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Plan of lecture

» 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
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Introduction
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Introduction

r A HEUGORE

J. F. Nye, Nature (London) 312 531 (1984)

Rainbow scattering from spheroidal
drops—an explanation of
the hyperbolic umbilic foci
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P. L Marston, E. H Trinh, Nature (London) 312, 529 (1984)
Hyperbolic umbilic diffraction
catastrophe and rainbow
scattering from sphgmidal drops

Marston, Opt. Lett. 1985
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Scatteriing of a circular czlinder

> Deviation angle of an emergent ray

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

rand 7’are respectively the complementary angles of the incident
and the refraction angle: 7=90°- 6, 7’=90°- 6.

p=0:0=271
p>0:0=27-2pt

0, =2r-2pr’

> Intensity - Fresnel factor

Ex = r%\ p=20
2(p—1) - 2\ |
ex = 1y’ "(1—=r2) p>1

X represents the polarization sate
(L or || ), ry Fresnel coefficients.
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Scatteriing of a circular czlinder

» 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:

Apin = 2pmasint’

Optical path:

A, = 2asint — 2pmasint’

Phase shift of optical path:
2 : :
D, = %d(sm T—pmsinz’)

Phase due to reflection:
Phase of the complex number: ry

Phase due to focal lines:
Phase jump 7/2 at each focal line.
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Scatteriing of a circular czlinder

> Intensity - Divergence factor

Energy balance:

l, dS, =146, dS,

with
dS; =asinzdrdz, dS,=rd6 dz
We obtain
- loex dS; _ lyexasinzdrdz =EI05XD
P ds, rdé,dz r P

We note the divergence factor:

D - sint \
p ' o, F
a6, ol dSs = rdf,dz
dr '
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Scatteriing of a circular czlinder

»> Phase due to focal line

The phase due to the focal line depends only on p and the sign of the
derivative s = d @, /dt:

T 1
O = B) [p_i(l_s)]
» Diffraction field 1 + cos 0 sin(a sin )
o = 2na/i Sa = 2

> Total scattered field

Phase: ©, = @ + @, + ®, (resp. phases of Fresnel coef,, focal lines and optical path)
Amplitude of emergent ray: A = VD &y

Total field: . N _
A= Z\/gx D, e "%+ S
p=0

N is the total number of rays arriving at the angle 6.

sin ¢

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 dS; = a’drdg sint

. _ Qi /
Energy balance: IS’pdSS =1,6,0dS, % =

with |dS,=a’coszsinzdrzde, dS,=r*sing,do,de

We obtain
= JoexdS; _ l,&,@° COSZ‘SianTd(DZa_ZI - D
*P S, r’sing,do de pz X

The divergence factor: cosd sinz Q)d S, = r2sin 0,d0,dy

" sing, |dg, /d7

> Phase of focal lines: > Diffraction field:

N S, = o2 J1(asinf)

=3 [p — 2y gl = qi”)] asin

» 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 imtensity
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» Scattering diagram according to geometrical optics
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Scattering of a sphere

First rainbow

iagram according to geometrical optics

ingd
Comparison with rigorous theory.
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Scattering of a sphere
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» Scattering diagram according to geometrical optics

= Small drop
= Bubble

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 um.
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Scattering of a sphere

> EXxercise

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

2. Alightray 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. Alight ray of wavelength A= 0.488 um 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 1(8) = 1(0)/e?

reflection reflection

0.8 /f 0.8-

0.6 /| 06

0.4 /
/
J/

i 20 By O CONEE ¢
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Rainbow and Airy theory

> GO theory of Rainbow »

= Descartes gave the first satisfactory explanation:

v

Extreme deviation + dispersion of the water

FRL7h B RZ
A5 X RERLE

Rayons
incidents

But the intensity tends to infinity !
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Rainbow and Airy theory

» GO theory of rainbow
‘ Calculation and

Divergence factor: \ain the rainb
: explain the rainbow
Cyhnder: _ sing Sphere: D - cosé sinz ) E[)h ;
= Jda, /d] *“sing, [do; a7 1 ENE NATUrE

A n 0, 0,

1 i . COST =1 CcosT
Extreme deviation 486.1 1.3371 138.5° 128.0°

! sin T tan T

= = 656.3 1.3311 137.6° 129.6°

dr msin 7’ tan 7/

dT

Rainbow angle: |9 (p,m)=2¢, -2pz',

m2—1
).1m) = 2 |arctan ——— | —parctan | p
tr(p.m) ( pepl ]
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Rainbow and Airy theory

» Airy theory of rainbow

Sir George Airy

(1801-1892) O

ego (m)

0

Phase of the rays:
AV = khv? /3a?

Scattering diagram
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Rainbow and Airy theory

» Reuvisit of Airy theory

= Phase difference is:
AV = khv? /3a?

* Amplitude is constant for all emergent rays ,

= Amplitude of scattered field in #direction:

f * ¢ — k(8 —B0)+ikhv®[3a® g,

— Q0

1| G.O.
Airy theory + The version of van de Hulst (1957)
permits to predict the profile,
* But the absolute/relative intensity?
O a.m 0
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Rainbow and Airy theory

» Reuvisit of Airy theory
Can anything new be said about the rainbow? Yes.

. . ’ The insight that this phenomenon arises from the play
Ai ry theo ryin 1990s of light in a single spherical drop is 7 centuries old, the
full geometrical optics theory of Descartes 3-1/2 centu-

R. Wang and van de Hulst ri_es, am_il its:, modification by Airy to take account of
Appl. Opt. 30(1):106, 1991 diffraction just 1-1/2 centuries. Exactly a century ago

» Wang, van de Hulst et Lock: same principle but with amplitude
correction:

2msindf V2 e p=1,_.-
£hey @ = x(558) SO X R o) 00

o]

\Al( ,1’,3 )\b'-:p(érr:!”_!.l)s-xp

10 : 10 g
o—o Debye theory 7 E s—a Debye theory
== Airy theory 4 = e Airy theory
VCRM ... S S - SN, SR S VCRM

105 e

GO predicts better

Alry bOWS (except the main
peak) than Airy theory !

Scattered Intensity

115
Scattering angle [deg]

RUNIVERSITE co <]
DEROUEN

11-21



Lecture at Xidian University iR N B B R SN 53 Y AW, = 1R ey

Summarx

» 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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