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Effect of cross focusing of two laser beams on the growth
of laser ripple in plasma
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Abstract

This article presents an effect of cross focusing of two laser beams on the growth of a laser ripple in laser-produced
plasmas. The mechanism of nonlinearity is assumed to be ponderomotive force, arising because of the Gaussian intensity
distribution of the laser beams. The dynamical equation governing the laser ripple intensity has been set up and a
numerical solution has been presented for typical laser plasma parameters. Itis found that the change in the intensity of
the second laser beam can affect the growth of the laser ripple significantly.
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1. INTRODUCTION tribution in a focal spot region. This, in turn, improves the
efficiency of laser energy coupling to the plasma and uni-
There has been considerable interest in the interaction dbrmity of fuel compression in inertial confinement fusion
intense laser beams with plasmas because of its relevanceCF) targets.
laser fusion and charged particle acceleration. In laser- Inthe present article, we have investigated the growth of
induced fusion, the most important problem is the efficientthe laser ripple when a second laser beam is also present. To
coupling of the energy of the laser beam to plasma to hedteep the mathematics simple but to understand the nonlin-
the latter. In this coupling process, many nonlinear pheear mechanism, we have considered the ripple superimposed
nomena such as self-focusing, filamentation instabilitiespn one laser beam only. Because of the ponderomotive non-
stimulated Raman scatteringRS, stimulated Brillouin linearity, the dynamical equation governing the intensity of
scattering(SBS and so forth(Kruer, 1988 play a crucial the laser ripple depends on the total intensity of both lasers.

role. Therefore, by changing the intensity of the second laser, one
Filamentation instability or hot spot formation by laser can control the growth of the ripple in the plasmas.
beam in plasmas has been studied in détailier, 1988. In Section 2, we present an analysis of the nonlinear

This instability may also arise because of small-scale fluceffective dielectric constant of the plasma and derive the

tuations in the intensity distribution of the pump laser beamdifferential equations governing the nature of the laser rip-

This perturbation could grow inside the plasma, leading tgple intensity in plasma. In Section 3, a brief discussion and

the phenomena of filamentation. conclusions of the numerical results of the present investi-
In the past decade, several new laser beam smoothirgation are presented.

techniques, namely, random phase plaRBP; Katcet al.,

1984, smoothing by spectral dispersig8SD; Lehmberg

etal, 1987, and induced spatial incoherend8l; Skupsky 2. MODEL EQUATIONS

etal, 1989, have been used for controlling natural intensity consider the propagation of two coaxial Gaussian laser

nonuniformities in laser beams. These techniques introducgeams of frequencias, andw, along thez direction. The

randomness into the laser beam through spatigl@nem-  iniia intensity distributions of the beams are given by
poral incoherence to produce a smooth laser intensity dis-

. )
Ei-Ejl,—o = Efpe " /Mo
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wherer is the radial coordinate of the cylindrical coordinate The wave equation governing the electric vectors of the two
system and ;o andr,, are their initial beamwidths. The beams in plasma can be written as
expression for ponderomotive force in the presence of two
beams can be written @&Schmidt, 1973 9%E; 5 N 10E;, 0B, i,
r

972 ar ar? * s #12E12=0. ©®

e? 1 ] 1 .
F= _<m>[<w_%>VEl'Ei+ <w—§>VE2-E'2], @ In writing Eq. (6), we have neglected the(V-E) term,
which is justified as long as

and the modified electron concentration because of pondero-

2
motive force can be written as <@> <i> INey,=1.
wiz )\ e12 '
3/m ) ) . .
Noe = No exp[f:1r <M>(a1E1.E; + azEzoEZ)]. The solution forE; , can be written agAkhmanovet al,
1968; Sodhat al., 1976, 1979
where E,,= A, ,el kiaz+Si2)]
e’M 5 2
= T 5. 3 E ,20 r
%12 18kBTOm2w122 ( ) A%,ZZ ( 12 >exp<— 2 2 >
' s rizofi
eandmare the electronic charge and mass, respectiély, S o= (r¥2)B:1 2(2) + b1 2(2)
is the mass of iorkg is Boltzmann constaniy is the equi-
librium temperature of the plasma, ahy is the electron _ 1 df, ‘ _ 02, 7
concentration in the absence of the beams. The effective Pra2) = f,, dz’ 12(2) = =" ez @
dielectric constant of the plasma at frequencigsand w,
can be written as where the dimensionless beam width parameter equition
is given by
€12= €012+ ¢1,2(E1'E11<7E2‘E5‘)1
d2f c? f
12,2 - —— ~+ Y12 1,2. ®
where dz o1 2l{ 20801212 €01,2
e For initial plane wavefronts of the beams, the initial condi-
go1,2=1 —(—2> tions onf, ,are
w12 '
fio,=1 and df, ,/dz=0 atz=0.
2=\ —exp| — | v J(@iEi-Ei + axEp B3 . . ,
n2 wi, 4\ M e e Let a perturbation be superimposed on the first beam such
@ that its initial intensity distribution is given by
r 2n r2
whereg; »is the nonlinear part of the dielectric constant and Eo1-Ed1l=0 = Efo(,(r—) exp<r7>, (9
100 100

wpo = (4mNye?)/m is the electron plasma frequency. By
using the Taylor expansion of the dielectric constant aroung;vheren is a positive number antho is the width of the
r =0, the equation can be rewritten as ripple. By changing the value of the position of the ripple

5 changes. The total electric vector of the laser having ripple
£1,2% 81, T Y12l superimposed on it can be written as

2 2
Mk  aBs E=Ei+Eaq, (10)
M\ rioft  rkfd

whereE,, is the ripple superimposed on the first laser beam.

« ex 3m a,Ef  aE% The total electric vectoE satisfies the wave equation
LT am\raf? " 1312

2
w1

V2E - V(V-E) + — &,E = 0. 11

and (V-E) o2 o (11

w2 3m/amEZ  a,EZ In the WKB approximation, the second term of
e, = orat —-1l—expl - — | 5= 222 |- ®  EQq.(11) can be neglected. This is justified because one
: i, 4 M\ ripfy rsofs
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has(w?2,/w%)(1/e1)In e, = 1, and the electric vectors of the and
main beanE, and the rippleEy, satisfy the equations

P10 | S0 P10, <32810 L1 a_slo>

wi 0z o o O\ a2 r oor
V2E, + C—l e1(E1-Ef,Eo-E3)E, = 0 (12)
w? 1 wSo
7 Cz kl (l)%

2 @1 #
V2Eq, + ?al(E-E )Eor

2 2
2 (v )|
4 M

2
w
+ LGB — hu(EL B ESIE, =0, (19 f f
. . . 3m Cl’1E120 2242 a2E220 r2p242
respectively. To obtain the solution of Ed.3), we express X eXp{—Z M <? e "/roft) 4 Iz el /rofz)
Eo1 = An(r,z)e k2, (14
X sin 2¢p} A%,,=0, (16b

whereAg(r, z) is a complex function of its argument. Sub-
stituting for Ey;, from Eq. (14) into Eq. (13) we get the

. : - v where ¢, is the angle between the electric vectors of the
following equation within the WKB approximation:

main laser bearfone and the ripple. In writing Eq.16) we
have expanded

A 92Ags 1 0A
01+< 01+ 01

. wf .
_2|k1 P - + ?(ﬁ(EE )Aoj_

ar? roor?

, dé
¢(E-E*) = ¢1(E1-E],Ex-E3) + Fllf* (E-E*=E;-Ef+E,-E%)

0)% * s * (—ik,Sp)
+ o2 [¢(E-E*) — ¢1(E1-Eq-Ef, Eo-E3)]Ag e S = 0. [E-E* — (Ey.Ef + B, E3)]
X [E-E" = (E1-E1 + Ex-E3)].

15
13 Following Akhmano\et al. (1968, the solutions of Eq$16a

Further, substituting foA,, in Eq. (15) and(16b) can be written as

. E2 r 2n r-2 z
Ao1 = Agio(r, z)el KaSio(r 2] A= — exp| ——5—5 |exp —Zf ki(2) dz
f loof l'ioof 0

whereAg1o(r, 2) is a real function an&, is the eikonal; we .2
obtain the following equations after separating the real and s,= — B(2) + ¢.(2)
imaginary parts 2

1 df
2 2 _ - —
2@4_(8_810) — 21 (8 A210+1-3A010>+¢eff’ (168 B(2) f dz
82 82 klA010 al’ r 6r €01
k(2) 1w? 1 a)go 3m alEf0+a2E220
) - — — — _——
where ' 2ctk o? | 4AM\ f2(2)  fA(2)
2 2 2 2
wpo| 3 M a;Efp 2. . 3m/aEfy ayE%
= E-E*)+ —| - —| ——— (=r/riofs) A
dett = Pal ) 2 [4 M < 7 e X (sin 2¢p)exp[ A M (flz(z) + 2 )| (17)
@B (—r 2 2t2) wheref is the dimensionless beam width parameter of the
+— e k _ R
fr ripple and¢(z) is a constant. For an initially plane wave
front,df/dz= 0 andf = 1 atz= 0. Substituting foAy,cand
y 3mia E? Coond 4 %2 E3 ez Sio from Eq.(17) into Eq.(168 and expanding around=
P Tam Tz © 2 © r100fn¥2 by Taylor expansion, we get
X 2 cog ¢p et = Peri(r = r:LOOfnl/Z) + d)’rz- (18a
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where

_ dd’eff
dr?

2 2

, 3m/aE

— _ [ Zpe exp| —= — T2 10 oot ot
(l)f 4 M f12

2
a E
+ 72720 e*n"1200f 2 5ot?
f2
2

d),

r2=rfof2n

2 2
X § m al_ElO e*nrlzoof 2/'120f12-l,- az—EZO (:,\*”'1200f r30ts
4 M\ ripfd rgofst

+n2 @e—kimz cos¢ § mia Efo n =
Eio Pam f2 2

n r250f?
xexp[—5<l+ l::ZO ﬂ

2
X § m & ElO e*”flzoof 2/'120f12
4 M\ rif?

10

2
a B3 2§22 12 1
£ A /r50f — —— L _
+ L € "Mool /ot 2 4co ¢,
2
L

2
2520 Eo e nrioof?/r50f3
2 £4
rsof
2012

2
X § m _a]_E]_o e*nf%oofz/rfoflz
am\ f2

4 a E220 enrfoofz/rgof§>}] i (18b)

fZ

Using EQs.(18a), (18b), and (163, we get the following

equation forf after equating the coefficient of:

d2f c? . ¢'f
dz?  wfenilioof® em

(19
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3. DISCUSSION AND CONCLUSIONS

It is obvious from the present analysis that because of the
coupling between the main beams and the ripple, the ripple
can grow in the plasma. The growth rate of the ripideg is
given by Eq.(17), which depends on the effective intensity
of the main beam in the plasma, electron density in the
plasma, frequency of the laser beams, and the phase angle
¢p. Itis clear from the equation that, when sig2is posi-

tive, the ripple will not grow and it will be attenuated at a
distance of the order of/k;. The ripple will grow only when

sin 2¢, is negative. From Figure 1, we observe the variation
of expk;(z) of the ripple with the normalized distance of
propagation for different powers of the second laser beam. It
is obvious from the graph that the growth rate of the ripple
increases with the distance of propagation. When the power
of the second beam is increased, a similar effect has been
found, but the growth rate is decreased.

Equation(8) is the fundamental equation for cross focus-
ing of two laser beams when the ripple is not present on the
first laser beam. On neglecting the contribution of the sec-
ond beam in Eq(8), one can obtain the usual pondero-
motive self-focusing of the first beam. With the simultaneous
propagation of two laser beams, the ponderomotive nonlin-
earity introduced in the plasma depends on the total inten-
sity of the two beams, and the behaviofaf also governed
byf,, and vice versa. In other words, the self-focusing of one
beam is affected by the presence of another beam; this is
referred to as cross focusing. The first term on the right-
hand side of Eq.19) represents the diffraction phenomenon
of the ripple. The second term, which arises from the pon-
deromotive nonlinearity, describes nonlinear refraction. The
relative magnitude of these terms determines the focysing
defocusing behavior of the ripple. If the first term is large in

35

2.5

Explk; 2)

Equation(19) determines the focusigefocusing of a rip-
ple. It is apparent from Eq17) for A3, that the ripple
grows/decays inside the plasma and the growth rate.is
The growth rate depends on the intensity of the main beam:
the phase angle,, and parameters of the pump wave and
plasma. The following set of parameters has been usedint
numerical calculationg:;o = 15 um, roo = 20 um, rygg, =

10 um, w, = 1.778X 10'° rad/s, w, = 1.778% 10%%rad/s,
wpo = 0.95w,, 2¢p, = 37/2,n= 2.8 and 3.
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H:ég 1. Variation of exgk; z) for the two beams with the normalized dis-
tance of propagatiod (= zgw?rZ) for a fixed power of the first beam
[3/4 (m/M)a, EZ, = 3] and different powers of the second beam. Solid
line, dotted line, and semi-dotted line are fof43m/M)a,E3 = 3, 4,
and 5, respectively.
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comparison to the second term, the diffraction dominate:  ®.030
over the nonlinear phenomena, leading to defocusing of th
ripple. When second term is larger than the first term, self- 0.5
focusing of the ripple is observed. The growth rake)
contributes significantly to focusinigefocusing of the rip- 0.020
ple. The variations of the beam width parametaf the
ripple with the distance of propagation is illustrated in Fig-
ures 2a,b for fixed @, = 37/2 but for different powers of
the second laser beam in two cases when2.8 (Fig. 23
andn = 3 (Fig. 2b. When the power of the second laser
beam is increased, the ripple shows diverging behavior cor
tinuously. The focusingdefocusing of the ripple is found to

0.015

Intensity {ripple)
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(b)
20 T Fig. 3. a: Variation in intensity of the ripple with the normalized distance
. /,—/ of propagationé (= z¢/w?r%) for a fixed power of the first bearf8/4
P (m/M)ay Ef = 3,n = 2.8, and 2b, = 37/2] and different powers of the
s o second beam. b: Variation in intensity of the ripple with the normalized
I e distance of propagatiofi(= z¢/w?r %) for a fixed power of the first beam
- e e [3/4 (m/M)a; Ed = 3,n= 3.0, and 2, = 37/2] and different powers of

the second beam. Solid line, dotted line, and semi-dotted line are/4or 3

(] —‘\_”/—\ (m/M)a,E% = 3, 4, and 5, respectively.

0.5
be considerably affected by the power of the main beams,
00 , , . phase angle between the electric vectors of the first laser
0.0 0.5 1.0 L5 20 .s  beam, but not much affected by the parameter
Normalized distance Figure 3a,b depicts the variation of normalized intensity
(b) of the ripple atr = r,5ofn%2 in the plasma with the normal-

Fig. 2. a: Variation of dimensionless beam width parametéy of the ized distance of propagation for ﬂxedﬁg: 3m/2, but for

ripple with the normalized distance of propagatiph= zq/w?r?) fora  different values of the ripple position parameteFor fixed
fixed power of the first bearf3/4 (m/M)a; E%, = 3,n = 2.8, and 2, = power of two laser beams, intensity of the ripple increases
37/2] and different powers of the second beam. b: Variation of dimension-yijth the distance of propagation because growth (hite

less beam width parametéef) of the ripple with the normalizgd distance affects significantly the intensity dynamics of the ripple. It
of propagationé(= z¢w?rZ) for a fixed power of the first beam . . . . . .
[3/4 (M/M)asEf = 3,n = 3.0, and 2, = 3/2] and different powers is obvious from the gr_aphs that the intensity of the ripple is
of the second beam. Solid line, dotted line, and semi-dotted line are fol€Creased by increasing the power of the second laser beam.
3/4 (m/M)a,E% = 3, 4, and 5, respectively. When the power of the second laser beam is increased, the
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nonlinearity, which governs the growth of the laser ripple, REFERENCES
becomes affecteldee Eq(17)]; therefore, the ripple inten-
sity behaves as shown in Figures 3a,b.
In .ConCIUSIOH’ t"YO laser bea.m.s copropagating m. plasm%ATo, Y., Mima, K., MIYARAGA, N., ARINAGA, S., KITAGAWA,
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: - Y., NAKATSUKA, M. & YAMANAKA, C. (1984). Phys. Rev. Lett
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analysis is that we can control the fluctuations on theggygr, W.L. (1988. The Physics of Laser Plasma Interactions
first laser beam by increasing the power of the second New York: Addison-Wesley Publishing Company.
laser beam. This study may be useful in beat wave excita-eumsers, R.H., ScuMITT, A.J. & BODNER, S. (1987). J. Appl.
tion, laser plasma coupling where the filamentation pro- Phys 62, 2680.
cess plays a very important role. This will be a part of aScumipt, G. (1973. Phys. Fluidsl6, 1676.

AKHMANOV, S.A., SUKHORUKOV, A.P. & KHOKHLOV, RV. (1968.
Soviet Phys. Usf0, 609.
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