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Experimental Observation of Fluidlike Motion of Optical Vortices
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We have observed the fluidlike rotation of a pair of identical optical vortices (OV’s) as they propagate
through free space. Similar to vortex filaments in a fluid, the initial rotation rate is found to be inversely
proportional to the squared distance of separation. Owing to unusually small vortex cores, we obtained
rotation rates that were 2 orders of magnitude larger than expected for “conventional” large core OV'’s.
[S0031-9007(97)04388-3]

PACS numbers: 42.25.—p, 42.40.Jv, 47.15.Ki, 47.32.Cc

It is well known that two identical vortex filaments in fluids [8]) and is given by
an incompressible inviscid fluid orbit each other at a rate
inversely proportional to the orbital area [1] owing to an A(r,z = 0) = tanh(r/wy). (2)
effective interaction manifested in the flow field. On the
other hand, it has been shown analytically [2] and experi:
mentally [3] thatoptical vortices(OV’s) in a propagating

.A point vortex exists in the theoretical limit ag, — 0, al-
though it is not physical because the beam would contain
anmlte transverse momentum. The paraxial approxima-

beam having a Gaussian intensity profile exhibit rotatio ib dth hthi h
rates that are independent of the separation distance. THS n>\;w e;siume through this report so that, in practice,
wWo wy

contrast seems to suggest that fluidlike effective interac® . .
Let us consider the propagation dynamics of a beam

tions between OV’s do not occur. However, both fluid o ) ) . L

flow and the diffraction of light may be described using containing vortices as it evolves along the optical axis in

potential theory, and one may expect similar phenomen?e laboratory reference frame, rather than as a function of
.time in the frame movmg at the speed of light. A fluidlike

to occur in both systems. Here we report the first experld t the “f ¢ oh be h I
mental evidence of an effective interaction between iden escription of the *flow” of photons may be heuristically
understood using a ray optlcs model. (ThIS approach is

jniform background field, because the beam contains only
phase information [9].) It is well known that rays of light

distance of separation. | dicul h ¢ hich. f |
A topological vortex [4] in optics is characterized by atrave perpendicular to the wave front, which, for a single
vortex, is described by the surfacei¢p — kz + ® =

helical wave front and a dark circular core whose wave

function vanishes at the central point owing to destructiveONSt: The negative gradient of this surface determines

interference. The electric field of a beam containing i@et;\aeyt?;;esc\fggz \)’VV:\?eSiéft‘vaerse components are given

single vortex may be expressed as

E(r.$.2) = Egc(r.2)A(r,2) exdi®(r,2)] ki ==Vilm¢ = kz + ©(r,2)]

X exp(—ikz) explime), (1) = —#9®/ar — ¢m/r, (r+0), 3
whereE is the normalized scalar electric field, the back-where # and ¢ are radial and azimuthal unit vectors,
ground field is typically a Gaussian envelopgs(r,z = respectively. For paraxial rays, the important azimuthal
0) = exp(—r2/wd) of sizew, and wherér, ¢) are the po- componenk, = —¢@m/r must vanish at the origin [10].

lar coordinates in the transverse plane of the beamep-  The effect of the vortex factor in Eq. (1), eip ), is evi-
resents the wave front curvature of the propagating beandent in Eq. (3), namely, it provides an angular component
z is the optical axisk = 27 /A is the wave numben) is  to all the ray trajectories.

the wavelength of light, anék is the topological charge. Fluid flow about a vortex, on the other hand, may be
(Note that in quantum mechanicg, is an orbital angu- described with two-dimensional potential theory where the
lar momentum quantum number.) Finall(r,z) is the expressionn¢ has the meaning of a potential, its negative
core function describing the amplitude of the vortex coregradient,—V | (m¢) is the flow velocity, and the azimuthal
which vanishes at = 0. We are primarily interested in velocity is thus proportional td/r [11]. By comparison,
so-called vortex filaments (or quasi-point vortices) whichone may therefore surmise thkt is analogous to the
are characterized by a vanishing core size in the initialelocity field of an ideal fluid, and that a pencil of light rays
plane. A model function which has a well-defined coremay circumnavigate the optical vortex core as the beam
sizewy arises in various physical systems (such as nonpropagates through space just as molecules in a fluid circle
linear refractive media [5—7] and Bose-Einstein quantunabout the core of a vortex. In the latter case, we note that
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a particle at theenterof a given vortex core is unaffected where ¢, and ¢, are unit vectors along the azimuth of
by the flow established by that vortex. each vortex. The mutual effective interaction between the
To test this analogy, a second vortex may be placed i©V’'s may now be described. The center of vortex 2 has an
the beam. As in a fluid, the flow established by the firstazimuthal componerk , (r, = 0) = —é&l/dv, and vortex
vortex is expected to transport the second vortex (and vicé hask | (r; = 0) = —<2>2/dv. In other wordsyortex 2
versa), resulting in an effective vortex-vortex interaction.is transported by thphase gradient of vortex Bnd vice
When multiple vortices exist in the same beam, the initialversa. This suggests a double helical trajectory of the
field may be written as a series of products: vortex cores as they propagate through space. The initial
rotation rate, or angular “velocity” about a point midway

M . .
E(r, b,z = 0) = Epg(r) l_[Aj(rj)exp(imjcbj), (4) between the vortices may thus be calculated [9,13]:
j=1

_ _ 2 _
where thejth vortex is characterized by a core function {v = Adv/Az Mady /v, 7)
Aj, a topological charger; = *1, and circular coordi- \yhere Agy is the angular displacement of the vortices
nates(r;, ¢;), defined at each core as shown in Fig. 1. (Afrom their initial position. Diffraction may be expected
different class of experiments may be conducted by, inyg significantly affect this rate after a propagation distance
stead, superimposing vortex fields[12].) Forconveniencep, ~ ;,, and thus, Eq. (7) accounts for rotation angles
we assume an initially flat wave front curvatubdr.z = yp to roughly one radian. Thus we believe the analogy
0) = 0. From an experimental point of view, vortices may petween optical and hydrodynamic vortex filaments is
be !ntroduced using one or more _phaSt_a masks. In our ©Xastified over short propagation distances.
periment, we consider two identical singly charged vor- | contrast, conventional optical vortices [14,15] have
tices M =2, m; = my =1, Ay = A,), separated by @ 3 core functiond;(r;) = r;/L, whereL is a parameter
distancedy < wo, and placed at the center of the beam,characterizing the slope of the vortex core, ot the
as depicted in Fig. 1. In the near field regimh < zv  sjze; rather, the size is on the order of the background
where beam size. The propagation dynamics for such a large core
o function is significantly different from that of a quasi-point
zv = mdy/A (5) vortex. For an arbitrary number and placement of identical
onventional vortices on a Gaussian background field, the
tation rate depends only on the size of the background
beam

characterizes the distance at which the vortex cores overla
owing to diffraction, the effects of diffraction may be
ignored, and the field for a pair of point vortices may
be written asE(r, ¢,z) = exdi(¢p, + ¢2) — ikz]. The
initial phasefront for this field is shown in Fig. 1(b),
depicting a circular phase ramp from 02¢ around each
vortex. In this case, the net transverse wave vector m
be expressed as

Qg = —dbg/dz = —[1 + (z/20°] 'z5",  (8)

here zo = mwj/A is the characteristic diffraction
ength of the Gaussian background beam, agdz) =
arctariz/zo). In contrast, the angular velocity for a point
K, = —di/r1 — ¢a/ra, (6) vortex pair may initially be many orders of magnitude

larger than Eq. (8)—by a factor &2y /Q¢ = z0/zv =
(wo/dy)?, assumingdy < wo. What is more, we point
I I out that conventional vortices do not exhibit circular
‘ motion, but rather parallel rectilinear motion [9], owing to
a z dependence of the separation distance. By induction,
we conclude that only small core OV’s exhibit fluidlike
propagation dynamics.

To investigate the spiral trajectory of optical vortex
filaments, we produced computer-generated holograms
[16] of two small-core vortices. Holograms having a
grating period of120 um were recorded onto acetate

: . i ! " ' ! using a Linotronic laser printer with a 5080 dtch
0 128 2560 T 2n resolution. The holographic image of the vortex pair was
FIG. 1. (a) Intensity (log gray scale) and (b) phase (linearinitially reconstructed with a 34 mm diameter collimated
gray scale) profiles depicting two vortices of radial sizeand  single frequency argon ion laser beam of wavelength
separationdy in the cross section of a Gaussian beam of sizey — 514 nm. The first order diffracted beam containing
wy. The topological charge for each vortexsis= 1, resulting . . . -
in a counter-clockwise circulation, as depicted by the circularthe vortex pair was spatially filtered W'th a 310 mm focal
arrows in (b). A line plot of the intensity along theaxis is  length achromatic lenks,, and 2400 wm diameter pinhole
shown in (a). P, as shown in Fig. 2. A second lehs of focal length
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the translation stage with the optical axis of the beam, the
Mac vortices appeared to move about a common axis, although
SI M, measurements of the absolute positions of the vortices
i

| — would be needed to verify this.
Initial rotation rates at = 0, shown in Fig. 4(a), are
L, P L, L, . . .
ArEZZ | in good agreement with the values predicted by Eq: (7
I C for dy > 2wy, as expected. An example of the varying
B, CGH| iy f B, rotation angle for the caséy = 105 = 9 um is plotted
' t +e>! TS z in Fig. 4(b), which shows a peak rotation at= zy =
FIG. 2. Experimental setup: Ar: single frequency argon ion0-7 cm, and rotatllon angles spannln_g"étﬁ/er a range of
laser (A = 514 nm); B;,: beam splitters; C: CCD camera; 11 cm. The relative vortex trajectories shown in Fig. 4(c)
CGH: computer generated hologram (inset shows centrdior three different values afy, indicate that the initial or-
region) with incident collimated beam of diameter 34 mm; hjtal motion of the vortex cores is followed by a repulsion
L1 lenses with focal lengthst; = 310 mm, f, = 63 MM, o0 the center. The peak rotation angles experienced in
respectively; L;: microscope objective(NA = 0.25); M,: .
mirrors; Mac: Macintosh lIfx computer and framegrabber; p.these cases were 2 orders O,f magmtu_de larger than the an-
400 um diameter pinhole; S: shutter; TS: translation stagegular positionds for conventional vortices, and thus, the
aligned with the optical axis. observed effect may be solely attributed to the effective
vortex-vortex interaction.

. The departure from circular motion seen in Fig. 4(c),
63 mm, was used to re—coIhr_nate and reduce the beam %nd the decelerated rotation rate seen in Fig. 4(b), is at-
a sizewy = 3.5 mm. In the image plane (where we set

; tributed to radiation from the diffracting vortex cores for

z = 0), we measured the vortex size to g ~ 60 um. {{zl > zy. The surprising decrease in the valud ®f| af-

The vortex separation dlstanc_e was measured to ran & reaching a peak value, as seen in Fig. 4(b), may be
from dy =~ 100 t0 250 wm for different holograms. For understood by considering the effect of the amplitude gra-

the casesly > 120 Mm the pair of vortex cores did not yient on the vortex trajectory. Once the vortex cores begin
significantly overlap; i.e., they satisfied the quasipoint

vortex conditiomlwy < dy << wy.

=]

Cross-sectional intensity profiles were recorded a’ 10 30
various propagation distances [see, for example, Fig. 3(a)g k% @1 b
3(c)] by translating an assembly containing a microscopes 5 == = 10 ;Iﬁ L ]
objectiveL3 and a CCD camera. The corresponding inter-= ‘\’ﬁ:_‘ g . M
ferograms, shown in Fig. 3(d)-3(f) and displaying thei‘ e < 013
unique forking pattern of two singly charged vortices, 5 ‘“"i\ 10
were obtained by opening a shutter S along the referenc™ Lo 200 300 250 5 10 15 20 25
arm of a Mach-Zehnder interferometer. Relative positions dlpm] z [em]
of the vortices were obtained from the recorded profiles o9

T

which allowed us to determine the angular positignand (). o
the separation distance at various propagation distances 50 ~5‘\§ u y TS
from the image plane. By roughly aligning the axis of ‘5 £ \

0
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P e — _ FIG. 4. (a) Experimental (points) and theoretical (curves) ini-
(d) i ‘z (1) Nz= tial rotation rates|Q(z = 0)| = |d6y/dz|,-o, as a function of
sriltit | ’ separation distancdy. The dashed line represents the rate
|1 il | - . . .
I ¥ for point vortices [from Eq. (7)], while the gray curve is pre-
‘1 ‘ dicted from Eg. (9), assuming, = 60 um. (b) Angular po-
| | sition of a vortex undergoing pairwise rotation as a function
LM iR EERE0E HHH of propagation distance for an initial vortex separation dis-
tancedy = 105 = 9 wum (zy = 67 mm). The orbit is initially
FIG. 3. Intensity (a)—(c) and interference (d)—(f) profiles of clockwise[(Qy(z = 0) < 0]. (c) Trajectories of vortex pairs
vortices of initial sizewy = 60 um at different propagation in the transverse plane for initial separation distandesof
distances (camera view). The vortices rotate clockwise forl05 = 9 wum (circles),195 = 17 um (squares)?249 * 21 um
increasing values of, as expected for positive topological (triangles). A common axis of motion has been assumed for
charges. the data.
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