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Laser Light Scattering from Fluctuations Enhanced by Stimulated Raman Scattering
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Numerical analysis of the system of Zakharov and electromagnetic wave equations shows that in
the nonlinear stage of saturation of stimulated Raman backscattering a wide spectrum of plasma
fluctuations is excited. These fluctuations manifest themselves in enhanced levels of Brillouin and
forward Raman scattering. The coupling between stimulated Raman scattering and these secondary
scattering processes is theoretically described. We derive new scaling laws for enhanced Brillouin and
forward Raman scattering, which can be tested in the current laser-plasma interaction experiments,
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Over the last few years it has become quite evident
that to fully understand the behavior of parametric in-
stabilities in laser-produced plasmas one must examine
the interactions of the separate processes occurring in the
same time frame. A great deal of experimental evidence
has been gathered on the interaction of stimulated Ra-
man scattering (SRS) and stimulated Brillouin scattering
(SBS) [1—3]. Depending on physical parameters both in-
stabilities can compete for pump energy, and acct each
other by disturbing the resonant matching conditions or
by enhancing the plasma fluctuation levels [4—7].

In the earlier theoretical studies by Rose, DuBois, and
Bezzerides [4] the quenching of SRS by SBS has been
described in remarkable agreement with experimental
observations [1]. The conclusions of this analysis ap-
plied, however, to quite unique plasma conditions corre-
sponding to low temperature and low density CO2 laser-
plasma interaction experiments. The more recent investi-
gations [6, 7] of SBS-SRS nonlinear coupling in long scale
short wavelength laser-produced plasmas were limited by
the lack of electron-ion collisional damping on Langmuir
waves, as well as a proper saturation mechanism for SBS,
resulting in unrealistically high levels of SBS reflectivity.

The present study is devoted to the discussion of the
consequences of nonlinear SRS saturation on Brillouin
and forward Raman scattering. It combines previous re-
sults [8] obtained for SRS saturation with a new analysis,
which accounts for the laser light scattering from plasma
fluctuations produced as the result of SRS nonlinear evo-
lution. In Refs. [7—9] it has been shown that the para-
metric decay of the SRS driven Langmuir wave produces
a wide spectrum of Langmuir and ion acoustic waves.
Here we show that these fluctuations can dramatically
enhance Brillouin and forward Raman scattering.

In Ref. [8] the system of Zakharov and electromagnetic
wave equations (cf. [4, 5]) has been solved with the addi-
tional simplification of excluding coupling to SBS. It has
been shown that the parametric decay instability (PDI)
of the Langmuir waves saturates SRS at the following

reflectivity level:
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In Eq. (1) v, = (T, /m, )r~2, c, = (ZT, /m, )r~2, L is the
plasma length, and I'I, represents the Landau damping
coefficient of the ion acoustic wave (wA, kA) produced
during PDI of the SRS driven Langmuir wave (wL„kl, );
vgp and v~~ stand for the group velocities of the pump
(coo, ko) and backscattered (w~, k~) waves, respectively.
The homogenous SRS growth rate coefficient is given by
go~ = (1/4)vokL, (w„/w~wl, ) ~, where vo is the electron
quiver velocity amplitude in the electric field of the pump
wave. The waves participating in SRS interaction satisfy
the usual resonant matching conditions ~p ——wL, + ~~
and kp = kl + k~. The secondary process of the PDI
corresponds to the resonant conditions wL, ——~& + ~~(i)

and kL, = k& + kA, where (co&, k& ) characterizes the(1) (1) (1)

first component of the Langmuir wave cascade driven by
PDI.

The scaling of the SRS reflectivity (1) corresponds to
the maximum amplitude EL, of a resonant Langmuir wave
according to the expression

(2)

EL, (2) can also be represented using the Langmuir wave
threshold Eth of PDI and the SRS amplification coeffi-
cient A = po&L/I'I,

~
vga ~, by writing El. = E&g/2A/3.

The amplification coefficient depends on the linear damp-
ing coefficient of Langmuir waves I &, which describes
Landau and collisional damping. Dependence of (2) on
the threshold field value Eth of PDI leads to interest-
ing experimental consequences, discussed in Ref. [10].
Note that both expressions (1) and (2) do not depend
on the damping coefficient I'& of Langmuir waves. The
particular mechanism of Langmuir wave dissipation, for
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the component of the ponderornotive force due to SRS
produced Langmuir waves, i.e. , 8G~N2k, kcI'& /kAwA ((

El,
l

/47rnoT, . Here G~ = po2&L/vgeI"g& is the SBS
gain, go~ is the homogeneous SBS growth rate, I'z& is
the Landau damping coeKcient of the SBS-driven ion
waves, and N2~, denotes the amplitude of the density
fluctuation which is responsible for Brillouin scattering.
Figure 1 (line 3) shows the above criterion as the up-
per bound for the region where Brillouin coupling has no
effect on SRS saturation. This condition has been eval-
uated for the amplitude of the SRS-produced I angmuir
wave EL, given by the scaling law (2), and for the ampli-
tude of the density fluctuations N2@, given below by Eq.
(4)

We now turn to the analysis of the enhancement of
Brillouin and forward Raman scattering resulting from
the generation of plasma and ion acoustic waves by the
PDI of the SRS-produced plasma wave. Prom observa-
tions of a large number of simulation results we have
noticed an exponential decrease towards smaller wave
numbers in the Fourier spectra of ion acoustic (Nq) and
Langmuir (EA,, ) waves. In each case illustrated in Fig. 2

the enhanced part of the Langmuir wave spectra can be
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I IG. 1. Parameter space for enhanced Brillouin and for-
ward Raman scattering (for T, = 1 keV): curve 1 corresponds
to (5) 2A/3&~ = 1; curve 2 corresponds to (6) 2A/3Apa = 1;
and curve 3: Gs(2ko/kA) exp[ —c,

l
k —k&

l /ppD] = 1 is the
upper bound of the region, where Brillouin coupling has no
effect on the saturation of SRS.

FIG. 2. Fourier spectra of Langmuir (Ez~ ——Ei, /4~noT, )
and density (Nz) fluctuations: (a) L = 250 pm, IAo = 2 x
10 Wpm /cm, no/n, „= 0.2, T, = 1 keV, ZT, /T, = 8,
Z = 2; (b) L = 60 pm, IAD ——5 x 10 Wpm /cm, ne/n« ——

0.2, T, = 1.25 keV, ZT, /T, = 8, Z = 5; (c) L = 60@,m,
IAo = 1 x 10 Wpm /cm, no/n„= 0.05, T, = 0.4 keV,
ZT. /Tf =6, Z =2.
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example, Landau and collisional damping, or increased
dissipation due to collapse processes (cf. Ref. [9]), does
not directly aKect SRS reflectivity but controls the spec-
trum of plasma waves and hot electron production.

The main features of the one-dimensional Zakharov
and electromagnetic wave equations model [8], which lead
to Eqs. (1) and (2), can be divided into transient pro-
cesses and the final saturation regime, which is indepen-
dent of the initial conditions. During the transient evo-
lution SRS grows at first linearly and saturates due to
the onset of PDI. SRS never reaches the linear asymp-
totic regimes related to absolute or convective instabil-
ities (cf. Ref. [4]) because the nonlinear effects due to
PDI occur earlier. The fi.rst nonlinear saturation corre-
sponds to a strong flash of backscattered radiation. Next
in the transient nonlinear regime we observe development
of the PDI cascade and its disruption due to different spa-
tiotemporal evolution of SRS and PDI. In the asymptotic
regime the electrostatic fluctuations are characterized by
the broad spectra and the SRS reflectivity is well approx-
imated by Eq. (1).

Equation (1) agrees with the simulation results (cf.
Ref. [8]) obtained from the Zakharov and electromag-
netic wave equations with the additional assumption of
excluding the coupling to SBS. This extra simplification
limits the validity of R (1) either to the plasma conditions
where SBS does not grow in time or SBS does not have
time to grow to large levels, as in the cases of short laser
pulse duration [ll]. In the present study we solve the full
system of Zakharov and electromagnetic wave equations
[4, 5] including coupling to SBS. We, however, restrict
ourselves to the regime where SBS evolution cannot af-
fect the saturation of SRS. Namely, the component of
the ponderomotive force responsible for SBS coupling in
the equation for ion density is always kept smaller than
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approximated by and the very rapid increase in Brillouin and forward Ra-
rnan scattering are shown in Fig. 3(a). This enhance-
ment occurs relatively early in the nonlinear evolution of
PDI, usually after the first maximum in SRS reflectiv-
ity at the time when the cascade contains at least two
steps and the PDI is extended through a significant part
of the SRS interaction region. Comparison of enhanced
Brillouin reflectivity with the reflectivity calculated from
the standard three wave coupling model in Fig. 3(a) il-

lustrates dramatic enhancement of the Brillouin scatter-
ing. Another very distinct property of the Brillouin scat-
tered light is the frequency spectrum shown in Fig. 3(b).
One notices redshifted and blueshifted components with
respect to the pump frequency. This is a clear indica-
tion that this process is quite different from the resonant
stimulated Brillouin scattering and takes place on den-
sity fiuctuations produced by the PDI. The spectrum also
shows a well-defined redshifted peak labeled by pp~z. Its
shift from the fiducial can be identified with the observed
growth rate of PDI.

Scaling expressions for the Brillouin and forward Ra-
man reflectivities can now be calculated from the equa-
tions for the enhanced fiuctuations of Ei, (3) and Ni, (4).
Following standard arguments of three wave coupling (cf.
Ref. [8]) and neglecting pump depletion we have obtained

Ei' —(EL/~&) exp[ —c.
I

k —kI. I / /pD]

where the growth rate of PDI is given by ppD —ppD~ ——2 = 2

~~ktiEg/64rrm, n'oc„ in the weakly coupled case (ppD (
ktrc, ), or by ppD

——(3 /4)kamic, ppDw in the strongly
driven regime (ppD & k~c&). The amplitude of the SRS-
driven Langmuir wave EL, is calculated from the asymp-
totic expression (2). Using the approximate relation be-
tween plasma waves and ion density fluctuations driven

by PDI (cf. Ref. [8]) we can also write for the density
spectrum

(3)

NA — exp
8 I A 4«oere +PD

The discrete components of the PDI cascade, seen very
clearly in Figs. 2(b) and 2(c), are separated by Ak =
s kz& QZm, /m, in the Langmuir wave spectrum and by
24k in the density spectrum.

The relevant wave numbers, which will contribute to
the enhancement of SBS and forward Raman, are k& ——B

2ko and klR = ko —k~, respectively. To calculate the
enhancement we must know not only the overall shape of
the spectra, but also the extent of the enhanced region. It
scales as the overall number of steps in the PDI cascade,
which is proportional to the ratio Ei/E, & (cf. Ref. [12]).
In the case of SRS-driven PDI the averaged number of
cascades in the interaction region is s A [cf. Eq. (2)]; i.e. ,

it depends directly on the amplification coeKcient of SRS
(cf. Fig. 2). Using this estimate, we may derive simple
strong enhancement criteria in terms of the backward
SRS amplification coefBcient.

In the case of the Brillouin scattering this criterion is

(7)
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FIG. 3. Result of simulations for parameters of Fig. 2(b):
(a) Time evolution of stimulated Raman scattering Rsas, en-

hanced Brillouin Rg, and forward Raman RFR, as well as
Brillouin reHectivity for the standard three wave interaction
model Rs(TWI). (b) Frequency spectrum of pump and Bril-
louin backscatter at the left boundary (x = 0).

Figure 1 displays the two threshold curves for Eqs. (5)
and (6), which define the lower bounds for the pararne-
ter space of enhanced scattering. Each panel in Fig. 2
illustrates the different degree to which the strong en-
hancement criterion is met, i.e. , 2(a) 7.16~ = sA, 2(b)
1.46~ = sA, and 2(c) 0.46rr = sA. The runs illus-
trated in Figs. 2(a) and 2(b) produce strongly enhanced
Brillouin refiectivity, while the run of Fig. 2(c) does not
display any enhancement above the standard prediction
of the three wave coupling theory. According to the cri-
terion (6) forward Rarnan scattering enhancement was
observed in the run corresponding to Fig. 2(a), but not
for Fig. 2(b) or 2(c). Note that for the parameters con-
sidered in this study one has s A ( kr, /Ak which prevents
formation of the Langmuir wave condensate by the PDI
cascade.

An example of the time evolution of SRS reflectivity
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show that decreasing the interaction length may have
dramatic effects on all scattering processes in the plasma.

In summary, we have discussed the effect of the non-
linear SRS saturation on the secondary scattering pro-
cesses. The nonlinear evolution of the parametric decay
of SRS-driven Langmuir waves results in broad fluctua-
tion spectra, which enhance Brillouin and forward Ra-
man scattering. Brillouin scattered light is characterized
by comparable blueshifted and redshifted components in
the frequency spectrum. Analytical expressions for the
shape of the turbulent spectrum of Langmuir and ion
acoustic waves have been proposed. Finally the region
of enhancement and scaling laws for the reflection coef-
ficients have been determined. Our results are indepen-
dent from initial noise levels and could be easily tested
in experiments.
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FIG. 4. Simulation reQectivities vs theoretical predictions
for (a) enhanced Brillouin scattering Eq. (7), and (b) en-

hanced forward Raman scattering Eq. (8). All runs are for
parameters corresponding to the region of enhanced scatter-
ing defined by Fig. (1).

and
-2

&FR = crFa. [&gFR [L (8)

where o'a = w„/2ivov~o and up~ = k& e/4m, wogv~ovg~2 FR

are the coupling coefFicients for the Brillouin and forward
Raman scattering processes. The scaling laws (7) and (8)
have been compared with simulation data.

Results of these comparisons are displayed in Fig. 4,
where the physical parameters of the simulations have
been chosen from the region defined in Fig. 1. Vertical
error bars define minimum and maximum values in time
and the diamonds represent the time averaged data of
refiectivity. Experimental testing of these scaling laws
may provide eKcient tools for diagnostics and control
of laser light scattering processes in a plasma corona of
inertial confinement fusion targets. These expressions
display very strong dependence of the reflectivities on
the interaction length L in a plasma. In our simulations
I was a free parameter because we explored the model of
a homogeneous plasma slab. But in practice I depends
on the plasma inhornogeneity length, laser beam focusing
conditions, and plasma wave damping. Our simulations
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