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Direct Evidence of Ponderomotive Filamentation in a Laser-Produced Plasma
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We present an experiment in which the ponderomotive filamentation instability is driven in a pre-
formed, underdense plasma. The spatial profile of the driving beam is intentionally modulated to pro-
duce a striated intensity distribution of known periodicity. Dark-field imaging is used to observe the
density perturbations produced by the instability. The observed threshold intensity for perturbation
wavelengths of 42 pm is approximately 3X10'3 W/cm which compares favorably with homogeneous in-

stability theory.

PACS numbers: 52,40.Nk, 42.65.Jx, 52.35.Nx

The filamentation instability ' is of particular concern
in inertial-confinement-fusion applications where the
symmetry of the radiation imploding the pellet is impor-
tant. Filamentation is of a more general interest be-
cause of its role in interacting with parametric instabili-
ties in laser-produced plasmas; filamentation can produce
local laser intensities and density gradients which are
much higher than the average plasma values. Typical
laser beam cross sections have large intensity variations
which can seed the filamentation instability. Usually the
hot spots in the beam profile are distributed randomly or
in diffraction rings which can change as a function of
laser power. Methods are being considered which
should substantially reduce the instantaneous and time-
averaged intensity fluctuations, but one would like to
know how large a fluctuation level one can tolerate. To
date, there has been a lack of quantitative comparison
between experiments and predicted thresholds.

In the experiment discussed in this Letter, filamenta-
tion is driven in a preformed, underdense plasma by irra-
diating it with a second beam which has a well-defined
spatial intensity perturbation that dominates the intrinsic
intensity noise of the beam profile. We are able to iden-

tify growth of the imposed perturbation by looking for
density structures with an identical wavelength. For a
particular set of plasma parameters we have found an
experimental threshold for ponderomotive filamentation
which compares favorably with a homogeneous instabili-

ty theory.
In previous work, indirect identification of filaments,

such as x-ray photographs, " imaging of backscattered
light, ' angular distribution of 2 co emission, ' and im-

aging and angular distribution of 2' emission, ' ' are
unsatisfactory since the relation between these processes
and filaments is unclear. Direct identification of fila-
ments with use of interferometry and shadowgra-

phy,
' ' has not distinguished between filamentation

and stable perturbations of the plasma density by struc-
ture in the beam. None of the above experiments have
clearly demonstrated threshold conditions. An experi-
ment ' in which Thomson scattering identified electron
plasma waves generated at n, /4 in the filament walls has
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FIG. 1. Layout of the beams in the target chamber room.
The 3m probe beam can be optically delayed relative to the
other two lm beams. A polarizer allows both the plasma-
forming beam and the filament-driver beam to use the same
focusing lens; the two beams have orthogonal polarizations.

suggested thresholds which are somewhat lower than
predicted thermal-filamentation thresholds. None of
these experiments have spatially correlated filament
growth with initial intensity structure in the beam or
identified an instability as either ponderomotive or
thermal filamentation.

The experiment has been performed with use of the
Phoenix laser facility at the Lawrence Livermore Na-
tional Laboratory and is shown in Fig. 1. The plasma is
formed with a 100-J, 1-ns, 1.06-pm laser pulse incident
on a I-pm-thick CH foil target. The plasma is then irra-
diated by the filament-driving beam which is a 100-ps,
1.06-pm laser pulse of ~ 30 J which is timed to arrive at
the target 200 ps after the peak of the plasma-forming
beam, when the foil has burned through and the plasma
is underdense. The spatial intensity profile of the
filament-driving beam is modulated by a pair of partially
reflecting plates which interfere the beam with itself to
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produce horizontal fringes; the depth of modulation
can be varied by changing the reflectivity of the plates,
and the perturbation wavelength can be varied by chang-
ing the angle between the plates. The peak intensity of
each fringe is unchanged from the average beam intensi-
ty. In this experiment, the plate reAectivity is 40% which
gives an intensity modulation of bI/ID=81%. Both the
plasma-forming and filament-driving beams are focused
with an f/2 lens and are converging at the target plane.
A 100-ps, 0.35-pm probe beam is synchronized with the
driving beam and aligned parallel to the fringes on the
filament-driving beam and parallel to the target plane.

A principal advantage of the present experiment is
that the filaments will tend to form in sheets so that a
probe beam aligned tangential to the sheets will have a
large path length through a filament which grows from
the imposed perturbation. Because the refraction angle
of a ray depends on the ratio of the path length to the
density-gradient scale length, ' we expect significant re-
fraction of the probe beam by the sheet filaments even if
they focus in width to dimensions on the order of the
laser wavelength; refraction is likely to be smaller for cy-
lindrically shaped filaments formed by hot spots since the
path length through them will decrease as they focus.
Dark-field imaging (DFI)' ' is a technique which al-
lows one to obtain high-contrast images of the density
structure by blocking the unrefracted component of the
probe beam with an appropriate spatial filter located in

the focal plane of the imaging lens.
The DFI imaging system consists of two lenses: The

first is an f/4. 5, 240-mm-focal-length commercial en-
larger lens, while the second (not shown in Fig. 1) is an

f/1. 9, 50-mm camera lens which provides additional
magnification. The total magnification is 12.7 and the
resolution is 10 pm. The spatial filtering is performed in
the focal plane of the second lens and consists of a pair
of crossed 80-pm-diam wires oriented 45' relative to the
laser axis and centered so that the intersection of the
wires blocks the focus of the unrefracted probe beam.
This filter rejects structures with a spatial wavelength
& 150 pm in the object plane. The DFI diagnostic can
relate the observed image intensity to the size of the den-
sity perturbation. The amount of refracted light is es-
timated by (bl/Io)~ 2(1 —cosh&) with the phase
shift given by hp=(9&&10 z~)zL~ „X~„bn,where ) ~ „

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

„

is the
path length through the plasma (in pm), and bn is the
size of the density perturbation in cm

A beam splitter after the first imaging lens relays the
probe beam through a folded-beam interferometer, and
then the interferrogram is imaged onto film by a relay
lens identical to the one in the DFI system. The inter-
ferometer provides a measurement of the background
density profile at the time that the filaments are being
driven. Since the filament cross sections are so small, it
is difficult to resolve fringes inside a filament and obtain
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FIG. 2. Plasma density contours (solid lines) for the plasma
corresponding to Fig. 3(a). The dashed lines show calculated
temperature contours. The bold solid line shows the extent of
the filament structure of Fig. 3(a).

a measurement of bn/n with this diagnostic.
The plasma parameters at the time the filament-

driving beam reaches the target are shown in Fig. 2. The
density profile is obtained from the interferometer while
the temperature distribution is obtained from a 2D
LASNEx calculation. The plasma density distribution
given by the code and the interferometer are in reason-
able agreement at densities ~ O. ln„but the extent of
the plasma is 20% larger in the experiment. The peak
density and temperature on axis are 0.25n, and 1.0 keV,
respectively. The absorption of the plasma is low (the
inverse bremsstrahlung absorption length at O. 1 n, is & 9
mm), so that the filament driving beam does not sig-
nificantly increase the background temperature.

An experimental estimate of the instability threshold
is found from the DFI data. In Fig. 3(a), the modulated
beam intensity is 4.2X10'3 W/cm (13-J, 630-pm-diam
spot) and the perturbation wavelength is 42 pm; the fila-
ment structure is very evident. We expect and observe
fifteen filaments. The angles of the filaments with
respect to the laser axis match the angles of the incident
beam. No growth is observed for driving-beam intensi-
ties as high as 2.8X10' W/cm (15-J, 760-pm-diam
spot) and the same perturbation wavelength [see Fig.
3(b)]. In this case the plasma-forming beam is also of
lower intensity because of the larger spot size, but the
electron temperature will not change much with laser in-
tensity (T, ccI'~ ). The timing of the beams in both
cases is identical. The target-plane image of the modu-
lated beam for the case of Fig. 3(b) is shown in Fig.
3(c). Dark-field images of the preformed plasma (no
modulated beam) with various spot diameters are very
similar to Fig. 3(b), as are cases with the modulated
beam (I~5X10' W/cm ) in which the perturbation
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FIG. 4. Comparison of calculated thermal (dashed line) and
ponderomotive (solid line) growth lengths vs instability k for
the listed plasma parameters.
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FIG. 3. Dark-field images of (a) a modulated beam of in-

tensity I 4.2X10'3 W/cm~ incident on a preformed plasma,
and (b) a modulated beam of intensity I 2.8&10'3 W/cm2 in-
cident on a preformed plasma. (c) A television-monitor pic-
ture of the target-plane image of the modulated beam of (b).

wavelength is 135 pm. The DFI has shown only periodic
structure in front of the target and only for conditions
above threshold.

Figure 2 shows the location of the extent of the 61a-
ment structure with respect to the plasma density and
temperature distribution. Since filamentation is a non-

resonant instability, we might expect reasonable predic-
tions of threshold from a homogeneous plasma theory.
Theoretical predictions2s for the inverse growth length
(Imk) of ponderomotive 61amentation as a function of
the perturbation wave number (Rek) are shown in Fig.
4. We can de6ne an instability condition to exist when

the laser intensity has increased one e-fold; this is indi-
cated by the horizontal line in the graph. The pondero-
motive threshold for the maximum-growth wave number
k is given by2

2&10' L„'X„'(n,/n) Tk,v,

where L„is the plasma length in microns, X„is the laser
wavelength in microns, and Tk,v is the electron tempera-
ture in keV. From this formula we expect the filament
to continue to grow to the peak of the density profile.
LASNEx calculations show that the electron temperature

b'n/no (no n)/no—
-1 —exp[ —0.375 (vp/v th) '], (2)

where vo eEo/mroo is the electron quiver velocity and
vth (T,/m) '/ is the electron thermal velocity. For the
parameters for the plasma of Fig. 3(a) we find (vo/

changes from 800 to 1000 eV over the same density
range. For the parameters in this experiment (L„300
pm, n O. ln„Tk,v 0.8 keV) we calculate a threshold
intensity from Eq. (1) of 5x10" W/cm2. The results
for a perturbation of 135 pm (no growth) are consistent
with the calculated intensity threshold of 1.8&10' W/
cm2. Since the parameters used in the threshold formula
and the threshold criterion itself might vary by a factor
of 2, one would not expect exact agreement between the
calculated and experimental thresholds. It is clear, how-

ever, that there are not orders of magnitude difference
between the two results. We expect that this theory ac-
curately describes our experiment since it assumes that
the light energy density is small compared to the plasma
energy density. Although bI/Ip is large, the peak inten-
sity is low, and we will see below that the initial density
perturbations are small (-0.3%).

The density perturbations are unlikely to be due to
thermal filamentation. Figure 4 shows that not only is
thermal 61amentation predicted to be stable for the
chosen plasma conditions, but it is also limited to pertur-
bation wavelengths larger than the electron mean free
path, and so for very short wavelengths only ponderomo-
tive filamentation can grow. We can calculate the
thermal threshold intensity (for Rek small) to be
5x 10' W/cm, which is far above the intensity of the
modulated beam.

The density perturbations to the background density
no due to stable intensity perturbations on the laser beam
are small. The size of the density fluctuation is given by'
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v th) =0.003 which gives a perturbation density of
bn/no-0 3%. .Note also that vo/v&h increases as one
moves away from the target (because T, decreases)
which would suggest a larger bn/no further away from
the target; this is contrary to the observed structure. If
the intensity increases to 5x10' W/cm because of
filamentation, and assuming that T, is unchanged, then
we find Bn/n o-10%. We estimate the peak intensity of
the refracted probe-beam rays to be (bI/Io)~-50%. Us-
ing the expression relating to refracted probe-beam in-

tensity to the phase shift and the phase shift to the densi-

ty perturbation, we find that the observed intensity level

is consistent with b'n/no=10%. The increase in the den-

sity perturbation and the intensity level required to pro-
duce it are consistent with the filamentation instability.
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