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Propagation of Dark Stripe Beams in Nonlinear Media: Snake Instability and
Creation of Optical Vortices
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We analyze the evolution of1+1) dimensional dark stripe beams in bulk media with a
photorefractive nonlinear response. These beams, including solitary wave solutions, are shown to be
unstable with respect to symmetry breaking and formation of structure along the initially homogeneous
coordinate. Experimental results show the complete sequence of events starting from self-focusing of
the stripe, its bending due to the snake instability, and subsequent decay into a set of optical vortices.
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Focusing Kerr-type nonlinear media exhibit solitary dimensional(2+1) allowable solutions and are shown to
wave solutions, where diffraction is compensated bybe unstable due to breaking of the initially odd symmetry
the nonlinearity. These solutions are localized brightof the field and the appearance of spatial structure along
beams with zero field at infinity. Solitary solutions in the “hidden” homogeneous coordinate. We present the-
defocusing media correspond to a dark region of smalbretical and experimental data demonstrating all stages
intensity with finite (and larger) intensity at infinity. of this breakup and subsequent spatial evolution result-
Stripe (1+1) dark solitary solutions of the nonlinear ing in the formation of optical vortices (wave front dis-
Schrodinger equation in the context of a defocusing Kertocations) [12]. Formation of optical vortices has been
nonlinearity were analyzed in Ref. [1]. Later it becamepredicted in laser cavities [13], and due to nonlinear prop-
evident that these solutions are unstable in bulk mediagation , in self-defocusing media [6,14]. Optical vortices
[2,3] due to the growth of perturbations along the initially are well known in linear optics [15], and were observed
homogeneous coordinate. Their breakup and subsequenmteviously in self-defocusing optical media [9] by intro-
spatial dynamics have been the subject of continuinglucing strong perturbations at the entrance to the nonlin-
interest since then [4]. Numerical analysis of spatialear medium. We demonstrate here that optical vortices
dynamics of light beams for a nonsaturable and saturablare a natural consequence of nonlinear propagation of any
defocusing Kerr nonlinearity was undertaken in [5] anddark stripe beam in a defocusing medium. The neces-
[6], respectively. sary seeds are provided by the natural noise in the system,

Dark solitary wave solutions can only be investigatedand the characteristic scales are determined by the fastest-
in approximate form experimentally, since they have fi-growing modes of the transverse modulation instability.
nite energy at infinity. Experimental investigations of the Propagation of an optical bea®(7) in a defocusing
propagation of dark stripe beams in bulk media have rephotorefractive medium is governed by the equations [16]
lied, therefore, on embedding a dark notch in a somewhat 0 i Jo
wider bright envelope [7—11]. This has two immediate [— - —V2}3(7) = —i —B(r), (1a)

. . . dx 2 0z
consequences. First, the bright envelope spreads in a de- ;
focusing medium, which limits the propagation distance 2 2y . _ 9 2
over which a high contrast dark stripe can be maintained. Vie +Vin(l + 1B - Ve 9z In(1 +181%). (1b)
Second, the growth rates for perturbations along the howhere ¢ is the electrostatic potential induced by the
mogeneous coordinate turn out to depend on the relatiieeam with the boundary condition8¢ (7 — «) — 0.
width of the envelope to the dark notch. We have foundEquations (1a) and (1b) imply a particular geometry of
both theoretically and experimentally, that the instabilityinteraction where a beam propagates along one of the
growth rates decrease as the envelope of the bright backrystal axes (ther axis) and the electrooptic tensor has
ground is narrowed. This may in part explain why theone dominating component, e.g., as is the case for a
snake instability of dark stripe beams, observed here fophotorefractive crystal of SBN. The differential op-
the first time, has not been reported previously. erator V acts on coordinates and z perpendicular to

We analyze below the breakup and subsequent sp#he direction of propagation of the beam The rela-
tial evolution of one-transverse-dimensior(@H1) dark  tionship between the dimensionless coordindtes, z)
stripe beams in bulk nonlinear media with a photore-and the physical coordinates’,y’,z’) is given by the
fractive nonlinear response. In bulk media these beamexpressions = |a|x’ and(y,z) = Vkla| (y',z'), where
belong to a low-dimensionall +1) subclass of higher- a = (1/2)kn?r33(Eexe + Epn) < 0. Herek is the wave

2262 0031-900796/76(13)/2262(4)$10.00 © 1996 The American Physical Society



VOLUME 76, NUMBER 13 PHYSICAL REVIEW LETTERS 25 MRcH 1996

number of electromagnetic radiation in the medium, 0.7 ——
is the index of refractionrs; is the relevant component
of the electro-optic tensork,, is the amplitude of the
photogalvanic field, andE., is the amplitude of the
external field far from the beam; both are directed along
the z coordinate. The electromagnetic intengiBy7)|* is
normalized to the dark intensith;.

If all functions in Egs. (1) are assumed to depend only

growth rate
(=]
»
T

o ¢
w
—

on the transverse coordinaiethe photorefractive nonlin- l
earity becomes identical to the saturable Kerr nonlinearity. 01 .
Equation (1b) can be integrated and Eq. (1a) recast in the ool
form ) ]; 2
Y 2 _ 2
[i—ia—}B(x,z)=—iMB, ) y
ax 2 9z? 1 + |BJ? FIG. 1. Modulation instability growth ratd” as a function

where|B.| = |B(z = =)|. The simplest solitary wave of the transverse wave numbey for the dark solitary wave
solution of Eq. (2) has the formi(x,z) = b(z) with b(z)  solution (3).
governed by the relation [17]

db/dz = \/E\/C —cm —cmnce/cy, 3

where ¢ =1+ b2, ¢, =1+ b2, b, = b() = —b(—). To study the nonlinear stage of spatial dynamics
This antisymmetric solution is analogous to that obtainedFdS: (1) have been solved numerically for several dif-
by Zakharov and Shabat in Ref. [1] for nonsaturable Ker erent input field profiles including the solitary solution
nonlinearity and reduces to it in the limi, < 1. The (3)- The results presented below correspond to our ex-
question of stability of this solution with respect to trans-P€riments where the dark intensity notch was imbed-
verse modulation is addressed by considering the anfled in a large-diameter bright stripe beam. The input
plitude of an electromagnetic field of the form(7) = electromagnetic field in this case was chosen to be of
[b(z) + 8b(z) exp(Tx) sin(k,y)], whereb(z) is the solu- e formBin = Bo(2)[1 + By(y,2)] = Bo(z) + N(y,2),

tion (3), k, is an arbitrary transverse wave numbéb, is where By is a(1+1) ground state andy is an additive

a small complex-valued perturbation eigenmode, Brig ~ NOIS€ with uniform random spectrum in Fourier space.
the growth rate of this eigenmode. The relative magnitude of noise is characterized by the

_ 2 2 H
The system of equations for the eigenmodes obtaineBarametere = [INIPdydz/ [|Bol|*dydz, where the inte-
by linearization of Egs. (1) is of the form gration is carried out over the computation window.

b2 — B2 1 1 a2 The ground state has the form
[r + 2 4 —f2 - ——:|6b = —béo,

1 + b2 27 2 972 Bo(z) = VI, exd—4z2/d> + mif(2)]®(z), (5)

(4a) where ®(z) = 1 — exp(—400z%/d?), I, is the initial
92 5 9 ) 5 intensity of the beam, anél(z) is the step functio(z >
922 Sp—kdp + 9z 59"3_Z In(l + %) 0) = 1 andf(z < 0) = 0. The electromagnetic field (5)

5 . is a wide beam with a Gaussian intensity profile and the
1+ b, 0 b(db + bb )} =0. (4b) diameterd having a dark notch in the center with 10 times
1+ b2 9z (1+5b?) smaller diameter. The relative phase of the left and right
The eigenvalued” may be either purely real or purely halves of the beam is shifted b\80° so that the field
imaginary. Real positive values of correspond to passes through zero at the center and changes sign.
growing modes and to the instability of the ground state. Figure 2 demonstrates the spatial dynamics of the beam
Figure 1 shows the numerically found instability growth (5) with d = 60, I,, = 3, ande = 3 X 1072, The ini-
rate I' for the solution (3) as a function of the transversetial characteristic width of the dark stripe is a couple
wave numberk, and for two values of its maximum of times larger than that of the solitary solution (3).
intensity 1,, = b*(z = =«). Figure 1 demonstrates that As it propagates, the main wide beam experiences self-
the solution (3) is unstable in a certain range of transversdefocusing. The dark stripe in the center first under-
wave numbers,. The eigenmodes turn out to be evengoes self-focusing [2(b) and 2(c)]. Figures 2(b)—2(f) also
functions of the coordinate, whereas the ground state show some amount of radiative decay with radiated waves
solution (3) is odd. Because of this difference in parities,seen as dark stripes on a brighter background that origi-
growth of the perturbation eigenmode causes the initiallynate near the center of the beam and move outward. At
straight dark stripe (3) to bend periodically along the larger propagation distances [2(d) and 2(e)], the develop-
axis. That is why this instability is also called snakement of the snake instability results in the periodic bend-
instability [2]. ing of the dark channel along the initially homogeneous
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FIG. 3. The product of the real and imaginary parts of the
field for Fig. 2(g)(x = 30).

the beam at the input and output faces of the crystal were
recorded with a charge coupled device camera.

To create a dark stripe parallel to theaxis a glass
plate was introduced in half of the beam before the
FG. 2 Evolut . dark strive for the lonaitudinal system of two cylindrical lenses. Interference of the

. L. volution of a narrow aark stripe 1or the iongituaina H i
ot iaios 605 (5 10 6 5 (0. 50 61 5. ac sacd vy sy o o s g o 5 S
’ ’ ' a phase shift of aproximatelgzn + 180° between the
two halves of the main beam passing through the crystal.
The same arrangement was used to visualize zeros of the
coordinatey. At the same time the continuous line of ze- electromagnetic fields generated as the result of decay of
ros of the field breaks down into a set of optical vortices orthe dark stripe (see [12]).
wave front dislocations that become more and more pro- The experimental results presented in Fig. 5 show the
nounced [2(f)—-2(h)]. These dislocations are visualized insteady state intensity profiles of the output beam for
Fig. 3 by plotting the product of the real and the imagi-different values of the applied voltage (different values
nary parts of the electromagnetic field for the conditionsof the nonlinearity) and a fixed level of incoherent
of 2(g). Dark intertwined lines correspond to zeros of ei-illumination several times weaker than the initial beam
ther real or imaginary part, the points of their intersectionintensity. The vertical size of each picture in Fig. 5
are zeros of the total field. Figure 3 zooms in on the cenis about 200 um. Figure 5(a) shows the diffractive
tral part of the beam in Fig. 2 along thecoordinate. spreading of the dark stripe embedded in the beam and the

Numerical analysis of the spatial dynamics of beamsheam itself for zero applied voltage (zero nonlinearity).
with a wide embedded dark stripe shows that it cannot exAs the nonlinearity increases the main beam experiences
ist as a single intensity dip and breaks down into a series
of narrower dark stripes. Each of those develops subse-

quently according to a scenario close to the evolution of He-Ne laser
the narrow stripe discussed above and shown in Fig. 2. 10 mW 2 N

In the experimental setup shown in Fig. 416 mW N reference beam | ]
beam from a He-Ne lasén = 0.6328 wm) was focused U
in the horizontal plane with a pair of cylindrical lenses. "dark"
The vertical size of the beam remained unchanged and **°%; VEU ilumination

: . T/

equal to abou mm. The beam was directed into a 0 0 N
photorefractive crystal placed after the beam waist. The U | seN 2 Y \
crystal ¢ axis was oriented parallel to theaxis to take (7 L —l neeacal lglass
advantage of the largest componeptof the electro-optic caf,ob x y

Srg

tensor of SBN. A variable dc voltage was applied along

the ¢ axis_ to CO”UP' the yalue of ncmlinea_r COU,'P””_@ and FIG. 4. The experimental setup. The photorefractive crystal
the effective dark intensity was varied by illuminating the of SBN:60, doped with0.002% by weight Ce, measured
crystal from above with incoherent white light. Images of 10 X 6 X 9 mm along(x, y, z).
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The existence of the zeros (optical vortices or wave
front dislocations [15]) was confirmed experimentally by
interferometric measurements. The spacing of the zeros
seen in Fig. 5(e) is about0 um, which corresponds,
using the measured experimental parameterk, te 1 in

Fig. 1. We have also shown experimentally that a wider
dark stripe decays by the formation of multiple narrower
self-focused dark filaments that subsequently start snaking
and decay into a series of vortices.
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