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Abstract: A liquid crystal forked vortex lens integrated with Pancharatnam-Berry phase is
proposed and demonstrated via a dynamic photo-patterning technique. The forked vortex lens
can generate two optical vortices with opposite spin and orbital angular momentum, which are
spatially separated to two focal points with one optical vortex focused and the other
defocused. It exhibits distinctive helicity-dependency and ultra-high diffraction efficiency up
to 95%. The topological charges of generated optical vortices are detected via astigmatic
transformation. This work supplies an easy fabrication and low power consumption strategy
for generating and separating (de-)focused optical vortices simultaneously.
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1. Introduction

Liquid crystals (LCs) are promising candidates for the tunable and dynamic optical elements
due to their large birefringence and continuous external field tunability. Among them, LC lens
has sparked significant interests in the thriving fields of ophthalmic apparatuses and
augmented reality displays, etc [1-5]. However, the traditional electrically tunable LC lenses
require delicate electrodes and constant power consumption to reorient and keep L C directors
[2]. Fresnel lenses based on binary azimuthal angle control have been demonstrated by photo-
alignment techniques, with diffraction efficiency theoretically limited to 41% [6]. More
recently, Pancharatham-Berry (PB) phase is introduced to realize a continuous lens phase
profile, thus pushing the limit to 100% [7].

Optical vortex, featured by a phase singularity and helical phase front, has been
extensively studied during the past two decades. Its screw-type phase distribution leads to an
orbital angular momentum (OAM) of m# per photon [8], wherein m represents the topological
charge. Such specific beam plays an important role in particle manipulation, optical
communication, quantum information and computation [9, 10]. Especially in OAM based
mode division multiplexing and optical tweezers [11, 12], lenses are indispensable for beam
coupling and focusing. Recently, a vortex lens that combines the functions of vortex beam
generator and lens is proposed to generate (de-)focused vortex beam [13]. The two generated
vortices are coaxia and nonseparable, a separating process is thus indispensable.

Here, by introducing a blazed PB phase [14], we propose polarization forked vortex lens
(PFVL) which can separate (de-)focused vortices spatially. The PFVL is essentialy an
inhomogeneous wave plate whose optical axis distribution is an integration of a PB lensand a
polarization forked grating. Corresponding diffraction properties are theoretically analyzed. A
dynamic L C photo-patterning technique is employed for the PFVL fabrication. The PFVL can
generate two focused/defocused optical vortices with opposite spin and OAM, which are
spatialy separated to two focal points. Meanwhile, the focusing characteristics are dependent
on the propagation direction of incident light [15]. A high diffraction efficiency up to 95% is
obtained. This work provides a strategy with compact configuration and multifunction of
optical vortices generating, separating, and focusing.

2. Principle and fabrication

The PFVL can locally modulate the incident polarization states and result in space-variant
output phases, namely PB phase [16, 17]. Its optical axis distribution is an integration of a
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polarization forked grating [18] and a PB lens [19].The optical axes are homogeneous along z
axis and obey the following eguation in the x-y plane;

a:—zrx/A+%m(p+%(\/r2+f2—f), (1)

where ¢ = arctan(y/ x) isthe azimuthal angle, mis the topological charge, A isthe pitch, r? =
X2+ y?, r istheradius, and f is the focal length. Figures 1(a)-1(c) show the calculated director
distributions of the PFVL with f = 10 cm and m = 1, 2, 8, respectively. The gradient color
variation from blue to red indicates the optical axis orientation varying from O to =
continuously.

The transformation in a PFVL can be analyzed through Jones matrix calculation. The
transfer matrix is:

T=R(_0{)'{exp(—i1"/2) 0 } (@)

0 exp(ir'/ 2)
r [cosZa sin2a }

r ..
=cos—I| —isn—| .
2 2| N2 —cos2a
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where T" = 2rnAnd/A isthe phase retardation, An isthe LC hirefringence, d is the cell gap, and
A indicates the free space wavelength. Considering a circular incident polarization, it can be

described as E,, = y*) =1/~+/2(1 +i)', the two spin eigenstates corresponding to left ( +)

and right (-) circular polarization states, respectively. After passing through the PFVL, the
output can be expressed as.

E.=TE, :cos%;((i) —isin%-exp{iimgoiiZ;zx/Aii%(\/r2 +f%- f)];(‘*).

©)

For aright circularly polarized (RCP) incident beam, the output is a superposition of two
parts: the residual RCP component (Oth order), and the transformed left circularly polarized
(LCP) one (—1st order, defined as the first order on the Ieft side along the propagation of the
incident light) with a spiral phase factor exp(-imy), a tilted phase factor exp(i2nx/A), and a
spherical phase factor exp{-i2n[(r? + )¥>-f]/4}, corresponding to an off-axial focused helical
optical vortex. On the other hand, for LCP condition, the transformed RCP ( + 1st order,
defined as the first order on the right side) is a defocused optical vortex with opposite OAM
and diffracted direction. Under half-wave condition (I" = =, 3, 5x...), the residual component
is totally suppressed and the output wave is a pure helical beam. Therefore, for circular
polarization, the input will be theoretically 100% diffracted to a single first order. While for
linearly polarized incident light, it will be equally diffracted to + 1st orders with focused and
defocused states, respectively.

A digital micro-mirror device based dynamic microlithography system [20, 21] is utilized
to implement the photo-patterning on a polarization sensitive photoalignment agent, which is
0.3% solution of sulphonic azo-dye SD1 (Dai-Nippon Ink and Chemicals, Japan) in
dimethylformamide spin coated on indium-tin-oxide glass substrates. To satisfy the half-wave
condition for incident wavelength A = 633 nm, 5 um spacers are selected to keep the cell gap.
Then, the cell is placed at the image plane of the system to record the designed patterns. The
SD1 molecules tend to reorient their absorption oscillators perpendicular to the UV light
polarization [22]. After an eighteen-step five-time-partly-overlapping UV exposure [18], the
LC material (E7, HCCH, China) is capillarily filled, thus, the PFVL is accomplished.
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3. Results and discussions

Fig. 1. The theoretical director distributions (a)-(c) and corresponding micrographs (d)-(f) of
PFVLswithm=1, m= 2 and m = 8, respectively. The scale bar is 200 pm.

The micrographs of the obtained LC PFVLs under a polarized optical microscope are shown
in Figs. 1(d)-1(f). The continuous variation of the brightness gives a vivid exhibition of the
space-variant directors. The dark domains correspond to regions with LC directors
approximately perpendicular to the polarizer or analyzer, whereas the bright domains
correspond to regions with LC directors around 45° with respect to the polarizer or anayzer.
The bright-to-dark aternates twice when the director changes from 0 to &, leading to denser
fringes under the microscope. The similar patterns and gradually changed brightness reveal
that the designed PFVLs are faithfully transferred into the LC cells.

Polarizer

He—Ne Laser

Fig. 2. Scheme of the optical setup for generating and detecting (de-)focused vortices.

To characterize the performance of the PFVL, severa tests have been carried out. As
shown in Fig. 2, a 633 nm He-Ne laser beam passes through a polarizer, a quarter wave-plate
(QWP) and then illuminates on the sample with the transmitted light captured by a CCD. The
angle between the c-axis of the QWP and the polarization direction is set to be + 45°/- 45° to
get RCP/LCP. The focused/defocused optical vortex is thus generated. The measured focal
length isf = 10.08 cm, which is consistent with the designed f.
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Fig. 3. The intensity images of generated focused/defocused vortex beams corresponding to (a)
RCP, (b) LCP and (c) linearly polarized incident beams. (d)-(f) show the images corresponding
to the horizontally flipped samples.

The diffraction properties of a PFVL with m = 2 is measured. As expected, for the RCP
incident beam, a focused vortex beam is observed on the —1st order. As shown in Fig. 3(a),
only a single order exists, indicating the haf-wave condition is perfectly satisfied (I' = 3m).
The intensity profile is donut-like owing to the phase singularity at the center of the beam.
Figure 3(b) reveals a defocused vortex beam is generated on the + 1st order for LCP incident
beam. For linear polarization, the beam energy is equally diffracted to £ 1st orders, as
presented in Fig. 3(c). Obviously, switching among above three states could be realized via
adjusting the incident polarization. The results are consistent with the previous theoretical
analyses. Subsequently, we horizontally flip the sample and find that the sample exhibits
reversed focusing characteristics with other features unchanged, which is revealed in Figs.
3(d)-3(f). For instance, the incident RCP beam is transformed to a defocused LCP vortex
beam, whose intensity distribution is shown in Fig. 3(d). To verify the topological charges of
the generated focused vortices, a cylindrical lens is employed to implement the astigmatic
transformation [23, 24]. Figures 4(a)-4(c) present the converted patterns where the numbers of
dark stripes (marked by white dash lines) indicate corresponding topological charges (m = 1,
2, 8) of the PFVLs shown in Figs. 1(a)-1(c). The defocused orders are also characterized, and
the converted patterns exhibit the same numbers of dark stripes with symmetric tilt directions
(m=-1, -2, -8).

Fig. 4. The astigmatic transformation of optical vorticeswith (&) m=1, (b)) m=2and (c) m=
8.
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Herein, the proposed PFVLs can generate helicity-dependent focused/defocused optical
vortices. Additionally, the vortices with opposite spin and OAM are separated spatially. To
obtain the maximum efficiency, normal incidence is required. The oblique incidence will lead
to lower power efficiency [25]. The diffraction efficiency is defined as the ratio between the
single objective order (both first orders) and the total transmittance for circular (linear)
incident polarization. All the measured efficiencies are ~95% and the efficiencies for LCP and
RCP beams are equal in case of linear incident polarization. The multifunctional PFVLs also
exhibit the merits of low power consumption, easy fabrication and broadband tunability. It
may supply a compact and practical strategy for the vortex beam coupling and focusing in
OAM based mode division multiplexing and optical tweezers.

4. Conclusion

In this work, an LC polarization forked vortex lens is proposed and demonstrated via a
dynamic photo-patterning technique. It is an inhomogeneous wave plate with specific optical
axis distribution, which is an integration of a PB lens and a polarization forked grating. The
PFVL can generate and separate (de-)focused optical vortices simultaneously. Thanks to its
advantages of helicity dependency and high efficiency, the proposed PFVL supplies a
practical approach for (de-)focused vortex generation and prompts various applications in
optical manipulation and communication.
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