
PHYSICAL REVIEW A, VOLUME 61, 033806
Effect of four-wave mixing on induced waveguiding

D. Bortman-Arbiv, A. D. Wilson-Gordon, and H. Friedmann
Department of Chemistry, Bar-Ilan University, Ramat Gan 52900, Israel

~Received 12 July 1999; published 11 February 2000!

We study the waveguiding induced in a weak probe propagating in a medium of two-level atoms driven by
a copropagating strong pump. We show that when the transverse profile of the pump exhibits solitonlike
oscillations, similar oscillations can be induced in the transverse profile of the probe. When the probe waist size
is initially narrower than that of the pump, the probe adjusts its width after a short propagation distance, to that
of the pump. We show that the effect of the weak beam, which is created during propagation by four-wave
mixing, on the waveguiding of the probe, becomes important when the medium is optically thick. This
suggests that the importance of four-wave mixing in modifying induced waveguiding should be considered in
other waveguiding schemes.

PACS number~s!: 42.65.Sf, 42.65.Tg, 42.65.Wi
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I. INTRODUCTION

We have previously shown that under suitable conditio
a weak nondegenerate probe beam propagating in a Dop
broadened two-level atomic medium can exhibit spatial s
tonlike behavior due to the effect of a strong copropagat
resonant pump beam@1#. This behavior persists as long a
the Rabi frequency of the pump remains strong enough
maintain lossless propagation of the probe. However,
pump beam experiences reshaping during propaga
mainly due to nonlinear absorption, thereby limiting the so
tonlike propagation of the probe in the medium. Manas
and Gross@2# have also investigated induced focusing o
weak probe. They studied a three-levelL system, in which a
weak probe interacting with one leg of the system exp
enced focusing due to the interaction of a strong pump w
the second leg of the system. More recently, Truscottet al.
@3# demonstrated experimentally the waveguiding of a we
probe, interacting with one transition of atomic rubidium
due to the influence of an intense pump centered on a di
ent atomic transition. The waveguiding was achieved by c
ating a transverse refractive index profile for the probe si
lar to that of an optical fiber. The atomic system w
modeled as a three-level V system. In order to create
steep-sided refractive index for the probe, a pump beam w
a doughnut intensity profile, and peak intensity of 280 tim
the saturation intensity of the rubidium vapor was require

In this paper, we investigate the waveguide effect crea
by a strong detuned pump beam, propagating in a medium
two-level atoms, on a copropagating detuned weak probe
this scheme, the pump acts as a spatial soliton in the s
that its transverse intensity profile displays oscillating spa
behavior due to the interplay of self-focusing and diffractio
The conditions for realizing such a spatial soliton have b
extensively explored@4–7#. One major concern is the effec
of absorption, which is generally present in experiments
tends to damp the predicted effects. In the system consid
here the pump is hardly absorbed since it is far from re
nance with the atomic transition. We show that an incid
weak wave copropagating with this strong pump may ex
rience waveguiding because of the influence of the pu
beam. Moreover, we show that this waveguiding is robu
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an incident Gaussian probe beam, of width smaller than
of the pump profile, exhibits a pattern on propagation wh
almost completely follows the oscillations carried out by t
pump profile. This occurs after an initial propagation d
tance through the medium in which the probe profile adju
its width so that it almost matches that of the pump profi
However, an analysis of the waveguide effect that is sim
to the description given by Grosset al. @2# and Truscottet al.
@3# for other systems, misses the contribution of an import
effect, namely four-wave mixing. It is well known@8–10#
that in a copropagating configuration, a weak beam is crea
by the process of four-wave mixing, in addition to the inc
dent strong pump and weak probe beams. The influenc
this weak generated beam, which copropagates through
atomic medium with the incident pump and probe beams,
the waveguiding of the probe has not been considered be
~see, however, Ref.@11#!. We show here that the effect of th
wave created by four-wave mixing is significant,even for
configurations with large phase mismatch. We find th
whereas the waveguide effect is essentially unlimited wh
the effect of four-wave mixing is ignored, it becomes s
verely limited when the effect of four-wave mixing becom
dominant. This occurs when the probe is enhanced bec
of parametric coupling to the weak generated wave, to
extent that the probe intensity becomes of the order of
intensity of the pump, thereby violating the basic assumpt
of the probe being much weaker than the pump. We sh
that by a proper choice of parameters, the weak gener
wave can be forced to remain small during most of t
propagation distance through the medium, so that the wa
guide effect can be clearly discerned.

II. DYNAMICS OF PUMP-PROBE PROPAGATION

We consider the interaction between an incident cw el
tromagnetic field of the form

Ẽ~r ,t !5 (
Q5L,P

ẼQ~r ,t !5 (
Q5L,P

EQ~r !e2 i (vQt2kQ•r )1c.c.

~1!

and a medium consisting of two-level atoms.EL(r ) and
EP(r ) represent the slowly varying envelope amplitude
©2000 The American Physical Society06-1
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the strong pump field and the weak probe field, respectiv
and vL and vP are the pump and probe frequencies w
wave vectorskL and kP . The two incident laser beam
propagate in thez direction through the atomic medium. Th
dynamics of these two beams as they propagate in a no
ear medium is determined by solving the coupled Maxw
Bloch equations. These equations have been used to des
various phenomena, such as the induced focusing of a w
probe in an atomicL system due to the influence of a stron
pump@2#, and the induced focusing and deflection of a we
beam in a self-defocusing medium, due to the presence
strong pump beam@12,13#. However, these descriptions n
glected the possible influence on the propagation of the w
probe due to four-wave mixing. It is well known that o
propagation, a new weak beam is created by the proces
four-wave mixing, which copropagates with the incide
beams through the medium. Here,EM(r ) represents the
slowly varying envelope of the new weak beam of frequen
vM52vL2vP and wave vectorkM . Boyd et al. @8# found
that this weak created wave can be significantly amplifi
during propagation under appropriate circumstances. The
fluence of this generated weak wave on the propagatio
the incident probe is large when phase matching conditi
are met. When the mismatch is large, the propagation of
two weak beams, that is, the incident probe and the ge
ated weak beam, is usually considered to be decoupled@9#.
However, we have found thateven for a large phase mis
match, the coupling between the probe and the gener
beam cannot be ignored when the beams propagate thr
long distances in the medium. We therefore infer that it
not possible to assumea priori that four-wave mixing has a
negligible effect on the propagation of the probe, even
large phase mismatch, and include terms that take this e
into account in the dynamical equations.

Having established the importance of the effect of
generated beamEM on the characteristics of the system, w
now turn to the dynamical equations. The intensity of t
three beams as they propagate is determined by solving
coupled Maxwell-Bloch equations@9#

2¹2ẼJ~r ,t !1
1

c2

]2

]t2
ẼJ~r ,t !52

4p

c2

]2

]t2
P̃J~r ,t !, ~2!

where P̃J(r ,t), with J5L,P,M , is the induced polarization
of the medium which can be calculated from the dens
operatorr̂

P̃5N^m̃&5N^Tr~ r̂m̂ !&, ~3!

whereN is the atomic number density andm̂ is the dipole
moment operator. The medium consists of two-level ato
with lower level ua& and upper levelub& and resonance fre
quency v0. For this two-level system, the density matr
elements are calculated from the steady-state Bloch e
tions ~see, for example, Ref.@14#!. Assuming the paraxia
approximation, the coupled amplitude equations take
form
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]

]z
UL5

i

4LD
¹ r

2UL1
i

LNL
aL~ uULu2!UL , ~4!

]

]z
UP5

i

4LD
¹ r

2UP1
i

LNL
aP~ uULu2!UP1

i

LNL
kP~UL

2!UM* ,

~5!

]

]z
UM5

i

4LD
¹ r

2UM1
i

LNL
aM~ uULu2!UM

1
i

LNL
kM~UL

2!UP* , ~6!

where we have introduced the normalized variables

j5x/A2w0L , UL,P,M~j,z!5AL,P,M~j,z!/A0L . ~7!

HereA0L
2 is the dimensionless peak intensity of the incide

pump, and 2AL,P,M5mT2EL,P,M /\ are the dimensionles
pump and weak beam Rabi frequencies, respectively,T2 is
the transverse decay time, andm is the transition dipole mo-
ment. In Eqs.~4!–~6!, the parameterLNL5\/pkNm2T2 is a
characteristic length indicating the strength of the nonlin
term. Note that the definition of the parameterLNL is differ-
ent from that defined for a Kerr-type medium@12#, since it
does not depend on the pump laser intensity.LD5kw0L

2 is
the diffraction length withw0L being the initial spot size of
the pump transverse profile. Note that we have restricted
analysis to one transverse dimension only@13#, that is, we
have considered diffraction effects only in thex direction.
The wave vector is given byk5ukJu.vL /c and the coeffi-
cientsaJ andkP,M are given by~see Ref.@9# for full expres-
sions!

aJ5rba~vJ!/AJ , J5L,P,M , ~8!

kP5rba~vP52vL2vM !/AM* , ~9!

kM5rba~vM52vL2vP!/AP* . ~10!

The coefficientsaJ account for self-induced absorption an
refraction of the pump, and for cross-induced~pump-
induced! absorption and refraction of the probe and the c
ated weak beams. The termskP,M provide the coupling for
parametric mixing of the weak beamsUP and UM . These
complex coefficients determine the propagation conditions
the pump, probe, and the four-wave mixing beams. In p
ticular, the choice of parameters such as pump and pr
detuningsDL andDP , the rate of collisional dephasing 1/T2
and the pump Rabi frequencyAL , determines the transvers
variation ofaJ andkP,M . The aim of the present work is to
show that under appropriate conditions, a self-focusing pu
beam, which undergoes solitonlike cycles of focusing a
spreading along its propagation path in the medium, can
duce a waveguide effect in a copropagating probe. Moreo
we show that the weak beam that is generated by four-w
mixing playsa non-negligible rolein this system, and has to
be taken into account. We find that as long as its behavio
6-2
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EFFECT OF FOUR-WAVE MIXING ON INDUCED WAVEGUIDING PHYSICAL REVIEW A61 033806
not dominated by parametric enhancement, the probe foll
the behavior of the pump and exhibits similar cycles of
cusing and spreading.

In a previous publication@1#, we showed that for a judi-
cious choice of parameters, a nondegenerate probe can
come confined along the propagation path through the
dium, due to the effect of a resonant pump beam. This ef
can be obtained when two requirements are met. First,
probe absorption, which is proportional to ImaP , is small
and, second, the refractive index, which is proportional
ReaP , leads to a converging wave front by inducing focu
ing of the probe. The first requirement was fulfilled by e
ploiting the unique properties of the dead zone, which
obtained for Doppler-broadened atoms when the Dop
width is larger than the generalized pump Rabi freque
(DL

214VL
2)1/2 with VL5AL /T2, so that the stimulated emis

sion of atoms with Doppler-shifted detunings smaller th
the Rabi frequency is cancelled by the absorption
Doppler-shifted atoms with detunings larger than the R
frequency. These cancellation effects do not exist for
nonlinear probe refractive index so that it survives Dopp
broadening. Thus, the dead zone has the unique advanta
almost zero absorption of the probe accompanied by r
tively large values of its nonlinear refractive index@15,16#.

The second requirement concerns the induced focusin
the probe. This induced focusing is essential for probe c
finement, as well as for waveguiding of the probe which
described in this paper. We therefore discuss this subjec
detail. The induced focusing is determined by the nonlin
refractive index, which is usually written in the form

nP5n01n2I , ~11!

wheren2 is a constant for the case of a Kerr medium@17#
andI is the intensity. The Kerr coefficientn2 determines the
spatial behavior of the beam. Thus a beam whose transv
intensity profile decreases monotonically from the cente
the periphery is focused ifn2.0 and defocused ifn2,0.
Equation~7! is only valid for weak fields but can readily b
generalized for more intense fields by replacingn2 by
dnP /dI @18,19#. WhennP was plotted as a function of th
square of the pump Rabi frequency (2VLT2)2 for a pump in
resonance with a two-level system@18,19#, we found that an
extremum is obtained when the generalized 2VL is equal to
the absolute value of the pump-probe detuningd5vP
2vL . This extremum is a maximum ford.0, and a mini-
mum for d,0. Thus the generalized Kerr coefficie
dnP /dI of the probe is itself strongly nonlinear near 2VL
5udu: for d,0 and 2VL,udu,dnP /dI,0 and the probe is
defocused, whereas ford,0 and 2VL.udu,dnP /dI.0 and
the probe is focused. The extrema coincide with the lo
intensity limit of the dead zone. These observations led u
suggest that in an experimental setup in which the prob
red-detuned, and the transverse intensity profile is cho
such that 2VL.udu throughout most of the profile, the pum
would lead to induced focusing and hence confinement of
probe beam.

We have shown that when both the conditions are
filled, the interplay between pump-induced focusing a
03380
s
-

be-
e-
ct
e

o
-

s
r

y

n
f
i
e
r
of

a-

of
n-
s
in
r

rse
o

-
to
is
en

e

l-
d

diffraction-induced spreading of the probe beam leads to
confinement of the probe along its propagation path in
medium.

When the pump is detuned from the atomic resonan
that isDLÞ0, the behavior of the nonlinear refractive inde
nP is more complex. PlottingnP as a function of the squar
of the pump Rabi frequency (2VLT2)2, we found that for
uDLu,udu, an extremum appears at a pump Rabi freque
such that (DL

214VL
2)'d2 when d and D have opposite

signs. WhenuDLu,udu andd andD have the same signs, th
refractive index has a dispersive line shape centered nea
pump Rabi frequency given by (DL

214VL
2)'d2. These fea-

tures disappear for detunings satisfyinguDLu.udu. For this
case, the generalized Kerr coefficientdnP /dI of the probe is
negative for all values of pump Rabi frequency whenDL
.0 and the probe is defocused, whereas forDL,0,dnP /dI
.0 and the probe is focused. These observations lead u
suggest that a self-focusing pump withDL,0 would lead to
focusing throughout the transverse profile of a probe wh
frequency satisfiesd.DL .

III. PUMP PROPAGATION AND PROBE PROPAGATION

It is well known that a strong pump whose frequency
tuned to the high-frequency side of the atomic transition
periences self-focusing@4,6,7#. When the self-focusing effec
of the refractive index exactly compensates the effect of
fraction, the beam becomes self-trapped and is called a
tial soliton. An incident beam which deviates from the se
trapped solution may exhibit cycles of focusing a
spreading, which may be calledsolitonlike oscillations. This
behavior is similar to the solitonlike propagation of a bea
in a Kerr medium. In an ideal Kerr medium the pump bea
is strong but does not saturate the medium. Moreover,
sorption is negligible and the soliton propagates without
ing attenuated. The strong pump beam in our system pro
gates in the medium without being affected by the we
probe, as determined by Eq.~4!. In this sense its character
istics resemble those of a single strong beam propagatin
a medium composed of two-level atoms. The pump be
here is chosen to be far off-resonance with the atomic tr
sition so thatDL@1/T2. . In addition, the pump Rabi fre
quency employed is highly saturating. For this large detun
and high beam intensities, absorption is small compared
the effect of the refractive index. However, absorption at
low intensity wings of the pump can still lead to reshaping
the pump, which in turn modifies the focusing effects exp
rienced by the probe on propagation. We have found that
effect can be reduced by introducing dephasing collisio
which decreaseT2 and hence the value of ImaL . Note that
the effect of Doppler broadening is negligible for this sy
tem, since the detunings are much larger than the typ
values of Doppler width. Under the above conditions, a bl
detuned self-focusing pump, propagating in a medium
atomic two-level system, exhibits solitonlike behavior, sim
lar to that observed for a Kerr medium.

We now consider propagation of the probe. An incide
blue-detuned weak probe copropagating in an atomic
dium with an incident strong blue-detuned pump beam
6-3
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influenced by several effects. For a probe whose freque
satisfiesd.DL , the pump-induced generalized Kerr coef
cient dnP /dI is positive for all values of pump Rabi fre
quency, leading to probe focusing. Pump-induced absorp
is significant for low pump intensities and smaller at hi
pump intensities due to saturation effects. Therefore, a pr
whose initial transverse intensity profile coincides mos
with the high intensity part of the pump transverse profi
should not be much absorbed. Note that self-induced eff
of absorption or refractive index are not taken into acco
since we have assumed that the probe is weak compare
the pump. Another influence, which we have already m
tioned and is often underestimated when pump-probe pro
gation is analyzed, comes from the generation of a w
beam by the process of four-wave mixing. This weak be
copropagates in the medium with the incident pump a
probe beams. From Eqs.~5! and ~6! one can see that o
propagation the weak incident probe and generated b
become coupled. It has been shown that if a beam of
quencyvM52vL2vP is incident upon the medium, it ca
be amplified because of this coupling@8#. The coupling is
maximal when there is perfect phase matching and sm
when the phase mismatch is large. When the magnitud
phase mismatch is very large, the coupled Eqs.~5! and ~6!
decouple and Eqs.~2! and ~3! of Ref. @1# are recovered@9#.
The phase mismatch can be made very large by arranging
incident beams such that the angle between them is
large. In general, however, one cannot assume that the pr
gation of probe and generated beams is decoupled.

For a copropagating configuration the phase mismatc
determined by

Dw5k~2nL2nP2nM !, ~12!

wherenJ is the refractive index of the corresponding bea
given by

nJ
2511

4

kLNL
ReaJ, J5L,P,M . ~13!

According to Eqs.~12! and ~13!, the phase mismatch i
mainly determined by the choice of the parameters, suc
pump and probe detuningsDL andDP , the rate of collisional
dephasing 1/T2 and the pump Rabi frequencyAL . Note that,
due to pump reshaping, the phase mismatchDw is modified
during propagation. Here, our aim is to study the wavegu
ing of the probe due to the influence of the pump, and
investigation of the effect of four-wave mixing on th
waveguiding. We find that whereas the waveguide effec
ideally unlimited when the effect of four-wave mixing
ignored, the model fails when the effect of four-wave mixi
becomes dominant. This results when the probe is enha
due to parametric coupling to the generated weak wave
the extent that the probe intensity becomes of the order of
intensity of the pump, thus violating the assumption of t
probe being much weaker than the pump. By properly cho
ing these parameters, one can minimize the coupling
tween the probe and mixing beams so that in a configura
where no incident wave with frequencyvM52vL2vP is
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present, the beam created at frequencyvM remains very
weak during most of the propagation distance in the mediu
In this case, the probe is unaffected by the weak crea
beam throughout most of its propagation. Under these c
ditions, the propagation of the probe is mainly governed
the interplay of the pump-induced focusing effect and
spreading due to diffraction. As a result of these combin
effects, the probe exhibits solitonlike oscillations provid
that the weak created beam remains small.

We assume that the transverse profiles of the two incid
beams are initially Gaussian,

UL~j,0!5exp@2j2#, ~14!

UP~j,0!5S A0P

A0L
DexpF2j2

•

w0L
2

w0P
2 G , ~15!

where w0L and w0P are the initial pump and probe wais
sizes. We choose the probe waist to be smaller than tha
the pump so that the probe profile is initially within the tran
verse region where the pump intensity is large so that
pump-induced absorption is small. Then, under the con
tions described above, the pump performs solitionlike os
lations due to the interplay between self-focusing and d
fraction, and induces similar oscillations on the probe,
means of the competing effects of pump-induced focus
and diffraction. We solve Eqs.~4!–~6! numerically by a pro-
cedure based on the discretization of the transverse Lapla
in terms of second-order differences and the integration
the first-order differential equations by the fourth-ord
Runge-Kutta method.

IV. RESULTS AND DISCUSSION

In the results presented here, the pump is detuned to
high-frequency side of the atomic resonance withDLT2
5270 and the pump-probe detuning isdT25225 with T2
50.1T1. The initial dimensionless pump and probe Rabi fr
quencies are 2A015100 andA0251022A01. The waist size
of the probe is initially half that of the pump, that is,w0L
52w0P , and thus almost all the probe beam is contained
the region where absorption is negligible. In order to emp
size the effect of four-wave mixing, we first present the n
merical results under the approximation that the propaga
of the probe and the created beams are completely de
pled, that is, we deliberately drop the coupling terms in E
~4!–~6!. This approximation is often made in propagatio
schemes where the phase mismatch is large. Under t
circumstances, the propagation of the probe is solely de
mined by the mutual effects of pump-induced refractive
dex and absorption, and diffraction. In Fig. 1 we show t
transverse intensity profiles of the probe and the pump a
function of the propagation distance, for the case of dec
pled probe and generated beams. Here the nonlinear and
fraction lengths are given byLNL5131023 cm and LD
52 cm. The pump exhibits sequences of focusing a
broadening, exactly in the same way that would be expec
from the propagation of a single intense beam through
atomic medium. In the initial stages of propagation the pu
6-4
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EFFECT OF FOUR-WAVE MIXING ON INDUCED WAVEGUIDING PHYSICAL REVIEW A61 033806
experiences self-focusing, which is followed by broaden
due to diffraction. On further propagation, the pump exhib
reshaping of its intensity profile due to the interplay betwe
the nonlinear refractive index and diffraction, which giv
rise to a successive focusing and defocusing. We now tur
the propagation of the probe, also shown in Fig. 1. The
tially narrow probe promptly adjusts its transverse profile
follow the sequences of focusing and broadening perform
by the pump, and the two beams exhibit simultaneous s
tonlike oscillations. Note that after propagating a short d
tance in the medium, during which the probe transverse p
file adapts its width to fit the width of the pump transver
profile, the two beams proceed to propagate with alm
equal widths. This ‘‘almost matching’’ of the widths of th
two beams occurs because changes in the pump trans
profile induce changes in the refractive index of the pro
At the very early stages of propagation~not shown in the
figure!, the probe is almost unaffected by the pump, and o
broadens due to diffraction, since its waist size is small a
the refractive index induced by the much wider pump
mainly significant outside the probe transverse profile.
further propagation, the probe starts being influenced by
pump. When the pump is focused and its transverse profi
pulled towards the center, the induced probe refractive in
becomes more pronounced near the center. The transv
profile of the probe then ‘‘feels’’ the effect of the induce
refractive index and is focused. After this initial adjusting
the widths, the pump and probe propagate for a long dista
in the medium.

In Fig. 2, we plot the transverse intensity profiles of t

FIG. 1. The transverse intensity profile of the pumpI L , and the
transverse intensity profile of the probeI P , as a function of the
propagation distancez, for decoupled probe and generated beam
The solid line indicates the probe while the dotted line illustra
the pump. The pump and probe parameters areA0L550,DLT2

5270,dT25225,T250.1T1 ,LD52 cm,LNL51023 cm.
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probe and the pump as a function of the propagation dista
for the same parameters used in Fig. 1 but now including
effect of four-wave mixing. Note that there are three bea
copropagating in the medium, the incident pump and pro
beams, and the generated weak beam, but only the trans
profiles of the pump and the probe are displayed in Fig
The propagation of the strong pump is, as expected wit
the assumptions made here, unaffected by the effect of f
wave mixing, and its transverse profile performs the sa
oscillations as in Fig. 1. In the first stages of propagation,
transverse profile of the probe exhibits cycles of focus

.
s

FIG. 2. The transverse intensity profile of the pumpI L , and the
transverse intensity profile of the probeI P , as a function of the
propagation distancez, for coupled probe and generated beams. T
parameters are the same as in Fig. 1 but the effect of four-w
mixing is included.
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and defocusing in much the same way as shown in Fig
indicating that the generated beam is very weak and ha
significant effect. On further propagation, as the weak be
starts growing and the phase matching conditions change
probe is affected by this new beam. The transverse inten
of the probe increases due to the combined effects of pu
induced focusing and the parametric gain induced by
coupling to the weak beam. For example, atz;8 cm, the
probe intensity is five times greater than in the absence
four-wave mixing. This propagation distance corresponds
an optical path ofa0L;16 000, whereL is the length of the
medium~here taken to be 8 cm), anda0 is the weak-field,
line center, absorption coefficient given bya0
54pNkm2T2 /\. After much further propagation, the a
sumption of a weak probe becomes invalid due to the ef
of four-wave mixing.

We now show that the waveguiding of the probe due
the effect of the pump is robust. We reduce the size of
waists of the pump and probe profiles, and show that
before, the probe profile adjusts its width and follows t
profile of the pump. In Fig. 3 we plot the transverse intens
profiles of the probe and the pump as a function of the pro
gation distance for the same parameters used in Fig. 2
with LD50.4 cm. One can see that byz;0.3 cm, the probe

FIG. 3. The transverse intensity profile of the pumpI L , and the
transverse intensity profile of the probeI P , as a function of the
propagation distancez, for coupled probe and generated beams. T
parameters are the same as in Fig. 2 but withLD50.4 cm.
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transverse profile has a width comparable to the width of
transverse profile of the pump. For these parameters, the
fect of the generated weak wave is pronounced alreadyz
;5 cm, where the probe transverse intensity increases
to parametric gain.

The waveguiding of a weak probe by the influence
a strong pump can be experimentally tested in a med
consisting of atomic vapor, for example, sodium atoms. T
32S1/2-3

2P3/2 transition of sodium with transition wave
length l05589 nm forms an effective two-level system
We expect that it should be possible to observe the beha
of the probe shown in Fig. 2 withN;1013 atoms/cm3 in
the medium and a pump laser with initial intensi
I; 50 kW/cm2. With an initial pump waistw0L;44 mm,
the diffraction length isLD;2 cm and the nonlinear coeffi
cient is LNL;1023 cm. The transverse decay timeT2 is
reduced due to collisions, withT2;0.1T1. Under these con-
ditions, a probe beam withw0L;22 mm should exhibit an
oscillating transverse profile following similar behavior
the pump beam. This behavior can be explained within
assumptions that have been discussed in this work.

It is clear that the effect of four-wave mixing on th
waveguiding of a probe is significant in thick optical med
In a configuration where only a pump beam and a sin
probe beam are incident upon the atomic medium, a w
beam is generated by four-wave mixing and builds up dur
propagation. After having propagated for some distance
the medium, this created weak beam becomes strong.
probe is then enhanced due to parametric coupling with
created weak beam and eventually becomes as intense a
pump. At this point one has to resort to a full scale analy
where all beams participating in the system are treated to
orders.

In conclusion, we have discussed the waveguiding o
probe in a medium of two-level system, due to the influen
of a strong pump. When the pump transverse profile exhi
solitonlike oscillations, the probe transverse profile follows
similar pattern. We have shown that the effect of a we
beam which is created during propagation, on the waveg
ing of the probe, becomes important when the medium
optically thick. This suggests that the effect of this we
beam which is created by the process of four-wave mix
should be considered in other waveguiding schemes.
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