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Abstract

This paper presents an effect of relativistic mutual interaction of two laser beams of different frequencies on the growth

of a laser ripple in laser produced plasmas. The nonlinearity due to relativistic mass variation depends not only on the
intensity of one laser but also on the second laser. Therefore, one laser beam affects the dynamics of the second beam and
hence a mutual nonlinear interacti@noss-focusingtakes place. The dynamical equations governing the laser intensity

of two laser beams and the perturbation present on one laser(bpate) have been set up and a numerical solution has

been presented for typical laser plasma parameters. Itis found that a change in the intensity of the second laser beam can
affect the growth of the laser ripple significantly. This study is important in plasma beat wave excitation and collective
laser particle accelerators.
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1. INTRODUCTION dinal plasma wave with high electric field and relativistic

There has been considerable interest in the interaction (ﬁhase velocity. The mechanism is called beat wave acceler-

: . : ator. If the electron plasma frequenay, is close to the
intense laser beam with plasmas on account of its relevanc&fference frequency between the two laser beams. a reso-
to laser fusior{Mulser & Bauer, 200tand charged particle d y '

. . . . : nance effect results and the charge separation produces a
acceleration. Laser intensities have increased in the paStfeﬁ‘ém up to several GXem. A relativistic particle with right
years to reach the enormous value of%W/cm? (peak P ' P 9

power are currently exceeding tens of tera wadtsd their pha;e can C"’?tCh Fhe wave and gain energy.

. . Filamentation instability(hot spot formatioh and self
electric field strength reaches 0v/cm, which is greater focusing of laser beams in plasmas have been studied in
than that of characteristic inter-atomic field®shiet al., 9 P

1981: Spranglet al., 1987, 1990, 1992 The generation of detail in thg past, and it is an area of continued mteres_t.
L . These studies are also relevant to laser electron acceleration
a large electric field in plasmas by high power lasers has

been studiedWyrtele, 1993 for several years in the context a_n_d laser driven f”S'OT‘: Th_e relatlwstlcf|Iamer_1tat|0n Insta-
. . bility can lead to modification of the propagation pulse by
of particle acceleration.

New technigues are being investigated for particle accel_spatlally modulating the laser intensity transverse to the

. . .. direction of propagation. The relativistic filamentation and
eration. Some of these techniques are beat Wwaagma & . .
. ) self focusing have been studied for number of years and are
Dawson, 1979; Katsouleas & Dawson, 1983; Darehal, important, because one needs to understand laser propaga-
1986; Shuklat al., 1986; Kitagawat al., 1992, Wakefield P : propag

(Gorbunoy & sanov, 1967, Sprange o, 1988 ana 1 %11 Dlenlies beore ove can ieprel e el
self modulated Wakefield acceleratoksall, 1993; Nakajima Manot, 1995 P 9 Y: ’
etal, 1992. Large amplitude longitudinal fields can also be ' :

o2 . . A lot of theoretical and experimental work has been
generated using intense positron beam for particle acceler- o
i . reported related to beat wave excitati®WE), by two
ation (Blue et al, 2003. The beating between two . . A
co-propagating laser beams in plasma can generate Iongitbqser beams and laser induced parametric instabilities in
plasmas like stimulated Raman scatteri8RS, and stim-
. ulated Brillioun scatteringSBS by a single laser beam. But
Address correspondence and reprint requests to: R.P. Sharma, Centre for di d iall hi b hichi
Energy Studies, Indian Institute of Technology, New Delhi 110016, India, t(N€SE Studies used spatially smooth laser beam, which is not

E-mail: rpsharma@ces.iitd.ernet.in realistic. The direct and indirect experimental evidefiay
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& Shen, 1969 revels that the smooth looking laser beams2. MODEL EQUATIONS
have strong intensity rippléspikes which may lead to the
formation of filamentghot spot$in plasmas. Therefore, the ¢ . -
ppeams of frequencies; andw, along thez direction. The

parametric interaction and plasma beat wave excitatiorr- <" " - HIVIEEL -
(PBWE) can be considered coherently only inside a Spike_mltlr:ll intensity distributions of the beams are given by

But the experimental observations, which generally reflect

Consider the propagation of two coaxial Gaussian laser

integrated quantity, results from an average over a statistical E,-Eil,_o = EZe "7
distribution of independent ripples with different intensi-
ties. One can use different models of a laser beam having E,-E%l,.0 = EZe 77, (1)

single hot spotHuller et al., 1996, two closely hot spots

(Huller et al., 1997, and a randomized laser beam havingyherer is the radial coordinate of the cylindrical coordinate

ripples of different intensitieéBergeret al., 1995. system and,, and r,o are their initial beamwidths. The
The effect of speckle self-focusing on the SE&&ini &  jiglectric constant of the plasma is given by
Gill, 2004) and SBS have been studied but the effect of

speckle self-focusing on BWE process has not been studied

2
so far. For example, the work @Renet al., 2000; Mckinstrie Eoro=1— wge, %)
& Bingham, 1989; Mckinstire & Russell, 1988; Esarey w12

et al., 1988 have considered two laser beams but without

ripple superimposed on either of the laser beams. Therefor#/herew.is the plasma frequency, given b= 47n.e%/m
these theories are not applicable in realistic case of PBWEWith ebeing the charge of an electranits rest mass, ana,
where laser beams having ripples are frequently used. Actu#iie density of plasma electronghe relativistic general expres-
realistic case will be when; both of the laser beams ar&ion for the plasma frequency is

having multiple ripples of different intensities. We have first

considered a simple case in order to understand the physics 5 wEe

of mutual interaction of two laser beams, when one of them @Wp = %

is having a ripple present on it. In our earlier sti@®urohit

et al., 2003, we addressed the cross focusing of two Iase(/vhere

beams on the growth of laser ripples in plasma, when the

nonlinearity is due to pondermotive force exerted by laser o o v

beams on the plasma electrons. But _thls work can not be Yo = <1+ ——55ErEit 55— E2~E*z> , (3)
used when the laser beams are having very high powers m-C i m-c w3

(relativistic region because in those situations nonlinearity

arising on account of relativistic electron mass variationUsing (3) and(2), the intensity dependent effective dielec-
becomes important. In the present paper, we have studigtic constant of the plasma can be expressed as

the effect of cross focusing of the two laser beams on the

growth of laser ripple in plasma, when the nonlinearity iSe, , = g1 ,+ ¢1 »(E1-Ef, E»-E3),

due to relativistic mass variation of plasma electrons, depend-

ing on the intensity of both laser beams. Because of the 03 e? e2 A
relativistic nonlinearity, the dynamical equation governing‘z’l'2 - (E) [l <1+ m2c?w? BB+ m2c2w? EZ’E2> ]
the intensity of the laser ripple depends upon the total

intensity of both lasers. Therefore, by changing the intensity 4

of the second laser, one can control the growth of the ripple

in the plasmas. One can also obtain the optimum intensity oivhereg, »is the nonlinear part of the dielectric constant. By
the second laser beam, so that the growth rate of the rippldsing a Taylor expansion of the dielectric constant around
can be decreased. If we know the dynamics of a single ripplé = 0, the equation can be rewritten as

in the presence of the second laser beam, the PBWE process

can be studied in each single intense hot spot, and bye, , = g, ,+ v, ,r2

averaging over the hot spot intensity distribution, one can

obtain the correct amplitude of the excited plasma wave and ol [ E2  a,E3 a, B2 a,E2,] %2

hence the acceleration of the particles. Y127 waz[ far2, | tArZ ] [ f2 £2 ] ,
In section 2, we will present an analysis of the nonlinear '

effective dielectric constant of the plasma and derive thean

differential equations governing the nature of the laser rip-

ple intensity in plasma. In section 3, a brief discussion and 5 , ) 11

conclusions of the numerical results of the present investi-, ~_ ;_ “be {1+ 1B “2_E20} ' ®)

gation are presented. wis f? f2
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wheref, andf, are the dimensionless beam width parameter®lectric vector of the laser, having ripple superimposed on it
of the laser beams and can be written as

a1, = €/m’c?w?,. E=E;+Eq, (10

The wave equation governing the electric vectors of the twavhereE,, is the ripple superimposed on the first laser beam.

beams in plasma can be written as The total electric vectoE satisfies the wave equation
0°Ey, 10E1, 0E, wf, w?
L 4 ¢ ,E,=0. 6 2E — V(V-E) + — &,E =
P o2 T frefe (6) V2E - V(V-E) + o oiE 0. (12

In writing Eq. (6), we have neglected th&V.E) termwhich  |n the WKB approximation, the second term of H4l)
is justified as long agwjo/w?,)(1/e15)INe;, = 1. The o . w2
solution forE; ,can be written aéSodha et al., 1976, 1979; €an be neglected, this is, justified since one lé%?) X

Akhamanowet at, 1963 (f)ln e, = 1, and the electric vectors of the main beam

E A, el-ilkyz+S )] E, and the rippleEy; satisfy the equations
1,2= Ap e 222l

2 o w? . .
pe,— B2 e( i) V2E; + — e1(E1-Ef, Ep E5)E; = 0, (12
127\ 1z, ! ¢
2
w
Si2= (r%2)B12(2) + ¢12(2), V2E, + C—; e1(E-E* E»-E3)Eqy
1 dfy, w12
BroA2) = 7= —= ke a(2) = — &2, (7 f R . .
LAY, dz MR c +C—§[¢1<E-E,E2-E-z>—¢1<E1- 1,E,-E3)]E; = 0, (13)

where the dimensionless beam width paramitgis given

by the following equation respectively. To obtain the solution of Ed.3), we express

Eo1 = Aoi(r, 2)e 12, (14

dzflyz C2 71,2f1,2
= +

A2 02,0 40801 of 2 € ' ®)
1,211,20¢01,2'1,2 01,2 . . .

whereAp(r, z) is a complex function of its argument. Sub-

stituting for Eq; from Eq. (14) into Eq. (13) we get the

For initial plane wavefronts of the beams, the initial Cond"following equation within the WKB approximation

tions onf, ,are

_ _ _ . 6A01 62A01 1 8A01 (l)% s "
fi» = 1anddf, ,/dz=0atz=0. _2,|(lg + ( P + oz + e ¢1(E-E* E»-E3) Aoy,
By using these initial conditions, one can solve numerically W2
Eqg. (8) and can evaluate the evaluation faf, with the + —;[qﬁl(E-E*,EZ-E;) — $1(Eq-EL Ep-E5)]Agy e ks
Cc

distance of propagation.
Leta perturbation be superimposed on the first beam such
that its initial intensity distribution is given by

(e (15
Eor-Edtlro = EZ (—r )2 e< %) ©)
01" ~011z=0 100 r ’

100

Further, substituting foAy, in Eq. (15)

wheren is a positive number and,q is the width of the , s,

ripple. By changing the value afthe position of the ripple 2 9510 T (a_slo> _ 1 <d Aoto i 1 3A010> + Per
changes. However, more detailed information about the — 92 9z kfAoo\ arz 1 or ’
intensity distribution in the ripple is needed. But as a model

of single ripple, we can consider it to be Gaussian. The total (163

€o1
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where

2 2 2 —3/2
) a; Efp ay B a; Ef a B3
et = p1(E-E*E,-E3 = [<_ Crinfot?) 4 7 ekt |14+ =2 2 T rhotd) 4 7 Tkt

207 f? 2 i 2
X 2 cog ¢y,
Ao1 = Agio(r, z)el KaSio(r 2]

whereAp1(r, 2) is a real function and,, is the eikonal, we obtain the following equations after separating the real and
imaginary parts

ﬂ%lo+8_sloﬂ%m 2 <32310+}6_Slo> + |:w_f 1 w_ge<(11Eloe( ¥ fofd) 4 %Zzoe(rz/rzzofzz)>

0z a ar O\ a2z r ar c? ky w2\ f2 2

lElO e r2r2 62 as E220 (—r2r2,i2) —8/2
1+ —— (2 io'i) + z e 201 X sin 2¢, [A10= 0, (16b)

1 2

whered, is the angle between the electric vectors of the main laser lfjeaenand the ripple. In writing Eq(16) we have
expanded

de,
dE-E*

[E-E* — (E;-Ef + E5-E3)].

(E-E*=E;-E{+E,-E%)

‘l”l(E'E*, E,-E3) = ¢1(E1' 1,Ex-E3) +

Following Akhamanovet al. (1968, the solutions to Eq€16a and(16b) can be written as

EZ ro\e
SEYER T

loof

2
Su= 5 B2+ 4:(2) am
i -
B@=T (179
~ } ﬂ i wPO a1 B¢ ayE a1EZ B3\ ¥? .
(2= 355 202 [(ff(z) e )(“ 2 | f22(2)> ]X (sin 26). (179

wheref is the dimensionless beam width parameter of the rippledai®l is a constant. For an initially plane wave front
df/dz= 0 andf = 1 atz= 0. Substituting for\y,oandS,, from Eq.(17) into Eq.(16a and expanding around= r,q,fn'/?
by Taylor expansion, we get

Gert = den(r = r100fn?) + ¢'r? (183
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where

_ et
dr?

2 ¢2 2 ¢2 2 ¢2 2 ¢2
rioof “n rioof °n rioof °n rioof °n
2 _ Moo _ Tioo _ Moo _ Moo —3/2
‘Lpe 011E120 r 7 ff a2E220 r5ff alEJ?O rZff a2E220 r5f5 /
’ — e 10'1 e 20'2 >< 1 e 10'1 e 20'2

2 2 ca 24
201 riofi rsofs f2 f7

r2=rfyf?n

n rfoof ?
E100 Bl aEl\ > <1+ H )
+ n"22 cose, . e k@ —z e o

10 1 f22
rlzoofzn rﬁmfzn rlzoof %n rlzoof %n _
X § ks Elzo 87 riofi + @2 E220 e7 r5ofs x |1+ @ Elzo 87 riofs + Q2 E220 e7 r50fs oz
2\ ripfs rkfs f? f2
rZof 2n rioof?n
_ 1 14 (47} Elzo e* 12 f2 n Ao E220 e* 12,12 3/2
2 _ rfoof %n 5 _ rioof?n 5 ~rigof?n 5 _rioof?n
—2cog d)p{( alfflo e Mf 4 —aszzo e )(ai ?40 e " 4 aiEfzf e ¥ )}
1 2 lioh 2012
rioof %n rioof?n\
sll14 a Ef 67 212 n a, E% e7 13017 ¥z
f2 2
rZ0f 2n rZof 2n
3 aEfy TziE Bl Tz \ Y2
- = 1+_e 1071 +_e 2012 . 18b
2( f2 £2 (180
Using Eqgs. 18a, 18b, and 16a, we get the following equation
for f after equating the coefficient of find out the value ofx, E% anda, EZ, such that the ripple
has as minimum as possible growth rate. This can be obtained
d*f c? . ¢'f 19 by studying the behavior of the growth rdteof the ripple
dz2  w?eqiliof? &1 with the intensities of the laser beams as given in Fig. 1.

Figure 1 represents the variation of the growth rhte

Equation(19) determines the focusirigefocusing of arip- (EQ. 17d atz = 0, with the change in the intensity of the
ple. It is apparent from the Eq17) for A3,,that the ripple  second laser beam, when the intensity of the first laser beam
grows/decays inside the plasma and the growth rate.is is fixed. Itis seen from Fig. 1, that fir&f increases with the
The growth rate depends on the intensity of the main beam#jtensity of the second laser beam, but decreases after that.
the phase angle,, and parameters of the pump waves andThere is an optimum intensity of the second laser beam
plasma. But these solutions are valid in the neighborhood otvhere the value ok; is maximum. This optimum value of
r =r,odn*2 The following set of parameters has been usedhe second laser beam decreases as we increase the intensity
in the numerical calculations;o = 15 um, r,o = 20 um, of the first laser beam. For example, for the value pEZ, =
F100, = 10 um, w; = 1.778 X 10'® rad/s, w, = 1.778x  0.7,1.0 and 1.5 optimum value @} E3,is 1.3, 1.0, and 0.5,
10%rad/s, wpo = 0.04w,, 2¢, = 37/2,n=1.5and 1.8. respectively. Similarly one can study the behavior of the
ripple present on the second laser beam. Therefore, it is
possible to find out the combination of intensities of laser
one and laser two, such that the ripple riding on them are
In the present analysis, the coupling between the ripple anbaving the growth rate as minimum as possible.
main beams, which leads to growtlecay of the ripple Figure 2 represents the variation of the growth réie
inside the plasma, is studied. Due to this coupling, the ripplavith the distance of propagation, for different powers of
can grow in the plasma. The growth rate of the ripfid¢is  the second laser beam. It is obvious from this graph that
given by Eq(17d), which depends on the effective intensity the growth rate of the ripple oscillates with the distance of
of the main beams in the plasma, electron density of thgropagation. When the power of the second laser beam is
plasma, frequency of the laser beams, and the phase andtereased, similar effect has been found, but the over all
¢, Itis clear from the equation, when siggis positive, — growth rate is decreased. This behaviokopfith the dis-
the ripple will not grow and it will be attenuated at a distancetance of propagation is attributed to the fact that the growth
on the order of 7k;. The ripple will grow only when sin@,  rate depends on the intensity of two main laser beams
is negative. (Eq. 179, but the intensities of laser beams are also chang-

As mentioned in the Introduction, the real aberration ising with the distance of propagation, therefore the change
modeled, when the ripples are present on both the lasén k;.
beams. The growth rate of the ripple as given by @&Jd) Equation(8) is the fundamental equation for cross focus-
depends on the intensity of both laser beams. Itis possible ting of two laser beams, when the ripple is not present on the

3. DISCUSSION AND CONCLUSIONS

https://doi.org/10.1017/50263034605050135 Published online by Cambridge University Press


https://doi.org/10.1017/S0263034605050135

74 G. Purohit et al.

2.00 H

1.95 H

1.90 H

1.85 H

1.80

1.75 H

0.0 0.5 1.0 1.5 2.0 2.5 3.0
2
O‘zEzo

Fig. 1. Variation ofk; for the two beams with the power of the second laser bear&3,) atz= 0. Solid line, dash line, dotted line and
dash dotted line are far, EZ, = 0.7, 1.0, 1.3, and, 1.5, respectively.

laser beams. On neglecting the contribution of the seconbeams, and the behaviorfefs also governed bfg, and vice
beam in Eq(8), one can obtain the usual relativistic self- versa. In other words, the self-focusing of one beam is
focusing of the first beam. With the simultaneous propagaaffected by the presence of another beam; this is referred to
tion of two laser beams, the relativistic nonlinearity introducedas cross-focusing. The first term on the right-hand side of
in the plasma depends upon the total intensity of the twdeq. (19) represents the diffraction phenomenon of the rip-

_

—y

—_

—_

_

=y

1.940 . , . , . , . , .
0.0 0.5 1.0 1.5 2.0 2.5

Normalized distance

Fig. 2. Variation ofk; for the two beams with the normalized distance of propagaticn z¢/w, r %) for a fixed power of the first beam
[a, EZ = 0.7] and different powers of the second beam. Solid line, dotted line and semi-dotted line axeEflr= 1, 1.5, and 2,
respectively.
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Fig. 3. Variation of dimensionless beam width paraméter of the ripple with the normalized distance of propagatidi z¢/w, r %)
for a fixed power of the first beai; Ef = 0.7,n = 1.5, and 2, = 37/2] and different powers of the second beam. Solid line, dotted
line and semi-dotted line are far, EZ, = 1, 1.5, and, 2, respectively.

ple. The second term, which arises from the relativisticthe laser beams, because the intensity of the ripple depends
nonlinearity, describes nonlinear refraction. The relativeon the growth rat&; (Eq. 179 and the parametéfas given
magnitude of these terms determines the focy&lepcusing by Eq. 19. When the intensity of the second laser beam
behavior of the ripple. If the first term is large in comparison (Eq. 8 is changed, it changes the values fpfand f,,
to the second term, the diffraction dominates over the nontherefore the value df; and f also changes. Consequently
linear phenomena, leading to defocusing of the ripple. Whetthe intensity of the ripple behaves as shown in Fig. 4,
the second term is large than the first term, self-focusing ofespectively.
the ripple is observed. The growth ratk) contributes To conclude, one of the important results to come out
significantly to focusingdefocusing of the ripple. The vari- from the present analysis is that we can control the fluctua-
ations of the beam width paramefeof the ripple with the  tions on the first laser beam by increasing the power of the
distance of propagation is illustrated in Fig. 3 for fixed second laser beam. Similarly one can control the fluctua-
2¢, = 3m/2, but for different powers of the second laser tions on the second laser beam by increasing the intensity of
beam, whem = 1.5. When the power of the second laserfirst laser beam. The results are quite similar as in our
beam is increased, the ripple shows focugdefocusing previous studyPurohitet al., 2003; where the nonlinearity
behavior continuously. The focusipdefocusing of the rip-  was due to pondermotive force, but both the effects occur at
ple is found to be considerably affected by the power of thedifferent time scales. Relativistic mutual interaction occurs
main beams, phase angle between the electric vectors of ttad very short time scale, while nonlinearity due to pondermo-
first laser beam, and the parameter tive force occurs at long time scale. Moreover, due to the
Figures 4a) and 4b) depict the variation of normalized difference in the nonlinearity mechanism considered here
intensity of the ripple at = r,o0fn%2 in the plasma with the and in our previous pap&Purohitet al., 2003, the growth
normalized distance of propagation for fixe¢p2= 37/2,  ratek; is different and the threshold powérequired for
but for different values of the ripple position parameter ripple to be self-focusis also different. This study may be
For different powers of the second laser beam, intensity ofiseful in understanding the mechanism of laser plasma
the ripple oscillates with the distance of propagation. It iscoupling where filamentation process plays very important
also obvious form the graphs that the intensity of the ripplerole. Specially, one can study the change in the magnitude of
is decreased by increasing the power of the second laséie plasma wave excited by beat wave process, when both
beam for the typical sets of parameter chosen here. Thithe laser beams are having ripples present on them. Besides
variation is having a complex dependence on the intensity othis we find that for the typical laser plasma parameters,

https://doi.org/10.1017/50263034605050135 Published online by Cambridge University Press


https://doi.org/10.1017/S0263034605050135

76 G. Purohit et al.

Intensity (ripple)
o o o - - - - -
B~ » [ee] o no EE (o>} (o]

o
N

0.0 0.5 1.0 1.5 2.0 2.5

Normalized distance

0.5

o o <
o w EN

Intensity (ripple)

o
Y

00
0.0

2.5

Normalized distance

Fig. 4. (a) Variation in intensity of the ripple with the normalized distance of propagatica z¢/w, r %) for a fixed power of the first
beama; Ef=0.7,n=1.5, and 2, = 37/2] and different powers of the second beam. Solid line, dotted line and semi-dotted line are
for @, EZ = 1, 1.5, and 2, respectivelyb) Variation in intensity of the ripple with the normalized distance of propagafidr

z¢/w, 1) for a fixed power of the first beafw; EZ, = 0.7,n=1.8, and 2, = 3m/2] and different powers of the second beam. Solid
line, dotted line and semi-dotted line are terEZ, = 1, 1.5, and 2, respectively.

ki Ry =~ 14 (whereRy is Rayleigh length Therefore, these REFERENCES
studies may also be useful for beat wave excitation.
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