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Soliton interaction in a nonlinear waveguide in the presence of resonances
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The simultaneous propagation of two optical pulses through a nonlinear dispersive medium composed of a
resonant three-level system is investigated. By choosing a soliton of areend orderN=2 at the pump
frequency, together with a weaker pulse with a sech profile at the signal frequency, we show that the pump
soliton breaks up into a pair of solitary waves which are cloned to the signal frequency. Due to a combination
of coherent population trapping and nonlinear dispersive effects, the pair interacts in a repulsive fashion so that
the taller wave travels faster than the shorter one.
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[. INTRODUCTION of a type of a mixed state, to which we shall henceforth refer
as a SIT-NLS-soliton. As demonstrated in Réfl], the con-
One of the most interesting phenomena in the physics oflition for this coexistence is that the amplitude and duration
nonlinear waves is the formation of a stable wave packeof a 27-SIT pulse should be the exact ones that allow the
propagating over considerable distances with a permanegprresponding self phase modulation to balance the disper-
profile, the so-called soliton. Solitons appear in many diverssion spread of the pulse. Numerical work on a two-level
fields such as particle physics, solid state physics, plasmaiodel confirmed the existence of a stable2(N=1) SIT-
physics, biophysics, acoustics, and nonlinear optics. ParticUlNLS soliton, that is, a soliton of aream2and orderN=1,
larly in the field of nonlinear optics, there are two soliton and also confirmed that high order SIT-NLS solitons split
types with which we shall be concerned in this work. One isinto multiple solitong12]. The cloning of a SIT-NLS soliton
the soliton solution of the nonlinear Schiinger equation was recently demonstrated within the framework of
(the NLS soliton whose mechanism is based on the balancéMaxwell-Bloch equations describing a three-level system to-
of anomalous dispersion and nonlinear effects in a transpagether with a pair of coupled nonlinear Sctimger equa-
ent medium. Another kind of soliton emerges from a com-tions, including the cross phase modulation tefb3]. It
plete different reason near atomic transitions as a result gfhould be noted here that the coherent pulse propagation in
self induced transparen¢$IT), a coupling between the elec- resonant fiber waveguides opens new possibilities for optical
tric field and the quantum states describing matter wherebgignal processing such as pulse shaping, control, and cloning.
the pulse propagates undistorted and unattenuated inside Bxperimental work dealing with coherent pulse propagation
absorbing medium. The latter is usually called a SIT solitonthrough an erbium doped fiber was carried out, and pulse
and is shown to obey the area theorem which establishes thateakup was shown to occ{,6].
initial pulse areas betweem and 37 evolve into a steady- In this paper we investigate the coherent propagation of
state 27 pulse, the pulse area being defined by the integral ofnixed higher order 4—(N=2) solitons through dispersive
the field envelope over timgl]. Furthermore a 4 pulse nonlinear media in the presence of a resonant three level
exhibits the pulse breakup phenomenon which has been olsystem. We show that mixed higher order solitons initially
served both experimentally and numerical®-6]. Many undergo a typical breakup of aSIT soliton with subse-
phenomena have been reported in recent years, involving tiguent attenuation at the pump frequency. Simultaneously,
coherent propagation of light through a three level systemparametric amplification of the signal field generates two
such as subluminal propagation due to electromagnetic inpulses of area 2 identical to the pump solitons after the
duced transparenc}7], and parametric amplification and breakup. In the absence of dispersive nonlinear effects, we
cloning of SIT solitons in a\-scheme of a three level model find that the cloned pair travels unaltered through the me-
of atoms[8]. The simultaneous propagation of two pulsesdium due to the coherent population trapping effect. In con-
through an otherwise opaque three level medium withoutrast, in a dispersive nonlinear medium we find that paramet-
changing their initial temporal shapes has been described byc amplification generates a pair of solitary waves in the
analytical solutions in some special cases such as simultorségnal frequency whose areas oscillate around Burther-
[9]. The essence of these phenomena is attributed to the corore, for long propagation distances, the NLS component
herent population trapping effeft0], under which the oth- induces a typical two-soliton repulsive interaction between
erwise absorbing medium becomes transparent and the pultiee cloned pair generated from the mixed SIT-NLS soliton,
propagates freely. which is not present in the pair generated from a single SIT
Even more interesting than each type of soliton solutiorsoliton.
mentioned above is the theoretical evidence of the existence

II. BASIC EQUATIONS

*Email address: solange@Ilux.ufal.br Let us begin by considering the interaction of a three-
"Email address: hickmann@lognl.ufal.br level atom with two optical fields propagating in thelirec-
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tion and polarized in th& direction. We consider one of the
optical fields as a #—(N=2) soliton represented by ”b& 40 o0
A;4(z,t) at the pump transitiom3, resonant with stated )

and |3). The other is a weak field of arbitrary profile
A1x(z,t) (signa) with a frequency corresponding to the fre-
quencyw,, connecting the statgd) and|2) at the Stokes
transition. Such configuration of quantum levels and fields is
well known as aA scheme, and is illustrated in Fig. 1. The
NLS equations that describe the propagation of the envelope
of these fields, through a nonlinear medium are given by
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FIG. 3. Dynamics of the atomic populations in lejya) (a),
level |2) (b), and level|3) (c), illustrating the coherent population

trapping effect.
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So. where g;; is the group velocity dispersion parameter, which
g 0.2 should be negative for the generation of the NLS soliton, and
2 0.0} v is related to the Kerr nonlinearity. The probability ampli-
-2 0 tudesc;(z,t) of the atomic levelgj) for this system within
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the rotating wave approximation are written as

FIG. 2. Intensity profiles of the pum(@ and signalb), respec-
tively, as functions of the normalized propagation distazieg and
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FIG. 4. Propagation under co-
herent population trappinda) in
the absence of dispersive nonlin-
ear effects, andb) in their pres-
(b) 3 : . . ence. Inset: oscillation displayed
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dc, i Ill. RESULTS AND DISCUSSION
——=—[c 1ol 4 . i iy
at ﬁ[ 1#412AT] We consider the initial conditions;=0, ¢c,=0, andc;
=1, so that the population is in the ground state to start with,
dcg i . and the input pump and signal pulses are written as
=t = 7 L[CimaALl- )

As3(7) =Py sechr,
Here pw=(m1ot+ m13)X, With w1, and w43 as the electrical
dipole moments related to the associated permitted transi-
tions. By solving this set of equations using a combination of A 7)=0.05/Pq sechr,
the Runge-Kutta method to determine the quantum probabil-
ity coefficients and of the beam propagation method for thevhere 7= (t—z/v4)/T,, with Ty the pulse width and, an
evolution of the optical fields, one is able to study higheraverage group velocity. The parameters must be arranged in
order soliton propagation properties in the presence of groupuch a way that the input powé, satisfies the coexistence
velocity dispersion, and self- and cross-phase modulation. condition[12]
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can clearly see a repulsive interaction between the pair. At
this propagation distance, the pump is already fully depleted
and the population is trapped in levi8). Therefore the
coupled set of equation€l)—(5) is reduced to one single
ordinary nonlinear Schrdinger equation for the amplified
signal whose initial condition is given by a two-soliton solu-
tion. The properties of such a solution were defined at the
beginning of the propagation by the pump and signal inter-
action from which the soliton pair originated. We can see
that the taller pulse moves forward with respect to the time
coordinate frame employed here, while the smaller one suf-
fers a delay. This means that the taller soliton goes faster
than the group velocity, and moves ahead of the smaller one,
which propagates with a velocity smaller than the group ve-
locity. According to analytical, experimental, and numerical
work on soliton interactiong14—16, the nature of the inter-

4 ' action should be determined by the phase differefidee-

2 0 2
Normalized Time tween the pair and a repulsive interaction should develop for
FIG. 5. Asymptotic behavior illustrating pair repulsion due to 77/2_< o<, cousing the pulses to separate monotonically.
soliton interaction. Using a variational approacfi7], one may show that the

phase difference between the pair is proportional to the dif-

ference between their squared amplitudes, that ds,

=vyz(]A1|>—|A,|?). By varying the ratio of the pump inten-
We refer to Figs. @) and 2b), where we depict the in- Sity relative to the signal intensity, one may change the rela-

tensity profiles of the pump and the signal respectively, agive amplitudes of the resulting pair, controlling the phase

functions of the normalized propagation distaat®, and of  difference between them and, with this, the nature of the

the normalized time-. Figure 2a) shows that during the first soliton interaction, which might even become attractive.

stage due to the NLS componentNas 2 soliton is excited, Work in this direction is currently being developed.

but for a very short time, as the SIT component quickly

dominates inducing the pump pulse to breakup into a pair of

2 solitary waves. Subsequently, we note that while both IV. CONCLUSIONS

waves undergo strong attenuations, the signal is simulta-

neously amplified into two 2 solitary waves with the same In conclusion, we have investigated the propagation of

properties as the waves just absorbed at the pump frequengy, ; fie|ys through three-level media in/a scheme, within

demonstrating that the_ energy of th.e pump ha_s be_en _tranﬁ,—]e framework of Maxwell-Bloch equations together with
ferred to the former pair. The numerical simulations indicate

that this process of energy transfer occurs together with thR" opclert.NLS eqlrj]atlon? fo(rj the f|t<talds. tThroufgh R_urrr:eru;al
population transfer to the initial sta{@), as illustrated in simuiations we have found an attenuation of a high order

Fig. 3. Forz/z,>0.2, one finds that,—0, c,—0, andc, soliton 4r— (N=2) concomitant with the formation of two
1, which means that the populations in levil and|2) 277_—(N= 1) solitary waves at the Stokes signal whose areas
become zero and the entire population settles in 168k osc!llz?\te aroun(_i th.e 2 va!ue. The taller. pulse-of the pair
characterizing population trapping. exh|b|t_s_an oscillation period dfy, revealing a signature of

It is important to compare our results with the results inthe originalN=2 pump pulse. Furthermore, after the total
the literature. The three-level configuration provides thedepletion of the pump, we show clearly, through the dynam-
cloning process of the pair, a result previously obtained for 4¢S Of the populations at each level, that coherent population
SIT soliton[8]. It should be noted that this result would not rapping is established in such a way that the whole popula-
have occurred in a two-level systef2]. Furthermore, an ton is kept at the lower level while the other two levels
important physical aspect is observed by considering th&€main empty. In this regime, the soliton pair undergoes a
combined SIT-NLS effect after the energy transfer process ikepulsive mteractlon,_developmg dlffgrent veIOC|t!es, in con-
completed. At this stage, the pump is gone and the pair trairast to the propagation, where nonlinear and dispersive ef-
els unaltered in the absence of the NLS component, as d&ects are neglected.
picted in Fig. 4a). By contrast, in the presence of nonlinear
dispersive effectfFig. 4(b)], the amplitude of the taller pulse

Poin=2-nL9= Po@r—sim

displays a small oscillation whose period is approxingte ACKNOWLEDGMENTS

so that one may identify this periodicity with the character-
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