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ABSTRACT
A short pulse laser beam suffers self-pulse distortion due to combined effects of nonlinearity induced self-focusing and
dispersion. Nonlinearity arises due to relativistic mass variation and ponderomotive force. As the beam propagates through

plasma, beam width parameter (f )decreases, so intensity of the beam increases. Self focusing of the beam takes place. As

time passes, decrease in (f ) is smaller and smaller, broadening of pulse takes place.
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. INTRODUCTION

In plasmas, where relativistic mass and density nonlinearities predominate, one observes frequency downshift and
leads to relativistic self-focusing of the laser beam [1-3]. Paraxial ray theory [4-5] of relativistic and ponderomotive self-
focusing has been developed. Fedosejevs et al [6] have reported experiments on many gases including helium, hydrogen and

nitrogen etc. They employed a 0.3TW,250 — fs laser pulse focused to an intensity of 3x10""W /cm.” They observed
relativistic self-focusing in high density hydrogen gas.

Frederick et al [07] have compared the importance of relativistic self-focusing in comparison with ponderomotive
non-relativistic self-focusing at very high laser intensities. When laser intensity is high, ponderomotive self-focusing becomes
dominant.

Borghesi et al [08] have observed relativistic self-channeling of intense laser beams both experimentally and in 3D
Particle in cell [PIC] simulations. In tunnel-ionizing gases, the laser undergoes radial divergence, frequency upshift [9, 10],
ring formation [11] due to nonlinear refraction.

Gibbon et al [[12] have experimentally studied relativistic self-focusing and self-channeling of an intense laser pulse
in underdense plasma. Here, we study the self-focusing of intense short laser pulses in plasma dominated by relativistic mass
nonlinearity along with change in electron density due to radial ponderomotive force. In section 2, we obtain coupled equations
for amplitude and eikonal. In section 3, we solve the wave equation and obtain an analytical solution for the evolution of a laser
pulse for general nonlinearity. In section 3(a), we discuss the case when laser intensity is moderate and nonlinearity is
quadratic. In section 4, we discuss results.

1. COUPLED EQUATIONS FOR AMPLITUDE AND EIKONAL

Consider the propagation of a linearly polarized intense laser pulse in plasma in Zz direction. At z =0, the electric
field of the laser is

E = fA(r,t)exp(—iat),

_ (1)
A = Aéoem(—rz/roz)e)@(_tzlrz) For 7> 0, we will note later that

2
A - AOO(:(ZT’é)em(—rz/rozfz). @)
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Laser imparts drift motion to electrons. Momentum balance and energy equations are:

d
P _ _ee-EvxB. ©)
dt C
d
mc? —i/ = —¢eEv. (4)
If one treats the r, z,t variations of A to be small as compared to phase variations of E the X component of Eq.(3) gives
eE,
Py=7"": (5)
lw

The time average Lorentz factor is

PP a2 )"
(1+2:nx2j :(1+7j : (6)

and the drift velocity of electrons due to laser is

_eE , e°|AP _ezAéoGexp(—rz/rozfz)

V=—, a_zzz_ 2 2.2¢2 ! (7)

Miwy m-w“c mw°c”f
The laser also exerts a ponderomotive force on electrons,
F, =+eVg,, (8)
In the equilibrium, the ponderomotive force on electrons balances the space charge force,

mc® a? )"
+eVg+Vg, =0,leadingto ¢ =—¢, = (1+ ?j 9)
e
From Poisson’s Equation, we obtain
2,2
mc-a,G 1 1 2/ 262

n=n, — — + expl—r-/ry f (10)

0 47192 ( I,.021:4 r04.':6 ( /0 )

The dielectric constant of the plasma can be written as

47mne? o’ |0 1 c?| -1 1 r2 r?
e=1- =1-—" 49 F = + - a’Gexpl—r?/r2f?)+
ma)27/ w° {a)2 412 w° I‘Ozf4 4I’021‘6 4r‘04f8 0 Xp( / 0 ) I’04f6

xa2Gexp(—r2/r2?)

—e, +4(EE")
(11)

The wave equation governing the propagation of high amplitude electromagnetic wave is
o’E 1 0°E  w?
a—2+viE ot —(e, +¢—1)E =0. (12)

Z C
Taking rapid phase variation as

®? v
E= )A(A(r,Z,t)exp[—i(a)t—kz)].,where k :Q( ——pzoJ (13)
c @

Using above expressions in Equation (12), we get

OA 2iw OA 82A 1 02 A w*
V A+ 2k —+ — 4 — A= 14
0z ¢c? ot o0z® c? 8t2 c? 7= a4
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z
We have ignored 82A/6Z2 and 62A/6t2 by using WKB approximation. Now introducing, £ = Z, and 7 =t ——, where
\

9
c’k
vy =—,Ea. (14) takes the form
0]

2

oA @ O2A 2 O°A  @?
V2 A+2ik = —F _Z +2 sn=o. 14
W’c? 0r° v, 00T ¢ M (14

If we consider the case, where Lp/Z > a)po /a) with L =ct, , the length of the pulse and Z, , the characteristic

length of self-focusing and neglect O A/az' term in Eq.(14a), then
veA+2ik A2 O°A “’—m 0. (14b)
o0& v, 0&0t c’

If we introduce an eikonal A= A, exp (ikS) and separate real and imaginary parts of Eq. (14b), we get

2
2§+i 21 Oh 508 +[§j LAO . 2¢. (15)
o& v, \k*A) 0éar ocor) \or k2A, e
2
oA 1 (8S A asaA0 a|ivisazs S A _ )
0 v, \0& or Tor o& agar or or
1. SELF-FOCUSING
We expand S, in the paraxial ray approximation r? << ro2 as
= So(r,§)+ ,B(z',f) , where [ —%Sf—g
1 of r?
Hence, we may write S as S =S (r §)+ ?%— One obtains from eq.(16)
A =G(r,&)F(r.&.1), F(r.¢, r)=%exp{—%}. (17)
P2r8) T g
Substituting for A(f and S in Egs.(15) and (16), we get
68 1 1 82/-\0 0S, 0S, V A0
2 |r:0 - 2 2 ¢|r =0 * (18)
8§ V k“A, 0&0t o0& or K2 A k
2 2
L 629, 26 - = 00 h TS opz |0, (19)
o  fog o0& ot agar

In the first order approximatlon, we consider 6/07 =0, then
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8y o Sl o — 186G _
& 2k Y KA2E? o
The next order of Eq. (18) gives

oG 1 o° Bl 1 op ,,|0G GOoF 4G of
PY R RN Tvzezgz T a2 ——to | trzasa|=0 @0
05 Vvg|\kct 2 krpgf° oA or For)_, kryf°or

Collecting second order terms of Eq. (19), we obtain

o°f 1 o || o] ac ] c¢®2a%6 c? 3G/
027 KAt ke || T W
0

o |42t | @ 1 f5 o At
1 o o G

TKAFET KCE oAl e for2’

(21)
3(a) Quadratic Nonlinearity

When laser intensity is moderate a?< 1, the nonlinear part of permittivity simplifies to ¢ =€, Ag . Now, if the variation of

10G 1
G is small over the self-focusing length — — << ———, then equation (22) can be solved analytically,
G o¢ f o&

2

1 ®® Ge w?
fzzl——z,where — = 22,622 pZO' (22)
Z5 z;  k°c® o, 1)
Using this value in Eq. (21), we obtain
oG 1 w® 3 G oG
=~ _ = - 2562 | — ||=0. (23)
o0& Vvgy|\kc (1 £2Ge, o J ot
- 2 202
o o ag —t'z/rz a)§0 2 a)l’o
We take initial variation of G as G = —e . We take the parameters as follows: —- = 0.1,a;, =0.1, — =20,

@ C
We solve equation (22) for these parameters. Variation of beam width parameter versus time is shown in (c. f. Fig. 1).
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IV.  CONCLUSION & DISCUSSION

1.00 ~

0.95 +

0.90 +

0.85 +

0.80 +

0.75 +

0.70 T T T T T T T T T T T
0.0 0.2 04 /0 0.6 0.8 1.0

S

Figure 1: Variation of beam width parameter (f ) versus relative time (—j for propagation distance —— = 0.4
T d

As the beam propagates through plasma, beam width parameter (f )decreases, so intensity of the beam increases.

This is due to the convergence of the beam, the portion of the wavefront where intensity is maximum travels with minimum
phase velocity while adjoining portions move with faster phase velocity, causing convergence of beam. Self focusing of the

beam takes place. As time passes, decrease in (f) is smaller and smaller, broadening of pulse takes place. Hence due to

ponderomotive and relativistic nonlinearities, broadening of the pulse takes place and intensity of the beam decreases due to
temporal effect.
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