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Abstract
The nonlinear interaction between two laser beams in a plasma in the weakly
nonlinear and relativistic regime is discussed. The laser dynamics is governed by
two nonlinear Schrödinger equations, coupled via the slow plasma density response.
Numerical studies of the growth rates of the Raman forward and backward scattering instabilities as well of the Brillouin and self-focusing/modulational instabilities
are presented. Numerical results on the nonlinear evolution of the instabilities are
given.

The interaction between intense laser beams and plasmas leads to a variety of different instabilities, including Brillouin and Raman forward and backward scattering [1–6],
as well as modulational instabilities. In multiple dimensions we also have filamentation and side-scattering instabilities. Relativistic effects can then play an important
role [1, 6, 7]. Here we consider the nonlinear interaction between two weakly relativistic
crossing laser beams in plasmas. We present a set of nonlinear mode coupled equations
and nonlinear dispersion relations, and an analysis for Raman backward and forward
scattering instabilities as well as for Brillouin and modulation/self-focusing instabilities
is given.
In the slowly varying envelope approximation the evolution of the laser pulses in an
electron–ion plasma is given by two coupled nonlinear Schrödinger equations [8]
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where ~vgj = ~kj c2 /ωj is the group velocity, ωj = (ωp0
+ c2 kj2 )1/2 is the electromagnetic

wave frequency, ωp0 = (4πn0 e2 /me )1/2 is the electron plasma frequency, and we have
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denoted Ns = nes1 /n0 . The slow density response is determined via either (a) Raman
scattering or (b) Brillouin scattering. In case a we obtain
!

e2
∂2
2
2
2
~ 1 |2 + |A
~ 2 |2 ),
−
3v
∇
+
ω
N
=
∇2 (|A
s
Te
p0
∂t2
m2e c2

(3)

where the electron thermal velocity is denoted by vT e = (Te /me )1/2 . For case b we find
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for stimulated Raman (case a) and Brillouin (case b) scattering, respectively. The growth
rate obtained from the dispersion relation (5) is depicted in Figs. 1a (Raman scattering)
and 1b (Brillouin scattering).
We have also performed numerical simulations of the system of equations (1) and (2)
in two spatial dimensions, see Fig. 2. We have used as an initial condition that both
beams have a constant amplitude of 0.1 and that they initially have group velocities at
a right angle to each other. The background plasma density is slightly perturbed with a
low-level random noise. For stimulated Raman scattering, displayed in Fig. 2a, the wave
pattern developes local maxima of the laser beam envelope amplitude correlated with
local minima of the electron density. However, this pattern is very regular and there is
no clear sign of nonlinear structures in the numerical solution. However, for stimulated
Brillouin scattering (see Fig. 2b) the waves grow not only in the direction of the laser
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(b) Brillouin scattering.

Figure 1: The growth rates for single laser beams (upper panels) and for two laser
~ for (a) Raman scattering and
beams (lower panel), as a function of the wave vector K,
(b) Brillouin scattering. In both (a) and (b), the upper left and right panels show the
~ 1 and A
~ 2 , respectively, where the wave number for A
~ 1 is
growth rate for the beam A
~ 2 is (ky , kz ) = (0, 4) ωp0/c, and in the lower left
(ky , kz ) = (6, 0) ωp0/c and the one for A
~ 1 and A
~ 2 are launched simultaneously at a perpendicular angle to each other,
panel, A
and in the lower right panel, the two beams are counter-propagating. For (a) we use
~ 10 | = |A
~ 20 | = 0.1 and vT e = 0.01c, and for (b) we use the |A
~ 10 | = |A
~ 20 | = 0.1, the ion to
|A
electron mass ratio mi /me = 73440 (Argon), and the ion sound speed cs = 3.4 × 10−5 c.
(After Ref. [8].)
beam but also, with almost the same growth rate, obliquely to the propagation direction
of the laser beam, and a more irregular structure of the instability developes. At the
final stage, local “hot spots” are created in which large amplitude laser beam envelopes
are correlated with local depletions
In summary, we have investigated the instability and dynamics of two nonlinearly interacting intense laser beams in an unmagnetized plasma. Our analytical and numerical
results reveal that stimulated Raman forward and backward scattering instabilities are
the dominating nonlinear processes that determine the stability of intense laser beams
in plasmas, where relativistic mass increases and the radiation pressure effects play a
dominant role. Our nonlinear dispersion relation for two interacting laser beams with
different wavenumbers predicts a superposition of the instabilities for the single beams.
The numerical simulation of the coupled nonlinear Schrödinger equations for the laser
beams and the governing equations for the slow plasma density perturbations in the
presence of the radiation pressures, reveal that in the case of stimulated Raman scattering, the nonlinear interaction between the two beams is weaker than for the case of
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(b) Brillouin scattering

Figure 2: The amplitude of two crossed laser beams for (a) Raman scattering and (b)
Brillouin scattering, where |A| = (|A1 |2 + |A2 |2 )1/2 (left panels) and the electron density
−1
−1
−1
Ns at times t = 1.0 ωp0
, t = 30 ωp0
and t = 60 ωp0
(upper to lower panels). The laser
beams initially have the amplitude A1 = A2 = 0.1, and A1 initially has the wavenumber
(k1y , k1z ) = (0, 5) ωp0/c while A2 has the wavenumber (k2y , k2z ) = (5, 0) ωp0/c. The
electron density is initially perturbed with a small-amplitude noise (random numbers)
of order 10−4 . (After Ref. [8].)
stimulated Brillouin scattering. The latter case lead to local density cavities correlated
with maxima in the electromagnetic wave envelope. The present results should be useful
for understanding the nonlinear propagation of two nonlinearly interacting laser beams
in plasmas, as well as for the acceleration of electrons by high gradient electrostatic
fields that are created due to stimulated Raman scattering instabilities in laser-plasma
interactions.
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