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a b s t r a c t 

The scattering of electromagnetic waves (EMWs) by partly charged particles is investigated by Mie the- 

ory. For particles much smaller than the wavelength of EMW, the scattering properties are significantly 

affected by the net surface charges but are not affected by the location of charged area, and the extinc- 

tion cross section and scattering cross section, as well as the signal attenuation due to charged particles, 

monotonously increase with the size of charged area and reach maximum when the particle is overall 

charged, as the surface charge densities is within several hundred μC/m 

2 . Moreover, given the distribu- 

tion of particle sizes a closer agreement between the theory and measurement of signal attenuation due 

to charged sand/dust storms can be achieved by taking the charges into consideration and assuming all 

particles have the same size of charged area and surface charge density in theory calculations. 

© 2017 Elsevier Ltd. All rights reserved. 

1. Introduction 

At sand/dust storm regions, remote sensing is used for the ob- 

servation of sand/dust storms, to observe the visibility, the density 

of particles, and etc. Generally, remote sensing uses the scatter- 

ing properties of electromagnetic waves (EMWs), including the ex- 

tinction/absorption, scattering and attenuation of electromagnetic 

waves caused by sand/dust storms. On the other hand, the oper- 

ation of telecommunication at sand/dust storm regions could be 

worsened by sand/dust storms. Therefore, to ensure the accuracy of 

remote sensing and reliability of telecommunications in sand/dust 

storms, the scattering properties of EMWs need being investigated 

sufficiently. Much research has been conducted on the scattering 

and attenuation of EMWs caused by sand/dust storms or sand/dust 

particles [1–4] . And the calculated results had large errors as com- 

pared with experiment results [2–4] . In these work, the particles 

were assumed neutral, i.e., the particles did not carry net surface 

charges. However, it has been well known that the particles in 

sand/dust storms generally carry large amount of charges and can 

generate strong electric field [5] . Sand/dust particles are charged 

due to many reasons, such as the friction [6] , contact [7,8] , and fre- 

quent collisions between particles [9,10] . There were several rea- 

sons to explain why theoretical results of scattering and atten- 

uation had large errors [2–4] . And it was pointed out that the 
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net surface charges carried by sand/dust particles should have sig- 

nificant contribution to the scattering properties and attenuation 

[11] . 

Recently, the effect of surface charges on the scattering of 

EMWs by charged particles was investigated [12–18] based on Mie 

theory, and it was found that the scattering properties could be 

significantly affected as compared with those of uncharged par- 

ticles [12–19] . In these researches the particles were assumed be 

overall charged uniformly on surfaces. However, according to ex- 

isting researches on the electrification of particles, charge carriers 

generally transfer between two insulator’s surfaces brought into 

contact [6–10] , which means a particle very probably carries net 

charges only on a part of its surface. Based on Rayleigh’s scattering 

theory, it was shown that the extinction of EMWs by a particle was 

enhanced when it was charged and the enhancement was maximal 

when a hemisphere of the particle was charged [20] , while the en- 

hancement vanished when the particle was overall charged uni- 

formly on its surface [20] . The reason for this to happen was that 

the contribution of net surface charges to the scattering of EMWs 

was the static electric dipole induced by the net surface charges. 

The strength of the static electric dipole was maximal when a 

hemisphere was charged and always vanished due to symmetry 

when the particle was overall charged uniformly. Hence, whatever 

the density of surface charges was, the effect of net surface charges 

on the scattering of EMWs always vanished when the particle was 

overall charged uniformly. However, compared with the case that 

a hemisphere was charged, an overall charged particle would have 

more charges that could be excited by EMW sand radiate/absorb 
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Fig. 1. (a) Schematic of a partly charged particle illuminated by an x -polarized elec- 

tromagnetic wave propagating along z -axis, i.e., the wave vector k is in z -direction. 

E and H denote the electric field and magnetic field vectors, respectively. (b) North- 

ern hemisphere mode, namely, the particle is charged at the crown (black), whose 

centroid is the North pole of the particle. (c) Southern hemisphere mode, in which 

the centroid of charged crown (black) is the South Pole. Here, the angle θ 0 mea- 

sures the size of charged area. 

energy, why should the effect of surface charges always vanish? 

A research on the scattering of partly charged particles was con- 

ducted in [21] based on Mie theory, however, the solutions of Mie 

scattering coefficients given by [21] were not correct as pointed 

out by [17] . 

For the operation of telecommunication and remote sensing at 

sand/dust storm regions, it is important to find out how signals are 

affected by char ged sand/dust storms, e.g., what the error of theo- 

retical results could be affected by the net charges carried by par- 

ticles, the lower and upper bound of the signal attenuation under 

the effect of net charges, and etc. Motivated by this, the effect of 

surface charges on the scattering of EMWs by partly charged parti- 

cles, including extinction cross section, scattering cross section and 

signal attenuation, are investigated based on Mie theory in this pa- 

per. 

The paper is organized as follows: in Section 2 , the scattering 

problem of EMWs by partly charged particles is solved, and linear 

equations for solving Mie’s scattering coefficients are established; 

the effect of surface charges on the extinction, scattering cross sec- 

tion and signal attenuation by partly charged particles is analyzed 

and discussed in Section 3 ; and conclusions are given in Section 4 . 

2. Scattering field of a partly charged particle 

As shown in Fig. 1 (a), a charged spherical particle with ra- 

dius a is illuminated by an x -polarized planar harmonic EMW 

propagating along z- axis. The electric field of the incident EMW 

is of the form E in = E 0 e 
− i ωt e x , in which E 0 denotes the am- 

plitude of electric field and ω = 2 π f , where f denotes the fre- 

quency of the EMW. Here, e x is the unit vector of x -axis. 

The unit vector e x can be written in spherical coordinate as 

e x = sin θ cos ϕe r + cos θ cos ϕe θ−sin ϕe ϕ . The particle is assumed be 

charged at a crown-shaped area, as shown in Fig. 1 (b) and (c), 

where θ0 measures the size of the area. For the case of Fig. 1 (b), 

the charged area locates at the northern hemisphere (i.e. for z > 0) 

of the particle, so we call it a Northern Hemisphere Mode (NHM), 

while the case in Fig. 1 (c) is called Southern Hemisphere Mode 

(SHM). The particle medium and the ambient medium are as- 

sumed isotropic and homogeneous. Let E 1 and H 1 denote the fields 

inside the particle, E 2 and H 2 denote the fields of the ambient. The 

electric field E i and magnetic field H i ( i = 1, 2) satisfy the following 

wave propagation equation [13] , {∇ 

2 E 2 + k 2 2 E 2 = 0 , ∇ 

2 H 2 + k 2 2 E 2 = 0 

∇ 

2 E 1 + k 2 1 E 1 = 0 , ∇ 

2 H 1 + k 2 1 E 1 = 0 

(1) 

where k 1 and k 2 are the wave numbers inside and outside the 

particle, respectively. k 2 
i 

= ω 

2 μi ε i in which μi and εi ( i = 1, 2) de- 

note the permeability and permittivity of the medium, respec- 

tively. We consider the medium outside of the particle as vacuum, 

i.e. μ2 = μ0 and ε2 = ε0 . Here, μ0 = 1.2566 × 10 −6 H/m (SI unit) and 

ε0 = 8.8542 × 10 −12 F/m (SI unit), are the vacuum permeability and 

the vacuum permittivity. μ1 = μ0 μr and ε 1 = ε 0 ε r , where μr and ε r 
are the relative permeability and the relative permittivity of the 

particle medium. Here, the magnetism of the particle is generally 

weak, i.e., μr = 1. Following Mie theory, the field outside the par- 

ticle is the superposition of the incident field and the scattering 

field, i.e. E 2 = E in + E s , and H 2 = H in + H s , where E s and H s denote 

the scattering fields of the particle. Assume that there exists sur- 

face current K on the particle [13] . Hence, the boundary condition 

has the following form [13] , {
( E 2 −E 1 ) × n = 0 

( H 2 −H 1 ) × n = K 

(2) 

in which n stands for the normal of particle’s boundary. The sur- 

face current K is calculated by Ohm’s law, i.e. K = σ s E 1, τ , where 

E 1, τ denotes the tangential component of the electric field on the 

surface. σ s is called surface conductivity of the particle, a phe- 

nomenological parameter to describe the surface current due to 

the motion of net surface charges driven by electric field [12,13] . 

Under given surface conditions, including the density of surface 

charges ηs and temperature T , the surface conductivity can be cal- 

culated by Drude model [16–18] σs = 

ηs q/M 

iω+ γs 
, where ηs is the den- 

sity of surface charge and q / M the charge-to-mass of charge carri- 

ers, e.g. q / M = 1.7587 × 10 12 C/kg for electrons. The parameter γ s is 

calculated by γ s = k B T / h̄ , where k B denotes the Boltzmann constant 

and h̄ is Planck’s constant [16–18] . 

The scattering problem, i.e., the wave propagation Eq. (1) plus 

the boundary condition (2) , can be solved by Mie theory, in which 

the incident field E in is expanded in vector spherical harmonics (3) . 

E in = E 0 

∞ ∑ 

n =1 

i n 
2 n + 1 

n (n + 1) 

[
M 

(1) 
omn − i N 

(1) 
emn 

]
, m = 1 . (3) 

Here, i = 

√ −1 . M 

( j) 
omn and N 

( j) 
emn are vector spherical harmonics 

defined by (4) and (5) . 

M 

( j) 
omn = z ( j) 

n (ρ) [ cos mϕ πn ( cos θ ) e θ − sin mϕ τn ( cos θ ) e θ ] (4) 

N 

( j) 
emn = n (n + 1) sin θπn ( cos θ ) 

z ( j) 
n (ρ) 

ρ
e r + 

[
z ( j) 

n (ρ) 
]′ 

ρ

× [ cos mϕ τn ( cos θ ) e θ − sin mϕ πn ( cos θ ) e ϕ ] (5) 

where ρ = kr and k denotes the wave number. r, θ and ϕ are spher- 

ical coordinates and e r , e θ and e ϕ are the corresponding unit vec- 

tors. πn ( cos θ ) = 

P 1 n ( cos θ ) 
sin θ

and τ n (cos θ ) = 

d 
dθ

P 1 n ( cos θ ) 
sin θ

, where P n 
1 ( �) 

is the associate Legendre polynomial. For j = 1 and 3, z 
( j) 
n (ρ) is the 

first and third kind of spherical Bessel function [13] . 

Here, the charges are supposed uniformly distributed on the 

charged crown. That is, the charge density ηs is constant on the 

crown. According to the theories of surface conductivity [12–18] , 

the surface conductivity σ s is a constant under given surface 

conditions. Especially, σ s is proportional to the density of sur- 

face charges, which means σ s = 0 for uncharged surfaces ( ηs = 0). 

Therefore, for a partly charged particle of NHM shown in Fig. 1 (b), 

the surface conductivity σ s ( θ ) is a constant σ s for 0 ≤ θ ≤ θ0 and 

σ s ( θ ) = 0 otherwise; for the case of SHM in Fig. 1 (c), σ s ( θ ) is a 

constant σ s for π- θ0 ≤ θ ≤π and σ s ( θ ) = 0 otherwise. That means 

the surface conductivity σ s is independent from the spherical co- 

ordinate ϕ, i.e., σ s is constant for all ϕ in [0, 2 π ] for both NHM 



Download English Version:

https://daneshyari.com/en/article/7846276

Download Persian Version:

https://daneshyari.com/article/7846276

Daneshyari.com

https://daneshyari.com/en/article/7846276
https://daneshyari.com/article/7846276
https://daneshyari.com

