Optics & Laser Technology 68 (2015) 6-10

Contents lists available at ScienceDirect

Optics & Laser Technology

journal homepage: www.elsevier.com/locate/optlastec

= Optics & Laser
Technology

Dependence of the beam wander of an airy beam on its kurtosis

parameter in a turbulent atmosphere

Wei Wen *", Xiuxiang Chu “*, Yangjian Cai®

@ CrossMark

@ Department of Physics and Information Engineering, Huaihua University, Huaihua 418008, China

b School of Physical Science and Technology, Soochow University, Suzhou 215006, China
€ School of Sciences, Zhejiang Agriculture and Forestry University, Lin’an 311300, China

ARTICLE INFO ABSTRACT

Article history:

Received 17 July 2014

Received in revised form

29 September 2014

Accepted 27 October 2014
Available online 17 November 2014

Keywords:

Airy beam

Beam wander
Kurtosis parameter

Beam wander, which is affected by many factors, is an important characteristic of laser beams in a
turbulent atmosphere. In the present letter the influence of an Airy beam's kurtosis parameter on its
beam wander has been studied. The interesting result is that the beam wander of an Airy beam has a
simple and fixed rule versus its kurtosis parameter, regardless of the propagation distance, characteristic
scales of the beam, inner scales of turbulence, wavelength and the initial coherence length. It can be
used in the control of beam wander for Airy beam in practice, such as in the free-space-optical
communication and laser defense.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Non-diffracting beams are characterized by the fact that the
field factors in transversely and longitudinally dependent parts
behave in such a way that the intensity of the longitudinal part is
independent of the propagation distance. Perhaps the best known
example of such nondiffracting beam is the so-called Bessel beam
as first suggested and observed by Durnin et al. in 1987 [1]. In the
last few decades, nondiffracting beams have attracted considerable
attention because of their intriguing properties and their potential
applications. More recently, a specific type of non-diffracting
beam, namely, the self-accelerating Airy beam was introduced
[2] and was experimentally demonstrated in optics by Siviloglou
and Christodoulies [3]. In the past years, Airy beams have attracted
a great deal of interest due to their unique properties such as
propagation along parabolic trajectories (self accelerating) [3],
nondiffracting and self-healing [4,5].

It is well known that a laser beam will experience random
perturbations in the refractive index when it propagates through
a turbulent atmosphere. As a result, the beam profile at the
receiver randomly moves off the boresight over short time
periods and the instantaneous center of the beam is therefore
randomly displaced in the receiver plane, producing what is
called beam wander [6]. Beam wander is an important character-
istic of a laser beam, which determines its utility for practical
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applications such as uninterrupted laser tracking and free-space-
optical communication [7]. In the past five decades, beam wander
for a variety of beams with different shapes has been studied [8-
17]. These works show that the beam wander can be influenced
by many factors, including the initial spatial coherence length [8-
11], amplitude factor [12], source size [13,14], degree of polariza-
tion [15], topological charge [16], divergence and convergence
[17], and the turbulence [8-17]. Moreover, the rules relating the
beam wander to these factors are complex and diverse. In these
investigations one can see that there are many terms to consider
if people want to control the effect of the beam wander.
Obviously, it is very unfavorable to consider so many factors to
manipulate this effect in practical applications. In this letter we
investigate the influence of an Airy beam's kurtosis parameter on
its beam wander and find that there is a simple and fixed
relationship between the beam wander of an Airy beam and its
kurtosis parameter regardless of the variation of propagation
distance, characteristic scales of the Airy beam, inner scales of
turbulence, the initial spatially coherent length and wave length.
This study may provide a new theoretical basis to effectively
control the beam wander of an Airy beam.

From the existing results we can infer that the beam shape can
influence the beam wander of a laser beam. The kurtosis parameter
K, which relates to the second-order and fourth-order intensity
moments, is a parameter often used to describe the flatness of the
beam's intensity distribution [18,19-23]. As yet the kurtosis para-
meters of various laser beams such as cosh-Gauss beam, Hermite—
Gaussian beam, flattened Gaussian beam, super-Gaussian beam and
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fundamental Gaussian beam have been derived [20-23]. The kurtosis
parameters are 1 <K <3[20], 1.5<K <3 [21], 1.85<K <3 [22],
2 <K <3 [23] and 3 for cosh-Gauss beam, Hermite-Gaussian beam,
flattened Gaussian beam, super-Gaussian beam, and fundamental
Gaussian beam respectively in the initial plane under a Cartesian
coordinate system. More recently, it has been shown that the kurtosis
parameter is 3 < K < 15 for an Airy beam [18]. It can be seen that the
diversification in beam's shape of an Airy beam is more significant
compared with those beams mentioned above. In this research, we
will report the relation between the kurtosis parameter and the
beam wander of an Airy beam in a turbulent atmosphere.

2. Formulation

In this section, an analytic formulation for the beam wander of
an Airy beam passing through a turbulent atmosphere is pre-
sented. An Airy beam in Cartesian coordinates at initial plane is
given as [2]

1o (Xo. Yo, 0) = Ai (X—O)Ai (37‘)) exp {a(x“’mi‘))} (1)
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Here Ai(...) is the Airy function, (xp,y,) are the transverse
coordinates at the initial plane, wy and a are characteristic scales
and exponential truncation factor, respectively. Based on the
methods of statistical optics, we have investigated arbitrary
moments of an Airy beam in a turbulent atmosphere. Moreover,
we have studied the evolution of the kurtosis parameter, K, of an
Airy beam in a turbulent atmosphere exhaustively. Previously we
have obtained the kurtosis parameter of an Airy beam in the initial
plane as [18]
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Generally, beam wander is characterized by the random displace-
ment r. of the instantaneous center of the beam as it propagates
through a turbulent atmosphere. A model of beam wander that is
valid under all turbulence conditions is given by Andrews and
Phillips as [6]
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where « is the spatial frequency, k =27/ is the wavenumber, with
A being the wavelength, L is the total propagation path length, and
z is the distance of an intercept point from the input plane at z = 0.
®,(x) is the atmospheric spectrum and it is assumed to be the
Tatarskii spectrum in this study, i.e.
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where «n, =5.92/ly (Iy being the inner scale of turbulence) and Cﬁ
is the structure constant. Wyr is the long-term width which can be
defined by [15]
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where (I(x,y,2)) is the average intensity of the Airy beam and
Xc =Y. = (4a®>—1)wp/4a is the centroid of the Airy beam [18,24].

From Eq. (5) the long-term width of the Airy beam can be
expressed as
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where

T =0.0337(7/6)72k*Cix) 2. (7)
From Eq. (6) one can readily obtain the beam width Wgs by setting
Cﬁ =0 and z = L. Substituting (7), (6) and (4) into Eq. (3) gives
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Eq. (8) is the main analyzed result of this letter. It shows that the
beam wander of an Airy beam varies with the changes in the
propagation distance, wavenumber, refractive index structure
constant, inner scale of turbulence, long-term beam width and
the beam width without turbulence at the receiver plane.

3. Numerical results and analysis

It can be seen from Eq. (2) that the kurtosis parameter is 15 when
a=0 and it converges to 3 if a is large enough. In practice, Airy
beams have multiple maxima and minima and are not a single peak
when the kurtosis parameter is large. However, the shape of an Airy
beam resembles a Gaussian distribution when K — 3. Because the
Airy beam is symmetric, only a one-dimensional kurtosis parameter
is discussed here. The beam's flatness of an Airy beam for different
kurtosis parameters is illustrated in Fig. 1.

From Fig. 1 one can seen that the beam shape is more diverse
with an increase of the kurtosis parameter. Fig. 1(a) demonstrates
that there is only one sidelobe behind the main spot when K =4.3.
As the number of lateral petals increases, the kurtosis parameter
also increases.

The dimensionless quantity By = (r?)/WfT is more informative
than (r?) about the practical significance of the beam wander
effect. We use By to investigate the beam wander of an Airy beam
by numerical calculation. To see the relation between the beam's
wander and its kurtosis parameter, the evolution of the wander
with its kurtosis parameter under different turbulence conditions
is shown in Figs. 2-5.

Fig. 2 displays the beam wander of an Airy beam as a function
of the kurtosis for different propagation distances and the struc-
ture constant of the turbulence. It shows that the beam wander is

50

Y(mm)
o

-50 -25 0 25 50
X(mm)

-50 -25 0 25 50 70 -35 0 35 70
X(mm) X(mm)

Fig. 1. Beam flatness of Airy beam for four values of the kurtosis parameter K.
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