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Abstract

:

Orbital angular momentum (OAM) beams, a new fundamental degree of freedom, have excited a great diversity of interest due to a variety of emerging applications. The scalability of OAM has always been a topic of discussion because it plays an important role in many applications, such as expanding to large capacity and adjusting the trapped particle rotation speed. Thus, the generation of arbitrary tunable OAM mode has been paid increasing attention. In this paper, the basic concepts of classical OAM modes are introduced firstly. Then, the tunable OAM modes are categorized into three types according to the orbital angular momentums and polarization states of mode carrying. In order to understand the OAM evolution of a mode intuitively, three kinds of Poincaré spheres (PSs) are introduced to represent the three kinds of tunable OAM modes. Numerous methods generating tunable OAM modes can be roughly divided into two types: spatial and fiber-based generation methods. The principles of fiber-based generation methods are interpreted by introducing two mode bases (linearly-polarized modes and vector modes) of the fiber. Finally, the strengths and weaknesses of each generation method are pointed out and the key challenges for tunable OAM modes are discussed.
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1. Introduction


A light beam has two “rotational” degrees of freedom: spin angular momentum (SAM) and orbital angular momentum (OAM) [1]. The SAM per photon is σħ (where ħ is the Plank’s constant h divided by 2π), which is related to the state of polarization for left-circular σ = +1, for right-circular σ = −1, while for linearly polarized light σ = 0. For elliptically polarized light, the SAM varies from zero to ± 1ħ as the state of polarization varies from linear to circular. The OAM is associated to the phase structure of the complex electric field with a helical phase front defined by the factor of exp(ilθ), which carry a definite amount of OAM per photon equal to lh. As the OAM beams have a phase singularity, they have a doughnut-shaped spatial profile with zero intensity at the center. Considerable interest in orbital angular momentum arises over its potential applications in multiple fields. For instance, orbital angular momentum can be transferred to trapped suitable material particles causing them to rotate, which enables optical manipulation, trapping and tweezers in fields as diverse as biosciences and micromechanics [2,3,4,5]; the angular momentum of light can be used to encode quantum information that is carried by the corresponding photon states [6]; the exploitation of the orbital angular momentum also opens the door to the generation and manipulation of multi-dimensional quantum entangled states with an arbitrarily large number of entanglement dimensions [7,8,9,10]; the doughnut intensity profile and phase singularity of OAM contribute to contrast enhancement techniques by depleting the fluorescence everywhere except at the dark center of the depletion beam, which enables resolution microscopy beyond the diffraction limit [11,12,13]; the OAM modes are also applied in optical communications (fiber and free space) with large capacity and long ranges due to its partial robustness against turbulence [14,15]; and astrophysical processes may generate photonic OAM, such as light scattering off inhomogeneities in the environments surrounding energetic sources (masers, pulsars, quasars) and light scattering off rotating black holes [16], etc.



The unique advantage of using optical OAM in these applications relies, to a large extent, on the use of multiple different OAM states. For example, the multiple available OAM states facilitate high-dimensional quantum information processing and large-capacity optical communications. The rotation speed of the trapped micro-particles for optical micro-manipulation is also related to the states of OAM and required to be continuously adjusted [17,18]. Thus, the control of the orbital angular momentum in a beam is important.



In this paper, an overview of the basic concepts and generation methods of the tunable OAM modes is given. Firstly, the classical OAM mode is introduced in the Section 2, including the physical concept, mathematical expression and generation methods. Secondly, the basic concepts and theoretical expressions of three kinds of tunable OAM modes are briefly described in Section 3. In order to intuitively understand the OAM evolution, three Poincaré spheres (PSs) are used to represent the three kinds of tunable OAM modes, which is similar to the polarization PS. In addition, the relationships among three PSs are concluded. Then, the fiber-based and free-space generation methods are respectively classified into three types according to the controllable variables in the Section 4. Finally, the advantages and disadvantages of each generation method are listed and the key challenges for tunable OAM modes are discussed in Section 5.




2. The Classical Orbital Angular Momentum (OAM) Mode


The light beams carrying orbital angular momentum are spatially structured beams with helical phase fronts. For the points on the mode cross-section with the same radius, the polarization states and amplitudes are the same, but with different phases. The electromagnetic field of an classical OAM beam is identified by a phase term expressed as exp(±ilθ), where θ is the azimuthal angle in the transverse plane of the mode. The l which called as the topological charge means the number of 2π phase shifts along the circle around the beam axis [1,19]. The sign of l is relative to the handedness of helical phase front. The positive is for left helical phase front and negative is for right helical phase front (from the point of view of the receiver). In principle, l can take an arbitrary integer number ranged from −∞ to +∞, therefore, the state of OAM-carrying mode is infinite. Figure 1 shows the helical phase fronts of l = 0, 1, −1 and 2. Meanwhile, the OAM is the component of angular momentum of a light beam that is only dependent on the spatial field distribution but not on the polarization. Thus, the OAM mode can be classified into two types according to the state of polarization (SOP) that the beam carries. One type is the linearly-polarized OAM (LP-OAM) whose polarization states of every point on the mode cross-section are the linear polarization. This kind of OAM mode has no SAM. The other type is circularly-polarized OAM (CP-OAM) whose polarization states of every point on the mode cross-section are the circular polarization.



In the free-space system, the OAM beams can be generated via numerous methods such as spatial light modulators [20], computer-generated fork holograms [21], spiral phase plates [22], cylindrical lens pairs [23], q-plates [24], etc. Although those spatial generation methods have the advantages of strong scalability and low crosstalk, there are two common defections for them, i.e., high insertion loss and large volume.



Compared with free-space generation systems, fiber-based methods have the advantage of the low insertion loss. Moreover, the devices in fiber-based generation methods are smaller, which greatly facilitates miniaturization. In the fiber, the OAM±l modes can be obtained by combining the two sets of fiber mode bases, LP mode and vector mode bases. The LP mode bases (LPlmax, LPlmay, LPlmbx and LPlmby) and vector mode bases (HEe/o, EHe/o, TE and TM) are respectively scalar and vector solutions to Maxwell Equation in the fiber [25]. Here, “e” and “o” refer to the even and odd modes, “m” is the radial order, denoting the number of radial nodes of the mode and l is the azimuthal order. The l order LP mode bases can be expressed by the Equation (1).


LPlmax=x→Flm(r)cos(lθ) LPlmay=y→Flm(r)cos(lθ)LPlmbx=x→Flm(r)sin(lθ) LPlmby=y→Flm(r)sin(lθ)



(1)




where x→ and y→ denote the linear polarization along the x-axis and y-axis, respectively; Flm(r) represents the radial field distribution and θ is the azimuthal coordinate. The vector mode bases have the following transverse electric field distributions:


{HEl+1,meHEl+1,mo}=Fl,m(r){x→cos(lθ)−y→sin(lθ)x→sin(lθ)+y→cos(lθ)}(l≥1){EHl−1,meEHl−1,mo}=Fl,m(r){x→cos(lθ)+y→sin(lθ)x→sin(lθ)−y→cos(lθ)}(l>1){TM0,mTE0,m}=Fl,m(r){x→cos(θ)+y→sin(θ)x→sin(θ)−y→cos(θ)}(l=1)



(2)







When two LP modes owning the same polarization directions are combined with a ±π/2 phase shift, the LP-OAM mode with same polarization as the LP modes is generated [26], as shown in Equation (3); When the even and odd modes of same vector mode (HE or EH) are combined with ±π/2 phase shift, the superimposed mode is CP-OAM mode, as shown in Equation (4). The OAM handedness and SAM handedness of modes based on the HE bases are the same, while those of modes based on the EH bases are opposite [25].


{LPlmax±iLPlmbxLPlmay±iLPlmby}=Flm(r){x→OAM±l,my→OAM±l,m}



(3)






{HEl+1,me±iHEl+1,mo (l>1)EHl−1,me±iEHl−1,mo (l>1)}or{HEl+1,me±iHEl+1,mo (l=1)EHl−1,me±iEHl−1,mo (l=1)}=Fl,m(r){σ±OAM±l,m (l≥1)σ∓OAM±l,m (l≥1)}



(4)








3. Three Kinds of Tunable OAM Modes


3.1. The OAM Varies from −l to l with Homogeneous State of Polarization (SOP) along the Longitude of Orbital Poincaré Sphere (PS)


The mode with OAM from −l to l and homogeneous SOP can be produced by overlapping two collinear classical OAM modes with variable relative amplitudes and equal but opposite phase chirality [16]. This kind of tunable OAM mode could maintain a constant geometry and total intensity during tuning, which is valuable for some applications such as the vortex tweezers and optical manipulation [2,3,4,5,17,18]. It is worth noting that the polarizations of two collinear classical OAM modes are the same. The superimposed mode is described by the equation:


ψ1=a1|Nl⟩+b1eiφ1|Sl⟩



(5)




with positive, real amplitudes a1, b1 and relative phase ϕ1. In addition, the squares of amplitudes add up to unity. Nl and Sl are the two OAM modes owning topological charge −l and +l with the same polarization, respectively.


|Nl⟩=e−ilθ(Exx→+Eyy→)/(|Ex|2+|Ey|2)|Sl⟩=e+ilθ(Exx→+Eyy→)/(|Ex|2+|Ey|2)



(6)




where Ex and Ey are the complex amplitudes of x and y polarizations, respectively. In agreement with intuitive arguments, the amplitudes a1 and b1 govern the relative contribution of OAM+ℓ and OAM−ℓ to the local and total orbital angular momentum. In general, the average OAM value that mode carries is calculated from the power in each OAM mode, as shown in Equation (7). The Pl represents the power in each OAM mode [27].


Lave=∑lPl∑Pl=l×|a|2+(−l)×|b|2|a|2+|b|2



(7)







In 1999, M. J. Padgett and J. Courtial proposed an orbital PS to represent this kind of tunable OAM mode intuitively [28]. The north and south poles of the orbital PS represent the OAM modes with equal ℓ value but opposite helicity, respectively. Similar to the polarization PS [29], all the points on the orbital PS can be described as the superposition of the two poles. Therefore, according to Equation (5), the orbital PS can be used to describe completely all the states for this kind of tunable OAM. Figure 2a,b show the mode patterns, phase distributions and polarization states on the two orbital PSs when l = 1 and l = 4, respectively.



Unlike the classical OAM mode, the amplitude and phase of the superimposed mode vary with azimuthal coordinate, which can be changed by modulating the relative amplitudes of OAM+l and OAM−ℓ modes. When a = 0 or b = 0, the superimposed mode has the phase of a classical OAM+l or OAM−ℓ mode which lies on the south or north pole, as the Sl and Nl points shown in Figure 2a,b; When a = b, the phase of the mode is binary with 2l alternating phase segments of 0 and π, which is equivalent to the phase of the optical cogwheel. This mode carries no orbital angular momentum and possesses 2l intensity peaks about the azimuthal coordinate, which is the LPℓm mode of fiber and lies on the equator. The intensity fringes will occur to rotate about the center of the resultant beam by adjusting the relative phase (ϕ1) of the two overlapping modes. We show the mode patterns of two points (Hl and Vl) which are located at the start and end points of the diameter on the equator. The Hl and Vl points are the combination mode of two poles owning same amplitude with ϕ1 = 0 and π, respectively.


|Hl⟩=|Nl⟩+|Sl⟩2(|Ex|2+|Ey|2)=2[cos(lθ)((Exx→+Eyy→)](|Ex|2+|Ey|2)|Vl⟩=−i|Nl⟩−|Sl⟩2(|Ex|2+|Ey|2)=−2[sin(lθ)((Exx→+Eyy→)](|Ex|2+|Ey|2)



(8)







When 0 < |a1 − b1| < 1, the local curvature of the helical wavefront is no longer constant nor linear. However, the phase singularity remains, qualifying the beam as a kind of optical vortex. Meanwhile, the intensity distribution also becomes an intermediate state between the LP mode and OAM mode. For 0 < a1 − b1 < 1, the superimposed mode has the negative average OAM value and hence lies on the upper hemisphere. For −1 < a1 − b1 < 0, the superimposed mode has the positive average OAM value and lies on the lower hemisphere. The Al and Bl show two specific points on the upper and lower hemisphere, respectively. Therefore, when the relative amplitude (a1 − b1) varies from −1 to 1, the superimposed mode will change along the longitude and the average OAM value will also vary from l to −l.




3.2. The OAM Varies from −l to l with Inhomogeneous SOP Along the Longitude of Higher-Order PS


The above tunable OAM modes have conventional homogeneous polarizations. In other words, the SOP of each point in the mode is same and invariant along the azimuthal coordinate. Recently there has been increasing interest in the modes with inhomogeneous SOPs. For those vector vortex (VV) modes, each point of the electrical field is the same polarization (linear, elliptical and circular polarization), but the polarized direction of each point is related to the azimuthal coordinate, such as the radial and azimuthal polarized cylindrical vector (CV) beams [30]. The VV modes extend the properties of conventional homogeneous polarization, such as the ability to produce strong longitudinal field components and smaller waist sizes upon focusing by high numerical aperture objectives, which may have important applications in nanoscale optical imaging and manipulation [31,32,33,34,35].



A higher-order PS is introduced as the theoretical framework for describing the spatially inhomogeneous SOPs of generalized vortex modes [36,37], as shown in Figure 3. Similar to the points on the orbital PS, arbitrary ones on the higher-order PS can be obtained by the linear combination of the modes on the two poles. The two poles are orthogonal CP-OAM modes with opposite topological charge.


ψ2=a2|NlR⟩+b2eiφ2|SlL⟩



(9)




where


|NlR⟩=e−ilθ(x→+iy→)/2



(10)






|SlL⟩=e+ilθ(x→−iy→)/2



(11)




Equations (10) and (11) represent right and left circularly-polarized OAM modes with topological charge −l and +l, respectively. The coefficients a2 and b2 are the amplitudes of the Equations (10) and (11), respectively, and the ϕ2 is the relative phase between them. The higher-order PS has five salient features: (1) For l > 1, the OAM and SAM handedness of each pole can be the same or opposite, therefore two spheres are needed to describe higher-order SOPs of VV modes. (2) All the modes on the PS have annular intensity profiles and a dark hollow center, which possess phase or polarization singularities. (3) The modes can degenerate to the modes on the orbital PS through a linear polarizer, e.g., horizontally orientated as depicted by the double-sided arrows in the Figure 3a,b. (4) When the state of mode changes along the longitude, the average OAM value varies from −l to l and the SAM changes from −1 to 1 (1 to −1), correspondingly. Figure 3a,b show intensity profiles, polarization states and phase distributions of six points on the two higher-order PSs with l = ±1, respectively. For l = +1, the handedness of OAM and SAM on each pole is opposite, as NlR and SlL show in Figure 3a. This higher-order PS can completely characterize a general cylindrical vector mode [38], such as radial and azimuthal polarization, which are equivalent to TE and TM fiber modes. The Hl and Vl points are the TE01 and TM01 fiber modes which are obtained by the combination mode of two poles owning same amplitudes with ϕ2 = 0 and π, respectively. The deduction processes about Hl and Vl points are described by Equation (12). In addition, we choose two specific points (Al and Bl) to illustrate the intensity and polarization distributions on the upper and lower hemisphere with −0.5 and 0.5 average OAM values, respectively.


|Hl⟩=|NlR⟩+|SlL⟩2=cos(lθ)x→+sin(lθ)y→|Vl⟩=−i|NlR⟩−|SlL⟩2=−sin(lθ)x→+cos(lθ)y→



(12)







For l = −1, the handedness of OAM and that of SAM on each pole are the same, shown in the Figure 3b. Similarly, NlR and SlL represent the modes on the north and south poles. This higher-order PS can describe the so-called π-vector modes [39] which are equivalent to the HE21e and HE21o fiber modes. Hl and Vl are the two points on the equator, whose average OAM values are both 0. Intermediate modes between the pole and equator have the elliptical polarizations and annular intensity profiles. The Al and Bl are, respectively, the points with −0.5 and 0.5 average OAM values.




3.3. The OAM Varies from l to n with Inhomogeneous SOP Along the Longitude of Hybrid-Order PS


For the second kind of tunable OAM mode, the polarization states and OAMs of modes on the higher-order PS are still confined to some special cases. For example, the modes on the equator have the azimuthally and radially linear polarization, but they are only the single vector beams possessing spatially inhomogeneous SOP and carrying zero-order OAM. The OAM modes on the poles of higher-order PS are only the single vortex beams with spiral wavefronts. Compared to a single vector mode and a single vortex mode, a vector vortex mode provides more degrees of freedom in optical manipulation [40,41]. Hence, in 2015, the hybrid-order PS is proposed to describe the evolution of the OAM and SOP, which extends the orbital PS and higher-order PS to a more general form [42].



The representation of the modes on the hybrid-order PS is the same as those on the higher-order PS except the orbital states on the poles. The orbital states of the two poles on orbital and higher-order PSs have the same value but opposite signs. Unlike the previous PSs, the orbital states of the poles on the hybrid-order PS are not confined to the same order topological charge and can be chosen arbitrarily. Any one mode on the hybrid-order PS can be expressed as the superposition of two poles:


ψ3=a3|NlR⟩+b3eiφ3|SnL⟩



(13)






|NlR⟩=eilθ(x→+iy→)/2



(14)






|SnL⟩=einθ(x→−iy→)/2



(15)







Equations (14) and (15) represent right and left circularly-polarized modes with different topological charges l and n, respectively. Any mode on the hybrid-order PS can be achieved by changing the coefficients a3 and b3eiφ3. Generally, the equatorial points on the hybrid-order PS represent the superposition of the two poles with equal intensities. The Hl,n and Vl,n of Figure 4 are the two equatorial points when ϕ3 = 0 and π, respectively.


|Hl,n⟩=|NlL⟩+|SnL⟩2=expi(l+n)θ2[cos(l−n)θ2x→+sin(l−n)θ2y→]|Vl,n⟩=−i|NlL⟩−|SnL⟩2=expi(l+n)θ2[cos(l−n2θ+π2)x→+sin(l−n2θ+π2)y→]



(16)







From Equation (16), it should be noted that the equatorial points represent modes carrying (l + n)/2 per photon. The relative phase of the superposition determines the orientation of the longitude. Figure 4 depicts a hybrid-order PS at the situation of the north pole with state σ = +1 and l = 0, while the south pole with σ = −1 and n = +2. The NlR and SnL separately represent north and south poles; The Hl,n and Vl,n indicate two points on the equator. The Al,n and Bl,n denote two points on the upper and lower hemispheres with 0.5 and 1.5 average OAM values. The average OAM that modes carry will change from l to (l + n)/2 and then to n along the longitude on the hybrid-order PS.




3.4. The Relationship Among the Three Kinds of Tunable OAM Modes


According to the representations of three kinds of tunable OAM modes, we find that there is a progressive relationship from orbital PS to higher-order PS, then to hybrid PS. Figure 5 shows the intuitive sketch describing the phase and polarization distributions of north and south poles on the three PSs. The white arrows represent polarization states and black-and-white images represent phase distributions. From the orbital PS to higher-order PS, the SOPs on the two poles vary from the same polarization to orthogonal circularly-polarized polarization. From the higher-order PS to hybrid-order PS, the SOPs on the two poles are kept while the orbital states vary from same order to different orders.





4. Methods for Generation of Tunable OAM


The three kinds of tunable OAM modes can be considered as not only the superposition of classical OAM modes physically, but also the combination of x and y polarizations with spatially-variant amplitude and phase mathematically. Thus, the modes can be realized by some free-spatially optical elements that change the polarization of each point on the cross section of mode. Equations (17)–(19) show purely mathematical expressions in the form of Jones vectors, where the first and second elements of the vectors represent components of the field along the horizontal (x) and vertical (y) axes. The A(θ), B(θ), φx(θ) and φy(θ) represent the spatially-variant amplitude and phase factors, respectively.


Orbital PS: [Ex(a1e−ilθ+b1eiφ1e+ilθ)Ey(a1e−ilθ+b1eiφ1e+ilθ)]=[Ex(A(θ)eiφx(θ))Ey(B(θ)eiφy(θ))]



(17)






Higher-order PS: [(a2e−ilθ+b2eiφ2e+ilθ)i(a2e−ilθ−b2eiφ2e+ilθ)]=[A(θ)eiφx(θ)B(θ)eiφy(θ)]



(18)






Hybrid-order PS: ei(l+n)2θ[(a3ei(l−n)2θ+b3eiφ3e−i(l−n)2θ)i(a3ei(l−n)2θ−b3eiφ3e−i(l−n)2θ)]=ei(l+n)2θ[A(θ)eiφx(θ)B(θ)eiφy(θ)]



(19)







4.1. Free Space Method for Generation of Tunable OAM


Free-space generation methods of tunable OAM modes are generally assisted by spatial light modulators (SLMs) [17,43,44,45,46,47,48,49,50,51], deformable mirrors (DMs) [51], q-plate cells [52,53,54,55] and metasurfaces [56], and spiral phase plates (SPPs) [22]. Those optical elements can change the phase distribution of a mode, where the SLM and DM are programmable and can control the phase dynamically. In addition, the DM and SPP are polarization insensitive.



SLM is a computer-addressable reflective liquid crystal (LC) display which can impose any desired phase profile onto an incoming collimated beam by controlling the voltage (V) of each SLM pixel [46]. The phase retardation for each SLM pixel can be described as a function of the voltage (V) applied: δ(V)=(2π/λ)(ne(V)−no)d, where d is the thickness of the LC layer, ne and no are the extraordinary and ordinary refractive indices of the LC retarder, respectively. Because of the birefringent nature of LC, when the input polarization state makes a projection on both the fast and slow axes of the SLM, the polarization state can be altered. The polarization property of the SLM can be exploited by the appropriate optical setup to achieve the desired change in the polarization. Moreover, the combination of the SLM and wave plates can be used to control the amplitudes of x and y polarizations due to the birefringent nature. For the SLM, it has the advantage of high flexibility due to the arbitrarily adjustable phase distribution, but also has the disadvantages of maximum power density limitation and large loss.



The DM is composed of many units. Each unit has its own independent controller. Under the control of external voltage, it can transform the wavefront phase [51]. In principle, the SLM modulates the wave-front phase by controlling the refractive index, and the DM modulates the wave-front by changing the distance of light propagation. As a phase controller, the DM is energy efficient and highly flexible, while the range of controllable phase is limited.



The q-plate cell is essentially birefringent waveplates with a uniform birefringent phase retardation δ across the plate thickness (which can be electrically controlled) and a space-variant transverse optical axis distribution exhibiting a topological charge ”2q” [52]. The charge “q” represents the number of rotations of the local optical axis in a path circling once around the center of the plate. When the q-plate cell is illuminated by a circularly-polarized vortex beam, the output beam from the q-plate cell is the combination of two different-order OAM modes with adjustable amplitudes. For the q-plate usually used, it is a q-plate cell with a uniform birefringent phase retardation δ = π. If a Gaussian mode with arbitrary polarization passes through the q-plate, the output mode will perform the following linear transformation, as shown in Equation (20) [54], where σ+ and σ− respectively indicate the left and right circular polarization. Thus, a q-plate cell can convert a Gauss beam to a vector beam and generate a vortex phase in one step. However, the “q” value is fixed, so the flexibility is poor.


q·(Aσ++Bσ−)=Aσ−ei2qθ+Bσ+e−i2qθ



(20)







The metasurface with tailorable structure geometry, as a two-dimensional electromagnetic nanostructure, possesses unparalleled advantages in optical phase and polarization manipulation, especially in subwavelength scale [57]. The operation principle is the same as the q-plate. But it is the difficult to fabricate and untunable once fabricated.



Free-space generation methods can be classified into three types according to the controllable variables. Figure 6, Figure 7 and Figure 8 simply show schematic diagrams used to generate the tunable OAM mode based on the free-space system. The components marked by red and gray frames in Figure 6, Figure 7 and Figure 8 are the adjusted ones and fixed ones, respectively.



The first kind of generation method is shown in Figure 6, which obtains tunable OAM modes by changing the phase information imposed on the SLMs, DMs or q-plate cells. When a Gaussian beam with linear polarization is launched to a programmable phase element (SLM or DM), the topological charge can be tuned by electrically changing the phase information loaded on them, which can obtain the modes on the orbital PS, as shown the first row in Figure 6 [17,43,44,45,46,52]. The second row of Figure 6b shows 3 sections as subsystems to control respectively three degrees of freedom in the optical field, e.g., the phase, amplitude and retardation between the x and y components [47,48]. The section of amplitude is achieved by the combination of two quarter-wave plates (QWPs) and a SLM [46] or the combination of a half-wave plate (HWP) and two diffraction gratings [47]. In ref. [46], the fast axes of the QWPs are along 45° and 135° with respect to the horizontal axis, respectively. By loading appropriate phase information on the three sections, this system can generate arbitrary modes on the three PSs. The modes on the three PSs can be obtained when the mathematical expression of the output mode equals to the one of Equations (17)–(19). When a Gaussian beam with circularly polarization is launched to two q-plate cells and a SLM, two different-order classical OAM modes with orthogonally-circular polarization are generated. The amplitude and phase of two OAM modes can be adjusted by changing the retardations of the q-plate cells and the SLM [52], which can go through all the points on the hybrid PS, as shown in the third row of Figure 6.



For these kinds of generation method, the greatest advantage is high flexibility due to the phase distributions and retardations can be arbitrarily electrically controlled. However, the common shortcoming is limited response speed.



For the second type, the tunable OAM modes can be generated by interfering two Laguerre–Gaussian modes with same or different topological charges, as shown in Figure 7. The modulation of amplitude is realized by rotating the optical elements [49,50], where “a” and “b” are the amplitudes of x and y polarizations. The modulation of phase between two Laguerre–Gaussian modes can be realized by rotating the optical elements [48] or changing the phase distribution of SLM/DM [49]. Because the phase difference between the two split and recombined beams determines the properties of the generated vector beams, this kind of method employing interferometry may be vulnerable to environmental noise like vibrations or air circulation. Another weakness is the slow rotating speed for the optical elements.



The third type of generating the beam with tunable OAM in the free-space system is achieved by continuously changing the state of input polarization [51,55,56,57,58,59], as shown in Figure 8. A Gaussian beam with arbitrary polarization state can be generated by using a polarizer followed by an arbitrarily oriented QWP. The arbitrary polarization state can be expressed as the Ax→+By→ in the basis of x and y polarizations or Aσ+ + Bσ− in the basis of right- and left-hand circular polarizations, where the symbols “A“ and “B” are complex amplitudes.



When a Gaussian mode with arbitrary polarization is injected to the combination of a SLM, a SPP/DM and a QWP, the SLM is used to generate the helical phase distributions of x and y polarizations. The SPP/DM is for compensating superfluous phase factor, and the QWP can convert the orthogonal linear polarizations to orthogonal circular polarizations. As shown in the top branch of Figure 8, when φ=lθ, the modes on the higher-order PS can be generated by adjusting the input polarization [50]. When φ=mθ, where m≠l, the system can generate the modes on the hybrid-order PS. If the input beam is launched to a q-plate, the output mode will be located on higher-order PS according to Equation (20), as shown in the bottom branch of Figure 8 [53,54,55,56,57]. In addition, by adding a phase factor exp(i(l + n)θ/2) into the bottom branch of Figure 8, the tunable OAM on the hybrid-order PS can also be generated by adjusting the input polarization [52,55]. The extra phase can be achieved by numerous methods, such as spiral phase plates, SLM, diffractive elements and fork gratings.



This kind of generation methods involve fewer components. The speed of adjusting polarization is very fast, which leads to a rapid conversion between modes on the PS.



We conclude the spatial generation methods, as shown in Table 1. The table lists the adjustable variations, devices and the types of tunable OAM modes.




4.2. The Fiber-Based Generation of Tunable OAM


For the fiber-based devices, the methods for tunable OAM mode generation can be classified into three types according to the adjusting schemes. Figure 9 simply shows schematic diagram usually used to generate the tunable OAM mode based on the fiber. The components marked by green arrows are the adjusted ones in the experiment.



For the first type, the tunable OAM modes can be generated by the superposition of two orthogonal LP or HE (EH) modes with tunable relative phase difference between LP (HE) modes passing through a polarizer with a fixed direction. The flow chart of the mode generation is shown in Figure 10, and the yellow parts are the variations that need to be adjusted. The tunable OAM on the orbital PS can be generated by using the first four formulas, and the tunable OAM on the higher-order PS can be generated by the last one. Firstly, the LP01 mode can be converted to LPlm mode by many kinds of mode converters, for example, photonic lanterns [57], mode selective couplers [58] and gratings [59]. The LPlm mode can be thought of as the combining result of LPlma and LPlmb without relative phase. The HE and EH modes can be directly generated by gratings with appropriate period [60]. When the converted two LP or HE (EH) modes pass through a length L of few-mode fiber (FMF), the relative phase between the two modes at the output of the FMF can always be written as Δδ=2πLΔneffλ. The Δneff represents the RI difference between two modes and λ represents the operating wavelength. Thus, in order to achieve flexible control of the relative phase between the two modes in the fiber, changing the operating wavelength λ [61,62] and the refractive index difference Δneff are two commonly used methods. So far, ways of controlling Δneff mainly depend on adjusting the pressure loaded on the fiber and rotating the paddles of few-mode polarization controller [63,64,65]. In addition, the LP11a and LP11b can be generated by respectively injecting two LP01 modes with slight horizontal and vertical displacement from the fiber axis and the relative phase can be controlled by using a piezo-driven delay stage [26,27,66].



The second type, the tunable OAM modes can be achieved by filtering the mixing modes which are produced by the combination of different vector modes or two spatially orthogonal LP modes owning orthogonal polarization directions with a ±π/2 phase shift. The phase shift can be obtained in the same ways as mentioned above. Then, the continually tunable OAM can be achieved by adjusting direction of the polarizer at the output of the FMF [62,63,66,67]. The specific process is shown in Figure 11 and the “p” is the angle between the direction of the polarizer and the positive direction of the x-axis.



For the third type, a method is reported to generate the beam with tunable OAM in the fiber by continuously changing the angle of linear polarization state of the input light [67], as described in Figure 12. The setup is composed of three parts, including a mode converter, a few-mode fiber that is mounted as coils in a paddle of a fiber polarization controller (PMC) and a polarizer. Considering about four linear polarization (LP) mode bases in the fiber, we deduce the transmission matrix of the first-order modes in PMC. Then, one polarization is filtered out through a polarizer. It is well known that the FMF is wound around the circumference of the PMC’s paddle, and stress will induce the refractive RI difference between four orthogonal LP mode bases. If the relative phases between LP11ax and LP11bx, LP11ay and LP11by are π/2 and −π/2, the average OAM value of mode will smoothly vary from −1 to 1 with the input light polarization angle changing from 0 to π. The polarization angle (α) can be adjusted by electrical polarization controller. δ in the Figure 10 represents the relative phase between LP11bx and LP11by, which decides the orientation of longitude on the orbital PS.



At the end of the paper, we draw conclusions about the fiber-based generation methods, as shown in Table 2. The table lists the combination modes, adjusting variations, adjusting methods and the types of tunable OAM mode.





5. Discussion and Perspective


Arbitrarily tunable OAM has excited a great diversity of interest, because of a variety of emerging applications, but its creation still remains a tremendous challenge. We review the concepts of general OAM, which extends the OAM carried by the scalar vortex modes (classical OAM mode and the modes on the orbital PS) and the OAM carried by the azimuthally varying polarized vector modes (the modes on the higher-order PS and hybrid-order PS).



In summary, due to unique characteristics, tunable OAM beams have been the subject of much interest for a variety of fundamental research studies and modern applications. There are mainly two types of methods to generate those tunable OAM beams, free-space and fiber generating methods. Each method has its own advantages and disadvantages. Free-space generating methods have advantages in terms of flexible design and easy manipulation, but active optical spatial phase modulators are expensive and may introduce additional electronic noise. Meanwhile, the volumes of spatial devices are usually large. Compared with free-space generation methods, the fiber-based generation methods have the advantages of the miniaturization and low insertion loss. However, the challenge is robustness because they are basically the combination of fibers and mode converters. The fiber is vulnerable to external influences and some methods involve alignment operation. It must be mentioned that choosing which method to generate tunable OAM modes depends more on its application scenarios. For example, for a transfer of ultrashort pulses, free-space solutions have essential advantages because of avoiding frequency chirping and pulse lengthening. For medical endoscopy, the fiber-based generation method is obviously a better way. Despite this, along with the efforts of researchers all around the world, we may see an increasing number of applications based on tunable OAM beams in the future.
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Figure 1. Helical phase fronts for (a) l = 0, (b) l = 1, (c) l = −1, and (d) l = 2. Reprinted with permission from [19], Copyright 2011 The Optical Society of America. 
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Figure 2. (a) Intensity profiles, polarization states and the phase distributions of superimposed mode when l = 1 and (b) l = 4. The north pole Nl and south pole Sl represent orthogonal circularly polarized modes with topological charges of −l and +l; The points Hl and Vl represent the two points on the equator; The Al and Bl points of (a) represent the two modes with average orbital angular momentum (OAM) values of −0.5 and 0.5 for l = 1. The Al and Bl points of (b) represent the two modes with average OAM values of −2 and 2 for l = 4. 
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Figure 3. (a) Intensity profiles, polarization states and phase distributions of superimposed modes when l = 1 and (b) l = −1. The north pole NlR and south pole SlL represent orthogonal circularly-polarized modes with topological charges of −l and +l; The points Hl and Vl represent the two points on the equator; The Al and Bl points represent the two modes with −0.5 and 0.5 average OAM values, respectively. 
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Figure 4. Intensity profiles, polarization states and phase distributions of superimposed modes when ℓ = 1 and n = 2. The north pole NlR and south pole SnL represent orthogonal circularly-polarized modes with topological charges of l and n; The points Hl,n and Vl,n represent the two points on the equator; The Al,n and Bl,n points represent the two modes with 0.5 and 1.5 average OAM values, respectively. 
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Figure 5. Sketch of the progressive relationship from the orbital Poincaré sphere (PS) to higher-order PS, then to hybrid-order PS. 
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Figure 6. The flow chart of tunable OAM generation by adjusting the phase distributions on the spatial light modulators (SLMs), deformable mirrors (DMs) and q-plate cells. 
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Figure 7. The flow chart of tunable OAM generation by interfering with two Laguerre-Gaussian modes. Adjusting phase and amplitude factors of two branches by (a) optical elements and (b) a HWP and a SLM. 
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Figure 8. The flow chart of tunable OAM generation by continuously changing the state of input polarization. 
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Figure 9. A typical experimental setup based on fiber to generate tunable OAM modes. PC: polarization controller, MC: mode converter. 
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Figure 10. The flow chart of tunable OAM generation by adjusting the relative phase between two fiber modes. 
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Figure 11. The flow chart of tunable OAM generation by adjusting the polarization direction. 
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Figure 12. The flow chart of tunable OAM generation by adjusting the input polarization. 
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Table 1. The free-space generation methods.
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Adjustable Variation

	
Reference

	
Device

	
The Type of Tunable OAM






	
Phase distribution

	
[17,42,43,44,45]

	
SLM

	
Orbital PS




	
[46,47]

	
SLM + QWP

	
Three PSs




	
[51]

	
DMs

	
Orbital PS




	
[52]

	
Q-plate

	
Hybrid-order PS




	
Interference

	
[48,49]

	
SLM

	
Higher- or Hybrid-order PS




	
Input polarization

	
[50]

	
SLM + QWP

	
Higher-order PS




	
[52,53,54,55]

	
Q plate + SPP

	
Higher- or Hybrid-order PS




	
[56]

	
Metasurface

	
Higher-order PS
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Table 2. The fiber-based generation methods.
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Adjustable Variation

	
Reference

	
Combination Modes

	
Adjusting Method

	
The Type of Tunable OAM






	
Relative Phase (φ)

	
[63]

	
LP11ax(y) and LP11bx(y)

	
Stress the fiber by a pair of flat slabs

	
Orbital PS




	
[61]

	
LP11ax(y) and LP11bx(y)

	
Operating wavelength λ in the PMF

	
Orbital PS




	
[26,27]

	
LP11ax(y) and LP11bx(y)

	
Piezo-driven delay stage

	
Orbital PS




	
[62]

	
HE2,1e and TE0,m

HE2,1o and TM0,m

HE2,1e and TM0,m

HE2,1o and TE0,m

	
Wavelength λ in the ring-core fiber

	
Orbital PS




	
[64]

	
HE2,1e, HE21o

	
Bend and twist RCF by paddle-type polarization controller

	
Orbital and higher-order PS




	
Polarization direction

	
[60,65]

	
HE2,1e and TM0,m

TE0,m and HE21o

	
Rotate polarizer

	
Orbital PS




	
[62,66]

	
LP11ax and LP11by

(LP11ax and LP11by)

	
Rotate polarizer

	
Orbital PS




	
[62]

	
HE2,1e, HE21o

TE0,m,TM0,m
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