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Abstract

:

The generation of Bessel beams (BBs) and their characterization in a wide range of the electromagnetic spectrum are well established. The unique properties of BBs, including their non-diffracting and self-healing nature, make them efficient for use in material science and engineering technology. Here, I investigate the polarization components (s-polarization, p-polarization, transverse polarization, and longitudinal polarization) created in scalar BBs owing to their conical wave front. For emphasis, I provide a theoretical analysis to characterize potential experimental artifacts created in the four polarization components. Further, I provide a brief discussion on how to prevent these artifacts in scalar BBs. To my knowledge, for the first time, I can generate vector BBs in s-polarization and p-polarization via the superposition of two orthogonally polarized scalar BBs. This method of generation can provide the four well-known types of vector modes categorized in the V-point phase singularity vector modes. I suggest a suitable experimental configuration for realizing my theoretical results experimentally. The present analysis is very practical and beneficial for young researchers who seek to utilize BBs in light applications of modern science and technology.
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1. Introduction


Bessel beams (BBs) were first introduced and experimentally demonstrated by Durnin et al. [1,2]. These beams are non-diffracting and self-healing solutions to the Maxwell wave equation. After the first demonstration of Bessel beams, multiple mathematical models were used to theoretically suggest various kinds of BBs [3,4,5,6]. In any type of BB, while the zero-order BB has no helical wave front, higher-order BBs contain a helical wave front and the helicity increases when their order is increased, in a similar fashion to Laguerre–Gaussian beams. The helicity or twist in the wave front of a BB is quantified via the orbital angular momentum (OAM) quantum number or topological charge. Therefore, the order of the BB is referred to as the OAM quantum number. Mathematically, one can easily realize ideal BBs. Ideal BBs have infinite energy and spatial extent, and cannot be experimentally realized. However, well-developed modern experimental configurations can produce high-quality quasi-BBs over a wide range of the wavelength spectrum, whose energy and spatial extent are finite, via using diffractive optical elements (an annular aperture, spatial light modulator, axicon, etc.) in combination with nonlinear wave-mixing [7,8,9]. Wavelength-versatile BBs with three-dimensional tunable shapes have been experimentally generated in a wide range of the electromagnetic spectrum and have seen tremendous applications in modern science and engineering technology owing to their unique propagation properties. For instance, a long, needle-like structure with low-intensity side rings of a zero-order BB is used for the rapid volumetric imaging of biological tissues in the presence of two-photon absorption and three-photon absorption [10]. The signal to background noise in bio-imaging due to BBs’ side lobes can be successfully suppressed through multi-photon absorption. The non-diffraction and self-healing nature of BB is used for trapping micro-particles in multiple planes along the beam’s axis [11]. The distortion created in the BB due to the trapping of particles in the first plane will be self-healed, and the same beam can be used to trap particles in the second plane. It is also noted that the separation between the two trapping planes must be greater than the self-healing length of the BB. The long depth of focus with a self-healing BB of the zero-order can easily penetrate into a material of a constant size. This significant property is used to create micro- and nanostructures inside materials [12]. The central dark core with a helical wave front, which is formed in higher-order BBs, can create micro-size diameter fibers of a few centimeters in length in the materials via photo-polymerization [13]. Also, the orbital angular momentum of higher-order BBs can be used for free-space and underwater optical communications [14].



When it comes to the properties of BBs, the propagation of individual waves in a BB is completely different from the beam-axis direction. Here, the individual waves of a BB propagate in a conical shape to produce their self-healing and non-diffractive nature. This conical shape splits the amplitude of a BB into four components: s-polarization, p-polarization, transverse polarization, and longitudinal polarization. These four components are present in every BB, irrespective of its order and cone angle, and play pivotal roles in the applications of BBs. For example, when a BB propagates from one medium to another medium, the reflection and transmission coefficients are different for s-polarization and p-polarization [15], and this leads to distortions in their transverse intensity distributions [16,17,18,19,20,21,22,23,24]. Thus, these distortions can produce significant errors in the abovementioned applications of BBs. The plasmon resonance excitation of evanescent BBs can be created via the tight focusing of BBs. The tight focusing condition will create a significant longitudinal electric field component in the BB. Hence, in the plasmon resonance excitation of evanescent BBs, we can see a non-uniform intensity distribution along the transverse polarization and longitudinal polarization of scalar BBs [25,26]. BBs, which are directly generated from a laser cavity with an intra-cavity short-focal-length lens, have asymmetry in their transverse intensity distribution due to their polarization-dependent reflection coefficient [27]. In light–matter interactions, the interaction of the material with light is different for s-polarization and p-polarization [28,29,30,31], and this leads to the degradation of the material’s processing quality and ambiguity in the investigation of the material’s properties. The absorption of some of the optical materials is very sensitive to polarization [32,33], leading to asymmetry in absorption-based applications.



As I mentioned above, s-polarization, p-polarization, transverse polarization, and longitudinal polarization have played significant roles in the applications and propagation of BBs. Hence, it is necessary to understand the polarization properties of BBs before utilizing them in applications. Here, I provide a simple theoretical analysis to understand the illustrations of a BB in s-polarization, p-polarization, transverse polarization, and longitudinal polarization. All the calculations carried out herein consider that the BB propagates normally to the material’s surface (normal incidence). Further, my investigation is extended to generate vector BBs from the superposition of two orthogonally polarized scalar BBs. To the best of my knowledge, for the first time, I report the generation of cylindrical vector modes in s-polarization and p-polarization. The outcomes of the present work open the door to further experimental and theoretical investigations of other structured laser modes and thereby unlock the potential of these kinds of fields for future applications such as material processing, bio-imaging, and optical communication.



The article is organized as follows: The motivation and background of the work are discussed in the introduction (Section 1). In Section 2, I describe a general theory on the splitting of the field amplitude of BBs in s-polarization, p-polarization, transverse polarization, and longitudinal polarization and its illustrations. Subsequently, Section 3 provides a discussion of the results drawn from theoretical expressions and numerical simulations. I suggest a suitable experimental setup for understanding my theoretical results. Finally, I present my conclusions in Section 4.




2. Theory


Suppose a BB is propagating along the z-axis and is polarized in the yz-plane (Figure 1). The angle θ is directed from the z-axis to the xy-plane, and the angle ϕ lies in the xy-plane and is directed from the x-axis to the y-axis. Then, the conical shape propagation of scalar BB divides its optical field amplitude into three components along the x, y, and z directions: Ex, Ey, and Ez. Thus, the optical field of the scalar BB E has an explicit form of E (x, y, z, ϕ, θ). Similarly, the propagation vector k of the individual waves on the Bessel cone can have three components kx, ky, and kz along the respective x-, y-, and z-axes. The electric field and k-vector distributions of the scalar BB in three dimensions are given in Figure 1a. The projections of the k-vector on the z-axis and the xy-plane are given by kz = kcosθ and kr = ksinθ, respectively. Further, kr is projected onto the x-axis and the y-axis as kx = ksinθcosϕ and ky = ksinθcosϕ, respectively. Also, the electric field oscillating perpendicular to the surface of the Bessel cone makes an angle θ with the y-axis. Thus, the projection of the electric field E along the y-axis is Ey = Ecosθ and along the z-axis is Ez = Esinθ. For simple understanding, here, I can consider three radial coordinates as r = (x2 + y2)1/2, ν = (y2 + z2)1/2, and ρ = (x2 + z2)1/2. Each k-vector on the Bessel cone has a unique plane of incidence, and this plane of incidence linearly changes in the azimuthal direction as a function of ϕ. As a result, the azimuthal polarization-dependent plane of incidence splits the BB into s-polarized and p-polarized components, even though the scalar BB has a single linear polarization. With respect to the Bessel cone surface, while p-polarization is oscillating normal to the surface, the oscillation of s-polarization is tangential to the surface. Therefore, in the process of a linearly polarized plane wave being transformed into a conical-shape beam, the polarization distribution sees a twist along the azimuthal direction similar to optical polarization Möbius strips [34]. The twist in the polarization distribution can be enhanced via creating a large Bessel cone angle. For a given Bessel cone angle (θ) and for vertical polarization along the y-axis, BB sees zero polarization twist at an azimuthal angle ϕ = 0 and π, and maximum polarization twist of cos θ at ϕ = π/2 and 3π/2. With reference to the plane of incidence on the conical surface, s-polarization and p-polarization are orthogonal to each other. Also, the Bessel cone angle θ splits the amplitude of BB into transverse and longitudinal components, and these components are also a function of azimuthal angle ϕ.



The optical field distribution of BB can be understood in its cross-section, as depicted in Figure 1b. A plane wave, linearly polarized along the y-axis and propagating along the z-axis, is passed through an axicon and converted into a BB. Now, this BB has polarization along the y- and z-axes due to the angular propagation of individual waves with respect to the z-axis. Within the BB, while the waves in the yz-plane are p-polarized, waves that are present in the xz-plane have s-polarization. The rest of the waves have p-polarization and s-polarization components. The s-polarized and p-polarized components of the optical field at an arbitrary position (r, ϕ) can be written in terms of azimuthal angle ϕ. Here, the angle ϕ is considered to be from the x-axis. It is also noted that the propagation vector k of individual waves has three components kx, ky, and kz along the respective x-, y-, and z-axes, whereas the BB has only one propagation vector component along the z-axis (kz). This scenario can be understood as follows: The circular symmetry of the BB produces cancellation of the x- and y-components of k-vectors, which are propagating at opposite points on the Bessel cone. As a result, the effective k-vectors along the x- and y-directions are zero. In the case of z-component of the k-vector, all the projections of the k-vector are along a single z-direction and the resultant k-vector is along the z-axis with a non-zero value.



The information discussed above on the three-dimensional polarization distribution of BBs can be further expressed and understood in terms of mathematical equations. The total optical field of BB can be split into the optical field components along the s-polarization, p-polarization, transverse polarization, and longitudinal polarization. First of all, the optical field amplitude and intensity of the BB can be written in terms of s-polarized and p-polarized components as


   E →  =   E →  s  ( y , φ ) +   E →  p  ( y , z , φ )  



(1)




with


    E →  s  ( y , φ ) =  E →  cos φ &   E →  p  ( y , z , φ ) =  E →  sin φ .  











The total intensity distribution in terms of s-polarized and p-polarized components is given by


  I =    |  E →  |   2  =  I s  ( r , φ ) +  I p  ( r , φ )  



(2)




with


   I s  ( y , φ ) = I   cos  2  φ &  I p  ( y , z , φ ) = I   sin  2  φ .  











Moreover, the optical field amplitude and intensity of BB can be expressed in terms of the transverse optical field Et and longitudinal optical field Ez as


   E →  =   E →  t  ( y , φ , θ ) +   E →  z  ( z , φ , θ )  



(3)




with


    E →  t  ( y , φ , θ ) =   E →  s  +   E →  p  cos θ &   E →  z  ( z , φ , θ ) =   E →  p  sin θ  








and the corresponding intensity distribution is given by


  I =    |  E →  |   2  =  I t  ( y , φ , θ ) +  I z  ( z , φ , θ )  



(4)




with


   I t  ( y , φ , θ ) =  I s  +  I p    cos  2  θ &  I z  ( z , φ , θ ) =  I p    sin  2  θ .  











Furthermore, a vertically polarized optical field of a plane wave transformed into a vertically and longitudinally polarized optical field while it is converted into a BB in the presence of an axicon can be visualized in the following equation as


     E  | y 〉   ︸    plane   wave     →  Axicon            E cos φ  | y 〉   ︷    E  s t      ︷    E s    +    E sin φ  [     cos θ  | y 〉   ︷    E  p t         +    sin θ  | z 〉   ︷    E  p z      ]   ︷    E p     ︸    Bessel   beam     .     



(5)







Here, the unit vectors along the x, y, and z coordinates in the ket form are |x〉 = (1 0 0)T, |y〉 = (0 1 0)T, and |z〉 = (0 0 1)T. The inner product of Equation (5) with its complex conjugate 〈∙|∙〉 provides the corresponding intensity distribution in each polarization state as


    I ︸    plane   wave     →  Axicon            I   cos  2  φ  ︷    E  s t      ︷    E s    +    I   sin  2  φ  [       cos  2  θ  ︷    E  p t     +      sin  2  θ  ︷    E  p z      ]  .  ︷    E p     ︸    Bessel   beam     



(6)








3. Results and Discussion


The s-polarized, p-polarized, transverse polarized, and longitudinal polarized components of the BB (provided by Equation (6)) are given in Figure 2. The intensity of the BB is equally distributed between s-polarization and p-polarization, and this is true for any Bessel cone angle. These components uniformly vary in the azimuthal direction. Additionally, the intensity of the BB is unequally distributed between transverse and longitudinal polarization components. The intensity in the longitudinal component is always less than the intensity in the transverse component, and this asymmetry in the intensity distribution increases when the angle of the Bessel cone is decreased. The unequal intensity distribution between transverse and longitudinal components can be understood through s- and p-polarizations. While s-polarization has only transverse intensity, p-polarization has both transverse and longitudinal intensities (see Equation (6)). It is also noted that the longitudinal component of the BB can be successfully neglected for a few degrees of the Bessel cone angle. Various techniques have been used to demonstrate BBs with larger cone angles [35,36,37,38,39]. These larger cone angle BBs have a significant longitudinal component and can play a pivotal role in modern light-based applications. When a BB is normally incident on the materials for the study of light–matter interactions, we can directly use the intensity distributions given in Figure 2. However, in the case of oblique incidence, the intensity lobes created in the four polarization states will have an asymmetric intensity distribution. Hence, in oblique incidence, we must consider the angle of incidence of a BB in the simulation work to prevent artifacts in the experimental data analysis of light–matter interactions.



The non-uniform intensity distribution produced in the four polarization components of BBs is prominent for large Bessel cone angles. Especially for tight-focusing BB polarization-dependent applications, we must prevent polarization-dependent intensity modulations across the beam’s cross-section. We can overcome this drawback by superposition of two collinearly propagating orthogonally polarized identical BBs of the same intensity. To understand this scenario, we can generate a BB that is orthogonal to the BB given by Equation (6) via pumping a horizontally polarized light to an axicon. The resultant optical field amplitude and intensity are given by


     E  | x 〉   ︸    plane   wave     →  Axicon            E sin φ  | x 〉   ︷    E  s t      ︷    E s    +     e  i π / 2   E cos φ  [     cos θ  | x 〉   ︷    E  p t         +    sin θ  | z 〉   ︷    E  p z      ]   ︷    E p     ︸    Bessel   beam     ,     



(7)






    I ︸    plane   wave     →  Axicon            I   sin  2  φ  ︷    E  s t      ︷    E s    +    I   cos  2  φ  [       cos  2  θ  ︷    E  p t     +      sin  2  θ  ︷    E  p z      ]   ︷    E p     ︸    Bessel   beam     .     



(8)







From Equations (5) and (7), the intensity distribution of a BB formed by the superposition of two orthogonal linear polarized plane waves pumped to the axicon is


      I H  +  I V   ︸    plane   wave    =  →  Axicon             I H    sin  2  φ +  I V    cos  2  φ  ︷    E  s t      ︷    E s    +     (   I H    cos  2  φ +  I V    sin  2  φ  )   [       cos  2  θ  ︷    E  p t     +      sin  2  θ  ︷    E  p z      ]  .  ︷    E p     ︸    Bessel   beam       



(9)







Here, IH and IV are used, respectively, for horizontally and vertically polarized light intensities for their identification. As shown in Figure 3, from Equation (9), I can create a uniform intensity in the BB’s cross-section for four polarization components. This technique is cost-effective and simple for preventing polarization-dependent effects on a BB. The three-dimensional polarization distribution with uniform light intensity created by the superposition of two orthogonally polarized BBs can see tremendous applications in modern material engineering technology. For instance, the presence of longitudinal polarization in Rb atoms is strongly coupled to a whispering-gallery-mode micro-resonator that fundamentally alters the interaction between light and matter [40]. The three-dimensional polarization created under tight focusing can be woven into loops, links, knots, and Möbius strips [41,42,43]. Three-dimensional polarization distribution has been utilized for gold nano-rods for orientation-unlimited polarization encryption with ultra-security [44]. We can also create three-dimensional polarization textures in polarization-sensitive absorptive materials like azo-polymers [45].



The s-polarization and p-polarization components of BB are equivalent to the linearly polarized first-order Hermite–Gaussian modes in Laguerre–Gaussian-based vector beam generation. By the superposition of two orthogonally linear polarized BBs, we can straightforwardly generate cylindrical vector BBs in s-polarization and p-polarization. The expression for the superposition state is given by


    ψ j   ( φ )  =    E j H     2     e  − i φ / 2   +    E j V     2     e  i φ / 2    ,      



(10)




where φ is the phase delay between the two orthogonally linear polarized BBs and j stands for s-polarization and p-polarization. As shown in Figure 4, we can generate four well-known types of vector modes [46,47] in the zero-order BB, which have central bright intensity. The four types of vector modes created in BBs are given in the white insets of Figure 4. The black double arrow represents the state of polarization. As shown in Figure 5, we can also generate vector vortex modes in s-polarization and p-polarization by the superposition of higher-order BBs with orthogonal polarization. Any particular type of vector beam in s-polarization and p-polarization can be generated in a controlled manner by providing the required phase delay φ between the two collinearly propagating BBs with orthogonal polarizations. While type I and type II vector modes are created in s-polarization at respective phase delays of φ = π and 0, type III and type IV vector modes are produced in p-polarization at respective phase delays of φ = 0 and π. For the rest of the phase delays, the vector modes have elliptical polarization. It is also noted that irrespective of BB’s order, the vector modes created in s-polarization and p-polarization are first-order V-point singularity vector modes with Poincaré–Hopf index of η = ±1.



As depicted in Figure 6, the optical field is distributed between p-polarization and s-polarization and is a function of the azimuthal angle. Any physical phenomenon that is a function of p-polarization and s-polarization can modulate the cross-sectional intensity distribution of a BB in a similar way, as shown in Figure 6. The Fresnel reflection losses at the interface due to s-polarization and p-polarization components produce profound changes in the cross-section of the BB. Hence, whenever we use a BB in applications, we must consider its reflection and transmission losses at the interface of mediums for s-polarization and p-polarization components. For example, some of the diffractive optical elements, like beam splitters, mirrors, lenses, etc. have a polarization-dependent nature in their functioning.



The incident BB’s amplitude of Ei from medium 1 of the refractive index n1 incident on the interface formed by medium 2 of the refractive index n2 is split into the transmitted amplitude of Et and reflected amplitude of Er. These three amplitudes can be written in terms of their s-polarization and p-polarization components under the constraints formed by reflective and transitive coefficients at the interface of the two mediums as


    E →  i  =   E →  s  ( y , φ ) +   E →  p  ( y , z , φ ) ,  



(11a)






      E →  r  =  r s    E →  s  ( y , φ ) −  r p    E →  p  ( y , z , φ ) ,  



(12b)






    E →  t  =  t s    E →  s  ( y , φ ) +  t p    E →  p  ( y , z , φ ) .  



(13c)







The polarization-dependent Fresnel reflection and transmission coefficients are given by


   r s  =    n 1  cos  θ 1  −  n 2  cos  θ 2     n 1  cos  θ 1  +  n 2  cos  θ 2     ,     



(12a)






   t s  =   2  n 1  cos  θ 1     n 1  cos  θ 1  +  n 2  cos  θ 2     ,     



(12b)






   r p  =    n 2  cos  θ 1  −  n 1  cos  θ 2     n 2  cos  θ 1  +  n 1  cos  θ 2     ,     



(12c)






   t p  =   2  n 1  cos  θ 1     n 2  cos  θ 1  +  n 1  cos  θ 2     .     



(12d)







Here, θ1 and θ2 are the angles of the Bessel cone in medium 1 and medium 2. The Bessel cone angle in medium 2 is in terms of the incident Bessel cone angle given by θ2 = sin−1[(n1 sin θ1)/n2]. While the s-polarization and p-polarization components are in-phase in the transmission, they can have some phase difference (Δφsp) in the reflection. Hence, the transverse intensity distribution of the reflected component depends on Δφsp. Also, the phase difference (Δφsp) depends on the Bessel cone angle. For example, in the case of n1/n2 = 1.5, Δφsp = 0 for θ1 < θp (polarization angle) and Δφsp = π for θ1 ≥ θp. Hence, here, the asymmetry can account for the dependency of the Fresnel reflection and transmission coefficients on the Bessel cone angle for the s-polarization and p-polarization components in the BBs.



The details on the transmission and reflection of the BB at the interface formed by two mediums of relative refractive index n1/n2 = 1/1.5 are presented in Figure 7. The transmittance and reflectance for s-polarization and p-polarization components vary with the Bessel cone angle differently, which leads to the unequal intensity of s-polarization and p-polarization components in the BB. The relative change in Fresnel reflection losses for s-polarization and p-polarization components increases with the Bessel cone angle. The changes in the transverse intensity distribution of the BB while it is transmitted and reflected for its Bessel cone angles θ = 25° and 50° are shown in Figure 7c,d, respectively. For any relative refractive index, the Fresnel reflection losses are minimal for a lower Bessel cone angle. Hence, the effect of reflection losses on BBs with few degrees of cone angle is successfully neglected. However, as the Bessel cone angle increases, the cross-sectional intensity distribution of the BB illustrates significant distortions and no longer represents similar features of an incident BB. These distortions are prominent in the reflected beam compared with the transmitted beam due to the very low reflected intensity, which is comparable with the intensity distortions created by the interface. In the case of higher-order BBs, the quantity of the OAM and the quality of the helical wave front cannot be preserved when they see a change in the refractive index.



Another illustration of Fresnel refraction is the change in the spot size of the BB. In the presence of a normal incidence of a BB from one isotropic medium to another isotropic medium, the spot size changes based on the relative refractive index but there will be no effect on its circular shape. However, in the case of oblique incidence, the circular shape of a BB changes to an elliptical shape because the incident angle of individual waves is different. For a higher-order BB, the oblique incidence can split its vorticity. In the case of oblique incidence, the angles θ1 and θ2 change in the azimuthal direction due to the incidence angle θ0 of the BB. It is also noted that the above discussion is not true for anisotropic mediums. The anisotropy in the refractive index distorts the traverse intensity and phase distributions of BBs, even in normal incidence [48,49,50].



We can create evanescent BBs by providing large kr > k [51], and they can be experimentally realized by tight focusing of BBs [52]. The evanescent BB has a strong longitudinal component compared with the transverse component, which is very useful in near-field optical experiments like surface plasmon resonance and near-field optical microscopes [25]. A linearly polarized evanescent BB sees the asymmetric intensity distribution due to the difference in the reflection coefficient of s-polarization and p-polarization components. However, this asymmetry was successfully removed with radially polarized BBs [26]. Here, I suggest that the superposition of two orthogonally polarized identical BBs can be used cost-effectively to prevent asymmetry in the evanescent BBs. Also, the superposition of two orthogonally linear polarized BBs can replace radial polarized BBs in the generation of cylindrical symmetric micro-size needle structures under tight focusing configurations [53,54,55].



My model can be further extended to explain the polarization properties of the structured modes, whose transverse intensity distribution follows the Bessel function [56,57,58,59,60]. For application purposes, the wavelength of BBs can be tuned through nonlinear-wave mixing, which is polarization-dependent [61,62,63]. The nonlinear wave-mixing of BBs not only tunes the wavelength but also changes their order (this is not true for a zero-order BB). In the case of tight-focusing BBs, we must know their polarization distribution for their wavelength tuning. One can use my analysis to understand and rectify the polarization effects on the wavelength tuning of BBs.



We can experimentally realize the theoretical results provided in Figure 4 and Figure 5 by using two collinearly propagating BBs with orthogonal polarization, which we can create with the Mach–Zander Interferometer (MZI). As depicted in Figure 8, the combination of a half-wave plate and the first polarizing beam splitter (PBS) can be employed to generate two collimated laser beams that have equal intensity but are orthogonally polarized. The two orthogonally polarized beams can again be combined through the second PBS to create two collinearly propagating laser beams with orthogonal polarizations. The resultant beam can be pumped to an axicon to create two superposed zero-order BBs with orthogonal polarization. The phase delay φ between the two BBs can be controlled by the delay line provided by mirrors M3–M6 in the MZI. Further, we can generate higher-order BBs from the same experimental configuration by simply inserting a spiral phase plate before the first PBS. The superposed orthogonally polarized BBs produce V-point singularity vector modes in s-polarization and p-polarization. However, the total polarization state of this superposition is a vector beam with uniform elliptical polarization. The state of elliptical polarization depends on the phase delay φ. Here, φ produces polarization Lissajous figures [64], as shown in Figure 4 and Figure 5. For example, we can produce diagonal, circular, and anti-diagonal polarization states at respective values of φ = 0, ±π/2, and π.




4. Conclusions


I have presented the properties of BBs in s-polarization, p-polarization, transverse polarization, and longitudinal polarization, explaining why these beams are divided into four polarization components and showing how to overcome the non-uniform intensity distribution created in the four polarization components. Moreover, I extended my analysis to reconstruct uniform intensity distribution and vector modes in the four polarization components by controlling input parameters, giving some concrete examples, and discussing their symmetries. By numerical illustration, I have shown that these modes can exhibit all four types of cylindrical vector modes. A simple MZI can experimentally realize the theoretically suggested modes. My theoretical analysis provides not only remarkable insight into but also greatly simplifies polarization effects in the BBs’ propagation.
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Figure 1. Vector diagram of a Bessel beam whose polarization is in yz-plane: (a) Propagation vector and electric field vector of Bessel beam along the x-, y-, and z-axes. (b) Optical field distribution of the Bessel beam formed by pumping a vertically polarized plane wave to an axicon. The red arrows correspond to the k-vector and the blue color double arrows represent electric field oscillation. 
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Figure 2. The total intensity of the Bessel beam and its intensity (first row) in s-polarization and p-polarization and (second row) in transverse polarization and longitudinal polarization (cone angle of Bessel beam used is 40°). Here, superscript V on intensity I is used for the representation of vertical polarization. 
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Figure 3. The intensity of longitudinal and transverse components of vertically and horizontally polarized Bessel beams. 
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Figure 4. Different types of vector Bessel beams are generated in s-polarization and p-polarization by the superposition of two orthogonally linear polarized zero-order scalar Bessel beams. The four types of vector modes created in s-polarization and p-polarization are given in white insets. Also, the central part of the vector BB is enlarged and given in the left-side inset for all the images. 
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Figure 5. Various types of vector Bessel beams are generated in s-polarization and p-polarization by the superposition of two orthogonally linear polarized first-order scalar Bessel beams. The central part of the vector BB is enlarged and given in the left-side inset for all the images. 






Figure 5. Various types of vector Bessel beams are generated in s-polarization and p-polarization by the superposition of two orthogonally linear polarized first-order scalar Bessel beams. The central part of the vector BB is enlarged and given in the left-side inset for all the images.



[image: Photonics 10 01092 g005]







[image: Photonics 10 01092 g006] 





Figure 6. Optical field distribution in p-polarization and s-polarization in the azimuthal direction. 
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Figure 7. The intensity modulation in the Bessel beam while it is propagating through the interface formed by two mediums of relative refractive index n1/n2 = 1/1.5: (a) transmittance and (b) reflectance of Bessel beam at the interface. The transverse intensity distribution of the Bessel beam while it is (c) transmitted and (d) reflected at the interface. Here, the intensity distribution in the beam cross-section is self-normalized with its peak intensity. 
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Figure 8. Experimental configuration can be used to generate various cylindrical vector modes in s-polarization and p-polarization. Here, PBSi is the polarizing beam splitter, Mi is the mirror, and λ/2 is the half-wave plate. The double arrows in the experimental setup represent the polarization direction. 
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