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Abstract

:

In this work, studies are carried out in the field of optical singular beams that have passed through gyrotropic crystals. We have experimentally shown that singular beams with a helical intensity distribution are formed when passing through a system of two gyrotropic crystals with opposite values of the gyration coefficient. It is shown that the system is capable of generating optical vortices with a double topological charge in one of the components of circular polarization when light propagates through two gyrotropic crystals.
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1. Introduction


In modern singular optics, special attention is paid to beams carrying the so-called optical vortices and those carrying a topological charge [1]. In the mid-1990s, such beams in free space were obtained experimentally [2,3]. It was then that an intensive experimental study of singular beams began. Around the same time, it was discovered that rays with optical vortices carry angular momentum [4,5]. Particular interest in beams containing optical vortices has increased significantly due to the fact that such beams can be used to create optical tweezers and similar objects.



However, the creation of single optical vortices carried by paraxial beams of the Laguerre–Gauss and Bessel–Gauss types faces serious technical difficulties. The point is that the traditional method of obtaining optical vortices is based on light diffraction either on computer-synthesized holograms [2,3] or on spiral phase plates [6,7]. These methods are based on strict observance of the diffraction conditions near the phase singularity and are critical to the wavelength. In this case, special mention should be made of optical beams that have the property of Fourier invariance [8,9]. However, in [10,11,12], it was possible to avoid such stringent requirements for the formation of an optical vortex due to the processes of light propagation in a uniaxial anisotropic medium. It has been shown that a circularly polarized beam propagating along the optical axis of an anisotropic medium is capable of forming optical vortices on the axis with the same localization, regardless of the wavelength.



Traditional concepts of a linearly polarized paraxial beam passing along the optical axis of a uniaxial crystal suggest that at the exit from the crystal after passing through the polarizer, the beam forms an intensity distribution in the form of a Maltese cross [13]. This pattern is a distinctive feature of a uniaxial crystal.



From the point of view of polarization features, the conoscopic pattern arises as a result of the superposition of two circularly polarized beams carrying vortices with a double topological charge of the opposite sign. In fact, this picture is a field with perpendicular edge dislocations.



When the beam is tilted relative to the optical axis or when external perturbations are introduced, the double vortices leave the beam, and the structure of edge dislocations undergoes structural transformations. The bulk of theoretical and experimental studies [14,15] mainly concerns the study of the structure of conoscopic patterns arising in axial beams. Conoscopic carines are interference patterns in a converging polarized beam obtained in crossed polarizers, between which the anisotropic medium under study is located. The conoscopic pattern corresponding to the circular state of polarization on the input face of an anisotropic crystal is localized in the focal plane of the objective. However, it also has the shape of concentric rings, and near the beam axis there are four topological dipoles separated by bright stripes. Any disturbance of the axial extension is considered to be a perturbation of the conoscopic pattern. However, this process hides various transformations of polarization features caused by weak perturbations.



It should be noted that the studies [16,17,18] are devoted to the study of the structure of polarization features in low-order Laguerre–Gauss beams that arise after excitation of the crystal by linearly polarized light. The authors of these papers focused on linearly polarized beams. Their model is based on two linearly polarized beams carrying optical vortices (ordinary and extraordinary) propagating at slightly different angles.



As is known, uniaxial and biaxial crystals serve as basic elements for the generation of optical vortices embedded in various types of singular beams [19]. The most amazing feature of the crystal is the ability to create stable polychromatic vortices with high energy efficiency. In contrast to the method of computer holograms [20,21,22], the crystal forms a white vortex beam without any additional devices [23].



The purpose of this article is to consider another method that allows one to generate singular beams carrying screw edge dislocations and optical vortices using two gyroanisotropic crystals. Before considering the method of generating singular beams carrying optical vortices using two gyroanisotropic crystals, it is necessary to evaluate the influence of a gyrotropic crystal on the wave front.




2. Gyroanisotropic Crystals


First, it should be noted that a gyrotropic crystal is a space that does not only have linear birefringence (that is, space is able to transform circularly polarized light into linearly polarized, and vice versa), but also circular birefringence (that is, space is able to rotate linear polarization). Even in simple cases, electrical vector  D  and magnetic vector   H     are expressed in a complex way:


  D   =    ε ^  E   +   g   r o t E ,           B   =   H   +    g ′  r o t H   .  



(1)







To estimate the effect of a gyrotropic crystal on a singular beam, we chose the Jones matrix method, which we have already used for anisotropic crystals in [19]. Consider the propagation of a beam through an element of a gyrotropic crystal along its optical axis. The optical axis coincides with the z axis. The input face of the crystal is located on the plane z = 0. A linearly polarized Gaussian beam is incident normally on the input face of the crystal. As was shown in [19], a Gaussian beam can be represented as a set of rectilinear rays distributed in space along a hyperboloid of revolution. Figure 1 shows one of these beams directed at the crystal at an angle  δ  to its optical axis. The birefringence axes are in the same plane as the optical axes and form an angle  ϕ  with the y-axis.



The beam passes through the element dz of the crystal. The beam polarization transformation    E  i n     can be written in matrix form:


   E  o u t   =  g ^   E  i n    



(2)




where


   g ^  =       cos  δ  2 N   + i sin  δ  2 N   cos 2 ϕ     i sin  δ  2 N   sin 2 ϕ       i sin  δ  2 N   sin 2 ϕ     cos  δ  2 N   − i sin  δ  2 N   cos 2 ϕ               cos  γ N        − sin  γ N        sin  γ N      cos  γ N         



(3)




and where     N   is the number of layers in a crystal,   δ = k Δ  n L     r 2       r 2  +  d 2        is the phase difference between the ordinary    E   o      and extraordinary    E   e      components of the beam that has passed through a crystal of length d,   Δ  n L  =  n e  −  n o    is linear birefringence,    n o    and    n e    are values for the ordinary and extraordinary refractive indices, k is the wave number,   γ = k Δ  n C     r 2  +  d 2      is the full rotation (gyration) of the electric vector, and   Δ  n C    is the value for circular birefringence.



As the thickness of the crystal element tends to zero,   Δ z → 0  , and at   N → ∞  , we have:


   g ^  ≈       1 + i  δ  2 N   cos 2 ϕ     i  δ  2 N   sin 2 ϕ       i  δ  2 N   sin 2 ϕ     1 − i  δ  2 N   cos 2 ϕ               1       −  γ N         γ N     1      =  1 ^  +   Δ ^  N  +   γ ^  N    ,  



(4)




where matrices are     Δ ^  N  = i  δ  2 N         cos 2 ϕ     sin 2 ϕ       sin 2 ϕ     − cos 2 ϕ           and             γ ^  N    =  γ N          0       − 1      1   0       .



For the total length of the crystal, we have:


   G ^  =   lim   N → ∞   ∏   1 +   Δ ^  N  +   γ ^  N    ≈   lim   N → ∞     ∏ N   exp     Δ ^  N  +   γ ^  N      = exp      ∫ 0    d       Δ ^   z  +  γ ^   z    d z      .  



(5)




Define the form   G ^  


   G ^  =   lim   N → ∞     ∏ N   exp     Δ ^  N  +   γ ^  N      = lim exp   ∑ 1 N   (   Δ ^  N  +   γ ^  N  )   = lim exp   ∑ 1 N    μ N     



(6)






   μ N  =   Δ ^  N  +   γ ^  N  =         i  δ N    2 N   cos 2 ϕ     −    γ N   N  +   i  δ N    2 N   sin 2 ϕ          γ N   N  +   i  δ N    2 N   sin 2 ϕ     −   i  δ N    2 N   cos 2 ϕ        



(7)




Rewrite   G ^   in the form:


   G ^  =      c    − s        s *       c *         



(8)




where   c =   ∑ 1 N   i    δ N    2 N     cos 2 ϕ  ,   s =   ∑ 1 N        γ N   N  −   i  δ N    2 N   sin 2 ϕ     ,   and * signifies complex conjugation.



Refine the matrix   G ^  . The matrix   G ^   has its own values:


        λ − c    s      −  s *      λ −  c *        = 0 ,  



(9)






  λ =   c +  c *   2  ±       ( c +  c *  )  2   2  −  s 2    .  



(10)




Write the equation for eigenvectors:


  ( c − λ )  h 1  − s  h 2  = 0 ,  



(11)




where    h 1    and    h 2    are the eigenvectors of the matrix   G ^  . Then,


   h 1  =  1        ( c +  c *  )  2   2  −  s 2              c −  c *   2  +       ( c +  c *  )  2   2  −  s 2         s      ,  



(12)






   h 2  =  1        ( c +  c *  )  2   2  −  s 2               c *  − c  2  −       ( c +  c *  )  2   2  −  s 2         s      .  



(13)




Compose from    h 1    and    h 2    the matrix  H , the columns of which are the vectors    h 1    and    h 2   :


  H =        h 1         h 2        =           c −  c *   2  +       ( c +  c *  )  2   2  −  s 2            ( c +  c *  )  2   2  −  s 2               c *  − c  2  −       ( c +  c *  )  2   2  −  s 2            ( c +  c *  )  2   2  +  s 2             s        ( c +  c *  )  2   2  −  s 2           s        ( c +  c *  )  2   2  +  s 2            .  



(14)




Matrix    H  − 1    , the inverse of matrix  H , has the form:


   H  − 1   =          s        ( c +  c *  )  2   2  −  s 2              c −  c *   2  +       ( c +  c *  )  2   2  −  s 2            ( c +  c *  )  2   2  −  s 2             s        ( c +  c *  )  2   2  +  s 2               c *  − c  2  −       ( c +  c *  )  2   2  −  s 2            ( c +  c *  )  2   2  +  s 2            .  



(15)




Further:


  G = exp   ∑ 1 N    μ N    = H   exp   Δ ^  N     H  − 1   .  



(16)




Using the matrix eigenvalue equation:


    exp   Δ ^  N     σ i  =   exp  η i     σ i  .  



(17)




where    σ i    and    η i    are the eigenvectors and eigenvalues of the matrix     Δ ^  N   .



Rewrite the matrix   G ^   in the form:


   G ^  =       cos Λ + i  δ  2   Λ   sin Λ cos 2 ϕ       γ + i  δ 2  sin 2 ϕ  Λ    sin Λ         − γ + i  δ 2  sin 2 ϕ  Λ    sin Λ     cos Λ − i  δ  2   Λ   sin Λ cos 2 ϕ         .  



(18)




where    Λ 2  =     δ / 2    2  +  γ 2   . Expression (18) is called the generalized Jones matrix.




3. Transformation TE and TM Modes in a Gyrotropic Crystal


The above Matrix (18) describes the transformation of the polarization state of a beam propagating in a gyrotropic crystal. A linearly polarized Gaussian beam passing through a crystal undergoes structural changes. One example of such a change is shown in Figure 2.



At the same time, it is interesting to consider the transformation of the beam mode fields depending on their own polarization, which they had in a simple anisotropic crystal. As is known [16,17], such beams are TE and TM modes [24] with the following polarization state:


    T E   =       sin ϕ       − cos ϕ        G  01    



(19)






    T M   =       cos ϕ       sin ϕ        G  01   ,  



(20)




where    G  m = 0 ,   l = 1     is the complex amplitude of the paraxial beam with indices   m = 0  ,   l = 1  .



The results of the action of the Matrix (18) on the fields TE and TM are shown in Figure 3. The straight lines of the TE and TM modes that can be observed on the input face of a gyrotropic crystal become twisted in a spiral, and with the opposite twist, as the beam propagates along the crystal.



The longer the crystal, the more the direction of the major semiaxis of the polarization vector twists. Moreover, the linear polarization becomes elliptical. Thus, the TE and TM modes are not eigenmodes of a gyrotropic crystal. To determine the intrinsic polarization of the beam, consider the characteristic equation:


        cos Λ + i  δ  2   Λ   sin Λ cos 2 ϕ − η       − γ + i  δ 2  sin 2 ϕ  Λ    sin Λ         γ + i  δ 2  sin 2 ϕ  Λ    sin Λ     cos Λ − i  δ  2 Λ   sin Λ cos 2 ϕ − η         = 0 .  



(21)




It follows that the eigenvalues are:


  η = exp   ± i   Λ   .  



(22)




Therefore, the eigenvectors of Matrix (18) have the form:


   m +  =  1 N         δ  2   Λ   sin 2 ϕ + i  γ Λ        −    δ  2   Λ   cos 2 ϕ − 1           ,              m −  =  1 N        −    δ  2   Λ   cos 2 ϕ − 1            δ  2   Λ   sin 2 ϕ − i  γ Λ          ,  



(23)




where   N =   2 −  δ Λ  cos 2 ϕ    .



The field structure of eigenmodes is a system of ellipses. Each of these ellipses has its own ellipticity  Q  and azimuth angle  ϕ . Write the Stokes parameters    S j      j = 0 ,   1 ,   2 ,   3     using Expression (23). We receive:


     S 0  =  N 2       S 1  = −  δ  2 Λ   cos 2 ϕ   2 −  δ Λ  cos 2 ϕ        S 2  =  δ  2 Λ   sin 2 ϕ   2 −  δ Λ  cos 2 ϕ        S 3  = −  γ  2 Λ     2 −  δ Λ  cos 2 ϕ   .    



(24)




Therefore, the azimuth angle of the major axis of the ellipse is:


    tan 2 ψ =    S 2     S 1    = tan 2 ϕ     or           ψ = ϕ .    



(25)




The angle of ellipticity  χ  can be written as:


  sin 2 χ =  S 3  .  



(26)




This is in connection with:


  q =    S 3     S 0    =  γ Λ  .  



(27)




Define the ellipticity of the beam:


  Q =  b a  =     tan χ =  q  1 −   1 −  q 2      .  



(28)




Given the very weak gyration of the crystal (which is the case for real crystals   δ > > γ  ) away from the axes, the ellipticity will be represented as:


  Q =  γ  Λ − δ / 2     ≈  δ  2 γ   .  



(29)







Beam eigenmodes in a simple gyrotropic crystal have a nonuniform distribution of polarization over the beam cross section. Their polarization components do not have phase singularities (except for the axial case). On the axes, the eigenfields are circularly polarized, as shown in Figure 4.



As we move away from the center (see Figure 4a,b), the ellipticity of the polarization state decreases until the light eventually becomes linearly polarized.




4. Propagation of a Beam through Two Gyroanisotropic Crystals


Consider the propagation of a beam through two gyrotropic crystals with different values of circular birefringence   Δ  n C   . The rest of the crystal parameters remain the same.



For this case, it is necessary to multiply two matrices [3] with the difference    γ 1  = −  γ 2  = γ  . After applying linear algebra, we have


  D  G ^  =        C  11        C  12         −  C  12  ∗       C  11  ∗        ,  



(30)






   C  11   =   cos  2  Λ +    γ 2  −  δ 2  / 4       sin  2  Λ    Λ 2    + i  δ Λ  sin Λ   cos Λ cos 2 ϕ −  γ Λ  sin Λ sin 2 ϕ   ,  



(31)






   C  12   = i    δ Λ  sin Λ   cos Λ sin 2 ϕ +  γ Λ  sin Λ cos 2 ϕ   .  



(32)







The eigenvalues  η  of Matrix (6) have the form


  η =   cos  2  Λ +    γ 2  −  δ 2  / 4       sin  2  Λ    Λ 2    ± i  δ Λ  sin Λ     cos  2  Λ +    γ 2     Λ 2      sin  2  Λ   .  



(33)







Thus, the eigenvectors can be represented as:


      T E     p s   =       −  C  12          C  11   − η       ,                   T M     p s   =        C  22   − η       −  C  21         .  



(34)




The elements of the column vector (34) are real values. Based on this, the fields are linearly polarized. The polarization distribution map data are shown in Figure 5.



Their structure near the optical axes looks like TE and TM modes in a simple anisotropic crystal, but far from the center there are significant differences. We call them pseudo-TE and pseudo-TM mods [24]. The intensity distributions of these fields have interesting features. Figure 6 illustrates the intensity distribution for differently polarized pseudo-TM mode components. While the component    E x    does not have any singularities, except for a simple zero on the axis, the component    E y    forms a new type of phase singularity——a double helical edge dislocation. Indeed, the phase singularity condition is    E y  = 0  , that is,


  tan 2 ϕ = −   γ    r 2      Λ    r 2        tan Λ    r 2    ;             sin Λ    r 2    = 0 .  



(35)




The first expression describes the double helix, while the second describes the distribution at the periphery. This complex spiral vortex beam is shown in Figure 6.
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Figure 6. Beams with self-polarization of the pseudo-TM mode in a double gyrotropic crystal:    E x    (a) and    E y    (b) components; (c) spiral vortex phase (  Δ  n L  = 2 ⋅   10   − 3    ,   Δ  n C  = 3 ⋅   10   − 5    ,   d = 1   cm  ). 
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The first expression describes the double helix, while the second describes the distribution at the periphery. This complex spiral vortex beam is shown in Figure 7.



In contrast to the case of a single crystal, lines of equal phase have become double helixes, and the wave front in the vicinity of the singularity is an indirect helicoid. If we change the sign of the input polarization circulation, then the intensity distribution in the optical vortex will not change, but the direction of the phase helix twist will change. Although in conventional optical experiments such a helical distribution of lines of equal phase is not detected, it has an unexpected manifestation when a linearly polarized beam propagates through a double gyroanisotropic crystal, which can be represented as a set of circularly polarized beams with the opposite direction of rotation of the vector E, so that at the output, the field pattern can be represented in the form of two circularly polarized beams carrying optical vortices with opposite topological charges. Indeed, such a superposition detects the phase of the vortices so that, as a result, we obtain a quarter-fold intensity spiral. However, these features are characteristic only of their own rays. They can be partially “embedded” into the original light beam from a double crystal in the form of a superposition of eigenbeams.




5. Generate Polychromatic Helical Beams


The question is how to extract a beam with a pure helical edge dislocation from the combined beam after the crystal. The easiest way to achieve what you want is to launch a linearly polarized beam into a crystal, that is


         C  11         −  C  12  ∗        =   D  G ^         1     0      .  



(36)







Comparing Expressions (34) and (35), the y-component in Expression (36) describes the same helical edge dislocation as in Expression (34). Generally speaking, the images presented in Figure 8 have been known for quite a long time in crystallography as Airy spirals, and are used to distinguish right-handed and left-handed crystals. However, our path shows a way to create spiral singular beams. Thus, from Expression (35), it follows that the radius of the first ring dislocation can be found from the following condition:    Λ 0  =    δ 2     r 0 2    +  γ 2     r 0 2        = π  . Provided that the beam waist at the entrance face of the crystal is equal to    r 0  = ρ  , the contribution of the energy flux to the ring dislocation is negligibly small. The configuration of the spiral beam field is shown in Figure 8.



It should also be noted that this gives us the technical ability to generate polychromatic helical beams. To do this, you just need to focus polychromatic light into a crystal.



The images shown in Figure 9 are the result of a computer simulation of the process. Attention was drawn to the fact that the light source was like a completely black body—so that all rays have only a radial radius for all wavelengths. This means that our rays are spatially coherent.




6. Optical Vortices


The beams generated in a double gyroanisotropic crystal have another useful property—they can carry optical vortices. Indeed, let us pass a circularly polarized Gaussian beam through a double crystal. From a mathematical point of view, this means the following:


    D  G ^       1      ± i       =        C  11   ± i  C  12          C  12   ± i  C  11  ∗        =     =             cos  2  Λ +    γ 2  +    δ 2   4        sin  2  Λ    Λ 2    + i  δ Λ    cos Λ + i  γ Λ  sin Λ     exp   ± i 2 ϕ         i       cos  2  Λ +    γ 2  +    δ 2   4        sin  2  Λ    Λ 2    −  δ Λ    cos Λ + i  γ Λ  sin Λ     exp   ± i 2 ϕ           .    



(37)




After passing through a quarter-wave plate, the field will take the form:


       1   i     i   1      D  G ^       1      ± i       = 2 i        δ Λ    cos Λ + i  γ Λ  sin Λ     exp   ± i 2 ϕ             cos  2  Λ +    γ 2  +    δ 2   4        sin  2  Λ    Λ 2          .  



(38)







The polarizer cuts out the    E y   —component from the spiral vortex field. Thus, the intensity and interference distribution takes the form shown in Figure 10.



In fact, we have obtained an ordinary vortex with a double charge, similar to those that can be obtained on a simple anisotropic crystal [11,19,25].



Consider in more detail the mechanism of generation of a double topological charge by means of a uniaxial crystal. A typical map of the polarization distribution of a beam that has passed through an anisotropic medium and a polarization filter (a quarter-wave plate and a polarizer) is shown in Figure 11a. We see that right-hand circular polarization is located on the beam axis. This exceptional state of polarization surrounds a family of ellipses. A characteristic property of this family is the typical ordering of orientation directions of the major semiaxis of the ellipse. If we draw integral curves—lines tangent at each point to the semi-major axis—we will get a characteristic pattern of spirals (see Figure 11b). These integral curves are analogous to lines of force for a linearly polarized (at each point) electric or magnetic field. In this case, they represent the lines of force of the inhomogeneously polarized beam. Such a pattern of integral curves near the singular point is similar to the distribution of lines of equal curvature of the wave front near the wave caustics [26]. They are called umbilic points. In the future, we will keep this analogy, calling these patterns surrounding polarization singularities polarization umbilics [11,19,25].



According to the terminology of J. Nye [26], an umbilic is formed in the vicinity of a singular point called a C-point. In fact, in the general case, we should not be talking about points, but about lines of space. As in the scalar case, in the vector field, these lines are formed by the intersection of two surfaces. The intersection of the line by the observation plane forms a C-point. On the C-line, the field intensity, in the general case, does not vanish. The authors of [15,16,17,18,19] distinguish, in the form of characteristic features of the vector field, the so-called L-surfaces. On this surface, only linear polarization of partial waves exists. L-surfaces always cover C-lines and separate C-lines corresponding to opposite directions of polarization, circulation of circular polarization. If at the transition of C-lines the phase of the field changes abruptly by  π , then at the transition of the L-surface, the direction of circulation of the partial fields abruptly changes.



In our case, as shown in Figure 11a, the pattern of singularities is somewhat different. In the center of the picture is C—a point that is covered by L-line—as a result of a section of the observation plane’s C-line and L-surface; however, instead of the L-line, with the opposite direction of ellipticity, we see a characteristic C-line as a result of section C-plane surface. On the C-surface, light is circularly polarized. Thus, the overall picture of the vector field after a uniaxial crystal is presented as a set of C and L-surfaces nested into each other, which cover the central C-line. Such a difference in the classification introduced in [15,16,17,18,19] with the vector field we are studying after a uniaxial crystal is due to the fact that in these works, the structure of random stochastic fields, which arises as a result of laser beam scattering on random anisotropic inhomogeneities, is studied.



At the same time, we are interested in the process of beam passage through a spatially homogeneous anisotropic medium, in which field states with an unstable singularity structure are possible. As soon as a weak polarization perturbation is introduced into the beam, the picture changes dramatically. A quarter wave plate installed after the crystal can act as such a polarization perturbation.



It is necessary to point out some characteristic features of the picture obtained as a result of the action of the perturbation (see Figure 12). First of all, unstable singularities disappear. The unstable C-point in the center of the picture splits into two single C-points displaced along the beam   φ   =    π 2  ,       3 π  2   . In the structure of the Figure 12, there are two more simple C-points located on the beam   φ =   0 ,   π  . These two singularities arose as a result of the splitting of the unstable C-line into four symmetrically located C-points: two shifted along the rays   φ =   0 ,   π   to the beam axis.



Two other singularities have shifted along the rays   φ   =    π 2  ,       3 π  2    to the periphery. Now, the singularity distribution pattern is structurally stable to the effects of external perturbations.



To convert vector singularities into optical vortices, it is necessary to install a    λ 4    plate and a polarizer in a series after the crystal. The    λ 4    plate converts the circular polarization to linear polarization, while the polarizer, whose axis is properly oriented, suppresses linear polarization. As a result, zero electric field strength is formed on the beam axis. The occurrence of a phase singularity is easy to understand if we turn to the distribution map of the polarization state (see Figure 11). We will go around C—a point on the beam axis along a closed contour—and follow the rotation of the major semi-axis of the partial wave ellipse. A complete tour of the contour corresponds to the rotation of the axis of the polarization ellipse by   2 π  .



Therefore, a change in the angle  φ  from  0  to   2 π   corresponds to a change in the phase of the wave  δ , also from  0  to   2 π  . This means that in the vicinity of the beam axis, when passing along a closed contour, a phase difference runs up, which is typical for fields with phase singularities. In this case, such a singularity belongs to the left-hand circular polarization component of the field. A typical picture of a double helicoid near the axis shows the presence of a double topological charge of the vortex. The wave front at the periphery is cut by rings, and each ring corresponds to an unstable ring dislocation.



At the same time, the vortices obtained in anisotropic crystals are surrounded by numerous ring dislocations, while in our case, these dislocations are almost never observed. The degree of splitting of dislocations depends on the coefficient   γ / Λ  . The greater the gyration of the crystal, the less noticeable the dislocations, but at the same time, the coefficient decreases     ∫       E x     2     d S /   ∫       E y     2     d S  , so that in the final analysis, the spiral vortex beam can disappear under the condition   Δ  n C  > > Δ  n L    in which the circular birefringence is much greater than the linear one.




7. Experimental Obtaining of Singular Beams in Gyroanisotropic Crystals


At present, our attention is most attracted to polychromatic singular beams. As a result, we have focused our efforts on the generation of helical edge dislocations embedded in polychromatic beams.



The scheme of the experimental setup is shown in Figure 13. The key element of the installation is a white light source, which is a halogen lamp equipped with a spherical mirror. The angular divergence of the beam after passing through the spatial lens filter becomes less than    4 °   . The beam then passes through a polarizer to become linearly polarized.



After that, the beam is focused by a lens with a focal length of 3 cm into a LiNbO3 crystal. Next, we focus the beam again, but now into the SiO2 crystal. The optical axes of the crystals are directed along the beam axes. The beam image is projected onto the screen of a CCD camera and processed by a computer.



We considered the intensity distribution of the singular beam as a function of the direction of the polarizer axes  α .



Figure 14 shows typical images of a singular beam. When the angle is   α =   90  °   , a pure spiral vortex beam dislocation is embedded in the beam. It is important to note that the dislocations are not washed out in polychromatic light, but are seen as clear spiral lines with four branches. The method of generation of polychromatic singular spiral vortex beams described in this paper can be applied by other researchers to analyze the properties of spin and orbital angular momentum [5,9,22].




8. Conclusions


A type of monochromatic and polychromatic singular beams carrying helical edge dislocations and optical vortices has been theoretically and experimentally studied. Such beams can be created using natural objects—gyroanisotropic crystals. A linearly polarized monochromatic or polychromatic beam of light passing through two gyroanisotropic crystals with opposite signs of the gyration and polarization coefficients creates spiral vortex edge dislocations—also called Airy rings. The expressions that form the basis of the described phenomenon are written down. These expressions enable us to analyze various cases of the propagation of singular beams. As experimental objects, we used a system of two crystals: LiNbO3 and SiO2, whose optical axes are directed along the beam axes. The beam of light produced by a halogen lamp is transformed by this system in such a way that a polychromatic phase singularity with a clearly defined central spiral line is built into it.



The method described in this article can be applied by other researchers to analyze the properties of spin and orbital moments in free space [27,28], to analyze the shapes and properties of beams that carry a topological charge, to study anisotropic media [29,30], and to study the properties of topological charges [31,32,33,34,35,36] both in anisotropic media and in weakly turbulent atmospheric media.



The results obtained in this publication can be used in modern photonics, for example, to develop improved configurations of the shape and types of optical beams, to find states (C-lines and L-surfaces) of polarization of anisotropic media that cannot be created by other means, and to overcome any technical limitations associated with the improvement of design instruments and apparatus, including those for medical research.
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Figure 1. Scheme of beam propagation through a gyrotropic uniaxial crystal; longitudinal (a) A`B` and transverse (b) AB. 
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Figure 2. Field structure of a linearly polarized Gaussian beam (a) after passing through a gyrotropic crystal with   Δ  n L  = 2 ⋅   10   − 3    ,   Δ  n C  = 3 ⋅   10   − 5    ,   d = 1   cm  ; (b) long-range order of the field   Δ  n L  = 2 ⋅   10   − 3    ,   Δ  n C  = 3 ⋅   10   − 5    ,   d = 1   cm  . 
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Figure 3. Transformation TE (a) and TM (b) of mode beams in a gyrotropic crystal:   Δ  n L  = 2 ⋅   10   − 3    ,   Δ  n C  = 3 ⋅   10   − 5    ,   d = 1   cm  . 
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Figure 4. Self-polarized beams    m +    (a) and    m −    (b). 
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Figure 5. Self-polarization of the beam in a gyrotropic crystal: (a) pseudo-TE mode       T E     p s     and (b) pseudo-TM mode       T M     p s    . 
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Figure 7. Intensity distribution (a) in the E(-) left circularly polarized component and phase distribution for the left (b) circularly and right (c) circularly polarized components. 






Figure 7. Intensity distribution (a) in the E(-) left circularly polarized component and phase distribution for the left (b) circularly and right (c) circularly polarized components.



[image: Photonics 10 01044 g007]







[image: Photonics 10 01044 g008] 





Figure 8. Intensity distribution in a spiral vortex beam in (a)—   E x   , (b)—   E y    components (  Δ  n L  = 2 ⋅   10   − 3    ,   Δ  n C  = 3 ⋅   10   − 5    ,   d = 1   cm  ). 






Figure 8. Intensity distribution in a spiral vortex beam in (a)—   E x   , (b)—   E y    components (  Δ  n L  = 2 ⋅   10   − 3    ,   Δ  n C  = 3 ⋅   10   − 5    ,   d = 1   cm  ).



[image: Photonics 10 01044 g008]







[image: Photonics 10 01044 g009] 





Figure 9. Polychromatic spiral vortex beam obtained at different angles relative to the polarizer axes (  Δ  n L  = 2 ⋅   10   − 3    ,   Δ  n C  = 3 ⋅   10   − 5    ,   d = 1   cm  ). 
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Figure 10. Image of a double charged vortex. (a) Intensity profile, (b) phase. 
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Figure 11. Distribution map of the polarization state (a) and directions of orientation of the major semiaxis of the ellipse (b) in the cross section of the fundamental Gaussian beam after passing through a uniaxial crystal. 
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Figure 12. Distribution map of the polarization of the beam field that passed through an anisotropic crystal and a quarter-wave plate. The axes of the quarter-wave plate are oriented at an angle of     45  °    to the coordinate axes. 
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Figure 13. Scheme of the experimental setup: 1—halogen lamp; 2—spatial lens filter; 3,9—polarizers; 4,6,8—lenses; 5—LiNbO3 crystal; 7—SiO2 crystal; 10—CCD camera,   C ^  —unit vector of optical axes. 
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Figure 14. Scheme of the distribution of the light flux over the angular spectrum in the Bessel–Gauss beam (  Δ  n L  = 1.8 ⋅   10   − 3    ,   Δ  n C  = 2.8 ⋅   10   − 5    ,   d = 0.5   cm  ). 
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