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The time-stationary multifocus structure of a light beam in a medium with a Kerr type of nonlinearity is considered by taking
into account various types of nonlinear absorption in the medium. It is shown that under typical conditions the finite sizes
of the focal regions are determined by nonlinear absorption in the medium. The dependence of these sizes and of the maximal
energy density in the focal regions on the initial beam power and the nonlinear absorption coefficients is investigated.

INTRODUCTION

THE propagation of intense light beams in media with
nonlinearities of the Kerr type has recently attracted
considerable interest (see, for example,[*"]). Inl*J, on
the basis of a numerical solution of the corresponding
problem, it was shown that the propagation of a light
beam that is stationary in time with supercritical power
in the medium under consideration can cause the beam
to ‘““collapse’’ at a definite point in the medium. An
analogous conclusion was derived inf®*}. The picture of
beam propagation beyond the collapse point was not,
however, considered inf"’*], This picture was consid-
ered inl’), where it was established that a multifocus
light-beam structure is produced beyond the collapse
point. It became clear simultaneously that the capture
of the beam into a regime of self- consistent waveguide
propagation previously expected under the conditions in
questiont®] does not take place. Inasmuch as the non-
linear absorption of the different modes that arise in
real media was not taken into account explicitly in[zj,
the energy density at the focal point in the so-called
parabolic approximation (see, for example,[*™)) turns
out to be infinitely large. By the same token, only the
picture of formation of the multifocus structure of the
beam was determined int*], and the arrangement of the
foci along the beam axis was obtained, but the structure
of the focal regions and the dependence of their param-
eters on factors limiting the energy density in them
were not considered. The present article is devoted to
these questions.

1. FORMULATION OF PROBLEM

Before we proceed to a solution of concrete prob-
lems, let us discuss a number of factors that can limit
the energy density at the foci. It must be noted here
immediately that, following publication off?, many au-
thors (seel®™7) carried out, on the basis of the parabolic
approximation, numerical calculatlons of the propagation
of light beams beyond the collapse point (which is the
center of the first focus), with allowance for ‘‘satura-
tion’’ of the current nonlinearity. The dependence of the
refractive index n on the complex amplitude E of the os-
cillations of the electric field was written down, for ex-
ample, in the form

ortons | E|? (1)
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where |Eg| is the amplitude of the oscillations of the
1nten51ty of the characteristic saturating field. At |E?
< |ES| , the usual expression holds:

= ny(1 + Yoms | E|?), (2)

and leads to an infinite energy density at the focal
points. At |[Ef 2 |Eg|*, however, an important role is
assumed by the factor that takes saturation into account.
Because of this factor, the energy density at the foci
(|Ef| ) turns out to be finite, and at the same time sagis-
fies the inequality |E¢* > {Es] (see, for example,t>*]),
This inequality means that on approaching the focus, the
growth of the intensity on the beam axis stops only when
the refractive index deviates noticeably from a quad-
ratic function of the field. If it is now recognized that,
in accord w1th[ 1, the power ‘“flowing into’’ each focus

is Py~ cr’ where

P P o 2ny/8n, 1 (3)

(N, ~ 2,k = 2n/x, x = 27¢/wn, is the wavelength in the
medium, and w is the frequency of the field oscillations
in the beam), and if we also take into account the usual
relation IESI ~ 1/n, (see, for example, £3), then we ob-
tain immediately dy < A/2, where di’

= (32Pf1n2/cn0}Ef| )12 is the diameter of the focal reg-
ion, i.e., the parabolic approximation no longer holds in
the focal region. Therefore to describe the propagation
of a beam with supercritical power in the medium under
consideration (with allowance for only the saturation of
the nonlinearity), it is necessary to use Maxwell’s equa-
tions directly without going over to the parabolic ap-
proximation.

If we assume now that the finite value of the focal-
region diameter is determined precisely within the
framework of Maxwell’s equation (i.e., that df ~ 1), then
for typical media (i.e., media with n, ~ 107'—10™* cgs
esu) we obtain, with allowance for (3), the intensity I; at
the center of the focal region, namely I; ~ 10**—10"
W/cm®. At such intensities, and in most cases at much
lower intensities, essentially nonlinear absorption of
light can set in in the medium (for example, multiphoton
absorption, absorption due to energy transfer into the
stimulated scattering components, absorption connected
with breakdown of the media, ete.). The appearance of
nonlinear absorption of this type in regions of a beam
with intensity on the order of 10'°—10" W/cm® was re-
corded in many experiments (see, for example,[*°7**7),
This means that nonlinear absorption may be the main
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factor limiting the energy density in the focal regions,
(as was noted earlier int*]). In the latter case, the diam-
eters of the focal regions will be much larger than the
wavelength A, which also agrees with the experimental
results.

Under the indicated conditions, to describe the
propagation of the light beams in the medium one can
use the parabolic approximation and at the same time
the saturation of the Kerr nonlinearity is automatically
negligibly small. Therefore the dependence of the real
part of the refractive index of the medium on the light
intensity can be taken in the form (2). At the same
time, account must be taken of the intensity-dependent
imaginary part of the refractive index, due to nonlinear
absorption in the medium. We shall consider in detail
below, as factors limiting the energy density in the
focal regions, three types of nonlinear absorption:

1) three-photon absorption, 2) absorption due to energy
transfer into the first Stokes component of stimulated
Raman scattering (SRS), and 3) two-photon absorption.

2. MULTIFOCUS STRUCTURE OF LIGHT BEAM WITH
ALLOWANCE OF THREE-PHOTON ABSORPTION
IN THE MEDIUM

In this section we consider the propagation of an in-
tense monochromatic light beam of frequency w in a
medium with a complex refractive index

ﬂ=nn-i-‘/2”0(”2]E|2+imtlE|A), (4)

where n. and m, are real coefficients; the imaginary
part of this expression describes three-photon absorp-
tion in the medium. We shall assume that a parallel
axially-symmetrical beam is incident on a half- space

z = 0 filled with a medium having a refractive index (4)
normal to the boundary z = 0 (the refractive index of
the medium at z < 0 is assumed to be n;). The equation
for the complex amplitude E in cylindrical coordinates
and in the parabolic approximation assumes at z = 0 the
form

1 OE

dZ
E—f————-+21k—+k2(nz|E| 4 im | E|*)E =0 (5)
ar* r or

(the values of the electric field intensity & are connec-
ted with the complex amplitude E by the relation

= (1/2)E exp(ikz — iwt) + c.c.).

We begin the solution of our problem with the case
of a Gaussian initial intensity distribution, i.e., we put

E|.=0 = E, exp{—r*/ 2a%}. (6)

We then change over to the dimensionless variable
X = E/E, which, according to (9) and (6), satisfies the
equation

°X 1 90X

st +zzN——+(N2|X| +inlX[Hx=0 (7)

r or,

with boundary condition
X[m0 = exp{—"/or?} (8)

where 1, = r/a, z; = z/ly, Iy = a/Vn,EZ, N= Eo/E¢p, E

= 1/V/nz(ka)?, and pq = m4EoN */ne. Equatlon (7) with boun
dary condition (8) was solved numerically with a
BESM-6 computer. We used an implicit difference
scheme analogous to that employed int?) (the conver-
gence of the solution of the corresponding difference
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equation to the solution of (7) can be proved).

The values of the parameter N were specified in the
interval from 2 to 10, corresponding to an approximate
variation of the incident-beam power from P} to
27P”I’. the values of the parameter w4 were specified in
the interval 107 < we < 0.2. For different r; and z, we
derived the values of |X|?, and also the ratio of the beam
power P at the section z, to the power P, of the incident
beam

p ®
?=2'!r‘|X|2dr,.

It was established as a result that the structure of the
solution coincides with that described inl*], namely, a
finite series of foci are produced on the beam axis as a
result of successive focusing of the different annular
zones of this beam.

The process of formation of a multifocus beam struc-
ture can be easily understood by tracing the evolution
of the solution at sufficiently small values of 4 and by
continuously increasing the parameter N, starting with
the value N; =~ 2, at which the first focus occurs. The
power that flows into this focus is close to the critical
power P (see (3)). With increasing N (i.e., with in-
creasing initial power Po), the energy flux into the pro-
duced focus is not increased, and the excess part of the
energy flux goes past the focus in question, so that an
autonomous beam is produced far beyond the focus (the
energy flowing through the focus goes off from the reg-
ion of the last beam in the form of an annular wave that
diverges rapidly from the focus). So long as the power
of the produced beam remains smaller than P}, this
beam, in turn, simply diverges without any essential
singularities occurring in it. Once its power exceeds a
value close to P§) (which corresponds for the parameter
N to an excess over a certain value N> > N, and for the
initial power to an excess over the value P, > P{)),
the next focus is produced in the beam in questlon whlch
has passed beyond the first focus. With further increase
of the initial power Py, the energy fluxes flowing into the
first and second foci accordingly do not increase, and
the excess part of the energy flux passes beyond both
foci, so that an autonomous beam is again produced be-
yond them. A third, fourth, fifth, etc. focus is subse-
quently produced in similar fashion whenever the param-
eter N exceeds a certain succeeding value N3 < Ny
< N; ... (or the power P, exceeds the values Pyp < Py
<p® .. .). We note also that after they are produced
all foci approach one another with increasing N, and ap-
proach simultaneously the boundary z = 0. For large N,
the distances between neighboring foci turn out to be
much smaller than the distance from the boundary z = 0
to the first of the foci. The described structure of the
beam is illustrated schematically in Fig. 1.

For a more detailed representation of the character
of the solution and the structure of the focal regions,
Fig. 2 shows by way of an example the dependences of
the quantity |X| and of the ratio P/P, on z, at N = 6 and
e = 0.05. The three lower plots in this figure deter-
mine the function [X|? of z; on the beam axis (i.e., at
r; = 0) and on two cylinders near the axis (r; = 1/12 and
r, = 1/6) in the range of z, from 0.8 to 1.9 (the first
three foci lie in this interval). For convenience, the
indicated plots are drawn in different scales (the scale
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increases with increasing r;). The upper plot deter-
mines the dependence of the relative beam power P/P,
on z, in the same interval of z,.

We see that the dependence of [X|® on z, at r, = 0 has
three sharp peaks corresponding to three focal regions
on the beam axis. We see also that the different focal
regions have similar structures, a characteristic fea-
ture of which is that the dependence of this quantity on
z, is asymmetrical with respect to the points of the
maxima of |X|? (the rear slope of the corresponding
curves is steeper than the front slope). The plots of
|X|* against z, for r, = 1/12 and r, = 1/6 reflect the
process of focus formation and the emergence of the
indicated annular waves from the foci (this process is
denoted schematically by dashed lines in analogy with
Fig. 1). As to the transverse structure of the focal reg-
ions themselves (which is determined by the dependence
of [Xl on r, at the sections z; = Zfl, Zf2, Zf3, ..., Where
Z¢m is the point of maximum of |X|? in the m- th focal
region), the corresponding curves corresponding to the
first foci under consideration are shown in Fig, 3. We
see that the transverse structures of the different focal
regions are also similar to one another. This similarity
becomes understandable if it is recalled that all the foci
are produced by the same mechanism.

An analysis of the solution obtained for large distan-
ces from the beam axis (r, 2 1) also shows that the
annular waves diverging from the different foci (which
interfere in general with the wave traveling past the
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foci lying ahead of the section z;, under consideration)
produce in the region r; < 1 a complicated annular
structure characterized by a series of maxima and N
minima of the quantity [X|* as a function of r,. The in-
dicated annular structure appears beyond the first focus
(i.e., at z, > z¢ ). The surface bounding it is well ap-
proximated by the surface of a cone with a vertex angle
determined by the angle of emergence of the wave from
the first focus.

Let us examine now the plot of the relative beam
power P/P, against z,, shown in Fig. 2. We see that the
passage of the beam through each focus is accompanied
by a decrease of its power P by an amount on the order
of P‘“ (in the case N = 6 under consideration we have

‘”/P ~ 0.1). This decrease of the power is obviously
due to the absorption of an appreciable fraction of the
electromagnetic energy flowing into the focal region. It
is therefore clear that the energy flux Py through the
“central” section in this region (i.e., the section z,

) Should amount to only a certain fraction of P
Strlctly speaking, the quantity Py, is determined accur—
ate to the concrete method of cutting off the solution
with respect to r, beyond the limits of the focal region.
We shall henceforth denote by Xy, |° the value of |X|*
at the ‘“‘center’’ of the m-th focal region, i.e., at z,
= Zgm We have r; = 0. By P, We shall mean, for con-
creteness, the total energy ﬁllllx carried by a parallel
Gaussian beam, for which the maximum value of {E]
coincides with |E¢ [* = E§|X; [*, and which has a half-
width of the transverse intensity distribution (deter-
mined at the level [Ef [/2) the same as the corresgond_
ing half-width ag of the distribution of [E[* = E§|X|
with respect to r in the plane z, = z¢, (it is seen in Fig.
3 that the transverse distribution of the intensity in the
focal region at r; < afm/a is very close to Gaussian).
We thus put

C"’OafmzlEfmlz —

MIXfml Tm pw 9)
81In2

NZln2 %7

where rg, = ag. /a and Niln2 ~ 2.7. Calculations of
P¢p,, carried out in the entire considered range of val-
ues of N and 4, and also for all numbers of the focal
reglons yielded practically the same value, Pgp,

~ (2/3)P} (wWith absolute accuracy 0. 025P‘”)

The dependence of ]Xfml on the parameter La for
sufficiently small values of this parameter is close at
all values of N to inverse proportionality (|Xfm5
~ 1/u4). For a more accurate representation of the
character of this dependence, Fig. 4 shows a plot of the
function |Xg |* against 1/.4 at N = 6.

As to the total number of foci in the beam and their

Py =
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positions along the z, axis, these quantities depend in
general on N and p4. At sufficiently small values of 4,
however (corresponding to a pronounced multifocus
structure in which the values of |X; [ are sufficiently
large), the positions of the foci z¢, depend little on 4
and are close to the positions of the foci obtained inf?]
for the case of a vanishingly small absorption of the
medium"’. The positions of the foci on the z, axis re-
main strongly dependent in this case only on the param-
eter N. Figure 5 shows a family of curves determining
the dependence of z;,,, on N. The value of the parameter
wqe for each N was chosen such as to make |Xﬂ] ap-
proximately equal to 170, i.e., to make it sufficiently
large (a plot of the corresponding values of the ratio
wa/N? against N is also shown in Fig. 5). For compar-
ison, Fig. 6 shows an analogous family of curves ob-
tained inl*J. We see that these curve families have a
similar character and the quantitative differences be-
tween them are small (these differences appear mainly
for foci with large numbers). The reason for the exis-
tence of these differences is the fact that for the as-
sumed values of 4 the power absorbed in the intervals
between the neighboring focal regions, while small, is
nevertheless comparable with the power absorbed in

D Although the nonlinear absorption in the medium was not taken
into account explicity in [?], the implicit difference scheme employed
for the numerical calculations (of first-order accuracy in z, ), as is well
known, introduces by itself a certain absorption. If the steps of the dif-
ference scheme are made sufficiently small, this absorption becomes
vanishingly small in regions not containing singularities of the approxi-
mated function, and, generally speaking, the absorption remains finite
at the points of discontinuity of this function.

DYSHKO, LUGOVOI and PROKOHOROV

the focal regions themselves (see Fig. 2). With decreas-
ing u4, the power absorbed between neighboring focal
regions decreases, and the positions of all the foci ap-
proach the positions determined by Fig. 6.

The results shown in Figs. 4 and 5 also make it pos-
sible to estimate (at small values of 4 and large N) the
energy density at the center of the first focus. It is easy
to see that at us < 1/25 (i.e., |[Eg[° 2 200Ef) and N 2 4
(i.e., Po 2 4Pg}), the absolute value of this density at
the center of the first focus becomes practically inde-
pendent of the initial beam power, and the correspond-
ing value of |E[* is determined by the formula

[Eg|* = 0457,/ m,, (10)

i.e., it is determined only by the constants n; and my4 of
the medium. Accordingly, the value of the diameter
dg = Zafl of the focal region is also determined only by
these constants:

dey = LAAYm ] na. (11)
In concluding this section, we note that the consid-
ered picture of beam propagation in the medium in ques-
tion remains completely the same also for the case of
beams with other ‘‘smooth’’ initial intensity distribu-
tions in the cross section.

3. MULTIFOCUS STRUCTURE OF LIGHT BEAMS
WITH ALLOWANCE FOR THE FIRST STOKES SRS
COMPONENT

A consistent description of the considered process of
light-beam propagation with allowance for the SRS
phenomenon in the medium entails, generally speaking,
difficulties connected with the need for taking into ac-
count the 6-correlated priming sources of the scattered
(Stokes) radiation that are distributed in the medium
(see [**]). We consider therefore only a model situation,
wherein the energy is transferred from the main beam
only into one first Stokes SRS component, which, in
turn, is initiated by a determined monochromatic
““priming’’ beam incident, like the main beam, from the
outside on the boundary z = 0 of the medium in question.
If the Kerr effect is taken into account for the first
Stokes component, then, owing to the proposed coher-
ence of this beam, autonomous focal regions could be
produced in the beam. We therefore take the Kerr
effect into account for the main beam and do not take it
into account with respect to the beam of the first Stokes
frequency. Both beams are assumed to be axially sym-
metrical. In most cases of practical interest, one can
also neglect the change of the population of the funda-
mental vibrational state of the molecules of the medium.
We thus arrive at the following system of equations (in
the parabolic approximation) for the complex amplitude
E, pertaining to the main beam, and the complex ampli-
tude E-,, pertaining to the beam of the first Stokes fre-
quency:

°’E 1 0E 4nT
-0—2+——+2k—+k2( B i L) E =,
' (12)
0°E_ 1 6E 0E_,
— —-—*Lén—I‘|E|2E_‘a~O
ar r aJaz

Here k-, = 277/)\»1, Aoy = 27c/wony; W = W — W, is the
first Stokes frequency; w, is the frequency of the vibra-
tional transition of the medium with which the SRS proc-
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ess is connected; T = 32 NoQo/ 287" HAw; Q and Aw
are respectively the cross section and the width of the
spectral line of the ordinary (spontaneous) Raman scat-
tering; Ny is the density of the molecules of the med-
ium; the values of the electric field intensity &.; are
connected with the complex amplitude E_; by the relation
&y = Y:E_;exp(ik-;z — iw,t) + c.c. The term with the
coefficient I" in the first equation describes the positive
absorption introduced into the main beam by the field of
the first Stokes component. The term with the same co-
efficient in the second equation describes the negative
absorption introduced into the Stokes-frequency beam
by the field of the main beam.

The system (12) will be considered below under the
conditions

EI =0 = E, exp{—T2 / 2az)y E—i!z=o =FE_y, exp{—r’ / 202}, (13)

which signify a Gaussian initial distribution of the inten-
sities of both beams with identical radius of this distri-
bution and a plane phase front of these beams in the
initial section. Introducing the dimensionless quantities
the preceding section and also the notation

_ E_, k_ -
H=ka|/4ir—Eo, Y=-2, g="2t202
ne* E, k ®

we arrive at the following system of equations for the
dimensionless quantities X and Y:

X
+rL0r +2;N——+ (M| X|*+iH*|Y|*)X =0,
sy (19)
- LRAMEE 8 +2LN§——-—-L§2H |X|?Y =0
Ty ry or,
with the boundary condition
X|imo =exp{—1r%}, Y|.oo=aexp {—'or3}, (15)

where o = E_,,/E, is the ratio of the initial field inten-
sity on the axis of the priming beam to the initial inten-
sity of the field on the axis of the main beam. The quan-
tity « in all the foregoing calculations was assumed
equal to 10™, corresponding to an intensity ratio 107%;
the value of £ determined by the ratio of the first Stokes
frequency to the frequency of the main beam was as-
sumed to be 0.9; the values of N and H were specified
independently of each other in the interval from 4 to 10.
As a result of the performed series of calculations
it was established that for each value of N there exists
a value H = H_(N) such that at H < H . the solution is
a multifocus structure in which the positions of the foci
coincide well with the positions of the foci determined
by Fig. 6, and the energy densities at the center of the
foci turn out to be infinitely large. At H > H, . the solu-
tion is completely defined (bounded) in the entire region
z, = 0. In the latter case, if H exceeds H,. only slightly,
then the obtained solution also represents a multifocus
structure, in which the positions of the first few foci
differ only little from the positions of the corresponding
foci on Fig. 6. The values of the energy density |X;, |°
in the focal regions at such values of H are determined
by the following character of the interaction of the main
and Stokes beams; in the layer of the medium from the
initial plane z, = O to the first focal region, the intensity
of the Stokes component (|Y[?) increases rapidly (ex-
ponentially because of the gain), but nevertheless, owing
to the small initial values, it remains much smaller
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than the intensity ([X|2) of the main component. By the
same token, the presence of SRS does not prevent the
formation of a focal region, which becomes manifest in
the form of a sharp maximum of the quantity |X|* as a
function of z, at r; = 0. In focal region itself, the Stokes
SRS component turns out to be comparable in intensity
with the main component. Inasmuch as in this case the
width of the transverse distribution of the intensity Y[
of the Stokes component turns out to be very small (as
does also the width of the transverse distribution of the
main component IX[Z), the intensity of the Stokes com-
ponent on the axis decreases substantially beyond the
first focal region, owing to the diffraction divergence,
and by the same token, the formation of the next focal
region becomes possible. However, the indicated dif-
fraction decrease of the Stokes-component intensity be-
yond the first focus is much slower than its growth
(which is exponential) in the region ahead of the first
focus. Therefore at the start of formation of the second
focal region, the Stokes component turns out to be much
more intense and limits the energy density X[ in thls
region more effectively. Accordingly we obtain I)(f2

<K |Xf1 . The influence of the first Stokes component
becomes manifest to a still greater degree in the forma—
tion of the third focal region, as a result of which IXf 2
<X, |?. With further increase of z;, the energy flux in
the Stokes beam may turn out to be so large that further
formation of focal regions becomes impossible, owing
to the excessively large absorption in the main beam,
when the tendency for the intensity to increase on the
axis upon formation of the focus is completely sup-
pressed by the absorption. Therefore the total number
of foci will in general be smaller than in the case when
there is no Stokes beam.

Figure 7 shows by way of an example plots of the
function |X|? against z, at N=6, H = 1.04H . (H, .~ 7).
The three continuous curves in this figure determine the
function |X|? of z, respectively on the beam axis (i.e.,
at r, = 0) and on two cylinders r; = 1/12 and r, = 1/6 in
the z, interval from 0.8 to 1.9. Each of the indicated
plots is drawn in the same scale as the corresponding
plot in Fig. 2. The dashed lines in Fig. 7 denote schem-
atically the formation of the foci and the emergence of
annular waves from them (in the example considered
here, the total number of foci in the main beam is equal

7 7 7a)
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to three, and all three foci lie in the given interval of
z,). It is interesting to note that the interference be-
tween the annular wave emerging from the second focus
and the wave traveling past this focus at r, = 1/6 and

z; ~ 1,132 leads in the present case to a deep trough in
the relief of the intensity |X|® (see Fig. 7).

We note also that the power Py flowing through the
central cross section of the m-th focal region is prac-
tically the same (with absolute accuracy 0.01Pg}) in our
example for all three focal regions namely Py

~ 0. 7P(” Taking this into account and starting from the
values oxf [Xfm[ determined by the plot of Fig. 7, we
can easily determine also the transverse dimensions of
the corresponding focal regions. We see that these
dimensions increase rapidly with increasing number of
the focus, owing to the rapid decrease of |X, |* with
increasing m. For this reason, when a similar picture
is experimentally observed, it is possible to register
only one (the first) focus, if the sensitivity of the receiv-
ing apparatus is insufficient for the registration of reg-
ions with much lower energy density.

4. MULTIFOCUS STRUCTURE OF LIGHT BEAM WITH
ALLOWANCE FOR TWO-PHOTON ABSORPTION IN
THE MEDIUM

If the main mode of absorption in the medium is two-
photon absorption, then the imaginary part of the com-
plex refractive index n of this medium is proportional
to [E|*:

n=nu+l/ZnO(nzlElz-{-imglElz)_ (16)

Here n; and m; are real coefficients. The propagation
of an axially symmetrical light beam in the medium
under consideration with boundary condition (6) is des-
cribed in the parabolic approximation by the following
equation for the quantity X = E/E:
%+ %%4—2N—_+ (V| X]? 4+ i X)X =0
with boundary condition (8). We have introduced here
the notation from Sec. 2, and also p» = meN*/n,.
Equation (17) was solved at different values of N and
pz. As a result of the performed series of calculations,
it was established that in the (N, p2) plane there exists
a curve puz = pzer(N) such that when p, < pzop the solu-
tion is a multifocus structure with infinitely large values
of the energy density at the centers of the foci (similar
to the case H < H,,. in the preceding section); when
L2 > lzer, the solution is perfectly defined in the region
z, = 0. In the latter case, if the value of y; does not
greatly exceed the value of u,., (for example p,q.,. < p,
< 24,0p), then the obtained solution is also a multifocus
structure. A feature of this structure, however, is the
fact that the positions of the foci in it differ greatly from
the positions of the foci determined in Fig. 6 for the
case of a vanishingly small absorption of the medium.
This difference is due to the fact that two-photon ab-
sorption is vanishingly small only at sufficiently low
values of the coefficient uz, whereas when p, > paer
this absorption is always finite, i.e., the power absorbed
between neighboring focal regions (and in the interval
from the initial plane z; = 0 to the first focal region)
will be finite. For the same reason, the total number of
foci is also noticeably smaller than in the absence of
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two-photon absorption in the medium. Nonetheless, the
mechanism of formation of the foci themselves and the
structure of the beam turn out to be the same as in the
case of vanishingly small absorption of the medium.

Figure 8 shows three plots of |X|? as a function of z;
for r, = 0, 1/12, and 1/6, respectively; N =6 and p.
= 2.6 (Uyer < 2.6 <2p,cp). Each of these plots is drawn
in the same scale as the corresponding plot in Fig. 2.
The first two foci lie in the interval 1 < z, < 2.1 shown
in Fig. 8. Comparing Fig. 2 and Fig. 8, we see that
qualitatively, the features of focus formation and of the
emergence of annular waves from the foci are the same
in the cases of two- and three-photon absorption. The
dependence of the relative beam power P/ P, on z,,
represented by the upper plot in Fig. 8, also shows that
the power absorbed in each focus is on the order of P'".
In addition, an appreciable fraction of the beam power
is absorbed in the interval between the initial plane z;
= 0 and the first focal region and between neighboring
focal planes. Calculation of the power P, flowing
through the central section of the m-th focal region
yielded P ~ 0.61 P{) and Py, ~ 0.66P ).

As to the posmons of the foci Zgm on the z, axis,
these quantities depend on the parameters N and p..
Figure 9 shows a family of plots of z;,, against N for
certain selected values of yu.. The values of ., were
chosen for each N such as to leave the quantity ]XHI2
constant at approximately 110. A plot of the correspond-
ing ratio we/N? against N is also shown in Fig. 9. Com-
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paring Figs. 5 and 9 (or Figs. 2, 7 and 8) we see that in
two-photon absorption the distances between the foci in

the multifocus structure can be significantly larger than
in other types of nonlinear absorption.

DISCUSSION OF RESULTS

The foregoing results show that propagation of an
intense light beam in a large number of material media
with nonlinearities of the Kerr type leads to the occur-
rence of a multifocus structure of this beam. In accord-
ance witht™J, the concrete form of the nonlinear absorp-
tion in the medium determines only a number of quanti-
tative characteristics (the values of the energy density
in the focal regions, the dimensions of these regions,
their number, and their relative placement). At the
same time, the qualitative picture of beam propagation
turns out to be independent of the types of absorption
under consideration.

A multifocus beam structure is certain to arise in
those cases when the nonlinear absorption of the medium
becomes manifest only in the focal regions and does not
exert a direct noticeable influence on the remaining reg-
ions of the beam, and without preventing, in particular,
the formation of the focal regions themselves. It has
been shown in Sec. 2 that this condition is satisfied by
three-photon absorption at sufficiently low values of the
coefficient m4 (see (4)). This condition will obviously
be satisfied also by four-photon, five-photon, etc. ab-
sorption at sufficiently low values of the corresponding
coefficients mg, mg, etc. For the case of k-photon ab-
sorption (k = 4), expressions (10) and (11), which deter-
mine the energy density and the diameter of the trans-
verse distribution of the intensity in the first focal
region, can apparently be generalized as follows:

0.15n, ) /=)

Mop—2

lEf1|2~(

Mop—2
dgy ~.0.151 [--—___
fl (0.15m5) "

The examples of other types of nonlinear absorption
considered in Secs. 3 and 4 also show that a multifocus
structure of the beam can also arise in the case of
large absorption outside the focal regions. In the latter
case, the total number of foci and their disposition on
the beam axis depend significantly on the power ab-
sorbed outside the foci.

It is also of interest to note that it follows formally
from expression (11), under the condition vm, < n,
that d, S A. The latter means that this expression
cannot be used at vm,; < n, since the initially assumed
parabolic approximation is no longer valid. If we also
disregard other types of nonlinear absorption, then the
picture of beam propagation will be described by

] 1/(2h—4)
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Maxwell’s equations, within the framework of which
there should appear a wave reflected from the collapse
point either backward or at large angles to the beam
axis. With respect to the wave passing through the col-
lapse point, this reflection will obviously be equivalent
to nonlinear absorption (which appears only when the
transverse dimension is of the order of A). One can
therefore expect a multifocus structure of the light
beam to appear also in the absence of a true nonlinear
absorption in the medium.

In conclusion, we call attention to the fact that the
foci form a dense chain on the axis at very large super-
critical powers of the incident beam. It follows from the
investigation reported above that at such powers, and
even at the previous small values of the nonlinear ab-
sorption coefficient, the neighboring focal regions over-
lap, i.e., a finite chain of ‘“‘merged’’ foci is produced.
This chain differs in principle from a waveguide in that
no wave propagates in it and in that it does not exist
separately from the remainder of the beam. In this
chain there occurs a practically continuous absorption
(on the z axis) of electromagnetic energy that flows into
it from the beam regions off the axis.
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