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The nonlinear coupling between stimulated Raman scattering (SRS) and stimulated Brillouin scattering (SBS) of in-
tense laser in underdense plasma is studied theoretically and numerically. Based upon the fluid model, their coupling
equations are derived and a threshold condition of plasma density perturbations due to SBS for the inhibition of SRS is
given. Particle-in-cell simulations show that this condition can be achieved easily by SBS in the so-called fluid regime
with kp A\p < 0.15, where ky, is the Langmuir wave number and Ap is the Debye length [Kline et al., 2006 Phys. Plas-
mas 13, 055906]. SBS can reduce the saturation level of SRS and the temperature of electrons in both homogeneous
and inhomogeneous plasma. Numerical simulations also show that this reduced SRS saturation is retained even if the
fluid regime condition mentioned above is violated at later time due to plasma heating.

. INTRODUCTION

Stimulated Raman scattering (SRS) and stimulated Bril-
louin scattering (SBS) may cause significant laser energy loss
and preheating of fusion targets', which represent key is-
sues in laser-driven inertial confinement fusion. For SRS,
the incident laser decays into a scattered light plus an elec-
tron plasma wave with frequency wy,, and for SBS, the in-
cident laser decays into a scattered light plus an ion acoustic
wave with frequency w;. The nonlinear evolution and satu-
ration of SRS and SBS have been studied widely in the past
decade. For example, the anomalously hot electrons due to re-
scattering of SRS?, trapped-particle instabilities®®, and satu-
ration of SRS by nonlinear frequency shifts*!?, and electron
plasma wave wavefront bowing and self-focusing!'~'3. Most
of these nonlinear mechanisms are developed in the kinetic
regime“‘, where kr Ap 2 0.29, with &k, is the Langmuir wave
number and Ap is the Debye length. Moreover, these mech-
anisms are often coupled to each other. SBS can be saturated
by nonlinear frequency shifts', ion trapping'® and ion acous-
tic decay!”. Several methods have been proposed to reduce the
growth of SRS, such as increasing laser bandwidths'8-2°, Jaser
smoothing technique (e.g., smoothing by spectral dispersion,
induced spatial incoherence and polarization smoothing)*'~?7,
and high initial plasma temperatures?®.

Although the frequency of an ion acoustic wave is usual-
ly much lower than an electron plasma wave, the ion motions
have important effects on the long time evolution of electro-

¥zmsheng @sjtu.edu.cn

magnetic and Langmuir waves via the plasma density modu-
lation. Theoretically this can be described by the well-known
Zakharov equation®-3°, which is related to plenty of nonlin-
ear phenomena, such as Langmuir collapse and Langmuir tur-
bulence, electromagnetic solitons, nonlinear evolution of the
modulational instability, and spatiotemporal chaos?'=34. Ac-
tually, a lot of theoretical work studied on the saturation of
SRS due to Langmuir decay instabilities (LDI)*>3>. However,
this mechanism corresponds to an initially low ion acoustic
wave (IAW) and is not associated with the experiment of a
high-amplitude IAW driven by the strong SBS instability?.
Meanwhile, the second decay instabilities obtain the energy
from SRS, therefore SRS can not be totally suppressed. Re-
cently, absolute SRS was shown to seed SBS via LDI in the
context of shock ignition®’. Some experiments had shown the
inhibition of the electron plasma waves by the IAW, and the
inhibition effects will be stronger by higher the level of the I-
AW. Under certain conditions, SRS disappears coincidentally
with the onset of SBS or a seeding of an IAW3%41,

In this paper, we examine explicitly the inhibition of SRS
due to the excitation of SBS in the fluid regime'**? with
krAp S 0.15, where a strong SBS can develop large ampli-
tude ion density perturbations. A set of generalized coupling
equations are derived, which can be reduced to the equations
proposed in the previous work?>3243, With these equations,
we obtain a threshold of low frequency plasma density pertur-
bations, beyond which SRS instability mode transforms into a
harmonic mode. Particle-in-cell (PIC) simulations are carried
out, which are coincident with the previous experiments.
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Il. NONLINEAR COUPLING OF SRS AND SBS

Since the frequency for scattered light of SBS approximate-
ly equals the frequency of incident laser wy, one can write
Ay = [Ag(z,t)e” @0t + c.c]/2 + [Ar(z,t)e" 1t 4 c.e]/2,
E, = [Ep(x,t)e” ™t + c.c.]/2, where Ag is the sum tem-
poral envelope of the incident laser and the SBS light wave,
Aj is the temporal envelope of stimulated Raman scattering
light, and E'f, is the temporal envelope of the related Langmuir
wave. Here we consider the envelopes varying slowly with re-
spect to time, then J;; for the envelope profile can be ignored.
For such a system, we can introduce the plasma electron den-
sity n = nd(1 + ng + nl), where n? = mews, [4me? is the
unperturbed plasma electron density, n? is the density pertur-
bation on the ion-acoustic time scale, and n’j corresponds to
electron plasma wave oscillations. By using the equations for
electromagnetic waves and electrostatic waves in plasma, one
can obtain a set of coupled equations for Ay, A1, and E1,3%:
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where e, m., v, 1, V1 and v, are the electron charge, elec-
tron mass, electron thermal velocity, and damping rates for the
incident light, scattered light, and Langmuir wave, respective-
ly. If SBS effects are not included, i.e., n; = 0, Egs. (1)-(3)
describe the SRS instabilities.

Separating the electron velocity and electric fields into two
components at high and low frequencies, respectively, and us-
ing the equation of motion for ions, we can obtain the equation
for the low frequency density fluctuation n; as
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where m;, ¢z = (3v? + v3,)/m;, and v; are the ion mass, ion
acoustic velocity, and damping rate for the IAW, respectively.

Equations (1)-(4) describe the nonlinear coupling of SRS
and SBS, they can be reduced to the form of Zakharov
equations®. Neglecting the SBS effects, we write Ay =
A; exp(ikox), A1 = Asexp(ikix), and Ef, = Ej exp(ikpx),
where A;, A and E; are the amplitudes of the incident laser,
SRS scattering light and Langmuir wave, respectively. As-
suming these amplitudes to vary slowly in space, they are re-
duced to the three wave coupling equations which describe
SRS*,

It is difficult to find analytical solutions to the coupling e-
quations (1)-(4), which have been solved numerically in some
reduced cases®2%3. Generally, it indicates that the ion densi-
ty perturbations can saturate SRS and modulate its scattering
spectrum®. Here we consider the absolute growth of SRS
with slowly varying envelopes of A; and E;,. When the TAW
is excited at the beginning, the back scattered light of SBS
can be ignored, and the amplitude A; is a constant. Therefore,

Egs. (1)-(4) are reduced to
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and w; ~ 0 for a quasi-static ion density perturbation n}.

By use of Egs. (5) and (6) and only considering the damp-
ing for Ej, then we obtain the temporal evolution equation for
the Langmuir wave

wée | nz |2 w12)e | nz | Ve
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where 6 = w2, | nd | (wr — w1)/2wiwr + ive, T =
krcwpean / 4,/wiwy is the linear growth rate for SRS with-
out ion density modulations’, and ag = eA;/m.c? is the
normalized incident laser field. For the case without ion
density perturbation and Langmuir wave damping, we have
E; ~ exp(T't). Equation (7) indicates that E; tends to be sat-
urated when the envelope of ion density perturbation satisfies
| ng |? w2 — 2| nf | vewr, — dwiwrT? /w2, 2 0. Letting
B = Vey/wr /w1/2T, then the SRS instability mode trans-
forms into a harmonic mode when the low frequency plasma
density perturbation satisfies

Oy — 160y — I —
[ i 0o + 4LLJ1WL 2W1

| ng |2 kre(v/1+ B2+ B)ao/2wpe. (8)

This density threshold is proportional to the incident laser
amplitude ag, implying that higher laser intensity may lead to
higher saturation levels for both SRS and SBS. Note that the I-
AW due to SBS usually saturates at a low level in the case with
strong electron kinetic effects*®*7, This means that SBS may
have a weak effect on SRS saturation in this regime. However,
in the fluid regime'4*? where kz Ap < 0.15 with a high ratio
of® ZT,/T;, astrong SBS can develop with a large amplitude
of ion density perturbations, satisfying the threshold Eq. (8).
In the next section, we will use the PIC simulations to demon-
strate that SRS inhibition does exist when the development of
SBS increases to a certain level.



250
= -t=251 7500 7

200 i —t=751 71000 7

150 K

100

(w)|(arb. unit)

80

—mi=inﬁnite '
_mi=1836

60

[n e(k)|(arb. unit)

1.2 1.4

kLc/ Wy

1.6

0.25
—t=800 7

(b)

0.2

v 0.15

0 200
x/ A

400

600

_mi=1836

- .mi=infinite

800 1000

FIG. 1. Simulation results for kzAp = 0.08 and ZT./T; > 10 with laser amplitude ap = 0.05. (a) and (b) ion mass is m; = 1836. (a)
Snapshots of Fourier spectra of the backscattered light at different periods. (b) Snapshots of spatial distributions of the ion density at different
time. (c) and (d) ion mass is infinite. (c) Snapshots of Fourier spectra of the electron density perturbations at ¢ = 9007 with different ion
masses. (d) Temporal evolution of the electron temperature with different ion masses.

lll. ONE-DIMENSIONAL PIC SIMULATIONS OF SRS
SATURATION IN HOMOGENEOUS PLASMA

PIC simulations using the code KLAP*’ have been carried
out to investigate the interactions between SRS and SBS. One-
dimensional (1D) simulations are performed first to study the
possible suppression of SRS due to SBS in homogeneous plas-
ma. The length of the simulation box is 600\, where the plas-
ma occupies a region from 50\ to 550\ with A the incident
laser wavelength in vacuum. We put 100 cells per wavelength
and 50 particles per cell. The homogeneous plasma densi-
ty is ne = 0.08n. with a linear density ramp of 10\ in the
front, where n, is the critical electron density for the inci-
dent laser. The initial plasma temperature is 7, = 100 eV
and T; = 0.8 eV, which corresponds to kzA\p = 0.08 and
ZT./T; > 10, i.e., in the fluid regime. The charge of ion-
s, which is normalized by electron charge, is Z = 1. To s-
tudy the effects of SBS on SRS, the ion mass is taken to be
m; = 1836 or infinite (i.e., with immobile ions), which are
normalized by electron mass. Note that the linear growth rate
of Brillouin backscattering928 Ippg oc 1 / /My, indicating
that with the increase of ion mass, the growth rate of SBS is
decreased. For infinite weights of ions, there is no SBS de-
veloped. A linearly-polarized semi-infinite pump laser with a
25 rising edge in the front incidents from the left boundary
of the simulation box with a uniform amplitude ag = 0.05.
The relation between the laser intensity Iy and ag is given by
ap = /Io(W/cm?2)[A(um)]2/1.37 x 1018, The space and
time given in the following are normalized by the laser wave-
length in vacuum A and the laser period 7.

We diagnose the backscattered light at = 30\ and plot
its Fourier spectra at different periods with m; = 1836 in Fig.
1(a). The frequencies of backscattered light for SRS and SB-
S are found at w; =~ 0.72 and wy =~ 1, respectivelyzg. This
figure shows the SRS signal is lower during [7507,10007]
than during [2507, 5007], suggesting that the SRS backscat-
tered light tends to be reduced after certain time. Now let
us examine the ion density perturbation. According to Eq.
(8), we can estimate the threshold for SRS saturation to be
| ng | n? 2 0.014n, for our simulation parameters. When
considering the collisionless plasma wave damping effects,
for example taking 3 = 0.25, i.e., v = 0.0lwp, | nS | n?
is slightly increased. It is expected that | nS |~ Z | dn; | at
least in the linear regime, where dn; is the ion density pertur-
bation. Att¢ = 2507, the ion density does not show obvious
perturbations, as shown in Fig. 1(b). At¢ = 3007, the peak
of | on; | at x = 60X is 0.048n., which is already larger
than the threshold value mentioned above, resulting in a lo-
cal reduction of the growth of SRS. At ¢ = 8007, the ion
density perturbations are developed sufficiently in the whole
plasma, and the perturbations exceed the threshold value in
most of the plasma region. The linear growth rate of SBS is
I'spg = 0.006, and the corresponding character time is about
1677. Considering the width of left vacuum, SBS will develop
at 2177. In our simulation, a strong SBS has been developed
in the front of plasma at about ¢ = 2807. The delay of SBS
developments can be attributed to the damping of the incident
light due to SRS.

To further demonstrate the SBS effect, we compare two cas-
es with and without ion motion (or infinite ion mass). The lat-
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ter implies that there is no SBS developed. Figure 1(c) shows
electron density perturbation spectra associated with the SRS
instability. In the case without ion motion, there are two dom-
inant peaks related to SRS at k;, = 1.6 and k7, = 0.96, which
indicates intense nonlinear excitation of SRS and SRS rescat-
tering (indicated by the peaks at k;, = 0.96). As a compar-
ison, we take a case with m; = 1836. In this case, SBS is
significantly developed as indicated by the peak at k;, = 1.92.
In the meanwhile, the peak spectrum of SRS almost disap-
peared, suggesting that SRS is suppressed by SBS. Due to the
fact that SRS can heat electrons®, one can use the plasma elec-
tron temperature to diagnose the strength of SRS. The average
electron temperature is calculated as shown in Fig. 1(d). The
plasma heating slows down since ¢ = 7007 when strong S-
BS is developed and the subsequent SRS suppression occurs.
Note that once the ion density perturbations have grown to
certain high level, SRS inhibition can always occur according
to our PIC simulations, even though the plasma parameters are
no longer in the fluid regime due to significant plasma heating
in the early stage.

IV. PIC SIMULATIONS IN INHOMOGENEOUS PLASMA
A. One-dimensional PIC simulations

Generally the plasma density is nonuniform in space>. For
inhomogeneous plasma, the wave number is a function of the
space variable. In the linear regime, this problem can be treat-
ed by use of the localized equations®'. Ignoring the low fre-
quency density fluctuation, the SRS instability initially grows
exponentially with a growth rate of I', and finally it is saturat-
ed because of the phase mismatching®?. Once the threshold of
Eq. (8) is satisfied, the reduction of the SRS saturation level
due to SBS induced density perturbations will occur. In the
following, we study this nonlinear effect in inhomogeneous
plasma by use of PIC simulations.

In this case, the local phase match conditions need to be
satisfied, i.e., wg = wy + wr, kg = k1 + kL. Substituting the
dispersion relation of the plasma wave into match conditions

for SRS, we have wy = wo — wr, = wo — /w2, + 3k v},
_ -1 /3 _ -1 /[ 2
where k, = ko + ¢ ' \/w§ — 2wowpe, ko = ¢ Wi — Wae

and wy () is a function of z. By solving these equations,
we can study the instability region using the scattering spectra
and wave number distributions. Assuming the initial density
distribution is n? = 0.05[(x — 150)/200 + 1]n.. Based on
the dispersion relation, we can plot the axis of the instability
region varying with the frequency of the back scattering light
and the wave number of the electron density as shown in Fig.
2. Here the frequency and the wave number are normalized to
wo and wy /¢, respectively. Figure 2(a) indicates that one can
easily distinguish the SRS from the SBS according to the scat-
tering spectra. The frequency of SRS ranges from 0.5 to 0.75
and a cutoff is found near n? = 0.25n.. While for SBS, it
ranges from 0.99 to 0.993, indicating a very narrow spectrum
around wy. We can also calculate the instability region from
the wave number distributions, as shown in Fig. 2(b). Note
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FIG. 2. (a) Changes of the frequencies of the back scattering light via
SRS and SBS along the longitudinal coordinate in an inhomogeneous
plasma slab adopted in the PIC simulation. (b) The corresponding
wave numbers of the Langmuir wave for SRS and the IAW for SBS
in the same density profile.

that the wave number of SBS ranges from 1.7 to 2, which is
relatively narrower than SRS. The absolute SRS develops n-
ear n ~ 0.25n,., where the corresponding k7, equals to ko>'.
In this region, SRS is strongest, and the Langmuir and elec-
tromagnetic waves can be trapped, producing a large number
of hot electrons. These physical pictures are important for us
to verify the results of PIC simulations.

In the following 1D simulations, the length of the simu-
lation box is 1500, and the plasma occupies a region from
150\ to 1150\ with a linear density profile as mentioned
above, and initial temperatures 7T, = 100 eV and T} = 0.5 eV,
which corresponds to kpAp < 0.11 and ZT,/T; > 10. To
study the evolution of SRS for different strengths of SBS, the
ion masses are set to be m; = 1836, 5508, and infinite, re-
spectively. The other parameters are the same as the uniform
plasma case above.

Figure 3(a) shows the wave-number spectra of the electron
density at different times. At ¢ = 5007, strong convective
SRS has developed and the corresponding k£ modes are found
between k;, = 1.5 and k;, = 1.6. Accordingly one can d-
educe the instability region is from x = 493\ to z = 620\
base on Fig. 2(b). Att = 8007, a small peak near k;, = 1.9is
developed, which corresponds to the SBS spectrum. The spec-
trum of convective SBS spreads out with increasing time. At
t = 12007, the instability region is found between x = 345\
and = = 1085, and the intensity of the convective SRS is to-
tally suppressed at this time. These results show the evidence
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FIG. 3. (a) Electron density spectra in k space at different times with m; = 1836. (b) Temporal evolution of the ratios of the backscattered
SRS and SBS components against the total scattered light with m; = 1836. The temporal evolutions of the electrostatic energy in plasma (c)
and the electron temperature (d) with different ion masses are given to illustrate the effects of SBS excitation on SRS saturation. The laser

parameters are the same as in Fig. 1.

of reduced SRS saturation due to the ion density perturbation-
S.

To show more clearly the correlation between SRS and SBS
excitation, we define a parameter

w2
Rz/
w1

which defines a ratio between the scattered light energy in
certain frequency range and the total scattered light ener-
gy. The ratio Rsrs for SRS backscattered light is defined
with [wy, ws] = [0.5,0.85]wp, while the ratio Rgps for SBS
backscattered light is defined with [wy, w2] = [0.95, 1.05]wp.
The backward lights are diagnosed at z = 50\ and the R
parameter is calculated per 3007. Figure 3(b) displays the
temporal evolution of ratios of backscattered SRS and SBS
light components. It shows that the SRS backscattered light
first grows rapidly from 3007 to 6007, and then decreases at
t = 9007. Correspondingly, the SBS scattered light grows
rapidly from about £ = 9007. This observation clearly illus-
trates the correlation between the SBS excitation and the SRS
suppression.

Another way to measure the level of SRS excitation is to
study the evolution of energy of the electrostatic fields stored
in the plasma, i.e., & = [ | E, |* dz. Figure 3(c) shows the
temporal evolution of £ under different ion masses. For the
case with finite ion mass such as m; = 1836, it shows that
the electrostatic field energy is saturated at ¢ = 7007. From
Fig. 3(a) we know that SBS has been well developed at this
time, which helps suppress the further growth of SRS. The
saturation time for the case with m; = 5508 is about 1007

| B (w) 2 dw//ooo | B(w) Pdw, (9

later due to the lower growth rate of SBS in this case. But the
saturation level of £ is very close to the case of m; = 1836 for
their SBS saturation level are similar. If ions are immobile, £
increases linearly with time until ¢ = 20007 and finally it is
saturated at a much higher level. At ¢ = 30007, £ is found
to be £ = 0.165 which is about twenty times larger than the
cases with a finite ion mass m; = 1836 or m; = 5508.

The change of plasma electron temperatures is closely relat-
ed to the SRS development. Figure 3(d) shows clearly the re-
duced electron heating when the SRS is suppressed due to the
SBS excitation. In the early stage from 4007 to 9007, the plas-
ma electron temperature increases for all three cases with dif-
ferent ion masses. After 10007, for the case with m; = 1836,
the temperature grows slowly and tends to saturate around 0.9
keV. At this time, the percent SBS is Rgps ~ 10%, which in-
dicates that strong SBS has been developed. For m; = 5508,
the saturation time is around 12507, which is slower than the
case of m; = 1836 due to the smaller growth rate of SBS.
The saturation level of the heating is slightly higher than the
case of m; = 1836. Note that the saturation leve] of SRS in
inhomogeneous plasmaalways smaller than the homogeneous
case; due to its density gradient. For the case with immobile
ions, the temperature grows almost linearly with time, and has
no saturation trend. At ¢ = 30007, the electron temperature
is T, ~ 2.5 keV, which is almost three times larger than the
case of m; = 1836. The above comparison indicates that the
development of SBS can lead to a significant suppression of
SRS and consequent electron heating.
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FIG. 4. (a) and (b) Wave number distributions of the longitudinal
electric field at ¢ = 7007 with immobile ions and m; = 1836,
respectively. (c) and (d) Wave number distributions of the ion and
electron density perturbations with m; = 1836 at t = 7007, respec-
tively.
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FIG. 5. Energy spectra of electrons with different ion masses at ¢t =
7007.

B. Two-dimensional PIC simulations

To study the SBS suppression effects on SRS and plasma
heating in multi-dimensional laser plasma interactions, we
also have performed two-dimensional (2D) PIC simulation-
s. The length and width of our simulation box are 600\ and
100, respectively. Plasma occupies a region from x = 50\
to x = 550\ with a linear density profile n%(x) = 0.05[(x —
50)/150+1]n., and uniformly distributes in the transverse di-
rection. The initial temperatures are T, = 100 eV and T; = 0.5
eV. We take 40 cells and 20 cells per wavelength respectively
in longitudinal and transverse directions with 2 particles per
cell. A laser normally jincidents ex the plasma with Gaussian
distribution in the transverse direction, jts electric field is per-
pendicular to the simulation plane with amplitude ag = 0.05.
The radius of the focal spot is 8\, and its center is located
at y = 50X. We use the reflection boundary conditions for
particles in two directions.

As discussed above, the convective SRS instability develop-
s in the low-density region, and then spreads out to the high-
density region. In our simulations, the longitudinal wave-
number of the Langmuir wave for convective SRS and SBS
are found at k, < 1.72 and k, ~ 1.9, respectively. For im-
mobile ions, strong convective SRS instabilities developed in
the whole plasma at ¢ = 7007, which is shown in Fig. 4(a).
As a comparison, the strength of convective SRS is much s-
maller with m; = 1836, as shown in Fig. 4(b). A strong
mode for SBS can be found near k, ~ 1.93. The wave num-
ber distribution of ion density perturbations at ¢ = 7007 is
plotted in Fig. 4(c), where a strong mode near k, ~ 1.93 due
to SBS is found. Figure 4(d) shows that the SRS mode has
been suppressed considerably when the SBS mode &, ~ 1.93
plays a dominant role. The electron heating for immobile ions
is much more significantly than the case with m; = 1836 at
t = 7007, as shown in Fig. 5. All these results are in good
agreement with 1D simulation results.

V. SUMMARY

In this work we have investigated the effects of SBS excita-
tion on the inhibition of SRS. A set of coupling equations for
SRS and SBS are given, describing the four wave interactions
under different conditions. Without ion density perturbations,
these equations reduced to the equations for the pure SRS in-
stability. The SRS instability in uniform plasma with an ion
density perturbation is analyzed. A threshold perturbation for
the saturation of the SRS instability is derived, which is con-
firmed qualitatively by 1D PIC simulations in uniform plas-
ma. Our simulation results indicate that in the fluid regime of
the SRS development with k; Ap S 0.15, the threshold con-
dition of ion density perturbations for SRS saturation can be
satisfied when SBS develops. Once SBS has developed to a
certain high level, its suppression effects on SRS still holds
even if the fluid regime condition is violated due to plasma
heating.

The suppression on SRS due to SBS is also found in in-
homogeneous plasma. Both 1D and 2D PIC simulations in
inhomogeneous plasma have shown explicitly the correlation
of the Langmuir wave and SBS. The latter can significantly
suppress SRS and subsequent plasma electron heating by ex-
citing large amplitude ion density perturbations.
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