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Abstract: We propose the auto-transition of vortex-Airy to vector-Airy beams realized via
a liquid crystal q-Airy-plate, whose director distribution is the integration of a g-plate and a
polarization Airy mask. The polarization, phase, intensity distributions of the vortex-vector-Airy
beams (VVABSs) during the transition process and individual trajectories of the vortex beam,
vector beam and Airy beam components are both theoretically and experimentally investigated.
Interesting findings show that the pair of vortex components firstly experience transverse deflection
with a smaller acceleration than the Airy components and then automatically evolve into a vector
component propagating in a straight path. The polarization mode of the VVABs can be easily
switched by tuning the incident polarization direction. Meanwhile, the Airy component still
maintains its intrinsic self-accelerating and self-healing properties. The asymmetric intensity
distribution and variation of VVABs are revealed, and the energy flows are simulated to better
illustrate the interaction of the Airy, vortex and vector components. This work provides an
approach for the manipulation of the spatially structured light beams, which may inspire their
potential applications in optics, photonics and multidisciplinary fields.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Spatially structured light beams [1] have attracted intensive research interest in recent years,
among which the Airy beams, vortex beams and vector beams with spatially varying intensity,
phase and polarization distributions accordingly are hot topics. Airy beams are a kind of
nondiffracting beams [2] with self-healing [3] and transverse acceleration [4] properties, whose
applications range from particles manipulation [5], light-sheet microscopy [6], generation of
curved plasma channel [7] and spatiotemporal light bullets [8], to propagation against atmospheric
turbulence [9]. Vortex beams and cylindrical vector beams are both in donut shapes featured
by helical phase fronts [10] associated with orbital angular momentum (OAM) [11] and axis
symmetry in polarization [12], respectively. Vortex beams with quantized OAM of 7 [11] can be
widely used in optical tweezers [13], stimulated-emission-depletion fluorescence microscopy
[14], quantum informatics [15], vortex coronagraphs [16] and so on. As a typical cylindrical
vector beam, radially polarized beam plays important roles in high-resolution imaging [17],
optimal plasmonic focusing [18], metallic particles’ trapping [19], laser processing [20], etc.
Naturally, the Airy beams embedded with helical phase or axis symmetric polarization, known
as vortex-Airy beams (VoABs) or vector-Airy beams (VeABs), may find special applications
such as the abrupt polarization transitions and spin-orbit interactions [21].
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Researches on two-dimensional (2D) VoABs or VeABs have been developing in recent years.
Mazilu et al. were the first ones to propose the realization of VoABs to achieve the acceleration
of vortex beams in Airy beams [22]. Dai et al. theoretically studied the propagation properties
of VoABs [23] and then experimentally carried out their generations [24]. These generation
strategies are mainly based on modulating the Gaussian beams via cubic or 3/2 phase patterns
superimposed by phase singularities. Another way to obtain VoAB is illuminating the vortex
beam generator with Airy beam produced by spatial light modulator or the cubic phase plate
[25,26], and VeAB can also be acquired by tuning the polarization state of the incident Airy
beam [27]. Deng et al. theoretically investigated the propagation of VoAB in uniaxial crystals
[28], through slabs of right-/left-handed materials [29], and in a harmonic potential [30]. The
reports on the propagation dynamics of VeABs are relatively limited, one of which is about their
self-accelerating and self-healing features [31]. Despite all these works, few attentions have
been paid to the combination or transition between VoABs and VeABs, which we propose as
vortex-vector-Airy beams (VVABs). Therefore, studies on these more complicated spatially
structured light beams possess fundamental significance.

In this paper, we present the auto-transition of 2D VoABs to VeABs accomplished by the
liquid crystal (LC) g-Airy-plate [32], a Pancharatnam-Berry phase optical element [33] whose
director distribution is the integration of a g-plate [34,35] and a polarization Airy mask [36].
The intensity, polarization and phase distributions of VVABs along propagation distances during
the transition are both theoretically and experimentally investigated, and the trajectories of the
Airy beam, vortex beam and vector beam components are analyzed, respectively. Moreover, the
energy flows of the VVABs are simulated for better comprehension of their transition dynamics.
This research offers a platform for the modulation of Airy beams decorated with vortex and
vector beams, promoting their potential applications in multi-dimensional optical manipulation,
higher-resolution biological observation and even some uncharted territories.

2. Theoretical analysis and experimental setup

As is mentioned above, the director distribution of a LC g-Airy-plate o can be described as [37]

a=qp+ (X +y)/2, (1)

where g equals half of the topological charge m of the corresponding vortex beam [38], ¢(x,
y) = arctan(y/x) is the azimuthal angle, and (x* + y?) is the cubic phase distribution. When we set
the incident Gaussian beam to be linearly polarized (LP), its electric field can be expressed by

cos 8 e 1 &l 1
Ei, = Ep =Eo| — + , (2
sin @ i —i

where @ is the angle between the incident polarization direction and the x axis, [1, +i]7 is the
Jones vector of left circularly polarized (LCP, +)/right circularly polarized (RCP, -) light [39].
After passing through the LC g-Airy-plate under the half-wave condition, the Gaussian beam
will be transformed into
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where M is the Jones matrix of the g-Airy-plate. From Eq. (3) we can see that, the output
light field consists of two parts: RCP and LCP components, and they both exhibit the helical



Research Article Vol. 27, No. 13/24 June 2019/ Optics Express 18850

Optics EXPRESS

phase front exp(i|2g¢|) and the cubic phase modulation exp(i|x*+y?|) (that is, RCP and LCP
VoABs). The different signs of the helical and cubic phase factors indicate that the spiral
wave fronts of the vortex beam components twist and the modulated Airy beam components
automatically move in opposite directions. With the increase of the propagation distance, the
superimposition of RCP and LCP vortex components with opposite topological charges can
eventually result in the existence of vector beam [40], implementing the auto-transition from
phase singularities to polarization singularity. And the polarization mode of the vector part
depends on the parameter 6. As the phase singularities still exist before the vector component
fully takes place, we uniformly define the combined singular beams in intermediate states as
vortex-vector beams [41]. Considering the Airy beam element, the auto-transition between the
VoABs and VeABs or the generation of VVABs of different types can thus be achieved.

To characterize the transition dynamics of the VVABs modulated through the LC g-Airy-plate,
we adopt an optical setup illustrated in Fig. 1. A He-Ne laser with wavelength of 632.8 nm is
utilized as the Gaussian light source. A polarizer and a A/2 plate are set in sequence to control the
incident beam to be linearly polarized at different §. To implement the Fourier transformation, a
spherical lens is placed 125 mm (focal length) away from the LC g-Airy-plate. A CCD is set at
the focal plane of the lens at first, which is defined as the initial observation point (propagation
distance d =0). Another polarizer is selectively inserted between the lens and the CCD to
analyze the output polarization. Herein, for simplicity, we take the q(0.5)-Airy-plate to study the
propagation dynamics of the modulated VVABs. The nematic LC g-Airy-plates are fabricated via
the sulfonic azo-dye material SD1 based photoalignment technique and the digital micro-mirror
device based micro-lithography system [42]. The micrograph and director distribution of the
q(0.5)-Airy-plate in the inset of Fig. 1 indicate the LC directors vary periodically and continuously,
composing the space-variant cubic pattern inserted with a spiral structure. High optical efficiency
of over 90% is achieved by applying proper voltage to keep the sample under the half-wave
condition. For LC g-Airy-plates with larger g values, the theoretical simulation and experimental
analysis concluded in this work are applicable as well.
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Fig. 1. Experimental setup for characterizing the transition from VoABs to VeABs. (a)
Micrograph and (b) detected director distribution of the LC q(0.5)-Airy-plate. The scale bar
is 100 um. The color bar indicates the LC director varying from 0° to 180°.

3. Results and discussions

Firstly, the polarization states of the modulated beams are investigated. Figure 2 shows the
detected intensity distributions analyzed by Polarizer 2 at d = 0 under the horizontally (8 = 0°)
and vertically (6 =90°) LP illumination, respectively. From Figs. 2(a)-2(d) we can see that,



Research Article Vol. 27, No. 13/24 June 2019/ Optics Express 18851

Optics EXPRESS

with the rotation of Polarizer 2, the transmitted main lobes in the central parts also vary, and
their connections are parallel with the directions of Polarizer 2, revealing the polarization
pattern features of a radially polarized beam. While for Figs. 2(e)-2(h), the lobed patterns are
perpendicular to the directions of Polarizer 2, exhibiting the features of an azimuthally polarized
beam. The slightly “s”-shaped patterns verify the characteristic of vortex-vector beam [43],
which also indicates the light fields of the dual VoABs have already interacted to be VVABs.
The Oth order Gaussian beam at the center results from the residual phase of the LC sample [44].
The side beamlets are mainly circular polarized, thus their intensities remain unchanged.

(b) (c) (d)

Fig. 2. Intensity distributions of the (a)-(d) radial and (e)-(h) azimuthal VVABs analyzed
by Polarizer 2. The directions of the incident polarization and Polarizer 2 are marked by
white and yellow arrows, respectively. The scale bar is 500 pum.

In order to study the polarization properties of the VVABs when propagating, a digital
holographic imaging system [45] and the Stokes method [46,47] are employed. Figures 3(d)-3(f)
and 3(j)-3(1) are detected polarization distributions of the radial and azimuthal VVABs at d =0, 30,
100 cm, respectively, with LCP and RCP states marked by blue and red ellipses. Corresponding
intensity distributions, which are similar to the symmetric Airy beams [48,49], are shown in the
background. The experiment results are consistent with the simulations in Figs. 3(a)-3(c) and
3(g)-3(i) except for some measurement errors. These images vividly show that as the RCP and
LCP VoABs move towards each other, the overlap and interaction of their light fields lead to
more and more spatially LP components. After the entire superimposition of the vortex beam
components, the radial or azimuthal polarization distribution of vector beam is constructed, with
some circular and elliptical polarizations distributed at the recovered Airy beams. Thus, the
final light fields can be regarded as VeABs of radial and azimuthal modes, respectively. More
generalized VVABs can also be easily acquired by adjusting the incident 8, providing flexibility
for laser processing.

Furthermore, researches on the transverse deflection of VVABs are conducted. Figure 4(a)
depicts the trajectories of the Airy, vortex and vector components, in which the red circles, blue
crosses and magenta asterisks are experimental deflection results of the Airy, vortex and vector
components, respectively, the red and blue lines are the parabolic fit of the Airy and the vortex
components correspondingly, and the magenta line is the linear fit of the vector component.
Herein, the deflection of the Airy component is defined as the lateral displacement of the center
of mass, while the deflection of the vortex or vector component refers to the displacement of the
center of the dark core compared to their original positions at d =0 cm. These curves manifest
that influenced by the Airy component’s self-accelerating propagation, the vortex component
also experiences transverse deflections at first. With the increase of d, the dark core of the vortex
component is gradually covered by the reconstructed main lobe of the Airy component, which
can be reflected by the transverse profiles at d = 10, 30, 50 cm inserted in Fig. 4(a). Therefore, the
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Fig. 3. (a)-(c)/(g)-(i) Simulated and (d)-(f)/(j)-(1) experimental polarization distributions of
radial/azimuthal VVAB at d =0, 30, 100 cm. Blue and red ellipses represent the left-handed
and right-handed polarization, respectively.

trajectory of vortex component between 20 cm to 50 cm can be hardly identified. Afterwards, the
dark core of the vector component reappears in the center of the VVAB and travels in a straight
path. These experiment results are in agreement with the simulated side view propagation of the
m =1 VVAB shown in Fig. 4(b). Besides, the side view of the m =2 VVAB (Fig. 4(c)), whose
simulated and experimental intensity distributions are shown in Figs. 4(d) and 4(e) respectively, is
also presented for comparison. From these images we can see that although the distortion of the
main lobe becomes larger due to the introduction of the double helix wave front, the deflection
keeps the same with that of the m =1 VVAB (e.g., the lateral displacements are both 1.5 mm at
d =100 cm), validating the applicability of the analyses based on m =1 VVAB.

In addition, through in-depth analysis of Fig. 4(b), it can be found that the parabolic curvature
of the vortex component is slightly smaller than that of the Airy component. To give a more
detailed comparison, we further detect the phase distributions of the VVAB based on digital
holography [45]. As shown in the inset of Fig. 5, the clear phase distributions detected at different
d allow us to identify the exact positions of the phase singularities (marked by black circles),
whose lateral displacement can also be regarded as the deflection of the vortex component.
By measuring the movement of the phase singularities, more accurate trajectory of the vortex
component is plotted in Fig. 5. Comparing the two curves we can find that the deflection
of the Airy component is larger than that of the vortex component at the same propagation
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Fig. 4. (a) Trajectories of the Airy, vortex and vector components with some intensity
distributions inserted at corresponding distances. Simulated side view propagation of (b)
m=1 and (c) m=2 VVABs. (d) Simulated and (e) experimental intensity distribution of
m=2VVAB atd=0cm.

distance, verifying that the vortex component propagates with a slower acceleration. Note that
although the accelerating propagation of the vortex beam imposed on an Airy beam has been
analyzed theoretically [23], the result we obtain differs from previous conclusions that the vortex
component accelerates with twice the velocity of the Airy component. This phenomenon is
mainly caused by the initial locations of the vortex components at the main lobes of the Airy
components herein, in which case there hasn’t been an explicit formula that can describe the
accurate trajectories of the vortex components. However, the reason for the different deflections
between the Airy and vortex components can be deduced from the energy flow of the VVAB
in the following analyses. As the deviation of the experiment results of the phase singularity
from the parabolic fit is relatively large, to be more rigorous, we define the trajectory of the
vortex beam as quasi-parabolic curve. Continuous phase dynamics of the VVAB from d =0 to
d =100cm is simulated in Visualization 1, which also reveals that the phase singularities will
firstly experience a small lateral displacement and then be distorted by the cubic phase. The
spiral phases will ultimately merge into one with a 7 phase step, evincing the annihilation of
vortex components and the generation of a vector component. This fancy dynamics of helical
phases may find special applications in OAM based entanglement and quantum informatics [11].

It is worth mentioning that the captured transverse profiles of VVAB inserted in Fig. 4 exhibit
the asymmetric variation of vortex component along —45°/135° relative to the transverse plane.
To explain this phenomenon, we analyze the energy flow of the VVAB, whose Poynting vector S
can be described as [50]

S = 2_ {Im[E* -(VE] + %V x Im(E* x E)} , 4)

where c is the speed of light in vacuum, & is the permittivity of free space, w is the angular
frequency, and E is the electric field of the VVAB expressed by Eq. (3). Figure 6 displays the
simulated Poynting vector distributions at d =0, 10, 20, 40, 60, 100 cm, respectively. These
images indicate that, on the one hand, the overall energy of the VVAB flows towards —45°/135°
direction due to the intrinsic transverse acceleration property of Airy beam components. On the
other hand, affected by the twisted wave fronts, the Poynting vector near the phase singularities
rotates counterclockwise around the positive vortex component and clockwise around the negative
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Fig. 5. Detailed transverse acceleration of the Airy and vortex components. The inserted

phase distributions from the upper left to the lower right are detected at d =0, 4, 8, 12, 16,

20 cm, respectively. The phase singularities are marked by the black circles and the arrows

denote the twist directions of the m = +1 and m = —1 vortex components. The scale bar is
300 pm.

vortex component. Therefore, the intensity distribution around the vortex component is more
concentrated on the right of the motion of the m = +1 VoAB and left of the m = —1 VoAB. This
influence will take over until the Airy component reforms and the vector component appears.
The reveal of asymmetric light field during propagation is crucial as it can be adopted to control
the optical force when utilized as 3D optical tweezers. Additionally, the quasi-self-acceleration
of vortex components can also be deduced from the energy flow. Figures 6(a)-6(c) suggest that
affected by the energy flow of the Airy component, the Poynting vector of the vortex component
deviates to —45° or 135° direction, leading to the movement of the vortex component along with
the Airy component. However, the intrinsic rotating energy flow of the vortex component weakens
the diagonal acceleration. As a result, the vortex components propagate along a quasi-parabolic
trajectory with a smaller acceleration velocity than the Airy components.

0 100

Fig. 6. (a)-(f) Simulated energy flows of the VVAB at d =0, 10, 20, 40, 60, 100 cm, with
corresponding intensity distributions depicted in the background.
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4. Conclusion

In summary, we have demonstrated the auto-transition of 2D VoABs to VeABs realized
via LC g-Airy-plates, and revealed the propagation dynamics of VVABs both theoretically
and experimentally. By analyzing their polarization, phase and intensity distributions along
propagation distances, we show that the VVABs are the product of the superimposition of RCP
and LCP VoABs of opposite topological charges, and different modes can be realized by tuning
the incident polarization direction. The trajectories indicate the Airy beam component still
maintains its self-accelerating property, while the vortex beam components firstly experience
transverse deflection with a smaller acceleration and then automatically evolve into a vector
beam component propagating in a straight path. Affected by the helical wave front of the vortex
component, the surrounding Poynting vector rotates during the self-healing process of the Airy
component, leading to the asymmetric intensity distribution before the main lobe recovers. This
study offers deep insight into the transition dynamics of the VoABs to VeABs and the intermediate
VVABs modulated through the LC g-Airy-plates, promoting their further applications in optics
and photonics, atmospheric science, biology, and even in some uncharted territories.
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