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Abstract: A unique splitter is proposed and demonstrated to realize the generation and separation
of autofocusing and autodefocusing circular Airy beams (CABs). The design of the splitter is
derived from the Fourier transform of a CAB associated with the Pancharatnam—Berry phase, and
the fabrication is carried out via a liquid-crystal photo-patterning technique. Autofocusing and
autodefocusing CABs of orthogonal circular polarization states are spatially diffracted under the
modulation of the splitter, and the energy distribution between these two CABs can be controlled
by the incident polarization. A focal length of 40 cm is obtained, which can be customized as
required. The propagation dynamics of the generated autofocusing and autodefocusing CABs
are investigated, and the experimental results are in good accordance with the corresponding
simulations. The additional merits of the splitter, such as reconfigurability, tunability, high
efficiency, and wide operating wavelength range, may motivate novel applications of CABs in the
areas of laser optics, biomedicine, and modern displays.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

With the rapid development of optical communications technology, the beam splitter as a critical
component has triggered extensive research. A beam splitter is a device that can split an incident
beam into two or more beams. In addition to optical communication systems, beam splitters are
also required for interferometers, autocorrelators, cameras, projectors, and displays, and even
play an important role in quantum entanglement [1] and ghost imaging [2]. Another necessary
capability of most of these applications is focusing or defocusing. Lenses are usually utilized to
achieve this functionality, particularly those made of liquid crystals (LCs) [3-5]; the outstanding
electro-optical tunability of LCs makes them excellent candidates for modern displays including
augmented-reality [6,7], virtual-reality [8], 3D [9], and head-mounted [10] displays.

Another way to realize the focusing or defocusing phenomenon is to generate circular Airy
beams (CABs) [11], which have also attracted attention in recent decades. A CAB can be
regarded as an Airy beam [12] in cylindrical coordinates [11]. The intrinsic self-accelerating
nature of the Airy beam endows the CAB with an autofocusing or autodefocusing characteristic
[13]. More importantly, an autofocusing CAB maintains a relatively low intensity profile before
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abruptly focusing its energy at the focal region. This peculiar feature is particularly preferable for
medical treatments based on laser technology, in which only the target area must be irradiated
with the surrounding tissue left intact [11]. CABs have also been widely studied in areas such
as the manipulation of microparticles [13], generation of nonlinear intense light bullets [14]
and other nonlinear processes including multiphoton absorption, stimulated Raman scattering,
and optical filaments in gases [15]. However, most of the current studies mainly concentrate
on the autofocusing feature of the CAB while little attention is paid to exploiting the opposite
autodefocusing behavior. Moreover, to the best of our knowledge, there is still a lack of research
on the beam splitter that can integrate the functions of generating, separating and modulating the
autofocusing and autodefocusing CABs. The invention of such splitters will greatly facilitate the
flexibility in the usage of CABs and expand their application ranges.

In this paper, by taking advantage of the properties of LCs, we demonstrate a unique splitter, the
LC CAB splitter (CABS), for the generation and separation of autofocusing and autodefocusing
CABs. The phase design of the LC CABS is derived from the Fourier transform (FT) of the CAB
with the introduction of the Pancharatnam—Berry (PB) phase [16,17]. A digital-micro-mirror-
device (DMD)-based microlithography system and SD1-based photoalignment technology [18]
are utilized to fabricate the LC CABS. A focal length of 40 cm is obtained, which is customizable,
and the separation distance between the autofocusing and autodefocusing CABs can be adjusted
by re-exposing the LC sample due to the rewritability of SD1. Moreover, the energy distribution
between the autofocusing and autodefocusing states can be controlled by varying the incident
polarization. The proposed LC CABS may have potential applications in biomedical treatment,
laser processing, and even the modern displays mentioned above.

2. Principles and experiments

Through asymptotic analysis, the FT of a CAB with amplitude u(r) = Ai(rg - r)expla(ro - r)] can
be expressed by [19]:

3
F(k) = (ro + kz)e—“kz, /MJo(krg +k3/3) = G(k)Jo(krg + K3 /3), (1)
kro + k3

where Ai(-) is the Airy function, r is the scaled polar coordinate, r is related to the radius of the
main ring, a is the apodization factor, the wave vector k is the Fourier spectrum coordinate, Jo(-)
is the zero-order Bessel function, and G(k) represents the complicated super-Gaussian envelope
whose amplitude is modulated by a function that scales quadratically and apodized by a Gaussian
function [19]. Regardless of the amplitude term, attentions should be focused on the phase term
contained in the argument of the zero-order Jy Bessel function whose linear phase is enhanced by
a cubic term [19]. For the generation of zero-order Bessel beam, it can be realized by modulating
the Gaussian beam through the conical (radial linear) phase optical element [20]. Therefore, as
an analogy, one can generate an autofocusing CAB by modulating the Gaussian beam through
the combination of a radial cubic phase and a radial linear phase, as shown in Figs. 1(a) and
1(b), respectively. To implement a splitter, a grating structure [21-23] as shown in Fig. 1(c) is
appended. By superimposing these three phase structures, that is,

¢cas = Bp° + 2mp/d — 2mx/A, )

the CABS phase design shown in Fig. 1(d) can thus be achieved. Herein, 8 is a parameter
relating to the radial cubic phase modulation, p = sqrt(x> + y?), d is the radial period of the radial
linear phase, and A is the period of the grating structure. Considering the following fabrication
equipment and taking a pixel as the unit, the designed parameters for d and A are 245.7 pixels
and 40 pixels, respectively.
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Fig. 1. Principle of the CABS phase design. (a) Radial cubic phase, (b) radial linear phase,
(c) grating structure, and (d) the sum of the former three, i.e., the CABS phase. The gray
level in these phase patterns from black to white indicates the phase value from O to 2.
However, when introduced by the PB phase, black to white can also be regarded as the
optical axis varying from O to 7.

Furthermore, the PB phase is also introduced owing to its merits of efficiently modulating
optical waves and polarization controllability [24-30]. The amount of PB phase modulation
depends on the orientation angle of the optical axis of the anisotropic medium, which is chosen
to be nematic LC E7 in the following experiment. For spatially structured light beams with
featured phase @, they can be easily realized by setting the orientation of the optical axis of
the anisotropic medium as e =®/2 [30]. Herein, the orientation of LC directors is set to follow
a=@l2=p32+mpld - nx/A. Consequently, Fig. 1(d) can also be regarded as the director
distribution of the LC CABS in which black to white corresponds to the orientation varying from
0 to w. The diffraction property of the LC CABS based on the PB phase modulation can be
analyzed by Jones calculus. The Jones matrix for the LC CABS can be expressed as

{1 O I'| cos2a  sin2«a
M = cos — —isin — R 3)
210 1 sin2a —cos2a

where I' = 2mAnd/A is the phase retardation, An is the birefringence of the LC E7, d is the gap
of the LC cell, and A is the incident wavelength. As any polarized light can be regarded as the
combination of two orthogonal circularly polarized light components, the following analyses are
based on the incidence of circular polarization states. When a circularly polarized plane wave
illuminates the LC CABS, the output electric field will be transformed into

1 r|1 r
Eopy=ME;, =M =cos — —isin = exp[+i(Bp> + 2mp/d)] exp(Fi2nx/A)
+i 2|+ 2 ¥
“)
where E;, = [1, +i]T represents the incident electric field, with (+) standing for left circular
polarization (LCP) and (-) standing for right circular polarization (RCP). Specifically, the nth
diffraction order can be obtained by

A
D, = 1 / Eou exp(—i2mnx/A)dx = 6, cos L ! —Op+118in L exp[+i(Bp° + 2mp/d)]

A Jo 20 & 2 Fi

(%)

Equations (4) and (5) show that there are only three diffraction orders for the LC CABS: the

Oth order (the first term) and +1st orders (the second term). The Oth order is the residual

component with the same incident polarization state, and it can be eliminated by adjusting the

phase retardation to (2 m + 1)z (i.e., half-wave condition, m=0, 1, 2...). Under this premise,

when the incident polarization is LCP, the output energy will be completely diffracted to the -1st
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order in the RCP state. Most importantly, a positive radial cubic phase modulation referring to
+(Bp> + 2mpld) is achieved, indicating the generation of an inward-bending autofocusing CAB.
In contrast, only the +1st LCP order appears when the input is RCP, and the corresponding
negative phase modulation -(8p> + 2mp/d) indicates that the generated CAB has an outward
transverse acceleration [13,31], revealing an autodefocusing behavior. For any illumination of
non-circular polarization, the autofocusing and autodefocusing CABs are obtained simultaneously
with orthogonal circular polarization states, and the energy distribution between these two orders
depends on the proportion of LCP or RCP in the input power. For example, for the linearly
polarized incidence, the generated autofocusing and autodefocusing CABs possess the same
diffraction efficiency (defined as the power ratio of the target order to the total input light) of 50%.
Moreover, the diffraction angle or separation distance between the two orders can be adjusted by
changing the period A. Therefore, a tunable splitter for generating and separating autofocusing
and autodefocusing CABs can be demonstrated based on the LC CABS.

To realize the transfer of the designed pattern to an LC cell, a photoalignment technique
based on the sulfonic azo-dye SD1 (Dai-Nippon Ink and Chemicals, Japan) is adopted [32]. The
SD1 molecule orients its absorption oscillator perpendicularly to the polarization direction of
the activating UV light. Moreover, owing to the rewritability of SD1, this orientation can be
reconstructed by exposure to UV light with different polarization directions. When used as the
alignment layer, the SD1 molecules spread their orientation to adjacent LCs by intermolecular
interactions. A DMD-based (resolution 1920 x 1080; mirror pitch 10.8 um) microlithography
system (King Optronics-095A, China) equipped with a 10x objective lens [18] is employed as
the exposure setup. Through an eighteen-step, five-time partly overlapping dynamic exposure
process [33], the CABS pattern in Fig. 1(d) can be precisely duplicated to the LC cell, which is
composed of two SD1-coated indium-tin-oxide glass substrates separated by 6-um spacers. After
the capillary filling of LC E7, a director-variant PB-phase element LC CABS can thus be formed.

3. Results and discussion

The micrograph of the LC CABS observed under an optical microscope is displayed in the
inset of Fig. 2. The greenish color results from the corresponding wavelength satisfying the
half-wave condition [34]. The bright areas correspond to the LC directors at ~45° or 135° to
one of the crossed polarizers, and the dark areas correspond to the angles of ~0° or 90°. As the
bright-to-dark pattern alternates twice as the orientation of LC directors varies from O to s, the
microscopic image has denser fringes compared with the phase pattern in Fig. 1(d). Overall, the
consecutive variations in brightness of the designed fringes confirms the accurate transfer of the
PB phase pattern and the continuous orientation of the LC molecules.

As shown in Fig. 2, an optical setup is established to characterize the performance of the
LC CABS. A He—Ne laser beam with wavelength of 632.8 nm in a Gaussian profile is adopted
as the Gaussian light source. It passes through a polarizer and a A/4 plate in sequence before
being modulated by the LC CABS sample. The angle between the transmission direction of the
polarizer and the c-axis of the 4/4 plate is set to be 45°/-45° or 0° to ensure the RCP/LCP or
linear polarization incidence. A spherical lens with focal length fi. = 10 cm is set at a distance f1,
from the LC sample to perform the FT. The generated autofocusing and autodefocusing CABs at
different propagation distances can then be captured by a CCD (BGS-SP620, Ophir-Spiricon,
USA). Herein, the focal plane of the lens (FT plane) is defined as the initial observation point
(propagation distance z = 0).

After the voltage applied to the LC CABS is adjusted to meet the half-wave condition, CABs
with autofocusing and autodefocusing states can be obtained and the intensity distributions are
shown in Fig. 3. As analyzed above, when the incident beam is linearly polarized, the energy is
equally diffracted to the +1st LCP and -1st RCP orders, as shown in Fig. 3(a). The measured
diffraction efficiency of both of these orders is ~46%, i.e., high efficiency up to 92% is achieved
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Fig. 2. Schematic diagram of the optical setup for generating, separating, and detecting
autofocusing and autodefocusing CABs. The scale bar in the micrograph of the LC CABS is
100 wm.

for the conversion from a Gaussian beam to CABs. Although the intensity distributions of the
two diffraction orders are almost identical at z =0 (Fig. 3(a)), different propagation dynamics
gradually appear with a change in z. As shown in Figs. 3(b)-3(e), captured at z= 10, 20, 30,
and 40 cm, respectively, with increasing propagation distance the radius of the main ring of
the -1st order RCP CAB decreases with increasing intensity, whereas the main ring of the +1st
order LCP CAB expands with decreasing intensity, intuitively revealing an autofocusing behavior
and an autodefocusing process, respectively. Herein, the generated autodefocusing CAB is
different from those mentioned in Refs. [13,35,36] with ring tails distributed inside rather than
outside of the main ring, which results mainly from setting the argument term of the initial
radial Airy profile to be negative, i.e., u(r) = Ai[-(ro-r)]exp[-a(ro-r)]. However, it coincides
well with the results proposed in Ref. [31] when the circularly symmetric beam produced via a
negative linear and cubic phase modulation propagates beyond the FT plane. Under the negative
phase modulation, the caustics deduced from the ray-optics experience converging before the
FT lens and then diverging after passing through the lens. The diverging caustics extend up to
the FT plane beyond which the wave is completely diffracted, leading to the autodefocusing
behavior with the ring tails distributed outside of the main ring. This consistence also verifies
the effectiveness of the geometric phase modulation represented by -(8p° + 2mp/d). We have
lowered the input power to prevent the intensity of the autofocusing CAB at the focal plane from
exceeding the maximum detecting range of the CCD. Moreover, as the main ring of the CAB
possesses almost half of the total energy [13], the surrounding sub-rings of the CABs at z=0,
as shown in Fig. 3(a), are not as obvious. However, for the autofocusing CAB, the intensity is
more focused with increasing distance, leading to the appearance of the sub-rings. For better
presentation and comparison, we show relatively enlarged images of the RCP autofocusing
CAB and LCP autodefocusing CAB with intensity profiles in the left and right columns of
Fig. 3, respectively. The images in these two columns are taken when the incidence is LCP
or RCP, correspondingly, so that there is only one diffracted order. However, we still control
the input power to keep the initial intensities consistent with Fig. 3(a). When the propagation
distance increases to 30 cm in Fig. 3(cl), we can clearly see the main ring and sub-rings of the
autofocusing CAB with intensity distributed in an exponentially decaying trend. In contrast,
the rings of the autodefocusing CAB in Fig. 3(c2) are diverged to become weak such that it is
difficult for the CCD to detect the intensity profile distribution. As a supplement, a simulated
transverse intensity dynamics image of the autofocusing and autodefocusing CABs from z=0 to



Research Article Vol. 28, No. 18/31 August 2020/ Optics Express 26156 |
Optics EXPRESS b Ny \

the focal plane with a varying color bar is shown in Visualization 1. This vividly reveals that
the two diffracted orders present opposite propagation behaviors; one converges while the other
diverges. Particularly noteworthy is the fact that the closer the proximity to the focal plane, the
faster the increase in intensity of the autofocusing CAB (see the changing intensity values beside
the color bar), which can also be validated by the intensity profiles shown in Figs. 3(d1)-3(el).
Moreover, some ideal autofocusing CABs simulated at z =10, 20, 30, and 40 cm are exhibited in
Fig. 3(f). Comparing our experimental results shown in Figs. 3(al)-3(el) with these ideal CABs,
we can see that despite the difference in the ring numbers which is inevitable due to the finite
energy as a matter of fact, the intensity distribution trends, the abrupt increases in the intensity
near the focal point, and the positions of the focal plane in these two sets of images basically
coincide with each other, indicating a high quality generation of the CABs via the LC CABS. In
addition, it is worth mentioning that despite the dispersive autodefocusing CAB rings, there is no
overlap between the two orders throughout the propagating process, which is a benefit of the
proper design of the phase structures shown in Fig. 1, guaranteeing a good separation effect.

Figure 4(a) exhibits the simulated side-view intensity variation of the autofocusing and
autodefocusing CABs to multidimensionally show the propagation dynamics. Herein, the
intensity distribution is scaled to the maximum value. It clearly reveals that the upper -1st order
CAB accelerates inward in a parabolic trajectory, resulting in an autofocusing characteristic
with an abrupt intensity increase at the focal plane. In comparison, the lower +1st order CAB
propagates outward with decaying intensity, revealing a featured defocusing behavior. The 3D
intensity dynamics of the autofocusing CAB in Fig. 4(b) better present the abruptly focused
intense spot at the focus. The theoretical focal length for the autofocusing CAB is ~41.8 cm,
which is calculated based on the following formula [37]:

_ /48fL4/12ﬁ
F=EN"raw? ©)

where f1 is the focal length of the FT lens, 4 is the wavelength, S is 120 for cubic phase
modulation, d =245.7 x 1.08 um =265.356 um, and w= 1080 X 1.08 pum =1166.4 um is the
width of the LC CABS. By measuring the radius of the main ring at different distances, we obtain
the transverse accelerating dynamics of the autofocusing CAB, and the propagation trajectory is
plotted in Fig. 4(c). The fitted red curves in a parabolic trend match well with the simulations as
shown in Figs. 4(a) and 4(b). The measured focal length is ~40 cm, which is also quite consistent
with the theoretical value considering the experimental errors. The simulations and experiments
collectively verify the good performance of the LC CABS sample. It is worth mentioning that
the focal length and separation distance between the autofocusing and autodefocusing CABs
can be customizable, as the parameters 8, d, w and A can be easily selected according to
practical requirements. And we can also generate the CAB expressed in a more general form
u(r) = Ai[(ro-r)/wolexpla(ro-r)/ wo] (wy is a scaling factor) at the initial plane with any desired
parameters. In this case, the radius of the primary ring and the focal length of the CAB are given
by R(0) =rp+wp and fa; = 4w/ 2Rol/ 2/A[11,14], respectively. In our work, these two physical
quantities are determined by f1 A/d (deduced from the grating diffraction formula) and Eq. (6),
respectively. The apodization factor a corresponds to the cubic phase modulation parameter 3.
Correlating these physical quantities one to one, we can therefore generate the CAB with any
desired rg, wg, a parameters. For example, in our work, these parameters should be 0.5303 mm,
0.0897 mm and 0.06, respectively. Besides, holography method [38] can also be adopted to
generate the CAB with any desired parameters by calculating the interference of the CAB and a
plane wave. However, in addition to a relatively complicated calculation process, a 4f system
consisting of two lenses is usually required to filter the desired orders, leading to a bulky optical
setup and lower efficiency compared with our method. Moreover, owing to the rewritability
of SD1 and flexibility of the DMD-based exposure system, the LC CABS can be reconfigured
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Fig. 3. Intensity distributions of the CABs at (a,al,a2) z=0cm, (b,b1,b2) z=10cm, (c,c1,c2)
z=20cm, (d,d1,d2) z=30cm, and (e,el,e2) z=40cm, respectively. The horizontal and
vertical section lines correspond to the intensity profiles. (f) Simulated ideal autofocusing
CAB at =0, 10, 20, 30, and 40 cm, respectively. The intensity distribution has been scaled

to the maximum.
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with the newly designed phase pattern. In addition, owing to the LC property of electro-optical
tunability, the working wavelength for the CABS can range from the visible to infrared or even
terahertz band [34], and the switch from the generated CABs to a Gaussian beam can be achieved
by simply adjusting the applied voltage to meet the full wave condition [18]. These merits
provide additional advantages, such as tunability and flexibility, to the application of CABs in
optics and photonics. Due to the limitation of the DMD-based exposure system, it is currently
difficult to realize the manufacture of the LC CABS with larger area and simultaneously higher
resolution, which restricts its application in some aspects like the generation of light bullets for
long-distance propagation. Further efforts have been devoted to developing a more consummate
photopatterning system with capabilities of ultrahigh resolution and large-area manufacturing.

O Experimental results
= Parabolic fit
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Fig. 4. (a) Simulated side-view propagation of -1st order autofocusing and +1st order
autodefocusing CABs. (b) Simulated 3D propagation dynamics of the autofocusing CAB.
The intensity distribution in (a) and (b) has been scaled to the maximum. (c) Experimental
propagation trajectory of the autofocusing CAB. Blue circles represent the measured radius
of the CAB’s main ring, and the red curves are the parabolic fits.

4. Conclusion

In conclusion, we propose and demonstrate a LC CABS for the efficient generation and separation
of autofocusing and autodefocusing CABs with orthogonal circular polarization states. The
phase structure of the CABS is derived from the FT of a CAB combined with PB phase design.
SD1-based photoalignment technology and a DMD-based microlithography system, together
with a dynamic exposure method, are employed to fabricate the director-variant LC PB phase
sample. The propagation dynamics of the generated autofocusing and autodefocusing CABs are
revealed, and the experimental results correspond well with simulations. Moreover, the focal
length and separation distance can be customized as required owing to the reconfigurability of
the LC CABS. In addition, the energy distribution between the autofocusing and autodefocusing
CABs and the switch between the CABs and Gaussian beam can be easily achieved by adjusting
the incident polarization state or the applied voltage on the LC CABS. Furthermore, owing
to the electro-optical property of LCs, the CABS sample is suitable for a wide spectral range.
More research on the splitters with larger area and higher resolution is still on the way. The LC
CABS is a versatile candidate for the realization of high-quality CABs with autofocusing and
autodefocusing behaviors, which may promote their novel application in optical manipulation,
laser nanosurgery, modern displays, and other technologies.
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