
1 July 1999

Ž .Optics Communications 165 1999 77–82
www.elsevier.comrlocateroptcom

Controllable optical Y-junctions based on dark spatial solitons
generated by holographic masks

J.A. Andrade-Lucio a,), M.M. Mendez-Otero a, C.M. Gomez-Sarabia a,´ ´
M.D. Iturbe-Castillo a, S. Perez-Marquez b, G.E. Torres-Cisneros b´ ´
a Instituto Nacional de Astrofisica, Optica y Electronica, Apartado Postal 51, Puebla, PUE, 72000, Mexico´

b UniÕersidad de Guanajuato, Apartado Postal 215-A, Salamanca, GTO, 36730, Mexico

Received 30 November 1998; received in revised form 3 April 1999; accepted 12 April 1999

Abstract

We show that when the coherent superposition of two dark spatial solitons is used as the initial condition for an optical
beam, it will form an asymmetric optical Y-junction after evolution in a nonlinear Kerr-like medium. Using a computer-gen-
erated holographic mask to provide such a required initial condition, we demonstrated that an asymmetric optical Y-junction
can be formed in a photorefractive BTO crystal. q 1999 Published by Elsevier Science B.V. All rights reserved.
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The use of dark spatial solitons as optical Y-junc-
tions was experimentally demonstrated just a few

w xyears ago in a Kerr-type material 1 . In these materi-
als, the transient evolution of an initial intense beam
into a pair of identical dark-spatial solitons was used
to construct the symmetric Y-junction, opening the
possibility to use spatial solitons to guide optical
signals in logic and interconnection of all-optical

w xdevices 2–5 . However, to produce dark spatial
solitons requires the adequate initial conditions of
the beam at the entrance of the nonlinear medium.
Theoretically, dark solitons in Kerr media can be
generated with a dip, no matter how small it be, in
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the transversal intensity profile of an enough intense
w xbeam 6 . It is possible, at least in principle, to know

the soliton as well as the linear solutions, reminding
that a given initial beam profile will be produced by
solving the eigen-value problem associated to the

Ž . w xnonlinear Schroedinger equation NLSE 7 . In the¨
laboratory, such a perturbation is carried out using
amplitude or phase masks. An amplitude obstacle,
e.g., a wire, in front of the input beam will produce
an even number of dark spatial solitons immersed on
a bright background. On the other hand, a p-phase
jump introduced on one half of the transversal input
beam profile will produce an odd number of dark
spatial solitons also immersed on a bright back-

w xground 8 . In any case, higher order solitons will
always be formed by pairs of identical solitons. In
consequence, their dynamics will only produce sym-
metrical optical junctions.
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The purpose of this paper is to report the experi-
mental observation of an asymmetrical Y-junction
generated in a photorefractive BTO crystal under the
presence of drift nonlinearity. This optical junction
was formed by using the nonlinear superposition of
two distinct dark spatial solitons as the initial condi-
tion of the beam. Such an initial condition was
obtained by means of an adequate computer-gener-
ated hologram.

Ž .Fig. 1. Asymmetric Y-junction generated solving Eq. 2 with
z sy0.6 and z s0.3. Formation of the two distinct optical1 2

Ž . Ž .channels a and the trajectory followed by a probe beam b .

Fig. 2. Relative probe beam power guided by the optical channels
at the output of an asymmetric Y-junction, as the parameter z is2

Ž .changed z sy0.6 .1

Ž .Within the usual 1q1 -dimensional approach,
the evolution of a laser beam propagating in a nega-

w xtive Kerr-type medium is governed by the NLSE 8 :

Ef 1 E2f
22 < <i sy qN f f , 1Ž .2EZ 2 EX

Ž . Ž .where f X,Z is the normalized slowly varying
transversal envelope of the beam and N 2 s
L P n rn with P the peak power of the beam andd 0 2 0 0

n the nonlinear refractive index, L sn k x 2, n is2 d 0 0 0 0

the linear refractive index, k the wave number and0

x the initial width of the beam. The transversal0

coordinate and the propagation distance have been
normalized to Xsxrx and ZszrL , respectively.0 d

Fig. 3. Unit cell of the computer-generated hologram.
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Ž .For N s 1, Eq. 1 admits the fundamental
w x Ž . Ž .dark soliton solution 9 f X,Z s tanh X =

Ž � 4 .exp yi 1r2 Z . Apart from this particular solution,
Ž .there are many other analytical solutions to Eq. 1 ,

which represent multiple dark solitons interacting
under the influence of effective repulsive potentials.
Among them, the two-solitons solutions are of re-
markable importance for the present work, and are

w xgiven by 10 :

2 if X ,ZŽ .
f X ,Z s1y , 2Ž . Ž .

g X ,ZŽ .

where

2 1 1
f X ,Z s qŽ . ž /m qm z q im z qm1 2 1 1 2 2

y z y im exp 2m Xy2z ZŽ . Ž .1 1 1 1ž
1

q y z y imŽ .2 2/m1

=
1

exp 2m Xy2z Z q ,Ž .2 2ž /m2

g X ,Z s z y im z y imŽ . Ž . Ž .1 1 2 2

=
1

exp 2m Xy2z Z qŽ .1 1ž /m1

1
= exp 2m Xy2z Z qŽ .2 2ž /m2

21 1 1
y q ,2 ž /z q im z q imm qmŽ . 1 1 2 21 2

2(with m s 1yz .i i

The two dark solitons are fully characterized by
the parameters z , which lie in the range 1-z -1.i i

The magnitude of z represents the width and thei

transversal distribution of the dark soliton. The sign
of z indicates the direction of displacement of thei

Ž .transversal velocity V, Vs2z . At zs0, Eq. 2i

represents the exact nonlinear superposition of two
dark spatial solitons, and they separate as Z is
increased. Our main idea in this paper is that if we
use the transversal distribution which exactly repro-

Ž .duces Eq. 2 at Zs0 as the initial condition for
Ž .f X,0 , its posterior evolution within the nonlinear

medium acts as an asymmetric optical Y-junction
when the solitons are used as optical channels for a
second and weak beam. Fig. 1 demonstrates this
idea. In Fig. 1a we show the optical waveguides,

Fig. 4. Experimental set up for the generation of the asymmetric Y-junction. CBS: cube beam splitter.
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Ž .starting from the profile of Eq. 2 with z sy0.6,1

z s0.3, while in Fig. 1b, we show the trajectory2

followed by a probe beam. As it is evident, the probe
beam splits its initial energy into the two formed
optical channels. A direct numerical integration of
the output probe beam intensity distribution of Fig.
1b indicates that the deeper channel guides 68% of
the initial probe beam energy, while the other carries

out the other 32%. The amount of the probe beam
energy split into the two optical channels can be
adjusted by changing the values of the parameters z ,i
as can been seen in Fig. 2, where the sharpest
soliton, i.e., smaller z , always guides the largesti

fraction of power.
In order to prove our basic idea, as an example,

we experimentally constructed a 60–30 optical beam

Ž . Ž . Ž .Fig. 5. Images and profiles for the pump beam: input a , output b and output with 9.0 kVrcm external electric field applied c .
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splitter using as nonlinear media a photorefractive
Ž .BTO crystal. Note that Eq. 2 is valid only for

Kerr-type media, but under the influence of the drift
nonlinearity, the photorefractive crystal behaves as a

w xsaturable Kerr-type media 11 . In these kinds of
Žmedia, the saturation parameter the ratio of the

maximum beam power density to that of the dark
. w xintensity can be easily controlled 12 . Furthermore,

waveguides generated by fundamental dark spatial
solitons in photorefractive media are always single

w xmode 13 then their behavior on collisions is identi-
w xcal to that in Kerr media 14 . Theory and experi-

ments on dark solitons and their waveguiding proper-
ties in photorefractive crystals always give symmet-

w xric Y-junctions 12–16 .
The initial condition for our experiment was pro-

duced using a computer-generated hologram of uni-
tary cell shown in Fig. 3. Following the elegant
technique proposed by Ojeda-Castaneda and˜

w xLohmann 17 , we encoded the amplitude profile of
Ž .the superposition of the two solitons given by Eq. 2

as the width of the slit and the phase variations as
the shape. This hologram was set in front of the
pump beam in an experimental configuration shown
in Fig. 4. The first He–Ne laser beam illuminates the
holographic mask located at the input of a 4-f optical
system. In the Fourier plane of the first lens, we set a
slit to choose the first diffracted order. In this way,
we exactly reproduce the amplitude and phase varia-

Ž .tions given by Eq. 2 . Under these experimental
conditions, a dark stripe was produced at the input

Ž .face of the crystal see Fig. 5a . After propagation in
Ž9 mm of the crystal, the stripe was broadened Fig.

.5b . After application of an electric field of 9 kVrcm
to the crystal, the initial dark stripe was divided into

Ž .two Fig. 5c . One can clearly see that the amplitude
Žof one with dark stripes is deeper upper in the

.image and the left in the profile than the other
Ž .lower in the image and the right in the profile . It is
clear from the last image that we generate an asym-
metric Y-junction. To verify the result, it was neces-
sary to see the waveguides properties of the structure

w xwith a probe beam. As it was shown in Ref. 18 , in
this kind of experiment, it is not necessary to use a
uniform illumination to the crystal to generate dark

w xspatial solitons 19 . Under our experimental condi-
tions, we can say that the saturation parameter was
lower than 1, then the Kerr-type behavior was ob-

tained. We use the other He–Ne laser beam to obtain
Ž .a 1q1 -D focused beam in the dark stripe using a

20-cm cylindrical lens. This beam was not continu-
ously illuminating the crystal because it tends to
destroy the waveguide. To avoid this, it is necessary
to use a different wavelength. In Fig. 6, we show the

Ž . Ž .input a and the output b profile of the probe beam
without pump beam and voltage applied to the crys-

Ž . Ž .Fig. 6. Profiles for the probe beam: input a , output b and
Ž .output with 9 kVrcm external electric field applied c .
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tal. Once the asymmetric Y-junction was created, we
allowed the probe beam to pass only for a few
seconds and we observed that the beam was split

Ž .into two Fig. 6c . One guided portion, correspond-
ing to the deeper dark stripe, had more power than
the other. The power splitting ratio obtained experi-
mentally was 66r34. This result is in good agree-
ment with the numerical simulations presented above,
both the pump and probe beam. The splitting of the
input power of the probe is explained in terms of the
mode requirements imposed by the two different
dark solitons. The deeper soliton is expected to guide
a great fraction of the input energy of the probe
beam. Then different beam splitters can be con-
structed by changing the parameters of the interact-
ing solitons encoded in the hologram.

In conclusion, we have proposed and demon-
strated the generation of asymmetric optical Y-junc-
tions in a photorefractive crystal. Such an optical
device is based on the adequate generation of the
input beam profile, which corresponds to the colli-
sion of two dark spatial solitons. The possibility of
having such an asymmetrical Y-junction may have
attractive potential applications in all-optical beam
splitters and switches, just as a variable beam splitter
in bulk media.
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