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Generation of optical vortices using linear phase ramps is experimentally demonstrated. When two regions of a wavefront have
opposite phase gradients then along the line of phase discontinuity vortices can be generated. It is shown that vortices can evolve
during propagation even with the unequal magnitude of tilt in the two regions of the wavefront. The number of vortices and their
location depend upon the magnitude of tilt. vortex generation is experimentally realized by encoding phase mask on spatial light
modulator and their presence is detected interferometrically. Numerical simulation has been performed to calculate the diffracted
intensity distribution from the phase mask, and presence of vortices in the diffracted field is detected by computational techniques.

1. Introduction

Optical fields possessing phase singularities or wavefront
dislocations have received great deal of attention in recent
years because of their fascinating properties and potential
applications. The study of phenomena associated with phase
singularities has generated a new branch of physical optics
called singular optics, which reveals their basic properties
and possible applications. Phase singularities also known as
optical vortices are the points where the real and imaginary
part of wave function vanishes. At phase singular points
amplitude is zero and the phase is indeterminate. As a result,
the wave front acquires the shape of helicoids, causing the
precession of the Poynting vector. Nye and Berry showed
that vortices in scalar field are strongly connected with
the phase discontinuities or singularities [1]. Near the
dislocation centers the phase gradients line is found to form
closed vortex-like structures. Optical vortices can appear
spontaneously or can be created in one of several ways,
such as by the manipulation of laser cavity [2], transforming
Gaussian beams into helical beams [3], computer generated
holograms [4], cylindrical lenses [5], and spiral phase plates
[6]. In recent years several important applications of optical
vortices have been demonstrated. For example vortices
have been used in optical tweezers [7], wave guiding [8],
astronomy as coronagraph [9], optical testing [10], and
so forth.

In this paper, experimental and simulation studies are
performed to show the formation of vortices along the line
of phase discontinuity which arises due to the different
phase gradients in the wavefront. To explain the concept of
vortex evolution we first discussed a simple case in which
the two parts of the wavefront are given equal and opposite
phase variations. Diffracted field is analyzed for the vortex
evolution using experiments and numerical simulation.
Various cases of tilt combinations are also discussed in
which the different parts of the wavefront have different
magnitude of the phase variations. To check the presence
of vortices computational and interferometric techniques
have been used. In experiments spatial light modulator is
used to provide opposite constant phase gradients of small
magnitude at two different regions of the wavefront. It is
shown that the generation of single vortex and linear array of
vortices using this method is possible. The major advantage
of this method is that a vortex of unit charge having phase
variation of 2π can be comfortably realized by the SLM that
can retard wavefront between π and 2π.

2. Study of Phase Gradients

2.1. Tilted Plane Wave. A unit amplitude plane wave with tilt
is given by

ψ = exp
{
j2π
(
αx + βy + γz

)}
, (1)



2 International Journal of Optics

Figure 1: Two linear phase variations in equal and opposite
directions in the upper and the lower regions of the wavefront.

where α, β, and γ are spatial frequencies along x, y, and z
directions, respectively. λ is wavelength of light.

The phase gradient for a tilted wavefront is

∇φ = 2π
(
αx̂ + βŷ + γẑ

)
. (2)

Transverse components of phase gradient for tilted plane
wave are given by

∇⊥φ = 2π
(
αx̂ + βŷ

)
. (3)

Unlike an optical vortex, here the phase gradient is constant
and does not depend on the location.

2.2. Wavefronts with Equal and Opposite Tilts. Consider the
case when the two regions in the wavefront have equal and
opposite phase variations and the maximum phase variation
of the two regions of wavefront is restricted to ≤2π. These
two regions are separated by a line of phase discontinuity.
The complex amplitude in the two regions is given by

ψ =
⎧
⎨

⎩

exp(2παx) when y > 0

exp{(2πα(1− x))} when y < 0,
(4)

where α is a constant which decides the slope of the phase
variation across the wavefront. If the wavefront is tilted by
angle θ, then α = sin θ/λ and λ is the wavelength of light
used. There is a line of phase discontinuity at y = 0. Figure 1
shows the linear phase distribution of function ψI. Tilt α gives
rate at which the linear phase variation occurs across the
beam. Experimentally realizing such small phase variation is
easier by using SLM. Detailed study of phase distribution and
gradient of phase around the points where the vortices can
be evolved is given in [11]. The main objective of this work
is to explore the new wavefront tilt configurations for vortex
generation.

Figure 2: Phase distribution of two wavefronts with unequal and
opposite tilts.

2.3. Wavefronts with Unequal and Opposite Tilts. Consider
the case when two regions of the wavefront is having unequal
and opposite tilts. The complex field can be given as

ψ =
⎧
⎨

⎩

exp
(
j2πα1x

)
when y ≥ 0

exp
(
j2πα2(1− x)

)
when y ≤ 0.

(5)

The out-of-phase condition for the neighborhood points is
well met when opposite phase gradients are present. In this
case the Δφ = ±π condition can occur at locations along the
line of phase discontinuity y = 0, whose x coordinates can be
given by

x0 = 1 + 2α2

2(α1 + α2)
,

x1 = 1− 2α2

2(α1 + α2)
.

(6)

One can see the position of points x0 and x1 has changed
when compared with that of previous configuration of
wavefront tilts. Figure 2 shows the phase distribution corre-
sponding to tilt equation (5), where α1 and α2 are constants
with different values.

2.4. New Configurations of Phase Structures for Vortex Gener-
ation. In the previous cases the phase gradients in the upper
and lower parts of the beam point to opposite directions. It is
also possible to generate vortices with other configurations of
wavefront tilts. To do this let us consider complex field given
by

ψ
(
x, y

) =
⎧
⎨

⎩

exp
{
j2π
(
α1x + β1y

)}
for y > 0

exp
{
j2π
(
1− (α2x + β2y

))}
for y < 0.

(7)

In the neighborhood of the phase discontinuity line y = 0,
if the x-components of the phase gradients are opposite in
y > 0 and y < 0 regions, it is possible to generate vortices. β1

and β2 are constants.
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Figure 3: Mach-Zehnder interferometer. SF: spatial filter, BS1 and BS2: beam splitters, L: lens, M1and M2: mirrors, NDF: neutral density
filter, CCD: camera, and SLM: spatial light modulator assembly.

(a) (b) (c)

Figure 4: (a) Phase distribution for one oblique and one linear phase ramp. (b) Experimentally observed intensity distribution of propagated
field when phase mask corresponding to (a) is displayed onto the SLM. (c) Formation of fork fringes when the propagated field interfers
with a plane wave coming from the other arm of the Mach-Zehnder interferometer.

3. Experimental

Experiments have been performed to demonstrate the valid-
ity of the proposed approach. Optical setup used is shown
in Figure 3 in which a Mach-Zehnder interferometer has
been used. Output beam of linearly polarized light from a
diode pumped solid-state (DPSS) Nd:Yag laser at 532 nm is
spatially filtered, expanded, and collimated by spatial filter
and collimating lens, respectively. This light is incident on
beam splitter BS1. It splits the incident beam into two
parts. One beam is reflected by the mirror M1, which is
served as reference beam. The other beam illuminates a
programmable spatial light modulator (Holoeye LC-2002
with 832X624 numbers of pixel and pixel pitch 32 μm)
which is operated in phase modulation mode. SLM in phase
modulation mode acts like a phase only diffractive optical
element. The desired local tilt in the different parts of the
wavefront is created by designing the phase mask as grey
level images. When the phase masks are encoded onto the
SLM and illuminated with the light, it will diffract the light
into the different orders. The superposition of the diffracted
light from the SLM and the reference plane wave produces
interference fringes. To enhance the quality of the interfer-
ence fringes a neutral density filter is used which makes the
amplitude of the reference wave equal to that of the vortex
beam.

4. Experimental Results

In [11] the phase gradients in the upper and lower parts
of the beam point are in opposite directions. In the
neighborhood of the phase discontinuity line y = 0, if
the x-components of the phase gradients are opposite in
y > 0 and y < 0 regions, it is possible to generate vortices.
Some of the following tilt configurations can generate vortex
arrays.

4.1. One Oblique and One Linear Phase Ramp. In this
configuration two phase ramps are grouped, one is the
slanted and the other is linear as shown in Figure 4(a). The
phase distribution in Figure 4 can be obtained by putting
α1 /= 0, β1 /= 0, and β2 = 0 in (5). Vortices are positioned
at the point where the component of gradient of phase of
the slanted wavefront cancels the phase gradient of the linear
phase variation. Formation of vortices can be seen as the fork
fringes where the exact phase cancellation occurs. It reveals
the fact that even if one of the two parts of the wavefront
has the different orientation then vortex formation is also
possible.

The complex field corresponding to Figure 4(a) is dis-
played on the SLM, and the intensity distribution obtained
is shown in Figure 4(b) which contains two vortices as the
interference pattern in Figure 4(c) reveals.
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Figure 5: (a) Phase distribution for linear array of inclined phase ramps with constant background. (b) Experimentally observed intensity
distribution of propagated field when phase mask corresponding to (a) is displayed onto the SLM. (c) Formation of fork fringes when the
propagated field interfers with a plane wave coming from the other arm of the Mach-Zehnder interferometer.

(a) (b) (c)

Figure 6: (a) Phase distribution for oppositely inclined linear phase ramps with different tilts. (b) Experimentally observed intensity
distribution of propagated field when phase mask corresponding to (a) is displayed onto the SLM. (c) Formation of fork fringes when
the propagated field interfers with a plane wave coming from the other arm of the Mach-Zehnder interferometer.

4.2. Linear Array of Inclined Phase Ramps with Constant
Background. In this configuration linear array of vortices is
produced by wavefront which has only one part inclined and
the other part having constant phase. This case is similar to
the case of linear array discussed previously [12]. In this case
the number of phase ramps will determine the number of
vortices and the slope of the phase ramp will determine the
position of vortices.

To obtain phase distribution corresponding to Figure
5(a) α1 /= 0, β1 /= 0, and α2 = β2 = 0 are needed. Experi-
mentally observed intensity distribution of propagated field
when phase mask corresponding to Figure 5(a) is displayed
onto the SLM is shown in Figure 5(b), and the corresponding
fork fringes are shown in Figure 5(c), respectively.

4.3. Oppositely Inclined Linear Phase Ramps with Different
Tilts. Extending the earlier arrangements one more combi-
nation of phase ramps is also possible in which two parts
of the wavefronts have unequal phase gradients in opposite
directions. In this case the formation of three vortices at the
point where the components of phase gradients of two parts
of the wavefront exactly cancel each others is expected and
confirmed. Vortices are detected by the fork fringes in the
interference pattern.

In phase distribution for Figure 6(a) α1 /= 0, β1 /= 0 and
α2 /= 0, β2 /= 0 and further α1 /=α2 and β1 /=β2 in (7). Exper-
imentally observed intensity distribution of propagated field
when phase mask corresponding to Figure 6(a) is displayed
onto the SLM is shown in Figure 6(b), and the corresponding
fork fringes are shown in Figure 6(c), respectively. From the
above cases it can be seen that at the boundary line separating
two regions of wavefront the required opposite gradients
can be achieved by component tilts rather than the ones
presented earlier in [11].

5. Simulation Study

To verify the experimental results numerical studies have
been performed. Intensity distribution is computed using
Fresnel diffraction formula. The propagation of the complex
field from the phase mask is computed by the Fresnel
Kirchhoff diffraction integration which is given by [13]

Ũ
(
x, y

) = e jkz

jλz

∫∫∞

−∞
ψ

× exp
{
j
k

2z

[
(x − ξ)2 +

(
y − η)2

]}
dξdη,

(8)



International Journal of Optics 5
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Figure 7: (a) Simulated intensity distribution for one oblique and one linear phase ramp. (b) Simulated interference patterns to check
formation of optical vortices. (c) Simulated results for zero crossing of real and imaginary lines one oblique and one linear phase ramp.

(a) (b) (c)

Figure 8: (a) Simulated intensity distribution for linear array of inclined phase ramps with constant background. (b) Simulated interference
patterns to check formation of optical vortices. (c) Simulated results for zero crossing of real and imaginary lines for linear array of inclined
phase ramps with constant background. Green line represents real part and red line represents imaginary part of the wave function.

where (x, y) and (ξ,η) correspond to the object and the
diffracted filed planes, respectively. |k| = 2π/λ is the
magnitude of propagation vector, and z is the distance
between object and the diffracted plane. Since line phase
discontinuity is present in the complex field presented in
(8), closed analytical solution of (8) may not be possible for
arbitrary values of spatial frequencies in x- and y-directions
and hence numerical solutions are attempted to view the
propagated (diffracted) field. Intensity at the observation
plane is

I
(
x, y

) =
∣
∣
∣Ũ
(
x, y

)∣∣
∣

2
. (9)

Figures 7(a), 8(a), and 9(a) show simulated results for
intensity distribution corresponding to the experimentally
recorded intensity distribution for unequal tilt configura-
tions. Vortices are located by interfering the vortex beam
with a tilted plane wave which forms fork fringes at the
singular points which are shown in Figures 7(b), 8(b),
and 9(b). The exact location of the vortices in the optical
field can be obtained by computational methods. One of
the important computational methods of vortex detection
is the zero crossing method. The zero crossing method is
based on the fact that the wave function of the vortex field

comprises of real and imaginary parts, both of which vanish
simultaneously at the vortex point [14].

Consider a complex field

Ũ
(
x, y

) = a
(
x, y

)
eiφ(x,y). (10)

The real zero Re(0) and Im(0) contours of Ũ(x, y) are given,
respectively, as

a
(
x, y

)
cos
(
φ
(
x, y

)) = 0,

a
(
x, y

)
sin
(
φ
(
x, y

)) = 0.
(11)

At the vortex point

a
(
x, y

)
cos
(
φ
(
x, y

)) = a
(
x, y

)
sin
(
φ
(
x, y

)) = 0. (12)

By plotting Re(0) and Im(0) lines the presence of vortices can
be found by locating the intersection of these lines. Simulated
results for zero crossing for Figures 7(a), 8(a), and 9(a) are
shown in Figures 7(c), 8(c), and 9(c), respectively. These
simulated results match with the experimental results that
confirm the presence of vortices at the predicted points.
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(a) (b) (c)

Figure 9: (a) Simulated intensity distribution for linear array for two oppositely inclined phase ramps with different tilt. (b) Simulated
interference patterns to check formation of optical vortices. (c) Simulated results for zero crossing of real and imaginary for two oppositely
inclined phase ramps with different tilt. In the figure green line represents real part and red line represents imaginary part of the wave
function.

6. Conclusion

Evolution of vortices in the beam by providing different tilts
to the two parts of the wavefront is experimentally demon-
strated. For experimental verification tilted wavefronts are
generated by encoding the phase mask with linear phase
variations on spatial light modulator, and the presence of
the vortices in the output field is conformed by formation of
characteristic fork and spiral fringes. Different combination
of tilts to produce vortices has been described to show
the adaptability of the proposed method for vortex array
generation. One of the key advantages of this method is the
ability to modify optical beam into a symmetric array of
vortices dynamically.
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