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Abstract

The spatial dynamies of ring dark solitary waves i studied numerically in
order to determine the appropriate initial conditions Tor an efective contrel
of their transverse veloeily. We show that the evolution of Lhe solitary-wave
parameters radivs, nog width and conirast can be controlled by increasing
the ring radius, by an initial phase modulzton of the background beam
and as & result of @ ponlinear interaction with 3 second dark formation.

1. Introduction

Spatial optical solitons form & specific class of beams for
which the diffraction is compensated by the beam's spatal
self-action. Dark spatizl solitons could be characterized as
localized intensity-dips superimposed upen intense back-
ground beams and propagating in self-defocusing nonlinear
media. The existence of ring dark solitary waves (RDSW),
namely dark solitary waves of circular symmetry, is predict-
ed in [1, 2]. Each dizmetrical slice of the RDSW represents
two intensity-dips of hyperbolic-tangent profiles spaced at
twice the dark ring radivs. Characteristic for the phase-
distribution of the RDSWs is the presence of a pair of
opposite abrupt n-phase shifts localized at the zero-intensity
positions across the ring. This two-dimensional dark wave
will be denoted further as “black”™ RDSW in contrast to the
“gray” ome, for which the modulation depth is less than
unity and the phase-shift is less than n, respectively. Simi-
larly to the one-dimensional and quasi-2D) experiments
described in the Refs. [3, 4], 2D gray RDSWs are generated
experimentally [5] at a pure amplitude modulation st the
cotrance of the nonlinear media. Their characteristic phase-
singularities are recorded experimentally [6] at the exit of
the nonlinear medium.

As shown in [1, 2, 5], the RDSW does obey its inherant
dynamics changing slowly its radius, width and contrasr
Probably because of that reasom the inmterest of the
researchers is directed mainly toward the optical vortex soli-
tons [7]. In this paper we study the spatial evolution of
RDSWs in respect to a minimum change of their param-
cters. The proposed experimental conditions for a controlla-
ble manipulation of the tramsverse velocily makes them
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altractive &5 short-distance puiding/switching structures for
meultiple paraliel optical information channels in bulk non-
linear media.

Z. Numerical analysis

The longitudinal ponlinezr 2D evolution of the dark beams
15 simulated numercally by solving the {2 + 1) dimensional
nonlinear Schridinger equation 1,2]:

=

cE g & .
i+ Bl —— + - JE + ko, | EFE = 0, (1)
£z &xt 8t

where the term comprising f = (2k)”™' describes the beam
diffraction and n, | E* is the intensity-dependent medium
refractive-index correction leadiog to a background-beam
self-defocusing at ny, < 0. Finite-extent background beams
of super-Gaussian profiles

r=ix 4 ) @)
and widihs 13 times larger than this of the dark formations
superimposed i), and of amplitudes 4, are considered. The

pure amplitude 2D medulation, evolving in a gray RDSW
alomg the nonlinear medium, is described [6] by

Eglr, ¢b, z = 0) = 4, Bir} taoh (r/ry). {3)

The initial condition corresponding to a black RDSW
imposed on a background-beam Bir) has the form

Egir, ¢ 2 = 0) = A, Bir) tanh [{r ~ Ry)ry] exp (id), (da)

where R, is the dark ring radius. The initial phase distribu-
tion @ of the black RDSW is modellad [3] as followed :

Pe=00)=0 atr=sR,,
iz =0, p)=n arr>R,.

Bir) = exp {—{r/15ry]**};

4t

Girayscale images of the mmtensity and phase distribution
of a black RDSW formed on a super-Gaussian background-
beam arz shown in Fig la and Fig 1b, respectively. A
iransverse grid consisting of 312 x 312 points was used in
the simulations, The aumerical procedure used for solving
eg. (1) is a 2D generalization of the beam-propagartion
method. Further, the nonlinear propagation path-length will
be expressed in units of wnoslinear lengths Lo =
{k|ny| A%~ Durng the calculation Ay =1 and ry = 1 are
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Fig. I. Grayscale plots for the intensity (a) and phass (b} distribution of a
black EDEW (White denotes backyround intensity equal 1o unity and
phase equal to )

assumed, ie. the Rayleigh diffraction length Ly, =
Loy (Lo = krg).

2.1. Choice of a suitable RDSW radius and widsh

Figure I shows the initial (at z = 0} diametrical intensity
distribution of a black RDSW (sclid curve) and at - = 4L
(dashed curve). It is evident, that the dark ring radius K,lz)
increases along the nonlinear propagation path. This
increase is accompanied with a 2D redistribution of the
“lack of energy” and results in a decreasing contrast of the
' TISW. The nponzero transverse velocity of the black
~-LD5W could be attributed, in principle, to an interaction
between opposite-lying arcs of the ring This assumption,
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Fig. 2. Diametsical intensity distribution of 3 RDEW at 7 = 0 {solid cu ve;
Ag = L, ry=1amd Ry = 7) and z = 4Ly, (dashed curve),

however, appecred inconsistent with our numerical results.
Nooimteraction was observed between one-dimensional
black odd dark salitons of tank-shape at the same spadal
offset. One physical rezson for the nonzero transverse veloc-
ity W =dRyz)dz of the black RDSW was found in the
finite value of the dark ring radius of curvature, To demon-
strate this we consider the sitwation, at which elliptical tanh-
shaped black formations with initial n-phase jumps are
imposed on intense backpround-bezms, Except the radii of
curvature near the cress-sections, identical initial condition
for two slices of the dark elliptical formations vs. back-
ground are ensured. when the shorter axis of the Grst ellipse
is chosen to appear as z longer axis of the second ellipse in a
separate simulation, The numerical analyses carried out
showed, that the reduction of the radius of curvature leads
to an enhanced transverse velocity of the axial slice and to a
corresponding contrast reduction,

The guiding properties of optical vortex solitons are
already demonstrated experimentally [7]. The nonzero
transverse velocity and the associated contrast reduction
seem undesired for 2 practically applicable all-optical
guiding device based on RDSWs, We tried to estimate
tumernically conditions, under which the transverse velocity
W' can be reduced. As a first step we compared the black
and gray RDSWs (the last one generated from even initial
conditions; see eq. {3}). In order 1o ensure equal ring radii
R and widths »; first the formation of a gray RDSW from a
pure amplitude modulation is simulated (Fig. 3a, dash-
dotted curve) and, therealter, the initial profile of the black
RDSW (Fig. 3a, solid curve) was generated. The dependence
of the transverse velocity W = dRyiz)/ds on the nonlinear
propagation path z, in units of Ly, , is plotted on Fig. 3h.
The dash-dotted curve refers to the gray RDSW generated
from a pure amplitude modulation at the entrance of the
nonlinear medium. [n view of the large values of W and the
reduced contrast of this formation [see Fig. 3a), gray
RDS3Ws does not seem attractive for practical guiding
devices. The dashed line represents the result from a linear
evolution (4, < 1) of the odd ring formation (eq. (4)). The
transverse velocity W remains relatively small, but the back-
ground spreading tends to wash-out the dark formation.
The upper solid curve in Fig. 3b refers to the evolution of
the black RDSW, whereas the lowsr one represents the ana-
Iytical result from the adizbatic approximation of the per-
turbation theory [1. 2] (namely eg. (&) from Ref [1].
Physically, this approximation holds at larger values of
Rylz = 0, which was cenfirmed numerically during the
simulations. As a first intermediate result it is worth to note,
that a reduced transverse spreading of RDSWs should be
expected for initially black RDSW at larger dark ring radii
Ry and smalier widths r,. Physical limitations on r, are
posed hy the maximum laser intensity available and bv the
intensity required J ~ 1/} (at R — o the quantity Ird = 1
is the soliton constant for 1D odd dark soliton stripe [3, 47).
The increase of R, is limited by the necessity to avoid the
undesired ring-to-background interaction,

2.2, Initial phase modulation of the background beam

The first indication, that a suitable initial phase modulation
could force the dark ring first to collapse and, thereafter, to
start diverging, could be found in [1, 2. An optical element
able to ensure the phase modulation considered in this work
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Fig. 3. [a) Radial intensity-profiles of the gray (dash-dotted curve) and of
the black RDSW (solid curve) used as inital intemsity distributions for
evaluating the transverse velocity W (see (bl (o) RDSW transvemse velodity
W vs, nomalized propagation distance 7/« {dasbed curve-lincar mode of
propagation, dush-dotted eurve - gray RDSW, upper solid curve ~ present
results on the evolution of a black ROSW and lower solid curve — analyti-
cal results from Ref, [1])

i5 the axicone of an aperture wider than the background
beam. Much wider possibilities however does exist. The
phase-jumps at the intensity dips of the RDSW allows, in
principle, to phase modulate independently the background
in- and/or outside of the ring Figure 4 is intended to
provide a qualitative idea on the phase modulation out- and
inside (Fig. 4b.c) of the dark ring (Fig. 4a). Figure 4d illus-
trales a simultaneous initial phase modulation on both sides
of the RDSW. The spherical lenses plotted should transform
a part of the incoming plane wavefront into the concave one
desired to manipulate the RDSW transverse velocity, Of
course it does not seem reasonable to use such lenses pre-
pared from an optical material. Much easier seems to repro-
duce suitably designed computer-generated holograms as
done for optical vortex solitons (8, 9, 10]. Although the
evolution of the dark ring is due 10 an interplay between 2D
diffraction and self-phase medulation under self-defocusing
conditions, a simplified paraxial apalysis based on the
matrix-optics formalism was found ta be uscful in estimat-
ing the approximate focal lengths of the effective lenses
shown in Fig 4 (ie the radii of curvature of the
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Fig 4. Dpe-dimensiozal plot of 2 RDEW mposed on a finite-extent back-
grownd (ap The schemes of spherical lenses should illustrats qualitatively
the inilial phase modulation inside (%) and oomside (o) the RISW, a8 well a3
the indepencdent phase modulation oa both sides {d)

background-beam phase distribuzion). The compensation
for the background spreading was found to require an
initial spatial phase modulation outside the ring, equivalent
to that produced by a hollow lens of a focal length

. VdRge"
Jio = Byg I:.' ("'E:_{')L

where Ry, is the background-beam radius (twice larger than
Ry and exceeding 15 times r, in the cases considered). IT the
same is to be done by modulating the background inside the
dark ring only,

Fo =Ry Tl + cos? [diz = Op7Le

(5a)

(Sb)

is reguired, were ¢ is the inital RDSW divergence angle
assogated with its contrast [1]. Equation ({5b) is based on
the analytical result of Kivshar and Yang (eq. (6) in [1])
derived uoder an adiabatic approximation of the pertur-
bation theory for dark solitons. The results from eqs. [5a, b}
were used in the first step of the analysis based on solving
eq. {1

Figure 5 shows the evolution of the dark ring radius R,
normalized to its initial value at the entrance of the nonlin-
ear medium up to 10L,, . The background is phase modu-
lated inside the ring ealy and f_ /R, is used as a parameter.
The upper curve refers te an unperturbed RDSW. Let us
assume, that 5% relative change in R, is reasonable for
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Fig. 5. Phase modulation inside the dark ring: Relative change of the
RDSW radius R, along the nonlisear propagation path in units of nonlin-
car lengths. Dasked lnes - + 5% limitation. The ratic f_ (8, i5 used as a
parameter.

practical reasons and 10% is the highest Limit acceptable
One can see that the nonmodulated RDSW reaches the 5%-
dmit approximately at an 1.6 times shorter propagation dis-
tance as compared to the ring at f /R, = 1.5, By breaking
the 3% limit in the ring collapse the RDSW of f_/R, =1
broadens with 5% at a distance twice larger than this corre-
sponding to the nonperturbed formation. Qualitatively
similar results were obrained for the situation, at which the
background outside the ring is modulated only (Fig &)
Phase modulations of effective focal lengths, f, < 2R, are
unaccepiable because of the 5% limit posed in this analvsis,
Nevertheless, within this limit the propagation distance with
a reduced transverse spreading could be extended 2.1 times
at { /Ry = 2 as compared to the unmodulated case {Fig. 6,
upper curve]. Qualitatively, the improvement of the RDSW
contrast associated with the controllable influenced
dynamics of the dark ring radius is not different. From a
practical point of view, however, the modulation cutside the
ring scems preferable, since the limited resolution of the
eventual computer-synthesized hologram  will allow a
limited number of coaxial interference fringes to be nested in
he ring structare.

It could appear reasonable to modulate the phase in- and
outside the RDISW in such a way (see Fig. 4d) forcing first
the ring to collapse mainly due to the initial phase moduola-
tion inside. The increasing of R, after this dark-beam “ring
waist” could be suppressed by the comparable weaker back-
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Fig. 6. The same as i Fig. 5 for & phase modulation outside the ring wath
F o /R 28 4 paremeter

ground phase modulation outside the RDSW thus resulting
in 4 region of a propagation distances, at which R, remains
practically constant. The results from this approach are pre-
septed on Fig 7. 1o the both cases considered the extension
of the region of propagation distances, for which the 3%
limits is kept, is approxmately 1.8 times the corresponding
distance for the cooperturbed RDSW. After the initial
decrease in R, ope can clearly observe an extended dark
nng “beam waist”. Relative changes of less than 2% in the
initial value of R, were estimated over 4.5L., lor /_ /R, =

iJand f_ /Ry = 0.0 (dashed line) and over 5.2L,, (solid) for
fo/Ry=25 and f, /R, = 6.6. The changes in the RDSW
width and contrast are found to be correspondingly negligi-
ble. In our view this approach could be a possible one for
writing 2D RD solitary guiding structures in bulk photorel-
ractive materials [11]. The estimation of the optimal initial
phase variation of the background (linear, quadratic or
other tvpe) will be a subject of further analyses.

2.3, Imeeracrion with coaxial 20 dark structures

We were motivated to analyze numerically this configu-
ration by the fact, that the interaction potential between D
dark opuical solitens is 2 repulsive one [127]. Therefore, two
coaxial dark rings, each one of them separately representing
a RDSW (see eq. (4a)). should repel cach other when nested
in & common hackground beam. As a consequence the inner
dark ning should be forced 1o callapse initially, whereas the
outer ooe should be expected 1o propagate with an
enhanced tranverse velocity, This configuration could not
be regarded as a specific case of an interaction-suppression
[13], since the outer ring dark wave sarves as an “idler™ one.
The ipitial phase n-jumps at the intensity minima of the
rings could be only opposite ones (see eq. (4b])).

Figure & plots the relative change of the radius R, of the
inner RIDDSW vs. normalized propagation path at an initial
outer ring radius B, = By + A (see eg. (4a)). As expected,
the decrease of A leads to an nereased overlapping of the
formations and, therefore, to an enhanced traosverse
dynamics of the inner dark ring. For comparison, the upper
curve represents the evolution of the nonperturbed RDESW,
Interpolating the numerical data it was found, that within a
+ 2.5% limit of deviation in Rylz)/Ry{z = 0) the inner dark
ring propagates over more than 9.6L,, . The same guantity
estimated within the +35% and — 1004 limit is 13L,, . In
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Fig. 7. Evolution of the RDSW radius influsnced by a simuoltaneous phase
modulation in- and outside the RDSW. Both efsctive focal lengths are
denoted. Dashed line - + 5% deviation interval
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Fig. 3. Reduction of the RDSW transverse dynamics by an ouler oo-axis
dark riog (A radial rmg-sepuration; dashed hoes — 5% limat
considered).

view of the above resulrs this all-optically induced suppress-
ion of the transverse dynamics of the RD5W seems prom-
ising and we will revisit this point again.

The second scheme considered was not related to a sup-
pression of the RDSW transverse velocity W. Io contrary,
we imposed an optical vortex soliton (OVS) as the center of
the dark ring. In this case repulsive interaction was found to
emhance W. Because of the geometry considered the radial
offset A in this case was equal to R;. Since we considered a
fundamental OVS upon a background of an unit intensity,
ro, was set to 119 (corresponding to the OVS constant
Iri =./2) At A = 1.5 we generated numerically the upper
dashed curve plotted in Fig, 9. As seen, the transverse veloe-
ity is enhanced as compared to the nonperturbed case (Fig,
9, solid line). It should be pointed out, that this nonper-
turbed curve differs significantly from the similar curves
plotted in Figs. 58, since it corresponds to a 6 times smaller
value of R, and, thus, the ring transverse velocity is higher,
Propagation at 10L,, already ensures an induced deflection
of the RDSW of more than one ring width r,. Therefore,
these two spatial positions of the ring are clearly resolved in
space. The lower dashed curve represents the RDSW evolu-
tion when influenced by the coproragation of an outlying
dark odd ring The particular curve corresponds to & =2
{se¢ Fig. §). Once again, the distance of 10L,, seems long
enough to allow spatial resolution between the nenper-
turbed and the inner ring in the two-ring mede of propaga-
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Fig. 9. Induced switching of a RDSW (solid line) by an optical voriex
soliton [upper dashed line) and by a second outlying dark ring fommaticn
[levwer dashed curve), See the text for details,
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tion. o dependence on the topological charge was found as
in {147 In view of the above one can conclude, that the
manipulation of the transverse dvnamics of @ RDSW could
sllow to comstruct a radial switch. Potentially, if multiple
information channels are guided by the RDSW at a shon
distance, a radial switching of parallel optical channels
seems realizable. The tume needed 1o rewnte the guiding
structure in a photoreactive material (i a quasi steady-state
regime) is of the order of 10ms or less [15]. Therefore, such
a device could appear applicable if streams of parallel infor-
mation are 1o be redirected relatively rarely. The high trans-
mission capacity of the device dus to the parallel switching
mode, however, seems attractive. The switching time necded
allows to use a programmable Lguid-crystal modulator, the
diffraction from which ensuring the desized initial profiles of
both the OVS and idler outer dark ning [16].

3. Conoclusion

In this work we aznalvzed numerically different possible
schemes for a contrallable manipulation of the transverse
dypamics of ring dark solitary waves, Phase modulation of
the background beam in- and outside the dark ring seems
preferable when the changes in the ring radius should be
kept at minimum. The interaction with a coaxial OVS or
with 2 second dark ring of & larger radius could allow to
comstruct a practically feasible parallel all-optical radial
switch., Phase measurments on the generation and recon-
struction of suitably designed computer-generated holo-
ETAMS are in Progress,
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