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Cross-focusing of two laser beams in a plasma
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Cross-focusing of two copropagating laser beams in a plasma is investigated using paraxial ray theory. If the
lasers have a frequency difference equal to the electron plasma frequency, they can drive a large amplitude
plasma wave. The ponderomotive force due to the plasma wave forces the plasma electrons outwards thereby
generating a parabolic density profile giving rise to cross-focusing. The results show a decrease in threshold for
focusing by two orders of magnitude as compared to focusing due to the ponderomotive force of the laser
beams[S1063-651X%99)01109-5

PACS numbsefs): 52.40.Nk, 52.35.Mw, 52.40.Db

l. INTRODUCTION E,=9A, exd —i(wt—k2)],
Plasmas are rich in nonlinear phenomena, viz, parametric Aj2|z=O:Aj20 exp(—r2/rd), j=1,2 @
instabilities[ 1—3], harmonic generatiof¥—6], mode conver-
sion[3,7,8), soliton formation[9,10], etc. There is much re- Kj=~(o; /C)(l—w,z;o/wjz)l’2 is the propagation constant in the
cent interest in nonlinear optics of plasmas, including wavdinear approximation.r, the initial beam radius,wf,O
mixing and plasma wave excitatigfi1-13. One of the =(47-rn8e2/m)1’2 is the unmodified plasma frequency, aad
ways to excite a plasma wave is by beating two laser beamand m are the electronic charge and mass. We shall take
with their frequency difference equal to the electron plasmav; — w,= wpe<w;,w,. For z>0, we assume energy con-
frequency[14]. It has been demonstrated experimentally thatserving Gaussian intensity profiles, with spot sizgf and
such electron plasma waves can be employed to accelera@ial amplitudesA;o/f;,
charged particles up to 3.7 MeV of energies, and the device 9
is known as a beat wave accelerafb]. Under the reso- 2_Ai 0 2/,2¢2
" , |Aj|?=—exp(—r?/r5f ), 2
nance condition the electron plasma wave can attain a large .
amplitude and consequently its associated ponderomotive
force on the electrons can be much larger compared to th@heref; is known as the beam width parameter. The lasers
ponderomotive force due to the laser beams. Earlier studiggpart oscillatory velocities to the electrons given by

J

on focusing of laser beams have considered the effect of the .
ponderomotive force due to the laser bedi®,17. In this V= eE &)
paper we examine the cross-focusing of two laser beams un- ! Miw;’

der the resonance condition when the ponderomotive force . ) o
due to an electron plasma wave is large compared to th¥: @ndV, couple with the magnetic field of the lasers to
ponderomotive force due to laser beams. The two lasers @fxert a ponderomotive forcé,, on the electrons atw

frequenciesw; and v, (01— w,=wp) and wave vectorEl =W Wy, k= |21—|22)1
andk, (k;—k,=Kk) beat with each other and excite a large m
amplitude electron plasma wave ai,k). The electron pr=eV¢pw=—EV\71~\7’£, (4)

plasma wave exerts a ponderomotive force on the electrons

and forces them out, gIVIng rise to a parabO"C denSity prOﬁlQNhere* denotes the Comp|ex Conjugate_

responsible for cross-focusing. _ The electron velocity due tg,, and the self-consistent
The paper is organized as follows. In Sec. Il we derivepotential ¢ are found to be

our nonlinear permittivity. We then solve the wave equation

for electromagnetic waves under the WKB approximation -, e .

following the technique used by Akhmanov, Sukhorukov, v :_mv(¢+¢pw)' ®)
and Khokholov{18], and study the cross-focusing of the la-

ser beams in Sec. lIl. Finally our results are presented andsing Eq.(5) in the continuity equationgn/dt,+V - (nv)

discussed in Sec. IV. =0, we obtain the electron density perturbation,
No.
n=—K-v', (6)
II. NONLINEAR PERMITTIVITY o)

Consider the propagation of two Gaussian laser beamwheren, is the static component of electron density. It is
through a collisionless plasma of dens'mﬁ, temperature different from ng due to the modification caused by static
Te, ponderomotive force.
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Using Eq.(6) in the Poisson equatioli?¢=4mn,e we
get

E¢: _Xc¢pwv

2
wheree=1+ xe, Xe= — wp/wz.

()

Using Egs.(4) and(7) in Eqg. (5) we obtain the electron
velocity at (w, IZ),
e’k E;-E}
Z. (8)

V=—_—
2M we wiw,

Vi, Vo, and Vv exert a dc ponderomotive forcﬁpo
=eV ¢y on the electrons:

9

m
=——(V,:VI+V,-V5+V-V¥).
po 5e (V1 1V V5 V-V

As the electrons move radially outward due to the pondero-

motive force, they produce a space charge fiégz
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where v =e?A%/m?w?, j=1,2 andvg=2T./m and w/k
~c has been usediy;,vq, are the magnitudes of electron
oscillatory velocities due to the two laser beamg &t0, z
=0. The plasma permittivitg(w) can be written agcf. Eq.

(12)]

po
[Sad —Za (15)
w
Using Eqgs.(14) and(15) we get
vive, wWe1r2/1 1
= 2 a2 2¢2 a2l
Avgci (14T /To)f 15 3rg\f1 f5
(16)

The effective plasma permittivity ab; can now be written
as

2 2
61—1__2__2 . (17)
w; Wy

—§¢S, that pulls the ions along. In the steady state the

equations for electron and ion motions can be written as
- - Te-
0=—eV(gst ¢p0)_ n_V”e
e
and

N . Ti.
0=—eV¢S—n—_'Vni, (10)
I

Introducingl ;= cAZ,/87 andl,=cAZ,/8 as the axial laser
intensities, one may rewrite; as

L w,zjo o 41,1 ,7%e* s
e=1-———
! wi wi f%f%mzwiwg(-re-i-Ti)C‘1
r2 /1 1
X|1-—|—=+—=1|]. 18
3z 7212 (

respectively. Her@, andn; are modified static densities of FOr @p=w;~w;<w;,w;, We havew;~w, and f;=f,.
electrons and ions. Adding these equations and employingnder this approximation Eq18) can be rewritten as

the quasineutrality condition,=n;=ny we obtain

0
No€dpo
An=ng—ni=— . (1D
0 T AT,
The plasma permittivity ady, k can be written as
w2 w2
e=1-—2+ 2, (12
where
An ez Aioefrzlrg f f Agoefrzlrg f g
a=— — = _
nd  2(Te+Tp)m w32 w3t
K2e?AZ A2, e Ao S+ 1))
+ (13
402 ?mPwiws f2f3

Under the conditionw; — w,= wyo, €—0, consequently the

first two terms in Eq(13) can be neglected as compared to

the third term, giving
2.,2
Vi1oVa0

w~ e 2y i+ %)
222522 ’
4(1+Ti/Tovgee F1f5€

14

_ 2
€1= €10~ €191 %, (19
where
1 U)go wgo 4| ll 277284 13 1
eo=l-—S- S| S55-———=|
wi wi mzwi(Te+ T)c? f ‘1”3

1/3 2 1

2 ¢ 103"
3rofa

441 ,7%e*

€= | ——>——
H (mzwi(Te+Ti)c4

In the case of a single laser beam, the effective plasma per-
mittivity (for ponderomotive nonlinearifycan be written
from Eq.(13) by takingA,;—0 as

why w5y 87?1y (1-r?rjf)

(=1-—
! 2cwi fIM(Te+T))

2 2
w3 g

Ill. CROSS-FOCUSING

The wave equation governing the propagation of an elec-
tromagnetic wave is

2

2 g -
\Y% E1+ €1E1 0.

2 (20
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Writing the t and fastz dependence oEl as given by Eq. 1.2
(1), using Eq(12), and assumingV e/ €| <k, Eq.(13) can be
written, in the WKB approximation, as 1.0
. (9A1 2 (J)FZ)O )
2|k1¥+V¢A1—?(510— €1 )A;=0, (2 0.8k
where
f, 0.6
, 19 9° !
Vi=-—+—
S oroar o ooar? 0.4k
We introduce an eikonah;=A;£'*S and separate the
real and imaginary parts of E¢l4), giving 0.2}
0AT, S 9AT,
oz a—rWJrAfonS:O (22) 0.0 | ! ! ! !
0O 0.2 0.4 06 0.8 1.0 1.2
and {=2IRy
S [dS\? 1 5 w,zgo 5 FIG. 1. Variation of beam width parameter with dimensionless
2k1g - E :A_VLAlO_F ?(610_ €19)1°. distance of propagatio(=z/Ry).
10

(23
IV. RESULTS AND DISCUSSION

Assuming a Gaussian ansatz mfo [cf. Eqg. (2)], and sub-

stituting in Eqs.(22) and (23 we get Electron plasma waves can be resonantly excited by beat-

ing of two copropagating laser beams. The plasma wave ex-

9S [ aS)2 1 r2 w2, erts a ponderomotive force on the electrons thereby creating
2k,;— + _) === ( 2——— |+ —2(610— 611r2) a density depression which focuses the laser beams. For the
dz.\ar rof1 rof1 following parameters: plasma density~4x10%cm2,
(24) electron temperature of 100 eV, lasers of power density
and ~10"W/cn?, spot sizero~12u, w,=10%rad/sec, and
w,=0.9x 10"rad/sec we find that beam width parameter
5 asS 2r  2kg r2 |\ of, decreases with the distance of propagation to a value of
18- rzfz_f_( - rzfz)g_o’ (29 f; in=0.28 atz=0.8Ry as shown in Fig. 1. Beyond this
0'1 1 01 value of z the diffraction effects dominate over the self-
res ; focusing effect and the beam starts diverging. From(E@).
pectively. ; . .
We expandSin the paraaxial ray approximation as one may note that if laser beam 2 is weak and beam 1 is

strong then both the beams can be focused by the plasma
wave produced by beating them, df; — w,=w,. Calcula-
S=\If(z)+,85. (260 tions show that the threshold power for the focusing is re-
duced by a factor of 0as compared to that obtained by
Using Eq.(26) in Egs.(24) and(25), collecting various pow- considgring the.pond.eromotive force due to the Iasef beams
ers ofr, and solving we obtain the equation governing the@nly (Liu and Tripathi[16] and Sodha, Ghatak, and Tripathi

r2

beam width parameter: [17]). The axial power flow density of the plasma walye
= w(Jel w) (k*$?/8m)v 4 Wherev =c?/vy, is the group ve-
d?f, 1 2 “’;230 R2 [ v2y2,\ Y3 1 - Iot;:ity of the Langmuir wave. On using Eqgl) and(7) one
Q= T3 S 53 ol 23] e obtains
d&2 3 3cK2r3l\avic?) IR
whereRy=k;r3, é=2z/Ry. lp (V1 2Bl vy |83 wf,
The first term on the right hand side corresponds to the E_ c ¢ 4_w1

diffraction divergence of the beam while the second term
corresponds to the nonlinear refraction. The threshold power | . )
for focusing may be obtained by demandidé, /d&=0, f, which is qg|te small. Hence the depletlon pf'the lasers due to
—1 for all values of¢ [16]. For powers above threshold, the excitation of the plasma wave is negligible.

d?f,/dé<0 andf, decreases as the beam propagates and
attains a minimum valué; i, at a certain value of, after
which f starts increasing again as diffraction effects become
more pronounced than the nonlinear refraction effect. We This work was supported by FRD, South Africa. The au-
have solved Eq27) numerically and displayed the variation thors are grateful to Professor V. K. Tripathi for valuable
of f, with £in Fig. 1. discussions.
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