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  The Optical 

Vortex 

      LENS

Researchers have long known about optical 

vortices—or so-called “twisted light”—but 

it is only within the past decade that they 

have begun to apply them to practical 

systems. Recent work has shown that a 

helical-shaped phase mask could be used 

as a type of “vortex lens” that may lead to 

improvements in astronomical observation, 

the manipulation of micro-particles, optical 

pattern recognition, and other areas. 
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ince prehistoric times, the 
symbol of the spiral has evoked 
the powerful cyclic forces of 

nature. Early scientists discovered that spiraling 
systems carry a conserved attribute of nature, 
namely angular momentum. The advent of 
wave mechanics brought about the realization 
that circularly harmonic modes, represented 
by spiraling waves, could also carry angular 
momentum.  

These modes may be called vortex waves 
because the circulation integral of the wave 
vectors is not zero. Vortex waves are ubiquitous 
in both classical and quantum wave systems. 
In optics, they routinely appear as higher order modes of laser 
cavities and optical fibers. Abundant vortices may also be found 
in laser speckle. Even the diffraction of light from a circular 
aperture allows vortex rings.  

Two technologies have recently spurred scientists’ interest 
in the creation and use of optical vortices: diffractive optical 

elements (DOEs) and spatial light 
modulators (SLMs), which can generate 
and shape laser beams. These advances  
have allowed researchers to manipulate  
the properties of vortex waves and  
realize applications in many fields, 
including quantum computing, 
cryptography, biophotonics and 
astronomy.

An important element in the design 
of systems using optical vortices is the 
vortex “lens” or “phase mask.” Such a 
lens can transform a planar wave front 
into a helicoid wave, as depicted in the 

figure below, left. The transmitted field may be expressed 
E(r,u)=tm(u)E0(r,u), where E0(r,u) is the incident electric 
field profile, tm(u)=exp(imu) is the vortex lens transmission 
function, (r,u) are circular coordinates (related to the Cartesian 
coordinates by the relations x=rcosu  and  y=rsinu), and m is a 
non-zero integer called the topological charge. 

[ Transforming a plane wave into a helicoid wave  ]
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[ Vortex lenses ]

Lenses having pitches, Dd, and pitch mul-
tiplicities of (top) m=1 and (bottom) m=2.

S

Incident planar waves and transmitted helicoid wave for a transparent 
vortex lens of topological charge m=1. The phase of the vortex lens 
varies from 0 (black) to 2p (white). 
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Fabrication techniques
Currently, vortex lenses are fabricated by etching or micro-
machining a spiral surface into a substrate such as fused silica.  
Ideal examples of simple vortex lenses are depicted in the  
figure on the facing page, right. The maximum step height 
or pitch is related to the design wavelength, l0, desired 
topological charge, m0, and refractive indexes of the substrate 
and the surrounding material: Dd=m0l0/m(ns–n0)l0. The pitch 
multiplicity, m, is equal to the number of pitch edges. For an 
air-glass interface, the minimum pitch is roughly twice the 
design wavelength. The topological charge changes to –m0  
when the lens is flipped over.  

Continuously varying surfaces are difficult to 
fabricate. Micro-fabrication techniques generally 
create surfaces having discrete steps. The surface 
profile of an N=16 step vortex lens is shown 
in the figure above, left. The circular harmonic 
decomposition of this stepped surface indicates 
that vortices at m0, m06N, m062N, … will 
be generated. The dominant vortex mode will 
be the m0 mode when N≥3m0. (The “sampling 
factor” of three may be considered the Nyquist 
sampling rate for circular waves.) To transform 
99 percent of the power into the m0=1 mode, 
N=18 steps or phase levels are required. Another 
fabrication factor affecting the vortex mode 
fidelity is the pixel or feature size d. Near the 
vortex axis, the value of N is reduced to roughly 
Neff(r)=r/8d for r/d≤√

—
N/

—
m0. This pixelation 

error may be made evanescent and negligible if 
Rcr=d√

—
N

—
/
—
m0<l0.  

Light and the vortex lens
The vortex lens is typically used with spatially coherent quasi-
monochromatic light in the configuration shown schematically 
in the figure above, right. Two scenarios are common. In the 
first (green solid lines), light is expanded and collimated so 
that the beam is distributed over the entire vortex lens. In the 
second (red dashed line), an extended input beam is focused on 
the center of the vortex lens.  

In both cases, the output beam is spatially filtered and 
enhanced edges may be obtained. Whereas a high-resolution 
vortex lens is required in the second case (i.e., Rcr is much less 

than the focal spot size), the resolution may 
be low in the first. 

To exert torque on small particles, 
optical tweezers systems use the first 
scenario to create a beam with a large 
average value of  |m0|. As examples, the ideal 
transformation of Gaussian and Airy ring 
input beams are represented in the figure  
on p. 42. In practice, the vortex lens may 
be a holographic element such as an SLM. 
Owing to large SLM pixels, the pixelation 
error may be significant. 

The respective output beams contain a 
vortex of charge m0. In the ideal case, the 
output beams contain a dark hole whose 
intensity vanishes at r=0. In the vicinity 
of this point, the field amplitude varies as 
r |m0|. Since no light is absorbed, the size of 
the transformed beam must increase, as is 
evident in the figures.

False color image of the surface profile of a vortex mask having 
N=16 sectors
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[ Surface profile of a vortex mask  ]

In  practice,  
the vortex lens  
may be a 
holographic  
element such  
as an SLM.  
Owing to large  
SLM pixels,  
the pixelation  
error may be 
significant. 

Configuration with a vortex lens and two Fourier transforming 
lenses of focal lengths f1 and f2. Scenarios for input beams 
are shown for point-like (green solid line) and collimated (red 
dashed line) conditions.

[ Spatial filtering configuration ]
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Image courtesy of Joanna Schmit, Veeco Inc., Tucson, Ariz. Vortex lens courtesy 
of Eric Johnson, Univ. Central Florida, Orlando, Fla.
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The optical vortex coronagraph
For imaging applications, the second scenario is used to ensure 
that high spatial frequencies of the input wave are not lost 
due to the finite size of the vortex lens. The pixelation error is 
minimized by designing the system so that Rcr << f1l0/D.  
The figure above also gives examples of extended sources— 
the photograph and circular aperture—and their respective 

transformations. The edge enhancement obtained for |m0|=1 is 
clearly evident in the photograph’s output beam.   

Unlike the first scenario, the coincidence of the vortex center 
with the optical axis is paramount in the second configuration. 
Otherwise the output beam will be nearly identical to the 
input beam when the misalignment is greater than f1l0/D. A 
high-resolution microfabricated DOE is therefore required. 
The optical vortex coronagraph takes advantage of this 
misalignment, allowing astronomers to create a blind spot to 
block starlight but transmit light from orbiting bodies such as 
planets or zodiacal dust. 

In contrast to the Gaussian and Airy ring output beams 
shown in the figure, the vortex amplitude function in the 
output beam of the circular aperture is remarkably equal to  
zero over a large area when |m0| is equal to an even integer.  
A diaphram is used in the coronagraph to reject the ring of  
fire appearing outside this black hole. Light from companion 
bodies are essentially unaffected by the vortex lens and  
therefore may be imaged on a camera without the glare of  
the star.

Each output beam shown in the figure may be described as 
a convolution of the input beam with the Fourier transform 
of the vortex lens function, g(r,u)=FT [tm]=(m/r2)exp(imu). 
Although the intensity distribution, |g(r,u)|2 is independent  
of the value of m (up to a uniform scale factor), the real  

Comparison of vortex lenses using  
diffractive and holographic elements

Examples of input beams (top) and their respective output beams (bottom) using the optical configurations in the figure on p. 41 with f1=f2. 

[                                         ]

[ Transformation of input beams   ]

Diffractive Element
(Glass Lens)

Advantages
c Low loss
c Low dispersion  

possible
c Low pixelation error
c Large acceptance  

angles

Disadvantages
c Fabrication delay
c High cost per element

SLM 
(Holographic Element)

Advantages
c Dynamic control
c Design wavelength  

may be shifted

Disadvantages
c Loss
c Dispersive
c Small acceptance  

angle
c High one-time cost

Gaussian Airy rings Photograph Circular aperture

|m0|=3 |m0|=3 |m0|=1 |m0|=2
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>> The web site www.u.arizona.edu/~grovers/SO/so.html maintains 
a list of many papers published on optical vortices.  The site is 
updated annually.
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and imaginary parts of g(r,u) exhibit m-fold 
symmetry. Different values of m therefore 
produce strikingly different output beams. 

DOE vs. SLM lenses
The table on the left highlights some of the 
advantages and disadvantages of DOE and 
SLM vortex lenses. Whereas DOEs provide 
the highest quality and lowest loss, SLMs 
allow dynamic control of the topological 
charge.  

Achromatic vortex lens

The topological charge created by a vortex lens differs across the 
spectrum. The wavelength-dependent topological charge, m(l), 
may be determined from the relation: m(l) l/(ns–n0)l=m0l0/
(ns–n0)l0

. Compensation to achieve a constant value, 
m(l)<m0, across a half-bandwidth of dl is possible by finding 
materials that satisfy e=(ns–n0)l0

–l0 (n9s–n90)l0
+(1/2)(dl)2 

(n0s–n00) l0 
<0, where n9=∂n/∂l and n0=∂2n/∂l2. Achromatic 

vortex lenses having full bandwidths exceeding 25 percent 
of the spectrum are possible. Such lenses may find special 
applications with broadband coherent light sources in linear 
and nonlinear optics.

Other applications
Although the image of spatially incoherent 
light is unaffected by the vortex lens, this 
does not imply that a vortex lens has no 
general imaging applications. In fact, all light 
is partially coherent. At opposite extremes 
are point sources and infinitely extended 
sources that produce spatially coherent and 
incoherent light, respectively. This opens 
the opportunity to encode vortices in low 
coherence light for applications such as 
white light optical tweezers or incoherent 
encryption.

Already the vortex lens has found applications ranging from 
astronomy to fiber optics, high power fiber lasers, microscopy, 
lithography, optical tweezers and quantum optics. As the 
resolution and fabrication of diffractive optical elements and 
spatial light modulators improve, many more uses may be 
possible. Perhaps one day achromatic vortex lenses will be 
available as off-the-shelf optical components. Until then, 
scientists from around the world will continue to unravel the 
mysteries of optical vortices. t

[  Grover A. Swartzlander, Jr. (grovers@optics.arizona.edu) 
is with the College of Optical Sciences, University of Arizona, 

Tucson. He is an OSA Fellow. ]
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