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a b s t r a c t

A new calculation procedure for the attenuation coefficients of electromagnetic wave by a
partially charged multilayered sphere is proposed. The procedure is based on the
utilization of a prescription which relates the expansion coefficients of the electromag-
netic fields in the n-layered zone to those for the core zone through an iterative process,
and then directly applies the coated-sphere model to calculate the expansion coefficients
of the scattering field, and the extinction cross section. This method can be used to
calculate the scattering properties of any multilayer charged sphere.

& 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Electromagnetic scattering from the particulate matter
is an important research subject in astronomy, astrophy-
sics, biomedicine, polymer science, atmospheric science,
and laboratory experiments [1]. We usually use the Mie
method [2], T-matrix method [3–6], DDA [7], or Sh-matrix
[8,9] to predict the scattering and absorption of light by a
homogeneous particle. However, in real environment, the
particle is made of inhomogeneous medium [10], for
example, the particle may have a core-shell structure
[11], or be multilayered [12–14]. In order to calculate the
scattering properties of these kinds of heterogeneous
particles, some researchers developed various methods,
for example, the n-layered Mie solution [15], Debye series

[16–19], equivalent dielectric constant [20], and so on.
Some papers also discussed the improved recursive algo-
rithm for the light scattering by a multilayered sphere
[15,21]. Although the previous methods mentioned above
are much simpler and more accurate in estimating the
particle's optical properties, they are options available for
calculating the scattering of the uncharged particle.

Actually, some common granules in nature or in indus-
try are charged when they are moving [22,23]. For exam-
ple, the sands in wind-blown sand layers or in the
sandstorms are charged, and the charge can reach up to
1120.7 μC/kg [24]. There are several reasons why the sands
are charged when they come in contact with each other
[25], some papers have shown that the charged ion or
electron on particle surface was anisometrically trans-
ferred when the particles came in contact, hence making
them charged when separated [25,26], which means the
charge may only be distributed on the particle surface. The
charge on the particle not only produces a strong electric
field, but also enhances the scattering and absorption of
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the incident electromagnetic wave by particles [27–32].
However, there are no reports on the scattering properties
of charged multilayered particles.

In this paper, we want to propose a simple method to
predict the optical properties of a partially charged multi-
layered particle. The procedure is that we first found an
iteration relation for the expansion coefficients of electro-
magnetic fields between the last layered zone and the core
zone, and then directly used the charged coated-sphere
model which was proposed by Li et al. [33] to obtain the
expansion coefficients of the scattering field, finally
acquired the extinction cross section for any charged
multilayer spherical particle.

2. Scattering of charged multilayered spherical particle

For simplicity, suppose a plane x-polarized wave (the
wavelength is λ) illuminates a small partially charged
multilayer particle, and there is no charge on the interface
between any two shells. For the core, its radius is R0 and
the permittivity is εo. For the j-layer shell ðj¼ 1;2⋯NÞ,
suppose its radius is Ri, and the permittivity is εi. The
background medium is air and its permittivity is εm,. The
charge uniformly distributes on a spherical cap of the
particle surface with an angle of 2θ0, as shown in Fig. 1,
and we just show a cross section at φ¼0. As shown by
some references [15,33], the incident field Ein, Hin, the
interior field in core zone E0, H0 the interior field in the
i-layer shell zone Ei, Hi,, the scattering field Es, Hs all can be
expanded in vector spherical harmonics functions,
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Here ρ¼ kr; k¼ 2π=λ;ρj ¼mjxj ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
εj=εm

p
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ffiffiffiffiffiffiffiffiffiffiffiffiffi
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p
k; kj ¼mjk;μ;μ0 and μj are the per-

meability of air, the core zone and the j-th shell, respec-
tively. In this paper we do not consider the permeability of
the sands, so μ¼ μ0 ¼ μj ¼ 4π � 10�7 N=m2.an;bn; c

ð0Þ
n ;

dð0Þn ; cðjÞn ; f ðjÞn ; dðjÞn ; gðjÞn is the expansion coefficient of the elec-
tromagnetic field for the zone inside or outside the
particle, j¼ 1;2⋯N. Mj

e1n;M
j
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j
e1n and N j

o1n are the vec-
tor spherical harmonics functions, which must meet the
following equations:
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Here PðmÞ
n ð cos θÞ is the first associated Legendre func-

tion but m¼1, jnðxÞ and ynðxÞ are the spherical Bessel
functions of the first and second kinds and hnðxÞ ¼
jnðxÞþ iynðxÞ is the spherical Bessel function of the third
kind, respectively.

To gain the expansion coefficients for the interior field
and the scattering field, we must use the boundary condi-
tions, which can be represented as follows [30,32,33]:

r¼ RN: n� ðEinþEs�ENÞ ¼ 0 ð3aÞ

r¼ RN: n� ðHinþHs�HNÞ ¼KHðθ�θ0Þ ð3bÞ

r¼ R0: n� E0 ¼ n� E1 ð3cÞ

r¼ R0: n�H0 ¼ n� H1 ð3dÞ

r¼ Rj: n� Ej ¼ n� Ej�1 ð3eÞ

r¼ Rj: n�Hj ¼ n�Hj�1 ð3fÞ
Here K ¼ σsENt is the surface current density, Hðθ�θ0Þ is

the Heaviside function, ENt is the tangential component of
the surface electric field, and

σs ¼
iσqe

meðωþ iσπre2
ffiffiffiffiffiffiffiffiffiffiffiffi
T=me

p
Þ ð4Þ

is the surface conductivity [32], me, qe, re are the mass,
charge, and radius of the electron, σ is the charge density
on particle surface, ω is the angular frequency of the
incident wave and T is the surface temperature. Substitut-
ing those expansions (1a–1d) for the incident field, the
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Fig. 1. The physical model for a multiplayer spherical particle.
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