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of two laser beams in a plasma
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A longitudinal electrostatic electron plasma wave excited at the difference frequency of two laser beams is

shown to be unstable against filarnentation instability in a hot collisionless plasma. The relativistic Vlasov

equation has been solved to obtain the nonlinear response of electrons. It is noticed that for a considerable

power density of the excited electron plasma wave the growth rate of the filamentation instability is quite

high.

The nonlinear excitation of electrostatic electron plasma
waves at the beat frequency of two high-frequency elec-
tromagnetic waves in a plasma has been extensively stu-
died' ' because of its potential role in future high-energy
plasma-laser accelerators and in other studies related to
space and laboratory plasmas. In this Brief Report we show
that an excited electron plasma wave at the difference fre-
quency of two-laser radiation is effectively unstable against
filamentation instability due to the presence of ion acoustic
perturbations in a plasma. Since the temperature of elec-
trons in the beat wave accelerator may be as high as —100
keV, we use the relativistic Vlasov equation to obtain the
nonlinear response of electrons in the plasma.

We consider the propagation of two beams of high-power
laser radiation along the same direction in a uniform, hot,
collisionless and unmagnetized plasma:

E1,2 = E1, 2 exp[ / (Ct)1, 2t kl 2z ) 1

where

k1, 2 (~1,2/c ) (1—~,'/~1, 2)

col 2 and kl 2 are the angular frequencies and the wave vec-
tors of the incident laser radiation, and co~=(4me2noo/
mo)' 2 is the electron plasma frequency, —e, mo, noo, and c
being the electronic charge, rest mass, equilibrium unper-
turbed electron density, and the velocity of light in a vacu-
um, respectively. On account of the nonlinear relativistic
interaction of the incident waves, a longitudinal electron
plasma wave (ko, coo', ko=kI k2, Q)o=cdl cdz) will be gen-
erated at the difference frequency through the forward Ra-
man scattering, parametric instabilities, or the resonant exci-
tation mechanism:

coo cd@ + 3ko Ue (2)

where v, = (T, /mo)'/' is the electron thermal speed, T, be-
ing the electron temperature in units of Boltzmann constant.
Now, we assume that this excited electrostatic electron plas-
ma wave acts as a driving source (pump wave), couples

I

parametrically with the low-frequency density perturbation
present in a plasma due to a variety of reasons, such as ion
acoustic mode (k, ru), and produces two electrostatic scat-
tered sidebands

1 2' ~1 2i kl 2 k + ko' ~l 2 ~ + ~0 ~

where v = yr and

(1 r'2/c2) —1/2 (1 + 2/c2)l/2

The motion of ions is neglected. The linear response of
electrons to the four electrostatic waves involved may be
written as

fo = —e&bofo (ko v)(1+ko v/yo)p)/T, coo

f~ = —eC&tfo (kq v)(1+k' v/ycuq)/T, cut

f2 eq 2fo (k2' v)(1+k2 v/y~z)/Te~2

f~= —e@foo (k v)(1+k v/yes)/T, cu

(4)

~here ~l, 2 & kl 2 v has been assumed, ' 4 's are the poten-
tials of the electrostatic waves involved, and fo is the non-
relativistic Maxwellian distribution function" at the tem-
perature T„

fo = no (mo/2m T, )3/2exp( —mou2/2T, )

The nonlinear response of electrons at the low-frequency
perturbation mode can be obtained from

The nonlinear growth of the ion acoustic mode in the
transverse direction will lead to the filamentation of the ini-
tial uniform beam of the electron plasma wave.

The response of electrons to the four-wave parametric
process is governed by the nonlinear relativistic Vlasov
equation

f+ —" Vf —' V f=0
y real p

+—' V'f — (Ep' V „f'~ + E& ' V'„f'0 + Eo V'„fz +Ez' V„f'0 ) = 0
dt y 2m 0

where the symbol ~ denotes complex conjugate of the quantity involved. Using the expansion y = (1+hz/2c ), we solve
Eq. (6) and integrate over the velocity space to obtain the nonlinear density perturbation associated with the low-frequency
ion acoustic mode propagating in the direction (x axis) transverse to the propagation direction (z axis) of the pump wave
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(kp, rup),

where

= (noe kkp/2mo cu )(Pt@ocrt+P2@o@2) (7)

Pt = ktx
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In a similar manner we can solve Eq. (3) to obtain the nonlinear density fluctuations associated with the scattered sidebands
as

npe 44pkkp kpk]„NL

2m 20,2 ~2
kk)z 6v,

r

14v,
c4

grape

44pkkp kpk2„
El 2 2 2 22mp cU2, Qpp

kk2,+ 2'
Ct)

r

6v,
2

14v,
C

J

Substituting Eqs. (7)—(9) into the poisson s equation and eliminating rp, rpt, and rp2 we obtain the nonlinear dispersion rela-
tion for the low-frequency ion acoustic mode as

e = pt /el + rrA2/e2

where

a= 1 —ru~(1 —Sv, /2c )/tu, et = 1 —
cur (1 —Sv, /2c )/cut, e2= 1 —cu~(1 —Sv, /2c )/ru2

(10)
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In the presence of the pump wave (kp, top) the angular
frequency of the perturbation gets modified from the real
value and one may expand

ru=o +iy, e=i (y+I ) (Be/Bco)

et, p
= r (y + I 1, 2) (Be1,2 /Bort, 2)

where l and I ~ 2 are the linear damping rates of the decay

waves. We neglect the linear damping of the high-
frequency scattered electrostatic waves, so that the threshold
of the instability is negligible. Substituting Eqs. (11) into
Eq. (10) with the approximation I t=I 2=0 we obtain the
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FIG. 1. Variation of y/cu with k for Iup/u, I
=0.1 and different

T, as indicated. The solid curves represent two incident C02 laser
beams, and the dashed curves represent the two incident Nd-glass
laser beams.
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FIG. 2. Variation of y/ce with T, for Iup/ueI =0.1. The solid
curves represent two incident C02 laser beams and k =9.0&10
cm, and the dashed curves represent two incident Nd-glass laser
beams and k =8.2X10 cm
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growth rate of the filamentation instability from the relation

1 P 1 P2
(Be/B~) Beg /B0 t B e2/B~2

where"

I = (mm/8m;)'~'kC, + (T, /T;)'~'exp[ —(3+ T, /T;)/21

The suffix i indicates a quantity associated with plasma ions
and C, is the ion sound speed in the plasma. The growth
rate of the instability in the presence of the linear damping
of the ion acoustic perturbation is given by

y = [(r'+4&,')'" —r]/2 . (13)

For a numerical application of the results we have calcu-
lated the growth rates y and yo of the filamentation instabil-
ity of the longitudinal electrostatic electron plasma wave at
the difference frequency of two-laser radiation for the fol-
lowing parameters: co~ 2 = 1.963 & 10', 1.778 & 10'" rad s
(CO2 laser), a» 2=1.795x10", 1.778X10" rads ' (Nd-
glass laser), T, = 50—60 keV, k = 10 —104 cm ', m; /m
= 1836, and T, /T; = 20.

It is observed that the growth rate of the filamentation
instability increases linearly with the pump-induced velocity
of electrons, ~vo/v ~. The undamped growth rate yo is al-
ways very close to the value of the overall growth rate y of
the instability. Figure 1 shows the variation of the relative
growth rate y/co as a function of the wave number k of the
ion acoustic perturbation mode. The growth rate of the
filamentation instability increases more rapidly with k for
lower electron temperature. In Fig. 2 we notice that y/cu in-
creases with temperature for fixed values of k.

We therefore anticipate that the filamentation instability
of the excited electron plasma wave at the beat frequency of
two-laser beams may lead to the possible difficulty of ac-
celerating particles uniformly. Furthermore, the application
of the external transverse magnetic field, which eliminates
the maximum energy gain of the particles, may suppress the
undesirable filamentation instability drastically. This is yet
to be seen.
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