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Plan of lecture
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➢ Introduction

▪ Can GO be applied to light scattering?

▪ Rainbow – an example of GO for scattering

▪ Reconsideration of the classical models

➢ GO for scattering of a circular cylinder

▪ Deviation angle, divergence factor, phases …

➢ GO for scattering of a sphere

▪ Deviation angle, divergence factor, phases …

➢ Rainbow and Airy theory

▪ GO theory of Rainbow

▪ Airy theory of rainbow

▪ Revisit of Airy theory

➢ Summary
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Introduction

➢ 几何光学可用于粒子散射计算吗？

▪ 很少有人用几何光学直接计算散射问题，

▪ 作为高频方法，几何光学应用在一些简单场合，

▪ 也发展了几何绕射理论等。

▪ … …

➢ 彩虹—几何光学与物理光学

▪ 彩虹原理--几何光学 (笛卡尔)

▪ 艾里理论—几何光学+物理光学

▪ 彩虹测量技术

▪ 彩虹研究三个半世纪，
如今仍然蓬蓬勃勃。
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Introduction

➢ 经典模型的局限性

▪ 几何光学可获得球形粒子直径与相位差之间的关系，但对非球形粒
子举步艰难或者束手无策。

▪ 而实际应用中，特别流体中遇到大量非球形粒子

▪ 自然也存在大量非球形粒子

▪ 大量的电波传播与探测、光学测量与设计和辐射压力计算等等都需
要解决大的非球形粒子的散射问题
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Rain drops

Red blood cells Airplane
Optical tweezers and knifes
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➢ 对新模型的思考

Introduction
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Marston, Opt. Lett. 1985

一个典型的非球形
问题的例子

能否理论计算精细结构？

为了回答这些问题，我们先考察经典模型：

几何光学的光散射
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Scattering of a circular cylinder

➢ Deviation angle of an emergent ray

▪ Order p of emergent ray : the number of interactions minus 1.

▪  and  ’ are respectively the complementary angles of the incident 
and the refraction angle:  =90°− i, ‘=90°− r

▪ p = 0:  = 2

▪ p > 0:  = 2 − 2p‘

➢ Intensity - Fresnel factor

X represents the polarization sate

(⊥ or  || ), rX Fresnel coefficients.
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Scattering of a circular cylinder

➢ Optical path and phase 

▪ Reference ray: a virtual ray incident and emergent in the same 
direction and passing by the center as if no particle.

▪ Optical path in the particle:

▪ Optical path: 

▪ Phase shift of optical path:

▪ Phase due to reflection:
Phase of the complex number: rX

▪ Phase due to focal lines:
Phase jump p/2 at each focal line.
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Scattering of a circular cylinder

➢ Intensity - Divergence factor

▪ Energy balance:

with

We obtain

We note the divergence factor: 
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Scattering of a circular cylinder

➢ Phase due to focal line

▪ The phase due to the focal line depends only on p and the sign of the 
derivative s = dp/d:

➢ Diffraction field
 = 2p𝑎/

➢ Total scattered field
▪ Phase: 𝑝 = 𝐹 +𝑓 + 𝑃 (resp. phases of Fresnel coef., focal lines and optical path)

▪ Amplitude of emergent ray: 𝐴 = 𝐷𝑝𝜀𝑋
▪ Total field:

N is the total number of rays arriving at the angle 𝜃𝑠.

Note: the interpolation is needed in the last step.
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Scattering of a sphere

Only the divergence factor and phase of focal lines are different.

➢ Intensity - Divergence factor

▪ Energy balance:

with

We obtain

The divergence factor: 

➢ Phase of focal lines:

➢ Total field is calculated in the same way as for the cylinder.
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Scattering of a sphere

➢ Scattering diagram according to geometrical optics
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Scattering of a sphere

➢ Scattering diagram according to geometrical optics
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water droplet: 

a=50µm, =0.6328, m=1.333
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Scattering of a sphere

➢ Scattering diagram according to geometrical optics

▪ Comparison with rigorous theory.

II-14

Forward direction First rainbow

LMT - Rigorous theory

GO – approximate method
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Scattering of a sphere

➢ Scattering diagram according to geometrical optics

▪ Small drop

▪ Bubble 
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Total intensity with 

interference:

A sphere of water or a 
air bubble in the water 
illuminated by a plane 
wave of wavelength of 
0.6328 μm.
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Scattering of a sphere

➢ Exercise
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1. Under what condition can the geometrical optics be used? 

2. A light ray arrives on a surface separating two media of different refractive indices. The two figures 

below represent the reflection coefficients as a function of the incident angle i in the two cases: from a 

more refractive medium to a less refractive and from a less refractive medium to a more refractive.

- To which case does each of these two figures correspond? 

- What does each of the two curves represent in the figures? 

- Why is there a plateau in the right figure from 41.8°? Deduce the ratio of the refractive indices of the 

two media. 

- What is the angle of 56.3° in the left figure and 33.7° in the right figure? Explain this phenomenon.

3. A light ray of wavelength = 0.488 µm penetrates into a medium of index m = 1.35−0.001i. What is the 

speed of light in this medium? What is the characteristic depth of penetration  defined by I() = I(0)/e2.
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Rainbow and Airy theory

➢ GO theory of Rainbow

▪ Descartes gave the first satisfactory explanation:

Extreme deviation + dispersion of the water

But the intensity tends to infinity !
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Rainbow and Airy theory

➢ GO theory of rainbow

▪ Divergence factor:
Cylinder:                        Sphere:

▪ Extreme deviation: 

▪ Rainbow angle:
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Calculation and 

explain the rainbow 
in the nature
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Rainbow and Airy theory

➢ Airy theory of rainbow

➢ Rigorous theories of rainbow 
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Rainbow and Airy theory

➢ Revisit of Airy theory

▪ Phase difference is:

▪ Amplitude is constant for all emergent rays

▪ Amplitude of scattered  field in  direction:
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Rainbow and Airy theory

➢ Revisit of Airy theory
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R. Wang and van de Hulst

Appl. Opt. 30(1):106,  1991

Airy theory in 1990s’

p=2, a=100 µmp=3, a=100 µm

GO predicts better

Airy bows (except the main 

peak) than Airy theory !
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Summary

➢ Geometrical can be applied to the scattering of particle.

➢ The different kinds of phase shifts are to be considered

➢ The intensity of emergent rays affected by two factors:

▪ The reflection and transmission on the particle surface

▪ The divergence / convergence of the waves

➢ The precision is very good except in the vicinity of caustics.

➢ Geometrical optics can predict only the geometrical rainbow 
angle, which is independent of particle size but the real main 
peak depends on particle size.

➢ Airy theory can remedy the problem of infinite intensity, but 
the intensity maxima are npt precise and it fails for parallel 
polarization.
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