
37   |   COMSOL NEWS   |   2014

米氏散射   |   计算电磁学 AltaSim Technologies，美国俄亥俄州

在电磁波通过物质时，它们会与

粒子或杂质相互作用扰动局部电子分

布。这种变化会在粒子内产生周期性

的电荷分离，导致局部感应偶极矩发

生振荡。这种周期性加速度会起到电

磁辐射源的作用，从而产生散射。

粒子大小会有影响

粒子引起的电磁波散射可以通过

两种理论框架描述：适用于无能量吸

收的球形介电小粒子的瑞利散射，以

及球对与粒子大小无关的一般散射情

况提供通解的米氏散射。当粒子很大

时，米氏散射理论会过渡到几何光学

的极限。因此，米氏散射理论可以用

于描述球形粒子引起的大多数散射，

包括瑞利散射，但由于其计算的复杂

性，通常偏向于使用瑞利散射理论。

当粒子大小大于入射波长的大约 

10% 时，瑞利散射模型就会失效，此

时必须采用米氏散射理论。米氏散射

的解通过解析求解球形粒子电磁波散

射的麦克斯韦方程组得到；它以无穷

级数的形式而不是简单数学表达式进

行建模。

米氏散射与瑞利散射有几个方面

的不同：它在大多数情况下与波长无

关，并且散射强度在向前方向上大于

相反的方向（见图 1）。粒子大小越大，

向前散射的光就越多。除了光散射的

许多大气效应之外，米氏散射的应用

还包括环境模型（例如大气中的尘埃

粒子和水中的油滴）以及用于测量生

物系统中的细胞核或身体组织中的胶

原纤维的医疗技术。

米氏散射

得到粒子或物体引起的米氏散射

的解析解是非常复杂的，需要求解包

括入射场、散射场和内部场的麦克斯

韦方程组。它们采用矢量球谐函数的

无穷级数展开形式，可用于预测散射

截面、效率因素和强度分布。此外，

还可以研究粒子形状、波的入射角和

粒子材料属性的影响。

在电磁波散射问题中，总的电磁

波可分解为入射波和散射波的叠加。

从散射场中可以获得重要的物理量之

一就是截面，它可以定义为穿过以粒

子为中心的虚拟球表面的电磁能量与

入射波辐射功率 (P inc) 的比值。为了

计算被粒子吸收的电磁能量 (W abs) 和

散射的电磁能量（W sca）的比例，吸

收截面 (σ abs)、散射截面 (σ sca) 和消

光截面 (σ ext) 定义为：

吸收的总能量通过在粒子体积上对能

量损耗进行积分得到。散射的能量通

过在包围粒子的虚拟球体上对坡印廷

矢量进行积分得到。

计算电磁学

研究人员利用 COMSOL Multiphysics® 

粒子的电磁波散射

粒子与电磁波相互作用产生的独特散射模式可以描述粒子的特性。光散射测量涵盖了一系列广

泛应用，例如气象学、粒子大小测量、生物医学和超材料等。
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图 2 ：球形粒子引起的米氏散射的模型几

何。

图 1 ：x 方向入射波的米氏散射产生的电

场，可以看到向前方向的散射增强了。
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As electromagnetic waves propagate 
through matter they interact with 
particles or inhomogeneities that 
perturb the local electron distribution. 
This variation produces periodic 
charge separation within the particle, 
causing oscillation of the induced 
local dipole moment. This periodic 
acceleration acts as a source of 
electromagnetic radiation, thus 
causing scattering.

PARTICLE SIZE MATTERS
Scattering of electromagnetic waves 
by particles can be illustrated by two 
theoretical frameworks: Rayleigh 
scattering that is applicable to small, 
dielectric, non-absorbing spherical 
particles, and Mie scattering that 
provides a general solution to 
scattering that is independent 
of particle size. Mie scattering 
theory converges to the limit of 
geometric optics at large particle 
sizes. Consequently, Mie scattering 
theory can be used to describe most 
scattering by spherical particles, 
including Rayleigh scattering, 
but due to the complexity of 
implementation, Rayleigh scattering 
theory is often preferred.

The Rayleigh scattering model 
breaks down when the particle size 
becomes larger than approximately 
10 percent of the wavelength of the 
incident radiation, at which point 
Mie theory must be applied. The Mie 
solution is obtained by analytically 
solving Maxwell’s equations for the 
scattering of electromagnetic radiation 
by spherical particles; it is modeled in 
terms of infinite series rather than a 
simple mathematical expression.

Mie scattering differs from Rayleigh 
scattering in several respects: it is 
mostly independent of wavelength 
and is larger in the forward direction 
than in the reverse direction (see 
Figure 1). The greater the particle 
size, the more light is scattered 
forward. In addition to the many 
atmospheric effects of light scattering, 
applications of Mie scattering include 
environmental models such as dust 
particles in the atmosphere and oil 
droplets in water, as well as medical 
technology used to measure cell nuclei 
in biological systems or the collagen 
fibers in body tissue.

MIE SCATTERING
Implementation of analytical solutions 
for Mie scattering by a particle or 
object is complex and requires solving 
Maxwell’s equations to represent 
the incident, scattered, and internal 
fields. These take the form of infinite 
series expansion of vector spherical 
harmonics, allowing the cross sections, 
efficiency factors, and distributions of 
intensity to be predicted. Further, the 

influence of particle geometry, the 
angle of incidence of the wave, and 
the particle material properties can  
be investigated.

In electromagnetic wave scattering 
problems, the total wave decomposes 
into the incident and scattered wave 
components. Important physical 
quantities can be obtained from the 
scattered fields. One of these is the 
cross section, which can be defined as 
the net rate at which electromagnetic 
energy crosses the surface of an 
imaginary sphere centered at the 
particle, divided by the incident 
irradiation (P

inc). To quantify the 
rate of the electromagnetic energy 
absorbed (Wabs) and scattered (Wsca) 
by the particle, the absorption (sabs), 
scattering (ssca), and extinction (sext) 
cross sections are defined as:
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The total absorbed energy is derived 
by integrating the energy loss over the 
volume of the particle. The scattered 
energy is derived by integrating the 
Poynting vector over an imaginary 
sphere around the particle.

Scattering of Electromagnetic Waves 
by Particles
Particles can be characterized by the unique scattering patterns produced by their 
interaction with electromagnetic waves. Optical scattering measurements cover  
a broad range of applications such as meteorology, particle sizing, biomedical,  
and metamaterials.
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FIGURE 2. Model geometry for Mie 
scattering by a spherical particle.

FIGURE 1. Electric field due to Mie 
scattering of the incident wave in the 
x-direction showing enhanced scattering  
in the forward direction.
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及其 RF 模块设计了米氏散射的计算模

型，求解半径为 a 的介电、磁性或金属球

形粒子的散射。模型几何如图 2 所示。

空气域通过插入的完美匹配层 

(PML) 截断，将模型范围限制在感兴

趣的有限区域。该域内的解不会受到

引入的 PML 影响，得到的求解与无

限大求解域下的结果一致。PML 层会

吸收所有出射的波能量，不存在任何

可能在边界上导致杂散反射的阻抗不

匹配。PML 对于将求解保持在所需精

度级别同时节省计算资源非常有用。

COMSOL 同时支持远场计算，这通过

在 PML 域的内边界处对近场积分得

到。面 S 用于计算散射的总能量。入

射平面波沿 x 轴正方向传播（见图 2），

而电场沿 z 轴极化。x-z 和 x -y 对称

平面上分别使用完美磁导体 (PMC) 和

完美电导体 (PEC) 边界条件。入射到

球上的平面波通过其幅值、空气中的

波矢和角频率定义。COMSOL 提供了

计算散射积分所需的所有方便功能。

图 3、4 和 5 显示了三种不同粒子的

散射特性。计算得到的结果与实际实

验结果良好吻合 1。

米氏散射问题的仿真可以帮助研

究人员可视化微小粒子对于入射电磁

波的影响（见图 6），以便更好地了解

其相互作用。■

图 3 ：介电粒子的截面参数和辐射力，折射率 n = 5 – 0.4j，相对磁导率 μ = 1。

图 4 ：磁性粒子的截面参数和辐射力，相对介电常数 ε = 1，相对磁导率 µ= 8 – 2j。

图 6 ：半径 0.1 μm 的粒子对入射电磁波

散射产生的电场 z 分量的分布。箭头显

示了频率 为 950 THz 时，相对电场的时

均功率流。

图 5 ：银粒子的截面参数和辐射力，介电常数恒定。
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