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Parametric processes of a strong laser in partially ionized plasmas
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The effects of the nonlinear polarization in a partially ionized plasma on the parametric processes of a strong
laser are discussed. The nonlinear mode coupling equations and the linear growth rate of stimulated Raman
scattering~SRS! and stimulated Brillouin scattering~SBS! are derived. The numerical analyses for the non-
linear evolutions of SRS and SBS processes are given. Various effects of the second and the third order
nonlinear susceptibilities on the SRS and SBS processes are discussed. The nonlinear evolutions of SRS and
SBS processes are affected more efficiently than their linear growth rates by the nonlinear susceptibility.
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I. INTRODUCTION

Parametric processes in plasma are described by the i
actions of an intense laser with plasma waves, supporte
electrons and ions. For simplicity the ions are often assum
to be fully stripped, so that the electrons and ions are trea
as free ~unbound! charged particles. However, in intens
laser-plasma interactions, e.g., in indirect laser fusion
x-ray lasers, the ions are typically only partially ionized. T
bound electrons may be polarized by the laser~pump! wave
and plasma waves, and reversibly affect the propagatio
waves through the polarization term in the medium wa
equations. Furthermore, when the wave intensity is h
enough, the polarization of the partially ionized plasma i
nonlinear function of the wave field strength. Sprangleet al.
@1,2# first indicated that bound electrons can cause two n
kinds of unstable parametric processes: the atomic mod
tion instability ~AMI ! and atomic filamentation instability
~AFI!. In this paper we calculate the effects of bound el
trons on the stimulated Raman scattering~SRS! and stimu-
lated Brillouin scattering SBS processes. In laser-driven
ertial confinement fusion~ICF!, SRS and SBS are of crucia
importance because they can induce significant losses o
incident laser energy and degrade the illumination symm
required to reach a high implosion efficiency of the pell
Previous works@1,2# have studied the effects of the line
and third nonlinear susceptibility on the AMI and AFI. Rel
tively little work has been reported on the effects of t
linear, second, and third nonlinear susceptibilities on the S
and SBS. This paper is organized as follows. Section II gi
the basic equations for the laser wave~pump! and stimulated
plasma waves, which includes scattering with the plas
electromagnetic wave, the plasma electrostatic wave, and
ion acoustic wave. The SRS process is discussed in Sec
The SBS process is discussed in Sec. IV. Conclusions
given in Sec. V, which indicate that the nonlinear susce
bility has affected the nonlinear evolutions of SRS and S
processes efficiently.

II. BASIC EQUATIONS

The equations that describe the parametric processe
intense laser interactions with partially ionized plasma are
1063-651X/2003/67~3!/036402~9!/$20.00 67 0364
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follows: the wave equations for the electromagnetic wa
and electrostatic wave; the polarization of bound electron
partially stripped ions; and the electron and ion fluid equ
tions for the free electrons and ions. The general wave eq
tion in a polarized medium is

]2E

]2t
1c2@¹3~¹3E!#524p

]J

]t
24p

]2P

]t2
, ~1!

whereE is the electric field of electromagnetic or electr
static waves,J52eneve is the free electron current, andP
is the polarization due to the bound electrons. When the e
tric field of the waveE,Eba (Eba is the electric field of the
hydrogen atom at the Bohr radius,uEbau;5.23109 V/cm,
and the corresponding laser intensityI ba;3.6
31016 W/cm2), the nonlinear polarization of the medium
can be expressed as a power series ofE @3#:

P.x (1)E1x(2)
•EE1x (3)~E•E!E, ~2!

wherex (1), x (2), and x (3) are the linear susceptibility, the
second and third order nonlinear susceptibilities, resp
tively. For simplicity, we have takenx (1) and x (3) to be
scalar quantities andx (2) to be a vector in Eq.~2!.

The continuity and motion equations@4# of a free electron
fluid are

]n

]t
1¹•~nv !50, ~3!

]v
]t

1
1

2
¹~v2!1

e

m
E1

gekBT

mn
¹n50. ~4!

Here n, v, and ge are the density, velocity, and ratio o
specific heats for an electron fluid, respectively;e andm are
the charge and mass of an electron.

The equations of motion of an ion fluid are

]ni

]t
1¹•~niv i !50, ~5!
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]v i

]t
1v i•¹~v i !1

q

mi
Ea1

g ikBTi

mini
¹ni50. ~6!

Here q5Ze and mi are the charge and mass of an ion,
spectively, andv i is the perturbed velocity of the ion fluid a
low frequency.ni is the density of the ion fluid, which is
composed of the unperturbed and low frequency compon
ni5ni01ni

L . Ea is the low frequency electric field produce
by a separation of electrons and ions.

III. SRS PROCESS „v0Ävs¿vp…

A. Coupling equations for SRS

For the SRS process, we have

v05vs1vp , k05ks1kp , ~7!

where 0 ands are the subscripts of the laser~pump! and
scattering plasma electromagnetic wave, respectively, anp
is the subscript of the electron plasma wave. Let

E5Et1Ep5E01Es1Ep ,

v5v t1vp5v01vs1vp , n5n0~x!1nh, ~8!

wherev t is the transverse velocity component, andn0 andnh

are the background and perturbed high frequency den
respectively. From Eqs.~1!–~4!, using ¹•Et[0,¹3Ep
[0,¹•v t[0,¹3vp50, yields the wave equations for SR
process:

S ]2

]t2
2

c2

N0
2
¹21

vpe
2

N0
2 D Et5

4p

N0
2
J̇non

t 2
4p

N0
2
x(2)

•

]2~EE! t

]t2

2
4p

N0
2

x (3)
]2@~E•E!E# t

]t2
, ~9!

S ]2

]t2
2

3v th
2

N0
2

¹21
vpe

2

N0
2 D Ep5

4p

N0
2
J̇non

p 2
4p

N0
2
x(2)

•

]2~EE!p

]t2

2
4p

N0
2

x (3)
]2@~E•E!E#p

]t2
,

~10!

wherev th[(kBTe /me)
1/2 andN0[(114px (1))1/2. J̇non

t and

J̇non
p are the rates of the nonlinear induced current@5# given

by

J̇non
t 52ev t@n¹•vp1~vp•¹1v t•¹!n#2

1

2
en¹t~v2!

2
vpe

2

4pn0
nhEt2e

3kBT

m
¹tn, ~11!
03640
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ty,

J̇non
p 52envp~¹•vp!2evp~v•¹!n2

1

2
en¹p~v2!

2
vpe

2

4pn0
nhEp . ~12!

Let

Ei~r ,t !5
1

2
ei@« ie

i(ki•r2v i t)1« i* e2 i(ki•r2v i t)#, ~13!

v i~r ,t !5
1

2

e

imv i
ei@« ie

i(ki•r2v i t)2« i* e2 i(ki•r2v i t)#,

~14!

where the subscripti 50, s, andp, respectively. The« i is the
amplitude ofEi slowly varying in time and space, andei
is the direction~polarization! vector of the electric field.
Considering that the disturbance of the electron den
with high frequency obeys the Poisson equationnh5
2(1/4pe)¹•Ep , and using Eqs.~11! and ~12! in the wave
equations, we obtain the mode coupling equations for
slowly varying electric field amplitude« i @6,7# ~in the re-
mainder of this paper,i , j ,k50,s,p, respectively, and when
the i is determined,j 5” i , thenk5” j ,i )

F ~11d i !
]

]t
2 iS V i1

v i

2
d i D G« i

5FAi2
2pz i

N0
2 S ]

]t
2 i

v i

2 D G« jk2« i

]d i

]t
, ~15!

d i5
2px (3)

N0
2 F3

2
u« i u21 (

j 5” i

0,s,p

~112ai j
2 !u« j u2G ,

ai j 5~ei•ej !, V i5
v i

22v i0
2

2v i
, v0,s

2 5vpe
2 1c2k0,s

2 ,

vp
25vp

213v th
2 kp

2 , z i5 (
j 5” i ,k5” j ,i

~ei•ej !~x (2)
•ek!.

« i j 5H «s«p , i 50

«0«p* , i 5s

«0«s* , i 5p,

Ai55
2Aa0sS 11

vsvp

vpe
2 D , i 50

2Aa0sS 12
v0vp

vpe
2 D , i 5s

Aa0s , i 5p,

A5
ekpvpe

2

4mv0vsvp
. ~16!
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HereAi comes from the free electrons in the plasma, and
other terms come from the nonlinear susceptibilit
(x (2),x (3)) of the bound electrons. Let

« i5gie
iV i1 ia i, i 50,s,p, ~17!

and assumeV05Vs1Vp yields a set of equations for th
real amplitudesgi and real phasesa i ,

~11d i !
]gi

]t
5FAi cosg1

2pz i

N0
S v i

2
2V i D sing i Ggjgk

2
2pz i

N0
Fcosg

]gjgk

]t
1sing i

]a jk

]t
gjgkG

2gi

]d i

]t
, ~18!

~11d i !gi

]a i

]t
52FAi sing i2

2pz i

N0
S v i

2
2V i D cosgGgjgk

1
2pz i

N0
Fsing i

]gjgk

]t
2cosg

]a jk

]t
gigkG

1d igi S v i

2
2V i D , ~19!

whereg5a02as2ap , and

a jk5H as1ap , i 50

a02ap , i 5s

a02as , i 5p,

g i5H g, i 50

2g, i 5s

2g, i 5p.

B. Linear analysis of SRS process

When x (2)5x (3)50, the above equations will return t
the conventional mode coupled equations of SRS in a f
stripped plasma@6#. Equations~18! and~19! are highly non-
linear, and usually can only be solved numerically~see the
following text!. To understand the features of SRS in p
tially stripped plasmas qualitatively, a linear analysis of t
instability of SRS is given below. In the initial phase of SR
instability, we have

g0~ t !.g005const, gs;gp;0!g00,

]a i

]t
;0~ i 50,s,p!, g5const.

Thus the evolution equations ofg0 and a i need not be
solved. After linearization, the evolution equations ofgs and
gp are
03640
e
s

y

-
e

~11ds
0!

]gs

]t
5As8gp2zs8

]gp

]t
,

~11dp
0!

]gp

]t
5As8gs2zp8

]gs

]t
,

d i
0.

2px (3)

N0
2 ~112ai0

2 !g00
2 , z i85

2pz i

N0
2

g00cosg,

Ai85S Ai cosg2
pz i

N0
2

v i sing D g00 ~ i 5s,p!.

Let gi(t)5gi0 exp(Gt)(i5s,p), The growth rate of SRS insta
bility can be derived from the linear algebraic equations

G5
1

2@~11ds
0!~11dp

0!1zs8zp8#
•~2~zp8As81zs8Ap8!6$~zp8As8

1zs8Ap8!214As8Ap8@~11ds
0!~11dp

0!1zs8zp8#%1/2!. ~20!

When ignoring the nonlinear susceptibilities, we have

d i5d i
05z i5z i850, Ai85Ai cosgg00 ~ i 5s,p!.

Equation~20! then reduces to the linear instability rate
conventional SRS[5] :

G05AAsApg00ucosgu.
kpv0

4

vp

vs
ue0•esuucosgu, ~21!

where thev0 is quiver velocity. In deriving the last step o
Eq. ~21!, Eq. ~16! and v0;2vp , vp;vpe , Ag00
5(kpv0/4)(vp /vs) were used.

When the linear terms ofd i(x
(3)) and z i(x

(2)) remain,
Eq. ~20! can be written asG.G01G (2)1G (3), whereG (2)

andG (3) are the modifications of the growth rate due to t
second and third order susceptibilities, respectively,

G01G (3)5
G0

A11ds
01dp

0
.G02

1

2
~ds

01dp
0!G0 , ~22!

G (3).2
1

2
~ds

01dp
0!G052

2px (3)

N0
2 ~11a0s

2 1a0p
2 !g00

2

52
2N2

N0
2 ~11a0s

2 1a0p
2 !I 0 ~ai j 5ei•ej !. ~23!

The last expression is easier to compare with the ob
vations,N2 is the ‘‘effective nonlinear refractive index’’@2#,
and I 0 is the pump wave intensity

N25
8p2

cN0
x (3), I 05

c

4p
N0^E0•E0&5

c

8p
N0g00

2 .

From Eq.~22!, we find that the third order susceptibility ca
reduce the growth rateG0 of SRS by a factor 1/A11ds

01dp
0.
2-3
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The effect of the second order susceptibility on the lin
growth rate of SRS is

G (2).2
p

N0
2 ~zpAs1zsAp!cos2 gg00

2 2
p

N0
2

1

2
G0S zpvp

Ap

1
zsvs

As
D tang. ~24!

Because tang, zs , andzp can all be positive or negative
the effects of the second order susceptibility on the lin
growth rate of SRS are complex. On the other hand,
value ofx (2)(zs,p) may be very small in a partially strippe
plasma (x (2) can exist only in those kinds of partiall
stripped ion, in which the electrostatic potential experienc
by the bound electrons is not radially symmetric@3#!. In the
following, we shall briefly evaluate the value ofG (3). Ac-
cording to our derivation,

d i
05

2px (3)

N0
2 ~112ai0

2 !g00
2 , N0

25114px (1),

ai05ei•e0 ~ i 5s,p!, ~25!

wherex (1) andx (3) are all proportional to the density of th
partially stripped ionsni . When the charge state is sma
compared to the atomic number,and the pump wave
quency is far below any atomic resonance, the values of
above two susceptibilities are given in Appendix A of Re
@2# ~whereN2 is expressed ash2),

x (1).4310224na ~cm23!, x (3);10238ni ~cm23!,

N2~cm2/W!5
12p2

c

x (3)

N0
2

3107;5310240ni~cm23!.

In the plasma produced in the laser fusion and laser s
target interaction, wherene;0.2nc ~for l0;300 nm, nc
;1.231022 cm23, nc is the critical electron density!, the
ion density near the laser-interaction region is aboutni
;1021 cm23, so we have

N0;11431023.1,

N2;5310219 cm2/W,

d i
0;2~112ai j

2 !N2I 0;10218I 0 ~W/cm2!. ~26!

In the above formulas, the effect ofx (2) is ignored. From
Eqs.~22! and~26! we can obtain the following conclusions
If the frequency of the pump laser is far below any atom
resonance, the obvious effect ofx (3)(N2) on the linear
growth rate of SRS occurs whenI 0.1017 W/cm2.

C. The nonlinear evolutions of the SRS

Now, we discuss the complete solutions of Eqs.~18! and
~19!. Becauseg0i(t) and a i(t) are functions of time, they
can only be solved numerically. We define the following d
03640
r

r
e

d

e-
e

.

id

mensionless quantities: y15g0 /g00, y25gs /g00, y3
5gp /g00, y45a0/10, y55as/10, y65ap/10, y75y42y5
2y6, and g5a02as2ap , w5v0t. The initial values are
gs0 /g0050.05, gp0 /g0050.05, a005as05ap050, Te

53 keV, ni51021 cm23, g005A1078pI 0 /N0, x (1)(esu)
54310224ni , v056.331015 s21, vs.vp.v0/2, a0s
5p/4, asp5p/2, x(2)

•e05x (2), x(2)
•es5x (2) cos(p/4),

andx(2)
•ep5x (2) cos(p/4).

Figure 1 shows the general behavior of SRS nonlin
evolution. They2 and y3 ~amplitudes of scattering waves!
rise quickly, reach a maximum~saturation!, and then decay
At the same time, the injecting laser wave experience
similar but opposite evolution process. Assuming no dissi
tion mechanism in our model, the evolution processes of
wave amplitudes are periodical. The time for the amplitu
to reach its extreme value is referred to as the character
saturation time. While the evolutions of wave amplitudes
periodical, the evolutions of wave phases monotonously
crease. When the amplitude evolutions pass through t
extreme points, the pump wave phasey4 and phase differ-
enceg among three waves undergo a sudden change, w
the scattering wave phasesy5 ,y6 behave smoothly. This in-
dicates that the sudden jump of the pump wave phase is
to the periodical behavior in the nonlinear evolution of t
wave amplitude. In the very beginning, the amplitudes
unstable scattering waves arise with time exponentially,
shown in Fig. 2~a!. This coincides with the linear instability
analysis in the above. The effects of nonlinear susceptibili
on the SRS nonlinear evolutions are in follows.

~a! Effects of the third order nonlinear susceptibilit
x (3)(x (2)50). Figure 2~a! shows the effect ofx (3) on the
SRS while the pump strength~hence amplitude! is constant
(I 051016 W/cm2). The growth rate of the scattering wav
decreases with increasingx (3), but the scattering saturatio
time gets longer and the scattering saturation strength

FIG. 1. General behavior of SRS nonlinear evolution w
pump initial intensity I 051016W/cm2, x (2)510210 esu, x (3)

510238ne esu.y1 ,y2 ,y3 are the relative amplitudes~relative to the
initial amplitude of the pump! of pump, scattering, plasma wave
respectively, andy4 ,y5 ,y6 ,y7 are corresponding relative phase
and relative phases difference~relative to 10!.
2-4
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FIG. 2. ~a!–~d! The relative amplitudes of the scattering electromagnetic wave evolves with time when two ofI 0 (W/cm2), x (2) (esu),
andx (3) (esu) are constant and another is various in SRS.
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almost no change. Whenx (3)510(237)ni , the scattering
strength becomes very small and can be nearly ignored w
the pump strength has almost no attenuation@just as shown
in Fig. 2~a!#. In Fig. 2~a! the strength of the pump wave
1016 W/cm2, and obvious differences occur in the SRS ev
lution process. This is different from the prediction of line
analysis, in which the obvious effects of thex (3) on the SRS
linear growth rate occur only whenI 0>1017 W/cm2. This
confirms a conclusion of Ref.@6# that the effects of third
order susceptibilityx (3) on the SRS are more important
the nonlinear regime.

~b! Effects of the second order nonlinear susceptibi
x (2)(x (3)50). Figure 2~b! shows the effect ofx (2) on SRS
evolution atI 051016 W/cm2. The most obvious effect of the
x (2) on the SRS process is that the saturation amplitude
the scattering wave decreases with increasingx (2), while the
growth rate ~saturation time! increases~shortens! slightly.
Figure 2~c! is similar to Fig. 2~b! except for I 0
51018 W/cm2. In Fig. 2~c!, the saturation time~about 0.02
03640
ile

-

of

ps! is much less than the corresponding saturation ti
~about 0.2 ps! in Fig. 2~b!. These show that the initial pum
wave strength has enormous effects on the SRS proce
Comparing Figs. 2~a! and 2~b!, we can find that the effect o
x (3) on the growth rate of the scattering wave is more n
table than that ofx (2).

~c! Effects of both second and third order nonlinear su
ceptibilities(x (2),x (3)5” 0). The effects of bothx (2) andx (3)

on the SRS process are revealed in Fig. 2~d!. Whenx (2) and
x (3) are fixed, we observe the effects of pump wave stren
I 0 on the SRS. With increasingI 0, the relative saturation
amplitudes of the scattering wave monotonically decre
slightly, and the growth rate monotonically increases.The
haviors of saturation times are complex: there is a criti
strength I 0c'531015 W/cm2, which may be relevant to
x (3). When I ,I 0c the saturation time monotonically de
creases with increasingI 0, but whenI 0.I 0c the saturation
time monotonically increases with increasingI 0.
2-5
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IV. SBS PROCESS„v0Ävs¿va…

A. SBS coupling equations

For the SBS process, we have

v05vs1va ,k05ks1ka ,

where 0,s is the subscript of the laser~pump! and the scat-
tering plasma electromagnetic wave, respectively, anda is
the subscript of the ion acoustic wave. Let

E5Et1Ea5E01Es1Ea ,

v5v t1va5v01vs1va , n5n0~x!1nh1nL,

where subscriptt(0 or s) means transversal wave, an
n0 ,nh,nL is the undisturbed electron density, disturbing ele
tron density with high frequency and disturbing electron d
sity with low frequency, respectively. From Eqs.~1!–~4!, us-
ing “•Et[0, “•v t[0, “3va50, yields the scattering
wave equations for the SBS process@8#:

S ]2

]t2
2

c2

N0
2
¹21

vpe
2

N0
2 D Et5

4p

N0
2
J̇non

t 2
4p

N0
2
x(2)

•

]2~EE! t

]t2

2
4p

N0
2
x(3)

]2@~E•E!E# t

]t2
, ~27!

J̇non
t 52ev t@n~¹•va!1~v•¹!n#2en¹~v2!

2
e2

m
~nh1nL!Et2

egekBT

m
¹n, ~28!

Ea52
m

2e
¹~v2!L2

gekBT

en
¹n. ~29!

From Eqs.~5! and ~6!, using¹3v i50, we can obtain

]2ni

]t2
2Cs

2¹2ni5¹•Fv iv i•¹ni1niv i¹•v i

1
1

2
ni¹S v i

21
meZ

mi
~v2!LD G ,

Cs
25

kB~ZgeT1g iTi !

mi
. ~30!

Let

Ei~r,t !5
1

2
ei@« ie

i(ki•r2v i t)1« i* e2 i(ki•r2v i t)#, i 50,s,a,

~31!

and from Eq.~29!, we have

Ea52
m

e
¹~v0•vs!2

gekBT

eni0
¹nL.

Using
03640
-
-

nL5
1

2
@Nei(ka•r2vat)1N* e2 i(ka•r2vat)#, ~32!

and the expression~which is derived from the electron mo
tion equation in the first order approximation!

v t~r,t !5
1

2
et

e

imv i
@« ie

i(ka•r2vat)1« t* e2 i(ka•r2vat)#,

t50,s, ~33!

we obtain

«a52 i~a1«0«s* 1a2N!, a15
kae

2mv0vs
,

a25
kagekBT

eni0
[

4pe

m

ka

vpe
2

gekBT. ~34!

Usingnh52(1/4pe)¹•Ep , and Eqs.~31!, ~33!, and~34! in
Eqs. ~27! and ~30!, we can derive the mode coupled equ
tions for the lowly varying electric amplitude« i ( i
50,s,a):

F ~11d i !
]

]t
2 iS V i1

v i

2
d i D G« i

5 iBi2
2pz i

N0
2 S ]

]t
2 i

v i

2 D « jk2« i

]d i

]t
, ~35!

d i5
2px (3)

N0
2 F3

2
u« i u21 (

j 5” i

0,s,a

~112ai j
2 !u« j u2G ,

ai j 5~ei•ej !, i 50,s, da[0,

V i5
v i

22v i0
2

2v i
, i 50,s,a, v00,s0

2 5
vpe

2 1c2k0,s
2

N0
2

,

va0
2 5ka

2Cs
2 ,

z i~x(2)!5 (
j 5” i ,k5” j ,i

0,s,a

~ei•ej !~x(2)
•ek!, i 50,s, za[0,

« i j 5H «s«a , i 50

«0«a* , i 5s

0, i 5a,

Bi5H b0N«s , i 50

bsN* «0 , i 5s

2ba«0«s* , i 5a,

b052
vpe

2

4n0v0
a0s , bs52

vpe
2

4n0vs
a0s ,
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ba5
ka

2vpi
2

16pmv0vsva
a0s .

HereBi comes from the free electrons of the plasma, and
other terms come from the nonlinear susceptibilit
(x (2),x (3)) of the bound electrons. Let

« i5gie
iV i t1 ia i, i 50,s,a,

and assumeV05Vs1Va . We can get a set of equations fo
the real amplitudesgi and real phasesa i ~wherei 50,s,a)

~11d0!
]g0

]t
1d0I S v0

2
2V0Dg05~b0 sing2b0I cosg!gsga

2
]d0

]t
g01

2pz0

N0
2

]

]t
~a2gsga sing!2

2pz0

N0
2 ~a1gs

2g0

1a2gsga cosg!
]a0

]t
, ~36!

~11ds!
]gs

]t
1dsIS vs

2
2VsDgs

52~bs sing1bsI cosg!g0ga2
]ds

]t
gs

1
2pzs

N0
2

]

]t
~a2g0ga sing!1

2pzs

N0
2 ~a1g0

2gs

1a2g0ga cosg!
]as

]t
, ~37!

]ga

]t
5b0g0gs sing, ~38!

~11d0!g0

]a0

]t
2d0S v0

2
2V0Dg0

5~b0 cosg2b0I sing!gsga1
2pz0

N0
2 ~a2gsga sing!

3
]a0

]t
1

2pz0

N0
2 ~a1gs

2g01a2gsga cosg!, ~39!

~11ds!gs

]as

]t
2dsS vs

2
2VsDgs

5~bs cosg2bsI sing!g0ga1
2pzs

N0
2 ~a2g0ga sing!

3
]as

]t
2

2pzs

N0
2

]

]t
~a1g0

2gs1a2g0ga cosg!, ~40!

ga

]aa

]t
52bag0gs cosg. ~41!
03640
e
s

Hereg5a02as2aa is the phase difference in SBS, and

b0I5
2pz0

N0
2

a2S V02
v0

2 D , d0I52
2pz0

N0
2

a1gs
2 ,

bsI52
2pzs

N0
2

a2S Vs2
vs

2 D , dsI5
2pzs

N0
2

a1g0
2 .

When x (2)5x (3)50, the above equations will transform t
the conventional mode coupled equations of SBS in a
stripped plasma. Usually, Eqs.~35!–~41! can only be solved
numerically.

B. Linear analyses of the SBS process

In the initial phase of SBS instability, we haveg0(t)
.g005const, gs;ga;0!g00, ]a i /]t;0 (i 50,s,a), g
5const, and

bsI
(0).

pzs

N0
2

a2vs , dsI
(0)5

2pzs

N0
2

a1g00
2 ,

ds
(0).

2px (3)

N0
2 ~112as0

2 !g00
2 .

The linearized evolution equations ofgs andga are

~11ds
0!

]gs

]t
1

1

2
dsI

2 vsgs52~bs sing1bsI
(0)cosg!g00ga

1
2pzs

N0
2

a2g00sing
]ga

]t
, ~42!

]ga

]t
5bag00gs sing.

Let gi(t)5gi0 exp(Gt)( i 5s,a). The growth rate of SBS in-
stability can be derived from the linear algebraic equatio

G5
G0

A11ds
(0) FA11

bsI

bs
cotg1

~dsI
(0)vs!

2

16~11ds
(0)!G0

2

2
dsI

(0)vs

4A11ds
(0)G0

G . ~43!

Here

G05A2bsbausinguue0•esu[
ekag00

4mv0
Avpi

2 v0

vs
2va

usinguue0•esu

~44!

is the conventional SBS instability growth rate whenx (2)

5x (3)50.
When the linear terms ofd i(x

(3)) remain and for
z i(x

(2))50 ~hence, thebsI5dsI
(0)50), Eq. ~43! becomes
2-7
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G5G (0)1G (3)5
G0

A11ds
(0)

. ~45!

Due tods
(0).0, the third order susceptibilityx (3) will always

reduce the linear growth rate of SBS instability. According
Eqs.~25! and~26!, the third nonlinear susceptibilityx (3) can
effect the linear instability of SBS only when the intensity
the pump laserI 0.1017 W/cm2. This is also the case in
SRS.

Consider the effects ofx (2) on the growth rate of SBS
Let

zs5x (2)js , js5~ex•e0!~es•ea!1~ex•ea!~es•e0!,

whereex5x(2)/x (2). The first term of thex (2) in Eq. ~43!
becomes

bsI

bs
52

4px (2)

N0
2

js

a0s

mi

e

vs
2

vpe
2

kaCs
2

and the second term of thex (2) in Eq. ~45! can be written as

dsIvs

4A11dsG0

.
dsIvs

4G0
5

px (2)

N0
2

js

usinguua0su
Avs

2va

vpi
2 v0

g00.

Though both terms are in proportion to the value ofx (2),
only the second term depends on the intensity of the pu
wave. For estimating the values of the above terms, we
take the saturation~maximum! value of x (2) as x (2);5
31028 cm/statvolt, and assumev0;vs;vpe;1015 Hz,
vpi

2 ;1023vpe
2 ;1027 Hz, js;a0s, sing;1, T5Ti53 keV,

Cs;3.53107 cm/s, va;4.431012 Hz (ka;k0), then use
g005A107(8p/c)I 0. Equation~45! becomes

G5G (0)1G (2)1G (3).
G0

A11ds
(0) @A120.3412.1310216I 0

21.431028AI 0#. ~46!

From this expression, when the pump wave intensityI 0
.1014 W/cm2, the second order nonlinear susceptibilityx (2)

will reduce the instability growth rate of SBS significantl
The pump wave intensity in the laser fusion experiments
usually 1014,I 0,1016 W/cm2, so the effect ofx (2) on the
instability of SBS is more observable than that ofx (3) ~the
latter is active whenI 0.1017 W/cm2).

From Eqs.~43!, ~45!, and ~46!, we reach the following
conclusions:~1! If we take the possible maximum value o
x (2), the linear growth rate of SBS will be reduced eno
mously when the intensity of the pump laserI 0
.1014 W/cm2. ~2! If the frequency of the pump laser is fa
below any atomic resonance, the obvious effect ofx (3)(N2)
on the linear growth rate of SBS occurs only whenI 0
.1017 W/cm2. In laser fusion, usually the intensity of th
pump laser is 1014,I 0,1016 W/cm2, so the effect ofx (2) on
the SBS process may in this case be more important.
03640
p
ill

is

-

C. The nonlinear evolutions of the SBS

The numerical analysis of Eqs.~35!–~41! is similar to that
for SRS. Consider a Au plasma as an example. The in
values aregs0 /g0050.05, ga05n0 /(200Z)(Z is the charge
number of the Au ion!, a005as05aa050, Te53 keV,
ni51021cm23, g005A83107pI 0 /N0, x (1) (esu)54
310224ni (cm23), v056.331015 s21, vs.v0 , a0s5p/4
5a0a , asa5p/2, x(2)

•e05x (2), x(2)
•es5x (2)cos(p/4)

5x(2)
•ea . Shown in Figs. 3~a!–3~d! are results of numerica

solutions. Just similar to Fig. 1, Fig. 3~a! shows the genera
behavior of the SBS nonlinear evolution.

~a! Pure effects of the third susceptibilityx (3)(x (2)50).
Figure 3~b! shows the effect ofx (3) on the SBS while the
pump strength~hence amplitude! is constant. The growth
rate of scattered waves decreases and the saturation
lengthens with increasingx (3), but the saturation amplitude
of the scattering wave remains almost constant at any v
of x (3). In Fig. 3~b!, the strength of pump wave i
1016 W/cm2, and the effect ofx (3) is large, which illustrates
the sensitivity ofx (3).

~b! Effects of the second order nonlinear susceptibil
x (2)(x (3)50). Figure 3~c! shows the effect ofx (2) on SBS
evolution for I 051016 W/cm2. The growth rate decrease
with x (2), while the saturation amplitude of the scatterin
wave decreases only slightly. From the above results, we
also find that the effects ofx (2) andx (3) on the SBS process
are similar, which all act as a stabilizing factor. This is d
ferent from the SRS case, in whichx (2) destabilizes the SRS
while x (3) stabilizes the SRS.

~c! Effects of both second and third order nonlinear su
ceptibilities(x (2),x (3)5” 0). The effects of bothx (2) andx (3)

on the SBS process are shown in Fig. 3~d!. Whenx (3) and
x (2)) are fixed, we find that the initial pump wave streng
also has a large effect on SBS. With increasingI 0 , the rela-
tive saturation amplitudes and growth rate of the scatter
wave all decrease monotonically. There is also a criti
strength I 0c.431015 W/cm2, above which the saturation
time of the scattering wave decreases with increasingI 0.
When I ,I 0c , the saturation time of the scattering wav
monotonically increases with increasingI 0.

V. CONCLUSION

The nonlinear evolutions of pump and scattering wav
which are periodic~and not damped due to the absent
dissipation mechanism in our model!, can be characterized
qualitatively by three factors: the growth rate, the saturat
time, and the saturation amplitude. In SRS, the second o
susceptibilityx (2) will destabilize the SRS process, increa
ing the growth rate of instability while reducing the satur
tion time and the saturation amplitude. The third order s
ceptibility x (3) is found to stabilize the SRS process. In SB
both x (2) andx (3) stabilize the SBS process. Increasing t
pump wave strengthI 0 can destabilize or stabilize the SR
and SBS processes, depending on the values ofx (2) andx (3).
Choosing the proper material to form a plasma with cert
values ofx (2) and x (3) may therefore avoid instabilities o
2-8



g
S.

PARAMETRIC PROCESSES OF A STRONG LASER IN . . . PHYSICAL REVIEW E67, 036402 ~2003!
FIG. 3. ~a! General behavior of SBS nonlinear evolution,y7 is similar to Fig. 1.~b!–~d! The relative amplitudes of the scatterin
electromagnetic wave evolves with time when two ofI 0 (W/cm2), x (2) (esu), andx (3) (esu) are constant and another is various in SB
o
u
ed
o

nal
mp
SRS and SBS which can potentially degrade the laser c
pling in ICF geometries, for example. Unfortunately, acc
rate values of nonlinear susceptibilities in partially stripp
plasmas are still not well known. In this paper the values
,

s

03640
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-
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x (2) andx (3) are approximately taken according to Ref.@1#.
The values of nonlinear susceptibilities and the functio
dependence of polarization on the electric field of the pu
and plasma waves should also be further studied.
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