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I. INTRODUCTION

In this paper we present recent results obtained in the Laser
Interaction Laboratory, Electrical Engineering Department, UCLA, in an
ongoing program to study nonlinear plasma phenomena which can occur in
the underdense regions of the blow-off corona of inertial fusion targets.
The driver used is a 50-J CO2 oscillator-amplifier system with triple-pass
Cassegrain optics in the final stage. In the work given here, the laser
was gain-switched, giving a 50-nsec FWHM pulse with maximum intensity
Io < 5 x% 10ll W/cm2 when focused with an £/7.5 lens. To ensure the

c

layer (n = nc/4, w, = 2wp), two types of plasma targets were used. The

first is a high-current arc giving an n, = 5 x 1016 cm_3, T = Ti = 5 eV

absence of a critical layer (n = n_, w, = wp) and of a quarter-critical

e
partially ionized plasma in various gases; the focal region can be fur-

ther ionized and heated by the first part of the incident laser pulsel.
The second source is a fast, 6-kJ theta pinch, 7.5 cm in diameter and
25 cm long, which provides fully ionized plasmas in the 1016— 1018 cm_3
density range, with an nTe product of = 3 x lO18 cm—3 eV. With both
these targets, there is no laser breakdown and no scattering unless the

discharge is fired.

IT. FILAMENTATION .

Although it is predicted to occur with a low threshold, fila-
mentation of laser light into self-focused channels devoid of plasma
is almost never seen, because it does not leave a telltale tracer of
frequency-shifted scattered light. We have found a sensitive method
to detect the density modulations associated with either thermal or
ponderomotive self-focusing or filamentation. The experimental set-up

is shown in Fig. 1. The CO2 pump beam is focused into a 25-Torr hydrogen
arc plasma with ng = 1018 cm_3. A ruby-laser probe beam is directed

across the density channels, which cause a phase modulation of the wave-
front. The unmodulated light is blocked at the focus of a Fourier
transform lens, and a spatial filter further suppresses k-components

outside the range of interest. The remaining light is focused by
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another lens onto film, on which a direct image of the density striations
can be recorded. An example is shown in Fig. 2b. Density yvariations of
200-um width can be seen near the focus of the pump beam. The other
marks are from a constant background of stray light, as shown in Fig. 2a,
which was taken with the CO2 beam off. The degree of phase modulation
is consistent with slab perturbations with An = 8 % 4 % 1016 cm—3.

The transmitted 1ight shows 2 period of diminished absorption in coin-
cidence with the appearance of filamentation. Further details have

been publishedz. This technique will allow the predictions of filamen-

tation theory to be checked experimentally.

(a) )

Fig. 2

— 244 —



III. RESONANT SELF-FOCUSING

When one uses a multi-line driver either to gainh efficiency or
to suppress parametric instabilities, there is a danger that the beat
frequency Aw between two lines will excite plasma waves at the layer
where Aw = wp. We have found experimentally that this effect is sur-
prisingly strong and results in anomalous refraction and defocussing
of the incident light. The apparatus is shown in Fig. 3. A weak pump
beam from the oscillator alome is sent into the arc plasma, and the
forward scattered light between 5 and 12° half-angle is collected by
a lens and detected in an infrared spectrometer. By varying the pres-
sure in an SF6 cell, one can cause the oscillator to produce the 9.55-um

and 10.26-um lines with intensity ratios from 10 to > 106. When the

/1.5 Ge BEAM OUMP
LENS \

Fig. 3

density in the arc reaches 5.8 X 1016 cm-3, at which wp matches the Aw

of these two lines, the forward scattered light increases almost 5

orders of magnitude over stray light. The raw data are shown in Fig. 4,
and the density resonance is more clearly shown (on a linear scale) in
Fig. 5. The density is measured by ruby-laser interferometry. Although
the wp condition strongly indicates the excitation of a plasma wave,

there was no measurable red- or blue-shift of the scattered light.

This was determined by varying the intensity ratio and, most conclusively,
by detecting a weak, non-resonant 10.6-um line. This refraction effect

has an extremely low threshold and saturation value of Io’ as shown in
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Fig. 6. Direct detection of the plasma wave was not possible, but we

did observe a scattered line near 11.0-um, shown in the inset of Fig. 6,
which is interpreted as Thomson scattering of the 10.26-um line from a
plasma wave. The intensity of this line indicates a saturation amplitude
nl/n0 =~ 1% for the plasma wave, a level that is easily reached by optical
mixing if the incident lines have equal amplitude. If the 10.26-um line
is weaker than the 9.55-um line, the plasma wave is driven up by forward
Raman scattering. Fig. 7 shows that the saturation amplitude is reached
when I5(10.26) is only 1% of 1,(9.53). Further details have been pub-
1ished3.

To explain these observations, we have extended the theory of
self-focusinga to the case where the ponderomotive force FNL of the
light is supplemented by the FNL of the resonantly excited plasma wave.
It turns out that FNL is enhanced by the ratio A = (nl/no)z/(vo/c)z,
where v is the quiver velocity of the incident beam. For nl/n0 = 0.01
and IO = 1010 W/cmz, A is of order 102, so that a low threshold of self-
focusing can be expected. If the nonlinear equations for self-focusing
are numerically integrated to give the relative beam width f vs. dis-

tance z, one sees in Fig. 8 that there is a shift Az in the focal point,
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Fig. 8

which in an inhomogeneous plasma can cause refracted light to miss the
beam dump. The shift Az reaches a maximum as n2 = vi/évti « FNL is
increased, and then it decreases to zero (its vacuum value) if one
evacuates the channel by applying very large values of nz. This max-

lolO 2

imum correctly predicts3 the observed saturation at IO = W/em™.

IV. STIMULATED BRILLOUIN SCATTERING

1. Thomson scattering. In earlier work we have confirmed the

linear growth of SBS from thermal noises, unraveled sidescatter signalsﬁ,
measured its saturation leve17, and checked its dependence on focusing
f-number, target Z, and single-modedness of the pump8. Our recent work
has been directed at the remaining problems of why SBS occurs in short

spikes and why it saturates at < 107 in our experiments.

To probe the behavior of the ion wave, we have used a 1-J, 30-nsec
ruby laser pulse to do collective Thomson scattering from it. For back-
scatter with n << n_, the propagation constant of the ion wave is fixed

at ki £ 2kO = 11,900 cmfl. If the probe beam is perpendicular to

ANt

u
i = + =
Ei’ the scattering angle is given by k Bru k., or £ tan © ki/kru

= Aru/xi = 0.69/5.3 = 0.13, so that 8 is fixed at * 7.5°. The scattering

parameter o = l/kiAD is about 10 for n = 2 x lOl7 cm_3, Te ~ 20 eV.
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The set-up for 7.5° forward scattering of ruby light and 180° backscatter
of CO, light is shown in Figs. 9(a) and (b). The backscatter detection 1is
as usual; the forward scattered ruby light is dispersed by a grating and
recorded by an optical multichannel analyzer (OMA). The resolution of
the OMA is such that the stray light peak occupies three channels. The
scattered light is clearly red- or blue-shifted (depending on whether 6
is - or + 7.50) by two channels, corresponding to wy = 9-12 GHz, in

agreement with the measured SBS redshift.

We first checked the gi spectrum by varying the scattering angle 8.
The scattered ruby light was sharply collimated within &0 of 7%0 (FWHM) ,
showing that the acoustic wave is sharply collimated along 50, in agree-
ment with observations on optical ray retracing of SBS. Next, we probed
the spatial variation of the acoustic wave amplitude by shifting the
focal position of the CO2 laser relative to the Thomson scattering system.
Fig. 10 shows the radial variation, and Fig. 11 the axial variation. In

Fig. 11, the amplitude is seen to grow experimentally toward the laser

(to the left), in agreement with the picture9 of highly Landau-damped
ion waves which do not convect appreciably in the forward direction.

The amplitude behavior at the left of Fig. 1l is not completely understood;
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it could be caused by convection of wave energy into the regi

on where

the pump is defocused or by the excitation, in the weak-pump regionm, of

SBS seeded by backscatter from the strong-pump region.

Correlation between Thomson scatter and the occurrence of an SBS

spike is observed in N2 discharges.
scattered light increases with the SBS amplitude.

respondence is not expected be

SBS signal is integrated over z.

light exhibits exponential growth and saturation as Io

In Fig. 12 we show that the Thomson-
Note that exact cor-

cause the ruby probe is local, while the

Fig. 13 shows that the Thomson-scattered

is increased, in

the same manner as the backscattered CO2 light (dashed curve). In

lighter gases such as HZ’ neither the tim

e behavior of the Thomson

scatter nor its amplitude corresponded as well with the SBS signals,

presumably because the propagation of ion waves away from the maximum

amplitude point occurs fast enou

variation at any given time.

gh to complicate the spatial amplitude

We shall need to understand the amplitude

distribution before using it to throw light on the saturation mechanism.

2. Calculations of saturation.

and in microwave experiments s
: .10 . .
ion heating ~, gas target experiments with CO2 1

explained. Among these, there is disagreement among groups in the U.S
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2 and Germanyl3,

which report reflectivities R = 1-10%, and those in Canada
which report R as high as 100%. We have checked8 that using a fast lens
The density

could not produce the high reflectivities seen by others.

difference among experiments, we feel, is the important factor. The
Bragg scattering formula
s m L non 2
R=p—=(§r;n—) W
o o c

18 w3 would give R's differing by a

17 = 10 cm

shows that n = 10 cm_3 and n

factor of 100 if n/n is saturated at the same value.
limits n/n has been conjectured to be ion trapping , but we are far from

The mechanism that

establishing this as a fact.
To see just how far the gas-target results are from the ion
7

heating limit, we have computed this limit as it applies to the UCLA
and Bochum13 experiments. We start with Kruer's formulas 4 for convective
SBS in the highly damped regime including pump depletion:

R(1-R) = B[e817R) g (2)
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where B is the initial noise level, L is the interaction length, § is
2 .
no/nc’ v, is KTe/m, 9 is Ti/ZTe’ and Yq and w  are the ion wave damping
rate and frequency. It is critical to approximate Ys/ms accurately,
since ion-heating saturation depends on exponential change in Ygr Because
electrons and ions equilibrate rapidly at high densities,laser experiments
usually have 0.1 < 6 < 1, exactly the range where asymptotic expressions
for Ys/ms fail. We have found a simple analytic fit to the exact value
of ys/ws as given by the plasma dispersion function for the range
0.1 <8 < 1:
2

Ys/wS = 1.1 67/4e_e %)
The electron temperature is determined by the balance between inverse
bremsstrahlung heating and radial heat conduction, a problem solved in
Ref. 5. The result is

2/5 /5

1
Te = 50 n;, (IlOS) ev, (5)

where n is n_ in units of 1017 cm-a, I is I in units of lOlO W/cmz,
17 o 10 o)

and S is the focal area naz. Conduction to ions is unimportant. The
lon temperature is, similarly, determined by the balance between radial
heat conduction (not axial, as in Ref. 14) and heating at the rate
“%/wo)RIo given by the Manley-Rowe relationl4. Accounting for the finite
initial temperature To, we find Ti in eV to be given by

2

5,2
Ti(Ti— To) = 3.6 x 107 (a /L)RIlo. (6)

Egs. (2) to (6) can be solved simultaneously on a programmable hand
calculator. The results are shown on Fig. 14, as compared with the
torresponding experimental data (only a few of the Bochum points are
shown). It is seen that in bocth cases the linear growth region agrees
with theory, but that saturation occurs well below the values of R
predicted by the ion-heating limit. It is as if a delicate saturation

mechanism limits R to 5-10%, and that this limit can be overcome at the
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highest intensities, where R can reach the nearly 100% values predicted

by ion heating and pump depletion.

V. STIMULATED RAMAN SCATTERING

Excitation of plasma waves by the SRS process can lead to trapping
and acceleration of electrons. In backscatter from pellet coronas, fast
electrons are produced which can preheat the core. In forward scatter,
the trapped electrons travel at nearly the velocity of light, and this
effect can be used to make very compact acceleratorsls. Redshifted
light attributed to SRS has been seen in solid target experiments, and
the existence of accelerated electrons has also been confirmele.
Studies of SRS from underdense plasma targets, however, are rare and
baffling. Watt et al.17 have measured the spectrum of SRS backscatter
from a theta-pinch similar to ours, with n = 2 x 1016 cm—3 and
IO = 109 w/cmz. However, such a low threshold is possible only in
infinite, homogeneous plasmas; the finite focal depth should have
required much higher Io. Offenberger et al.18 have also reported seeing
SRS, but only under peculiar circumstances. SRS was observed not in the
peak of the 002 laser pulse but only during bursts of intensity in the
tail, these bursts arising from Brillouin backscatter feedback into the

laser chain.
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We have attempted to produce SRS with axial incidence into the
theta-pinch described in Sec. I. The CO2 beam is focused by an f/7.5
7nSe lens and absorbed after traversing the plasma once. The backscatter
is collected by a beamsplitter in the usual fashion and detected by an
IR spectrometer and a Ge:Cu photoconductor. The input has been operated
at 10.6-um to produce Raman backscatter near 11.6-um, and at 9.6-um to
produce backscatter near 10.6-um. In both cases strong Brillouin scatter
is seen, but so far no SRS larger than 10—61O has been detected. We
regard this negative result as an important one obtained only after

careful work, and we are trying to understand it.

The damping threshold computed from the formula19

1 2

is shown in Fig. 15. Here Yo is the homogeneous SRS growth rate, Yy and
Yy are the damping rates, and V1 and V2 the group velocities of the
plasma and backscattered waves, respectively. For Y, Ve take the sum of
the Landau damping rate and the electron-ion collisional damping rate.
For each Te, there is a sharp minimum in required Iolgetweeg the two
damping regimes. With Te =~ 50 eV and IO =13-5x 100" W/emn", we should
have been above threshold. When the density is inhomogeneous with scale
length Ln’ the further condition19 vi/c2 > Z/koLn has to be satisfied.
Since dn/dz = 0 at the midplane of the pinch, the corresponding expres-
sion19 for a quadratic density profile has to be used. We believe that

we should have exceeded also the inhomogeneous threshold.

Recalling that SBS is always strong in spite of Te = Ti in the
pinch, we believe that the usual predictions of convective and absolute,
homogeneous and inhomogeneous thresholds for SRS are irrelevant. What
we must consider is SRS in the presence of a density ripple with k = 2k0
created by SBS, and we sketch here our theoretical work on this problem.

The plasma and backscattered waves are described by the coupled mode

equations
i+ w2(0n, - dvont = n_(vv,)" @)
fi) +w (x n,- 3v ny =0, AN
. 2 2 4 2
v, + wp(x)v2 ey = vowpnl/n0 , 9)
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where we take w (x) (Ann e /m)(l*—e cos 2k x) Defining z = kox,
y = nl/n and neglecting the effect of € on propagation of wave 2, we

obtain Mathieu's equation

y" + (a-2q cos 22) y=0, (10)
L2 2022 4 a2yh
where a= (w wp)(3kove + A7) , (11)
and q = %ew2(3k2v2 + Az)_l , 12)
p oe

A being a small frequency shift due to the ponderomotive force. The
Mathieu problem has previously been treated by Kaw et al.,20 but only
when there is no driver and when kl is not resonant with the k of the

ripple.

There are two competing effects introduced by the ripple. Solu-
tions of Eq. (10) naturally divide themselves into those for small q and
those for large q. Small q means that the variation in wp(x) can be
compensated by a change in k in the dispersion relation w? = g + 3k% z.
Consequently, the plasma wave is not sinusoidal, but it exists over the
whole region. Large q means that the 3kivi term is too small, and
therefore plasma waves are trapped in the troughs of the density ripple.
In the small q case, the main effect is the reflection of wave energy
by the grating formed by the ripple, and therefore there is a tendency
toward absolute instability. In the large q case, which we have not
yet investigated, the main effect may be the channeling of energy into
higher-k harmonics, which have large Landau damping and suppress the

instability.

To treat the damping correctly, Eqs. (8) and (9) have been
replaced by their counterparts derived from the Vlasov equation. The
small-q case must be taken in order that the k-spectrum can be truncated.
As usual, frequency and k-matching is most easily done with a wave with
51 B 250. This wave beats with the 2k of the ripple to produce a wave
with k =~ 0, and this in turn generates a wave with kl = —2k . Further
coupling produces 51 =+ Ak , and the spectrum is terminated there.

When the frequency o, is such that the frequency mismatch with the —250
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mode is finite, both modes can be excited with nearly equal amplitudes,
as in a standing wave. Extending the analysis to the case of a finite
region of i{nteraction, we obtain a new instability criterion which

depends on the ripple amplitude €.

This work was supported by DOE contracts DE-AS08-81DP40135 and
40163, and NSF grants ECS 80-03558, ENG 75-16610, and ENG 77-17861.
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