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Abstract: Based on the method of azo dye photoalignment, electrically controlled liquid crystal
q-plates for the generation of a given number of polarization and phase optical singularities have
designed. The results of experimental studies of polarization and phase characteristics of the gene
singular beams are in good agreement with the proposed theoretical model. The proposed device
be adapted for a variety of problems of modern photonics, including implementation of struc
illumination microscopy, information coding, optical security technology, microrheology etc. 

 
Introduction 

Light beams with complex amplitude, phase, and polarization topologies are of great in
nowadays. They have found wide application in optical communication systems [1], optical ca
and manipulation of microobjects [2], recording of singular holograms [3], for efficient ma
processing [4], in atmospheric research [5], etc.  

Among such beams, optical and vector vortices are distinguished. Optical vortice
characterized by helicoidal twisting of the wave phase around the propagation axis [6–8]. Th
azimuthal phase winding per oscillation period is defined as the topological charge 𝑙𝑙 of the beam
In the area of phase uncertainty, the field amplitude becomes equal to zero. Vector vortices, in
characterized by an uncertain polarization state and are beams with isolated intensity dips i
profile, around which radial, azimuthal or radial-azimuthal polarization is established [7–13]
topological charge 𝑙𝑙𝑝𝑝 of such beams is defined as the number of turns of the polarization azimut
oscillation period [11].  

To obtain singular light beams various technologies are used: optical plates with smo
varying thickness, spatial LC light modulators, diffraction elements, etc. [6, 12–15]. Q-plat
optical elements with spatially structured anisotropy are a sphere of a great interest [16]. 

The significant value of optical anisotropy and the ability to control it under low oper
voltages ensured the effective use of LC in systems for information display, light beam co
integral optics and nanophotonics [17–23], as well as a promising material for fabricating q-p
[24–26].  
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These q-plates are a LC cell: a layer of LC is placed between two transparent electrode p
which define structured azimuthal distribution of the local optical axis in the cell plane. The q-
characterized by the topological charge 𝑞𝑞, which determines the rate of change in the orientati
the optical axis with respect to the azimuth angle. At that local director distribution in the cell 
is given as:  

 
𝛼𝛼(𝜌𝜌,𝜑𝜑) = 𝑞𝑞𝜑𝜑 + 𝛼𝛼0,     

where φ, ρ – polar coordinates, α0 – initial angle of the director orientation.  
Azimuthally anisotropic LC elements, with phase retardation between ordinary 

extraordinary beams are equal to ΔФ = π(2m + 1), are functioning as a half-wave plate. On pa
of Gaussian circularly polarized light with the spin angular momentum σ = ±1, the formed op
vortices have the topological charge 𝑙𝑙 = 𝜎𝜎2𝑞𝑞 and the inverted sign of the spin angular mome
[24]. On linear polarization of the input optical beam, q-plates form a beam with structured orient
of linear polarization in its cross section, defined as θ = 2 (α − β), where α – LC director orient
angle (1) and β – orientation angle of the input linear polarization [25, 26]. The optical fields fo
in this way contain a region with an undefined polarization state, known as a V- point [27]. Fo
plate with a topological charge 𝑞𝑞 = 0,5 light beams with azimuthal or radial polarization are real
for 𝑞𝑞 ≥ 1 more complex polarization singularities characterized by a topological charge 𝑙𝑙𝑝𝑝 = 2
observed. The possibility of creating light beams with a complex spatial structure, including b
containing a given number of singularities, has also attracted the attention of researchers [28–30]
possibility of realizing the optical capture of several particles using such fields can be used
example, in microreology [7, 30]. 

There are various ways to set the alignment of the director in LC elements: mechanical rub
and photoalignment. The method of mechanical rubbing is limited by the topological charge of t
plate (𝑞𝑞 = 1) [14]. The sector photoalignment technique [31–33] allows one to create elements
any value of charge q, including fractional, however it limited by the azimuthal topology of the 
optical axis orientation. It is possible to use the method of dynamic microlithography to create 
complex local optical axis distribution structure. These elements allow forming the beams w
complex distribution of amplitude, phase, and polarization characteristics, thereby broadenin
possibilities of their application. However, this method is technically complicated due to using a m
stage exposure [34–36]. 

We propose a method combining the simplicity of sectoral photoalignment and the possi
of forming a complex distribution of light field characteristics with a controlled numb
singularities. An additional advantage is a significant reduction in the radiation power and the tim
creating an optical element in comparison with, for example. [31]. 

 
Scheme for recording q-plates with a central phase core 

Fabrication of typical q-plates by the traditional photoalignment technique [31] requires 
centering of the optical scheme so that the LC orientation singularity zone converges to a point o
orientant surface and translates in the LC layer volume strictly along the optical axis of the exp
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system (ω=0 in Fig. 1). In this case a q-plate forms optical vortices with topological charge l, defin
determined by the plate charge value 𝑙𝑙 = ±2𝑞𝑞, with a single intensity dip.  

Displacement of the Wedge-Shaped Diaphragm by a certain distance from the rotation axis 
in Fig. 1), lead to formation in the center of the LC based q-plate a zone where the orientation o
LC director is determined by homogeneous boundary conditions on the substrates – the phase 
Such q-plates will form as 𝑁𝑁 = 2𝑞𝑞 optical singularities with a topological charge 𝑙𝑙 = 1. 

To create q-plates with a phase core we used a setup schematically shown in Figu
Collimated radiation of a light-emitting diode (LED), with the wavelength 440-460 nm, transm
through a linear polarizer illuminated the wedge-shaped diaphragm. Its image is projected into th
cell plane with the help of a system of two lenses. Thin film (20-30 nm thick) of the AtA-2 azo
[37–39] formed the initial distribution of the director of a nematic LC in the element. Owing t
use of this azo dye, a new mechanism of LC photoinduced orientation was proposed on the ba
photoinduced hole dipoles [40], offering a high level of photosensitivity and a high energy of coh
with LC molecules [41, 42], high thermo- and photostability [37]. The power density of exp
polarized radiation was 15 mW/cm2. The formation of a phase core in the central part of th
element was attained by shift of the central part of the wedge-shaped diaphragm to the distan
from the rotation axis. At that, in the centre of an element the boundary conditions a
photoorientant surface form the phase core with the diameter 2𝜔𝜔. 

Computer control of the LED on/off switching mode, the rotation angle for a polarizer an
LC cell allowed making q-plates with different topological charges. Owing to the angular diaph
size in 2°, there was a possibility to form an LC element with 180 sectors providing the orientati
the LC director in line with formula (1). Exposure time for one sector was 20 seconds. Total exp
time for the LC cell was 1 hour. The cell was filled with NLC 1289 (prototype E7), Δn = 0.18,
the LC cell film thickness d =7 μm.  

Usage of the AtA-2 azo dye made it possible to reduce the required absorbed dose valu
more than an order of magnitude (for the method given in [31], the power density of exposing radi
was 180 mW/cm2, and the recording time – 2 hours). 

 
 

Figure 1– Schematic of an experimental setup for recording of q-plates with a central phase core. 
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Q-Plates with phase core 

Experimental studies have been performed using the fabricated q-plates with the topolo
charges q = 0.5, q = 1, and q =1.5 and with a phase core in the central part of the element. Fig
shows the director distribution topology in the plane of LC elements (a) as well as the photog
for q-plates at crossed polarizers (b), CCD images for the intensity profiles of the formed p
vortices (c), and the corresponding interference patterns of phase vortices with a plane coherent 
(d). Singular beams were formed with the use of a helium-neon laser ( 633,0=λ μm).   

As seen from experimental data (Fig.2 a, b), the orientation of the LC director differs from
condition (1) in the region of the phase core. This part of a LC element leads to the transformati
laser radiation into an optical vortex by the way different from the typical one for q-plates [31]. I
case, instead of a doughnut beam, one can observe several singularities in intensity profile. A
observed number of phase singularities with the topological charge |𝑙𝑙| = 1 is definitively given b
expression N = 2q. To illustrate, a plate with the charge q=0.5 forms a single optical vortex wit
charge |𝑙𝑙| = 1, a plate with q=1 forms two vortices, whereas a plate with q = 1.5 – three on
control the charge of the formed vortexes, we use a Mach-Zender interferometer (Fig.2 c, d). 

 

Figure 2 – q-plates with a phase core and with different topological charges. 
(a) – LC-director orientation topology; (b) – polarization images (in white light); 
(c) – photographs of the intensity profiles for a phase vortex;  
(d) –interference patterns with a plane wave. 

а 

b 

c 

d 

q = 1 q = 1,5 q = 0,5 
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Theoretical model 

Let us interpret the experimental results obtained for the transformation of a Gaussian 
passing through the designed q-plates, in terms of the effect exerted by a nonsingular compo
(Gaussian beam transmitted through the phase core region of a q-plate) or by noise in a field of op
singularities. It is known that the presence of noise in a singular light field results in breaking of 
order optical vortices into several vortices with the charge |𝑙𝑙| = 1 [43–45].  

Spatial distribution of an electromagnetic field of singular optical beams is well describe
the so-called hypergeometric Gaussian beams [46, 47]. For simplicity, we limit to the Laguerre-G
mode approximation [44]. In this case complex amplitude 𝐿𝐿𝐿𝐿𝑙𝑙 of a beam in the polar coordina
as follows:  

     𝐿𝐿𝐿𝐿𝑙𝑙 = 𝐶𝐶𝑙𝑙𝑒𝑒𝚥𝚥��⃗ 𝜌𝜌|𝑙𝑙|𝑒𝑒𝑖𝑖𝑙𝑙𝜑𝜑−𝜌𝜌2,     

where 𝜌𝜌 – polar radius,  𝜑𝜑 − angle (in Cartesian coordinates:  𝜌𝜌 = �𝑥𝑥2 + 𝑦𝑦2, 𝜑𝜑 = ArcTan[𝑥𝑥, 𝑦𝑦]
vortex topological charge, 𝐶𝐶𝑙𝑙 – normalized amplitude of the LG beam, 𝑒𝑒𝚥𝚥��⃗  – base polarization v
(the indices R, L are associated with right- and left-hand circular polarization; H, V – with horiz
and vertical linear polarization).  

We take the q-plate with the charge q=1.5 (hereinafter QP1.5). As mentioned earlier, usa
typical q-plate transform a Gaussian beam with a circular polarization to optical vortex wit
topological charge |𝑙𝑙| = 3: 

    𝑒𝑒𝐿𝐿���⃗ 𝐶𝐶0𝑒𝑒−𝜌𝜌
2 → 𝑒𝑒𝑅𝑅����⃗ 𝐶𝐶3𝜌𝜌3𝑒𝑒𝑖𝑖3𝜑𝜑−𝜌𝜌

2 ,       

𝑒𝑒𝑅𝑅����⃗ 𝐶𝐶0𝑒𝑒−𝜌𝜌
2 → 𝑒𝑒𝐿𝐿���⃗ 𝐶𝐶3𝜌𝜌3𝑒𝑒−𝑖𝑖3𝜑𝜑−𝜌𝜌

2
. 

In our analysis of a light wave transformed by QP1.5 with a phase core the total complex inte
is considered as a sum of complex amplitudes for the Laguerre-Gauss modes with the azim
indices 𝑙𝑙 = 0 and 𝑙𝑙 = ±3, corresponding to the ТЕМ00 mode (noise due to the presence 
nonsingular region in the centre of the element – Gaussian beam, Fig.2, с) and the ТЕМ03 mode (v
with the topological charge |𝑙𝑙| = 3). In this case the transformation of the light-wave amplitu
accordance with formulae (2), (3) may be given as: 

𝑒𝑒𝐿𝐿���⃗  𝐿𝐿𝐿𝐿0(𝐿𝐿) → 𝑒𝑒−𝜌𝜌2�𝐶𝐶0𝑒𝑒𝐿𝐿���⃗  +  𝑒𝑒𝑅𝑅����⃗  𝐶𝐶3𝜌𝜌3𝑒𝑒𝑖𝑖3𝜑𝜑�,                   
𝑒𝑒𝑅𝑅����⃗ 𝐿𝐿𝐿𝐿0(𝑅𝑅) → 𝑒𝑒−𝜌𝜌2(𝐶𝐶0𝑒𝑒𝑅𝑅����⃗  +  𝑒𝑒𝐿𝐿���⃗  𝐶𝐶3𝜌𝜌3𝑒𝑒−𝑖𝑖3𝜑𝜑).       

  
 

 
Vector Vortex Beams 

For experimental study of the polarization singularity, we consider linearly polarized Gau
radiation of a He–Ne laser passing through QP1.5. Figure 3 shows photographs of the intensity pro
for the transformed beam at two orthogonal polarization orientations of input radiation. Sp
intensity distribution reveals three dips instead of one, pointing to complexity of its polariz
structure.  
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Based on expression (4), we can write an expression for the complex field amplitude of lin
polarized radiation transformed on its passage through the q-plate. To take into accoun
polarization state of a light beam entering the q-plate, we express vector state of light in terms o
combinations of linear and circular polarizations as follows:  
 

𝐻𝐻 = 𝐿𝐿+𝑅𝑅
√2

, 𝑉𝑉 = 𝑖𝑖(𝑅𝑅−𝐿𝐿)
√2

,         

𝑅𝑅 = 𝐻𝐻−𝑖𝑖𝑖𝑖
√2

, 𝐿𝐿 = 𝐻𝐻+𝑖𝑖𝑖𝑖
√2

,       

where H and V – linear horizontal and vertical polarizations, R and L – right-hand and left-
circular polarizations, respectively.  

When a horizontally polarized beam passes through QP1.5, the complex field amplitude, ta
into account (4), (5), is determined by the expression:   

𝐿𝐿𝐿𝐿q=1,5 (𝐻𝐻) = 𝑒𝑒−𝜌𝜌2 �𝐶𝐶0𝑒𝑒𝐻𝐻����⃗ + 𝜌𝜌3𝐶𝐶3
𝑒𝑒𝑅𝑅�����⃗  𝑒𝑒𝑖𝑖3𝜑𝜑+𝑒𝑒𝐿𝐿����⃗ 𝑒𝑒−𝑖𝑖3𝜑𝜑

√2
�.   

In the case of vertically polarized light we have  

𝐿𝐿𝐿𝐿q=1,5 (𝑉𝑉) = 𝑒𝑒−𝜌𝜌2 �𝐶𝐶0𝑒𝑒𝑖𝑖����⃗ − 𝜌𝜌3𝐶𝐶3𝑖𝑖
𝑒𝑒𝑅𝑅�����⃗  𝑒𝑒𝑖𝑖3𝜑𝜑−𝑒𝑒𝐿𝐿����⃗ 𝑒𝑒−𝑖𝑖3𝜑𝜑

√2
�   

or 
𝐿𝐿𝐿𝐿q=1,5 (𝐻𝐻) = 𝑒𝑒𝐻𝐻����⃗ 𝑒𝑒−𝜌𝜌

2( 𝐶𝐶0 + 𝐶𝐶3𝜌𝜌3Cos[3𝜑𝜑]) + 𝑒𝑒𝑖𝑖����⃗ 𝑒𝑒−𝜌𝜌
2𝐶𝐶3𝜌𝜌3 Sin[3𝜑𝜑],   

𝐿𝐿𝐿𝐿q=1,5 (𝑉𝑉) =  𝑒𝑒𝑖𝑖����⃗ 𝑒𝑒−𝜌𝜌
2( 𝐶𝐶0 − 𝐶𝐶3𝜌𝜌3Cos[3𝜑𝜑]) + 𝑒𝑒𝐻𝐻����⃗ 𝑒𝑒−𝜌𝜌

2𝐶𝐶3𝜌𝜌3 Sin[3𝜑𝜑].   

 
The polarization topology of a singular beam was analyzed considering transmission of

through an analyzer. During analysis, the vector field geometry is characterized by the analyzer
oriented perpendicular to the field vector of light entering the q-plate. At that equations (8), (9)
the following form: 
 

𝐿𝐿𝐿𝐿𝑞𝑞=1,5
⊥ (𝐻𝐻) = 𝑒𝑒−𝜌𝜌2𝑒𝑒𝑖𝑖����⃗ 𝐶𝐶3𝜌𝜌3 Sin[3𝜑𝜑],            

𝐿𝐿𝐿𝐿𝑞𝑞=1,5
⊥ (𝑉𝑉) = 𝑒𝑒−𝜌𝜌2𝑒𝑒𝐻𝐻����⃗ 𝐶𝐶3𝜌𝜌3 Sin[3𝜑𝜑].            

Figure 3 – Photographs of the formed beam profiles.  
Input beam polarization: (a) – horizontal, (b) – vertical. 

a                                     b 
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When the analyzer axis direction is coincident with the field vector direction for the input
field, expressions (8), (9) are changed as follows: 

 
𝐿𝐿𝐿𝐿𝑞𝑞=1,5

∥ (𝐻𝐻) = 𝑒𝑒𝐻𝐻����⃗ 𝑒𝑒−𝜌𝜌
2( 𝐶𝐶0 + 𝐶𝐶3𝜌𝜌3𝐶𝐶𝐶𝐶𝐶𝐶[3𝜑𝜑]),    

𝐿𝐿𝐿𝐿𝑞𝑞=1,5
∥ (𝑉𝑉) =  𝑒𝑒𝑖𝑖����⃗ 𝑒𝑒−𝜌𝜌

2( 𝐶𝐶0 − 𝐶𝐶3𝜌𝜌3𝐶𝐶𝐶𝐶𝐶𝐶[3𝜑𝜑]).     

According to equations (10) – (13), when there is no noise in a singular polarization beam (
 0), its intensity is sinusoidally varying about the centre, forming 4q light spots. The light-
distribution patterns for horizontal and vertical polarization modes entering the q-plate are ro
relative to each other about the centre by π/3. Sum field of orthogonal polarization modes transm
through the element looks like a classical doughnut, with the characteristic intensity dip at the ce
Noise arising in a singular beam leads to the transformation of the intensity distribution over the 
profile when light passes through an analyzer, in line with formulae (12), (13). When the analyze
direction is coincident with the direction of the field vector entering the q-plate, the inte
distribution pattern no longer has the characteristic dip at the beam centre.  

Based on expressions (8) – (13), we have calculated the intensity distribution over the v
beam profile and the polarization topologies. To include contributions made by nonsingula
singular components in an optical beam, in the process of cacluating the normalized amplitudes
given for the Gaussian component as 𝐶𝐶0 = sin 𝛿𝛿 and for the amplitude of a singular beam − as 
cos 𝛿𝛿. Figure 4 presents the calculation results for the intensity distribution of transformed light i
absence of an analyzer (a) and after passage through the analyzer, oriented in parallel (
perpendicularly (с) to the input linear polarization. The patterns were calculated for different 

Figure 4 – The calculated intensity distributions for transformed light in the absence of an analyzer (a) and after 
passage through the analyzer, oriented in parallel (b) or perpendicular (с) to the input linear polarization (from le
right: 𝛿𝛿 = 0, π/32, π/16, 3π/32, π/8). 

a 

b 

c 
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fractions depending on the 𝛿𝛿. As demonstrated by the results, coherent Gaussian noise influence
polarization topology in a singular vortex.  

Theoretical analysis of the intensity distribution over the light-beam profile reveals three
(Fig. 4, а) as noise is involved. The number of dips at the intensity profile is associated w
topological charge of the formed vector vortex (𝑙𝑙𝑝𝑝 = 3), whereas spatial localization is determin
different amplitudes of noise 𝐶𝐶0 and of the vector vortex 𝐶𝐶3. The greater the noise amplitude С
further the intensity dips from the centre and the more clearly defined at the light-beam profile
first column at the left in Figure 4 shows the intensity distribution for a polarization vortex i
absence of noise and with the charge 𝑙𝑙𝑝𝑝 = 3. 

Figure 5 presents the experimental results for the polarization topology of a singular v
beam excited by vertically polarized (Fig. 5, a) and horizontally polarized (Fig. 5, b) light pa
through QP1.5. Beam profile intensity distributions were recorded at different values of the an
between the analyzer axis and the input polarization.  

It should be noted that the measured intensity distributions at the angle 𝛾𝛾 = 0° are assoc
with the case demonstrated in Fig. 4, b, when the noise component is involved (𝛿𝛿 = π/8) an
analyzer is oriented parallel to the polarization of radiation entering QP1.5. Thus, the prop
theoretical description of the formation of a vector singular beam using a model of q-plate with p
core is in good agreement with the experimental data and allows predicting the polarization topo
of the formed beam.  

For a detailed verification of the proposed theoretical interpretation, we have calculate
interference patterns of a vector vortex with a plane reference wave. The analysis was performe
the fields calculated according to (12), (13) at different amplitudes of the 𝐶𝐶0 and 𝐶𝐶3 compon
Figure 6 shows interference patterns for horizontal and vertical polarization at the input of QP
parallel (Fig. 6, a) and perpendicular (Fig. 6, b) relative orientation of the analyzer. 

Figures 7 and 8 show the results of interference summation of the polarization vortex fo
by QP1.5 for different relative orientations of the polarization plane of the input field and the coh
plane wave. 

 

Figure 5 – Beam profile intensity distribution for different relative orientation 𝛾𝛾 of the analyzer and polarization
input light for vertically (а) and horizontally (b) polarized input light.  

𝛾𝛾 = 90°  𝛾𝛾 = 60°
  

a
  

𝛾𝛾 = 45°
  

𝛾𝛾 = 30°  𝛾𝛾 = 0°
  

𝛾𝛾 = 0°
  

𝛾𝛾 =  30°
  

𝛾𝛾 =  60° 𝛾𝛾 =  90°
  

b
  

𝛾𝛾 = 45°
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Figure 6 – The calculated interference patterns for a vector vortex with a plane reference wave: parallel (а) and perpen
(b) orientations of the analyzer axis and the polarization of input light (noise level from left to right: 𝛿𝛿 = 0, π/32
3π/32, π/8). 

a 

b 

Figure 8 – The calculated interference patterns for a vector vortex with a plane reference wave: input and refere
vertical polarization (а); input – vertical, reference – horizontal polarization (b) (noise level from left to right: 𝛿𝛿
π/32, π/16, 3π/32, π/8). 

a 

b 

Figure 7 – The calculated interference patterns for a vector vortex with a plane reference wave: input and refer
horizontal polarization (а); input – horizontal, reference – vertical polarization (b) (noise level from left to right:
π/32, π/16, 3π/32, π/8). 

a 

b 
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As expected, in all analyzed cases (Figs. 6–8) the interference field exhibits no “f
characteristic for phase singularities. The interference pattern of a beam with a polarization singu
is characterized only by the shift of interference fringes, pointing to complex polarization topolo
the light beam.  

Figure 9 shows the results of calculated and experimental interference patterns of v
vortices with a coherent reference wave in four cases of interaction geometry. The view of pat
on Fig. 9, a and Fig. 9, b does not depend on the orientation of the reference wave polarization
view of patterns on Fig. 9, c and Fig. 9, d obtained without usage of an analyzer. 

Qualitative agreement between the results obtained during interference experiments an
calculation results derived based on the proposed model demonstrates its validity.  

 
 

Optical Vortex Beams 

The results of experimental studies of the intensity and phase distribution of a light b
formed by passing of light with a circular polarization through QP1.5 are given in Figure 10. In
case the beam profile also has three intensity dips (Fig.10, a). Interference analysis demonstrate
formation of three phase singularities with the charge |𝑙𝑙| = 1 in beam profile (Fig.10, b). A si
charge for the formed vortices (l=+1) is determined by the twist directions of the spiral formed i
interference pattern of an optical vortex with a linearly polarized spherical wave. Figure 10, c s
the patterns for each of the three phase singularities formed in the beam. 

Figure 9 – Interference patterns of a vector vortex with a plane reference wave: parallel (а) and perpendicular 
orientations of the analyzer axis and polarization of input light; input and reference wave – horizontal polarizat
(с), input and reference wave – vertical polarization (d). (The upper row presents the calculation results, lowe
experimental data.)  

          a             b            c                        d 
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Based on the proposed theoretical model, we have performed computer simulation o
coherent summation of the optical vortex beam formed by QP1.5 with a plane reference wave (Fig
Similar to the previous section, analysis was performed for the fields calculated according to 
different amplitudes of the 𝐶𝐶0 and 𝐶𝐶3 components. The calculation takes into account the presen
the analyzer. 

As seen in Fig.11, the beam profile reveals three phase singularities with the topolo
charge |𝑙𝑙| = 1. A change in the circular-polarization rotation direction of light entering the ele
leads to changing a sign of charge which is confirmed by the change in the direction of the "for
the interference pattern.  

Figure 11 – The calculated interference patterns of a phase singular beam with a plane reference wave: input left
circular wave (а), input right-hand circular wave (b) (noise level from left to right: 𝛿𝛿 = 0, π/32, π/16, 3π/32, π/8)

а 

b 

Figure 10 – The experimental results for an optical vortex formed on passage of left-hand circular beam through 
beam profile intensity distribution (a); interference pattern with linearly polarized wave (b) and linearly-pol
spherical wave at every dip of the intensity (c).  

а b 

c 
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To perform more detailed analysis of the phase topology of the received beam and to verif
proposed theoretical model for its description, we performed a computer simulation of the coh
summation of a phase singular beam with a plane wave upon changing the polarization state of
entering the QP1.5. In the process the polarization direction was changing from the left-hand cir
to the right-hand circular by means of changes in the ellipticity parameter. Formally, such a chan
the polarization state of light may be included if we write the phase-vortex complex amplitude 
as a superposition of two singular beams:  

 
𝐿𝐿𝐿𝐿1,5 = cos(𝜀𝜀) �𝑒𝑒−𝜌𝜌2 sin(𝛿𝛿) 𝑒𝑒𝐿𝐿 + 𝑒𝑒−𝜌𝜌2+3𝑖𝑖𝜑𝜑𝜌𝜌3 cos(𝛿𝛿) 𝑒𝑒𝑅𝑅� + 

+sin(𝜀𝜀) �𝑒𝑒−𝜌𝜌2 sin(𝛿𝛿) 𝑒𝑒𝑅𝑅 + 𝑒𝑒−𝜌𝜌2−3𝑖𝑖𝜑𝜑𝜌𝜌3 cos(𝛿𝛿) 𝑒𝑒𝐿𝐿�,                         

 

where the parameter 𝜀𝜀 enables one to control the polarization state of radiation entering the q-
The calculation takes into account the presence of the analyzer. 

Comparison of the calculation and experimental results shown in Figure 12 demonstrate
the proposed theoretical model gives an adequate description for the obtained experimental data

When the polarization state of radiation entering the q-plate is changing from the left-ha
the right-hand circular by means of changes in the ellipticity value, the “forks” characteristic for p
singularity in the interference pattern are broken. For 𝜀𝜀 = π/4, we get a state corresponding to a l
polarization and can observe the interference pattern characteristic for polarization singu
(compare with Fig.9, b). With further changing of the polarization state of input radiation, the 
begin to restore, completely appearing in the interference field with the inverted direction orient
when a sign of its spin orbital momentum is changed 𝜀𝜀 = π/2. 

a 

b 

Figure 12 – Interference patterns of a phase singular beam with a plane reference wave: (а) – calculations (at t
noise level  𝛿𝛿 =  𝜋𝜋/16), (b) – experiment. 

𝜀𝜀 = 0        𝜀𝜀 = 𝜋𝜋 8⁄   𝜀𝜀 = 𝜋𝜋 4⁄                         𝜀𝜀 = 𝜋𝜋 3⁄      𝜀𝜀 = 𝜋𝜋 2⁄  

left-hand 
circular 

left-hand 
elliptical 

linear right-hand 
elliptical 

right-hand
circular 
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Conclusion 

The paper presents a new type q-plate with a phase core offering coherent division of the 
beam energy into singular and nonsingular components, with their subsequent coherent summa
The proposed method of the LC director photoalignment enables one to fabricate q-plates with a P
Core for formation of radiation with complex phase and polarization structure, including the form
of beams carrying arrays of a given number of singularities of the charge 𝑙𝑙 = 1. Developed LC b
q-plates are characterized by their simple construction and efficient implementation of the latest l
crystal photoalignment technique. The proposed theoretical model is confirmed by experim
results and is able to predict the polarization-phase state of optical vortices for various intera
geometries of the polarization state of light passing through the proposed topological element
developed devices can find applications in technologies based on the usage of light fields w
complex amplitude profile: structured illumination microscopy, information coding and tran
optical security, microrheology.  
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Corrections were made to the abstract, introduction, and conclusion in accordance with the 
reviewers' comments. 

Data for comparison of results with other authors have been added to the “Scheme for recording
q-plates with a central phase core” section. 

Figures have been corrected. CF-755 Plot data File accordingly was changed.

Appropriate references have been added.
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