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Comparison of three kinds of polarized Bessel vortex beams
propagating through uniaxial anisotropic media∗

Jia-Wei Liu(刘佳伟), Hai-Ying Li(李海英)†, Wei Ding(丁炜), Lu Bai(白璐),
Zhen-Sen Wu(吴振森), and Zheng-Jun Li(李正军)

School of Physics and Optoelectronic Engineering, Xidian University, Xi’an 710126, China

(Received 8 May 2019; revised manuscript received 10 July 2019; published online 23 August 2019)

A comparison of differently polarized Bessel vortex beams propagating through a uniaxial anisotropic slab is discussed
in terms of the vector wave function expansions. The magnitude profiles of electric field components, the transformation of
polarization modes, and the distributions of orbital angular momentum (OAM) states of the reflected and transmitted beams
for different incident angles are numerically simulated. The results indicate that the magnitude profiles of electric field
components for different polarization modes are distinct from each other and have a great dependence on the incident angle,
thus the transformation of polarization modes which reflects the change of energy can be affected largely. As compared to
the x and circular polarization incidences, the reflected and transmitted beams for the radial polarization incidence suffer
the fewest transformation of polarization modes, showing a better energy invariance. The distributions of OAM states of
the reflected and transmitted beams for different polarization modes are diverse as well, and the derived OAM states of
the transmitted beam for radial polarization present a focusing effect, concentrating on the state between two predominant
OAM states.

Keywords: orbital angular momentum, Bessel vortex beams, reflection and transmission, polarization
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1. Introduction
The vortex beams carrying orbital angular momen-

tum (OAM)[1] have been widely studied over a few past
decades, including generation,[2,3] characteristics,[4–6] and ap-
plications in optical communication,[7] imaging,[8] micro-
particle manipulation,[9] etc. In particular, the different OAM
states are mutually orthogonal while propagating coaxially
and thus promote potential applications in improving the ca-
pacity of communication systems. Gibson et al. implemented
the initial demonstration of using OAM for free-space com-
munication, experimentally proving the possibility of trans-
mitting information by vortex beams.[10] The team led by
Wang has been working on the multiplex/demultiplex of OAM
in the optical band and has obtained several valuable re-
search results.[11,12] Appreciable literatures on the transmis-
sion efficiency,[13–15] the security performance,[16] and the
mitigation of crosstalk[17] of vortex beams have been re-
ported. Some other researches which are worth mention-
ing also boost the development of vortex beams in quan-
tum communication,[18] RF communication,[19] and material
processing.[20] Whereas, the propagation of vortex beams in
media inevitably results in the distortion of electric field ampli-
tude and further causes the crosstalk of OAM states.[21] Such
distortion is even serious in anisotropic media because of the
double refraction behavior. Yu[22] and Wang[23] studied the

propagation of Airy Gaussian vortex beams and chirped Airy
vortex beams in uniaxial crystals, respectively. The results
prove that the ratio of extraordinary and ordinary refractive
indices affects the asymmetry of the intensity a lot. As a kind
of typical anisotropic media, uniaxial anisotropic media are
widely applied in optical signal processing,[24] optical element
design,[25] and manufacturing of microwave devices.[26] Ex-
ploring the variations of field profile, polarization mode, and
OAM state of the reflected and transmitted beams during the
propagation of vortex beams in uniaxial media can potentially
improve the quality and efficiency of practical applications.[27]

Compared to other vortex beams, Bessel vortex beams[28]

whose electric field intensity is independent of propaga-
tion distance are treated to be more advantageous for long-
distance communication,[29] optical imaging,[30] and other
applications[31,32] since its field profile can self-reconstruct af-
ter passing through obstacles. Besides, such diffraction-free
beams suffer less power loss than Gaussian beams,[33] which
means a higher signal-noise ratio in practical optical commu-
nication. With the need of large data transmission for opti-
cal communication, according to the Fresnel–Arago interfer-
ence law,[34] the general way is to use the same information-
carrying beams with two orthogonal linear polarization modes
at the input of an optical communication system to provide
twofold data channels.[35] However, it will lower the transmis-
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sion efficiency of communication systems because there must
be corresponding polarizers at the receiving end to decode the
information carried by beams with different linear polariza-
tion modes. A high extinction ratio polarization beam splitter
skillfully utilizing the displacements of TE- and TM-polarized
beams in a low-symmetric photonic crystal was designed to
simplify the optical communication system in the precondition
of high transmission efficiency.[36] Furthermore, Quabis et al.
found that the radially polarized beams have the favorable fo-
cusing characteristic which could be used to build improved
near field sensors.[37] Generally speaking, the polarized Bessel
vortex beams (PBVBs) which simultaneously possess the po-
larization characteristics and OAM properties are potential to
increase information capacity and transmission efficiency by
combining with the polarization–division multiplexing (PDM)
and mode–division multiplexing (MDM) systems. However,
in this case, the distortion of electric fields and the crosstalk
of OAM states stemming from the transformation of polar-
ization modes need to be taken into account. As far back as
2001, Nesterov and Niziev had investigated the propagation
characteristics of beams with axially symmetric polarization,
finding that such polarized beams are free from polarization
aberrations.[38] King also found the derivation of topological
charge of a circularly polarized Bessel vortex beam in biax-
ial crystals and demonstrated the transformation of a Bessel
beam from zeroth to first order and then from first to second
order.[39] Furthermore, the oscillating polarization along the
optical axis of Bessel beams in free space was discussed by Fu
and his co-worker.[40] It seems that the influence of polariza-
tion mode on the propagation of a Bessel vortex beam is still
worth considering for further understanding, especially in the
communication systems involving both polarization–division
multiplexing and OAM–division multiplexing.

In this paper, the comparison of three kinds of polarized
Bessel vortex beams incident on a uniaxial anisotropic slab is
investigated by use of the cylindrical vector wave function ex-
pansions and the eigen plane wave spectrum representation.
The paper is arranged as follows: Section 2 gives the expres-
sions of the incident, reflected, and transmitted fields, as well
as the field in the internal slab in terms of the cylindrical vec-
tor wave functions (CVWFs). On this basis, the reflected and
transmitted field components are simulated numerically and
discussed in Section 3, including the transformation of polar-
ization modes and the OAM state distribution of the reflected
and transmitted beams for different incident angles and for dif-
ferent polarization modes. Section 4 presents the conclusions.

2. Theoretical background
The sketch of an arbitrary polarized Bessel vortex beam

which is obliquely incident on a uniaxial anisotropic slab is

shown in Fig. 1. Figure 1(a) is the graphic model and describes
the geometrical relationship between the global system and the
local coordinate systems. The origins of the incident and re-
flected coordinate systems (Oxiyizi and Oxryrzr) coincide with
those of the global coordinate system. The outgoing point of
ordinary wave in slab is chosen as the origin of the transmitted
coordinate system O′xtytzt for the convenience of estimating
the displacement by Snell’s law. The incident angle and the
thickness of slab are β and d, respectively. In this paper, the
time-harmonic factor is exp(−iωt).
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Fig. 1. Oblique incidence of an arbitrarily polarized Bessel vortex beam on
a uniaxial anisotropic slab.

According to the angular spectrum decomposition (ASD)
method, the electric and magnetic field vectors of a polar-
ized Bessel vortex beam under the incident coordinate system
Oxiyizi are expressed as[41]

𝐸(𝑟) =
∫ 2π

β ′=0
Epw0 𝑄|α ′=α0

eilβ ′ ei𝑘·(𝑟−𝑟0)dβ
′,

𝐻(𝑟) =
∫ 2π

β ′=0
Epw0

k
µ0ω

𝑘×𝑄|
α ′=α0

eilβ ′ ei𝑘·(𝑟−𝑟0)dβ
′, (1)

where 𝑟0 = (x0,y0,z0) corresponds to the position of beam
center in the global coordinate system, which is set to 𝑟0 =

(0,0,0). 𝑘 is the wave vector. The notations l and α0 are
the topological charge and the half cone angle of the incident
beam, respectively. Epw0 is the amplitude of the electric field
of the plane waves propagating over a cone. α ′ and β ′ de-
note, respectively, the polar and azimuthal angles of the wave
vector under the incident coordinate system. ω is the circular
frequency. The complex polarization function 𝑄 for arbitrary
polarization is written as[42]
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𝑄 =

 pxi(cosα ′ cos2 β ′+ sin2
β ′)− pyi(1− cosα ′)sinβ ′ cosβ ′

pxi(cosα ′−1)sinβ ′ cosβ ′+ pyi(cosα ′ sin2
β ′+ cos2 β ′)

−pxi sinα ′ cosβ ′− pyi sinα ′ sinβ ′




𝑒xi

𝑒yi

𝑒zi

 , (2)

with (pxi , pyi) being the complex polarization parameters.
𝑒(xi,yi,zi) are unit vectors of the Cartesian incident system.
Specifically, (pxi , pyi)= (1,0), (1, i), (cosβ ′,sinβ ′) stands for
the x polarization, the circular polarization (left-hand in this
paper), and the radial polarization, respectively.

By expanding the factor 𝑄|
α ′=α0

e i𝑘·𝑟 in terms of the
spherical vector wave functions (SVWFs), the electric and
magnetic field vectors of a PBVB can be expressed as[43]

𝐸 = E0

∞

∑
n=1

n

∑
m=−n

[
amnM(1)

mn (kri,θi,φi)

+bmnN(1)
mn (kri,θi,φi)

]
,

𝐻 = E0
k

iωµ0

∞

∑
n=1

n

∑
m=−n

[
amnN(1)

mn (kri,θi,φi)

+bmnM(1)
mn (kri,θi,φi)

]
, (3)

where M(1)
mn(kri,θi,φi) and N(1)

mn(kri,θi,φi) are the SVWFs be-
longing to the incident coordinate system, and the superscript
(1) represents the spherical Bessel function of the first kind.
The expansion coefficients amn and bmn are as follows:

amn = −4in+1Dmn e−ikzi z0 [πmn(cosα0)I++ τmn(cosα0)I−] ,

bmn = −4in+1Dmn e−ikzi z0 [τmn(cosα0)I++πmn(cosα0)I−] ,

(4)

where I+ and I− are the coefficients shown in Ref. [43],
Dmn = (2n+1)(n−m)!/4n(n+1)(n+m)!. πmn and τmn are
the angle functions.

Considering the incident angle β , by utilizing the addi-
tion theorem of the SVWFs, the electric field vector of the
incident beam can be expressed under the global coordinate
system Oxyz as[44]

𝐸i = E0

∞

∑
n=1

n

∑
m=−n

[
a′mnM(1)

mn (kr,θ ,φ)

+b′mnN(1)
mn (kr,θ ,φ)

]
, (5)

where M(1)
mn(kr,θ ,φ) and N(1)

mn(kr,θ ,φ) are the SVWFs belong-
ing to Oxyz. Here, the superscript i refers to the incident beam.
The expansion coefficients a′mn and b′mn are(

a′mn,b
′
mn
)
=

n

∑
s=−n

ρ (s,m,n)(asn,bsn) (6)

and the specific expression of ρ(m,s,n) can be found in
Ref. [45].

According to the transformation relationship between the
SVWFs and the CVWFs,[44] equation (5) can be rewritten by
means of the CVWFs as

𝐸i = E0

∞

∑
m=−∞

∫
π

0

[
Am (ζ )m(1)

mλ
(h)

+Bm (ζ )n(1)mλ
(h)
]

eihzdζ , (7)

where m(1)
mλ

and n(1)mλ
are the CVWFs belonging to the global

coordinate system. λ = k sinζ , h = k cosζ , 𝑘 = λρ̂ + hẑ. ζ

is the angle between the wave vector 𝑘 and the z axis. The
corresponding expansion coefficients Am(ζ ) and Bm(ζ ) are as
follows:

Am (ζ ) =
∞

∑
n=|m|

[
a′mncmn (ζ )+b′mndmn (ζ )

]
,

Bm (ζ ) =
∞

∑
n=|m|

[
a′mndmn (ζ )+b′mncmn (ζ )

]
, (8)

where

cmn =−
im−n+1

2k
τmn (cosζ ) , dmn =

im−n−1

2k
πmn (cosζ ) . (9)

The corresponding expansion for the magnetic field vec-
tor can be obtained by Maxwell equations.

Let us consider the actual incidence of a PBVB which
can be interpreted as the superposition of plane wavelets. Un-
der this proposition, only the plane wavelets which illuminate
on the upper surface of the slab are considerable, which means
that the integration interval of ζ in Eq. (7) is from 0 to π/2.

Similarly, the electric field vectors of the reflected and
transmitted beams are as follows:

𝐸r = E0

∞

∑
m=−∞

∫
π/2

0

[
Cm (ζ )m(1)

mλ
(−h)

+Dm (ζ )n(1)mλ
(−h)

]
e−ihzdζ , (10)

𝐸t = E0

∞

∑
m=−∞

∫
π/2

0

[
Gm (ζ )m(1)

mλ
(h)

+ Im (ζ )n(1)mλ
(h)
]

eihzdζ , (11)

where the superscripts r and t are the symbols of the reflected
and transmitted beams, respectively. {Cm(ζ ),Dm(ζ )} and
{Gm(ζ ), Im(ζ )} are the corresponding expansion coefficients.

The electric field of the internal beam in a uniaxial
anisotropic slab whose optic axis is perpendicular to the up-
per surface (ε̃ = εt𝑒x𝑒x + εt𝑒y𝑒y + εz𝑒z𝑒z is the permittivity)
is given by the Fourier transform and the eigen plane wave
spectrum representation[46]

𝐸w
1 = E0

2

∑
q=1

∞

∑
m=−∞

∫
π/2

0
Emq (ζ )

[
αq (ζ )m(1)

mλ
(hq)

+βq (ζ )n(1)mλ
(hq)+ γq (ζ ) l(1)mλ

(hq)
]

eihqzdζ , (12)

𝐸w
2 = E0

2

∑
q=1

∞

∑
m=−∞

∫
π/2

0
Fmq (ζ )

[
αq (ζ )m(1)

mλ
(−hq)

+βq (ζ )n(1)mλ
(−hq)− γq (ζ ) l(1)mλ

(−hq)
]

e−ihqzdζ , (13)

094214-3



Chin. Phys. B Vol. 28, No. 9 (2019) 094214

where the coefficients αq, βq, and γq can be found in Ref. [46].
The superscript w denotes the internal beam, and the sub-
scripts 1 and 2 refer to the down- and up-going waves, respec-
tively. The integer indices q = 1,2 give the explanation to the
double refraction behavior of a uniaxial anisotropic slab. Emq

and Fmq are the expansion coefficients.
Through the electromagnetic fields boundary conditions

that the tangential components of the electromagnetic fields
are continuous, a set of simultaneous equations can be ob-
tained, from which the expansion coefficients and then the cor-
responding field components can be solved numerically.

To analyze the effects of such media on the transforma-
tion of polarization modes during the propagation of a PBVB,
the following expression[47] which is similar to the definition
of the polarization extinction ratio (PER) is used to investigate
the polarization characteristics of the reflected and transmitted
beams:

Pol = 10lg

∫∫
Szξ ,xξ dxξ dyξ∫∫
Szξ ,yξ dxξ dyξ

, (ξ = r, t) , (14)

where ξ = r, t stand for the reflected and transmitted beams,
respectively. Szξ ,xξ denotes the longitudinal component of the
time-average Poynting vector power density resulted from the
electric field component Exξ , with Szξ ,yξ corresponding the
electric field component Eyξ .

Similar to the angular spectrum decomposition, vortex
beams can be interpreted as the superposition of infinite spi-
ral harmonics exp(inφ) according to the expansion of spiral
spectrum.[48] n is the integer index and φ stands for the phase
factor. In this way, the field components of the reflected and
the transmitted beams can be expressed as follows:

U
(
rξ ,φξ ,zξ

)
=

1√
2π

∞

∑
n=−∞

sn
(
rξ ,zξ

)
exp(inφξ ), (15)

where U refers to the electric field components {Exξ ,Eyξ ,Ezξ}
or the magnetic field components {Hxξ ,Hyξ ,Hzξ}, and the co-
efficient sn(rξ ,zξ ) means the amplitude of the corresponding
spiral harmonic component and can be expressed as

sn
(
rξ ,zξ

)
=

1√
2π

∫ 2π

0
U
(
rξ ,φξ ,zξ

)
e−inφξ dφξ . (16)

As we all know that the time-averaged energy density of
a beam is 〈w〉 = [ε0𝐸 ·𝐸∗+𝐵 ·𝐵∗/µ0]/16π , where ε0 and
µ0 are the permittivity and the permeability of vacuum, re-
spectively. Substituting Eq. (16) into the time-averaged energy
density expression, we finally arrive at the weight function of
OAM states

Pnξ =

∫
〈wn〉rξ drξ

∑
∞
−∞

∫
〈wn〉rξ drξ

. (17)

3. Numerical simulations and discussion
To intuitively analyze the influence of the incident angle

and polarization on the deformations of the electric field am-
plitude and OAM state, as well as the transformation of polar-
ization mode, numerical simulations are given below by using

the theoretical formulae derived in Section 2. The wavelength
is λ0 = 0.6328 µm. The half-cone angle and the topological
charge of the incident PBVB are set as α0 = 10◦ and l = 2, re-
spectively. The parameters of the uniaxial anisotropic slab are
as follows: d = 10λ0, εt = 2.7502, and εz = 2.2094 (Calcite).

3.1. Comparison of magnitude profiles of electric field
components of the incident, reflected, and transmitted
beams

Figure 2 shows the magnitude profiles of the incident
electric field components. The row-panels represent the po-
larization modes, i.e., x polarization (x polar.), circular po-
larization (circ polar.), and radial polarization (rad. polar.),
from up to down, respectively) of the incident beam, and the
column-panels stand for the electric field components (Exi , Eyi

and Ezi from left to right, respectively). Such results bring into
correspondence with the numerical simulations in Ref. [49],
proving the reasonability of the method used in this paper.

As we can see from Fig. 2 that the electric field compo-
nent Exi is prominent in the case of x polarization with a cir-
cular symmetric structure. For circular polarization incidence,
all of the electric field components keep circular symmetry and
the transverse electric field components Exi and Eyi have the
same magnitude profiles. Although the longitudinal electric
component Ezi maintaining circular symmetry for radial po-
larization incidence, the transverse electric field components
both have an axial symmetric crescent contour.

The magnitude profiles of electric field components of the
reflected beam for different polarization modes are displayed
in Figs. 3–5. Each figure includes 9 panels, where the row-
panels represent the cases of different incident angles (10◦,
20◦, and 30◦ from up to down, respectively) and the column-
panels represent the electric field components (Exr , Eyr and Ezr

from left to right, respectively).

It can be seen from Figs. 3–5 that as the incident angle in-
creases, the contours of the reflected field components for all
three kinds of polarization modes are seriously distorted, as-
sociating with a gradually increasing displacement along the
negative xr axis. It is because that the reflected beam contains
the beams reflected by both upper and lower surfaces of the
slab, these beams superimpose together resulting in the more
deformed contours. Such a process occurs in the transmit-
ted beams too, but the low reflectance mitigates the distortion
caused by the superimposition. In addition, the magnitudes of
electric field components Exr decrease, which are just oppo-
site to the electric field component Eyr . The magnitude profile
of the electric field component Exr for the x polarization inci-
dence is similar to the components Exr and Eyr for the circular
polarization incidence, as well as the changing trend with the
increasing incident angle just as figures 3 and 4 show.
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Fig. 2. Magnitude profiles of the electric field components of incident beam for different polarization modes.
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Fig. 3. Magnitude profiles of the reflected electric field components for the x polarized incidences.

Compared to the circular polarization incidence, the difference between the maximum values of the transverse electric
field components Exr and Eyr for the radial polarization incidence is smaller, which means that there are fewer changes for the
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polarization mode. Furthermore, the reflected beam for such polarization incidence has the biggest longitudinal electric field
component as shown in Fig. 5.
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Similarly, the magnitude profiles of electric field components of the transmitted beam are presented in Figs. 6–8, where
the row-panels also represent the cases of different incident angles and the column-panels represent the transmitted electric field
components (Ext , Eyt , and Ezt from left to right, respectively).
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Fig. 6. Magnitude profiles of the transmitted electric field components for the x polarized incidence.
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Fig. 7. Magnitude profiles of the transmitted electric field components for the circularly polarized incidence.
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Fig. 8. Magnitude profiles of the transmitted electric field components for the radially polarized incidence.

Just as the behaviors of reflected field components, the
magnitude profiles of the transmitted field components also
have distortions. Comparing with the incident beams, the cen-
tral circular rings in the contours shown in Figs. 6–8 have
changed significantly, especially for the circular polarization
incidence. Meanwhile, as the incident angle increases, the dis-
tortion of the central ring is more remarkable. Figure 7 shows
the appearance of a rotation in 180◦ in the contour variations
of the central circular rings in both Ext and Eyt.

To have a clear understanding about the variations of the
polarization of the reflected and transmitted beams, the value
of Pol by Eq. (14) is used to analyze the transformation of po-
larization modes.

3.2. Transformation of polarization modes of the reflected
and transmitted beams

In order to provide a reference for comparison, the polar-
ization patterns of the incident beams are presented in Fig. 9.

Figure 9 indicates that the electric field vectors of the in-
cident beam with the x polarization are along the xi axis, and
for the circular polarization, the electric field vectors form the
shape of a hexagonal star whose points are located at infin-
ity. The polarization pattern of the radially polarized incident
beam is more intricate. The electric field vectors outside the
second bright ring are along the radial direction. Inside the
second bright ring, the electric field vectors start from two
source points and disappear in the other two end points as fig-
ure 9(c) shows.
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Fig. 9. Polarization patterns of the incident beam: (a) x polarization; (b) circular polarization; (c) radial polarization.

Figures 10 and 11 show the polarization patterns of the reflected and transmitted beams for different incident angles. The
row-panels represent the cases of polarization modes (x, circular, and radial polarizations from up to down, respectively), and the
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column-panels stand for the cases of different incident angles (10◦, 20◦, and 30◦ from left to right, respectively).
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Fig. 10. Polarization patterns of the reflected beam with different incident angles.
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Fig. 11. Polarization patterns of the transmitted beam with different incident angles.
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It can be seen from Figs. 10 and 11 that the original polar-
ization modes are largely destroyed after reflection. However,
the electric field vectors inside the yellow rectangle are simi-
lar to the polarization pattern of the incident beam when the
incident angle is 30◦, showing better resilience as the incident
angle increases. It reveals that the direction of electric field
vectors inside the blue circle is comparable to that of the inci-
dent beam in Fig. 9(c) when the incident angle equals 30◦ as
shown in Fig. 10(i). At the same incident angle, the electric
field vectors of the reflected beam are more rambling com-
pared with those of the transmitted beam, and the polarization
patterns of the transmitted beam hold similar contours to the
incident beam when the incident angle is small. Such contours
would be ruined gradually with the increase of the incident
angle.

Tables 1 and 2 show the values of Pol of the reflected
and transmitted beams with different incident angles for three
kinds of polarization modes. Cases 1, 2, and 3 stand for the x,
circular, and radial polarizations, respectively.

Table 1. Pol of the reflected beam with different incident angles.

Reflected beam Incident angle

Three cases β = 10◦ β = 20◦ β = 30◦

Pol (case 1) 16.44 11.52 8.75
Pol (case 2) –0.87 –0.83 –5.24
Pol (case 3) –0.42 0.27 –3.80

Table 2. Pol of the transmitted beam with different incident angles.

Transmitted beam Incident angle

Three cases β = 10◦ β = 20◦ β = 30◦

Pol (case 1) 19.33 14.00 12.10
Pol (case 2) –0.20 –0.67 –0.68
Pol (case 3) 0.50 1.45 2.26

It reveals in Tables 1 and 2 that the values of Pol for
the x polarization incidence decrease as the incident angle
increases, which means that there is more energy transmit-
ting into the electric field component Eyξ from Exξ , reaching
an agreement with the change trend as shown in Figs. 3 and
6. As for the circular polarization incidence, the polarization
mode of the transmitted beam has a similar behavior to that
of x polarization incidence, but the negative value of Pol in-
dicates that the energy of electric field component Eyt is al-
ways higher than Ext. In addition, the reflected beam whose
value of Pol first rises to −0.83 from −0.87 and then drops to
−5.24, goes through a non-monotonic transformation of po-
larization modes. Compared to the circular polarization inci-
dence, the transformation trend of polarization modes of the
reflected beam for the radial polarization incidence is similar,
but the variation of the transmitted beam is just opposite.

3.3. Comparison of OAM states of the reflected and trans-
mitted beams

The transformation of polarization modes finely reflects

the energy transfer along the polarization directions. How-

ever, for practical applications of vortex beams, the investiga-

tion into the energy of each helical harmonic is important as

well, especially in an OAM multiplexing system. To analyze

the effects of polarization modes and incident angles on the

deformation of OAM states, figures 12 and 13 plot the distri-

butions of OAM states of the reflected and transmitted beams,

respectively.

Figures 12 and 13 illustrate that as the incident angle in-

creases, there are more adjacent OAM states derived in the

reflected and transmitted beams, and the distributions of OAM

states of the reflected beam are more complicated than those

of the transmitted beam. The reflected beams for the x and

circular polarization incidences have only single predominant

OAM state −l whose value is opposite to that of the trans-

mitted beams l. However, the reflected beam for the radial

polarization incidence has double predominant OAM states

(−l − 1) and (−l + 1), and the corresponding predominant

OAM states of the transmitted beam are (l + 1) and (l − 1),

which brings into the correspondence with the analytic expres-

sion of the radially polarized Bessel vortex beam.[50] The neg-

ative predominant OAM states of the reflected beam can be

interpreted by the reflection effect of vortex beams, which can

be applied to the data swapping.[51] For the reflected beam,

the energy of predominant OAM states firstly decreases and

then increases as the incident angle gets bigger, and the en-

ergy of derived OAM states is gradually away from the pre-

dominant OAM state, which will cause fewer crosstalk prob-

lems. Instead, in the transmitted beam, the energy of predom-

inant OAM states keeps a continuous consumption as the in-

cident angle increases. Furthermore, the polarization modes

of the incident beam have significant influences on the distri-

butions of OAM states of the reflected and transmitted beams.

The most obvious difference is the number of the predominant

OAM state. At the same incident angle, the OAM state dis-

tribution of the reflected beam presents symmetric bar graphs

centered on the OAM state−l, with two predominant states for

radial polarization incidence and similar structures between x

and circular polarization incidences. However, such symmet-

ric structures are ruined in the transmitted beam for the case of

circular polarization incidence. The most mentionable point is

that the energy of the derived OAM states in transmitted beam

for the radial polarization incidence focuses on the OAM state

l, which is beyond our expectation.
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Fig. 12. OAM states of the reflected beam with different incident angles and polarization modes.
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Fig. 13. OAM states of the transmitted beam with different incident angles and polarization modes.
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4. Conclusions
The reflection and transmission of a PBVB by a uniaxial

anisotropic slab had been investigated by use of the cylindrical
vector wave function expansions. The electromagnetic fields
of the incident, reflected, and transmitted beams, as well as
their corresponding expansion coefficients, were obtained uti-
lizing the CVWFs. The magnitude profiles of the field compo-
nents, the transformation of polarization modes, and the distri-
butions of OAM states of the reflected and transmitted beams
were analyzed in detail. The results indicated that the magni-
tude profiles of the reflected field components were more ob-
viously complicated than those of the transmitted field compo-
nents, and their contours are seriously distorted as the incident
angle increases. Compared to x and radial polarization inci-
dences, the reflected beam for the circular polarization inci-
dence had the minimum transformation of polarization modes
between the transverse electric field components. Although
the magnitude profiles of the reflected field components for
three kinds of polarization modes were in wild disorder with a
bigger incident angle, the energy of the reflected beam seemed
to go back to the predominant OAM states. Different from
the cases of x and circular polarization incidences, the derived
OAM states in the transmitted beam for the radial polarization
incidence located at the OAM state between its two predomi-
nant OAM states, leading to the focused effect of OAM state.
The results in this paper may provide some supports in the
design of optical devices and the OAM multiplexing commu-
nication combining with a polarization–division multiplexing
segment.
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