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Spatiotemporal Evolution of Probe Beams
Guided Between Bright Solitons
of Nondegenerate Frequencies

A. Dreischuh, E. Eugenieva. and S. Dinev

Abstract— We analyzed an alternative approach for guiding
parallel signal beams nested between noninteracting fundamental
bright spatial solitons. The numerical results show that stable
signal-wave guiding without a cross-talk is obtainable even at
small-intensity fluctuations of the control beams (+10%) and at
nonperfect alignment of the signal beams with respect to the
channels formed by the solitons. Conditions under which the
temporal changes of the signal pulses could be asymptotically
reduced are discussed.

I. INTRODUCTION

HE CHARACTERISTIC behavior of intense laser

beams/pulses in nonlinear optical media has opened
up fascinating possibilities for the development of ultrafast
all-optical devices. Solitons in optical fibers [1], [2] have
been proposed [3] as carriers of information. Solitons of
shorter width may provide, in principle, higher bit rates.
Unfortunately, the changes of the soliton characteristics limit
the use of femtosecond solitons. These changes originate in
the higher order dispersion [4], intrapulse Raman scattering
[5], the interaction between copropagating solitons [6], the
jitter in the pulse arrival [7], and the shock effect [8], etc.

The information capacity of a communication line could be
enhanced utilizing a parallel data transmission. One possible
scheme involves an interaction of different colored solitons,
resulting in a formation of a stable packet of synchronous
pulses [9], [10]. The bit order becomes coded in wave-
lengths, whereas the bit value (zero or unity) is coded in the
pulse amplitudes. Optical interconnects for parallel informa-
tion transmission/processing systems of bandwidths of tens of
gigabits per second are under investigation [11].

Far from addressing the particular technical problems of the
parallel data transmission, in this work we study numerically
the dynamics of signal beams/pulses guided between bright
spatial solitons. When CW control beams copropagate in a
planar optical waveguide, they can form intermediate channels
(i.e., waveguides of nonlinear claddings) in which probe
beams/pulses can be guided. To ensure a reasonably extended
guiding distance, the control beams should propagate in the
form of noninteracting bright spatial solitons. The approach
should prevent the cross-talk between the signal beams. The
optical alignment of the latter ones is found to not be a critical
one. The numerical simulations on the signal beam/pulse
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evolution under nonnegligible self-phase modulation indicated
the possibility of an asymptotical reproducibility of the signal
pulse width and radius to be achieved.

[I. PRINCIPLE SCHEME AND PHYSICAL MECHANISMS

The configuration analyzed is depicted in Fig. 1. The non-
linear medium considered is planar. The incoming control
beams should propagate inside in the form of noninteract-
ing fundamental bright spatial solitons. The spatial soliton
mode of propagation requires an exact compensation of the
one-dimensional (1-D) diffraction by the spatial self-phase
modulation (SPM) [12]. [13]. The control beam diffraction in
the perpendicular transverse direction is prevented by a total
internal reflection (linear process). A noninteracting mode of
propagation of the control beams could be relatively easily
obtained by choosing larger beam-to-beam separation, how-
ever. it should be kept reasonably small. For two light waves
of equal intensities, the criterion for preventing a mutual
entrainment and collapse is found to be [14]
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where 2\ is the initial beam separation. p is the beam radii
at 1/¢ intensity level, and P, and P are the critical power
for beam self-focusing and the actual power. respectively.

In our interaction configuration. the signal beams/pulses
propagate between the control beams. The signal beams/pulses
are assumed to be weak and no self-action is accounted for.
This assumption is not a principle one and is removed in
the last part of this analysis. The probe waves experience
the influence of the control beams only. This induced action
originates in the spatial refractive-index change along/across
the nonlinear medium caused by the control beams. Induced
phase modulation (IPM) is the physical process by which a
pump field modifies the index of refraction seen by the coprop-
agating probe field [15]. In our model. a negative nonlinear
refractive index nif>! for IPM of the signal waves is assumed.
The propagation of the control beams as spatial bright solitons
requires a positive nonlinear index n5I" at the control beams’
wavelength/polarization. These two requirements could be
satisfied for a nonlinear medium with an orientational Kerr
effect at different polarizations of the pump and probe waves.
Semiconductors or semiconductor-doped glasses offer another
possibility for a proper choice of nonlinear refractive indexes
sy i at different wavelengths of the pump and probe
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Fig. 1. Principle scheme of the configuration analyzed. CW control beams
propagate in a planar optical waveguide in the form of noninteracting bright
spatial solitons. They form intermediate channels (i.e., nonlinear waveguides)
in which signal pulses could be guided. Spatial distribution of the effective
refractive index n seen by the signal waves, is shown also.

waves [16], [30], [31]. Between the control beams, the local
refractive index, seen by the signal waves, has a higher value,
decreasing as it approaches the control beams. Therefore,
two adjacent control beams form a gradient-index nonlinear
waveguide for the signal pulses/beams propagating in between.
A similar situation arises when a signal wave is guided by

dark spatial solitons [17] (n3] . nj " < 0 for this case) or

by bright on-axis spatial solitons [18] (n35 . n}TM > 0). In
the latter case, the signal beams are guided inside the bright
solitons.

The off-axial propagation of optical beams/pulses under
IPM has been studied by a number of authors both theo-
retically [19]-[21] and experimentally [22]-[24] and seems
to be attractive for all-optical switching, pulse-shaping. and
shortening [25]-(27].

The cross-talk between the neighboring signal beams could
be used as an evaluation criterion for the guiding quality. An
eventual symmetrical decrease in the control beam intensity
will cause their spatial broadening, which may result in a
spatial compression and a peak-intensity enhancement of the
signal beams/pulses [28], [29]. Therefore, the undesired cross-
talk between the signal beams will be avoided.

In Section IV-A, we concentrate on the spatial behavior
of the signal waves involved in the proposed scheme. The
temporal behavior of the signal pulses is affected not only
by the material’s group-velocity dispersion (GVD). but also
by the spatial evolution of the signal beam/pulse. An analysis
on this problem is presented in Section IV-B, accounting for
the possible spatiotemporal self-action (self-phase modulation,
SPM) of the signal beams/pulses.

[II. NUMERICAL PROCEDURE

In view of the preceding assumptions, the propagation of the
control beams along the planar nonlinear medium is described
by the nonlinear Schrodinger equation [18], [19]
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where ,. £. and n are the dimensionless beam envelope,
propagation distance and transverse, and diffraction nonlimited
coordinate, respectively. They are related to the physical
variables by

¢= Lpig, (3a)

)= i (3b)
pSPM 1/2

vy = kpa, 2-:0 Ap (3c)

where Lpig, is the Rayleigh diffraction length (Lpig, =
A'I,af)), k, = 2mx/A, A is the control-beams wavelength,
a,—their physical radii at 1/e intensity level, A, is the
electric field amplitude, and 72%5” is the nonlinear refractive-
index coefficient for SPM at a wavelength A,. The spatial
soliton mode of propagation requires a self-focusing nonlinear
medium (i.e.. n35™ > 0). The minimum number of control
beams of interest in the present numerical model is 3. In
this case, for instance, the initial control-beam profiles are

assumed to be of sech-form

vp(€ = 0) =sech(n) +sech (n+24)
+sech(n — 22) “)

where 2.\ is the initial control-beam separation.

In a pump-probe approximation, accounting for the signal
beam diffraction and neglecting the group-velocity dispersion
(GVD) (see Section IV-B). the signal beam evolution is
described by [18], [19]
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where
Ill;p'\l 1/2
v = kea, < = > ER (5b)
210

' and A, are, respectively, the dimensionless and the physical
electric field amplitudes of the signal beams/pulses of wave-
length A,, niF™ is the nonlinear coefficient accounting for
the intensity-dependence of the medium refractive index due
to IPM. The coupling coefficient « depends on the nature
of the physical process that produces the optical nonlinearity
(e.g., molecular orientation, electronic response of bound
electrons, etc.) and on the experimental conditions (e.g., the
polarizations of the pump and probe waves). For a medium of
a nonresonant electronic nonlinearity due to bound electrons,
« = 2 for parallel polarizations of the pump and probe fields
and a = 2/3 for crossed polarizations. In media possessing
orientational Kerr nonlinecarity besides the polarizations of
the pump and probe fields. one should take into account
both the electronic and molecular contributions to the optical
nonlinearity in order to get a more realistic value of « [35].
The input signal beam shapes are assumed to be Gaussian
with a, being their initial physical radii at 1/e intensity level.
According to the principle scheme described, (5) implies. that
the interaction between the control and signal waves manifests
itself only in the propagation of the signal waves.
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The propagation of the control and the signal waves is
simulated using the split-step Fourier method [19]. The initial
control beams profile given by (4) was used to adjust the con-
trol beam-to-beam distance only in order to prevent the soliton
interaction. In the scheme performance analysis, however, the
svolution of five control beams and four signal beams is
simulated. This number was limited by the computer resources
available and by the necessity not to overlook relatively weak
shape changes. Five control beams show the characteristic
ordering of one central soliton beam, intermediate solitons, and
two side-lying soliton beams, for which only one neighboring
exists. It will be shown later that, even under fundamental
soliton mode of the control beam propagation and at a perfect
signal beam alignment, the signals are sensitive with respect
to their disposition in the sequence.

In Section IV-B, the spatiotemporal evolution of the sig-
nal beams/pulses is modeled on the base of the generalized
nonlinear Schrodinger equation
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where, further to the notations introduced above, T = t/ty is
the dimensionless time, ¢, denotes the signal pulse duration,
n$PM s the nonlinear refractive index for signal SPM, J ac-
counts for the signal GVD [sgn (3;) = +1 means anomalous
GVD], and Lpi.p, = t3/|3,] is the corresponding dispersion
length. Instead, b"y (5b), the dimensionless and the physical
electric field amplitudes 15 and A, are related by

pSPALy 1/2
1/).-; = ks“s( 2s ) A,

6b
2 os ( )

For simplicity, |A, — A,| < A, and a,/a, = | are assumed,
which seems reasonable at this stage of the analysis. The
control beams are assumed to remain unaffected by the cross-
phase modulation originating from the signal wave (2) for
two reasons. First, only the wings of the control and signal
beams overlap. Second, as we will show later, the signal-pulse
duration stops increasing and starts oscillating around its initial
value at a signal-pulse peak intensity, which is ~30% of the
control-beam intensity.

The four-wave mixing effects occurring in materials pos-
sessing fast nonlinearities are not accounted in the models
(2), (5a), and (6a). At control and signal waves at different
wavelengths, provided that the planar waveguide length is
much greater than the coherence length, their contribution
should be negligible.

1V. NUMERICAL RESULTS AND DISCUSSION

A. Spatial Aspects

As a first step, we tested our programs against the re-
producibility of results of other authors. We simulated one
fundamental soliton formation and the periodic collapse of
a soliton pair along a nonlinear medium due to mutual in-
teraction [15]. The stability of the guiding mode analyzed
requires a noninteracting regime of propagation of the control
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Fig. 2. Undesired interaction between the parallel control beams along the
nonlinear medium. The mutual attraction depends on the soliton separation.

beams. It should be noted that their higher number results
in a more complicated evolution. For three control beams, we
found (Fig. 2) that at a beam-to-beam distance xg = 1.25(2A7)
(i.e., ry = 6ap), a mutual attraction is still presented. Stable
propagation over £ = 25 was found at g = 1.75(2A) (2o =
8.24a,). The higher value obtained for the off-axial control-
beam separation required is probably due to the Gaussian beam
profiles considered in deriving (1) [14]. At the same value of
the control-beam offset. a stable propagation of five waves
was also found.

Successive performance of the guiding scheme analyzed
could be claimed out only at no cross-talk between the signal
bearmns. We observed stable guiding and periodic oscillations
of the signal waves at sign (n}.*'} = —1. i.e., the nonlin-
ear medium should be self-focusing. but induced-defocusing.
Such a situation, in principle. could be obtained at A; #
A (A = A K Ae.p) in semiconductor-doped glasses. The
polarization-dependence of the sign of the orientational Kerr
nonlinearity is well known. but it does seem to be of practical
interest in proof-of-principle experiments only.

The evolution of the signal beams is presented on Figs. 3
and 4. The control-beam profiles at the entrance of the non-
linear waveguide are assumed to be of the form

L€ = 0) =sech (7 4+ 200) + sechi(n + x0) + sech (n)
+ sech (n = g1 = sech (n = 22g). (7)

The signal-beam profiles are assumed to have a Gaussian form,
equal radii . at 1/e intensity level, and a¢/a, = 1.3 1s
assumed for the case analyzed. In Fig. 3. an initial signal-beam
broadening followed by periodic oscillations is clearly seen.
In Fig. 4(a), the signal-beam profiles are depicted at § = 4
(dashed line) and € = 20 (dots). These profiles correspond to
the first and the last expansion of the signal beams in Fig. 3.
The solid lines represent the input signal-beam profiles. It
is important to note that there is no cross-talk between the
signals. Fig. 4(b) represents the signal-beam profiles at § = %
(dashed line) and & = 24 (dots). which correspond to the
first and the last spatial narrowing of the signal waves (see
Fig. 3). It can be seen that the profiles are practically the
same at the first and the last signal-beam narrowing, differing
slightly from the initial signal-beam profiles. The comparison
between the side-lying and the middle-lying beams shows that
even at perfect initial conditions. the signal-beam profiles are
slightly sensitive with respect to the beam disposition. That
fact. however. does not significantly disturb the guiding mode
analyzed.

Further, it is important to estimate the stability of the scheme
against small-intensity fluctuations of the control beams. Fig. 5
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Fig. 3. Spatial evolution of the signal beams along the nonlinear medium.
Periodic oscillations of the signal-beam radii are clearly seen.
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Fig. 4. (a) Signal-beam profiles at the first (dashed lines) and the last (dots)
expansion modeled. The solid lines represent the signal-beam profiles at the
entrance of the nonlinear waveguide. The absence of a cross-talk between the
signal beams is evident. (b) Signal-beam profiles at the first (dashed lines)
and the last (dots) narrowing modeled.

gives an idea on the peak intensities of the control beams
assumed in the stability analysis, normalized to the peak
intensity of the fundamental bright soliton. Fig. 6 shows the
resulting evolution of the signal beams along the nonlinear
medium. Periodic oscillations, similar to those depicted in
Fig. 3 for the ideal case, can be observed. It is worth noting
that the first and the last expansion (narrowing, respectively)
occur approximately at the same distances as in the ideal case
for which the control beams propagate in the form of first-
order bright spatial solitons. The spatial signal-beam profiles
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Fig. 5. Initial disposition scheme of the intensity fluctuating control beams
assumed in generating Fig. 6.
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Fig. 6. [Influcnce of the fluctuations in the control-beam intensities (£10%)
on the signal-beam propagation. Periodic oscillations are clearly expressed.

at those characteristic distances are almost the same as those
depicted in Fig. 4 and there is no cross-talk between the signal
beams. It is shown [30] that a stationary regime of control-
beam propagation should exist-at a consecutive arrangement of
beams of higher and lower intensities. In view of the present
results, under such an arrangement the signal beams/pulses
should be guided without a cross-talk over longer distances or
even closely spaced across the waveguide.

Our analyses showed that periodic oscillations without a
cross-talk can be observed also at a nonperfect alignment of
the signal beams with respect to the centers of the channels
formed. Fig. 7 gives an idea on the relative positions of
the signal beams’ centers at the entrance of the nonlinear
waveguide in this case. The maximum initial deviation from
the channel center is 25% the channel half-width (i.e., the
initial distance between the centers of the control and signal
beams is not less than 3a,). The control-beam profiles have
the form given by (7). The spatial evolution of the signal
beams obtained under these conditions is plotted on Fig. 8.
Periodic oscillations in the signal-beam radii, similar to those
which should be expected under perfect initial conditions
(Fig. 3) and at weak-intensity fluctuations of the control beams
(Fig. 6). are clearly seen. The period of the oscillations, how-
ever, is increased. The nonlinear waveguide induced by the
control beams (with a gradient-index change and a nonlinear
cladding) “reflects” back the signal wave and no cross-talk is
evident. Fig. 9(a) presents the signal-beam profiles at £ = 5



[3REISCHUH et al.: SPATIO TEMPORAL EVOLUTION OF PROBE BEAMS

-

0 0 10 20

Fig. 7. Initial disposition scheme of the signal beams (solid lines) with
respect to the control beams (dashed lines) used in generating Figs. 8 and 9.
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Fig. 8. Spatial evolution of the signal beams when they are not perfectly
aligned with respect to the information channels (offset +10%). A stable
waveguiding is clearly expressed.

(dashed lines) and { = 14 (dots), which corresponds to the
first and the last spatial broadening of the signal beams.
The solid curves correspond to the initial beam profiles. It
is interesting to note that the signal beams appear to be
centered with respect to the intermediate nonlinear channels
when their broadening is the highest one. This broadening,
however, results in signal-beam intensitites of approximately
10% higher as compared to the perfect situation and the case
with control-beam peak-power fluctuations [see Fig. 4(a)].
Fig. 9(b) shows the signal-beam profiles at £ = 9 (dashed
curve) and £ = 18 (dotted curve). It should be noted that a
maximum spatial signal-beam narrowing appears periodically
in two cases—at a maximum and at a minimum signal-beam
deflection with respect to the input signal beam [Fig. 9(b),
solid curve]. Nevertheless, even at a 25% signal-beam mis-
alignment with respect to the channel centers, no cross-talk
is observed.

B. Spatiotemporal Aspects

It is natural to expect that the influence of the complicated
1-D (spatial) evolution of the signal beams (Figs. 3, 4, 6, 8,
and 9) on the temporal behavior of the signal pulses will not
be a negligible one. We modeled the spatio@cmporal evolution
of a single signal beam/pulse localized between two control
beams. In the notations introduced above, (6a) is solved at
as/a, = 1 and 29 = 8a,. The initial signal-pulse profile
is assumed to be Gaussian with a duration of tg. In order
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Fig. 9. (a) Signal-beam profiles at the first (dashed lines) and the second
(dots) expansion. The solid lines represent the signal-beam profiles at the
entrance of the nonlinear waveguide. Vertical lines indicate the position of
the control beams. (b) Signal-beam profiles at the first (dashed lines) and the
second (dots) narrowing.

to avoid a complete signal spatiotemporal symmetry at the
entrance of the nonlinear medium. the GVD coefficient ||
is scaled to ensure that one dispersion length { = Lpisp.
is equal to four Rayleigh diffraction lengths &. Assuming
no initial chirp of the signal pulse. in the linear regime of
propagation a monotonic signal pulse broadening (v/2 times
at { = 1) should be expected. The main tendency observed
was really such a dispersive broadening of the signal, but
it was modulated periodically. This purely linear evolution
is qualitatively similar to the evolution of the signal pulse
[Fig. 10(a)] under a SPM. 10 times weaker than the spatial
SPM of the control beams. The weak SPM of the signal at
nSPM > 0 in the anomalous GVD regime (J; < 0) leads to
a slight reduction of the signal temporal broadening and to a
slightly enhanced spatial signal-beam spreading [Fig. 10(b)]
at the distances of maximum expansion (see Fig. 3). This
spatial spreading increases with increasing the signal intensity
up to 30% the intensity of the control beams [Fig. 10(d)].
At this signal level, as a mean, the signal pulse duration
retains its initial value [Fig. 10(c)]. The coupling between the
spatial and the temporal dimensions of the signal beam/pulse
is evident. The maximum signal spreading in space [at § ~ 1
and £ ~ 3.4. Fig. 10(b) and (d)] leads to a corresponding pulse
shortening [Fig. 10(a) and (c)]. The opposite seems obvious
at £ ~ 2.2. Tt should be noted that under these conditions the
signal SPM and the IPM from the control beams could lead to
an asymptotical reproducibility of the signal-beam width and
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Fig. 10. (a), (¢c) Temporal and (b). (d) spatial evolution of a signal

beam/pulse of a low and moderate peak intensity (0.1 and 0.3 times the
control-bcam intensity, respectively). One dispersion length ¢ corresponds to
four diffraction lengths &.

of the signal-pulse duration without a cross-talk between the
adjacent waves.

V. CONCLUSION

In conclusion, the parallel guiding of signal beams/pulses
seems to be feasible between bright solitons of nondegenerate
frequencies. The numerical simulations show that a relatively
stable signal-beam guiding without a cross-talk is to be ex-
pected not only at perfect initial conditions (fundamental bright
spatial solitons as control beams and perfect alignment of the
signal beams) but also at relatively small-intensity fluctuations
of the control beams (<+10%) and at a nonperfect alignment
of the signal beams with respect to the written channels
(<25%). The spatiotemporal behavior of the signal waves is
analyzed on the base of the generalized nonlinear Schrodinger
equation (6a). The numerical results show that in a planar
self-focusing and induced-defocusing nonlinear medium of
a negative GVD at the signal wavelength, an asymptotic
reproduction of the signal spatial width and temporal duration
could be achieved.

This sign combination of the nonlinear refractive indexes
required is available in Kerr nonlinear media with an orienta-
tional effect at a perpendicular polarization of the control wave
with respect to the signal one. At nondegenerate control and
signal frequencies, it could be obtained in zinc-blend semicon-
ductors [31], in glass composites [32], or in photorefractive
media {33]. The two-photon absorption and the four-wave
mixing effects were neglected in this analysis, however they
may influence the signal guiding and require future analyses.
Attention should be paid also to the possible controllable

IEEE JOURNAL OF QUANTUM ELECTRONICS. VOL. 32. NO. 9. SEPTEMBER 1996

steering of the control beams [34] and on the associated
evolution changes of the signal waves.
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