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Filamentation and Second-Harmonic Emission in Laser-Plasma Interactions
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Interferograms of an underdense, preformed plasma which is irradiated with a line-focused laser beam
show pronounced density perturbations. The interferograms are compared to simultaneous, gated im-
ages of second-harmonic emission. We observe a correlation between the spatial positions of the density
perturbations and the peak of the second-harmonic emission. We interpret these phenomena as being
emission from a local, nonlinear focus in the underdense plasma, rather than from the entire length of a
filament.

PACS numbers: 52.40.Nk, 42.65.Jx, 52.35.Nx

The filamentation instability in laser-produced plas-
mas is of great interest because of its possible role in de-
grading the coupling of lasers to inertial-confinement-
fusion targets. Filamentation has recently been studied
extensively in numerical simulations and experi-
ments. ' Filaments have been invoked to explain nu-
merous experimental phenomena, one of which is the ob-
servation '' ' of emission at the second harmonic of the
incident laser frequency, cop, from underdense plasmas at
angles perpendicular to the incident laser beam. No
direct link between filaments and underdense 2cop emis-
sion has been demonstrated to date, in part because there
are numerous theoretical explanations for harmonic
emission, ' ' and in part because the density perturba-
tions produced by filamentation have only recently been
clearly identified.

In this Letter, we will discuss experimental observa-
tions in which a short-pulse, high-intensity laser beam
interacts with an underdense plasma formed by another
laser pulse, and produces a density perturbation which
can be detected interferometrically. A fast-framing
camera simultaneously records the image of the 2cop

emission. This allows a simple comparison between the
spatial positions of the density perturbation and the
second-harmonic emission. The main result of this
Letter is that 2cop emission is spatially correlated with
the density perturbations, but is not observed for the en-
tire length of the filament.

Our experiment was conducted using two beams of the
Chroma laser at KMS Fusion. One beam irradiated a
thin foil target (0.35-pm-thick CH) at an angle 50'
from the target normal to form a plasma. This laser
pulse was nominally square with a 500-ps duration, and
had an energy of 65 J and a wavelength of 1.06 pm. The
laser spot on target was circular with a diameter of 450
pm. The foil burned through approximately 300 ps into
the laser pulse and eventually formed a plasma that was
nearly symmetric about both the plane of the target and
the laser axis.

A second, short-pulse beam, which we will call the in-
teraction beam, was delayed relative to the falling edge
of the first pulse by 300 ps. The interaction-beam wave-
length was also 1.06 pm; the pulse was Gaussian with a

100-ps FWHM, and had a laser energy of 35 J. The in-
teraction beam was focused to a line by a positive spheri-
cal (f/6) lens with a negative cylindrical lens placed just
before it. At best focus, the beam had dimensions of
50 X 250 pm, which was verified by imaging the
transmitted beam at the target plane. The position of
best focus was varied between target irradiations by
moving the spherical focusing lens. The polarization of
this beam was linear and tilted with respect to the hor-
izontal plane by 45

A single-frame holographic imaging system ' recorded
the line integral of the phase shift of a probe beam which
passed through the plasma, tangential to the target
plane. The probe beam had a wavelength of 0.25 pm,
was a Gaussian pulse of 20-ps duration, and was aligned
parallel to the line focus of the interaction beam. The
probe-beam pulse arrived at the target at the same time
as the interaction beam. Because the interaction beam is
focused to a line, rather than a circular spot, it is possible
to see a large phase shift [see Fig. 1(a)] even if the den-
sity perturbation produced by the interaction beam is
small. '

The other important diagnostic in this experiment is a
gated optical imager (GOI)' which is a single-frame
framing camera with 120-ps gate width. The target was
imaged onto the camera by a single-element lens (f/6)
which viewed the plasma from the side opposite to the
holographic imager, and at an angle of 5 in front of the
target relative to the probe beam. The light from the
plasma was spectrally filtered to provide —10 at-
tenuation of emission outside a wavelength window of
k =5320 ~ 100 A. The GOI was gated at the same time
that the interaction beam reached the target. Because of
the short gate width, all of the 2cop emission shown in
this Letter [see Figs. 1(b) and 2(b)] is due to the in-
teraction beam, not the plasma-forming beam. The time
resolution of the GOI simplifies the interpretation of the
images compared to time-integrated measurements ' ' and
minimizes blurring due to plasma motion.

In Figs. 1 and 2, we compare the simultaneous inter-
ferograms and the GOI pictures from two target irradia-
tions. The object plane for both diagnostics was located
midway into the plasma. By imaging a 400-pm-diam
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FIG. 1. Comparison of (a) an interferogram and (b) a 120-
ps gated image of a plasma with the best focus of a line focus
located at the target plane. The pictures are recorded at the
same time and only the side of the plasma facing the laser (in-
cident from the right) is shown. The white lines in (a) show
the estimated path of the I/e level of the intensity profile of the
interaction beam without the plasma.

steel ball onto both diagnostics we can reconstruct im-
ages with the same magnification. The three small spots
seen in the lower half of the GOI pictures are defects in
the microchannel plate which reference the position of
the second-harmonic emission on any shot relative to the
target plane. The target plane in the interferograms is
well defined by the shadow of the washer that supports
the CH foil [left side of Figs. 1(a) and 2(a)].

For the target irradiation of Fig. 1, the best focus of
the interaction beam was positioned at the target plane.
The interferogram shows a density perturbation which is
centered vertically and extends between 150 and 400 pm
in front of the target. Subsequently, the spherical focus-
ing lens was moved 400 pm away from the target to pro-
duce the data shown in Fig. 2. Once again there is a
density perturbation centered vertically but with a small-
er horizontal extent. These two figures show that the
peak of the 2o)p emission moves as well.

From the interferogram, we can deconvolve the back-

Target plane

FIG. 2. Comparison of (a) an interferogram and (b) a 120-
ps gated image of a plasma with the best focus of a line focus
located 400 pm in front of the target plane.

ground density with the assumption of axial symmetry,
by using an Abel-inversion routine while neglecting the
phase shift due to the line-focus density perturbation.
This gives the density profile in the central plane of the
plasma which passes through the laser axis. This profile
is then corrected for the density perturbation produced
by the line-focused interaction beam by noting that the
phase shift, Ap, of the probe beam through the line focus
is related to the density perturbation 6'n by

Ay=9 x 10 nL~ „X~„bn,
where k~

„

is the wavelength of the probe beam in pm,
L~

„

is the path length through the plasma in pm, and Bn
has units of cm . We will take L~

„

to equal the length
of the line focus (=250 pm) to get bn =6x10' Ap,
which we subtract from the unperturbed density profiles
(dotted lines) to get the density profiles (dashed lines)
shown in Fig. 3.

The density perturbation given by simple pressure bal-
ance between the laser and the plasma can be calculated
from Eq. (2) of Ref. 9; for plasma parameters of T,—500 eV (from simulations), n/n, =0.1, and IL =1.3
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x 10' W/cm, we calculate Bn/n =30%%uo. The observa-
tion in this experiment that the perturbations have a
finite axial extent suggests, however, that the laser light
is self-focusing (and, subsequently, defocusing). The
size of the initial density perturbation is large enough
that predicted filamentation focusing lengths based on
small initial perturbations' ' are not applicable. One
can integrate the equation of refraction of a light ray'
and define the self-focusing length Isq to be the distance
required to deAect a ray at the radius of the hot spot,
r =rp, to r =0. Using the equation for ponderomotive
pressure balance we find

p &'eI,F=a rp
pe &'Os

FIG. 3. Comparison of density profiles (obtained by unfold-

ing the interferograms) with relative intensity contours of 2coo

light (solid lines). Shown are density profiles along the laser
axis with (---) and without ( ) the perturbation produced by
the interaction beam. The profiles are obtained from the data
for the cases shown (a) in Fig. 1, and (b) in Fig. 2.

where co~, is the electron plasma frequency, U, is the
electron thermal velocity, and vp, is the electron oscilla-
tory velocity in the light wave. The dimensionless pa-
rameter a is selected, based on numerical simulations of
the nonlinear Schrodinger equation, to be a =1.7. For
the plasma parameters listed above, with an initial beam
radius of 50 pm, we find lsF=250 pm, which is in good
agreement tn the observed focusing distance (from the
edge of the plasma to the maximum density perturba-
tion). The inverse bremsstrahlung absorption length is
calculated to be (for Z=3.5) )4 mm, which is too
large to explain the finite axial extent of the density per-
turbation.

Our calculations with a saturable (exponential) non-
linearity suggest that as the laser beam self-focuses, it
develops substructure and collapses into a number of fila-
ments. In 3D calculations, these filaments become very
intense and small (a radius of only several wavelengths).
The resulting strong gradients in intensity and density
enhance the 2cop emission. However, ion waves are ex-
pected to be generated in the final, nonadiabatic stage of
the formation of such intense, narrow filaments. These
ion waves can provide density modulations which act to
delocalize or spray the filaments. '

We have converted the recorded film density of the
2mp emission to relative intensity and compared these
profiles along the laser axis to the density profiles for the
two cases discussed: Figure 3(a) is for the interaction-
beam focus at the target plane, as seen in Fig. 1, and
Fig. 3(b) is for the interaction-beam focus 400 pm in

front of the target plane, as seen in Fig. 2. The peak of
the 2cop emission occurs in or near the density perturba-
tion in both cases, probably at the position of the peak
incident intensity. The difference in position of the 2cop

emission relative to the filament is probably due to the
dynamics of the self-focusing process; in Fig. 1 the beam
is converging in the plasma while in Fig. 2 the beam is
diverging. Refraction of 2cop rays propagating through
the filament, combined with the large extent of the radi-
ating object compared to the depth of focus of the imag-
ing lens, is probably responsible for the vertical and hor-
izontal extent of the 2mp emission seen in the images
[particularly Fig. 1(a)].

While our results are generally consistent with previ-
ous explanations ' " of 2mp emission from underdense
plasmas and with the belief that this happens in fila-
ments, these time-resolved results show the importance
of the filamentary focus as the chief source of emission,
rather than emission along the length of the filament.
The source term is proportional to Eo(E, .V)n
+E, (Eo V)n, where Eo,E, are the incident and scat-
tered laser lights, respectively. Hence, in a uniform fila-
ment one expects the 2cop source to be localized at the
filament edge along the length of the filament. Experi-
mentally one sees a laterally diAuse 2cop source concen-
trated near the end of the measured filament, presum-
ably the focus. There one expects Vn no longer to have
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strict transverse symmetry, and to be quite large, with E,
likely not in a backscatter collimated direction. All of
this should allow a considerable relaxation of constraints
on 2coo emission direction and polarization. Investiga-
tion of these and other spectral features is left to future
work. It is likely that the z extension observed in time-
integrated images'' (for long laser pulses) is largely due
to focus motion.

In conclusion, we find that there can indeed be a
correlation between second-harmonic emission and den-
sity perturbations produced by a laser beam interacting
with an underdense plasma. Although we have demon-
strated experimental conditions in which 2mo is associat-
ed with filaments, the use of 2coo as a diagnostic for
filamentation in underdense plasmas is problematic, be-
cause (i) the 2coo emission does not show the complete
extent of the filaments (see Figs. 1-3), (ii) significant
2coo emission is observed only at high intensities (we do
not observe significant 2mo from filaments for the condi-
tions of Ref. 9), and (iii) the 2coo emission does not give
a quantitative measurement of 6n/n The u.nambiguous
way to study filamentation is with direct measurement of
the density perturbation, i.e., using interferometry or
schlieren.
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