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This study employs the power spectrum inversion method to generate the phase screens of atmospheric turbulence over the sea, the theoretical model of the vortex beam array emitted by a focusing system through anisotropic non-Kolmogorov maritime atmospheric turbulence was built. The propagation characteristics of the vortex beam array were investigated theoretically and compared to those of the Gaussian beam array. The results show that the vortex beam array is less affected by turbulence and exhibits stronger resistance to the turbulence. On this basis, using the evaluation parameters including the relative beam width and the beam wander, the influences of various parameters of the vortex beam array and atmospheric turbulence, such as topological charge, beamlet width, number of beamlets, anisotropy factor, and power law, on its propagation characteristics through anisotropic non-Kolmogorov maritime atmospheric turbulence were studied extensively. The results can provide a useful reference for the applications of the vortex beam array in optical communication through the maritime atmosphere.
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1 INTRODUCTION
Vortex beams, known for their distinctive wavefront structure and well-defined photon orbital angular momentum, have been widely used in various fields such as space optical communication, optical information processing, quantum information encryption, and biomedical applications. However, the presence of atmospheric turbulence introduces random perturbation in the phase of the beam, leading to adverse effects such as beam spreading and beam wander. These effects inevitably degrade the beam quality and reduce the amount of received energy, thereby limiting the practical applications of laser beams. Fortunately, beam combining has emerged as an effective approach to increase laser power and mitigate atmospheric turbulence [1]. In recent years, researchers have investigated the propagation characteristics of vortex beam arrays in terrestrial atmospheric turbulence based on their unique properties. Chen et al. [2] compared the beam wander of a single Airy vortex beam with that of an array of Airy vortex beams, revealing that the beam wander of the Airy vortex beam array is relatively small. Liu et al. [3] studied the propagation characteristics of a radial phased-locked partially coherent flat-topped vortex beam array in a non-Kolmogorov medium, analyzed the evolution of the optical intensity under different turbulence conditions, and calculated the complex coherence of the beam array at the receiving plane. Luo et al. [4] investigated the propagation and spreading of the radial vortex beam array in turbulence and analyzed the evolution of the optical field. Li et al. [5] explored the centroid wander of the radial Airy vortex beam array in slant atmospheric turbulence and investigated the effects of the topological charge, zenith angle, and outer scale of turbulence on beam wander.
Nevertheless, with the rapid development of information technology and the increasing demand in military and scientific research, the influence of atmospheric turbulence on the optical communication performance of lasers through maritime atmospheric turbulence has attracted increasing attention. However, unlike the terrestrial environment, the propagation characteristics of laser beams through maritime atmospheric turbulence exhibit some significant differences due to the combined effects of temperature and humidity fluctuations in the maritime atmosphere. Consequently, discussions regarding the propagation characteristics of laser beams through maritime atmospheric turbulence have been conducted [6–16]. However, most of the research studies have focused on the different types of laser beams, such as Gaussian beams and various vortex beams, with limited studies on vortex beam arrays. In particular, the propagation characteristics of vortex beam arrays through anisotropic non-Kolmogorov maritime atmospheric turbulence by a focusing emission system have not been discussed yet.
In this paper, the power spectrum inversion method is used to generate random phase screens conforming to the non-Kolmogorov spectrum through Fourier transform. Combined with the non-adaptive phase screen algorithm, the propagation characteristics of vortex beam arrays through anisotropic non-Kolmogorov maritime atmospheric turbulence were numerically simulated and analyzed. Furthermore, the effects of the topological charge, beamlet width, number of beamlets, anisotropy factor, and power law on the relative beam width and beam wander were studied in detail.
2 BASIC THEORY
2.1 Beam model
We assume that a radial vortex beam array is composed of N equal Laguerre–Gaussian (LG) beams, which are symmetrically arranged on a ring with a radius R, and the separation angle between two adjacent LG beams is θ0. The beam waist is denoted as w0, and for the nth beam, its position on the coordinate plane can be described as (an and bn). Here, the centrifugal parameter an = Rcosθn, bn = Rsinθn, θn = nθ0, θ0 = 2π/N, and n = 1, 2, 3,···, N.
To establish the propagation model for the LG vortex beam array through maritime atmospheric turbulence, the laser spots underwent degradation after passing through maritime atmospheric turbulence with a focusing lens along the z-axis. It is particularly important to note that the aperture D is the total focal aperture of the radial array beam, which remains constant. The LG vortex beam array is inscribed on the focal aperture. The schematic diagram of the radial distribution beam array and its propagation model through maritime atmospheric turbulence is given in Figure 1.
[image: Figure 1]FIGURE 1 | Propagation of the LG vortex beam array through maritime atmospheric turbulence using a focusing lens system with focal aperture D.
The initial field distribution of a single LG vortex beam on the z = 0 plane is given as follows:
[image: image]
where r and θ represent the radial and azimuthal coordinates, respectively. eimθ denotes the helical phase, [image: image] refers to the Laguerre polynomial, m is the azimuthal index (topological charge), p is the radial index, and w0 is the beam waist. When m ≠ 0 and p = 0, Eq. 1 corresponds to a Gaussian vortex beam. When m = p = 0, Eq. 1 returns to a fundamental Gaussian beam.
2.2 Anisotropic oceanic atmospheric turbulence spectrum model
Assuming that anisotropy only exists in the plane perpendicular to the propagation direction of the beam (z-axis), the anisotropic non-Kolmogorov turbulence spectrum through maritime atmospheric turbulence can be expressed as [17]
[image: image]
where α represents the spectral power law index, which can also be called the power law; A(α) denotes the constant that ensures the consistency between the refractive index structure function and the corresponding power spectrum; [image: image], where ζ refers to the anisotropy factor, and different values of the parameter represent different anisotropic atmospheric turbulence conditions. In contrast, when ζ = 1, it represents the isotropic maritime atmospheric turbulence power spectrum. The parameters in the atmospheric turbulence environment through maritime atmospheric turbulence [18] are a1 = −0.061 and a2 = 2.836, while those in the terrestrial atmospheric turbulence [19] are a1 = 1.802 and a2 = −0.254.
Based on the aforementioned equations, we can see that the only difference in the expression of the turbulence power spectrum is the values of the parameters a1 and a2. Consequently, the propagation characteristics of focused beams through maritime atmospheric turbulence and terrestrial atmospheric turbulence are generally similar, with the exception that the results of the beam wander and relative beam width may vary. To simulate the propagation of optical fields through maritime atmospheric turbulence, the spectrum inversion method is employed to generate random phase screens that decrease in size with the increase in propagation distance. The numerical simulation is carried out with the use of the multi-phase screen method combined with subharmonic low-frequency compensation applied to the phase screens. The schematic diagram of the numerical simulation of beam propagation, with smaller phase screens with increase in the propagation distance, is shown in Figure 2.
[image: Figure 2]FIGURE 2 | Schematic diagram of beam propagation.
When performing numerical simulations for the propagation of the laser beam in the atmosphere, the commonly used multi-layer phase screen method assumes equal phase screen widths and grid spacing on each phase screen. However, with respect to the propagation of focused beams, the spot radius becomes smaller upon propagation, resulting in a decrease in the proportion of the spot occupying the computational grid. Setting the phase screen widths and grid spacing to the same size as the emission plane will lead to a decrease in the sampling points of the spot, limiting the ability to adequately describe the spot. To accurately simulate the intensity distribution on the focal plane, non-adaptive coordinate transformation can be performed based on the initial spot size and the spot size at the focal plane. For the focal beam system discussed in this manuscript, we assume that the initial spot radius is denoted as a and the Airy beam radius at the focus is R (R = 0.61zƒλ/a). When calculating the light field distribution at z = zƒ, due to turbulence-induced beam spreading, the beam diameter Dƒ can be taken as a multiple of the Airy beam radius, i.e., Dƒ = kR, where the value of k depends on the turbulence intensity. Generally, stronger turbulence results in greater beam spreading and further a larger value of k. Therefore, selecting an appropriate value of k ensures that the spot at the focus is centered on the screen. In this paper, appropriate values for D0 and Df are set, and the widths and grid spacing of each phase screen are adjusted during the propagation. This allows for wider phase screen widths and grid spacing in areas with larger spots and narrower ones in areas with smaller spots, while maintaining a constant total number of computational grids (N × N) on each phase screen.
As shown in Figure 2, based on the initial spot radius at z = 0 and the spot radius at the focal length zf, the initial phase screen size D0 and the focal plane phase screen size Df are set. According to the geometric relationship, the coordinate transformation scale factor B(z) at the z plane is
[image: image]
where [image: image] is a constant coefficient. Therefore, the coordinate transformation at the z plane is
[image: image]
Then, the relationship between the transformed field u′ and the original field u is
[image: image]
The propagation equation is
[image: image]
After solving the optical field u′(x′, y′, z′) numerically on the phase screen in the coordinate system (x, y, z) using the multi-phase screen method according to Eq. 4, the solution in the original coordinate system u(x, y, z) is obtained based on Eq. 3.
3 RESULTS AND DISCUSSION
The values of the simulation parameters are shown in Table 1. Unless otherwise specified, the parameters are set as follows: the refractive index structure parameter [image: image] is 1 × 10−14 m3−α, the topological charge m is 3, the radial index p is 0, the beamlet waist w0 is 10 cm, the number of beamlets N is 6, the power law α is 3.6, and the anisotropy factor ζ is 2. The distance between phase screens is set to be 100 m. Considering the benefits of improved focusing properties and turbulence mitigation effect, better focusing, optical communication systems were designed with a large aperture size [20].
TABLE 1 | Parameter values in numerical simulation.
[image: Table 1]Using a self-developed four-dimensional simulation program, the effects of different topological charges, beamlet waist widths, the number of beamlets on the relative beam width, and the beam wander of the radial vortex beam array are analyzed. The evolution of the light field distribution through the anisotropic non-Kolmogorov atmospheric turbulence is shown in Figure 3.
[image: Figure 3]FIGURE 3 | Light field distributions at the source, 1,000 and 3,000 m, and the focus 4,000 m.
Due to the refraction caused by large-scale turbulent vortices, the central position of the received beam randomly changes, resulting in beam wander. This phenomenon affects the stability and reliability of laser applications. The change in the centroid position of the beam spot is usually used to describe the beam wander. The centroid position of the beam spot is defined as follows [21]:
[image: image]
where ρ is the position vector at any position on the receiving plane, z is the beam propagation distance, and [image: image] is the intensity of the beam field transmitted to the z plane. The variance form is commonly used, i.e.,
[image: image]
When the beam propagates through the maritime atmosphere, it also undergoes beam spreading due to the influence of the atmospheric medium. The second-order moment beam width is considered to be the most rigorous according to the ABCD law. The definition of the second-order moment beam width [22, 23] is
[image: image]
The beam spreading through the maritime atmosphere is influenced by both free-space diffraction and non-Kolmogorov turbulence. In order to intuitively evaluate the ability of array beams to suppress the turbulence spreading effect, the relative beam width is used for description:
[image: image]
where the relative second-order moment beam width wr is defined as the ratio of the second-order moment beam width wturb transmitted through the turbulent atmosphere to the second-order moment beam width wfree at the same propagation distance in free space.
3.1 Influences of laser array parameters
By utilizing the parameters mentioned previously, numerical simulation was carried out to illustrate the influences of laser array parameters. The typical results are shown in Figures 4–6.
[image: Figure 4]FIGURE 4 | Variations of the relative beam width and beam wander for different propagation focal planes with topological charges; (A) relative beam width and (B) beam wander.
[image: Figure 5]FIGURE 5 | Variations of the relative beam width and beam wander for different propagation focal planes with varying beamlet waist widths; (A) relative beam width and (B) beam wander.
[image: Figure 6]FIGURE 6 | Variations of the relative beam width and beam wander for different propagation focal planes with varying numbers of array beams; (A) relative beam width and (B) beam wander.
Figure 4 shows the variations of the relative beam width and beam wander for different propagation focal planes with topological charges. The topological charges of the vortex beam array were set to 1, 2, 3, and 10, with the case of the topological charge of 0 corresponding to Gaussian beam arrays. It is evident from Figure 3 that as the propagation distance through the maritime atmosphere increases, the beam spreading and beam wander of vortex beam arrays also increase. This is because of the increased turbulence intensity and its impact on the beam with increasing propagation distance. Figure 4A shows that larger topological charges result in smaller relative beam widths at the same focal plane. Notably, the relative beam width is smallest for a topological charge of 10, indicating that vortex beams possess better resistance to turbulence and superior propagation capabilities compared to a Gaussian beam. Figure 4B shows a slight impact of topological charge on beam wander, except when the topological charge reaches 10, resulting in a decrease in beam wander with increasing propagation distance. This reveals that the topological charge has a limited effect on the beam wander.
Figure 5 depicts the variations of the relative beam width and beam wander for different propagation focal planes with beamlet waist widths. The initial beam waist widths of the beamlets were set to 10, 15, and 20 cm. Figure 5A demonstrates that the relative beam width increases with increasing propagation distance for each focal plane, indicating that the beam spreading caused by turbulence becomes more pronounced with greater propagation distance. Additionally, as the initial beam waist width of the beamlets increases from 10 to 20 cm, the relative beam width at the same focal plane also increases, signifying the influence of the initial beam waist width on beam spreading at the focal plane. The effect can be attributed to the diffraction effects of the beam, with a larger initial beam waist width leading to a larger relative beam width and more severe beam spreading at the focal plane due to turbulence. Figure 5B shows an appropriately exponential increase in beam wander with propagation distance. Initially, the initial beam waist width of the beamlets has a slight impact on the beam wander at the focal plane. However, as the propagation distance increases, larger initial beam waist widths result in an increased beam wander. This suggests that a larger initial beam waist width corresponds to a smaller circular radius R when the focal aperture is fixed, and smaller circular radii are more susceptible to the effects of turbulence. Furthermore, the variation in the initial beam waist width has limited impact on the beam wander at the focal plane.
Figure 6 demonstrates the variations of the relative beam width and beam wander for different propagation focal planes with the numbers of array beams. The numbers of array beams were set to 4, 6, and 8, with initial beam waist widths of the beamlets set to 10 and 20 cm. Figure 6A reveals that the number of array beams has a slight impact on the relative beam width at the focal plane, whereas the initial beam waist width of the beamlets has a more significant influence. Larger initial beam waist widths result in more severe beam spreading and larger relative beam widths at the focal plane, consistent with the analysis presented in Figure 5A. Figure 6B demonstrates that both the number of array beams and the initial beam waist width of the beamlets have limited effect on the beam wander at the focal plane. Simulation results indicate that even when the beam propagates up to 8 km, the beam wander remains at the millimeter level. Furthermore, when compared to a single vortex beam (N = 1), the vortex beam array exhibits significantly reduced relative beam width and beam wander, indicating that the vortex beam array possesses a better turbulence mitigation effect [24–27].
3.2 Influences of atmospheric turbulence parameters
We also discuss the propagation properties of the vortex beam array affected by the maritime atmospheric turbulence parameters.
Figure 7 presents the variations of the relative beam width and beam wander for different power laws with turbulence intensities and turbulence properties. The turbulence intensities are set to 1 × 10−14 m3−α, 5 × 10−15 m3−α, and 1 × 10−15 m3−α. Here, the focal plane position is set as 4.5 km.
[image: Figure 7]FIGURE 7 | Variations of the relative beam width and beam wander for different power laws with turbulence intensities and turbulence properties; (A) isotropic relative beam width, (B) anisotropic relative beam width, (C) isotropic beam wander, and (D) anisotropic beam wander.
Figures 7A, B show that as the turbulence intensity increases, the beam expansion at the same focal plane becomes more severe, resulting in a larger relative beam width. With the increase of the power law α, the relative beam width initially increases rapidly, reaches a peak, and then decreases with further increase of α. According to Ref. [26], the turbulence parameter first increases and then decreases with variation in the power law. Consequently, over a sufficiently long propagation distance, the beam width expansion is primarily affected by the strength of non-Kolmogorov turbulence. Therefore, the relative beam width increases and then decreases with variation in the power law, just like the turbulence parameter. For the case of isotropic maritime atmospheric turbulence with ζ = 1, the extremum of the relative beam width occurs approximately α = 3.2. However, for the anisotropic maritime atmospheric turbulence with ζ = 2, the extremum of the relative beam width occurs between 3.1 and 3.2. Particularly, in the case of strong turbulence and small α, the variation of the relative beam width with α is more pronounced in anisotropic turbulence compared to isotropic turbulence. It is worth noting that when the array beam propagates through anisotropic maritime atmospheric turbulence, the relative beam width at the focal plane is smaller than that through isotropic turbulence, indicating that anisotropy leads to an uneven distribution of turbulence intensity, resulting in the reduced impact of the turbulence on the beam expansion.
Figure 7C shows that in the case of isotropic turbulence (ζ = 1), the beam wander at the focal plane increases with the increase of the power law and then tends to be a constant value. The stronger the turbulence, the larger the beam wander. With the increase of the power law α from 3 to 4, the beam wander corresponding to α = 3 increases from 0.002 to 0.006 m, and the beam wander corresponding to α = 4 increases from 0.006 to 0.018 m. The strength of turbulence directly affects the reception quality of optical communication. Unlike the propagation of beam arrays in isotropic turbulence, the beam wander increases to a maximum value and then slowly decreases with the increase of the power law α, as shown in Figure 7D. Moreover, it can be seen that the beam wander through anisotropic turbulence is smaller than that through isotropic turbulence. Therefore, finding a “window” with weaker turbulence for emission and designing a reasonable layout for laser emission paths are important in practical applications.
Figure 8 shows the variations of the relative beam width and beam wander with the power law α when the anisotropy factors are ζ = 1 (isotropic turbulence), ζ = 2, ζ = 4, and ζ = 8 in the propagation of array beams through anisotropic non-Kolmogorov maritime atmospheric conditions. In simulations, the refractive index structure parameter [image: image] is set to 1 × 10−14 m3−α. Figure 8A shows that the relative beam width increases sharply with the variation of the power law α, reaching a maximum value, and then slowly decreases. The power law α has a slight impact on the relative beam with a larger anisotropy factor (e.g., ζ = 8).
[image: Figure 8]FIGURE 8 | Variations of the relative beam width and beam wander for different power laws with anisotropy factors; (A) relative beam width and (B) beam wander.
The power law α corresponding to the extremum point varies with different anisotropy factors ζ, and as the anisotropy factor increases, the α corresponding to the extremum point becomes smaller. It should be pointed out that in the case of isotropic turbulence, the power law α has a greater impact on beam expansion, whereas in the case of anisotropic turbulence, its impact is relatively smaller. Similarly, from Figure 8B, it can be observed that the beam wander of the array beam in isotropic turbulence is the largest. This is because anisotropy affects the distribution of turbulence intensity, and the stronger the anisotropy, the more uneven the distribution of turbulence intensity, resulting in a reduced impact of turbulence on both the beam expansion and the beam wander and further leading to a decrease in the relative beam width and beam wander. Moreover, the influence of the power law α on the beam wander increases slowly and the larger the power law α, the less significant its effect on the beam wander.
4 CONCLUSION
Using numerical integration methods and the anisotropic maritime atmospheric turbulence spectrum with non-adaptive phase screens, the propagation characteristics of the LG vortex beam array through the maritime atmosphere at different focal planes were analyzed and compared with that of the Gaussian beam array. The results show that compared to the Gaussian beam array, the LG vortex beam array is less affected by turbulence and exhibits stronger resistance to the turbulence. Turbulence intensity has a significant impact on both beam expansion and beam wander at the focal plane, particularly as the propagation distance increases. Weak turbulence has a slight influence on the relative beam width and beam wander, whereas the anisotropy factor plays a crucial role. A smaller anisotropy factor results in larger relative beam width and beam wander at the focal plane. These findings hold valuable implications for the application of vortex beams by a focusing system in various fields, including optical communication and laser engineering in the maritime atmosphere.
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