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2.1. Singular optics context

In coherent light, represented as a complex scalar field in free
space, an optical vortex is a place where the phase is unde-
fined: optical vortices are phase singularities. Since the
complex amplitude is a single-valued function of position,
this can only happen where the intensity is zero (nodes). They
are called vortices because the gradient of phase (local
wavevector, i.e. optical momentum) circulates around
them [1, 2].

Optical vortices occur typically (‘generically’) in the
absence of any special conditions; they are natural structures
[3]. They also occur in light that is deliberately structured, for
example, in cylindrical light beams with a uniformly
increasing phase around the axis (such as Laguerre–Gauss
beams). Around the axis of such beams, the phase changes by
±2πℓ for integer ℓ (ℓ defines the vortex strength). Natural
vortices, such as those in figure 1, only have strength±1.
Under perturbation a higher-order vortex of strength ℓ breaks
into a cluster of ℓ typical ones.

In a 2D plane, such as an observation screen, typical
vortices are points. In 3D space, they are lines,threads of
darkness, a ghostly skeleton of typically complicated wave-
fields. On optical vortices, wavefronts (constant-phase sur-
faces) end, leading to an analogy with crystal dislocations,
where planes of atoms end; optical vortices are wave dis-
locations [1].

Optical vortices occur in complex scalar fields repre-
senting propagating waves. They should be distinguished
from the nodal lines (2D) and surfaces (in 3D) in the real-
valued fields representing standing waves, such as cavity
modes. The ‘dark interference fringes’ in diffraction patterns,
considered in conventional optics, are also surfaces in 3D, but
are approximations;perfect destructive interference typically
occurs only on lines, which of course are the optical vortices.

The study of optical vortices is part of the larger subject
of singular optics [4]. On the simpler level of geometrical
optics, in which light is represented by fields of rays (which
neglect the phase of light waves), the singularities are dif-
ferent: they are caustics, i.e. bright surfaces in space on which
the light is focused. Their typical structures are classified by
catastrophe theory. Caustics and optical vortices are com-
plementary singularities.Caustics are prominent high-inten-
sity features, in contrast to vortices where complete
destructive interference occurs, nestled in low-intensity
regions. On the deeper level, where light is represented by
electromagnetic vector fields, the singularities are different
again,for example, lines on which the polarization is purely
circular or purely linear (and typically different for the electric
and magnetic fields) [3].

2.2. Looking back

Vortices as phase singularities occur throughout wave phy-
sics. They seem to have been first identified by Whewell in
1833in the tides, i.e. moon-driven ocean waves circling the
globe,as (‘amphidromic’) points of no tide, from which the
cotidal lines (the wavefronts, loci of places where the tide is
instantaneously high) emanate like spokes of a wheel [1, 3].
In quantum mechanics they were identified by Dirac as
emanating from conjectured magnetic monopoles as quan-
tized vortices in superfluids, quantized flux in super-
conductors (in many-body wavefunctions satisfying equations
that need not be linear), in atomic and molecular wavefunc-
tions [5] and in electron beams [6] created by methods ana-
logous to optical vortex beams.

In optics, they were identified in light near dielectric
boundaries, near focal points of lenses with aberrations, in
edge diffraction, and in superpositions of plane waves. More
generally, as ubiquitous features of all types of waves, they
were identified in 1974in a study stimulated by ultrasound
scattered from crinkly metal foil (a model of radio waves
reflected by the rough terrain beneath the ice covering Ant-
arctica) [1]. In optics, vortices began to be explored experi-
mentally in the 1990sin structured light created using fork
holograms, spiral phase plates, cylindrical lenses or
SLMs [2, 7].

Also, in the 1990s extensive studies began of the OAM
of light, associated with the spatial structure of optical fields
[2]. Optical vortices and OAM are distinct but have over-
lapping concepts. In deliberately structured light, eigenstates
of OAM, with rotationally symmetric intensity and azimuthal
phase increasing uniformly, are centrally threaded by optical

Figure 1. Six optical vortices in two square wavelengths of a natural
wavefield: a superposition of ten plane waves with random strengths
and phases, with phase colour-coded by hue and streamlines (local
wavevector directions) indicated by arrows.
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vortices. However,in typical light beams, paraxial or not, the
total OAM per unit length need not be related to the number
of vortices threading the beam.

2.3. Looking ahead

In optics, as elsewhere, the morphology of vortex lines in
three dimensions pose difficult problems. In random speckle
patterns in 3D, it seems that most vortices are closed, and
some progress has been made in understanding the distribu-
tion of loop lengths. More interesting, and more challenging,
are topological statistics involving the probabilities of knot-
ting and linking in naturally occurring waves. Special
superpositions of simpler modes, such as Laguerre–Gauss or
Bessel beams, do contain knotted and linked vortex loops
(figure 2) [8].

A promising application is the vortex coronagraph, in
which an optical element consisting of an even-order phase
vortex expels the light from a parent star imaged on-axis,
allowing observation of its much fainter planet [9]. Under-
lying this technique is surprising new mathematics.

An application that already exists but which will
undoubtedly be developed further occurs in stimulated
emission depletion (STED) super-resolution microscopy [10].
Almost all the conventionally diffraction-limited light emitted
by a specimen is suppressed by a second illuminating beam,
whichcontains a nodal point (optical vortex) permitting
observation of small regions of the image. The technique
works because although classical optics restricts the smallness
of bright (e.g. focal) regions, dark regions can be arbitrarily
small.

The reduced scattering of photons in dark regions makes
the existence of singular points or lines with exact intensity
nulls (i.e. optical vortices) a desirable property in the optical
trapping of ultracold atoms and Bose–Einstein con-
densates [11].

There are several ways in which the theory of optical
vortices, and structured light more generally, intersect the
theory and formalism of quantum weak measurement. The
longitudinal and transverse shifts in the position and direction
of light reflected from dielectric interfaces has been inter-
preted in this way, leading to predictions of new effects, not
yet observed, in beams containing vortices as well as those
that do not.

The large local wavevectors (phase gradients) near
optical vortices correspond quantum-mechanically to large
momenta. These are predicted to transfer large, though rare,
‘superkicks’ to atoms in the field. This quantum deconstruc-
tion of classical radiation pressure (the patter of photons on
average) into large rare events near vorticeshas also not yet
been observed.

Another quantum effect, on excited atoms near vortices,
is that their darkness could be weakly illuminated by spon-
taneous emission into unpopulated vacuum states. The size of

the corresponding quantum core has been calculated, but the
effect has not yet been observed. The analogous effect near
the polarization singularities of vector waves has not been
investigated.

2.4. Concluding remarks

As natural features of wave interference, optical vortices are
intrinsic to all sufficiently complex structured light, and their
existence and properties in different optical phenomena
underpin the physical understanding of the spatial inter-
ference patterns.

The complementarity between vortices as phase singu-
larities and caustics as ray singularities reflects the asymmetry
of darkness and light, and both are intertwined in naturally
and deliberately structured light. As discussed, there are many
existing and potential applications for optical vortices, both as
intensity nodes and phase singularities.

Being objects of purely classical, monochromatic light,
there is no direct connection between optical vortices and
properties of photons. Quantum states of light, prepared in
simple vortex-carrying modes, such as Laguerre–Gaussian
beams, carry quantized OAM in units of ħ and the quantum
vacuum may shine through in the ‘quantum cores’ of optical
vortices [2].

Analogy is a powerful principle in physics, and optical
vortices, as the counterparts of vortices in hydrodynamics and
matter waves, may yet be the focus of deeper connections
between these areas.
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Figure 2. Three optical vortex loops forming Borromean rings,
unlinked pairwise but linked triply. (Courtesy of Robert King.)
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