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Abstract

:

Perfect vortex beams (PVBs) possess the advantage of a stable light field distribution regardless of their topological charges, and thus they are extensively utilized in various applications, such as free-space optical communication, optical tweezers and laser processing. Herein, we report a new strategy to generate and modulate PVBs using coherent beam combining (CBC) technology. Both piston phase and tilting phase controlling methods have been successfully employed, and the corresponding properties of the generated PVBs have been fully investigated. Moreover, the number and position of the gaps in fractional perfect vortex beams (FPVBs) could be precisely controlled, and the relationships between these modulated parameters and the performance of FPVBs are uncovered. These simulation analysis results demonstrate the potential for flexible modulation of PVBs or FPVBs in the CBC system, indicating promising prospects for coherent beam arrays (CBAs) in laser beam shaping and achieving high-power structured light.
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1. Introduction


In 2013, Ostrovsky et al. first reported the concept of a perfect vortex beam (PVB) [1,2], and it has aroused much attention due to its consistent diameter despite variations in the topological charge [3]. Such a property of PVBs should be highlighted, as it has many advantages in expanding the applications of optical communication [4,5,6]. Moreover, fractional perfect vortex beams (FPVBs) even provide significant possibilities in high-dimensional encoding technology for optical communication [7] and facilitate particle manipulations as optical tweezers [8]. Inspired by these potential applications, various pathways of developing optical vortices and their remarkable properties have been investigated in depth [9,10]. There are also several efficient methods to generate PVBs, such as optimal phase elements, transformation via Bessel–Gaussian (BG) beams and so on [11,12]. Among them, the crucial procedure is the interconversion between PVBs and BG beams, indicating that PVBs could be formed based on BG beams, which are easily obtained using axicon lenses or the Bessel beam kinoform [13]. Recently, PVBs have been modulated with designed phase patterns, resulting in abundant shapes and special characteristics, and these transformations have been proven to be robust in diverse applications [14,15].



However, most of the methods are based on a typical device called a spatial light modulator, which is unable to support the requirements of power scaling. The challenges from the aspect of a limited output power hinder the development of this structured light to some extent. As we know, coherent beam combining (CBC) technology has been rapidly developed for light field modulation due to its abundant modulable dimensions, for example, amplitude, phase, polarization, etc. [16,17,18]. Note that most indexes of structured light generated by coherent beam arrays (CBAs) have been greatly improved recently. As reported by Long et al., 1.5 kW high-power fractional vortex beams (FVB) have been experimentally realized using a CBC system [19]. Additionally, orbital angular momentum (OAM) beam generation has been reported by Veinhard, M. et al. with a 61-channel femtosecond digital laser [20]. Owing to efficient controlling strategies, CBC technology is a potential solution to solve the problem of the harsh requirements on power scaling.



Up to now, various kinds of structured beams generated by utilizing CBC systems have been reported, including vectorial beams [21,22], Airy beams [23], BG beams [24,25] and so on. As reported by Chu et al., in 2015, BG beams were achieved using a single circular arrangement of a CBA [26]. Later, in 2020, Yu et al. verified such a phenomenon both theoretically and experimentally [25]. Based on these findings, it is possible to obtain PVBs by introducing optimal elements for Fourier transformations in a CBC system. Then, in 2023, Ju et al. reported the successful creation of perfect vectorial vortex beams and investigated the corresponding phase control scheme based on CBC technology theoretically [27,28]. The architecture of a CBA is composed of adjacent apertures with different polarization states. However, related works are mainly concentrated on the generation of PVBs, and examples of modulated PVBs or FPVBs with variable forms generated via the CBC technique are still limited. This point remains a challenging task in practical application [29,30]. Thus, it is crucial to thoroughly investigate the corresponding methods in order to enrich the forms of structured light, which is expected to expand the possibilities of laser beam shaping by a CBC system.



In this study, PVBs have been successfully generated by employing CBC technology. We utilize two methods to control the near-field phase in a CBA: one involves employing a conventional piston phase to simulate the spiral phase, while the other entails implementing a tilting phase that is similar to the axicon phase. Based on these two methods, PVBs with a high OAM mode purity have been obtained via spatial filtering. Moreover, the relationships underlying the modulated parameters and properties of PVBs have been uncovered. Not only it is shown that FPVBs are freely transformed by FVBs, but also that the location and numbers of the gaps of the FPVBs are precisely controlled. Hence, this work reveals that a CBC system is a reasonable choice to solve the problems of inflexible beam shaping of PVBs or FPVBs, which is expected to be further used in advanced applications.




2. Simulation Analysis Methods


This section illustrates the simulation analysis method of generation and modulation of PVBs. Considering a CBA is constructed by  N  apertures in a circular arrangement (as seen in Figure 1), the complex amplitude distribution in the   (  x 1  ,  y 1  )   incident plane can be described as:


    E (  x 1  ,  y 1  ) =     ∑ n N    A n    =   ∑ n N   exp [ −     (  x 1  −  a n  )  2  +   (  y 1  −  b n  )  2       w 0   2    ]        × exp ( i l  θ n  + Δ φ ) × c i r c [       (  x 1  −  a n  )  2  +   (  y 1  −  b n  )  2       d 0  / 2   ]    



(1)




where    w 0    is the radius of each Gaussian-shaped beamlet and    d 0    is the diameter of each aperture. Then,   (  a n  ,  b n  )   is the central coordinate of the n-th beamlet, where    a n  = R cos  θ n    and    b n  = R sin  θ n   . Herein,    θ n    represents the piston phase in each aperture, and it can be written as    θ n  =   2 π n  N   . Meanwhile, l is assigned as the topological charge, and it can be an integer or fraction, decided by the type of the structured beams. If FVBs are required, the topological charge will be set to   l + 0.5  . To decide the positions of the gaps in the FPVBs,   Δ φ   represents the phase difference. For convenience,   T = c i r c [       (  x 1  −  a n  )  2  +   (  y 1  −  b n  )  2       d 0  / 2     will be used in the following formula.



To prove that BG beams could be generated by a CBA, Formula (1) should be further studied. For ease of derivation, the cartesian coordinate system   (  x 1  ,  y 1  )   is transferred to a polar coordinate system   (  r 1  ,  φ 1  )  , and Formula (1) can be expressed as:


  E (  x 1  ,  y 1  ) =   ∑ n N   T exp [ −    r 1 2  +  R 2       w 0   2    ] × exp [ −   2 R  r 1  cos (  φ 1  −  θ n  )      w 0   2    ]   × exp ( i l  θ n  )  



(2)




where  R  represents the radius of the whole circularly arranged CBA. By utilizing the approximation of   Δ θ = Δ (   2 π n  N  ) =   2 π  N  Δ n  , then   d θ =   2 π  N  d n  . If  N  is large enough, Formula (2) can be further written as:


  E (  x 1  ,  y 1  ) ≈  N  2 π   exp [ −    r 1 2  +  R 2       w 0   2    ]    ∫ 0  2 π   T   exp [ −   2 R  r 1  cos (  φ 1  − θ )      w 0   2    ] × exp ( i l θ ) d θ  



(3)







As we know, the standard integral and Bessel function identity is represented by    J l  ( p ) =  1  2 π      ∫ 0  2 π    exp ( p cos φ − i l φ )    d φ   [23], and Formula (3) can finally be expressed as:


  E (  x 1  ,  y 1  ) = N exp [ −    r 1 2  +  R 2       w 0   2    ]  J l  (   2 R  r 1       w 0   2    ) exp ( i l  φ 1  )  



(4)




which is equivalent to the form of a BG light field distribution.



During free-space propagation, spatial filtering is an established method to improve the beam quality by removing the unwanted high-frequency noise. Due to the characteristics of a structured light field generated via a CBC system, Bessel–Gaussian beams with a typical ring structure could be realized by spatial filtering. In the focal plane   (  x 2  ,  y 2  )  , we express the complex amplitude distribution as follows:


  E (  x 2  ,  y 2  ) ≈   exp ( i 4 π f / λ )   i f λ   F   E (  x 1  ,  y 1  )   c i r c (    x 2 2  +  y 2 2    /  d f  )  



(5)




where    d f    represents the filtering threshold in this work. Lastly, PVBs can be achieved via Fourier transform of   E (  x 2  ,  y 2  )  . With the designed filtering threshold, the OAM mode purity of the generated PVBs will be improved. Note that the determination of the filtering threshold is related to the ring width of the Bessel–Gaussian beams, and PVBs could be generated if the complete ring is cut off.



If the controlling method is chosen to be the tilting phase, the complex amplitude distribution in the   (  x 1  ,  y 1  )   incident plane can be described as:


     E t  (  x 1  ,  y 1  ) =   ∑ n N    A n    =   ∑ n N   exp [ −     (  x 1  −  a n  )  2  +   (  y 1  −  b n  )  2       w 0   2    ]       × exp ( i ϕ ) × c i r c [       (  x 1  −  a n  )  2  +   (  y 1  −  b n  )  2       d 0  / 2   ]    



(6)




where   ϕ = 2 π  r 1  / r + l  φ 1   , and  r  means the periods of phase change. If FPVBs are required by employing a tilting phase, the corresponding phase will be set to  ϕ  multiplied by a fraction.




3. Results and Discussion


Based on the above simulation analysis method, the schematic of a CBC system for the generation of PVBs is displayed in Figure 1. The light source for the high-power laser output is similar to a typical CBC system, and consists of a seed laser (SL), a pre-amplifier (PA), a fiber splitter (FS), a phase modulator (PM), cascaded fiber amplifiers (CFAs) and a collimator array in turn. Herein, the collimator arrays can be utilized to control the piston phase and the tilting phase, and these two mechanisms are proposed to generate and modulate the PVBs and FPVBs. Then, a low-reflective mirror (LRM) is set to separate a part of laser from the high-power output for phase calibration and compensation, and the controller loaded with the stochastic parallel gradient descent (SPGD) algorithm will be the last procedure of the closed loop. Next, the rest of the laser will pass through lens 1 (L1) and L2, which can be recognized by the spatial filter. Finally, the PVBs or FPVBs will be formed at the focal plane and observed by the charge-coupled device camera (CCD). In this work, we only analyze and discuss the results under ideal conditions. It is assumed that the principles of the generated structured light field are well understood.



3.1. Generation of PVBs by Employing a Piston Phase in a CBC System


With such a designed CBC system, we utilize twenty-four apertures (N = 24) in a Gaussian-arranged amplitude and piston phase distribution. With different incident phase distributions, as shown in the insets of Figure 2(a1–a3), different PVBs are formed with topological charges of 1, 2 and 3, and the corresponding far-field intensity and phase are displayed in Figure 2(a1–a3) and Figure 2(b1–b3), respectively. It is obvious that the size of the PVBs produced by different topological charges seems to be unchanged, which is in accordance with the characteristics of PVBs. These results illustrate that a CBA in a single circular arrangement with the designed piston phase could be successfully applied to generate PVBs.



Theoretically, the PVBs are obtained by Fourier transform of BG beams. In detail, the BG beams will be formed before the lens first. Due to the arrayed architecture of the emitting source, the corresponding intensity distribution of BG beams (l = 1, 2 and 3) is usually accompanied by sidelobes, as shown in Figure 3(a1,b1,c1), respectively. At the same time, the phenomenon of residual sidelobes has a serious effect on the generation of PVBs, which means spatial filtering should be adopted in consideration of this circumstance. After truncation of the diaphragm, the radially arranged concentric annulus is equivalent to a practical BG light field. As displayed in Figure 3(a2–a4), the interceptive BG beams (l = 1) are shown at different filtering thresholds of 0.074, 0.062 and 0.051 m, respectively. Due to the varied BG light field, the parameters of the PVBs will be influenced, especially the diameter, which can be observed in Figure 3(a5–a7). Meanwhile, BG beams with different topological charges show different sidelobe intensity distributions, which means the filtering threshold should be varied. Under the same condition, the filtering thresholds are chosen as 0.068, 0.056 and 0.044 m when l = 2 in Figure 3(b2–b4), and 0.061, 0.048 and 0.037 m when l = 3 in Figure 3(c2–c4).



These results illustrate that the filtering threshold should be fully considered to realize the desired PVBs. To find out the underlying relationships between the characteristics of PVBs and the filtering threshold, the performances of the generated PVBs can be measured by the OAM mode purity and diameter (d), as depicted in Figure 3d,e, respectively. Note that when the filtering threshold is at a relatively high value, it means that there are more residual sidelobes than that at a lower value. According to the curves in Figure 3d, the OAM mode purity gradually increases as petal-shaped sidelobes are filtered in the outermost layer. In addition, the OAM mode purity displays several peak points (ca. 99.8%) at the stage of BG light field formation. If the structure of the concentric annulus is broken, the OAM mode purity decreases dramatically. As the number of concentric rings of the BG beams varies from l = 1 to 3, the number of peak points reduces. The reason for the achieved high OAM mode purity of PVBs is due to the reasonable filtering thresholds. Owing to the function of mode purity optimization provided by spatial filtering, the required OAM modes could be extracted and high-order mode information could be avoided. Thus, this procedure could efficiently improve the OAM mode purity of PVBs up to near unity. In addition to the OAM mode purity, d is another important parameter that cannot be ignored. At the initial stage, the index d of PVBs exhibits a slow trend towards decreasing due to the slow reduction in the efficient BG light field. Later, when the filtering thresholds become lower, the index d of PVBs undergoes significant changes because of the vanishing BG light field. It is worth noting that the gap between the highest and lowest point is limited to the range of 0.05 m, and it will be narrowed as the topological charges differ from l = 1 to 3. This finding reveals that reasonable filtering threshold settings are helpful to generate stable PVBs.



In this work, the size of these PVBs could be adjusted flexibly by tuning the parameters of the CBA in the incident source. When the number of apertures in the incident plane was reduced from 24 to 12, seen in Figure 4(a1–a3), the corresponding radius of PVBs changed from 0.174 m to 0.086 m, seen in Figure 4(b1–b3). As the radius of the Gaussian-shaped beamlets in the incident plane was reduced from 0.008 m to 0.005 m, seen in Figure 4(c1–c3), the corresponding radius of the PVBs changed from 0.07 m to 0.016 m, seen in Figure 4(d1–d3). This finding is helpful to achieve PVBs with a controlled size, which will meet the requirements of diverse applications.




3.2. Generation and Modulation of FPVBs via a Piston Phase


Previously published work has proven that FVBs can be generated via CBC technology [19]. Furthermore, FPVBs with gaps can be obtained on the basis of modulated FVBs. Herein, the topological charge is set to 1.5 for generation of FPVBs with a single gap using a CBA, and the near-field phase distributions with phase differences of 0,    π / 4   ,    π / 2   ,    3 π / 4    and  π  are displayed in Figure 5(a1–a5), respectively. The existence of phase differences will decide the positions of gap, and the corresponding far-field intensity diagrams are shown in Figure 5(b1–b5), respectively. To achieve more gaps, the CBA needs to be divided into several groups. For example, the twenty-four apertures are divided into two equal parts, that is, each group is composed of twelve apertures, and the topological charge of each group is also set to 1.5. To control the positions of these two gaps, the phase difference (  Δ φ  ) of each group was set to 0,    π / 2   ,  π ,    3 π / 2    and    2 π   , as seen in Figure 5(c1–c5), respectively. Such a configuration of parameters contributes to flexible modulation of FPVBs with more gaps, and the corresponding far-field intensity diagrams are shown in Figure 5(d1–d5), respectively. Note that the discontinuity in the phase leads to the appearance of countable gaps, which indicates that the prominent split beams in the CBA architecture have advantages for light-field modulation.



To make the rules of FPVB modulation clear, its underlying mechanism should be uncovered. As shown in Figure 6(a1–a4), there is a relationship between the fractional part of the topological charge and the morphology of the gap. It was found that the size of the gap was largest when the fractional part is 0.5, and the size became larger as the numerical value is closer to 0.5. Meanwhile, the number of apertures is important in determining the number of gaps. As shown in Figure 6(b1–b4), these far-field intensity diagrams show that the global intensity distribution seems to be much more uniform if the number of apertures is large enough, especially in the comparison between light field distributions when N = 24 and N = 60.



To obtain more precise rules, Figure 6(d1,d2) show the results of the far-field intensity distribution with four gaps, and these gaps are formed by 36 apertures in the near field. We divide these apertures into four unequal groups, with one split configuration of 7, 11, 7 and 11, and another of 8, 10, 8 and 10. In comparison with the result in Figure 6(b2), it can be proven that at least nine apertures in one group are satisfactory to generate one single gap. Thus, the maximum number of available gaps can be calculated by   [ N / 9 ]  , and more apertures would be better to achieve FPVBs with better performances. The chart in Figure 6c uncovers the relationship between the number of apertures and the maximum number of available gaps. As seen in Figure 6(e1,e2), it can be found that six or eight gaps are successfully modulated by 96 apertures, respectively. Note that these results are provided under the condition of the same filtering threshold of 0.065 m.




3.3. Generation of PVBs by Employing a Tilting Phase in a CBC System


Furthermore, another efficient phase-controlling method for the generation of PVBs in a CBC system is proposed in this section. That is, a tilting phase could be employed due to its similarities to an axial prism phase. Shown in Figure 7(a1–a3) is the near-field phase tilting distribution of PVBs with topological charges of l = 1, 2 and 3 at the condition of r = 150, where r is utilized to represent the period of the phase change. The corresponding far-field intensity and phase are displayed in Figure 7(b1–b3) and Figure 7(c1–c3), respectively. These results illustrate that PVBs are successfully generated by employing a tilting phase, in good agreement with theory.



To figure out how varied periods of the phase influence the performance of PVBs, a value of r ranging from 80 to 7900 was set and the corresponding OAM mode purity was calculated. The OAM mode purity is at its lowest point when r is 80 (99.49%) in Figure 7(d1), and it reaches its highest point (99.73%) when r is 7900 in Figure 7(d1). Simultaneously, the diameter suffers a slight change from 0.1777 to 0.1772 m as l = 1 in Figure 7(e1,e2). Although the OAM mode purity will be higher than before when the varied periods of the phase increase, as seen in Figure 7f, the actual variation is still limited to the range of 0.3%. When the value of r is large enough, the phase distribution is closer to the ideal spiral phase, and such a phenomenon matches well with the improved OAM mode purity. Note that these results are obtained at the same filtering threshold of 0.07 m.




3.4. Generation and Modulation of FPVBs via a Tilting Phase


With the fractional titling phase controlled, the number of appearing gaps could be modulated according to the integer part of the fraction value. In Figure 8(a1–a5), the near-field phase distributions with varied integer parts were set to 1, 2, 3, 4 and 5, respectively, and they are consistent with the number of gaps in Figure 8(b1–b5). However, due to the limited apertures (36), a number of gaps larger than five is not allowed. These results revealed that multiple gaps can also be flexibly modulated by the tilting phase and they are achieved at the same filtering threshold of 0.065 m.



With two such different phase control methods, the generation and modulation of PVBs and FPVBs are both flexibly realized. Meanwhile, there are still some differences between these two methods. On the one hand, the advantage of the piston phase control method is that it will be much easier to realize in a practical CBC system, leading to a reduced cost and complexity while retaining a comparable performance of PVBs to that achieved by the titling phase. On the other hand, the advantage of the tilting phase control method is that the edges of the gaps seem to be smoother than those obtained by employing the piston phase, enabling more gaps to be achieved under the condition of the same number of apertures. Thus, these two methods could be chosen by considering the specific conditions for convenience.





4. Conclusions


To sum up, this work provides efficient strategies to generate PVBs and FPVBs in a CBC system. By employing piston phase and tilting phase control methods, the numerical analysis results demonstrate that both PVBs and FPVBs can be flexibly modulated under these two conditions. The generated PVBs not only exhibit a high OAM mode purity exceeding 99%, but can also be easily transformed into FPVBs with controllable gaps. Moreover, the relationships between filtering thresholds and the parameters of the PVBs have been fully discussed, thereby facilitating the generation of PVBs with enhanced performances. Thus, CBC technology shows promising potential in achieving high-power structured beams and is applicable to laser beam shaping, which will be hopefully applied in diverse fields, for example, particle trapping, optical communication and so on.
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Figure 1. Schematics of a CBC system for generation and modulation of PVBs or FPVBs. Inset: near-field amplitude distribution. 
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Figure 2. The results of generated PVBs by employing a piston phase in a CBC system. (a1–a3) Far-field intensity distribution. Insets: near-field phase distribution in the CBA. (b1–b3) Far-field phase distribution of generated PVBs with varied topological charges of 1, 2 and 3. 
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Figure 3. The mechanisms underlying generated PVBs by employing a piston phase in a CBC system. (a1) The generated BG beam as l = 1; (a2–a4) interceptive BG beams at filtering thresholds of 0.074, 0.062 and 0.051 m, respectively; (a5–a7) corresponding far-field intensity of PVBs as l = 1. (b1) The generated BG beam as l = 2; (b2–b4) interceptive BG beams at filtering thresholds of 0.068, 0.056 and 0.044 m, respectively; (b5–b7) corresponding far-field intensity of PVBs as l = 2. (c1) The generated BG beam as l = 3; (c2–c4) interceptive BG beams at filtering thresholds of 0.061, 0.048 and 0.037 m, respectively; (c5–c7) corresponding far-field intensity of PVBs as l = 3. (d) The relationships between the OAM mode purity and filtering thresholds. (e) The relationships between the diameter of PVBs and the filtering thresholds. 
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Figure 4. PVBs with a controlled size by tuning the parameters of the aperture. (a1–a3) Near-field intensity distribution of a CBA with different numbers of apertures. (b1–b3) Corresponding far-field intensity distribution of the PVBs. (c1–c3) Near-field intensity distribution of a CBA with different radii of Gaussian-shaped beamlets. (d1–d3) Corresponding far-field intensity distribution of the PVBs. 
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Figure 5. Modulation of FPVBs by employing a piston phase in a CBC system. (a1–a5) Near-field phase distribution; (b1–b5) far-field intensity distribution of an FPVB with a single gap. (c1–c5) Near-field phase distribution; (d1–d5) far-field intensity distribution of an FPVB with two gaps. 
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Figure 6. The underlying mechanisms in FPVB modulation by a CBC system. (a1–a4) Far-field intensity distribution of FPVBs with different topological charges of l = 1.2, 1.4, 1.6 and 1.8, respectively. (b1–b4) Far-field intensity distribution of FPVBs formed by different numbers of apertures, N = 24, 36, 48 and 60, respectively. (c) The relationships between the number of apertures and the maximum available gaps. (d1,d2) the results of the far-field intensity distribution formed by 36 apertures. (e1,e2) the results of the far-field intensity distribution modulated by 96 apertures. 
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Figure 7. The generation of PVBs by employing a tilting phase in a CBC system. (a1–a3) Near-field phase distribution; (b1–b3) far-field intensity and (c1–c3) phase distribution of PVBs with topological charges of l = 1, 2 and 3 at r = 150. (d1,d2) Near-field phase and (e1,e2) far-field intensity distribution of PVBs differing from periods r. (f) The relationship between the OAM mode purity and periods r. 
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Figure 8. The relationship between the modulated tilting phase and the number of gaps. (a1–a5) Near-field phase distribution and (b1–b5) far-field intensity distribution of FPVBs with different gaps. 
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