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Strong parametric amplification by spatial soliton-induced cloning of transverse beam
profiles in an all-optical antiwaveguide
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Spatial soliton-induced cloning, which achieves and maintains perfect spatial overlap of interacting beams,
is proposed as a tool for amplification of nonlinear optical effects on propagation. This is illustrated by the
enhancement of the parametric amplification, obtained through pump-induced cloning of the transverse profiles
of the copropagating probe and generated four-wave mixing beams, in an all-optical antiwaveguiding configu-
ration.
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Spatial soliton-inducedcloning, which achieves and
maintains perfect, spatial overlap of interacting light beam
is proposed as an alternative method for strong enhance
of nonlinear optical effects on propagation. The specific c
ditions under which this method can be implemented will
analyzed for a particular case. We consider the enhancem
of parametric amplification~PA! resulting from the pump-
induced cloning of the transverse profiles of a weak pro
and of the generated four-wave mixing~FWM! beam, for the
case where the pump has a doughnut-shaped transverse
file @1#. The waist size of the Gaussian transverse profile
the input probe beam is chosen to be much smaller than
of the Laguerre-Gaussian pump so that, initially, there is
overlap of the beams. The beams propagate coaxially
medium of two-level atoms. Due to self-focusing and d
fraction, the pump beam is transformed into a bright vort
or doughnut, spatial soliton@2#. Cloning arises from diffrac-
tion and sufficiently strong pump-induced focusing@3# of the
probe and of the generated FWM beam, and leads to
hanced PA of both beams on propagation. We have veri
that in an alternative scenario, where the pump-induced
cusing of the probe is weaker, the probe intensity still lea
the region of the propagation axis and concentrates in
bright region of the pump. However, the overlap between
pump and probe beams is less perfect, leading at firs
weak PA. On further propagation, PA increases the pr
and FWM intensity and this eventually leads to cloning sin
PA is controlled by the pump. Thus PA seems to reinfo
the effect of cross-focusing@4# and reduces the anticlonin
tendency of diffraction, thereby playing a self-referent
role.

Amplification depends on the propagation distance a
therefore transverse instability, leading to breakup of
bright vortex soliton, must be suppressed. This is achie
by working under saturation conditions@2# and using
computer-generated holograms rather than a cylindrical
mode converter to prepare the Laguerre-Gaussian b
@1,5#. In this way, one can avoid azimuthal-symmetr
breaking perturbations that introduce ellipticity into th
transverse profile@2#. In computer simulations, azimutha
symmetry breaking is avoided by using a polar grid th
prevents the numerical noise effects of discretizing a r
onto a rectangular grid@2#. Thus the transverse field keeps
initial azimuthal symmetry so that a cylindrical two
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dimensional numerical method can be used to calculate
beam propagation@6#.

Cloning has been discussed by Vemuriet al. @7# in a
different context where a strong 2p pump soliton confers its
soliton property on a weak probe pulse, by amplification d
to the stimulated Stokes Raman effect, in a resonantL sys-
tem. In contrast to our scheme, the transverse profiles
diffraction were not considered and spatial overlap of
input pulses was implicit.

Recently, electromagnetically induced waveguiding
atomic rubidium has been demonstrated both experimen
@1# and theoretically@8#. The atom was modeled as aV sys-
tem. Waveguiding was achieved by the interaction of an
tense pump with a Laguerre-Gaussian charge 3 profile,
ating a transverse refractive-index profile for the prob
similar to that of a conventional optical fiber. Amplificatio
does not take place in such a configuration.

As opposed to induced waveguiding where the we
beam is guided along the propagation axis, we focus on
effect of antiwaveguidingand its potential applications. An
tiwaveguides are structures where the beam is guided ou
the core area and into the cladding. In fiber antiwaveguid
the linear refractive index of the core is less than that of
cladding, in contrast to the more common waveguides wh
the opposite situation obtains. Gisinet al. @9# found, by nu-
merically calculating the eigenvalues of the Schro¨dinger
equation with a ‘‘potential hill,’’ that antiwaveguides suppo
stable solutions localized near the core. They also sho
@10# that antiwaveguides may be used to obtain seco
harmonic generation.

Here, anall-optical antiwaveguidefor a weak probe is
created by the copropagating Laguerre-Gaussian charg
pump beam@1,8#. This optically induced antiwaveguiding
scheme generates several effects, arising from the interac
of the two incident beams and the weak beam generate
FWM, in the presence of diffraction. These are~i! the anti-
waveguiding of the probe,~ii ! the reshaping of the transvers
profile of the probe from its initial Gaussian form into
clone of the pump profile,~iii ! the appearance of a new wea
beam at the FWM frequency whose azimuthal phase is tw
that of the pump beam@11–13# and whose transverse profil
is a clone of the pump, and~iv! enhanced PA of both clone
on propagation due to the overlap of the interacting beam
should be stressed that cloning is not achieved trivially si
©2001 The American Physical Society01-1
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in the case of weak cross-focusing, the probe will spread
due to diffraction, decreasing PA. To our knowledge, t
spatial-soliton induced cloning of transverse beam profi
and its role in the amplification of nonlinear processes,
not been discussed before for atomic systems. Note, h
ever, that Lundquistet al. @14# have discussed the creation
a three-color spatial soliton by the interaction between
beam at the central frequency and two sideband wa
through cross-phase modulation and parametric FWM, i
two-dimensional Kerr medium.

We consider the interaction between an incident cw e
tromagnetic field of the form Ẽ(r ,t)5(Q5L,PẼQ(r ,t)
5(Q5L,PEQ(r )e2 i (vQt2kQ•r )1c.c. and a medium consistin
of two-level atoms with lower stateua&, upper stateub&, and
transition frequencyvba . EL(r ) and EP(r ) represent the
slowly varying envelope amplitude of the strong pump fie
and the weak probe field, respectively, andvL and vP are
the pump and probe frequencies with wave vectorskL and
kP . The two incident laser beams propagate in thez direc-
tion through the atomic medium. The dynamics of these t
beams and of the generated FWM beam,ẼM(r ,t)
5EM(r )e2 i (vMt2kM•r )1c.c. at frequencyvM52vL2vP
and wave vectorkM , is determined by solving the couple
Maxwell-Bloch equations@15,16#

2¹2ẼJ~r ,t !1
1

c2

]2

]t2
ẼJ~r ,t !

52
4p

c2

]2

]t2
P̃J~r ,t !, J5L,P,M , ~1!

where P̃J(r ,t) is the induced polarization of the mediu
given by P̃5N^m̃&5N^Tr( r̂m̂)&, N is the atomic number
density,m̂ is the dipole moment operator, andr̂ is the den-
sity operator. The density matrix elements of this two-le
system are calculated from the steady-state Bloch equa
~see@16#!. Assuming the paraxial approximation, the coupl
amplitude equations take the form

]

]z
UL5

i

4LD
¹T

2UL1
i

LNL
aLUL , ~2!

]

]z
UP5

i

4LD
¹T

2UP1
i

LNL
aPUP1

i

LNL
kPUL

2UM* , ~3!

]

]z
UM5

i

4LD
¹T

2UM1
i

LNL
aMUM1

i

LNL
kMUL

2UP* , ~4!

where ¹T
25]2/]j21(1/j)]/]j1(1/j2)]2/]u2 is the trans-

verse Laplacian in dimensionless cylindrical coordinatesj
5r /A2w0L . UJ(z,j,u)5UJ(z,j)exp(2iaJu) with aL53,
aM52aL56 ~assuming azimuthal phase matching!, andaP
50 @17#, and UJ(z,j)5AJ(z,j)/A0L are normalized field
variables. HereA0L

2 is the dimensionless peak intensity of th
incident pump, 2AJ5mT2EJ /\ are dimensionless pump
probe, and FWM Rabi frequencies, andT2 is the transverse
decay time. In Eqs. ~2!–~4!, the parameter LNL
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5\/pkNm2T2 is a characteristic length indicating the streng
of the nonlinear term,LD5kw0L

2 is the diffraction length,
andw0L is the initial spot size of the pump transverse profi
The wave vector is given byk5ukJu.vL /c, and the coeffi-
cients aJ and kP,M are given by aJ5rba(vJ)/AJ , kP

5rba(vP52vL2vM)/AM* UL
2 , and kM5rba(vM52vL

2vP) /AP* UL
2 . The coefficientsaJ account for self-induced

absorption and refraction of the pump, and for cross-indu
~pump-induced! absorption and refraction of the probe an
the created FWM beam. The termskP,M determine the cou-
pling strength of the parametric mixing of the weak bea
UP and UM . These complex coefficients depend on t
choice of parameters such as the detuningsDJ5vba2vJ of
the beam frequencies from the resonance frequencyvba , the
rate of collisional dephasing 1/T2, and, via the pump Rab
frequencyAL , on the transverse coordinatej. The last terms
of Eqs. ~3! and ~4! show that PA increases with increasin
overlap of the probe and FWM beams with the pump.

In our previous work@18,19# on propagation in the two-
level system approximation, we were mainly interested
induced waveguiding. Here, we focus onall-optical anti-
waveguiding, where the antiwaveguiding conditions are cr
ated by the pump for the weak copropagating probe. T
conditions for realizing an induced antiwaveguide are de
mined by the pump, probe, and FWM parameters. We h
shown previously@19# that a self-focusing pump withDL
,0 induces a probe refractive index that increases w
pump intensity, for a probe whose frequency satisfiesDP
5DL2d,0. Thus the probe beam will be focused towar
the high intensity region of the pump. Therefore, in a co
figuration where the probe beam has a Gaussian transv
intensity profile, whereas the pump isconcentratedat the
periphery, the pump acts as anantiwaveguidefor probe
propagation. This is achieved by choosing a pump be
whose transverse intensity profile is Laguerre-Gaussian,
a coaxial Gaussian probe beam. Similarly, the FWM be
will be focused towards the high intensity region of th
pump if DM5DL1d,0. Thus the general condition fo
achieving antiwaveguiding isDJ,0, which implies thatudu
,uDLu. Reshaping due to absorption of the pump is mi

FIG. 1. The transverse amplitude profile of the pump, as a fu
tion of j for various values of propagation lengthz. The pump
amplitude is initially normalized to unity. The parameters areA0L

550, DLT25230, T250.1T1 , LD51.5 cm, and LNL51
31023 cm.
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mized by choosing a large detuninguDLu@1/T2 and by in-
troducing dephasing collisions that decreaseT2 and hence
the value of ImaL . The effect of Doppler broadening i
negligible for this system, since the detunings are mu
larger than typical values of the Doppler width.

For numerical simulations, we use a Laguerre-Gauss
charge 3 doughnut beam, as in the waveguiding experim
of Truscottet al. @1#, and a Gaussian probe,

UL~j,u,z50!5j3 exp~2j2!exp~23iu!, ~5!

UP~j,z50!5~A0P /A0L!exp@2j2~w0L
2 /w0P

2 !#. ~6!

We solve Eqs.~2!–~4! numerically by a procedure based o
the discretization of the transverse Laplacian in terms
second-order differences and the integration of the first-o
differential equations by the fourth-order Runge-Ku
method.

In the results presented here, the pump is detuned to
high-frequency side of the atomic resonance withDLT25
230, the pump-probe detuning isdT25220, and T2
50.1 T1. The initial dimensionless pump and probe Ra
frequencies are 2A0L5100 andA0P51022A0L . The waist
size of the probe is initiallyw0P50.5w0L , so that almost all
the probe beam is contained in the region where the pu
intensity is almost zero. The nonlinear and diffracti
lengths areLNL5131023 cm andLD51.5cm. In Fig. 1 we
show the transverse amplitude profile of the pump as a fu
tion of the propagation distance up to 25 cm. On propa
tion, the transverse amplitude profile of the pump focu
slightly towards its high intensity region, due to the effect
self-focusing. For the parameters chosen, the effects of
fraction and self-focusing are nearly balanced and the pu
profile transverse profile does not change significantly dur
propagation. We now turn to the propagation of the probe
shown in Fig. 2. The initially narrow Gaussian probe is ra
idly guided away from the center towards the periphery, d

FIG. 2. The transverse amplitude profile of the probe copro
gating with a pump, as a function ofj for various values of propa
gation lengthz. The probe amplitude is relative to the initial amp
tude of the pump. The parameters areA0L550, A0P51022A0L ,
DLT25230, dT25220, T250.1T1 , LD51.5 cm, andLNL51
31023 cm.
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to the combined effects of absorption and defocusing
duced by the pump near the axis. The resulting probe pro
has a doughnut shape with oscillatory structure at the h
intensity periphery. After a propagation distance of alm
10 cm, the modified probe beam gradually becomes smo
and assumes the same form as the pump. Thus, the init
Gaussian probe is reshaped so that its intensity becomes
tered at the periphery. On further propagation, the prob
enhanced by PA, due to the coupling to the weak FW
beam, which itself is created and amplified in the high inte
sity region of the pump~see Fig. 3!.

Figures 1–3 have been calculated takingDLT25230 and
dT25220 so that the probe is closer to resonance than
pump. For this choice, probe cross focusing is about fi
times larger than for the opposite case wheredT2520. We
have verified that, in that case, diffraction is not complet
balanced by cross focusing and, consequently, antiwaveg
ing is not accompanied by cloning up to a propagation d
tance of;30 cm. However, the FWM beam that is gene
ated in the high-intensity region of the pump is rapid
cloned, leading to amplification of the probe by paramet
interaction. This also takes place in the high intensity reg
of the pump and leads eventually to cloning of the probe

The phenomena that have been described in this work
be realized in a medium consisting of atomic vapor, for e
ample, sodium atoms. The 32S1/223 2P3/2 transition of so-
dium with transition wavelengthl05589 nm forms an ef-
fective two-level system. This system has been proposed
possible candidate to observe phenomena such as ind
spatial solitons@18#, and the effect of FWM on induced
waveguiding@19#. The effects of antiwaveguiding, cloning
and PA enhancement, presented here, are quite genera
should also be observable in saturable Kerr media@2#, in an
all-optical antiwaveguiding configuration.

This research was supported by the Israel Science Fo
dation administered by the Israel Academy of Sciences
Humanities. We thank B. A. Malomed, M. J. Padgett, and
V. Skryabin for advice.

- FIG. 3. The transverse amplitude profile of the FWM beam, a
function of the propagation distancez. The FWM amplitude is rela-
tive to the initial amplitude of the pump. The parameters are
same as in Fig. 2.
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