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self-accelerating vector beams. It is shown that as these beams propagate, the main intensity lobe

and the polarization singularity gradually drift apart. Furthermore, the propagation dynamics can be
manipulated by controlling the beams’ acceleration coefficients. We also demonstrate the self-healing
dynamics of these accelerating vector beams for which sections of the vector beam are being blocked by
an opaque or polarizing obstacle. Our results indicate that the self-healing process is almost insensitive
for the obstacles’ polarization direction. Moreover, the spatial polarization structure also shows self-
healing properties, and it is reconstructed as the beam propagates further beyond the perturbation
plane. These results open various possibilities for generating, shaping and manipulating the intensity
patterns and space variant polarization states of accelerating vector beams.

Airy beams, as part of the group of wave-functions coined sometimes “non-diffracting beams” or
“self-accelerating beams” have drawn significant scientific interest, due to their shape-preserving and accelerating
propagation dynamics in space or in time. Ever-since their first introduction!, Airy beams have been investigated
in a wide range of physical systems?™, in various symmetries®’, in linear and nonlinear mediums*#, and suggested
for many applications such as micro-particles manipulations’, optical routing'® and super resolution imaging!!.
The research of Airy beams has also triggered the developing of other forms of accelerating beams'?'°. One of
the most intriguing properties of self-accelerating beams is their ability to self-heal from blocking obstacles'®, a
property now researched in the context of other beam types and polarizations'’'°. The common way to charac-
terize accelerating beams is by tracing the trajectory of the highest intensity lobe as it curves while propagating
through space. To date, in the vast majority of reported experiments, a linearly polarized Gaussian beam has been
used as the excitation source. While such beams are probably the most common form of coherent light source,
we are recently witnessing a growing interest in light with a spatially varying polarization, generally known as
vector beams?.

One of the many types of vector beams is the radially polarized mode, which exhibits a spatially varying polar-
ization, with the transverse electric field directed outward from the optical axis, and which is an axial-symmetric
solution to Maxwell’s equations®~*>. Now implemented in different systems, radially polarized light was proved
to be efficient in nano-focusing®-%?, microscopy and particle manipulations®.

The combination of Airy patterns and vector beams (shown in Fig. 1), which can be defined as Airy vector
beams, has been somewhat overlooked by researchers, with very little reports so far”*!. In such beams, the inter-
play between the Airy pattern and polarization states, symmetry differences and different propagation dynamics,
rises many interesting outcomes.

In this report we present theoretical predictions along with numerical and experimental results showing
the propagation dynamics, self-healing mechanisms and polarization distribution of radially-polarized vector
Airy beams (RAVB). While RAVBs are the basic form of accelerating vector beams, this research can be further
extended to any accelerating wave packet and any type of polarization structure.

This paper will show that when a radially polarized Gaussian beam illuminates a cubic phase mask and
focused, RAVBs are generated at the focal plane. As illustrated in Fig. 1c, the main lobe of RAVB’s is divided
into two lobes by a radially shaped polarization singularity (zero-order topological charge®?). The checkerboard
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Figure 1. Generating radially polarized self-accelerating vector beams. (a) A radially polarized He-Ne

laser beam is diffracted from a binary modulated cubic phase mask. Then, it is optically Fourier transformed
and recorded at the focal plane and beyond. As illustrated, the radial polarization singularity (white line)

and the highest intensity lobe (red line) propagate along different trajectories. (b,c) Comparison between the
numerically calculated diffraction patterns of the known scalar Airy beam and the radially polarized Airy beam
at the focal plane. As can be seen, the main intensity lobe is imprinted with radial polarization singularity.
(d-h) Experimental and numerical results of radially polarized Airy vector beams after applying a polarizer.
Polarization direction is denoted by the white arrow (un-polarized, 45° polarized, x polarized, y polarized,
respectively).

pattern of the RAVB tail at the focal plane is also formed by the radial polarization as every two adjacent lobes
interfere destructively with anti-phase relations.

Furthermore, as the beam propagates, it will be shown that the usual form of accelerating Airy beams can be
observed, with a linearly polarized main lobe appearing and accelerating in space, while the polarization singu-
larity is broadened and drifted into the beam’s tail.

Theoretical Background
Radially polarized light can be described as a solution of the wave-equation in cylindrical coordinate system?-2%,
Its transverse electric field component is given in the form.

E(r, 0, 2, t) = Jy(ar)te' @) o

Where J,(x) is the first order radial Bessel function, r and 7 are the radial coordinate and the radial unit vector
respectively, and k is the propagation wavenumber in the propagation (z) direction. The radially polarized beam
has a distinct signature in its Stokes parameters, namely the four-lobed structure of S1 and S2 parameters as
depicted in Fig. 2 (top row). This unique signature will be used further in this report to establish the polarization
properties of radially polarized Airy beams.

The diffraction of a radially polarized beam by a grating will result in the creation of multiple diffraction
orders, each of them still holds radial polarization distribution, as demonstrated previously®.

An Airy beam is created by diffracting light through a binary cubic phase-grating with transmission function
of the following shape: T (x, y) = sign{cos(ax + Bx° 4+ B,y°)}*>* This transmission function creates the dif-
fraction pattern presented in Fig. 1c, which is noticeably different from the linearly polarized Airy pattern pre-
sented in Fig. 1b, by the splitting of the main lobe, and the “checkerboard” pattern of the beam’s tail. These
differences are direct outcomes of the polarization structure, and not of the intensity distribution alone. Under the
paraxial approximation, this diffraction pattern may be analyzed by the convolution theorem®.

F(2){E(x, Y T(x, y)} = F@){Ex, y)} ® F@{T(x, y)} )

Where F(z) representsthe optical propagation by Fourier transform to plane z=f, where fis the focal length of the
lens, E(x, y) is the incident radially polarized beam and T(x, y) is the transmission function of the diffractive ele-
ment generating the Airy beam. It is understood that F(z) {E(x, y)} represents the diffraction of the radially polarized
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Figure 2. (Top row) Stokes parameters of radially polarized light. The distinct polarization structure is manifested
by the four-lobe form of parameters S, and S,. S; which should be zero is indeed noticeably weaker yet it is not
identically zero due to inaccuracies in polarizers and QWPs used. (Middle row) CCD image and S, and S, parameters
for RAVBs at the focal plane. Note the clear sign of radial polarization. (Bottom row) S;-S, parameters for the RAVB
after propagating 10 cm beyond the focal plane. As can be observed, the radial polarization singularity is drifted
towards the beams tail.

beam and F(z){T (x, y)} = Ai(x, y, z) is the Airy function. While the diffraction of most beams is characterized
by broadening, the Airy beam will preserve its shape, and shift laterally’. The convolution in Eq. 2 means that the
propagation of the combined RAVB is the propagation of the two functions (Radially polarized incident beam,
and Airy pattern), superimposed. Therefore, the Airy’s curved trajectory will result in a shift of the Airy pattern
with respect to the origin of the radial polarization distribution as shown in Fig. 1(a). Similar separation has been
observed with Airy-Vortex beams where the phase singularity is separated from the Airy’s main lobe*. In this
paper we observed and measured for the first time, this separation dynamics for the polarization singularity and
highest intensity lobe. It must be mentioned that the singularity in Vortex-Airy beams is originated from a singu-
lar phase distribution, while in our case, it evolves directly from the polarization structure, which will yield differ-
ent propagation characteristics in non-isotropic media.

Experiments Description
Our experimental setup is fairly simple (see Fig. 1a): a He-Ne laser beam (A= 633 nm) is passed through a radial
polarization converter (Altechna) followed by a binary phase grating and a lens. The binary phase grating is
fabricated on a double-polished glass substrate by standard photolithography techniques, with a transmission
function defined by:

] 3)

We have fabricated several gratings with different values of the parameters P, to P, to create Airy beams with
different characteristics. Parameter P, inversely controls the diffraction angle in the horizontal direction, while
the combination of P, along with P; or P, controls the Airy acceleration in the horizontal or vertical directions,
respectively. The values of parameters P, to P, were chosen to fulfill the following requirements: (a) easy fabri-
cation by standard photolithography procedures, which dictates that feature size is kept above 2 um, and is also
beneficial as Airy beams of high spatial frequency tend to smear over short propagation distances; (b) clear detec-
tion of all Airy lobes by our camera (i.e. separation between Airy lobes at the focal plane must be significantly
larger than pixel size); and (c) the full diffraction pattern must fit into the CCD area. Typical numbers for these

T, y) = signlcos

moS[Pi + Py (P + P4y3)]
1
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Figure 3. Propagation analysis of radially polarized Airy beams. The Airy pattern is examined in various
distances from the focal plane. The rightmost panel shows the experimentally measured intensity patterns
at different propagation distances, while the middle and left panels analyze the propagation and verify the
theoretical prediction of acceleration and diftraction.

parameters (considering the use of standard lenses with focal lengths of 5-20cm) are 1 <P, < 10, 1000 < P, < 10,
1 <P;,P, < 10, where the lateral coordinates x and y are measured in meters. The camera used to detect the Airy
pattern was a SCMOS camera (Hamamatsu Orca Flash 4 V2), which is mounted on a rail to allow capturing the
Airy beam at the focal plane and beyond, without losing alignment.

Stokes measurements at various distances were made by a rail-mounted set of a linear polarizer and a quarter
wave plate.

Experimental Results

Our experimental results are presented in Figs 2, 3, 4 and 5. Figure 2 presents the intensity distribution and Stokes
parameters S, and S, of the RAVB at the focal plane and 10 cm beyond the focal plane. We observe experimentally
the splitting of the main lobe and the checkerboard pattern of beams’ tail. From observing the Stokes parameters,
we notice that the radial polarization structure is indeed imprinted in all the Airy lobes, and the checkers-board
structure is the result of destructive interference of anti-phase fields of adjacent lobes. Next, we measured the
Stokes parameters of a beam propagating beyond the focal plane, presented in Fig. 2. From these measurements
we learn that the change in the beam’s shape is the result of the gradual separation between the radial polarization
structure and the Airy pattern. This understanding allows us to study the propagation dynamics of the intensity
and polarization of these beams, presented in Figs 3, 4 and 5. As shown in Fig. 3, the radial polarization center is
diffracted at the angle expected according to the grating periodicity, whereas the Airy lobes are accelerated and we
notice the predicted separation between these structures, i.e. the polarization singularity of the radial beam drifts
away from the main lobe towards the RAVB’s tail. This effect is much more pronounced when the acceleration is
large, as depicted in Fig. 4, which compares numerically and experimentally between similar beams with a factor
of 40 in their acceleration constant. It is seen that for high-acceleration beam (beam A in Fig. 4’s top panels) the
separation of the radial polarization and Airy pattern occurs over much shorter distances. Finally, self-healing
experiments were made to fully understand the propagation characteristics of RAVBs. These results, alongside
with numerical calculations are shown in Fig. 5.

The self-healing experiments were done by introducing a perturbation to the beam at the focal plane and
examining the propagation of the beam as described previously.

We have considered two types of perturbations: A - polarizing the main lobe, B - completely blocking the main
lobe. Both cases are presented in Fig. 5. The first case was studied numerically, while the latter was studied both
numerically and experimentally.

The first row of Fig. 5 shows the propagation of the non-perturbed RAVB. This will be used as a reference for
the following cases. The second row of Fig. 5 shows the RAVB after applying a uniform linear polarizer in the
direction of the white arrow. Here, the radial pattern is essentially lost and the beam resembles the more conven-
tional linearly polarized Airy beam.

When polarizing the main lobe alone, as described in the middle row of Fig. 5, we only introduce a small per-
turbation to the beam, and the reconstructed pattern is nearly indistinguishable comparing with the unperturbed
case (top row).

The last two rows (numerical calculation and experimental measurements, respectively), describe the case in
which the main lobe of the beam is completely blocked. As can be seen, in spite of the significant perturbation, the
RAVB shows fantastic polarization self- healing characteristics, as evident by the stokes parameters in which the
four-lobed pattern can be observed after propagating 15 centimeters away from the focal plane. This result can be
explained by the Fourier-optics approach: as the main lobe is blocked in the Fourier plane, the beam will main-
tain its spatial structure, but will suffer a decrease in contrast. This is because each point along the reconstruction
plane is being generated by coherent contributions from all points along the beam at the obstacle plane. The
polarization distribution is thus only weakly affected by the blocking, as the other lobs maintain their polarization
structure and contribute to the vector field reconstruction as the beam propagates away from the obstacle. We
can thus conclude that the information of the local radial polarization singularity is carried in a nonlocal manner
by the entire wave-front, i.e., the vectorial propagation dynamics is not described by a local vectorial variation
dynamics near the main lobe, but instead by the vectorial states of the light which emerges from the additional
sidelobes™.
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Figure 4. Shaping vector beams’ dynamics by acceleration. Two top rows show calculated and experimental
intensity patterns for high-acceleration Airy patterns at focal plane and in 4 cm steps beyond it. The Airy
grating coefficients (as described in Eq. 3) used were P, =4, P,=5000, P; =P, = 1. The two bottom rows

show the calculated and experimental patterns for radially polarized Airy Beams with acceleration 40 times
smaller (compared to top rows), with grating coefficients P, =4, P,=20000, P; =P, =1. It is easily seen that
the separation rate of radial polarization center from Airy pattern is determined by the Airy acceleration
coefficients. The faster broadening of experimental data is caused by non-perfect beam collimation.

Conclusions
We have reported on the propagation and self-healing dynamics of Airy vector beams. These radially polarized
Airy beams belong to the broader family of accelerating vector beams. While such beams are rarely considered,
they potentially hold many intriguing phenomena. Our results show that for a freely-propagating beam, the accel-
eration of the Airy beam has a major role in the evolution of the beam’s polarization state.

For RAVB passing an obstacle, the self-healing process is polarization insensitive - a single reconstructed main
lobe appears in all cases examined, with polarization properties similar to those of a freely-propagating beam.

The polarization reconstruction of the self-healed RAVB is an important result. The RAVB feature which
enables this reconstruction is the singularity data imprinted in the Airy beam’s tail. The reconstruction therefore
shows that the airy beam’s tail carries the full information (amplitude, phase and polarization) needed to recon-
struct the beam, and not the information of intensity alone®”.

The polarization of light is a degree of freedom often overlooked, but can be of great significance in many fields
such as beam-shaping and micro-particle manipulations. It is our hope that this work will be followed by addi-
tional demonstrations to provide further advancements in the field. For example, one may consider generating
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Figure 5. Polarization reconstruction of an RAVB diffracted by an obstacle at the focal plane. In all focal
plane panels, the perturbation is denoted by a white, dashed line square, and the polarized transmission

axis is denoted by a white arrow. Top row shows the propagation of a radially polarized Airy beam without
perturbation is calculated (compare with Fig. 4). 2 row describes the case where a uniform linear polarizer
is applied to the beam at the focal plane. As can be seen, the beam resembles a linearly polarized Airy beam in
shape and propagation. Middle row describes the case of a polarization dependent obstacle which is applied
at the focal plane, and beam propagation is calculated. From the results it is clear that such an obstacle barely
changes the beam’s propagation characteristics, as the propagating beam resembles the non-perturbed case
presented in the topmost row. 4" row and bottom row present, the calculated and measured beam propagation
beyond an opaque obstacle at the focal plane, respectively. The Stokes parameters of the propagated beam
consist of the four-lobe structure typical of radial polarization, which is an indication for polarization
reconstruction.

arbitrary accelerating wave packets with even more complex polarizations structures. Furthermore, the propaga-
tion dynamics of these beams can be investigated inside birefringent media, for which each polarization compo-
nent may have a different phase velocity. One may also consider the case where the beam trajectory goes beyond
the scalar approximation. Finally, it might be of interest to test the self-focusing properties of these beams inside
Kerr type nonlinear medium, which can also affect the polarization and intensity patterns of the RAVBs.
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