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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 dimensional numerical method can be used to calculate the
maintains perfect, spatial overlap of interacting light beamsheam propagatiof6].
is proposed as an alternative method for strong enhancement Cloning has been discussed by Vemetial [7] in a
of nonlinear optical effects on propagation. The specific condifferent context where a strongm2pump soliton confers its
ditions under which this method can be implemented will besoliton property on a weak probe pulse, by amplification due
analyzed for a particular case. We consider the enhancemetat the stimulated Stokes Raman effect, in a resonasys-
of parametric amplificatiolPA) resulting from the pump- tem. In contrast to our scheme, the transverse profiles and
induced cloning of the transverse profiles of a weak probediffraction were not considered and spatial overlap of the
and of the generated four-wave mixitl§WwM) beam, for the input pulses was implicit.
case where the pump has a doughnut-shaped transverse pro-Recently, electromagnetically induced waveguiding in
file [1]. The waist size of the Gaussian transverse profile oftomic rubidium has been demonstrated both experimentally
the input probe beam is chosen to be much smaller than théit] and theoretically8]. The atom was modeled asvasys-
of the Laguerre-Gaussian pump so that, initially, there is naem. Waveguiding was achieved by the interaction of an in-
overlap of the beams. The beams propagate coaxially in ense pump with a Laguerre-Gaussian charge 3 profile, cre-
medium of two-level atoms. Due to self-focusing and dif- ating a transverse refractive-index profile for the probe,
fraction, the pump beam is transformed into a bright vortexsimilar to that of a conventional optical fiber. Amplification
or doughnut, spatial solitof2]. Cloning arises from diffrac- does not take place in such a configuration.
tion and sufficiently strong pump-induced focus[i3 of the As opposed to induced waveguiding where the weak
probe and of the generated FWM beam, and leads to erbeam is guided along the propagation axis, we focus on the
hanced PA of both beams on propagation. We have verifiedffect of antiwaveguidingand its potential applications. An-
that in an alternative scenario, where the pump-induced fotiwaveguides are structures where the beam is guided out of
cusing of the probe is weaker, the probe intensity still leaveshe core area and into the cladding. In fiber antiwaveguides,
the region of the propagation axis and concentrates in ththe linear refractive index of the core is less than that of the
bright region of the pump. However, the overlap between theladding, in contrast to the more common waveguides where
pump and probe beams is less perfect, leading at first tthe opposite situation obtains. Gis al. [9] found, by nu-
weak PA. On further propagation, PA increases the probenerically calculating the eigenvalues of the Sdinger
and FWM intensity and this eventually leads to cloning sinceequation with a “potential hill,” that antiwaveguides support
PA is controlled by the pump. Thus PA seems to reinforcestable solutions localized near the core. They also showed
the effect of cross-focusing}] and reduces the anticloning [10] that antiwaveguides may be used to obtain second-
tendency of diffraction, thereby playing a self-referentialharmonic generation.
role. Here, anall-optical antiwaveguidefor a weak probe is

Amplification depends on the propagation distance andreated by the copropagating Laguerre-Gaussian charge 3
therefore transverse instability, leading to breakup of thgoump beam[1,8]. This optically induced antiwaveguiding
bright vortex soliton, must be suppressed. This is achievedcheme generates several effects, arising from the interaction
by working under saturation condition®2] and using of the two incident beams and the weak beam generated by
computer-generated holograms rather than a cylindrical lenEWM, in the presence of diffraction. These digthe anti-
mode converter to prepare the Laguerre-Gaussian beamaveguiding of the probdii) the reshaping of the transverse
[1,5. In this way, one can avoid azimuthal-symmetry- profile of the probe from its initial Gaussian form into a
breaking perturbations that introduce ellipticity into the clone of the pump profilgjii) the appearance of a new weak
transverse profild2]. In computer simulations, azimuthal beam at the FWM frequency whose azimuthal phase is twice
symmetry breaking is avoided by using a polar grid thatthat of the pump bearl1-13 and whose transverse profile
prevents the numerical noise effects of discretizing a rings a clone of the pump, an@v) enhanced PA of both clones
onto a rectangular grit2]. Thus the transverse field keeps its on propagation due to the overlap of the interacting beams. It
initial azimuthal symmetry so that a cylindrical two- should be stressed that cloning is not achieved trivially since
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in the case of weak cross-focusing, the probe will spread out%/7kNu?T, is a characteristic length indicating the strength
due to diffraction, decreasing PA. To our knowledge, theof the nonlinear termL,=kw}, is the diffraction length,
spatial-soliton induced cloning of transverse beam profilesandwy, is the initial spot size of the pump transverse profile.
and its role in the amplification of nonlinear processes, haghe wave vector is given bg=|k;|=w, /c, and the coeffi-
not been discussed before for atomic systems. Note, howients a; and «p\ are given by a;=ppa(w))/A;, «kp
ever, that Lundquis_ﬂat al [_14] have disc_ussed the creationof =, (y,=2w — wM)/A’,\*AUZ ,and ky=ppa(on=20,

a three-color spatial soliton by the interaction between a_ ) IA5UZ . The coefficientsy; account for self-induced

beam at the central frequency and two sideband waveghsomtion and refraction of the pump, and for cross-induced
through cross-phase modulation and parametric FWM, in @,ymp-inducell absorption and refraction of the probe and
two-dimensional Kerr medium. o the created FWM beam. The terms j, determine the cou-
We consider the interaction beiween an |nC|dgnt cw elecbnng strength of the parametric miking of the weak beams
tromagnetic field of the formE(r,t)=2q- pEq(r,t)  Up and Uy, . These complex coefficients depend on the
=3 - pEqg(r)e (e %o N+ c.c. and a medium consisting choice of parameters such as the detunitgs w,,— w; of
of two-level atoms with lower stat@), upper statgb), and  the beam frequencies from the resonance frequengy the
transition frequencywy,,. E (r) and Ep(r) represent the rate of collisional dephasing T4, and, via the pump Rabi
slowly varying envelope amplitude of the strong pump fieldfrequencyA, , on the transverse coordinageThe last terms
and the weak probe field, respectively, and and wp are  of Egs.(3) and (4) show that PA increases with increasing
the pump and probe frequencies with wave vectgrsand  overlap of the probe and FWM beams with the pump.
kp. The two incident laser beams propagate in zhdirec- In our previous worK 18,19 on propagation in the two-
tion through the atomic medium. The dynamics of these twdevel system approximation, we were mainly interested in
beams and of the generated FWM bearl,(r,t) induced waveguiding. Here, we focus aii-optical anti-
=Ey(r)e 'emt=km Nt cc. at frequencywy =2w, — wp waveguiding where the antiwaveguiding conditions are cre-
and wave vectoky, , is determined by solving the coupled ated by the pump for the weak copropagating probe. The
Maxwell-Bloch equation$15,16| conditions for realizing an induced antiwaveguide are deter-
mined by the pump, probe, and FWM parameters. We have
shown previoushf19] that a self-focusing pump withh,
<0 induces a probe refractive index that increases with
pump intensity, for a probe whose frequency satisfigs
A 9 =A,—6<0. Thus the probe beam will be focused towards
== —ZPJ(r,t), J=L,P,M, (1) the high intensity region of the pump. Therefore, in a con-
¢t dt figuration where the probe beam has a Gaussian transverse
- intensity profile, whereas the pump é®ncentratedat the
where Py(r,t) is the induced polarization of the medium periphery, the pump acts as amtiwaveguidefor probe
given by P=N(u)=N(Tr(pu)), N is the atomic number propagation. This is achieved by choosing a pump beam,
density, 1 is the dipole moment operator, apdis the den- Whose transverse intensity profile is Laguerre-Gaussian, and
sity operator. The density matrix elements of this two-level2 coaxial Gaussian probe beam. Similarly, the FWM beam
system are calculated from the steady-state Bloch equationdll be focused towards the high intensity region of the
(see[16]). Assuming the paraxial approximation, the coupledPump if A=A, +6<0. Thus the general condition for
amplitude equations take the form achieving antiwaveguiding i4 ;<0, which implies that §|
<|A.|. Reshaping due to absorption of the pump is mini-

. 1 9%
_V EJ(I','[)-I- ? EEJ(r,t)

d i i
—_— = — 2 —
&ZUL 4LDVTUL+ LNLaLUL, (2)

1.24

VZ 21 1%
Up T TUP | NLa/pUp | NLKPULU y (3)

Pump Amplitude
o

? i, i i
VTUM+_aMUM+_KMULU* y (4)
I-NL LNL

2z9v=ar,

where V2= 0%/ 9£2+ (11€) ol 0&+ (11£2) 5?1 967 is the trans-
verse Laplacian in dimensionless cylindrical coordinates,
=r/\2wo, . U,(z,£ 60)=U;(z,&)exp(—ia ) with a =3,
ay=2a,=6 (assuming azimuthal phase matchingndap
=0 [17], and Ug(zjg) =Ay(z,€)/Ao. are normalized field FIG. 1. The transverse amplitude profile of the pump, as a func-
variables. Heré\, is the dimensionless peak intensity of the tion of ¢ for various values of propagation lengeh The pump

incident pump, 2;,=uT,E;/A are dimensionless pump, amplitude is initially normalized to unity. The parameters Agg
probe, and FWM Rabi frequencies, afg is the transverse =50, A, T,=-30, T,=0.1T;, Lp=15 cm, and Ly =1
decay time. In Eqgs. (2—(4), the parameterLy, %102 cm.
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FIG. 2. The transverse amplitude profile of the probe copropa- G- 3. The transverse amplitude profile of the FWM beam, as a
gating with a pump, as a function ffor various values of propa- fynctlon of t.h.e.propage.ltlon distaneeThe FWM amplitude is rela-
gation lengttz. The probe amplitude is relative to the initial ampli- Ve O the initial amplitude of the pump. The parameters are the
tude of the pump. The parameters &g =50, Agp=102A, , same as in Fig. 2.

ALT2:730, 5T2:720, T2:0.1T1, LD:15 cm, andLNL:].
X103 cm. to the combined effects of absorption and defocusing in-
duced by the pump near the axis. The resulting probe profile
mized by choosing a large detuning, |[>1/T, and by in- has a doughnut shape with oscillatory structure at the high
troducing dephasing collisions that decredseand hence intensity periphery. After a propagation distance of almost
the value of Imy, . The effect of Doppler broadening is 10 cm, the modified probe beam gradually becomes smooth
negligible for this system, since the detunings are muctand assumes the same form as the pump. Thus, the initially
larger than typical values of the Doppler width. Gaussian probe is reshaped so that its intensity becomes cen-

For numerical simulations, we use a Laguerre-Gaussiatered at the periphery. On further propagation, the probe is

charge 3 doughnut beam, as in the waveguiding experimem@nhanced by PA, due to the coupling to the weak FWM

of Truscottet al.[1], and a Gaussian probe, beam, which itself is created and amplified in the high inten-
5 5 ) sity region of the pumgsee Fig. 3.
UL(§,0,z=0) =& exp(— &%)exp(—3i 0), (5 Figures 1—3 have been calculated takingr,= —30 and

o 2 o 6T,=—20 so that the probe is closer to resonance than the
Up(£,2=0)=(Aop/AoL)exd — &° (W /Wop)]. () pump. For this choice, probe cross focusing is about five

We solve Eqgs(2)—(4) numerically by a procedure based on times larger than for the opposite case whéfg=20. We

the discretization of the transverse Laplacian in terms 0Eave verified that, in that case, diffraction is not completely

: . . . alanced by cross focusing and, consequently, antiwaveguid-
second-order differences and the integration of the first-order " . . . ;
differential equations by the fourth-order Runge-Kuttamg Is not accompanied by cloning up to a propagation dis

tance of~30 cm. However, the FWM beam that is gener-
method. ated in the high-intensity region of the pump is rapidl
In the results presented here, the pump is detuned to thei d. leadi 9 I'f'y =0 £ th E bp pialy
high-frequency side of the atomic resonance WAthT,= cloned, leading to ampiification of the probe by parametric
30 the pump-probe detuning i8T.— — 20 andzT interaction. This also takes place in the high intensity region
~0 1 - TEe ir?itiill dimensionlegss puzm_p and’ probe f?abiOf the pump and leads eventually to cloning of the probe.
=0.1T;. . o
frequencies are &y =100 andAgp=10"2A,, . The waist The phenomena that have been described in this work can

size of the probe is initiall 0.5V~ o that almost all be realized.in a medium consisting of atomic_\{apor, for ex-
the probe l?eam is contai»rﬂlvé)g in ;[heOFe,gion where the puma.mple’ sodium atoms. The“S,;—3 *Pg, transition of so-
intensity is almost zero. The nonlinear and diffraction Blur_n with transition wavelengtio=589 nm forms an ef-

o e o . fective two-level system. This system has been proposed as a
lengths ard_, =1xX10"° cm andLp=1.5cm. In Fig. 1 we

how the t litud file of th f Cpossible candidate to observe phenomena such as induced
SNow € transverse amplitude profiie of the pump as a fun Spatial solitons[18], and the effect of FWM on induced

tion of the propagation distance up to 25 cm. On IorOpaga\'/\/aveguiding[19]. The effects of antiwaveguiding, cloning,

tion, the transverse amplitude profile of the pump focuse :
slightly towards its high intensity region, due to the effect of%nd PA enhancement, presented here, are quite general and

. .should also be observable in saturable Kerr m¢#jain an
self-focusing. For the parameters chosen, the effects of d'fgll-optical antiwaveguiding configuration.

fraction and self-focusing are nearly balanced and the pump
profile transverse profile does not change significantly during  This research was supported by the Israel Science Foun-
propagation. We now turn to the propagation of the probe agation administered by the Israel Academy of Sciences and
shown in Fig. 2. The initially narrow Gaussian probe is rap-Humanities. We thank B. A. Malomed, M. J. Padgett, and D.
idly guided away from the center towards the periphery, due/. Skryabin for advice.
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