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We introduce the concept of the perfect optical vortex whose dark hollow radius does not depend on the
topological charge. It is shown analytically and experimentally that such a vortex can be approximately
generated in the Fourier transforming optical system with a computer-controlled liquid-crystal spatial light
modulator. © 2013 Optical Society of America
OCIS codes: 050.4865, 070.6120, 230.3720, 230.6120.

The growing range of applications of optical vortices de-
mands reliable techniques for their generation. Several
such techniques have been reported during last decade
[1–11]. The common shortcoming of these techniques
is the strong dependence of the size of the central dark
hollow of the generated vortex on its topological charge.
Indeed, in many applications of optical vortices related to
trapping and manipulating the small particles, it is de-
sired to provide a large topological charge and a small
dark hollow simultaneously. In this Letter we propose
an approach to solving the problem of vortex generation,
starting with the definition of the perfect vortex charac-
terized by a central dark hollow with a radius that does
not depend on the topological charge and with the high-
est gradient of the field on its boundary. We show that a
good approximation of the perfect vortex can be gener-
ated in the Fourier transforming optical system with a
computer-controlled liquid-crystal (LC) spatial light mod-
ulator (SLM). To the best of our knowledge, the proposed
approach to the generation of optical vortices has not yet
been reported.
We start by defining the perfect vortex with topological

charge ν as an optical beam with the transverse distribu-
tion of complex amplitude given by the ideal model

gν�ρ; θ�≡ δ�ρ − ρ0� exp�iνθ�; ν � 1; 2; 3;…; (1)

where �ρ; θ� are the polar coordinates in the beam cross
section, δ�ρ� is the Dirac δ-function, and ρ0 is the radius of
the vortex. As is well known [12], any function g�ρ� may
be expanded in a Bessel series
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Jν�·� is the νth-order Bessel function of the first kind, αν;n
is the nth zero of function Jν�·�, and a is the upper limit of
the radial coordinate ρ. Then, assuming a > ρ0 and sub-
stituting from Eq. (1) into Eq. (3), with due regard for the

sifting property of the δ-function, we can represent the
perfect vortex in the form
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Figure 1 shows the results of numerically simulating
the “perfect” vortices with the same radius ρ0 � 0.5a
and two different values of the topological charge,
ν � 1 and ν � 10, obtained by truncating the summation
in Eq. (4) by N � 40 terms.

Now we consider the optical system sketched in Fig. 2.
The input unit of this system is the twisted nematic LC-
SLM placed between two polarizers. We assume that the
orientations of the transmission axes of the polarizers,
with respect to the LC director axis, are chosen such that
the LC-SLM operates in the phase-only modulation mode
[13]. The resulting optical field is observed at the focal
plane of a thin spherical lens.

Let us assume that the LC-SLM transmittance has an
annular topology formed by a set of well-separated trans-
parent and concentric ring slits, of different radii and

Fig. 1. Simulated intensity profiles and corresponding 2D pat-
terns of the “perfect” vortex for truncating parameter N � 40,
vortex radius ρ0 � 0.5a, and topological vortex charges ν � 1
(a) and ν � 10 (b).
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widths, with periodic azimuthal phase modulation inside.
To ensure the zero transmittance of the light outside the
modulating ring slits, the technique of so-called “checker-
board” phase modulation, which imitates the binary am-
plitude modulation, is used [14]. Assuming that each ring
slit is thin enough to be approximated by the δ-function
with the weight proportional to its area, the transmit-
tance of the LC-SLM can be represented by the complex
function

tν�r;φ� ∝
XN
n�1

αν;nβν;n exp�iν�φ − φν;n��δ�r − rν;n�; (5)

where �r;φ� are the polar coordinates, rν;n � αν;nR∕αν;N
is the radius of the nth ring slit (R is the radius of the LC
active zone), βν;n is the width of the ring slit, and φν;n is
the constant phase shift, which takes one of two possible
values 0 or π∕ν. As is well known [15], the complex
amplitude of the optical field in the focal plane of the lens
is given by the Fourier transform
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where λ is the wavelength of illumination. Substituting
for tν�r;φ� from Eq. (5) into Eq. (6) with due regard
for the identity [12]
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we obtain
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Denoting

λfαν;N∕2πR≡ aν (9)

and applying the choice
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we find finally
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Equation (12) is a finite-sum approximation of the
perfect vortex representation (4) extended over the
whole range �0;∞� of the radial coordinate ρ. The inten-
sity profile simulated in accordance with Eq. (12) and the
corresponding 2D pattern of the generated vortex with
two different values of the topological charge, ν � 1
and ν � 10, for ρ0 � 1 mm, N � 40, and the typical value
λf ∕2πR � 10−2 mm are shown in Fig. 3. As can be seen
from this figure, the central bright ring is just the perfect
vortex shown in Fig. 1. The undesired lateral light rings
can be suppressed using a circular aperture diaphragm
with radius aν placed just in front of the focal plane of
the lens.

To verify the proposed technique in practice, we rea-
lized two physical experiments. In both experiments we
employed the computer-controlled LC-SLM set LC2002
from HoloEye Photonics AG with aperture radius R �
10 mm and resolution 800 × 600 pixels. The control video
signals were generated using Matlab software routines
and displayed onto the LC screen with accuracy of 256
gray levels. As the light source we used an He–Ne laser
with a wavelength of 633 nm. The Fourier transforming
lens had a focal distance of 1 m. To register the generated
vortices, we employed the CCD camera with a 10×micro-
scope objective. In our experiments we registered only
the central ring of the generated vortex that is equivalent
to the use of a circular aperture diaphragm men-
tioned above.

In the first experiment we tried to demonstrate that the
used LC-SLM allows generating the beam with a helical
wavefront. For this purpose we applied to the LC-SLM
the control video signal of the form exp�iνφ� with

Fig. 2. Optical system for generating the “perfect” vortex: 1,
laser; 2 and 3, beam expander; 4 and 6, polarizers; 5, twisted
nematic LC-SLM; 7, spherical lens with focal distance f ; 8,
computer.

Fig. 3. Simulated intensity profiles and corresponding 2D pat-
terns of the vortex generated in the setup in Fig. 2: (a) for ν � 1
and (b) for ν � 10.
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ν � 5 and registered the superposition of the modulated
light with an inclined plane wave from the same laser
source. The control video signal and the registered inter-
ference pattern are shown in Fig. 4. The azimuthal phase
discontinuities of 2π rad observed in Fig. 4(b) testify evi-
dently to the presence of an optical vortex.
In the second experiment we generated the control vi-

deo signals in accordance with Eq. (5) forN � 10 and the
parameters βν;n and φν;n, calculated from Eqs. (9)–(11).
To ensure the zero transmittance of the light outside
the modulating ring slits, the 4 × 4 pixel “checkerboard”
patterns were encoded into the corresponding areas of
the control signals. An example of a generated control
video signal corresponding to ν � 10 is depicted in Fig. 5.
The generated vortices are shown in Fig. 6. As can be

seen, these vortices are not as perfect as the theoretical
ones shown in Fig. 3. This can be explained by the fol-
lowing causes. First, the expression for the complex am-
plitude transmittance of the LC-SLM given by Eq. (5) is
only a suitable approximation used to justify analytically
the proposed technique; really the phase modulation ring
slits have a finite width defined by Eq. (9). It is obvious
that this factor results in an inevitable deterioration of
the generated vortex quality, in particular, in the addi-
tional widening of the obtained light rings. Second, the
modulation characteristics of the LC-SLM used in experi-
ment were not ideal. Indeed, the real range of phase mod-
ulation was slightly less than the desired 2π level (≈1.7π),
and in addition the desired phase modulation was accom-
panied by a weak amplitude modulation. These circum-
stances result in the slight periodic modulation of the
generated vortex intensity in the azimuthal direction
and the appearance of a weak illumination inside the vor-
tex. We believe that the last factors can be removed with
the use of a more advanced type of LC-SLM.

In conclusion, we consider that the proposed approach
to generating the optical vortices, together with the
obtained theoretical and experimental results, represent
a significant new contribution to the field of optical
trapping and manipulation.
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Fig. 4. Control video signal (a) and interference pattern regis-
tered at the output of the LC-SLM (b) in the first experiment.

Fig. 5. Example of control signal used in the second
experiment.

Fig. 6. Experimentally generated vortices: (a) ν � 5, (b) ν � 8,
(c) ν � 10, and (d) ν � 13.

536 OPTICS LETTERS / Vol. 38, No. 4 / February 15, 2013


