
Contents lists available at ScienceDirect

Optics Communications

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

Intensity and coherence modulation of scattering of multi-Gaussian Schell-
model beams from a quasi-homogeneous medium with adjustable boundary

Jianyang Zhou, Daomu Zhao⁎

Department of Physics, Zhejiang University, Hangzhou 310027, China

A R T I C L E I N F O

Keywords:
Light scattering
Intensity and coherence modulation
Multi-Gaussian Schell-model beams
Quasi-homogeneous medium with adjustable
boundary

A B S T R A C T

We investigate the intensity and coherence modulation of the far-zone scattered field generated by scattering of
multi-Gaussian Schell-model beams from a quasi-homogeneous medium with adjustable boundary. The
influences of the scatterer parameters and the beam parameters on the scattered field have been illustrated
in detail by numerical simulations. The results indicate that the correlation length of the medium is the key to
determine whether the beam or the scatterer plays a leading role in the modulation of the scattered field. When
the value of the correlation length of the medium is on the order of the wavelength, the modulation is dominated
by the scatterer, while in the case of the value being much larger than the wavelength, the scatterer-led
modulation is transformed into the beam-led modulation. Besides, during the transformation process there is a
critical value of the correlation length of the medium for the beam to dominate the modulation, and the
correlation width of the beam has an impact on the critical value.

1. Introduction

The light scattering is of great importance in physics, astronomy,
meteorology, biology, and in other fields, because the information
about the unknown object can be obtained from the knowledge of the
scattered field. There are many potential applications of the light
scattering in areas like remote sensing, target detection, medical
diagnosis, and so on. In the past few decades, continuous efforts have
been devoted to the studies of the scattering from different kinds of
media, including continuous media and particle collections [1–8]. It
has been shown that the characteristics of the scattered field are closely
related to the properties of the media, which may provide a potential
method to reconstruct the structural features of the media from the
measurements of the scattered field. For example, the correlation-
induced spectral change and the cross-spectral density function of the
far-zone scattered field have been used to determine the correlation
function of the scattering potential of random media, respectively
[9,10]. Besides, the inverse scattering of a collection of particles has
also been addressed in [11]. Since the ultimate aim of investigating the
characteristics of the scattered field is to obtain the information about
the object, it is of greater significance to explore the light scattering
from more realistic media. In the previous studies, the most commonly
used media are the soft-edge (Gaussian) media [12] and the hard-edge
media [13], the refractive index distributions of which are modeled by
the Gaussian function and the sign function, respectively. Although

being mathematically convenient, the two models are only the idealiza-
tions. Recently, Sahin et al. have introduced a more realistic medium
with variable rates of change in the index of refraction at the edge, and
the two idealized media mentioned above are the two limiting cases of
this medium [14]. Subsequently, the media with adjustable boundaries
have been extended to more specific ones that have ellipsoid-,
cylinder-, and parallelepiped-like shapes [15]. It will have more
practical value to study the scattering of light waves from the more
realistic medium with adjustable boundary.

On the other hand, since the development of the laser in the 1960s,
lots of scattering experiments have been and are being performed with
various laser beams rather than plane waves. Therefore, compared with
the scattering of plane waves, the scattering of various laser beams is
more valuable for the practice, and it has attracted a lot of attention in
recent years. For instance, Dijk et al. discussed the effects of spatial
coherence of the incident beam on the intensity of the far-zone
scattered field [13]. Zhang and Zhao have carried out a series of
research on scattering of ordinary Gaussian Schell-model beams,
multi-Gaussian Schell-model beams and rectangular Gaussian Schell-
model beams [16–18]. In addition, a new method has been proposed
for the determination of the correlation function of the scattering
potential of random media by using the Gaussian vortex beams on
scattering [19]. These studies about the scattering of laser beams and
the inverse problems have all revealed that besides the medium, the
incident beam also has an important impact on the scattered field.

http://dx.doi.org/10.1016/j.optcom.2017.02.045
Received 21 December 2016; Received in revised form 14 February 2017; Accepted 17 February 2017

⁎ Corresponding author. Fax: +8657187951328.
E-mail address: zhaodaomu@yahoo.com (D. Zhao).

Optics Communications 393 (2017) 131–138

Available online 23 February 2017
0030-4018/ © 2017 Elsevier B.V. All rights reserved.

MARK

http://www.sciencedirect.com/science/journal/00304018
http://www.elsevier.com/locate/optcom
http://dx.doi.org/10.1016/j.optcom.2017.02.045
http://dx.doi.org/10.1016/j.optcom.2017.02.045
http://dx.doi.org/10.1016/j.optcom.2017.02.045
http://crossmark.crossref.org/dialog/?doi=10.1016/j.optcom.2017.02.045&domain=pdf


Apparently, when a laser beam is incident on a medium, the modula-
tion of the scattered field consists of two components: one from the
beam, and the other from the medium. However, there are some
important questions that have not been addressed before: which factors
could influence the proportion of the beam role and that of the
scatterer role in the modulation; under what circumstance would the
modulation be dominated by the beam or the scatterer; how does the
same parameter affect the scattered field under different circum-
stances, etc. The solution of these problems will help us to understand
the deeper nature of the scattering of laser beams from a medium, and
thus promote the development of the inverse problem of the scattering.

In this paper, we consider a relatively realistic case in which the
multi-Gaussian Schell-model (MGSM) beam is scattered by a quasi-
homogeneous (QH) medium with adjustable boundary and aim to solve
the problems raised above. First, we derive the expressions for the
spectral density and the spectral degree of coherence of the far-zone
scattered field. Then, the intensity and coherence modulation of the
scattered field are illustrated by numerical simulations and the effects
of the scatterer parameters and the beam parameters on the scattered
field are discussed in detail. Finally, we conclude our results which may
have applications on the inverse scattering.

2. Theory

Let us consider a scalar wave propagating in a direction specified by
a unit vector u0, incident on a scatterer occupying a finite domain D.
Assume that the scalar wave is not a plane wave but is of a more general
form. Such a field may be represented as an angular spectrum of plane
waves propagating into the z ≥ 0 half-space as [20]
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where u uu = ( , )x y0⊥ 0 0 is a two-dimensional vector, r′ denotes the
position vector in the incident field, ω denotes the angular frequency,
and k π λ= 2 / is the wave number with λ being the wavelength.

Within the accuracy of the first-order Born approximation, the
scattered field can be expressed as [12]
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where r is the position vector in the scattered field, F ωr( ′, ) denotes the
scattering potential function of the scatterer, and G ωr r( − ′ , ) is the
free-space Green function. Generally, the actual measurements are
taken far away from the scatterer, so we concentrate on the far-zone
properties of the scattered field. In this case, the Green function can
make the approximation as [21]

G ω ikr
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(3)

where u is a unit vector representing the scattering direction and
rr u= .
On substituting from Eq. (1) into Eq. (2) and using Eq. (3), we

obtain the expression for the far-zone scattered field as
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is the scattering amplitude.
We consider the case where the incident light wave is partially

coherent and the scatterer is a random medium, then the statistical
properties of the scattered field can be characterized by the cross-
spectral density function (CSDF), which is defined by [12]
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where the angle brackets denote the statistical ensemble average in the
space-frequency domain and the asterisk denotes the complex con-
jugate. On substituting from Eq. (4) into Eq. (6), the CSDF of the far-
zone scattered field can be expressed as
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From Eq. (7) we can find that the kernels in the integral consist of
two parts: one is related to the incident light wave and the other is
determined by the scatterer. The former is the so-called angular
correlation function of the stochastic incident field, and it can be given
by the formula as a four-dimensional Fourier transform of the CSDF in
the light source plane as [20]
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whereW ωρ ρ( , , )1 2
(0) is the CSDF in the light source plane, ρ1 and ρ2 are

two-dimensional position vectors in the plane.
Besides, the other part associated with the scatterer in Eq. (7) can

be expressed as a six-dimensional Fourier transform of C ωr r( ′ , ′ , )F 1 2
with C ω F ω F ωr r r r( ′ , ′ , ) = *( ′ , ) ( ′ , )F 11 2 2 being the correlation func-
tion of the scattering potential of the random medium, and it has a
form of
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where kK u u= ( − )1 1 01 and kK u u= ( − )2 2 02 .
We assume that the medium is illuminated by the MGSM beams,

which are an important class of partially coherent laser beams. For
such beams the CSDF in the source plane is given by [22]
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where
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binomial coefficients, σ is the transverse beam width, and δ is the
correlation width of the source. On substituting from Eq. (10) into Eq.
(8), we obtain the angular correlation function of the MGSM beam
expressed as
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In the light scattering theory, the soft-edge (Gaussian) model and
the hard-edge model are the most commonly used models for scatter-
ing media. Take a deterministic medium, for example. The soft-edge
deterministic medium has a Gaussian distribution of its scattering
potential, which is given by
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