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Observed rotational enhancement of nonlinear optical vortices
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The propagation dynamics of an optical vortex pair is experimentally confirmed to experience enhanced rotation
in a self-defocusing medium. We measured this effect to be 3.5 times larger than in linear media. The
enhancement is attributed to nonlinear refraction within the dark vortex cores, permitting the vortices to

propagate as vortex filaments.
OCIS codes:

Optical vortices (OV’s) are ubiquitous in coherent
optical fields.!”” They have also been discovered to
propagate as solitons in self-defocusing Kerr nonlinear
refractive media.®® Surprisingly, OV’s may also
develop from an initially smooth beam in weakly non-
linear media.l®"'® Investigations of beams that
contain pointlike vortices or multiple vortices often
take advantage of computer-generated holographic
techniques.'*"*® Such vortices are characterized by
a beam whose phase velocity circulates about a small
dark vortex core. The phase is azimuthally harmonic,
and thus the intensity vanishes at the center of the
core owing to destructive interference.

When two or more vortices are entangled in the
same beam, an effective interaction is established by
means of phase gradients. For example, two identical
point vortices separated by a distance d, will rotate
about their midpoint at a rate proportional to 1/d,2.
A similar effect occurs between vortices in continu-
ous media (e.g., two nearby hurricanes) through the
flow fields.'” This optical effect, however, has been
observed only when the OV cores do not overlap.® In
most cases, amplitude gradients, which also affect the
propagation dynamics of vortices, essentially cancel
the effects of the phase gradient when the cores over-
lap.'®* Owing to the diffraction of point vortices in
linear optics, the cores eventually overlap, and rota-
tion slows. In a self-defocusing medium, however, one
may offset diffraction with nonlinear refraction, and
thus the OV’s can be prevented from overlapping. Nu-
merical calculations'® predict enhanced vortex rotation
angles in nonlinear media that exceed the linear op-
tics limit of 90° (the Gouy phase'?). In this Letter we
describe what we believe is the first experimental veri-
fication of this enhancement.

The envelope function that describes N OV’s entan-
gled in a background beam, Egg, may be written in
multipolar coordinates:

N
E(r, 0, z) = Egg(r, 2) l_[ j(rj, 2)exp(im;0;), (1)

where A; is a complex amplitude that describes the
vortex core, m; is the topological charge of the jth vor-
tex, and (7}, 6;) are circular coordinates defined with
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respect to an origin at each vortex core. In practice,
the initial background field is often a Gaussian dis-
tribution: Epq(r, 0) = Eq exp(—r2/wy?), where wy is
the beam waist and Ey? is a characteristic intensity.
In this Letter we are concerned with two identical vor-
tices (N = 2, m; = mg = 1) placed symmetrically about
(and near) the optical axis, as shown in Fig. 1. The
vortices in Eq. (1) may form OV solitons in a self-
defocusing Kerr material that has a nonlinear coeffi-
cient, ng < 0.9 Ideally the core size converges toward
the soliton size, w, = 1.270k 1(ny/An)Y2? as the beam
propagates, and the amplitude profile near the core
reaches a stationary state approximated by

Aj(rj, z) = tanh(rj/wj)exp(iAnkz), (2)

where An = —nyEy? and ng are nonlinear and linear
refractive indices, respectively, and k is the wave num-
ber. In our experiment, the vortex cores at the input
face of the nonlinear cell were made larger (by diffrac-
tion) than the soliton size. At low beam power the
cores overlap, but as the beam power is increased the
cores contract. As the core diameters become smaller
than the vortex separation distance 2wy < dy), we ex-
pect to observe the predicted rotational enhancement.
A contraindication of this enhancement, which may
be attributed to the use of a small background beam

(wo ~ dv),'® was observed by Luther-Davies et al.?
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Fig. 1. (a) Intensity and (b) phase profiles of two identical
small-core vortices near the center of a Gaussian beam in
the initial transverse plane (z = 0).
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To achieve the enhancement, we produced a
computer-generated hologram consisting of two closely
spaced vortices: dy << wg. Two different computer-
generated holograms were made that had different
values of dy. They were recorded onto DuPont
photopolymer film (HRF-150X001-38) at a fringe
spacing of roughly 1 um to achieve a high-efficiency,
high-damage-threshold phase hologram. The core
size in the plane of the hologram was measured to
be wy = 30 = 5 um for vortices separated by dy =
135 + 4 ym and wy = 45 = 5 um for vortices sepa-
rated by dy = 84 * 4 pum.

A schematic of the optical system is shown in Fig. 2.
An argon-ion laser beam (A = 0.514 um, P =~ 6 W,
wo = 1 mm) was directed through beam splitter BS;
and a hologram and into a vertically aligned glass
cell of length I[¢ = 290 mm that contained a self-
defocusing material, slightly dyed methanol (ny = 1.33)
with an absorption coefficient « = 2.4 X 1073 mm™1!.
The distance between the hologram and the input face
of the cell was l,;; = 230 mm > z,, where 2z, = (1/2)d,2
is a characteristic diffraction length for the vortex pair.
The net optical path between the hologram and the
output face of the cell was lyet = lair + nolc = 616 mm.
The output face of the cell was imaged with lens L
onto a CCD camera. The beam splitters in Fig. 2 were
arranged to form a Mach—Zehnder interferometer,
permitting easy identification of the vortex centers
(which occur at forks in the fringe pattern). Images
were recorded after an illumination period of roughly
3 s to allow the thermal nonlinear system to reach a
quasi-steady state.

The recorded output intensity profiles are shown in
Fig. 3 for dy = 84 = 4 um at four values of the beam
power (measured at the input face). From interfero-
grams of such images (not shown) we determined the
angular displacement ¢y with respect to the initial po-
sition (—11.5° from the x axis) in the plane of the holo-
gram. In the low-power regime, shown in Fig. 3(a),
linear diffraction allows the vortices not only to rotate
by ¢v = 29° but also to completely overlap each other.
As the laser power is increased, the vortex cores con-
tract and become resolvable, as shown in Figs. 3(b)—
3(d), owing to nonlinear refraction. As expected, the
angular position of the vortices is found to increase
with increasing power. Surprisingly, we also found
that the cores become elongated at higher powers, as
if the vortex axes themselves were tilted away from the
optical axis. An analogous instability owing to torsion
from perturbations and self-interactions is observed in
fluid dynamics.?! Perturbations from nonlocal heat-
ing effects may be the source of this instability in our
experiments. We also point out that, as the vortex
cores contract, the area of the beam expands owing
to self-defocusing, and an optical shock front is estab-
lished at the perimeter of the beam, as seen in Fig. 4.
The vortex cores also radiate during contraction, as evi-
denced by the high-intensity ring surrounding the pair
of vortices in Fig. 4.

The power-dependent angular displacement of the
vortices is plotted in Fig. 5(a) for both holograms.
In both cases the value of ¢y initially increases as
the power increases and then tends to saturate (at
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Py ~ 0.8 W) once the vortex cores cease to overlap.
Surprisingly, for dy = 135 um the saturation gives
way to a second regime of rotational enhancement for
Py > 1.5W. Inthis case the net rotation angle reaches
¢v = 106 = 3°, exceeding the linear optics limit of
90°. Compared with the linear angular displacement
of 30° (with respect to the initial orientation along the
x axis), this constitutes an enhancement of 3.5 times.
We note that even larger enhancements were achieved
in the transient regime (e.g., within 1/30 s) before heat
diffused across the vortex cores.

The radiated ring surrounding the vortices in Fig. 4
may contribute to this enhancement. An amplitude
gradient in the vicinity of a vortex core, V, (E/A;), ef-
fectively pushes the vortex in the direction perpendicu-
lar to the gradient.’® In our experiment the vortices
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Fig. 2. Experimental setup: Ar, argon-ion laser (A =
514 nm); H, holographic recording of two identical small-
core vortices; M;, My, mirrors, C, vertical glass cell of
length [ = 29 cm filled with weakly absorbing liquid (dyed
methanol); L;, Lo, lenses of focal distance d = 50 mm;
CCD, CCD camera and frame grabber; S, Ss, shutters.
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Fig. 3. Output intensity profiles for incident powers of
Py = (a) 0.01, (b) 0.4, (¢) 1.9, and (d) 2.5 W. In the plane of
the hologram (not shown), dy = 84 * 4 um and the initial
vortex alignment is —11.5° below the x axis.
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Fig. 4. Transverse intensity profile for the nonlinear case,
Py = 0.54 W, showing optical blooming at the edge of the
beam as well as a radiation ring surrounding the vortices.
The intensity along the dashed line is plotted at the bottom.
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Fig. 5. (a) Plots of measured values of angular displace-

ment ¢y versus incident power P, for initial vortex sepa-
rations of dy = 84 = 4 ym and dy = 135 * 4 um.
(b) Vortex trajectories for dy = 135 = 4 um and the ini-
tial vortex alignment along the x axis.

clearly reside along the inside rim of the radiation ring
(see Fig. 3). Hence both the phase and the amplitude
of the beam may contribute to the rotation of the vortex
pair under high-power illumination. What is some-
what surprising to us is that this additional rotational
enhancement occurs even though the distance between
the vortex cores increases owing to beam expansion.
The transverse position of the vortices is shown in
Fig. 5(b) at different values of the beam power. The
radial position of the cores increases by a factor of 2.1
at P = 2.6 W for dy = 135 um. Thus the component
of the rotational rate caused by vortex phase gradients
is expected to decrease by a factor of 1/4. Therefore
we believe that the observed anomalous rotational en-
hancement is caused by the large amplitude gradient of
the radiated ring.

In summary, we have observed an enhancement of
the fluidlike rotation of optical vortices owing to a con-
traction of the vortex cores in a nonlinear refractive
medium. As the cores contract, a ring of light is radi-
ated from the cores. The vortex cores were observed

to exhibit a second regime of rotational enhancement,
which we attribute to the amplitude gradient of this
ring. Owing to these nonlinear effects we have ob-
served, for the first time to our knowledge, vortex rota-
tion angles that exceed the 90° Gouy phase limit.
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