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Experimental Observation of Fluidlike Motion of Optical Vortices

D. Rozas, Z. S. Sacks, and G. A. Swartzlander, Jr.
Physics Department, Worcester Polytechnic Institute, Worcester, Massachusetts 01609

(Received 21 July 1997)

We have observed the fluidlike rotation of a pair of identical optical vortices (OV’s) as they propaga
through free space. Similar to vortex filaments in a fluid, the initial rotation rate is found to be inverse
proportional to the squared distance of separation. Owing to unusually small vortex cores, we obtai
rotation rates that were 2 orders of magnitude larger than expected for “conventional” large core OV
[S0031-9007(97)04388-3]
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It is well known that two identical vortex filaments in
an incompressible inviscid fluid orbit each other at a ra
inversely proportional to the orbital area [1] owing to a
effective interaction manifested in the flow field. On th
other hand, it has been shown analytically [2] and expe
mentally [3] thatoptical vortices(OV’s) in a propagating
beam having a Gaussian intensity profile exhibit rotatio
rates that are independent of the separation distance. T
contrast seems to suggest that fluidlike effective intera
tions between OV’s do not occur. However, both flui
flow and the diffraction of light may be described usin
potential theory, and one may expect similar phenome
to occur in both systems. Here we report the first expe
mental evidence of an effective interaction between ide
tical OV filaments, showing that over short propagatio
distances (i.e., before the vortices diffract and overlap
the rotation rate indeed varies inversely with the squar
distance of separation.

A topological vortex [4] in optics is characterized by
helical wave front and a dark circular core whose wav
function vanishes at the central point owing to destructi
interference. The electric field of a beam containing
single vortex may be expressed as

Esr , f, zd ­ EBGsr , zdAsr , zd expfiFsr , zdg
3 exps2ikzd expsimfd , (1)

whereE is the normalized scalar electric field, the back
ground field is typically a Gaussian envelopeEBGsr , z ­
0d ­ exps2r2yw2

0 d of sizew0, and wheresr , fd are the po-
lar coordinates in the transverse plane of the beam,F rep-
resents the wave front curvature of the propagating bea
z is the optical axis,k ­ 2pyl is the wave number,l is
the wavelength of light, andm is the topological charge.
(Note that in quantum mechanics,m is an orbital angu-
lar momentum quantum number.) Finally,Asr , zd is the
core function describing the amplitude of the vortex co
which vanishes atr ­ 0. We are primarily interested in
so-called vortex filaments (or quasi-point vortices) whic
are characterized by a vanishing core size in the init
plane. A model function which has a well-defined cor
size wV arises in various physical systems (such as no
linear refractive media [5–7] and Bose-Einstein quantu
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fluids [8]) and is given by

Asr , z ­ 0d ­ tanhsrywV d . (2)

A point vortex exists in the theoretical limit aswV ! 0, al-
though it is not physical because the beam would contai
infinite transverse momentum. The paraxial approxima
tion will be assumed through this report so that, in practice
w0 ¿ wV ¿ l.

Let us consider the propagation dynamics of a beam
containing vortices as it evolves along the optical axis in
the laboratory reference frame, rather than as a function o
time in the frame moving at the speed of light. A fluidlike
description of the “flow” of photons may be heuristically
understood using a ray optics model. (This approach i
justified for the initial propagation of point vortices on a
uniform background field, because the beam contains on
phase information [9].) It is well known that rays of light
travel perpendicular to the wave front, which, for a single
vortex, is described by the surface:mf 2 kz 1 F ­
const. The negative gradient of this surface determine
the ray directions, whose transverse components are giv
by the transverse wave vector

k' ­ 2='fmf 2 kz 1 Fsr , zdg

­ 2r̂≠Fy≠r 2 f̂myr, sr fi 0d , (3)

where r̂ and f̂ are radial and azimuthal unit vectors,
respectively. For paraxial rays, the important azimutha
componentkf ­ 2f̂myr must vanish at the origin [10].
The effect of the vortex factor in Eq. (1), expsimfd, is evi-
dent in Eq. (3), namely, it provides an angular componen
to all the ray trajectories.

Fluid flow about a vortex, on the other hand, may be
described with two-dimensional potential theory where the
expressionmf has the meaning of a potential, its negative
gradient,2='smfd is the flow velocity, and the azimuthal
velocity is thus proportional to1yr [11]. By comparison,
one may therefore surmise thatk' is analogous to the
velocity field of an ideal fluid, and that a pencil of light rays
may circumnavigate the optical vortex core as the beam
propagates through space just as molecules in a fluid circ
about the core of a vortex. In the latter case, we note tha
© 1997 The American Physical Society 3399
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a particle at thecenterof a given vortex core is unaffected
by the flow established by that vortex.

To test this analogy, a second vortex may be placed
the beam. As in a fluid, the flow established by the fir
vortex is expected to transport the second vortex (and v
versa), resulting in an effective vortex-vortex interactio
When multiple vortices exist in the same beam, the initi
field may be written as a series of products:

Esr , f, z ­ 0d ­ EBGsrd
MY

j­1

Ajsrjd expsimjfjd , (4)

where thejth vortex is characterized by a core functio
Aj , a topological chargemj ­ 61, and circular coordi-
natessrj , fjd, defined at each core as shown in Fig. 1. (
different class of experiments may be conducted by,
stead, superimposing vortex fields [12].) For convenienc
we assume an initially flat wave front curvatureFsr , z ­
0d ­ 0. From an experimental point of view, vortices ma
be introduced using one or more phase masks. In our
periment, we consider two identical singly charged vo
tices (M ­ 2, m1 ­ m2 ­ 1, A1 ­ A2), separated by a
distancedV ø w0, and placed at the center of the beam
as depicted in Fig. 1. In the near field regionjzj ø zV

where

zV ; pd2
V yl (5)

characterizes the distance at which the vortex cores over
owing to diffraction, the effects of diffraction may be
ignored, and the field for a pair of point vortices ma
be written asEsr, f, zd > expfisf1 1 f2d 2 ikzg. The
initial phasefront for this field is shown in Fig. 1(b)
depicting a circular phase ramp from 0 to2p around each
vortex. In this case, the net transverse wave vector m
be expressed as

k' ­ 2f̂1yr1 2 f̂2yr2 , (6)

FIG. 1. (a) Intensity (log gray scale) and (b) phase (line
gray scale) profiles depicting two vortices of radial sizewV and
separationdV in the cross section of a Gaussian beam of si
w0. The topological charge for each vortex ism ­ 1, resulting
in a counter-clockwise circulation, as depicted by the circul
arrows in (b). A line plot of the intensity along thex axis is
shown in (a).
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where f̂1 and f̂2 are unit vectors along the azimuth o
each vortex. The mutual effective interaction between
OV’s may now be described. The center of vortex 2 has
azimuthal componentk'sr2 ­ 0d ­ 2f̂1ydV , and vortex
1 hask'sr1 ­ 0d ­ 2f̂2ydV . In other words,vortex 2
is transported by thephase gradient of vortex 1,and vice
versa. This suggests a double helical trajectory of
vortex cores as they propagate through space. The in
rotation rate, or angular “velocity” about a point midwa
between the vortices may thus be calculated [9,13]:

VV ­ DuV yDz ­ 2lypd2
V ­ 21yzV , (7)

where DuV is the angular displacement of the vortice
from their initial position. Diffraction may be expecte
to significantly affect this rate after a propagation distan
Dz ø zV , and thus, Eq. (7) accounts for rotation angl
up to roughly one radian. Thus we believe the analo
between optical and hydrodynamic vortex filaments
justified over short propagation distances.

In contrast, conventional optical vortices [14,15] ha
a core functionAjsrjd ­ rjyL, whereL is a parameter
characterizing the slope of the vortex core, butnot the
size; rather, the size is on the order of the backgrou
beam size. The propagation dynamics for such a large c
function is significantly different from that of a quasi-poin
vortex. For an arbitrary number and placement of identi
conventional vortices on a Gaussian background field,
rotation rate depends only on the size of the backgrou
beam

VG ­ 2duGydz ­ 2f1 1 szyz0d2g21z21
0 , (8)

where z0 ­ pw2
0yl is the characteristic diffraction

length of the Gaussian background beam, anduGszd ­
arctanszyz0d. In contrast, the angular velocity for a poin
vortex pair may initially be many orders of magnitud
larger than Eq. (8)—by a factor ofVV yVG ­ z0yzV ­
sw0ydV d2, assumingdV ø w0. What is more, we point
out that conventional vortices do not exhibit circula
motion, but rather parallel rectilinear motion [9], owing t
a z dependence of the separation distance. By inducti
we conclude that only small core OV’s exhibit fluidlik
propagation dynamics.

To investigate the spiral trajectory of optical vorte
filaments, we produced computer-generated hologra
[16] of two small-core vortices. Holograms having
grating period of120 mm were recorded onto acetat
using a Linotronic laser printer with a 5080 dotyinch
resolution. The holographic image of the vortex pair w
initially reconstructed with a 34 mm diameter collimate
single frequency argon ion laser beam of waveleng
l ­ 514 nm. The first order diffracted beam containin
the vortex pair was spatially filtered with a 310 mm foc
length achromatic lensL1, and a400 mm diameter pinhole
P, as shown in Fig. 2. A second lensL2 of focal length
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FIG. 2. Experimental setup: Ar: single frequency argon io
laser sl ­ 514 nmd; B1,2: beam splitters; C: CCD camera;
CGH: computer generated hologram (inset shows cent
region) with incident collimated beam of diameter 34 mm
L1,2: lenses with focal lengths,f1 ­ 310 mm, f2 ­ 63 mm,
respectively; L3: microscope objectivesNA ­ 0.25d; M1,2:
mirrors; Mac: Macintosh IIfx computer and framegrabber; P
400 mm diameter pinhole; S: shutter; TS: translation stag
aligned with the optical axisz.

63 mm, was used to re-collimate and reduce the beam
a sizew0 ­ 3.5 mm. In the image plane (where we se
z ­ 0), we measured the vortex size to bewV ø 60 mm.
The vortex separation distance was measured to ran
from dV ø 100 to 250 mm for different holograms. For
the casesdV . 120 mm the pair of vortex cores did not
significantly overlap; i.e., they satisfied the quasipoin
vortex condition2wV , dV ø w0.

Cross-sectional intensity profiles were recorded
various propagation distances [see, for example, Fig. 3(a
3(c)] by translating an assembly containing a microscop
objectiveL3 and a CCD camera. The corresponding inte
ferograms, shown in Fig. 3(d)–3(f) and displaying th
unique forking pattern of two singly charged vortices
were obtained by opening a shutter S along the referen
arm of a Mach-Zehnder interferometer. Relative position
of the vortices were obtained from the recorded profile
which allowed us to determine the angular positionuV and
the separation distance at various propagation distancez
from the image plane. By roughly aligning the axis o

FIG. 3. Intensity (a)–(c) and interference (d)–(f) profiles o
vortices of initial sizewV ø 60 mm at different propagation
distances (camera view). The vortices rotate clockwise f
increasing values ofz, as expected for positive topological
charges.
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the translation stage with the optical axis of the beam,
vortices appeared to move about a common axis, altho
measurements of the absolute positions of the vorti
would be needed to verify this.

Initial rotation rates atz ­ 0, shown in Fig. 4(a), are
in good agreement with the values predicted by Eq.
for dV . 2wV , as expected. An example of the varyin
rotation angle for the casedV ­ 105 6 9 mm is plotted
in Fig. 4(b), which shows a peak rotation atz ø zV ­
6.7 cm, and rotation angles spanning 40± over a range of
11 cm. The relative vortex trajectories shown in Fig. 4(
for three different values ofdV , indicate that the initial or-
bital motion of the vortex cores is followed by a repulsio
from the center. The peak rotation angles experienced
these cases were 2 orders of magnitude larger than the
gular positionuG for conventional vortices, and thus, th
observed effect may be solely attributed to the effect
vortex-vortex interaction.

The departure from circular motion seen in Fig. 4(c
and the decelerated rotation rate seen in Fig. 4(b), is
tributed to radiation from the diffracting vortex cores fo
jzj . zV . The surprising decrease in the value ofjuV j af-
ter reaching a peak value, as seen in Fig. 4(b), may
understood by considering the effect of the amplitude g
dient on the vortex trajectory. Once the vortex cores be

FIG. 4. (a) Experimental (points) and theoretical (curves) in
tial rotation rates,jVsz ­ 0dj ­ jduV ydzjz­0, as a function of
separation distancedV . The dashed line represents the ra
for point vortices [from Eq. (7)], while the gray curve is pre
dicted from Eq. (9), assumingwV ­ 60 mm. (b) Angular po-
sition of a vortex undergoing pairwise rotation as a functio
of propagation distancez for an initial vortex separation dis-
tancedV ­ 105 6 9 mm szV ­ 67 mmd. The orbit is initially
clockwise fsVV sz ­ 0d , 0g. (c) Trajectories of vortex pairs
in the transverse plane for initial separation distancesdV of
105 6 9 mm (circles),195 6 17 mm (squares),249 6 21 mm
(triangles). A common axis of motion has been assumed
the data.
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to overlap [9], the nonuniform background field affect
the vortex motion, and the rotation rate is estimated by

Vtanh ø 2slypd hd22
V 1 w22

0

2 2yfdV wV sinhs2dV ywV dgj . (9)

The vortex sizewV increases with propagation distanc
owing to diffraction, and thus, Eq. (9) accounts for
decrease in the rotation rate in the vicinity ofjzj ø zV .
To obtain accurate results, however, numerical solutio
of the scalar diffraction equation are necessary. On t
other hand, the effects of diffraction may be avoide
by propagating beam through a self-defocusing nonline
refractive medium, where the vortices propagate as opti
vortex solitons [5]. In the latter case, numerical solution
[9] demonstrate that rotation angles exceeding2p may be
achieved.

In summary, small-core optical vortices having the sam
topological charge were found to rotate at an initial rate th
increases inversely with the squared distance of separat
This phenomenon is analogous to the rotation of poi
vortices in a fluid. Furthermore, the initially large rotation
rate, which was 2 orders of magnitude larger than predict
for conventional optical vortices, was observed to decrea
and even reverse sign once the vortex cores overlapp
Control over the initial conditions provided by compute
generated holography and high resolution laser print
technology makes the observation of this linear optic
effect possible, and opens rich opportunities to explo
other topological vortex phenomena such as turbulence a
chaos [17] using linear and nonlinear optics as a testi
ground.
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