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a b s t r a c t 

Angular distribution of scattered light by a particle reveals information of its topology and refractive 

index, which has been proved to be an effective method to identify and characterize the particle. In this 

paper, numerical study on angular scattering of a polarized one-dimensional Airy beam light sheet by 

concentric spheres is presented. Plane-wave spectrum method is adopted to simplify the problem into 

classic Mie scattering problem, which significantly improves computational efficiency. The effects of size 

parameters, refractive index and position of concentric spheres and Airy beam radius on the angular 

distribution of scattered light are investigated. This paper provides theoretical results for light scattering 

measurement where Airy beam light sheet is employed for reducing effects of multiple scattering. 

© 2017 Elsevier Ltd. All rights reserved. 

1. Introduction 

Angular scattering pattern generated by a particle in a light 

field reveals the particle’s properties, such as its shape and struc- 

ture. As the pattern is extremely sensitive, light scattering tech- 

nique was proposed to measure particles with sub-wavelength 

size. Since the technique is real-time, non-invasive and label-free, 

it has attracted much attention in many scientific fields in the last 

decades. Many instruments for different applications have been de- 

veloped based on this technique. In these applications, angular dis- 

tribution of scattered light is measured and interpreted by a nu- 

merical model to retrieve the scatterer information for further pro- 

cessing. Typical applications include flow cytometry [1,2] and poly- 

mer molecular weight measurement [3,4] . The former can classify 

different types of cells while the latter has been proven to be a 

promising method to obtain polymer’s molecular weight. Conven- 

tionally, plane wave is employed in these measurements, where 

scattering is independent on the particle position. But in an ac- 

tive imaging system, narrow Gaussian beam that confines the en- 

ergy in a small volume is usually used for its high spatial resolu- 

tion. Unlike plane wave, Gaussian beam scattering is significantly 

affected by the position of particles. Theoretical and experimental 

works on Gaussian beam scattering have already been conducted 

by many researchers [5–7] . One-dimensional Gaussian beam was 
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recently introduced in the light scattering measurement [8–9] of 

an imaging flow cytometry for high throughput and suppression of 

background noise from other scatterers. Promising results in phyto- 

plankton analysis and label-free characterization of senescent cells 

demonstrate the great potential of this technique. However, both 

plane wave scattering and Gaussian beam scattering suffer from 

multiple scattering, which introduces unpredictable noise and sys- 

tem errors that can hardly be removed in postprocessing. 

Nondiffractive beam, which can reconstruct its wavefront after 

being scattered by particles, is a natural choice to reduce the ef- 

fects of multiple scattering. Bessel beam and Airy beam are two 

typical nondiffractive beams. Theoretical works on Bessel beam 

scattering have already been reported in many literatures. The 

scatterers include homogeneous dielectric sphere [10] , concentric 

spheres [11] and uniaxial anisotropic biospheres [12] . While Bessel 

beam is always two-dimensional, Airy beam can be either one- 

dimensional or two-dimensional. One-dimensional Airy beam light 

sheet can then be employed to replace the one-dimensional Gaus- 

sian beam in Ref. [8,9] . While Airy beam has already found many 

applications, such as light sheet microscopy [13] , optical manipu- 

lation [14] and imaging system with extended depth of field [15] , 

Airy beam scattering hasn’t got enough attention yet. In Ref. [16] , 

we presented the study on scattering by a homogenous sphere in 

a one-dimensional light sheet. But particles in nature or artificially 

produced, such as biological cells, bacteria, coated particles and 

aerosols, are often found to be inhomogeneous, which can usually 

be approximated to be spheres with concentric spherical inclusion. 

Therefore, we focus on the angular scattering of one-dimensional 

Airy beam light sheet by concentric spheres in this paper, aim- 
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Fig. 1. Illustration of scattering of Airy beam light sheet by a concentric sphere 

consisting of core and shell. The coordinate system is used throughout the following 

text. 

ing at providing a theoretical model for the beam’s application in 

imaging flow cytometry. 

The rest of this paper is organized as follows. Section 2 gives 

the description of the problem and theoretical treatment of the 

scattering problem. Section 3 presents the simulation results of the 

proposed model. Conclusions are drawn in Section 4 . 

2. Theory and description of the problem 

Aden [17] first gave the analytical solution of scattering of con- 

centric spheres in plane wave in the spherical coordinate system 

utilizing Mie theory. As the solution consists of infinite series, Toon 

[18] developed a numerically stable algorithm for the calculation of 

light-scattering intensity functions. Beam shape coefficients (BSC) 

are then employed to extend these works for scattering of shaped 

beam by concentric spheres, which have already been applied in 

Gaussian beam scattering and Bessel beam scattering. However, the 

calculation of BSC is usually time-consuming as it needs three- 

dimensional integration of radial component of the beam over a 

closed surface. Although it can be accelerated by local approxima- 

tion, additional numerical error may be introduced. For practical 

purpose, high computational efficiency and accuracy will certainly 

be desirable. Therefore, plane-wave spectrum method is adopted 

in this paper, where one-dimensional Airy beam is expressed as 

superposition of plane waves. Far-field scattered light field of Airy 

beam can then be regarded to be superposition of scattered light 

field of each plane wave. Since Ref. [18] has already given the an- 

alytical solution of scattering of plane wave by concentric spheres, 

only one-dimensional integration is needed to get the far-field in- 

tensity of Airy beam scattering. 

2.1. Expression of one-dimensional Airy beam 

Scattering of Airy beam light sheet by a concentric sphere is 

schematically illustrated in Fig. 1 . The beam propagates along the 

z -direction with polarization of x -direction in an infinite, isotropic 

and homogeneous medium. The coordinate system Oxyz is at- 

tached to the sphere whose center is located at O . The correspond- 

ing spherical coordinates are then designated as ( r, θ , ϕ). 

As monochrome light is studied in this paper, the time- 

harmonic factor of exp(- i ωt ) associated with the fields is omitted 

in this work. Vector potential, given by �
 A = A ( x, z ) � x , is employed 

to derive the analytical expression of Airy beam, where � x is unit 

vector in the x -direction. 

A ( x, z ) ∝ 

1 ∫ 
−1 

d n x F ( n x ) exp 
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}
, (1) 

f i ( x, z ) = n m 
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where n m 

is the refractive index of the medium, k 0 = 2 π / λ is wave 

vector, λ is the wavelength in the vacuum, ( n x , n z ) are the direction 
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where k m 

= n m 

k 0 , x r is the transverse scale that determines the 

width of the beam’s main lobe, a 0 is a positive parameter to en- 

sure that the beam has finite energy and can be physically real- 

ized. With vector potential, electromagnetic field can be expressed 

as 
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 A , (4) 

�
 H 

i = ∇ × �
 A , (5) 

where subscript i indicates the incident light beam. Six compo- 

nents of the electromagnetic field are then obtained by substitut- 

ing Eq. (1) into Eqs. (4) and (5) , given by 

E i x = E 0 

∫ 1 
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z F ( n x ) exp 

[
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]
d n x , (6) 

E i z = −E 0 
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d n x , (7) 
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i 
x = H 

i 
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where E 0 is a constant parameter defining the energy of the beam. 

2.2. Airy beam scattering 

As indicated by Eqs. (6) –(9) , one-dimensional plane-polarized 

Airy beams are linear integration of plane waves that propagates 

in the xz plane. Therefore, scattering light field of Airy beam is also 

linear superposition of that of plane waves. We followed the work 

in Ref. [18] to numerically solve the plane wave scattering. Assum- 

ing the plane wave is x -polarized and n m 

= 1, the far-field scattered 

light field is given by 

E s θ = 

i exp ( ikr ) 

kr 
cos ϕ S 2 ( cos θ ) 

E s ϕ = 

exp ( ikr ) 

ikr 
sin ϕ S 1 ( cos θ ) (10) 

where E θ and E ϕ are the components of electric field in the spher- 

ical coordinate system, 

S 1 ( cos θ ) = 

∞ ∑ 

n =1 

2 n + 1 

n ( n + 1 ) 
[ a n πn ( cos θ ) + b n τn ( cos θ ) ] 

S 2 ( cos θ ) = 

∞ ∑ 

n =1 

2 n + 1 

n ( n + 1 ) 
[ a n τn ( cos θ ) + b n πn ( cos θ ) ] 

πn ( cos θ ) = 

P 1 n ( cos θ ) 

sin θ

τn ( cos θ ) = 

d P 1 n ( cos θ ) 

d θ
. (11) 



Download English Version:

https://daneshyari.com/en/article/5426954

Download Persian Version:

https://daneshyari.com/article/5426954

Daneshyari.com

https://daneshyari.com/en/article/5426954
https://daneshyari.com/article/5426954
https://daneshyari.com

