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ABSTRACT

The demand for high capacity and integration in modern optical communication technology is becoming prominent. Orbital
angular momentum (OAM) plays an important role in optical communication. However, there are still challenges to further
expand the flexibility and capacity of optical communication in the axial direction. Here, we propose a single-layer liquid
crystal device (LCD) to realize the generation of optical vortex (OV) array with arbitrary topological charge in axial
multiplane, which can be applied in optical communications based on highly integrated device.

The phase of the target OV array is weighted and superimposed to obtain the phase distribution of LCD. In order to obtain
an OV array with uniform intensity, it is necessary to determine the optimal weight factor for each OV based on the
introduced particle swarm optimization (PSO) algorithm.

In the experiment, a LCD with an effective aperture of 2 mm was processed. A CCD captures the OV array image, including
two OV arrays at 200*A (156um) in front of and behind the focal point respectively. Then, the beam passes through the 4f
system of the spatial light modulator with the phase distribution of the Damman vortex grating on the spectrum plane, and
the topological charge of the two OV arrays can be detected by the CCD.

Our results provide an approach that based on a single liquid crystal plate, OV arrays in multiple propagation planes are
realized, in which the number of propagation planes and the position of each propagation plane relative to the back focal
plane can be adjusted arbitrarily, and the number, order, and position of OVs in each propagation plane can also be adjusted
arbitrarily to meet the application requirements in the field of short-distance optical communication.
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INTRODUCTION

Light has multiple degrees of freedom, including frequency, amplitude, phase, polarization, spin angular momentum (SAM)
and orbital angular momentum (OAM). In 1992, OAM was first discovered in experiments by Allen et al.[1], and it was
proved for the first time that each photon in an optical field with a vortex phase structure carries an orbital angular
momentum of [h, where [ represents the helical quantum number of the phase. This optical field with vortex phase is called
optical vortex (OV). The wavefront of OV wraps around the central phase singularity and propagates in a spiral shape, and
forms a dark spot with zero light intensity in the center, making the light intensity present a doughnut-shaped distribution[2].
The microscopic OAM of photons is connected with the macroscopic intensity distribution of OV, which has made great
progress in different fields of research on OAM in recent years.

As one of the degrees of freedom of light, OAM can boost the optical[3] and quantum[4] information capacity because of
its theoretically infinite helical mode index[5]. Also, more and more researchers focus on OAM, mainly involving
regulation and application. The ways to efficiently distinguish photons with different OAM[6][7] enable future
demultiplexing processes utilizing OAM-encoded information. Study on the propagation characteristics[8][9][10] can be
fundamental for free space communication. Researches of the application of photon OAM in the field of quantum
information[11][12][13] is of great significance for understanding some basic problems of quantum mechanics by using
the new degree of freedom of photons. Applications of OAM for precision measurement[14][15][16], sensing[17][18],
imaging[19][20], and classical optical communication[21][22].Novel and efficient generation methods were introduced
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for OAM, which include etching special structures on silicon substrates[23][24], surface plasmon excitation[25][26],
spatial light modulator (SLM)[27], liquid crystal device (LCD)[28]. The OAM generation methods mentioned above
cannot meet the requirements of high integration and OAM generation only on a specific plane at the same time.

In this work, we introduce a single LCD to generate OV arrays on specific propagation surfaces, where the order and
position of OVs in the surfaces can be adjusted arbitrarily. First, we obtain the phase distribution of the LCD on the
diffraction plane by weighting the superposition of the phase of the target OV arrays based on the vector diffraction theory.
In this process, we introduce the particle swarm optimization (PSO) algorithm to obtain OV arrays with uniform intensity.
Next, we fabricated a LCD with an effective working aperture of 2 mm to host the above phase plane, and its work
wavelength is 780nm. Then, experimentally, we built an optical system to test the LCD. Specifically, a 780nm single-
frequency laser is used as the light source; a combination of a half-wave plate and a quarter-wave plate is used to generate
circularly polarized light as the incident light of the LCD; the CCD can directly detect the light intensity distribution of the
OV arrays, the order of OVs can also be detected by the cooperation between SLM and 4f system.

Our study provides a way to generate arbitrarily tunable OV arrays on highly integrated devices. And the introduced OV
arrays are only distributed on specific propagation surfaces, so the information they carries can only be read at specific
positions, thus showing attractive potential in high speed and integrated optical encrypted communication.

DESIGN AND OPTIMIZATION OF LCD

To get the desired OV array at a specific location, we need to solve an inverse problem. That is, for the target field
distribution, we find the corresponding incident field. Today, driven by the rapid development of computational
electrodynamics, such inverse problems have attracted many interests[29][30]. And different algorithms have been
developed in different application scenarios, for instance surface plasmon[31], three-dimensional vectorial holography[32],
and Au nanostructure arrays|[33]. In this work, we use vector diffraction integral based method together with the introduced
PSO algorithm[34] to solve the problem.

As it’s mentioned, the phase modulation of LCD is realized by superposing the phase of the target OV array. However,
under the condition of the same weight superposition, in the OV array generated by the designed LCD, the intensity of
low-order OVs will be higher than that of high-order OVs. In the PSO algorithm, multiple parameters are considered to
obtain a meaningful OV array with a clear background, moderate intensity, and uniform intensity distribution among each
OV. In more detail, we define a certain number of weight factor groups in a high-dimensional space, that is, particles in a
certain range of values in the PSO algorithm. The particle swarm moves in this parameter space through a stochastic
optimization process to find an optimal value of a defined merit function[34]. Obviously, this merit function needs to be
carefully considered to ensure that the resulting OV array satisfies the requirements in many respects. In this work, all
pixels of the image of the OV array will be read one by one to generate a merit function to evaluate the quality of the OV
array. There are three key parameters of the merit function. Noise signal intensity, which is quantized as the number of
pixels whose intensity is below a certain threshold. OV signal intensity, which is quantized as the number of pixels whose
intensity is above a certain threshold. OV signal uniformity, which is quantified as the variance among the OV signal
intensities in the OV array image. Here, we need to find the minimum value of the merit function, so when we superimpose
the above three key parameters, we need to add a negative sign in front of the OV signal intensity.

The phase definition of the target OV array is relatively simple, only the position of each OV in polar coordinates and the
topological charge of the OV need to be defined. After obtaining the phase of the target OV array and the weighting factors
of each OV phase, the phase distribution of the LCD can be obtained based on the vector diffraction integral.
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Figure 1. Schematic diagram of the optimization effect based on the PSO algorithm. The optimization results of OV array
intensity distribution for 60 particles from (a) to (d) for 50, 100, 500 and 1000 iterations respectively. It can be seen that the
noise of the OV array image is reduced, the signal is enhanced, and the intensity distribution of OV tends to be uniform

FABRICATION AND MEASUREMENT OF LCD

LCD mainly realizes the phase modulation of the incident beam through the birefringence of liquid crystal molecules.
More specifically, changing the voltage applied to the liquid crystal pixel molecules, there will be different angles between
the liquid crystal molecules and the electric field, that is, the director of the liquid crystal molecules and the polarization
direction of the incident light form a certain angle, thus the liquid crystal effective refractive index is changed. The optical
path also changes accordingly, so as to achieve the phase modulation. In this work, the LCD with a 2 mm effective aperture
can work in an optical system with 780 nm incident light. The number of pixels of the aperture diameter is 1024, and the
substrate material used is silicon dioxide.

~

Figure 2. (a) Picture of LCD under polarization microscope, the working area of the LCD is a circle with a diameter of 2mm,
(b) LCD phase distribution calculated based on vector diffraction theory.

Experimentally, we use a 780nm single-frequency laser as the light source, collimate the expanded beam, and filter the
stray light with the diaphragm. Then let this beam pass through the linear polarizer, the quarter wave plate in turn, and
reach the CCD. The light intensity of the OV array can then be measured directly. When it comes to the topological charge
of the OV array, we introduce a 4f system in front of the CCD, where the SLM is placed on the spectrum plane. Taking the
measurement of one of the OVs as an example, an OV with an order of +2 generated by the LCD via the SLM set a phase
of a one-dimensional Damman vortex grating phase with an order of -2, and the intensity distribution of the OV can be
observed on the CCD to become Gaussian distribution, that is, the order has become 0. By analogy, we can measure each
OV one by one.
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Figure 3. (a) Experimental setup to generate axial multiplanar OV arrays and test topological charges. Circularly polarized
light with a wavelength of 780nm enters the LCD. (b) and (c) are the theoretical and experimental results of the OV array at a
distance of 2004 before and after the focal point, respectively. By adjusting the SLM on the three-dimensional displacement
stage to offset the OV of different orders in the axial direction and in the plane to make it a Gaussian point as shown in (d).
QWP, quarter-wave plate; SLM, spatial light modulator.

CONCLUSION

In this work, we developed an LCD for realizing axial multiplane generation of OV arrays. The arrangement of the OV
array in the plane and the distance of the axial multi-plane can be adjusted according to the actual application. This idea
can be extended to apply this type of device to mass production based on metasurface and nanoimprinting technology, or
to generate axial multiplanar OVs that vary in time domain based on tunable phase modulation devices, such as SLM, etc.
The method has application prospects in the generation of OAM, OAM multiplexing of optical communication, and optical
encrypted communication.
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