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Une of the important problems of the modern plasma physics
is the investigation of the interaction of the high~power electro~
magnetic radiation with Plasma, Such interest to thig rroblem is
mainly caused by the bossibility of plasna heating up tc high
temperature in the instgllations for CTR, Recently, due to the
broblem of the plasma particle acceleration - electrons ané ions
to very high veloecities by weans of the powerful lasers the inte-
rest to this question increased significantly. On the other hana,
studies of these phenomena helps better understanding of certain
brocesses, occuring in a 5pace plasma, where kvazars, pulsars and
other astrophysical cbjects are the sources of the powerZul 2lect-—
romagnetic radiation,

At the interaction of' the intense electromagnetic waves with
medium, the latter becomes inhomogeneous optically, The polayiza—
tion vector, dielectric constant, the index of refraction anc
other values, characterizing physical properties of =he mediumg,
become dependent of the amplitude of the incident wave, Fowerful
radiation changes the medium physical broperties, that ir ita turn
affects the wave Propagation, i.e. there is self-effect of the
wave. Unlike other nonlinear effects such as harmonics generation,
the stimulated Raman and Mandelstamm—Brillouin scattering ani
parametric Processes, where interactions take place &% siightly

differing Trequencies, the wave frequency does not change in the
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process of self-effect, and the effect is observed in the change
of its amplitude, polarization, shape of the angular and frequency
spectrun,

Out of these phenomena, however, the effect of nonlinear
refraction of the light beams, can be espacially separated by its
importance and influence upon other procesases, In the genersl case

in the nonlinear medium

n=€=8etal (e, b

“n
Where 6\7 —- y#alinear part of the dielectric conatant, al -
its nonlinear adding, n - refractive index of the medium, If
the fuetion A£ (l E |1)>0 and grows with the increase of the
Znternsity, in the range, where the intensity is maximum, the me-
dium bezomes at the same time the most opticelly dense. Generally,
the dissributions of the intensities of %the Dowerful lasers have
inhomogeneous structure, and besides the inhomogeneities arise as
Ferturbations as well. In this case noniinear refraction starts to
prevent the beam diffraction and can result in the energy concen—
tratior in the so called foeal regions - peripheral raya deviate
into the range, where the field is meximum, the central part of
the wave front is gslightly behind the reripheral one snd the wave
bacomes convergent., The tranaverse dimensions of the beam decrease
and the beaw is compressed into focal range, where almost all the
wave energy is concenbtrated. Thig phenomenon is called the bean
self-focusing, Difraction, aberration brevent the increase of the
intensity in focal boints, as well as the mechanisms of dissipation

of the energy (heating, scattering, etc,) which are small beyond
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the freus region. When nonlinear refraction and difraction conpan-
sate each other, the effective width of the beam does nob chaigs

and the wave propagates in the self-supporting waveguide. This >re-
cess is called the beam self-trapping. The beam intenaity, fo-
which difraction and nonlinear refraction are compensated, is celled
the critical intensgity of self-focusing.

If the intensity of the beam exceeds much the critical i.ten-
sity of the self-focusing, the besm has no time for self-focusing
as the unity, and breaks for narrower beams, the so called "f_le-
ments". The cause of filamentation ean be transverse to the d-rec—
tion intensity perturbation waves and certain physical paramete=s
of the mediuwm and azymuthal divergence, of the beams. Even weak
increase of the intensity in certain region leads to the energy
concentration there, and congsequently, to stronger effect of mor—
linear refraction, that increases the intensity, and the procesa
develops avalanche-like.

The idea of the possibility of self-focusing was stated by
Askarian[Zﬂ} in 1962, In works of Chiao, Garmize, Towases £2 T
Talanov [Bj} and Kelly [47] the dynamics of the process was diccussed
Tirst, and critical power, self-focusing length, thei- depende nce
upon the medium and beam parameters for the nonlinearity and the

type

=€+ &, [Ef*

have been found,

(€.>0)

Then, narrow glowing filaments and focal points have beer me=-
corded [),6]. since that time much had been done for the investi-
gation of thege phenimena, several reviews have been published

[7—10} Ureat attention to the studies of these effects jg csuasd
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by the fact, that they affect other nonlinear processes, change
their dynamics and meny quantitative relationships.

First publications [1,3] had been devoted to posaibilities
of self-focusing of electromagnetic waves in plasma, as in the
medium, where the nonlinearity is achieved at comparatively low
power of radiation end when the problem of LI'R arose, the detailed
investigation of self-focusing and filamentation in plasma became
expedient. In the irradiation experiments of Bpecial targets by
»owerful lasers, transverse inhomogencities, filaments, focal
spots [11] are observed in the Plasma corona, which are the causes
of the implosion inhomogeneity, cause the enlightening of plasma
-n certain places, affect the damping and scattering of pumping
wave, generation of strong magnetic fields. Self-focusing of the
intense laser beam can be the cause of the plasma particle accele-
Tation, cue to which one can obtain the elsctron or ion beam w1th
the energy of some MeV and higher [[127, that is rather important
for whe development of the nuclear apd elementary particle physics.

At not very high intensities of the electromagnetic waves,
the pair mechanism of nonlinearity, causing the seli~focusing and
Pilsmentation in the collisionless plasma, is striction, and in
Flasma, where particle collisions should be considered, — thermal
effects [15,143 + The striction is caused by redistribution of the
plasma particle densitlies -~ electrons and ions-under the action
of the ponderomotive force, Thermal effects are connected with
oamic heating.

Fast development of laser and UHF technology in recent years
sllow to obtain such fields, when %oﬂlao1017 + 1018 wt *cm®
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g ~ intensity of the incident laser radiation, j\ - wave-
length). To achieve thermonuclear conditions it is necescary o
inerease this parameter of radiation by an order of magnituds and
higher. The incident wave with such Parameters is sufficienzly
powerful in order to induce the relativistic effevt conneczed with

oscilbtion of electron mass in a high frequency field,

[3 IL\14: i
Yoltato 2 Lafe L
- is tle oscllla-

In the weakly relativistic case when IZ Vé/cz
{where O - is the pumping wave frequency,
tion velocity of plasma electrons) just relativistic effewt _s the
2aln ceuse of self-focusing and filameination. In thisg case the
npnlinearity is cubic, and like other cages, results, obbtuired in
general optical theory of nonlinear refraction are valid for this
case as well [14,15] » Une should only write the value of nenlinear
adding of dielectric constant for certain model of plasma,

Obviously, it is of interest to study nonlinesr refraction
in the case of arbitrary relativism. Moreover, in [16,173 it has
been shown that the soliton structure, the charscter of modulationsl
instability change, and apart, the considerable increase of the
eénergy absorption effectiveness of electromagnetic waves -n plasmé
[181 « The increased electron effective rass decreases the electron
plasma frequency and makes possible penetration of the waves in
ultradense region beyond the critical sutface of plasma [ 9_}

At arbitrary relativism, the nonlinearity is net cubic and
in this case together with relativistic effect, one shoulid taxe
into account electron striction as well. Both relativistic affect
and electron striction due to small electron inerstia works nizh

faster than orainary strictional orp thermal nonlinearities and
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caises the beam compressicn and formation of filaments.

The present paper considers specificities of the stationary
self~foccusing and filamentational instability of the relativistic
intense circularly polarized waves in transparent (w;."e < ot )
co_lisionless inhomogeneous [20] plasma, Pue %o the complexity of
the problem of the wave theory of self-focusing, the analytical re-
sults can be obtained only for some models of the medium and the
beam. Therefore, in order to obtain mor¢ detailed qualitative and
quentative results it is impossible not .o use numerical methods
of soliton of the relevant equatlions in the quotient derivaties [21].
Certain important information, however, can be obtained also without
solution of complicated equations in the framework of simpler appro-
xtrations, as for instance, in the theory of self-effect, is aberra-
tionless paraxial approximation.

As it has been shown in [17], for the waves with relativiatic
intensities, one can neglect thermal pressure of plasma electrons
as compasred with that of the field of the incident slectromagnetic
bean. Then Euler's eguation for "cold" slectrons (-T; leyxe/@nc%4<

L& I/'/i+1‘ ) is
- v Ve

,.Tj'; — — L . = _
s LA A AL

-— =P (2)
where Ve ’ Pe. ]

-

& - velocity, momentum and concentration of elect-
tons, respectively, In the high frequency field the characteristic
values of plasma and the field together with slow dependence upon
the time, contain the fast dependence as well with characteristic

- =
time ‘T ~ wy i » therefore easch of the value ﬂ“:‘—. (E’ -ﬁ)” 'ﬂ\,_)
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;7; ) Ez_) can be searched as
A=< A>+ A

where btrackets < 7 mean averaging over the time T :

| + T J
? = e '\.’ '
<A i i:{if JESS .

if the characteristic timea of self-focusing and filametation
1 F are such, that ‘l:..- <4 WPi the ions can be considered the
times of these processes as statipnary ( Y\{=Y\;) and cnly ccmpen-
sating the volume charge of the electrons. We restrict ourselves by
"unglaerdtlon of the case when constant magnetic field is;absent
E)ﬂ Q - In the cose, when all values are changing rather smoothly,

50 that inequalitie are fulfilled

%) '%' >2 \<§¢>\,‘r€)e\

(where ?\; )\,

variable and slow changing values), using the calculations, described

(2

— characteristic distances of the change of fast

in [2;—31, it follows from the equations of continuity and motion,

that

(6)
AP N / rij > -
S (Ve? )Py = - ek > ¢ (Vew) Pe

_ _E_<U7; El (7

-8 -

Q olw C‘*N>VQ> 0

r.‘._

(8)

/11 +J (4\\Q><V&>+<VIQV¢>) =0

)

Ffor circularly polarized waves, if one neglects electron non-
linearities and electron inertia, i.e, take that {-'F kg w {

it is easy to obtain from Maxwell's and Poisson's equations, that

e (10)
e<E> = Fre
(11)
?;_3-\'“0,” araJVi*I'
(12)
41&0__& -—TA {1+ T
e (13)

'
where wpe(.z M) blasma freqguency of electrons,
n.(3)= ‘\GOW(E) - 1n1t1al density distribution, '\N LE) - profile of

Plasma inhomogenelty. As it is seen from Eqns(11) and (13), quasi-
neutrality of plasma in the range of wave propagation is g_‘:&storted
and the spatial charge is caused by ponderomotive force FPQ_ « By
mesns of these equations the wave equation for fast oscillating part

of the field electric strength vector can be written as
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V{+I R (14:
studying the task of self-focusing, for the sake of simplicity,

we consider beams with Gaussian profile of intensity distribusion

=

SR TR e vt

(azx

(where Vl%:{[2+yl QA - initial effective width of tihe bean} and

assume that the beam front falls on the plasma bouniary along axis £ .

Ihen in aberrationless approximation in the stationary :ase the

strength vector ol the electric Tield can be represanted as

~—

=R i expi 907, )

(16>
. 2 z
SE R =t @ des B
A ~ (17)
I:Io££) QKPY__ YLL/C“»\Q' S_LLE)l (
18)

where I:D(E)— field intensity on the beam axis, Q)\Z) ~ curviture
ol the phase front, &‘(23 - dimensionless beam widt-,

#s 1t is shown in [22], investigation of the self-focusiay of
powerful beams in the framework of barabolic type equatior is in-
ctorrect in the range where nonlinear perturbation of the dieleztric

constant of plasma is not swail anc ellyptic type equations skould
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be solved. Taking into account the plot of longitudinal wave number
of the beam Ky{(2) y honlinear perturbation of the medium dielectr:
constant in the approximation of the wave optics (KI4Y{% > | )
for paraxial rays (V' <<a?{*) we obtain the set of squations simila:

to that given in [23), but with other dielectric constant;

Kooy = W 2 b wr@ 4
" e o) { 4T, et VAT @) (19

-9 53(2)/1(,,(2): j'? /Qh Lk T, (Z):l

(20}
, wie 1T To(4+1y) -0
A e AP TR A e
(21)
ey (L) Lgfu[*’ o G f)' ]2 0
(22)
Boundary conditions are of the form
Lo(2=0)sToo, §(zz0)24, 3(2=0)=3,
2 B
{*JQi;Q (2= 0) :w':?_ao = ﬁs]———h"-") W(2=0)= {
(23)

in equation (21) the third, the forth and the fifth terms are
specifizied by relativistic effect, electron striction and diffrac—
tion, respectively. In the case of ultrarelativistic waves (}:,>>i\
the effect of the nonlinear refraction caused by electron striction,
compensates the wave diffrection, but at the same time the relati-

vistic term, responsible for self-focusing, starts to decrease, Non-
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linearity is ssturated, Strictional nonlinearity plays a major rcle
in the determination of minimum transverse dimensions of the bezm.
Since <MNg> 2 O , the minimum effective width of the beam frcm

equation (13) is

_ - 2. T, %,
"’lrvuh "G'S“"‘“"_a EL i L T '&
W7 3/ 4T

(24)
Lven in abverrationless approximation we failed to sclve the
equation set (19)-(22) without numerical calculations. In urder rot
to have these calculation beyod the frame in our model the following

Limitations have been superimposed at numerical count

% 2. ’
Ki(2yaty Lot z< W,

Yo

£12)30.1

(23 » ic;‘k 1.02) {25)
wP“va V.L+To(_8)
where \fi ~ group velocity of the wave,

Plasma inhomogeneity affects substantially the charscter of
propazation of relativistic intense waves., For various profiles dif-
ferent modes of propagation are possible., As it is seen from Fig,
in which the plot of dimensionless beam width % ¥s %4115 given
for different characteristic lengths of plasma inhomogeneity at W-e arly
growing density rrofile, for the focusing beams (ono -gr{) the
self-focusing length Z SF with the decrease of the characteristic
length of inhomogeneity L, decreases and then grows. The further
decrease L. results in fast broadening of the beam, focused to
certaln extent, Then with the increase of the inhomogeneity the beam

starts to defocusing., In vccurs, because the dielectric constant
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decreasea due to the growth of the density, faster, than increases

on account of the relativism and electron striction

o - Wie, W 2t
f-lqzs"i Wi ﬂj—m oo WY V1 41‘0 )

As it seen from Fig.2 there are three various modes of propaga-

ticn ol electromagnetic waves for different boundary intensities'I,o
8) the beam is focused to eritical surface of plasma immediately or
after certsin initial broadening (curves 1,2), creates self-supporting
c¢henne. near bthe beam axis and penetratea inte ultra-dense plasma,
Diffractior. rings which form of peripheral parts of the beam and
have intensity less than critical, are rellecting from the critical
surface and do not penetrate into ultra-dense plasmas, In paraxial
part oI the bsam the intensity of the formed channel is almost homo-
geneous, dielsctric constant of the medium, in this range is higher
than zero, and density jump and associated ef#cts do not affect this
process. Glowing depth of plasma is limited. When the characteristic
time of self-focusing and self-channeling will become of the order

of CJ;% one should take into consideration the ion dynamics ana
assume that tae force of the nonlinear refraction will decrease and
the beam begins to broaden; b) the beam is focused to certain dimen—
sions after wiich it broadens fastly (curve 3), When at self-focusing
the intensity increases( Le(2)7>1 ) y the electron mass becomes
verg high, nonlinearity decreases and then due to inhomogeneity and
diffraction starts to predominate over nonlinear refraction; ¢) the
bean defocuses of the boundary immediately, It occurs both at small
(Ioo CIC.-D fcurve 4) and at large (1°°>IC,1) (curve 5) intensities.

In the case of arbitrary relativism we did not seccesd in ecalculation
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of these critical intensities, but estimation show that Icrﬂ_""wﬂ_a

and Icr:z_,"\" wt;e% &-\','5 - In some cases for broad beams { @ /7 >>1OZ}
when the relativistic nonlinearity exceeds much the diffraction,
electron striction can be neglected and analytical lengkh of tae
gelf-foeusing of the relativistic intense beams is found [24].
#ige2 shows that normed length of the self-focusing 2, ./a
grows with the increase of the initial width of the beam, ncrmsd
dimensions of local points being decreased, By this the self-2ncusing
of the relativistic waves differs from weakly relativistic casz (for
it a3 well as for general media with cubic nonlinearity, .ZSFNR' [25_} Yo
studying the filamentational instabllity of circularly polarized

electromagnetic waves inhomogensaus plasma for the some of sinmplicity,

We represent the pumping wave, propagating aiong axis # s &8

™12}

bond -} . A A ' £ > ‘ Oi 1
:=LE0*E(Y)ka+uy)emPqu +\ K292
“o
(2
where E—a is the electric field sr‘?ength ol the plane homagensous
wave, =(¥') - its perturbation. Substituting (27) into (143 in the

zera approximation, we obtain

W= KMt = w7 SHED

Lcl L25)
-~ &k
where I‘,— -m—z:i’z-z « In the first approximation, taking inte account

symbols of

1 EPR—
LrmSn (BoEnelE)
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I = 11(2) 0.7(..\3[_\(1‘9&*' Kj‘y_] , K:*‘K?:Ki‘ (30)

we obtain

Jir 4 - a1, Ky wre 1o
"“F;_i-*a‘?ﬂ“‘” Iz = m?@>[“f°”‘@“'1° "

diw(zy 7 -
(1)

For homogeneous plasma in the linear approximation (Ii(Z)Z
= Iw e;LP(iKa-}Z) equation (31) is easy solved., When

I, 1.4
+i+10 & 2w(2)

—

tWhe L,
KE o
e VieT, 2

tae filamentational instability develops, the growth rate of which is

1 1,
RECT (LT Y T,

>4

_ Ki‘ w\i‘Q Io
(=
(33)

The first term in square brackets corresponds to the relativis-
tic effect, the second one - to electron stricticn, and the third -
to diffraction. The growth rate reaches maximum value over Kl s when
b f ’.l».) Io VL
Lo )

(34
and 1t equals to

‘fa _-:UJEL I'o
" T ket Ty T

(35}
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In the ultrarelativistic case the therms of eguation (33), -aused
by striction and diffraction, are diminished and Y= .Eiﬁfgg-j? -
i.e. with the increase of the intenaity, the growth rate decrecBE glow—
ly, whereas in the case Y (<< { we have B ~ T « Madimug

value of E over Io is reached when

N wz
=2 “‘%@; L+ /a0 vy

If one assumes that X,C o o
Tol-40

¥rowm equation (3%) one can also find the threshold intemsity of

+ then filamentaticn will

occur more effectively when

fllamentation and critical dimensiong of the perturbation

T oL s
e A0

7 P I£
ch' :(;{'1& K /T:) -

(373

In the case of weak inhomogeneity of plasma [\/‘ i‘+ %/
/,L £< i) (31) is reduced to

17 T B N
AT, *éz-—_—“ﬁ {—-hliiéfl)rozo
Azt 9
i (39)
. N e 4
where J = L 1 ({4'l ) » This equation belongs to the Webar egua-~
tions elass and its solution can be written analytically [26?.
bguation (31) for arbitrary inhomogeneity of Pplasma was 3tLdied

numerically. Fig.3 gives plots of.ll VS5 Z  for different charecés—
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ristic lergths of plasma inhomogeneity. In the case of linearly gro-
wing profile (Fig.3a) stationary radiation becomes nonstationary with
the decrease of the inhomogeneity length, It is caused mainly by the
fact, thas with the increase of plasme density W .. pe (2) increases
and inequality (3%2) becomes to be satisfied. For linearly decreasing
inhcmogeneity profile, with the decrease of 4 unstationhary beam
becomes stationary (Fig.3b). Following from the above results, one
can cozaclule that filamentation and self-focusing of electromagnetic
waves with arbitrary relativistic intensities differs significantly
frcm nonrelativistic and weakly relativistic cases, In particular:

1. Nealinearity of the medium is not cubile.

Z2e Apart from relativistic effect on the character of wave pro-
pagation , elasctron striction also acts, that in especislly essen-
tial in the region of focus and plays a decisive role in the deter—
miraticn of the minimum traneverse dimensions of the beam,

3. When I L » ®lectron striction compensates diffraction,
but relativistic nonlinearity decreases as well,

4, Self~focusing and filamentation develops more effectively,
whea 1,e1+10

5. Plasma inhomogeneity can chany. the mode of propagation,

6. Normed length of self-foocusing depends upon the boundary
effective bear width,

7. Self-focusing and filamentation cccurs earlier than other
mechaniams of nonlinear refraction due to relativistic effect and

electron siriction,
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