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The propagation of a light beam in a plasma is accompanied by the flow
of current due to the action of the light pressure. The resultant magnetic
field influences the refractive index of the plasma and can lead to self-
focusing. We derive expressions for the threshold self-focusing power and
for the focal length.

PACS numbers: 52.40.Db

The propagation of a light beam in a plasma can be accompanied by the flow of
current due to the action of the light pressure.""* The magnetic field resulting from the
flow of the current will influence the refractive index of the plasma, and this can lead
to self-focusing. We obtain here expressions for the threshold self-focusing power and
for the focal length.

The current density j, due to the action of the light pressure is determined from
the equations of motion of the electrons and ions and from the momentum conserva-
tion law written down under the assumption that the ponderomotive forces due to the
gradients of the light-beam intensity are small:
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where E_ and B, are the electric and magnetic fields of the light wave, v is the frequen-
cy of the electron-ion collisions, s is the Poynting vector, u is the absorption coeffi-
cient, /V is the electron density, v is the velocity, and p is the pressure. The subscripts e
and i refer to the electrons and ions. We introduce a cylindrical coordinate system
(r,¢,2) whose z axis coincides with the optical axis of the beam. Solving the system (1)
and averaging over a time segment much longer than the period of the light wave we
can write for the projections j,=(j,),, u ,={V ., ),, and u , =(v ),
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where M*=M+zm and W={s), is the intensity of the laser radiation. From (2) and
(3) we see that the momentum of the electromagnetic radiation (uW/¢) is transferred
almost entirely (accurate to terms zm/M) to the ions in the presence of electron-ion
collisions. Equation (4) shows that a current due to the light pressure can flow in the
plasma. The first term in the right-hand side of (4) is j, while the second term de-
scribes the diffusion contribution to j,. It follows from (4) that j—0 as u—0. The
relaxation time of j; is equal to v'. In the case when W varies slowly enough with time
(W W<v), the expression for j, takes the form j,= —ueW/mcv. Using this expression
for an axially symmetrical beam with radius o and assuming that W does not depend
on r (at r<p) we obtain for the magnetic field B the relation B=_2meu Wr/mc*v, which
is valid at r<p. The direction of the magnetic field B coincides with the direction of the
magnetic field of the current flowing along the z axis counter to the laser beam, and is
thus always perpendicular to the wave normal. In this case birefringence is produced
in the beam and we can write for the refractive indices # and the absorption coeffi-
cients 4 in the case E.1B the relations™

n2=1_a(l—a); #=Va[(l—»a)2+B]' )

l-a-8 nec[l-a- 81

where a=w}/ 0> =N/ N ; B=w%/®? w,is the electron plasma frequency, w is the
Larmor frequency, and N, is the critical density. The expressions presented for n and
4 are valid if the 1nequa11ty l—a—pB>v/e is satisfied. Assuming in addmon
p<(1—a)’, we simplify the expressions for #» and u:
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Since B reaches a maximum near the beam boundary and B=0 on the beam axis, n
increases in the case E_LB towards the beam center, and conditions favoring self-
focusing are produced. We note that in this case the connection between the change
4n of the refractive index and the power density W has a nonlocal character, in
contrast to the well investigated cubic media with nonlinearity of the Kerr type. The
problem will hereafter be solved for laser radiation with circular polarization. In this
case the vector E_ at any point over the beam cross section can be resolved into two
components of equal magnitude, one parallel and the other perpendicular to the mag-
netic field. The birefringence of the light should lead to formation of two coaxial light
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beams of equal intensity, in one of which (S,) the vector E_ is everywhere parallel to
the magnetic field, and in the other (S,) it is perpendicular to the field. The beam S, is
capable of self-focusing, whereas the beam S, diverges as the result of diffraction. To
estimate the self-focusing threshold power P, we neglect the contribution of the light
pressure of the beam S, for the diameters of the beams S, and S, can differ greatly in
the course of the propagation, both as a result of the self-focusing of the beam S, and
as a result of the diffraction divergence of S,. Following'’, we estimate the threshold
power by equating the half-value angle of the diffraction divergence of the beam S,
A gier,=1.224./4pn to the critical glancing angle in total internal reflection

Ady,= vV af3 /(1—a). Expressing B in terms of W, we determine P_, from the relation
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We write down the equation of the trajectory of the light rays in the form
Rr..=—(1+4r2)?? where R=n(dn/dr)" is the radius of curvature of the light rays.

Usmg Eq. (6), we obtain R —-yz/r, where y=m’cvo(l —a)/2me’u W\/ a . Assuming
r2&l(p2<f?) , we can write r ,.+y?r=0, from which it follows that f can be estimat-
ed from the relation f=(7/2)y(0). Recognizing that /> as P — P, and substituting
the values of the constants, we write

1 =
f 03231_\/_.__?_, (8)
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With increasing z, the power P=P,e#* decreases because of the inverse-bremsstrah-
lung absorption of the light. If the self-focusing is not to be stopped by the light
absorption, it is necessary to satisfy the inequality f<u" InP,/P,,, which, given a, P,
and v, imposes the following limitation on the initial beam radius:
1.22¢2
pl ¢ === (P, /P, = 1) In(P, /P, ). ©)
awv
We note that at the beam boundary the magnetic field increases with decreasing z
in accordance with the expression
2nepW exp(~pz)
B (p) - 5 P ~ e
vme plz)
as p—0 (z—f"). However, with increasing B the condition S<(1—a)* is violated and
the absorption coefficient i begins to increase, thus limiting the subsequent increase of
the magnetic field. The maximum value of B can be estimated from the relation

B=(1—a)
We present a numerical example: for Po=10" W; v=10" sec; o =1.8X 10" sec™;
a=N/N_=0.9, calculation by formulas (7)—(9) yields

P, =100w; p_<
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Under these conditions, the magnetic field reaches a value 10 MG. The expressions for
fand P, were obtained under the condition that ¥ does not vary over the beam cross
section. Similar calculations for a beam with a Gaussian profile of the power density
W=W,e~"/7 lead to the following expressions for the threshold power P, and for the
value of the focal length f'.
PLo~16P o [ ~f(l+ rp?) .

A more correct calculation of the self-focusing process (in particular, the structure of
the focal region) and of the maximum values of the magnetic field for the proposed
mechanism calls for the use of a computer. Since the considered effect depends strong-
ly on the proximity of N to N, the possibility of observing it in a laser plasma is
determined to a considerable degree by the gradients of the electron density near N_,.
We note at the same time that the foregoing analysis is valid when the wavelength of
the laser radiation in the plasma is less than the diameter of the light channel. When
N, is approached, this condition is violated, a fact that must be taken into

cr

consideration.

In conclusion, the authors are sincerely grateful to V.N. Lugovoi for a discussion
of the work and for useful remarks.
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