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Density profile of the glass-microballoon plasma irradiated by Nd laser with intensity
of 10'6 W/cm' was measured by newly developed microscopic interferography. The exis-
tence of strong density modification by intense radiation pressure was clearly indicated.

The hydrodynamic behavior of laser-produced
plasmas is essentially important for laser fusion
research, because absorption mechanisms of la-
ser light depend on the density profile of the plas-
ma. Recent theoretical and computational inves-
tigations' ' show that the density gradient near
the critical density (n, =10"cm ' for Nd laser)
is dramatically steepened by intense radiation
pressure. ' Because of the density steepening,
the resonant absorption" becomes an effective
absorption mechanism while the efficiency of the
parametric instability and the classical absorp-
tion are reduced. There have been a number of
experimental studies' "on the density profile of
laser-produced plasmas. Density cavities pro-
duced by the radiation pressure were observed in
in recent experiments using CO, laser (X =10.6
pm). "'" We have reported the existence of the
density modification by Nd laser (A =1.06 p, m)
with an indirect method, that is, spectrum meas-
urement of backscattered light. "

In this Letter, we present the observation of
the density profile of the plasma irradiated by Nd
laser with an intensity of 10"W/cm' and infer
the existence of the strong density modification.

The glass laser "Gekko II," two-beam system"
was used to irradiate a glass-microballoon tar-
get, the diameter of which was 50-58 p, m. The
oscillator was a yttrium aluminum garnet laser,
mode locked by a saturable dye, which was fol-
lowed by nine rod-type amplifiers. The diameter
of the final rod was 80 mm. The output energy
was typically 15 J per beam and the pulse dura-
tion was 30 psec full width at half-maximum.
The prepulse energy was minimized by two satu-
rable dye cells in the early stage of the ampli-
fiers. The energy of the prepulse was less than
20 p,J. The amplified spontaneous emission was
below 1 mJ. The soft aperture and the vacuum
spatial filters were used to get a clean beam.
The f number of the focusing lens was 1.2. The
typical focusable power was 10 J in 50 p, m diam.
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FIG. 1. (a) Schematic diagram of microscopic inter-
ferometer. The arrow shows the optical path of the
probing light, Spatial resolution is better than 2 JL(, m.
(b) Interferograph and (c) simultaneously obtained
shadowgraph. Top figures were taken before the laser
irradiation and the bottom figures were taken at 370
psec after. Two beams are focused from north and
south sides. Intensities of the north and south beams
are 10" and 10t6 W/cm', respectively. Bright spots are
due to the second-harminic radiation from the plasma.

The laser intensity was over 10"W/cm' on the
target.

The density profile of the ablating plasma was
observed by interferography and shadowgraphy.
In order to provide a probing light, a small por-
tion of the main laser light was split off and fre-
quency doubled by a potassium dihydrogen phos-
phate (KDP) crystal. The pulse duration of the
light entering into the KDP was compressed by
a dye-amplifier chain. Figure 1(a) shows the
schematic diagram of the interferometer which
was newly developed. The probing light, after
passing through the target, is divided into two
beams. The phase fronts of each beam were
spatially shifted by phase shifters. The one beam
which passes the target interferes with the other
which passes through vacuum near the target.
The image of the target is magnified 50 times on
Polaroid No. 105 film by a microscope. Thie sys-
tem has very high spatial resolution and is easy
to construct. In addition, a shadowgraph can be
obtained simultaneously. ' '" The spatial and
temporal resolutions were better than 2 p, m and
20 psec, respectively. We defined the time ori-
gin as the time when the fringe shift and the shad-
ow of the plasma first appeared. Therefore the

time origin indicates the onset time of the laser
irradiation. The electron temperature was meas-
ured by Ross filter method. The measurable
spectral range was from 1 to 80 keV. Time of
flight of ions was measured by charge collectors.
The cold- and hot-electron temperatures were
typically 1 and 15 keV, respectively, at the laser
intensity of 10"W/cm .

We have measured the time history of the den-
sity profile of the ablating plasma. Figure 1(b)
shows the typical interferographic result at 370
psec after the onset of the laser irradiation.
These photographs were taken under the condition
of two-beam irradiation, where the light intensity
of the south beam was 10"W/cm' and that of the
north beam was 10"W/cm'. The time difference
between two beams was less than 30 ps. The
bright spots which are at 7 p, m from the initial
wall of the microballoon are due to the second-
harmonic radiation from the plasma and corre-
spond to the laser-energy deposition region. "
In the south side of the Fig. 1(b), the fringe shift
strongly changed near the bright spot. The shad-
owgraph simultaneously observed is shown in
Fig. 1(c). A dark arc (indicated by an arrow) cor-
responds to the region where the fringe shift be-
comes steep. Since the light intensity of the shad-
owgraph is proportional to the second derivative
of the electron density with respect to space, "
the dark arc indicates that the density gradient
changes at this region. The integrated density
profile in the south side fn, dl, where dl is the
plasma depth, were converted to the radial den-
sity profile by Abel inversion as shown in Fig. 2.
A density shelf propagating radially into the low-
density region appeared at -10"cm '. This shelf
was observed up to 400 psec. Along the laser ax-
is, the density gradient at the higher-density re-
gion was steeper than that of the lower-density re-
gion. The temporal change of the axial density
profile is shown in Fig. 3(a). These density pro-
files are separated into the short —and the long—
density-scale-length regions. The density scale
length was defined as the distance where the den-
sity decreases by a factor of e '. The temporal
change of the short and the long scale lengths,
I,, and L„areshown in Fig. 3(b). The time de-
rivative of the short scale length, dL, /dt, was
about 2.5 &&10' cm/s, and dL, /dt was more than
10' cm/s. The short scale length under the laser
irradiation was extrapolated to be l -2 p. m. Dur-
ing the period of the laser irradiation, the short-
scale-length region was not able to be detected,
because the refraction of the probing light was
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FIG. 2. Radial density profile at 370 psec after the
laser irradiation.

enhanced by the large density gradient, so that
the light passing through the short-scale-length
region could not enter the microscope objective.
More than 600-700 psec after the laser irradia-
tion, the long-scale-length region became unob-
servable because of the radial expansion.

The isothermal rarefaction solution shows that
the density scale length is 9 p, m at 30 psec (pulse
width), for a temperature of -1 keV and ioniza-
tion number of -10. The extrapolated scale
length is shorter than that value and the observed
density profiles differ from the rarefaction pro-
file.

The axial density profile can be explained by
the density modification due to the radiation pres-
sure. The theory of the density modification
which takes account of the plasma flow has re-
cently been given by Lee et al.' They showed that
two shelves, upper and lower density, are formed
at both sides of the critical density surface. The
transition region from the upper to the lower
shelf has a very steep density gradient. In the
frame moving with the discontinuity, the flow is
accelerated from subsonic to supersonic at the
discontinuity. The jumps of the density and the
flow velocity increase with increasing of the ra-
diation pressure. The density gradient at the dis-
continuity is too large to detect at an early period
of time, but at the later time this discontinuity
breaks down so as to be observable. %e presume
that the short- and the long-scale-length regions
correspond to the discontinuity surface and the
rarefaction tail, respectively. In the present ex-
periments, the ratio of the quivering electron
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FIG. 3. (a) Temporal change of axial density profile.

The density gradient at the higher-density region is
steeper than that of the lower-density region. (b) Den-
sity scale length vs time. I, and L2 show short and

long scale lengths, respectively. The critical density
surface is in the short-scale-length region.

velocity v„to the electron thermal velocity v, is
-2. At this ratio, the predicted upper-shelf den-
sity n =3n, is too high to detect with the present
measuring system. But the lower-shelf density
is predicted to be (0.13-0.04)n„which is in good
agreement with the experimental value (-0.1n,).

In conclusion, the existence of density modifica-
tion due to the radiation pressure w3s clearly in-
dicated. The density profile of the ablating plas-
ma consisted of the short- and the long-density-
scale regions joined by the density shelf. The
density scale length near the critical density was
very short in comparison with the unperturbed
profile. These results show tha't the radiation
pressure is a dominant factor in a determination
of the density profile and the resonant absorption
will become an important absorption mechanism
in the laser fusion experiment.
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Soliton Generation at Resonance and Density Modification in Laser-Irradiated Plasmas
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Analytic results are obtained for generation of solitons and their effects on density-pro-
file modifications at critical density for resonance absorption process.

For a laser beam of frequency ~, obliquely in-
cident onto a nonuniform plasma slab with polari-
zation in the plane of incidence, there is a com-
ponent of the electric field along the density gra-
dient driving the density oscillation. Because of
Budden tunneling, the residual electric field be-
yond the cutoff can drive the plasma wave at res-
onance where &~(x') =&so. This transformation of
the electromagnetic wave into electrostatic waves
which are subsequently absorbed by the plasma
particles constitutes an important absorption
mechanism of the laser radiation. '

In the usual linear theory, a fixed density pro-
file is assumed and the modification of the densi-
ty profile by the large-amplitude plasma wave
generated at resonance is neglected. ' In reality,
even for a relatively weak pump wave, the res-
onantly driven plasma wave can significantly mod-
ify the density. profile near the critical density
region by the ponderomotive force.' ' Because
of the localized structure of the field near the
resonance, the ponderomotive pressure tends to

drive the plasma out of the resonance region,
thus depleting the local plasma density, forming
a caviton (soliton). The successive generation of
solitons and their subsequent downward motion
along the density gradient results in a quasista-
tionary density step with steep density gradient. "'
The formation of this sharp density step can sta-
bilize many parametric processes, "affecting
the absorption and scattering of laser light

In this Letter, we present an analytic theory of
these nonlinear processes of soliton generations
and profile modifications at the resonance.
Threshold conditions for Ã-soliton formation are
obtained. A closely related problem is the satu-
ration of the linearly transformed wave. In the
linear theory, the thermal convection of the plas-
ma wave and its subsequent Landau damping pro-
vides the saturation after a time t, = (I./&D)' 'co~, ',
where I is the initial (unmodified) density scale
length and Ao = (T)one')' ' is the Debye length.
Because the soliton generation involves ion mo-
tion which takes place after several ion plasma
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