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a b s t r a c t

Based on the extended Huygens–Fresnel integral and the beam coherence–polarization matrix,

the analytical formulae for the average intensity and the degree of polarization of the radially polarized

beams diffracted at a circular aperture in turbulent atmosphere are derived, which provide a

convenient approach to study the propagation and polarization properties of the apertured radially

polarized beams in turbulent atmosphere. The unapertured and free-space cases can be viewed as the

special cases of our general result. The analyses indicate that the average intensity and the degree of

polarization are closely related to the propagation distance, the structure constant of the atmospheric

turbulence, and the truncation parameter. The existence of the circular aperture weakens the influence

of the atmospheric turbulence on the evolution properties of the radially polarized beams.

& 2012 Elsevier Ltd. All rights reserved.

1. Introduction

As one particular case of the nonuniformly polarized beams
introduced by Gori [1], radially polarized beams have attracted
increasing interest recently. The cylindrical symmetry of the
electric field vectors of radially polarized beams make them
exhibit unique advantages in electron acceleration, particle trap-
ping, optical data storage, laser cutting, material processing, and
tip-enhanced Raman spectroscopy [2–7]. Various methods for
generating radially polarized beams have been reported [8–13].

It is well known that the behavior of various laser beams in
turbulent atmosphere has been extensively studied due to their
wide applications in free-space optical communication and remote
sensing [14–16]. The propagation properties of radially polarized
coherent and partially coherent beams in turbulent atmosphere
have been discussed in detail [17–19]. The propagation character-
istics of radially polarized partially coherent beams through an
optical system in turbulent atmosphere have also been analyzed [20].
However, the results have been restricted to the unapertured case. In
the practical optical systems, the aperture effect usually exists.
Therefore, the properties of the apertured radially polarized beams
in turbulent atmosphere deserve investigation. In this paper, the
propagation and polarization properties of radially polarized beams
diffracted at a circular aperture in turbulent atmosphere are demon-
strated. Based on the extended Huygens–Fresnel integral and the
beam coherence–polarization (BCP) matrix, the analytical formulae

for the average intensity and the degree of polarization are derived
and illustrated by numerical examples.

2. Propagation of radially polarized beams diffracted at a
circular aperture in turbulent atmosphere

In the Cartesian coordinate system, assuming that a circular
aperture with radius a is located at the source plane z¼0, the
electric field of a completely coherent radially polarized beam just
behind the aperture reads as follows [11,21]:
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where ex and ey are the unit vectors in the x and y directions,
respectively. o0 is the waist width of Gaussian beam, E0 is the
amplitude constant, and t(x0,y0) denotes the window function of
the aperture. Within the framework of the paraxial approxima-
tion, the longitudinal component of the electric field compared
with the transverse component can be negligible [22]. Thus,
we do not consider the longitudinal component of the electric
field here.
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The BCP matrix for the electric field of the radially polarized
beams diffracted at a circular aperture has the form

Jðq1,q2,zÞ ¼
Jxxðq1,q2,zÞ Jxyðq1,q2,zÞ

Jyxðq1,q2,zÞ Jyyðq1,q2,zÞ

" #
ð5Þ

where

Jabðq1,q2,zÞ ¼/En

aðq1,zÞEbðq2,zÞS ð6Þ

Here a,b¼x,y, q1¼(x1,y1) and q2¼(x2,y2) are the position
vectors at the receiver plane. The asterisk stands for the complex
conjugate and the angle brackets represent an ensemble average
over the medium statistics. By using Eqs. (1)–(6), the BCP matrix
of the completely coherent radially polarized beams through a
circular aperture at the source plane z¼0 is expressed as
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where q01¼(x01, y01) and q02¼(x02, y02) are the position vectors at
the source plane.

On the basis of the extended Huygens–Fresnel integral [17,23],
the elements of the BCP matrix of the apertured radially polarized
beams propagating in turbulent atmosphere are given by
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where k is the wavenumber, r0 ¼ ð0:545 C2
nk2zÞ�3=5 is the coher-

ence length of a spherical wave propagating in turbulent atmo-
sphere, and C2

n is the structure constant of the refractive index and
describes the turbulence level.

In order to obtain the analytical expressions of the elements of
the BCP matrix, the aperture function is expanded as the sum of
complex Gaussian functions with finite terms [24]:
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where the complex constants An and Bn are the expansion and
Gaussian coefficients, respectively, which can be obtained by
optimization computation. Substituting Eq. (9) into Eq. (7) yields
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By using Eq. (10) and the integral formulae [25]Z 1
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Eq. (8) reduces to
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From Eqs. (14)–(18), we can get the average intensity and the
degree of polarization of the apertured radially polarized beams
propagating in turbulent atmosphere,

Iðq,zÞ ¼ TrJðq,q,zÞ ¼ Jxxðq,q,zÞþ Jyyðq,q,zÞ ð19Þ
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where Det and Tr denote the determinant and the trace of the BCP
matrix, respectively. To the best of our knowledge, previous study
dealt with the effect of the aperture on the cosh-Gaussian beams
in turbulent atmosphere [26], but it has not been extended to
inhomogeneous polarization. Eqs. (14)–(18) are the basic results
obtained in this paper, which depict the propagation of the
radially polarized beams diffracted at a circular aperture in
turbulent atmosphere. According to Eqs. (14)–(20), one finds that
the axial symmetry is preserved for the average intensity and the
degree of polarization of the apertured radially polarized beams
during propagation.

For the unapertured case a-N, Eqs. (14)–(16) simplify to
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