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ABSTRACT

The nonlinear dielectric constant of magnetizedspla due to its nonlinear interaction with high e laser
beam is derived. Operating the ponderomotive fattee,influence of both longitudinal and transveeséernal magnetic
fields on laser beam self-focusing inside colliséss plasma have been calculated. The results ahell enhancement
in beam self-focusing when both longitudinal arehgverse magnetic fields are increased. Furthernmoneresence of

longitudinal magnetic field, the self-focusing abkr beam is greater in comparing with transveisgnetic field.
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1. INTRODUCTION

Recently the investigations of laser plasma noalirieteractions have great attraction by theorktiod practical
researches [1-4]. One of the important phenomerasat plasma nonlinear interaction is the selfsficg of Gaussian
laser beam due to its relevance with very imporapylications such as x-ray lasers, laser-drivesiofy generation of

strong terahertz radiation and laser-driven acatdes [5-10].

In this article, operating the ponderomotive foroee may investigate the nonlinear self-focusingmfintense
laser beam through plasma in presence of two ealteranfigurations of static magnetic field longitally and
transversely with respect to laser beam propagaticection. Appropriated expressions will introduicesection 2 to
calculate the nonlinear dielectric tensor of maigeet plasma. In section 3, the beamwidth paranegeations of laser
beam self-focusing in both longitudinal and perpeudr magnetic fields will derive. In Section &gtrich discussion of
the numerical results and final conclusions witt@aluce in presence of typical parameters of teerlbeam, plasma and

magnetic fields.
2. NONLINEAR DIELECTRIC TENSOR

The nonlinearity in the dielectric tensor of thagrha is arising through the ponderomotive forcechvis exerted
on the electrons of plasma and subsequent redistibit along the wave front. In the ponderomotialinearity, due to
nonuniform intensity profile of laser beam, thectiens will travel from the region of low electfield toward the region
of high electric field. Thus the electron densisyminimum on the laser beam axis and decreases fmyit, so the

dielectric constant is maximum on the laser beaimaxd decreases away from it.

2.1 Nonlinear Dielectric Tensor in Presence of Lonmdinal Magnetic Field

Suppose a Gaussian laser beam is propagating mifam magnetoplasma of equilibrium electron dendi
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along the direction of a static magnetic fiég = 2BO, so the Gaussian laser beam will turn out a carcpiblarized wave.

The electric field vectoEa0+ of laser beam propagating aloZgdirection via the magnetoplasma can be writtefl 4
Eo. = A, expi @ -k 2), )

Where ﬁ0+ = Ex + iEy is the electric field amplitude of a right circulpolarized electromagnetic wave,

@) and k0+ are the angular frequency and wave vector resdgtilt is important to mention that the index @gnotes

the right circular polarized mode.

The dispersion relation of a right circular poladzelectromagnetic wave propagated through plasma i

2
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Where c¢ is the light velocity in the vacuumg,, =1-—-—-—— s the dielectric constant,
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W, =| ——— is the plasma frequency@),, =———is the electron cyclotron frequency), is the
m mcC

equilibrium plasma densitye and M, are the charge and rest mass of electron.
The equation of laser beam intensity, showing Gaogdistribution profile, is given by
r 2
* _ 2
Ao A, = Eooexp(—Fj )
0
Wherer? =x >+y?, E,,and ryare the axial amplitude and initial width of maiealn respectively.

Due to the Gaussian distribution of laser beamngitg, a ponderomotive force may be effected ag las

I, N I /Cswhere f,and Cs are the laser beam diameter (measured at FWHM)i@ndound speed respectively,

which modifies the plasma density profifg along wavefront of laser beam to be [12].

n,=n, exp(—anO+ A{;) ®3)

Where T and kB are the equilibrium temperature of the plasma drmd Boltzman’s constant and’, is the

nonlinearity parameter given by
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= % (4)
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The equation of electron motion in presence ofrlasam and longitudinal external magnetic field is

(¢

mO%U:—eE—E(Dx E,) (5)

Where U is the oscillation velocity imparted by laser beam.

Solving Eq. (2), the electron oscillating veIO(ﬁlym) at right circular polarized laser beam may be wgjiae

- ieE,,

Uy =0, +10, = (6)

“e
h

: :

My, (1-

The current density in term of the electron ostillg velocityJ,, and the conductivity tensa¥ is given by the

following equations [8]
Jo. = —end. )
3y, = 0E,, ®)
Where N, is the local plasma density.

Introducing the effective complex dielectric tengdrin term of conductivity tensor as follows

4rr
el e .

Now using Egs. (6-9), the dielectric components ipayvritten as follows

Exx :‘S‘yy:l_wzp/(ag_wi),
Epy =€y, = (Wc/%)afp/(&% _wi),

e =€ =, =€ =0,

Xz zX yz zy

The effective dielectric constafit corresponded to the right circularly polarizedelapeam will take the
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following form [12]

o,

pe

@‘Lﬁf]’

Also the effective dielectric tenséy can be written as linea€,, and nonlinea£,, (AMA;) components as

£, =&, "ig,=1- (10)

follows [13].
£+ = €0+ + £2+ (A0+A:)+-) (11)
w, 2 {1_ eXF(_a+)AO+A;+}
Where £,, = —" 12)

b
@y

The nonlinear par€, is corresponding to the nonlinear ponderomotivedas a result of nonlinear interaction

between Gaussian laser beam and magnetized plasma.
2.2 Nonlinear Dielectric Tensor in Presnce of Trangerse Magnetic Field

To calculate the nonlinear dielectric tensor inspree of transverse magnetic field, one may use sachnique
as in case of longitudinal magnetic field but tak&n account that in this case the propagatioextrfaordinary laser beam

(X-mode) inside homogeneous magnetized plasmaoisgak-direction and perpendicular on an externagjmaéc field

|§0 which it aligned in z-direction. The variation diet electric ﬁeldE0 of the X-modemay be written as follows
EO=(EX>2+ E, S/)exp— i(apt—k X), (13)

Therefore the components of the dielectric ten8awill be as following
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By following Ashok K. Sharma (1977) [3], the effaet dielectric constant of magnetized plasma irspnee of
X-modemay be given as

& (-af) | He

Whereg, = €,, Fi Eyand @, = (w;e + wﬁe)i is the angular frequency of the upper hybrid wave.

As mention early, the Gaussian profile of lasembéatensity will modify the local electronic plasrdansity N,

due to ponderomotive force to be

N, =N expCaA,A)

(15)
Whereqr is the nonlinearity parameter corresponding toetkteaordinary mode which is given as
a= e = ¢ J16
4mea)§kB (Te+Ti) 4"1?&)%) kBTo
HereT, andT, are the electron and ion temperatures supposatd{h!l T, =T, .
Rewriting the effective dielectric constant (Eq) Léing Eq. (15) and Eqg. (16), one may obtain
— ]
&= ‘90 + gZAOAO (17)
2 G
Where &, =| 1-—2 i (18)
2
o (o oty - o)
2
of (o - of of
g,=a|1+ ( ) ot (19)
(CL{)Z_C()FZ)O_CL)C) ag a wo_wpo_wc

The first term & represents the linear part of effective dielectimstant in absence of Gaussian laser beam

whereas the second teré is the nonlinear part appearing due to nonlineadpoomotive force.
3. PONDEROMOTIVE SELF-FOCUSING

Due to the nonlinear dielectric tensor (i.e. nogdin refractive index), the phase velocity of theetabeam at
center will be slower than those at laser beam.e8dsthe plasma will act as a positive lens leadingnduce a self-
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focusing of laser beam.
3.1 Ponderomotive Self-focusing in Presence of Lriigdinal Magnetic Field
Introducing the wave equation of RCP laser beamamating through magnetized plasma as follows [9]
. Y- .
2= _
0%E, _D(DEEO)—C—g(g+ EEO), (20)
The electromagnetic wave propagating inside mageetmay be considered as a transverse wave sinfieldt

varies along longitudinal magnetic field (i.é. -direction) is larger than its variation via waverft plane (i.e.X —Y

plane) so that the waves can be treated as trasuerthe zeroth order approximation and hencehawge of space is

generated in the plasma [3], thus

0.0 =0(s.E)=0 1)
Putting components of dielectric tensor in presesfdengitudinal magnetic field in above equatidy( 21) one
may get
oE oE
0B, o 1l [%Ex %), (9B O || 22)
0z £, ox ady ox 0y

Using Eq.(22) and introducing zero-order approxioraso Eq.(20) may be written as [14]

A T NN

ox?

These equations have been written in the first roafgproximation; i.e. the product of nonlinear paith

2 2
A, ora o have been neglected.

ox? dy

IntroducingA, , = A(')+ expi (a)ot - ko+ Z) , WhereA(;+ is a complex amplitude, one may rewrite Eq. (23)d¢o

r 2
_2ik0+6§§++%(1+ mj(aax 02 JAM L 0 M ADA, =0, @4

Last equation may be separated to real and imagpwats by supposin@\;+ = A§+ exp( ik0+ S+) , whereA(‘,’+

and S, are a real function and the phase of the RCP lasam inside magnetoplasma respectively, and Pirapos

0_ =0 for a two dimensional Gaussian laser beam so [3]

y
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0 \? 2 o \2
0(?;) * ;(A&)Z[H for ja S, +—1(1+ Lo jaa o) =0. (26)

- 2
&,, ) OX® 2 &,,,)0X 0X

Using the paraxial ray theory for simplicity, thegse functio®, may be expanded to become

S+=%x2,6’+(z)+¢+(z)

Where B.* may refer to the curvature radius of laser beath@p is a constant independentof- direction.

To more understanding of nonlinear behavior ofldsmm®am inside magnetized plasma, one may introthuee

beam width parametefr+ concept within initially Gaussian laser beam atofes

2 2
(pef =S - 2

Where X, is the initial beam radius before its propagatimotigh plasma.

Also substitutingS, in Eq. (26), 5, (Z ) will take the following form [13]

-1
_ £or | L df,
,3+(z)—2(1+£ j ( dz k

0zz

Rewrite Eq. (26), UsingA§+ and [, (Z)values, assuming initially plane wavefront boundapnditions

(atz =0: f, =1andccljf—+ =0), one may obtain
VA

2 2
1+ €O+ a+ EOO 1+ £O+
d’f 27 (1_£0+) fo+ &,
ot = - (27)

dz> 4R £ 2, X2 f2

Ry, = k. x? is the diffraction length related with RCP lasezain. The last equation may rewrite by

o+ “'0

introducing the normalized propagation distafice= %2 , as follows
d +
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2 2
, 1+ Eox R a. Eoo 1+ Eor
d fo+ &2, I:'2d+ (1_ £o+) 1:o+ €2
= - (28)

acz | 4fp 2¢ X2 {2

o+

The first term on the right-hand side of Eq. (28jelated to the diffraction effect and the sectamth is related to
the focusing effect due to ponderomotive force.

3.2 Laser Beam Self-focusing Mechanism in TransvezaMagnetic Feield

To study the nonlinear self-focusing of extraordynkaser beam in presence of transverse magnetit, fiaking

in our account the variation of nonlinear dielecteénsor in presence of transverse magnetic fielths final equation of

beam width parametJr varying extraordinary laser mode via magnetizegmpk may be given as

d*f _ 1 & EZ

- (29)
dz? R f° &g x° f?
Where R, = kO Xf represents the diffraction length correspondingxivaordinary laser beam.
Introducing the normalized propagation distagce % , the last equation may be written as
d
2 2 2
d?f _ 1 _&R{E, (30)

d¢2 f3 g x2f2
The last equation represents the ponderomotiveimezl self-focusing of X-mode laser beam insidesipia in
presence of transverse magnetic field. As a resudbmpetition between the diffraction and selftfsing terms (first and

second terms on the right hand side of Eq.(30)ecsly), the beamwidth paramet@rwill vary along normalized
propagation distance@ periodically.

FIGURES CAPTION

Figure 1: Variation of beam width parameferalong the normalized propagation distadcén presence of high

values of longitudinal magnetic field.

Figure 2: Variation of beam width parameferalong the normalized propagation distagice presence of high
values of transverse magnetic field.
FigureError! No text of specified style in document. Variation of beam width parameter along the ndized

propagation distance in presence of longitudinagimeic field (blue dashed line) in once and trarsyemagnetic field

(red solid line) in other.
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Figure 2: Variation of Beam Width Parameter f Along the Normalized
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Figure Error! No text of specified style in documentariation of Beam Width Parameter Along the Normdized
Propagation Distance in Presence of Longitudinal Mgnetic Field (Blue Dashed Line) in Once and Transvee
Magnetic Field (Red Solid Line) in Other

4. RESULT DISCUSSIONS AND CONCLUSIONS

In this article, the typical parameters of lasedt pfasma are introduced as following:

The laser beam intensiti(els =1x 1G2W/cm 2) , the wavelength of pump laser
(A =10.6um )corresponding  to  angular frequer(oiy{) =1.78x 10%ad .se‘cl) , the laser beam
diametel(XO = (50,@, 70) ,um) , the plasma densitieB, = (4.8, 6.3, E)X1Olscm'3 which are corresponded to
plasma frequencias),, = (0.7, 0.8 0.9%.

The presence of magnetic field has significantuiefice on enhancement the self-focusing of lasendea be
faster and stronger. The external magnetic fielshgetries (longitudinal or transverse magnetic ji¢ldve crucial role on
the nonlinear self-focusing of Gaussian laser bélarunderstand the nonlinear behavior of laser bieaide magnetized
plasma, the equations of laser beam self-focusingéth longitudinal and transverse magnetic figids Eq.(28) and

Eq.(30) respectively) have been solved numerically.

When the longitudinal magnetic field is raised to ighh magnitudes range to
become(B =53&G ,64%G and753k):which are corresponding to th(—:u,g =0.05) ,0.06y andO@Z) respectively,

directly the RCP laser beam will undergo a nonlingglf-focusing (see figure 1). Whenever the laseam diameter

reaches to the minimum value, the natural diff@ceffect will overcome the nonolinear self-focigsend the RCP laser

| Index Copernicus Value: 3.0 - Articles can be serib editor@impactjournals.us |




| Static Magnetic Field Influence on Ponderomotive S£Focusing of Laser Beam Through Plasma 19 |

beam will diverge and so on.

In presence of transverse magnetic field, figujed@monstrates the same behavior of Gaussianbasen when
it is propagating through plasma as in case ofldhgitudinal magnetic field (figure 1) but the statof divergence and
convergence will happen slowly which it means tthat longitudinal magnetic field has greater effectpropagation of

Gaussian laser beam through plasma than transvexgeetic field.

One may conclude that the presence longitudinareat magnetic field is more effect on ponderonetbelf-

focusing comparing with the transverse externalmaéig field (see figuer3).
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