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a  b  s  t  r  a  c  t

The  average  intensity  for flat-topped  vortex  hollow  beam  propagating  through  oceanic  tur-
bulence  is studied  analytically  based  on  the extended  Huygens-Fresnel  diffraction  integral
formula  and  the spectrum  of  oceanic  turbulence.  It is  found  that  the  beam  propagation  in
oceanic  turbulence  will lose  its  initial  dark hollow  center  with  the  propagation  distance
increasing;  and the  beam  order  N, the  topological  charge  M and  the  parameters  of  oceanic
turbulence  affect  the  evolution  properties  of  flat-topped  vortex  hollow  beam  propagating
through  oceanic  turbulence.
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1. Introduction

In the recent years, much work has been done to study the evolution properties of laser beams propagation through
turbulent oceanic turbulence due to its potential application in underwater optical wireless communication and imaging
systems [1–9]. Since the power spectrum of oceanic turbulence is introduced, the evolution properties of laser beam prop-
agation through an ocean have been widely studied. The polarization evolution properties of stochastic beam propagating
in turbulent clear-water ocean based on the extended Huygens-Fresnel principle and the unified theory of coherence and
polarization of light, has been obtained [2]. The average intensity, the degree of polarization and coherence properties for
partially coherent radially polarized doughnut beam propagating through turbulent ocean [3] have been studied. The prop-
agation of Gaussian Schell-model vortex beams [4], stochastic electromagnetic vortex beam [5], Gaussian array beam [6],
partially coherent flat-topped vortex hollow beam [7], partially coherent Hermite-Gaussian linear array beam [7], Gaussian
array beam [8–11], multimode laser beams [12], multi-Gaussian Schell-model beams [13], propagating through oceanic
turbulence have been obtained by using the numerical examples. However, to the best of our knowledge, there has been no
analysis about the average intensity properties of flat-topped vortex hollow beam propagating through oceanic turbulence.
In this work, we mainly investigate the average intensity of flat-topped vortex hollow beam in oceanic turbulence.
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Fig. 1. Contour graphs of normalized average intensity for circular flat-topped vortex hollow beam propagating in oceanic turbulence. (a) z = 100m, (b)
z  = 200m, (c) z = 400m, (d) z = 800m.

2. Flat-topped vortex hollow beam propagating in oceanic turbulence

In the Cartesian coordinate system, the elliptical flat-topped vortex hollow beam propagation along the z-axis in the
source plane can be written as [14]:
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where N is the order of the elliptical flat-topped vortex hollow beam, M is the topological charge,
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denotes the binomial

coefficient, wx and wy are the beam width at x and y direction; and when wx = wy, the elliptical beam will become the circular
beam.

According to the extended Huygens-Fresnel principle, the spectral density of laser beams propagating through the oceanic
turbulence can be expressed as follows [2–10]:
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