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ABSTRACT

In this update lecture we focus on laser-driven instabilities in
long scalelength underdense plasmas. Particular attention is given
to some recent experiments on Raman scattering of intense laser
1ight. Many important features are in accord with theoretical
expectations as discussed in lectures at previous summer schools.
These features include a correlation of hot electron generation with
Raman scattering, an increase in this scattering as the density
scale length increases, and collisional suppression of the
instability. Some challenging aspects of the growing data base as
well as various deficiencies in the understanding are discussed.

The role of the pre’
is also briefly considered.

Brillouin, and filamentation instabilities

1.
INTRODUCTION

Long scalelength plasmas are expected in laser fusion applications,
since high gain capsules will be irradiated with long shaped
pu]ses.(]) Effective pulse widths are of order 10 ns, leading to
underdense plasma with density scale lengths of order

1 mm. As an illustrative examp]e,(z) consider an Au disk
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irradiated with a generic shaped reactor pulse of 0.26 v light.
Near the end of the pulse , the underdense plasma consists of two
parts. The first is an ablatively steepened portion where inverse
bremsstrahlung is efficiently depositing energy. In this high 2
plasma, inverse bremsstrahlung begins to be quite efficient at
densities of about a tenth of the critical density ("cr)' so the
steepened portion of the profile extends to densities below 0.1
Ner The density scale length here is set by a competition
between the deposition and the energy transport and is ~» 400 p

for this example. At still lower densities, the plasma becomes
isothermal with an electron temperature of A 5 keV and a density
scale length of ~ 2 mm determined by the plasma expansion. The
peak intensity is about 3°X 10]5 H/cm2 in this example, although
lower peak intensities could be used. Note that the density scale
length in the underdense plasma is > 2000 Ao’ where A, is

the free space wavelength of the 1ight. Underdense plasmas with
similar scale lengths are expected in low Z targets for direct drive
applications.

As discussed in lectures at previous summer schools,(3)
intense laser light can excite a variety of instabilities in long
scalelength underdense plasmas. Most of these instabilities can be
simply represented as the resonant decay of the incident light wave
into two other waves, For example, if the unstable waves are a
scattered 1ight wave and an electron plasma wave {ion acoustic
wave), we have the Raman (Brillouin) instability. If the unstable
waves are both electron plasma waves, we have the two plasmon decay
(pre) instability. In addition, the incident 1ight beam can
filament and self-focus. These instabilities can lead to hot
electron generation, scattering of the incident light, as well as
significant nonuniformity in the irradiation. Hence, it is of
considerable interest to understand the efficiency of these
processes in long scalelength plasmas.

In these update lectures, we will consider some of the progress
made in understanding and characterizing laser-driven instabilities
in long scalelength plasmas. Our emphasis will be on Raman
scattering, which to date has received the most attention because of



its role in generating hot electrons which preheat the fuel. Then
the role of the a”pe' Brillouin and filamentation instabilities
will be briefly considered.

2.
RAMAN SCATTERING

Stimulated Raman scattering is a well-known process. The frequency
and wave number matching conditions are
Wo = Wg ¥ Wy
(2.1)

komktk

were w, (w.) and k. (k) are the frequency and

wavenumber of the incident (scattered) light wave and Wok and k

are the freguency and wavenumber of the electron plasma wave. This

process leads to an instability since there's a feedback loop.

Laser light with electric field EL oscillating electrons in the

presence of a small density fluctuation &n produces a transverse

current {(adn §L) which generates a small scattered light wave

with electric field E- This scattered light wave in turn beats

with the incident field to reinforce the density fluctuation via the

ponderomotive force (égt-gs). Hence the plasma wave and the

scattered 1ight wave grow at the expense cf the incident light.
Since W 2 Upe {the electron plasma frequency}, the

process is limited to densities < 1/4ncr, where Ner is the

critical density. The maximum growth rate y occurs for

backscatter and is

k v w
_ 0S ek
Y = 3 :’S— LY (2'2)

where Vos is the oscillatory velocity of an electron in the field
of the laser 1light. As an example, for .35 u light with an
intensity of 10'° Wen?, y = 2X 1073 u_ at

n=20.1 Nepe The growth time is about .l ps, guite short, Of



course, the wave coupiing occurs even if it's not stimulated (i.e.,
if the instability is below its threshold). 1f the plasma wave is
thermal level or enhanced by other processes, we simply have
ordinary Raman scatter.

The threshold intensity for the Raman instability is determined
by either damping of the unstable waves or by inhomogeneity in the
plasma. A density gradient Yimits the region of resonant
interaction. Propagation of the waves out of this interaction
region represents a dissipation. As discussed in previous lectures,
the gradient threshold intensities for backscatter (ITB) and for
sidescatter (ITS) are

_ax107 Yo W
l;, = < 2 (2.3)

5 X 10 W

S T4/3.2/73 ~ 2?2 °
Lu Au cm

Here l.u is the density scale length (L'] = 1/n 3n/ax) and

Ap the wavelength of the 1ight in microns, and vgs is the group
velocity of the scattered 1ight wave. The backscatter threshold
corresponds to a convective amplification of ez", and the
sidescatter threshold®) is estimated for n = 0.1n

Sidescatter has the lower gradient threshold, since the scattered
light wave spends a longer time in the interaction region. For
nv4n, ng/c L {koL)']/3 and the thresholds for

back and sidescatter become comparable.

In practice, gradients usually determine the threshold
intensities. To illustrate the magnitudes, consider 0.35 p Jaser
light and a plasma with a scale 1ength L/A 103. Then ITB
A 10w/t and Ty v 3 % 103 Wen?. The ®gradient
thresholds can be s1gn1f1cant]y lower in a plasma with a density
maximum,(s)

Threshold intensities are useful indicators but are, of course,

only estimates since the calculations are ideal and the plasma



gradients are usually not well known. For example, threshold
calculations typically assume a plane coherent light wave and a
planar plasma slab. Experiments are characterized by & finite beam
spot, intensity structure in the beam, and nonplanar plasma
expansion. Hence, the scale length in the transverse direction can
be comparable to that in the direction of expansion, an effect which
can increase the threshold for sidescatter. 1In addition,
temporal(s) and spatial incoherence(7) in the laser beam can

raise the threshold. Significant affects are expected when Aw > y
or when (Ae)2 > ylwo. Here Aw is the bandwidth,

(Ae)2 is the mean angular spread in the wave vectors of the

pump, and y is the growth rate of the instability.

In addition to the sizeable frequency shift of the scattered
light, there are several other features of Raman scattering to be
noted. First, sidescattering occurs preferentially out of the plane
of polarization. The ponderomotive force due to the beat between
the incident and scattered light waves then maximizes, In addition,
we expect hot electron generation concomintant with Raman
scattering. Part of the laser light energy is coupled into an
electron plasma wave. When this plasma wave damps in a
collisionless plasma, the faster, resonant particles are
preferentially heated, resulting in suprathermal tails on the
electron velocity distribution. As shown by the Manley-Rowe
relations, fH = mek/”s fs, where fH (fs) is the
fraction of the laser energy absorbed into suprathermal electrons
{scattered).

3.
SOME EXPERIMENTS ON RAMAK SCATTERING

With these general features in mind, let's now consider some

recent experiments on Raman scattering in long scalelength plasmas.
Many of the earlier observations (8715
the lectures(3) at the previous summer school. These experiments

included measurements(]4) by Offenberger et al. of a Raman

were already referred to in

reflectivity of ~.7% using 10.6 u light as well as

measurements{13) by Phillion et al. of a reflectivity of ~10%



using 1.06 v light. Since then many more experiments have been
reported.(5'16'23)

A review is beyond the scope of these lectures. Instead, some
recent experiments at the Lawrence Livermore National Laboratory on
Raman scattering in long scalelength plasmas will be briefly
discussed. These experiments serve to indicate some important
trends as well as some areas in which the understanding is
deficient. These observations include a correlation of hot electron
generation with Raman scattering, an increase in this scattering as
the density scale length increases, and collisional suppression of
the instability. Poorly understood aspects of the data include the
detailed frequency spectrum of the scattered light and the intensity
thresholds for onset of the scattering. Indeed a low level signal
is observed for low intensity irradiation, which might be simply
ordinary Raman scattering from an enhanced level of plasma waves
produced by another process.

Raman scattering is usually identified in experiments by the
frequency (or wavelength) spectrum of the scattered light. Since
the maximum allowed density is about "cr,4' the freguency matching
conditions give
(3.1)

< <
wo/2 we < Wy,

Ao< AS< 2A° .

where A denotes the free space wavelength of the light. Figure 1
shows a typical measurement(zz) of the scattered 1ight signal as a
function of wavelength in an experiment in which an Au disk is
irradiated with 0.53 u laser light with a peak intensity of a few
t imes 1015N/cm2. The signal is strongest at wavelengths which
correspond to Raman scattering from densities 0.1< n/n_ <

0.2. There is a small signal with wavelength near ZAO, which

may be Raman scattering near 1/4 Nep OF perhaps mode conversion of
plasma waves generated by the ane instability. HNote the “"gap"

in the signal which would correspond to Raman scattering for



densities 0.2 < n/ncr < 0.24. Note also the strong decrease
in the signal at short wavelengths. Similar spectra have been
observed in experiments at other laboratories.

A, = 0.532 umn

15 1.69 1.88 2.07

Fig. 1 The wavelength spectrum of light scattered by electron
plasma waves in a Au disk(zz) irradiated with a 1 ns pulse of
.53u light. The peak intensity was about 2x10'°W/cnf.

The short wavelength cut-off is typically attributed to the
suppression of the Raman instability at low plasma density due to
strong Landau damping of the plasma wave. Indeed, the observed
cut-off can be used to estimate"s)
the low density plasma. If we estimate that strong Landau damping
onsets when k Ape = 0.3, a cut-off at As = 1.5 Ay
indicates that 8 = 3 keV. Such estimates have been found to
aguree(22 with design code calculations and x-ray spectroscopy in
thin CH foils. However, code calculations are typically somewhat
higher (1.5-2x) than these estimates when thick disks are

jrradiated, This trend could provide a clue for modeling transport,

the electron temperature in

since the thick disk targets are more sensitive to heat flow to high
density.



The gap in the spectrum corresponding to Raman scattering from
0.2 <« n/ncr < 0.24 presents a challenging puzzle. A variety
of explanations have been offerred. Local steepening of the density
profile near 1/4 n, by the 2 w,, instability might cause this
effect. However, it's not clear that this instability is operative
in the experiments at a sufficient Jevel to cause the required
steepening. A related possibility is the suppression of the Raman
instability in this region by ion fluctuations concomintant with the
nonlinear saturation of the 2 ®pe and Brillouin instabilities.
The gap corresponds to a regime in which the Raman instability
generates plasma waves with relatively small k lDe' Such long
wavelength plasma waves may be particularly sensitive to
collapse(zs) accentuated by ion fluctuations. Finally, the gap
may indicate that the Raman scattering is being seeded by an
enhanced level of plasma waves excited by other processes. For
example, Simon and Short‘zs) postulate that bursts of hot
electrons due to the Zmpe instability preferentially excite the
plasma waves in the lower density region. Below the Raman
jnstability threshold, we would then have ordinary Raman scattering
from enhanced fluctuations. Above threshold, the instability grows
from the enhanced levels. Here more calculations are needed to
illustrate the plausible level of this enhancement.

Well above threshold, the Raman sidescattered light is observed
to be preferentially out of the plane of polarization. Figure 2
shows the Raman scattered light (integrated over frequency) as a
function of angle both in and out of the plane of
po)arization.(ez) In the experiment a thin (2 u) CH foil was
jrradiated with a 1 ns pulse of 0.53 u light with a peak intensity
of about 1015 H/cmz. Note the strong asymmetry at significant
angles between the measurements in and out of the plasma of
polarization, as qualitatively expected.
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Fig. 2 An angular distribution of the light which was
Raman-scattered from a CH foi](zz) jrradiated by a 1 ns pulse of
.53y light with a peak intensity of about IOISH/cmZ. The

dashed (solid) line denotes measurements out of (in) the plane of
polarization,

Raman scattering has also been observed to correlate with hot
electron generation in experiments in which Au disk were irradiated
with 1 ns puises of 0.53 y light. In these experiments.(ZI) the
laser energy varied from .5 -~ 4 kJ and the nominal intensity from
about 10]4 -2X 10]6 H/cn?. Figure 3 shows the fraction of
the laser energy deposited into hot electrons as inferred from the
level of the hard x-rays versus the measured fraction of the laser
energy which was in Raman scattered light. Note the impressive
correlatior. The solid line represents the expected correlation
using the Manley-Rowe relations with the measured mean value of the
frequency of the scattered 'ight. Because of the error bars, it's
quite possible that oiher processes such as the 2w e instability
are also contributing to hot electron generation. A correlation
between the Raman scattering and the hot electron generation {the
high energy x-rays) has also been observed in time-resolved



measurements in experiments in which thin Au foils were irradiated
with 1 ns pulses of .53 u light.

10}

10—l e .
104 107 102 1071
Raman scattered light fraction
Fig. 3 - The fraction of the laser energy absorbed into hot electrons
versus the fraction in Raman-scattered light in Au disks irradiated

by 1 ns pulses of .53y light. See ref. 21.

The density scalelength near 0.1 Ner in the thick disk
experiments is estimated to be L/xu A 400, varying somewhat as
the focal spot was decreased to achieve the higher intensities.
Hence the threshold for backscatter is ~bout 3 X 10]5 H/cmz, and
the threshold for sidescatter is about 10]4 H/cmz. Although
there was significant scatter in the Raman signal as 2 function of
intensity, the general trend was for the Raman reflectivity to
increase from about 10°4 to several percent as the nominal
intensity was increased from 10]4 to 10]6 H/cmz. The
reflectivity of 10'4 at intensities near 10]4 H/cm2 could be
partially due to hot spots in the laser beam. Or tnis reflectivity
‘could indicate an enhanced level of plasma waves generated in some
other way. Another puzzling feature of the data is the growth of
the Raman signal as a function of angle, Backscatter is



observed(zz) to onset at about the same intensity as sidescatter
does, rather than at the expected higher threshold intensity. This
may indicate some difficulty in the backscatter theory or possibly
microstructure in the plasma.

finally, Raman scattering has been observed(23) both to
jncrease when the density scalelength is further increased and to
fall off dramatically near the collisional threshold of the
jnstability. Underdense plasmas with larger density scale lengths
were accessed by irradiating thin foil targets which expand to about
0.1- 0.2 n.hear the peak of the pulse. Some measurements of the
fraction of the laser energy which is Raman scattered are shown in
Fig. 4 for both CH and Au foils irradiated with either 0.53 uy or
0.26 u laser light. In these experiments, the nominal jntensity
was > 10]5 H/cm2 and the pulse lengths were about 1 ns. The
depsity scalelengths accessed are estimated to be L/l0 >
10°. Note that an average Raman reflectivity of about 10% is
found in the CH targets irradiated with 0.53 u light (the peak
reflectivity is even larger). Such a level is quite comparable to

(27)

the predictions of computer simulations and simple models.

!
-
wil 1-..___~ -

10—5 S
CH A

Awmic number of target

Fig. 4. Energy in Raman-scattered light from Ch and Au thin-foil
targets. A1l cases have intensities > 10'° w/en?. The gold

data point for 0.26 ym is an upper limit. See ref. 23.
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The results in Fig. 4 also illustrate the effect of
collisionality on Raman scattering. When CH foils are irradiated
with 0.26 u light, the plasma is denser and more collisional. The
reflectivity dropped a factor of about three. Alternatively, the
collisionality can be increased by using an Au foil. When Au foils
were irradiated with 0,53 p 1ight, the Raman reflectivity was
several times less than that observed with CH foils. Finally, for
Au foils irradiated with 0.26 u light, the plasma is estimated to
be sufficiently collisional that the instability is stabilized.
Indeed, the Raman reflectivity is observed(za) to drop to a very
low level,

This brief discussion illustrates some of the progress in
characterizing and controlling Raman scattering in long scalelength
plasmas. Many significant trends well above threshold are in accord
with expectations, but the detailed understanding is far from
complete. Thin foil experiments are beginning to access plasmas
with density scale lengths comparable to those expected in high gain
targets. The results clearly indicate that sizeable Raman
scattering car occur when the gradient and collisional thresholds
are far exceeded. Of course, the glasma conditions in thin foils
will differ in detail from those in overdense targets driven by long
shaped pulses, and more work is needed to extrapolate to this '
regime. As emphasized by many experiments, more work is also needed
to understand the frequency spectrum and angular distribution of the
scattered light, the intensity and scalelength thresholds, and the
noise level of the plasma waves. Detajled comparisons with theory
are often made difficult by sizeable intensity structure in the
laser beams, by poorly known plasma conditions, and by
microstructure in the plasma due to other processes. This is a rich
and no doubt a fruitful area for further research.

4,
THE ZmDe INSTABILITY

Let's now briefly consider a related instability which can be
operative in long scalelength plasmas. The a”pe instability

- 12 -



corresponds to decay of the laser light into two electron plasma
waves. As apparent from frequency matching, the instability is
limited to a narrow region near 1/4 Nere The maximum growth rate
is equal to that of the Raman instability near 1/4 n__. The
intensity threshold(28) I due to a density gradient i

15
- 4X07, .

T AvLu cm2

where ekev is the electron temperature in ke¥. This threshold

is typically lower than that for Raman sidescatter, except in fairly
long scale length plasmas. For example, for ekev = 2 the
sidescatter threshold becomes lower when L/Ao > 400.

Since this instability generates high phase velocity electron
plasma waves, hot electron production is a characteristic feature of
the nonlinear state. The nonlinear state(zs) is also
characterized by local steepening of the density profile and by ion
fluctuations nonlinearly generated by the plasma-waves. The growth
rate of the plasma waves, the density profile steepening, and the

(4.1)

generation of ion waves have been measured in some detail in
experiments(zg) with 10.6 1 1ight. Although the results are
qualitatively consistent with simulations, there are also
discrepancies (for example, in the wave]engths(30) of the
nonlinearly generated ion fluctuations). A useful signature of the
instability is emission near 3/2m0, whichk arises from the
coupling of the incident and reflected 1ight with a plasma wave near
174 Nepe Unfortunately the level of the instability is difficult
to estimate from this signal since the emission only indirectly
indicates the level of part of the spectrum of the plasma waves.
The 3/2 w_ emission is frequently diagnosed in laser plasma
experiments.(g]'33) Some experiments 33) at the University of
Rochester provide a recent example. In these experiments, CH
spheres were irradiated with a 600-700 ps pulse of 0.35 p light.
The 3/2 w, emission was observed to onset at an intensity of
about 2 X ]0‘4 H/cmz. the estimated threshold intensity of the

- 13 -



a»pe instability. The level of the emission increased with the
intensity of irradiation but then saturated for an intensity of
about 6 X 0% H/cm2 at 2 rather low level (10'9 of the

incident energy). Hard x-rays indicating suprathermal electrons
with a temperature of about 35 keV were observed to be correlated
with the 3/2 wy emisston. The inferred fraction of the laser
energy in these suprathermal electron alsop saturated at a low value
of about 1074 of the incident energy. The densfity scalelength in
these experiments was estimated to be L/A < 150, decreasing

as the target radius was reduced to achieve higher intensity. In
experiments at Lawrence Livermore National Laboratory with longer
scalelength plasmas and .53u light, higher levels of 3/2m0
emission have been observed (up to about 10'4 of the incident
energy). As already discussed, the hot electrons in these
experiments correlated best with the Raman signal, but within the
error bars there may also be some contribution from the a“pe
instability.

Although difficult to quantify in experiments, the level of the
(28) without
seif-generated magnetic fields typically suggest an instability
absorption > 5%, which is significantly greater than that

2 wpe instability seems puzzling. Simulations

generally attributed to this instability in experiments. Since the
heat transport is not well understood, the profile steepening due to
energy depositon near the critical density could extend down to
densities < 1/4 Nep - Alternatively, the rather low level might
indicate additional choking of the instability by suprathermal tails
if the fast electron transport is iphibited by magnetic

fie]ds(34). Another possibilty is additional suppression due to

jon fluctuations excited by the Brillouin instability. More work in

this area is clearly needed.

5.
BRILLOUIN SCATTERING AND FILAMENTATION

Before concluding these update lectures, let's very briefly consider

several instabilities which involve the growth of perturbations in
jon density. It's well-known that stimulated Brillouin scattering

-14 -



can occur in long scalelength plasmas. The feedback mechanism is
similar to that for the Raman instability, except now the density
fluctuation is associated with a Yow frequency jon acoustic wave.
The growing ion fluctuations scatter the light, modifying the
absorption and/or its location. In addition, these ion waves can
indirectly affect other processes as mentioned in the previous
sections.

For Brillouin scatter, gradients in the expansion velocity of
the plasma typically limit the region of resonant interaction. The
gradient threshold intensity ITB for Brillouin backscatter then is

- 1% e n
ITB 6X 10 keV _5% W ’ {5.1)
Vvu cm

where va is the scalelength in microns tor var1at1on of the
exp® In particular, ;v = Ve
exp/ax where ¢ is the sound speed. As is the case for the
Raman instability, the threshold for sidescatter is lower by a factor of
order (w L/c)]/3. As an example, for 0.35 u light in a plasma
with n = = 2 keV and Ly, = 10,
TB - ID]SH/cnf The threshold for s1descatter is about a factor
of 10 lower. A brief discussion of some of the nonlinear effects can be
found in Ref 35.

Brillouin scattering remains a significant issue for long scalelength
plasmas. Identification of the scattering by its frequency spectrum is
often uncertain because of Doppler shifts in the expanding plasma. In
some experiments(24)

expansion velocity v

with large focal spots, much more light with
frquency near w, is observed to be scattered out of the plane of
polarization than into the plane. In a number of experiments(36-39) with
1.06 ¢ and 10.6 u light, a Brillouin reflectivity up to about 50% has
been observed. However, in current experiments with shorter wavetength
light, the reflectivety attributed to 8rillouin scattering is typically
< 20%. Important questions include the scaling of the reflectivity to
tonger scalelength plasmas and its angular distribution.

Filamentation is another potentially important process involving

perturbations in ion density. In this instability, perturbations in the

- 15 -



fntensity profile of an incident light beam grow in amplitude, causing
the beam to break up into fintense filaments. The feedback mechanism
leading to instability is easy to undersiand. A local increase fn the
light intensity creates a depression in plasma density either directly
via the ponderomotive force or indirectly via enhanced collisional
absorption and subsequent plasma expansion. The deasity depressica
refracts the 1ight wave into the lower density region, enhancing the
intensity perturbations. The instability is termed either
ponderomotive(42) or therma1(43'45) filamentation, depending on which
mechanism generates the density depression. Self-focusing is the
analogous process involving the entire beam.

Filamentation can significantly impact laser plasma coupling.
Enhancements in intensity can introduce or modify other instabilities,
change the Tocation of the energy deposition, and possibly aggravate
deleterious collective effects such as hot electron generation. Spatial
structure in the irradiation pattern can enhance magnetic field
generation, modify energy transport, and even degrade the symmetry and
~stability of implosions if the scalelength of the structure is
sufficiently long. Filamentation can also éomp]icate the interpretation
of coupling and transport experiments, since the intensity in the
underdense plasma is no longer a controlled variable and may be
particularly sensitive to details of the beam profile.

A very simple treatment(46) suffices to illustrate the essential
features of filamentation. Let's censider a ptane light wave with
intensity 1 propagating in the z direction in a plasma with uniform
density Ny We first calculate in the quasi-static Timit the density
perturbation, Gne, induced by a perturbation in the intensity
profile, where 1 = Io(l+ucosky). In the case of ponderomotive
filamentation,

1
- — (5.2
2ncreec )

ne = noe s

where n, is the electron density, n__ is the critical density,

cr
ee is the electron temperature, and ¢ js the velocity of 1light.
This equation is easily obtained by balancing the variation in

electron pressure with the variation in the light wave pressure.

~ 16 -



Hence Eq. 5.2 gives

EES _ - locosky

= —_— . {5.3)
no ?ncreec

where we have assumed that lo << 2ncr6ec.
In the case of thermal filamentation, we simply balance the

electron heat flow with the absorbed intensity:
v-(xTve& =1, (5.4)

T is the classical electron thermal conductivity and «

where ¢
js the spatial decay rate due to collisional absorption. The
perturbation in intensity drives a perturbation in electron
temperature which leads to a variation in electron density. In
particular, we postulate

1= Io [1+ a cosky],

0o = 8, [? + B cosky], (5.5)

ne = N, [1 - B cosky],
where we have invoked pressure balance transverse to the beam; i.e.,
the quasi-static limit. Only first order corrections are retained.
With these variations in ee and Ne» We also have

<

I +75 B coskyl, (5.6)

al
"

Ko - % B coskyl, {(5.7)

where the subscript zero denotes the thermal conductivity and
absorption coefficient evaluated at eo and Nge the electron
temperature and density in the absence of an intensity perturbation.

Substituting Equations (5.6) and (5.7) into Equation (5.4) gives
to lowest order

a0
a T 0
3z %o 3z - ol (5.8)
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and to next order

e 00
B o1+ 2t (5.9)
0°0 00

Equation (5.8) determines 8g0 the electron temperature generated
by the unmodulated beam. Equations (5.5) and (5.9) yield

én -« _I a cosky
—= e 50— (5.10)
0 k'x ©

00

Here we have assumed that kZKZGO > ﬁxolo.

i.e., that the scalelerngth for temperature variation in the

direction of propagation of the 1ight wave is much longer than the

wavelength of the intensity modulation in the transverse direction.
Comparing Equations {5.3) and (5.10) shows that

n &n 2n_x ¢
= == 5%, (5.11)
1] t 0 p k Ko

where the subscripts t and p denote thermal and ponderomotive;
respectively. For a high Z plasma,

2
2 et _ 1 Vei , (5.12)
k2 T 7 22 y
Ko k~v
where v, is the collision frequency appropriate to the high

frequency resistivity and Ve is the electron thermal velocity.
Hence thermal filamentation dominates for wavelengths

A > loxei, where Aei = ve/vei. To include the

implicit Z dependence of the thermal conductivity, the right hand
side of Eq. (5.12) is multiplied by a factor of about

3.3
mak

(1+
The growth of these zero-freguency intensity modulations along

with their self-consistent density fluctuations can easily be
obtained from the standard dispersion relation(3) familiar from
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discussions of Brillouin scatter:

2 22 kzvz mz.
Wkl ¢ 2203 ) + L . (5.13)
s D (w-wo ._!:_k.o ) D (Wo -ﬁ*l‘oj
Here D = mz-kzcz-mie cs is the sound speed,

®pi (mpe) is the jon (electron) plasma frequency, W, and

50 are the frequency and wavenumber of the incident light wave,
and Yos is the oscillatory velocity of an electron in the incident
light wave. The derivation assumes that there are no variations
along the direction of the electric field vector of the light wave.
To obtain ponderomutive filamentation, we look for zero frequency
fluctuations with a wave vector orthogonal to the direction of
propagation 50. In particular, we set w = 0 and take k = 5T +

igj. where gr-go = 0 and 51 is parallel to 50. Equation

(5.13) then gives the dispersion relation

2,2 4 2@ e2 Yos -
aKkKkE + k- kr—ﬂr——-z— =0, (5.14)

Growth maximizes (aki/akr = 0) when

‘ _ 3 Yos fgg
“r z(f) c

(5.15)
2 2
] Ve kocz

where we have also assumed that Zee >> ei.
As shown in Eq. (5.11) the dispersion relation for thermal
filamentation can be obtained from Eq. (5.13) by simply multiplying

the intensity term by (7k$lgi)']. Then
2 2
2.2 4 Vos wge :
4kik0 + kr 5 o ., {5.16)

2 2 -
l4ve ¢ Aei

where we have again assumed that Z >> 1, The growth now maximizes
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for long wavelength:
1/2

w v

e s 1

kr«(T?EcT:T;) .
(5.17)
w v
pe 0S 1
k.g (——.)_.— .
] ] koc Yo Aei

We note that the maximum spatial gain coefficient for thermal
filamentation exceeds that for ponderomotive filamentation when
vei/wpe > vos/c. Hence the therma) mechanism ijs

especially competitive in the denser, more collisional plasmas
produced by short wavelength laser light.

To illustrate the numbers, let's consider some conditions
typical of recent experiments(ZI) in which Au disks were
jrradiated with 1 ns pulses of .53 y laser light., We take ] =
2x10' Wren?, L = 250 at ng/n.. = .1, 0, = 2,
and Z = 50. Then the minimum growth length (g = 1/k;) for
ponderomotive filamentation is about 60 u for a filament with a
wavelength of about 10 u. There are several growth lengths for
ponderomotive filamentation. The minimum growth length for thermal
filamentation at n = .1 Ner is about 300 u for a filament with a
wavelength much longer than about 20 y. Of course, filamentation
can be operative in longer scalelength plasmas at c¢maller
intensities. '

Unfortunately, filamentation in laser plasmas is perhaps the
least understood and characterized of the processes we have
discussed. An introductory discussion of possible nonlinear
consequences s given in Ref. 46, Filamentation has been difficult
to quantify in laser plasmas. Much of the evidence is rather
jndirect: inferences from structurel?’-49)
the heated plasma or in images of the back-reflected 1ight as well

as inferences from the angular diitribution(ls)
(40

in x-ray pictures of

of half-harmonic
light or from frequency shifts in the reflected light.
Recently, filamentary structures have been directly observed by
using optical shadowgraphy, 50) by imaging the second harmonic



(51) and by Thomson scatteringtsz, from electron plasma

emission,
waves generated in the walls of the filament. Some
experiments(so) with short wavelength light have also indicated
that implocions are degraded when signs of filamentation are

present. A better understanding of filamentation is clearly needed.

6.
SUMMARYY

In summary, a veriety of instabilities can play a role in the coupling of
intense laser ligint with long scalelength plasmas. Improved
understanding of these instabilities is important for the optimum use of
large lasers in many applications. Experiments indeed show that at least
some of the instabilities can be significant in Jaser fusion
applications, althougk more work is needed to quantitatively extrapolate
to targets irradiated with tong shaped pulses. For example, some recent
experiments on Raman scattering show many expected features, such as an
increase in the scattering with density scalelength, a correlation with
hot electron generation, and collisional suppression of the Raman
instability in high Z plasmas irradiated with short wavelength light. As
briefly discussed, there are also many aspects of the data which point to
deficiencies in our understanding. Important topics for further study
also include the competition of the instabilities and the role of
filamentation in laser plasma experiments.
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