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Induced optical spatial solitons
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We show that under suitable conditions, a weak nondegenerate probe may become spatially confined in a
Doppler-broadened medium composed of two-level atoms due to the effect of a strong resonant copropagating
pump beam. Thénduced spatial solitonsesult from the interplay of diffraction and induced focusing of the
probe. Realistic conditions that include effects of probe absorption and pump reshaping on propagation are
examined. In order to avoid absorption of the near-resonant probe, which would make the strong induced
focusing unobservable, the unique properties of the dead zone are ex{l6it€80-29478)50811-9

PACS numbe(s): 42.65.Sf, 42.65.Tg, 03.40.Kf

Spatial solitons in single beams have been the object afnly be obtained when the probe is near resonance, in which
intensive theoretical and experimental research for the lastase the probe absorption is also high, the effect would be
three decadefl—4]. These solitons evolve from nonlinear unobservable. Therefore, by creating a dead zone, we elimi-
changes in the refractive index of the medium, induced byrate probe absorption without cancelling the pump-induced
the light-intensity distribution. When the self-focusing effect focusing of the probe.
of the refractive index exactly compensates the effect of dif- Spatial reshaping of one beam due to the effect of a sec-
fraction, the beam becomes self-trapped and is called a sp@nd beam has been extensively studied. According to theo-
tial soliton. The nonlinear effects that are responsible foretical models, spatially varying refraction plays a key role in
spatial soliton formation are usually Kerr-lika], where the ~ the formation of conical emissiofv,8]. First, when com-
changes in the refractive index are proportional to the lightined with diffraction, it determines the spatial profile of the
intensity. Higher-order nonlinearities are also important inStrong pump. Second, it has a strong influence on the propa-
determining the changes in the refractive index, as in th@ation of the two weak beams, the probe and the beam gen-
case where an initially Gaussian beam propagates in a mérated by four-wave mixing. In another context, Steettal.
dium consisting of two-level atomg3,4]. Incident beams [9] confirmed experimentally Agrawal’s theoretical predic-
that deviate slightly from a self-trapped solution may exhibittion [10] that the presence of a strong pump beam can induce
oscillating spatial patternis,4]. focusing and deflection of a weak beam even in a self-

In this Rapid Communication we show that the often dis-defocusing medium. This was achieved by displacing the
cussed nonlinear effects of spatial confinement or oscillatingxis of the copropagating probe beam from that of the pump
spatial patterns in single strong beams can be produced al§§am, so that the axial symmetry of the field experienced by
in weak probes. We describe the conditions fiondissipa- the probe is distorted and the field intensity at the center of
tive spatial confinemenbf a nondegenerate weak probe the transverse profile of the probe is lower than at part of its
beam propagating in a Dopp|er_br0adened two-level atomi@eriphery. Recent experiments in atomic Rb indicate that re-
medium, due to the influence of a strong COF)ropagatin@haping of the prObe beam in an EIGCtromagnetica”y induced
pump beam. It is well knowfs,6] that a Doppler-broadened transparencyEIT) experiment results from the combined ef-
medium exhibits a frequency range of almost zero probe agfect of the non_linear refractive indeand absprption induced
sorption, called the dead zone. We exploit the properties opy the strong field11,12. In the EIT experiment, transverse
the dead zone in order to minimize absorption of the prob&ariation of absorption contributes to probe reshaping: re-
during its propagation through the atomic medium. We showgions of good and poor EIT experienced by the probe beam
that an initially Gaussian probe beam can propagate througi§ad to focusinglike and defocusinglike reshaping effects.
the atomic medium without being absorbed, with a profileWhereas spatial variation of both the refractive indend
that shows focusing and diffraction effects. absorption is important in predicting probe beam reshaping

The termspatial solitonapplies to the case where diffrac- in the EIT experiment, in our work the probe profile exhibits
tion is compensated by the nonlinearity of the refractive in-focusing and defocusing effects without being absorbed.
dex created by the soliton itself. Thus, due to self-induced>Patial confinement of the probe beam results from mutual
focusing, the soliton creates its own waveguiding effect, procompensation of diffraction and the pump-induced spatially
vided this effect is not destroyed by absorption. Here, wevarying refractive index. As in the case discussed by
propose to use the terinduced spatial solitorfor the case ~Agrawal[10], focusing of the probe is obtained in a defocus-
where the nonlinearity of the refractive index for a weaking medium. Here, however, the axis of the copropagating
probe isnot due to the probe field itself but is induced by a Probe is not displaced, allowing transverse confinement of
strong pump field. Then the waveguiding effect is inducedthe probe beam.
by the pump-induced focusing of the probe beam. In other We consider the interaction between a cw electro-
words, an intense pump field confers the soliton property to anagnetic field of the form E(r,t)=%;_| pE4(r,t)
weak probe by means of the cross-focusing effect. Since sut=3;_, pE;(r)e”"(®st"kD+c.c., and a medium consisting
ficiently large values of the nonlinear refractive index canof two-level atoms.E, (r) and Ep(r) represent the slowly
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varying envelope amplitude of the strong pump field and theeffect, two major requirements must be met. First, the probe
weak probe field, respectively, amfl andwp are the pump absorption, which is proportional to la, should be small
and probe frequencies with wave vectdis andkp. The  and, second, the refractive index, which is determined by
two laser beams propagate in thedirection through the Reap, should lead to a converging wave front by induced
atomic medium. The intensity of the two beams as theyfocusing of the probe. We show that, when these conditions
propagate is determined by solving the coupled Maxwell-are fulfilled, the interplay between pump-induced focusing
Bloch equation$13] effects and the diffraction-induced spreading of the probe
beam leads to the confinement of the probe along its propa-
gation path in the medium.

Let us analyze the requirement of small probe absorption.
Often, absorption is simply neglected in propagation calcu-
whereP;(r,t) with J=L,P is the induced polarization in the lations[3,10] in order to emphasize the interplay between
medium, which may be calculated from the density operatofefraction and diffraction. We found that when absorption is

) P= N(Z)p=N(Tr(pix))p » whereN is the atomic number included, the effects are often damped or even wiped out.

density andz is the dipole moment operator. The medium Thus, in order to make the theoretical calculations realistic, it

consists of two-level atoms with lower levigl), upper level IS esser}tial_to incl.ude probe at_)§orption. In our work probe
Ib), and resonance frequenay. For this two-level system absorption is avoided by exploiting the properties of the dead

the Doppler-averaged density matrix elements are calculate?ﬁ?pet'io-[lh'iz (Z)g?aeih;\:jhﬁﬁeﬁ tzzaéicgggreﬁigﬁ;:?rg?r fﬁ;ﬁ ab-
from the steady-state Bloch equatiofsee, for example, ' . :
[14)) y quatiofse XamPe:  the pump generalized Rabi frequency?d4V?)¥2 where

Assuming the paraxial approximation, the coupled ampli-VL:AL/TZ’. so that the stimulated emission Of. atoms With.

; Doppler-shifted detunings smaller than the Rabi frequency is

tude equations take the form : ) d

cancelled by the absorption of Doppler-shifted atoms with

9 i a2 i detunings larger than the Rabi frequency. These cancellation
EUL:T 19_§2UL+ - a (JU DU, 2 effects do not exist for the nonlinear probe refractive index,

b NL so that it survives Doppler broadening. Thus, the dead zone

has the unique advantage of almost zero absorption of the

. 1 9% - 4o & -
-V Ea(r,t)+gﬁ EJ(r,t)I—?WPJ(r,t), 1)

d i 5P i : ; : ;
R Uot — U, |2)Up. 3 probe accompanied by relatively large values of its nonlinear
9z P ALy 982 7P Ly, ap(|UL[)Up ® refractive indexX5,6].

We now turn to the second requirement, that of an in-
where we have introduced the normalized variables duced focusing of the probe. This induced focusing is deter-
=xIV2wo. and U p(§,2)=AL p(£,2)/Ag, and whereL,  mined by the nonlinear refractive index, which is usually
=kwj, is the diffraction length, the wave vectorks=|kp|  written in the formn=nq+n,l, wheren, is a constant for
=|k |=2m/\_, andwy,_ is the initial spot size of the pump the case of a Kerr mediuffl5] and| is the intensity. The
transverse profile. Note that we have restricted our analysikerr coefficientn, determines the spatial behavior of the
to one transverse dimension on§]; that is, we have con- beam. Thus a beam whose transverse intensity profile de-
sidered diffraction effects only in thedirection. The param- creases monotonically from the center to the periphery is
eter Ly, =#/7mkNu?T, is a characteristic length indicating focused ifn,>0 and defocused ifi,<0. This expression for
the strength of the nonlinear term. Here the definition of then is only valid for weak fields but can readily be generalized
parametelL_ is different from that defined for a Kerr-type for more intense fields by replacimg by dn/dl [16,17]. In
medium[10], since it does not depend on the pump lasefour calculations we consider a resonant pump beam and a
intensity. In the definition ol p(¢,2), AﬁL is the dimen- copropagating detuned probe beam. We have checked from
sionless peak intensity of the incident pump, andl 2  the exact nonlinear dispersion relations that for this setup,
=uT,E, p/h are the dimensionless pump and probe Rabfour-wave mixing is negligible due to the lack of phase
frequencies, respectivel¥;, is the transverse decay time and matching. Whem was plotted as a function of the square of
wu is the transition dipole moment. The Doppler-averagedhe pump Rabi frequency W8.T,)? [16,17, we found that
complex coefficientsa; p=(ppa(w. p))p/UL p have been an extremum is obtained wheV@ is equal to the absolute
calculated for a copropagating configuration, from thevalue of the pump-probe detunin®= wp— w . This extre-
steady-state Bloch equations for the case of a strong pummum is a maximum fo>0 and a minimum fos<<0. Thus
and a weak probe; see R¢L4]. the generalized Kerr coefficientn/dl of the probe is itself

The coefficientsy, p account for self-induced absorption strongly nonlinear near\2 =|4|: for 6<0 and 2/ <|§|,
and refraction of the pump and for cross-indudgdmp- dn/dI<0 and the probe is defocused, whereasdai0 and
induced absorption and refraction of the probe, and deter2V, >|4|, dn/dI>0 and the probe is focused. The extrema
mine the pump and probe propagation conditions. In particueoincide with the low-intensity limit of the dead zone. These
lar, the choice of parameters, such as pump and probebservations lead us to suggest that in an experimental setup
detuningsA, andAp, the rate of collisional dephasingTL/, in which the probe is red-detuned, and the transverse inten-
and the pump Rabi frequeney , determines the transverse sity profile is chosen such thav2>| 5| throughout most of
variation of ¢ p. The purpose of this work is to show that the profile, the pump will lead to induced focusing and hence
under certain circumstances the probe beam can become carenfinement of the probe beam. Note that ittducedfocus-
fined along the propagation path through the medium, due ting is obtained in the frequency regiaf<0, which corre-
the effect of the pump beam. In order to obtain the desiredponds tcselfdefocusing(Actual self-defocusing would oc-
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cur if the probe beam were sufficiently strong. However, in » 127
the weak probe limit assumed here, self-defocusing that is S Ml
nonlinear in the probe intensity is negligible. )
We now consider the pump beam propagation, as de- <= os|
scribed by Eq(2). It is usually assumed that, due to satura- 5}
tion, the intensity profile of the pump remains constant dur- 2 0.6
ing propagation through the medium. This assumption is not 5 0.4 |-
valid in our case and we take into account pump reshaping §
during propagation, which is mainly due to nonlinear absorp- ;02
tion. For the waist size chosen in our calculations, the effect ﬁ ol
of diffraction on pump reshaping is small and there is no g
effect of refraction on the reshaping of the pump since the £ .02 : : . : : L ) !

nonlinear part of the refractive index of a resonant beam is
zero. This absorption is small near the center of the trans- 3
verse pump profile where the high beam intensity required to
obtain the dead zone is highly saturating. However, absorpﬁO
tion at .the low-intensity wings Qf the pump can still lead _to (dashed lingare illustrated on the same transverse scale, with their
reshaping of the pump, which in turn modifies the focusmgintensities in arbitrary units.

effects experienced by the probe on propagation. This effect
can be reduced by introducing dephasing collisions that de- 5 . ,
creaseT, and hence the value of la . However,T, cannot ~ tni=1.1X107 cm andLp =15 cm. Initially, the nonlinear
be decreased too far, because of the limited valub ahd refraction term is strong enoqgh, dug to the relatl_vely large
the requirement that the dead zone can only be obtained féfMber of atoms in the medium, to induce focusing of the
D>1/T,. The probe propagates nearly lossless in the meProbe profile. This is shown in Fig(& (z=0.5 cm), where

dium as long as the pump Rabi frequency remains Iargetrhe slight initial focusing pulls the probe beam towards the
than the pump-probe detuning. center. On further propagation, the probe exhibits reshaping

Equations(2) and (3) are solved numerically using the of its intensity profile due to the interplay between the non-

Fourier split step methofl.8]. We assume that the transversel'near refractive index and diffraction, which gives rise to a

profiles of the two propagating beams are initially GaussianSUccessive focusing and defocusing. In Figh)Zlight dif-
fraction at the beam center is followed by focusing in Fig.

FIG. 1. The initial probe profilésolid line), the transverse varia-
n of the probe dispersiofdotted ling, and the probe absorption

U, (¢£,0)=exd — £2], 2(c). Diffraction then broadens the central part of the profile,
_ 22 2 as shown in Fig. @). At z=1 cm[Fig. 2(e)] the previously
Up(£,0)=(Aop/AoL)exH — £"(WoL/Wop) ], 4 defocused intensity is refocused due to refraction. We note

that the effect of the refractive index becomes more pro-

wherew, and wyp are the initial pump and probe waist iounced as the pump and probe propagate in the medium.

sizes. We assume the probe waist to be smaller than that
the pump so that the probe profile remains within the deag, iy gue to nonlinear absorption, which in turn leads to

zone for an expg—zrimentally regsonable propagati_on Iengﬂ1’:ontinuous change in the behavior of the probe absorption
Then the pump induces focusing of the probe without ab-

sorption, and the interplay between this induced focusing and
diffraction leads to spatial confinement of the probe.

In the numerical results presented here, the pump is reso- [  osepfy, @
nant with the atomic transition, the pump-probe detuning ;s
6T,=—20 andT,~0.4T,. The initial dimensionless pump
and probe Rabi frequencies areAR=40 and Ay
=10 2A,; and the Doppler widttDT,=50. In Fig. 1 we
plot the initial transverse profile of the probe together with
its absorption Im(ap)] and the deviation from unity of its
refractive index{ Re(ap)]. This is equivalent to plotting the
probe absorption and refractive index as a function of pump
intensity, since the plots take into account the initial Gauss-
ian transverse profile of the pump. Near the asisall &)
where the pump is intense, Rgj) increases with increasing ;
pump intensity, thereby inducing cross focusing of the probe. 050 05 05 0
Moreover, in that region the probe absorption is zero. Here 5

the probe waist size is initially half the pump waist size, that £ > The transverse intensity profile of the probe copropagat-
is, Wo =2wWop, and thus almost all the probe beam is con-jng with a pump, as a function af=x/vaw,, for various values of
tained in the region where focusing is induced by the pumpsropagation lengtl, for a relatively wide probe beam and a strong
and absorption is zero. In order to illustrate how these factorgoniinearity. The solid line indicates the propagated probe and the
affect the propagation of the probe, we plot in Fig. 2 theinitial probe profile (dotted ling is shown for comparison. The
probe transverse intensity profile as a function of the propapump and probe parameters ahg =20, 6T,=—20, T,=0.43
gation distance, for the same parameters as in Fig. 1 and forT,, DT,=50,Ly=15 cm, and_y, =1.1x 102 cm.

his is caused by the reshaping of the pump on propagation
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and refractive index. The region of the dead zone is gradument of a copropagating probe beam in the medium of length
ally reduced and the focusing induced by the refractive index. ~2 cm. Relying on these rough estimates, we expect that
is enhanced. In particular, the wings experience progresin a suitable experiment, it should be possible to observe
sively stronger focusing. We see this clearly in Figf) 2z probe beam confinement.

=1.2 cm), where the wings of the probe are focused and the |n conclusion we have proposed a realistic system where
near axis region is diffracted producing a dip at the centerg weak red-detuned probe shows induced solitonlike behav-
Further propagation ta=1.55 cm[Fig. 2h)] strongly fo-  jor due to the influence of a resonant copropagating strong
cuses the probe. Focusing persists unti2 cm, where probe  peam_ This lossless propagation of the weak probe is ob-

absorption becomes significant. At this stage the mean pumpineq by exploiting the unique properties of the dead zone,
intensity is reduced to approximately 30% of its initial value where strong probe focusing is obtained in the absence of

due to its reshaping on propagation; the dead zone disappeaé[ﬁsorption. The lossless confined probe propagation in the

causing increased probe absorption. For the case of a smaller_ . . i
, . .~ medium is unaffected by pump absorption as long as the
probe waist and a smaller number of atoms in the medium

diffraction would initially dominate and would be followed pump Rabi frequency is larger than the pump-probe detun-

by cycles of focusing and defocusing until the dead zond"9: Only at a propagation Ie_ngth wh_ere the pump Rabi fre-
disappears. quency decreases below this detuning as a result of pump

Inspection of Eqs(2) and (3) shows that the combined absorption and reshaping will significant probe absorption
evolution of the pump and probe beams in the two-levep€et in, leading to termination of the lossless solitonlike

medium can be characterized by a single paramstét
and a dimensionless propagation distarte . A practical
consequence is that one can probe confinement in a long
medium, provided the parametdrg andL,, are modified
appropriately.

propagation of the probe.

The proposed effect is of practical interest since large
gplues of the nonlinear refractive index can be obtained for a
nearly resonant probe. However, near resonance, the absorp-
tion coefficient is also large, so that the effect would be

An experimental realization of nondissipative inducedunobservable. We have shown that this absorption can be
confinement of a probe beam, based on the parameters eliminated so that strong induced focusing can be obtained in
Fig. 2, can be designed using, for example, a medium o& lossless medium. We have also shown that this focusing
sodium atoms. The 3S,,—3 2Py, transition of sodium persists during propagation. This allows, for example, strong
with transition wavelengthho=589 nm forms an effective focusing without the presence of an actual lens. The advan-

two-level system. FoN~ 10" atoms/cm and pump waist
Wo_~120 um, the diffraction length i4 5~15 cm and the
nonlinear coefficient is y, ~10" 3 cm. The transverse decay
time T, is reduced due to collisions, with,~0.4T, and the
Doppler width isDT,~50. A pump laser with initial inten-
sity | ~430 W/cnt would be required to induce the confine-

tage of induced focusing of a weak probe over self-focusing
is that self-focusing requires a strong beam and creates very
high optical fields that produce destructive dielectric break-
down (hole burning. This is avoided when a weak probe is
focused so that lensless nondestructive microscopy becomes
possible.
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