an
ambient n =n, . The scattered signal is composed of
the ion feature (central peak) and two sets of electron
satellites with shifts of approximately 2 ~p and ~p,
respectively (() is the frequency of the pump 10.6-p, m
beam) . The dispersion in the picture is approximately
100 A per division.
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length presented along the direction of the beam
path, ' and &n, clearly represents an upper bound
to the density inside the filament.

The self-focusing of the structured beam is
observed with a threshold of -10' W/cm'. How-
ever, we have found no evidence of self -focusing
with the uniform beam up to a power density of
-10"W/cm'. This different behavior can be ex-
plained by the length and/or time scales required
for self-focusing for both configurations. For the
structured and (unstructured) uniform beams the
self-focusing scale lengths' are approximately
240 and 1800 p.m, respectively. The self-focus-
ing times are given by the acoustic transit time
across radius of the filament' and these are, re-
spectively, 1 and 3 ns. Furthermore, as the
beams penetrate into higher electron densities,
plasma pressure increases so that the effect of
self-focusing is even less important for the uni-
form beam than the above estimates would indi-
cate.

The conclusion that filamentation is occurring
in the structured beam but not in the unstructured
beam implies a number of observable conse-
quences, of which we have chosen to verify two.
The plasma profile as seen by the incoming 10.6-
pm photons should be very different for the struc-
tured and unstructured beam. In the present ex-
periment, with the uniform beam we observe
-55% ref lectivity of the incident 10.6- p, m light as
monitored through the focusing optics. However,
if filamentation occurs, the ref lectivity must de-
crease due to the smaller value of fn dl along the
path of the incident 10.6-p, m beam, and/or satu-
ration of Brillouin scattering which may occur
due to the higher fluxes associated with self-fo-
cusing filaments. We observed with the struc-
tured beam that the 10.6 pm light reflected back
through the focusing optics represents only (10-
15)% of the incident energy, and, of course, a
large portion of this may be due to much higher
ref lectivity early in the pump pulse, before the
filament can be fully formed. The above result
clearly implies that filamentation can yield mis-
leading results in the interpretation of experi-
ments showing saturation of Brillouin scattering
where pulse durations are greater than hydrody-
namic response time of the plasma, and/or the
plasma dimensions greater than self-focusing
scale length.

Finally, Thomson-scattering measurements
have shown" that long-density-scale-length plas-
mas establish "inverse" electron and ion temper-
ature profiles (i.e. , higher temperature at n,
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FIG. 3. Electron temperature vs ambient electron
density measured by large-angle (135') Thomson scat-
tering, for different 10.6-p m intensities.

-0.1n, than at n, -n, ) when pumped with a 10.6-
pm beam (10"-10"W/cm') focused to a uniform
200- p, m-diam focal spot. These inverse profiles
appear to be due to the limited penetration (the
result of Brillouin scattering) of the pump beam.
In the present experiment, and with the struc-
tured beam, we observe the maximum tempera-
ture near n, (Fig. 3) for incident powers above
10"W/cm'. In the presence of self-focusing an
inverse temperature profile is only observed at
incident power levels of &10"W/cm' as shown in
Fig. 3. It, therefore, appears that self-focusing
allows the laser radiation to penetrate to regions
of higher density (-n, ) where it is effectively ab-
sorbed.
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