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Helicity and topological charge are two important characteristic parameters for vortex beam applications, including optical communications, optical manipulation and material processing, etc. In this work, a helicity and topological charge tunable vortex laser based on a folded resonant cavity is presented. In the resonant cavity, a Z-shaped structure is adopted and two deformable mirrors (DMs) are cascaded into the cavity as intro-cavity modulation elements. By applying different voltage combinations to the DMs, the Hermite-Gaussian (HG) beam with different indices and distribution orientations [image: image] could be generated from the Z-shaped folded-cavity resonator. An extra-cavity astigmatic mode converter is adopted to convert the generated HG beam to the corresponding vortex beam with tunable helicity and topological charge, and the simulation results verified the feasibility of the presented vortex laser. In the experiment, the [image: image] beam ([image: image] = 1 to 10 and [image: image] = [image: image] ° to [image: image] °]) and the vortex beam (topological charge [image: image] from ±1 to ±10 and left/right helicity) were flexibly achieved by simply adjusting the driving voltage combinations of the intra-cavity cascaded DMs.
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1 INTRODUCTION
Vortex beam with the helical phase in the form of [image: image] has wide application in many fields. Two principal parameters, the topological charge (TC: [image: image]) and the helicity (the sign of [image: image]), are important to the application of vortex beam as they could effectively expand the type of vortex beam. In the optical communications field [1], more types of vortex beams could enhance communication capacity and security. In the optical manipulation field, the vortex beam with tunable TC and helicity could provide more operational diversity [2]. In the material processing field, the nanostructure with different chirality structures could be realized by using the TC and helicity tunable vortex beam [3].
The generation of the helicity and TC tunable vortex beam has been widely studied and various methods have been reported [4–15]. One of the most direct methods is to generate a helicity and TC tunable vortex beam from a resonant cavity with intra-cavity modulation. By introducing helicity and TC selection elements into a resonant cavity, such as two nanowires [4], a YAG crystal [5], a quarter-wave plate [6], a black phosphorus plate [7], etc., the vortex beam with controllable helicity (left/right) and the TC (up to ± [image: image]) could be generated. In addition, by adjusting the intra-cavity crystal [8] or the output coupler lens [9] to specific angles, the vortex beam with determined helicity and TC of [image: image] was obtained. These methods mentioned above could flexibly generate a vortex beam with controllable TC and helicity by intra-cavity modulation but the TC is usually limited within ± [image: image].
Apart from the mentioned methods obtaining the target vortex beam directly with intra-cavity modulation, the extra-cavity conversion based on the Hermite-Gaussian (HG) beam could also be used to generate the TC and helicity tunable vortex beam. The conversion elements, such as spiral phase plate (SPP) [10–12], spatial light modulation (SLM) [13–15] and digital micro-mirror device (DMD) [16, 17], could convert a fundamental mode beam to the vortex beam with target TCs and helicity. However, the SPP is customized and a SPP could only convert the fundamental mode HG beam to one type of vortex beam. Thus, a large amount of customized SPPs is needed to achieve different kinds of TC and helicity. For the SLM/DMD conversion, the vortex beam with target TCs and helicity could be realized by loading special computer-generated holograms. However, the energy loss of these diffractive optical elements is inevitable in the conversion process, which limits their application in the high-power laser field. Besides the mentioned elements, the extra-cavity astigmatic mode converter (AMC) could convert a [image: image] beam to a [image: image] beam with negligible energy loss. The relationship of the indices has been revealed in [18, 19] and satisfies the equations of p = min{m,n}, l = m-n. By the AMC conversion, Wang et al [20]obtained the [image: image] beam by intra-cavity mirror curvature dynamically control method, and the TC tunable vortex beam with single helicity is achieved based on AMC conversion. Shen et al [21] realized the rotation from [image: image] to [image: image] beam by dual off-axis pumping, while the TC and helicity tunable vortex beam is further generated by AMC conversion. However, the off-axis adjustment is lack of flexibility as it is accomplished based on complex and inflexible mechanical adjustment.
In this paper, a vortex laser that could flexibly generate the TC and helicity tunable vortex beam is reported. In the presented vortex laser, two cascaded deformable mirrors (DM), a single-piezoelectric (PZT) DM and a multi-PZT DM, are set as the intra-cavity modulation elements in a Z-shaped folded resonant cavity. Through loading different driving voltage combinations to the DMs, different surface shapes are generated and the intra-cavity mode is modulated. Thus, the HG beam in the form of [image: image] with different indices and distribution orientations is generated. After that, the HG beam is converted by an extra-cavity AMC, realizing vortex beam with helicity and TC tunability. In the experiment, the TC (±1 to ±10) and helicity (left or right) of the vortex beam could be flexibly controlled by loading suitable driving voltage combinations to the DMs.
2 METHODS
Figure 1 shows the schematic diagram of the proposed vortex laser, which mainly contains a Z-shaped LD-pumping laser and a conversion and recognition module. In the Z-shaped LD-pumping laser, the pumping beam emitted from a fiber-coupled LD (20W, 976nm, 0.22NA/105 µm core diameter, BWT Beijing LTD.) is focused into a gain medium GM (Yb: CALGO, 5 a. t.%, a-cut, 2 mm [image: image] 2 mm [image: image] 4mm, AR@1064 nm) with the beam waist radius of 200 [image: image]. The coupling lens CPL is composed of lenses L1 and L2 (30 mm and 60 mm focus lengths). The Z-shaped cavity consists of a plane input-coupler IC (HR@1064nm, AR@976 nm), a GM, a single-PZT DM ([image: image] 50 mm, HR@1064 nm/45°), a multi-PZT DM ([image: image] 25 mm, HR@1064 nm/45°) and a concave output-coupler OC (100 mm curvature radius, 2%T@1064 nm, HR@976 nm). To avoid the influence of the pumping beam in the subsequent optical route, a dichroic mirror DIM (AR@1064 nm, HR@976 nm) is adopted after the OC to filter the pumping beam of 976 nm.
[image: Figure 1]FIGURE 1 | Schematic diagram of the TC and helicity tunable vortex laser.
In the conversion and recognition module, the incident HG beam is converted to the corresponding LG beam in the conversion arm, while a reference beam used to recognize the converted LG beam is obtained in the reference arm. The conversion arm is composed of three beam splitters (BS1: transmittance and reflectance ratio TRR of 1:9@1064nm, BS2 and BS3: TRR of 1:1@1064 nm), a matching lens L3 (175 mm focal length), and an AMC (two identical cylindrical lenses CL1 and CL2, both 25 mm in focal length). The BS1 splits part of the HG beam generated from the Z-shaped laser into the reference arm as an input. L3 focuses the incident HG beam into the AMC to satisfy the AMC conversion condition [18]. The BS2 splits part of the HG beam into CCD1 (Point Grey, GS3-U3-14S5M) and the corresponding intensity pattern is recorded. After the AMC conversion, the converted LG beam is reflected by BS3 and focused by L6 (30 mm focal length) into CCD2 (Point Grey, GS3-U3-14S5M). Note that the intensity pattern of the converted LG beam will be recorded by CCD2 when only the LG beam incident into CCD2. The reference arm consists of two reflection mirrors (M1 and M2: HR@1064 nm/45°), a switch block, a pinhole PH (2 mm-diameter hole), and a telescope system (L4 and L5, focal length of 25mm and 125 mm). The block has two states of “on/off” and determines whether the HG beam is allowed to enter into the reference arm. Lenses L4 and L5 are set non-confocal. When the block is in the state of “on,” a spherical reference beam will be generated based on the small central part of the incident beam that passes through the PH. The interference fringe of the spherical reference beam and the vortex beam is recorded by CCD2. Thus, the helicity and TC of the vortex beam will be recognized.
Two cascaded DMs, including a single-PZT DM and a multi-PZT DM, are adopted in the vortex laser. Figure 2 shows the outside views, section views and constraints of the two DM mirrors. From Figure 2B, it could be seen that the single-PZT DM consists of a mirror, a pillar, a steel base, an adhesive, a PZT and a preload screw. The multi-PZT DM [shown in Figure 2E] shares the same basic structure of the single-PZT DM, except that it contains an additional post and has 9 PZTs. The distances between two adjacent PZTs along X and Y-axes are both 8 mm in the multi-PZT DM. Figures 2C, F show the mirror constraints of the DMs, which could be divided into assembly constraints and structural constraints. The assembly constraints [disp, disx and disy in Figures 2C, F] represent the location relationship among the pumping beam, the gain medium and the center of the mirror. The constraints of mirror structure shown in Figures 2C, F contain the fixed area, the PZT area and the free area. It should be noted that the numbers 0–9 in Figures 2C, F represents the corresponding PZT. The simulation models of the DMs are built [22]. Figure 3 shows the simulation results of the surface shapes of the two cascaded DMs with 10 V driving voltage of typical PZTs, including PZT 0 of the single-PZT DM, PZTs 1, 2 and 5 of the multi-PZT DM. The simulated influence functions (IF, surface shape with PZT driving voltage of 1 V) of PZT 0–9 could be calculated. Thus, the surface shapes [image: image] of the cascaded DMs could be expressed as Eq. 1 and be controlled by applying different driving voltage combinations [Eq. 2].
[image: image]
[image: image]
where [image: image] represents the single/multi-PZT DM. [image: image] represents the total number of the PZTs. [image: image] and [image: image] represent the driving voltage and influence function of the [image: image] th PZT, respectively.
[image: Figure 2]FIGURE 2 | Outside views (A, D), section views (B, E) and constraints of the mirrors (C, F) of two cascaded DMs.
[image: Figure 3]FIGURE 3 | Surface shapes of two cascaded DMs with 10 V driving voltage of typical PZTs. PZT 0 (A) of the single-PZT DM. PZT 1 (B), 2 (C) and 5 (D) of the multi-PZT DM.
In the Z-shaped resonant cavity, the surface shape distributions of DMs could be adjusted by loading different PZT voltages according to Eq. 1, and the surface shape distributions of DMs will introduce an additional phase into the intra-cavity propagation light field to realize intra-cavity modulation [23]. Due to the Single/Multi-PZT DMs are cascaded and various intra-cavity modulation conditions could be produced by adjusting PZT voltages, when the intra-cavity modulation of a tilt HG mode is satisfied, a tilt HG mode could be generated and the rotation of HG beam is realized. Thus, a mode-tunable [image: image] beam with different distribution orientations could be generated from the cavity when suitable driving voltage combinations are applied to the cascaded DMs. The distribution orientation could be expressed as [image: image] (positive of clockwise rotation), which represents the angle between the intensity distribution direction of the HG beam and the X-axis (Figure 4). After passing through the extra-cavity AMC, the HG beam is converted to the corresponding LG beam when the distribution orientation of the HG beam satisfies the conversion condition. Eventually, the opposite helicity vortex beam could be achieved from the conversion of the HG beam of [image: image] = ± [image: image]. Therefore, the TC [image: image] and the helicity (the sign of [image: image], left or right) of the vortex beam could be flexibly tuned by applying different driving voltage combinations to the cascaded DMs.
[image: Figure 4]FIGURE 4 | Simulation results of the TC and helicity tunable vortex laser. (A) 3D beam propagation and intensity patterns of [image: image] beams, and driving voltage combinations for [image: image] beams. (B1–B4) Intensity patterns of [image: image] and [image: image] beams. (C1–C4) Interference fringes of the spherical reference beam and vortex beams converted from the HG beams in (B1–B4) through the AMC (D), respectively.
3 RESULTS AND DISCUSSION
3.1 Simulation results
To verify the feasibility of the proposed vortex laser, a numerical simulation is carried out based on the mode modulation regulation of the vortex beam [23]. In the simulation, structure parameters of the Z-shape cavity (Figure 1) are set as follows: the distance between IC and the right surface of the GM is 6mm; the distance between the left surface of the GM and the single-PZT DM is 46mm; the distance between the cascaded DMs is 30 mm; the distance between the multi-PZT DM and OC is 25 mm; the assembly constraints (disp, disx and disy) of the DMs are 3.5 mm, 0 mm and 3 mm. [image: image] beams with distribution orientation [image: image] is expressed as [image: image]. Typical simulation results of the generated HG beam and the vortex beam are shown in Figure 4, in which [image: image] beams are selected as the example. From the 3D beam propagation and intensity patterns shown in Figure 4A, it could be seen that the distribution orientation [image: image] could be widely and flexibly tuned from -[image: image] ° to [image: image] °. Driving voltage combinations for the [image: image] beams are also displayed in Figure 4A. For the HG beams with different distribution orientations or different TCs, corresponding driving voltage combinations need to be applied to the cascaded DMs; Figures 4B1–B4 are the intensity patterns of the generated [image: image] and [image: image] beams with distribution orientation [image: image] of ± [image: image]; Figures 4C1–C4 show the interference fringes of the spherical reference beam and the LG beams converted from the HG beams shown in Figures 4B1–B4, respectively. It could be seen that the TC (±4, ±7) and helicity (left or right) of the generated vortex beam are both tunable by flexibly loading the driving voltage combinations. The maximum order m and the precision of [image: image] are numerically investigated and equal to 14 and [image: image] °, respectively. In experiment, the precision of [image: image] could be further improved due to the voltage precision of 0.01V, which is more precise than the simulation setting.
3.2 Experiment results
Figure 5 shows the experimental setup of the TC and helicity tunable vortex laser. In the experiment, all the parameters of the Z-shaped LD-pumping laser are the same as the simulation. Before loading driving voltages to the DMs, the Z-shaped LD-pumping laser is first precisely adjusted to obtain the fundamental mode at the pumping current of 1.3 A (maximum current of the LD is 7.5 A in our setup). Figure 6 displays the experiment results. In the experiment, the distribution orientation [image: image] can be continuously tuned from -[image: image] ° to [image: image] ° by loading different driving voltage combinations. As the examples; Figures 6A1–A8 show the intensity patterns of the generated [image: image], [image: image], [image: image], [image: image] and [image: image] beams recorded by CCD1. In addition, the mode of the HG beam with a certain distribution orientation [image: image] is also adjustable (from m = 1–10) in the experiment. Figures 6B1–B8 show the experiment results of four types of HG beams with the same helicity ([image: image], [image: image], [image: image] and [image: image]). It should be noted that the TC of the generated vortex beam can be flexibly tuned from ± [image: image] to ± [image: image] by loading driving voltage combinations in the experiment. Limited by the length of the paper, other types of vortex beams are not listed in Figure 6; Figures 6C1–C8 present the interference fringes of the spherical reference beam and the LG beams converted from the HG beams shown in Figures 6B1–B8, respectively. The helicity (the signs of l) in Figures 6C1–6C4 are the same (right) and opposite to that (left) in Figures 6C5–C8. This indicates that the helicity (left or right) of the vortex beam is controllable in the experiment setup by loading different driving voltage combinations. The driving voltage combinations corresponding to the experiment results in Figure 6 are listed in Table 1. In the experiment, the initial driving voltage combination is set based on the simulation results. According to the intensity pattern recorded by CCD1, the driving voltage combination will be adjusted in several iterations to generate the target beam. Noted that the voltage difference between two adjacent PZTs should be controlled lower than 200 V to avoid damaging the DM during the iterations. It is worthy to mention that in the practical vortex laser, operators can make a look-up-table before use. When operation, the target vortex beam with specific TC and helicity can be efficiently achieved by loading the related driving voltage combinations in the look-up-table.
[image: Figure 5]FIGURE 5 | Experimental setup of the TC and helicity tunable vortex laser.
[image: Figure 6]FIGURE 6 | Experiment results of the TC and helicity tunable vortex laser. (A1–A8) [image: image] beams with [image: image] = ± [image: image] °, ± [image: image] °, ± [image: image] °, ± [image: image] ° and [image: image] °. (B1–B8) Four types of HG beams ([image: image], [image: image], [image: image] and [image: image]). (C1)-(C8) Interference fringes of the spherical reference beam and the LG beams converted from the HG beams in (B1–B8), respectively.
TABLE 1 | Driving voltage combinations corresponding to the experiment results in Figure 6.
[image: Table 1]According to the simulation and experiment results, the HG beam could be rotated from −90 to 90° in the vortex laser, which reduces the assembly requirements of the orientation of the AMC to convert the HG beam to the LG beam. Two kinds of HG beams with orthogonal distribution orientations could always be achieved by selecting suitable driving voltage combinations to generate helicity and topological charge tunable vortex beams based on AMC conversion. The distribution directions of HG beams could be expressed by [image: image], where [image: image] represents the distribution orientations of HG beams. For a [image: image] exceeds the range from -[image: image] ° to [image: image] °, the distribution direction will be identical to a corresponding distribution orientation in the range from -[image: image] ° to [image: image] ° according to the tangent function. Thus, the distribution orientations of [image: image] outside the range are not been considered in this work.
The method could avoid the complex mechanical off-axis adjustment in [15] and could flexibly generate the TC and helicity tunable vortex beam by loading suitable driving voltage combination of DMs. Most importantly, higher order topological charge is possible by optimizing the driving voltage combinations. Note that a complex multiple-PZT DM could realize the function of the cascaded DMs in this work, but the requirements of the multiple-PZT DM will be more complex and the cost will increase. The cascaded DMs adopted here could shape the laser modes with decreased requirement and cost.
4 CONCLUSION
In conclusion, a TC and helicity tunable vortex laser based on a Z-shaped resonant cavity and an extra-cavity AMC, is proposed. This laser adopts two cascaded DMs, a single-PZT DM and a multi-PZT DM, as the intra-cavity modulation elements in the Z-shaped resonant cavity. The HG beam in the form of [image: image] with tunable index m and [image: image] is generated by applying suitable driving voltage combinations to the cascaded DMs. Converted by the AMC, the HG beam is transformed to the corresponding vortex beam. Simulation is carried out and the tunability of the TC and helicity is investigated. Experiment results show that by loading different driving voltage combinations, the mode (1–10) and distribution orientation (-[image: image]° to [image: image]°) of the HG beam can be continuously adjusted, and consequently the TC (± [image: image] to ± [image: image]) and the helicity (left or right) of the converted vortex beam is flexibly tuned.
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