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Theories of light scattering

1 Approximate models and theories
» Geometric optics = VCRM
*Diffraction
» Ray theory of waves
» Rayleigh theory

) Rigorous theories

e Lorenz-Mie theory

e Generalized Lorenz-Mie theory

J Numerical methods
e T-matrix, DDA
« MoM, FTDT, FEM, ...
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Geometric optics

What is it used for ?
» Imaging in daily life:

Image by reflection: mirror in car, water surface, summer route ...

Image by refraction: fish, stick in water, mirage in the nature ...

» Optical instruments:
Camera, telescope, microscope, .. Adv_antag €S.
. e Simple
Industrial measurement systems,

_ _ o * Object of arbitrary
Optical fiber for telecommunication shape

» Scientific research:
Fluid mechanics: PIV, holography, LDV, PDA,
Measurement of temperature, size distribution, ...
Biological imaging, ...
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Geometric optics

Condition and simple applications

Conditions:

ALl

The wave length A is much longer than the dimension of the object .

1. Straight propagation g/f

In @ homogeneous medium ‘ g

Photography
poio ] =
< d > <
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Geometric optics - reflection and refraction

Reflection and refraction laws

Reflection and refraction on a surface between two media

Law of Snell-Descartes

- _ . |
Reflection: 1=l
Refraction: N Sini:n'Sinr
The velocity of light v depends | R

on the refractive index n of the \<>'/
medium: Diopter or N

c refraction surface
>
n —— n n
V More refractive r R
medium
RUNIVERSITE co—=ia
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Geometric optics - reflection and refraction

Critical angle:

|I :arcsin[

n

)

Total reflection :

1>1
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Total reflection

)

n=n Forbidden zone
CI)riticaI ang
Q& n Applications
Critical an ! . .
i = Optical fiber
E— / * Telecommunication
| n'<n « Transport de laser beam
, = Critical angle for
Examples : measuring bubbles

n,/n =1/1333 i =486°| ™= Optical gauge
n,/n, =1/1.500 i =41.8° = Natural mirage
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Geometric optics - reflection and refraction

Total reflection - applications

Application 1:
Optical fiber

Application 2: D o,
Effect of mirage ,f/J \\ _ N

=R G e \ n3

Propagation of a lightbear =y -~ ; !,5 \jK .............. n,
in a parallel stratified ‘l B \
i > n
environment: T osmoms n;=n,>n;>... >N, p

grad T grad n

n sini=C

n; ¥ until i;=90°,
i.e. total reflection.
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Geometric optics - reflection and refraction

Relation of amplitudes and intensities

Fresnel formulas — relation between the amplitudes of the reflected/refracted and incident waves

Er E! X =1 ou || polarisation state
=—r, t,=—" Ei: amplitude of incidente wave
Ex Ex E! Ex amplitudes of reflected/refracted waves

I

¢ _Ncosd —ncosq _ tan (6, —6,)
I

N, cos#, —n,cosf, _ sin(6, - 6,)

=] = r = =

n, cosé, +n cosd, tan(6 +6,) * ncosé, +ncosd,  sin(6 +6,)
¢ = 2n; cos 6, _ 2sin g, cos 6, { ___ 2ncosg _ 2sin 4, cos 6,
" ncos@ +ncosd sin(6 +6,)cos(6,-6,) © nycos +n.cosd, sin(6+6,)
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Geometric optics - reflection and refraction

Intensity ratio of reflection r2

Relation of amplitudes and intensities

n'>n

Forbidden zone 4&\/ .

n’'<nm

Critical angle
1 1 \
0.8 0.81
0.6 0.6
0.4 0.4
0.2 ” 0.2 1
0" 20 _ 40 €0 8 0 20 40
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Geometric OptiCS — propagation of light in a medium

optical path, phase and intensity

Propagation of light in a medium: ds B
Optical path: B ﬁ
7(AB) = j m(s)ds
A A dz=m ds
Complex refractive index:
Mm=m_—im
« Phase difference : AP(AB)=K r=kmgAS

* Absorption:  [(B)=1(A) exp(—2kri) =1(A) exp(—2kmiAS)
« If M is constant: A¢ = kmrAS

| =1,exp(—2km.AS)

MUNIVERSITE co—=ia
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Geometric OptiCS — application to light scattering

Can GO be applied to light scattering ?

YES to the simple particles:
= Homogeneous sphere,
= Homogeneous circular cylinder

Possible for objects of complex shape:

= Pure ray model, precision is very limited
= Ray model + electromagnetic integration, much better

= Ray model + wave properties =» Vectorial Complex Ray Model

= New concept, very precise and easy to use.

MUNIVERSITE
DEROUEN
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Geometric OptiCS — application to light scattering

Reflection and refraction in a particle

Light scattering by a sphere:

* Intensity .
) _
C ex = 'I‘Z\ p=20
CGEX — J‘Ul(l—- )P p>1 -
e
L where p is the scattering order,

O X represents the polarization sate
(L or ||), ry Fresnel coefficients.

e Length of the path in the particle:

Imp

A, =2pasint’
e Deviation angle de :

6, =2t —2pz’

MUNIVERSITE
DEROUEN
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Geometric OptiCS — application to light scattering

Reflection and refraction in a particle

»Phases:
* Phase difference due to the difference of the optical paths :

2md
Ad —
D)\

 Jump of phase due to reflection on the surface and the focal lines.

(sinT — pmsinT’)

1) Reflection: phase of the complex number: ry

2) Focal lines: phase jump n/2 at each focal line. Summary

These equations are
cosé,sint enough to calculate the
p— do intensity of each order
p

sin <9p ar and the total field.

» Divergence factor : p

Important

l.e,dS.  |,e,a’cosrsinzdrdg a’ = T ia
I — 0~ X [ 0~ X — I < D _ I e iAdp
>P ds, r’sing do,de p2 X A pzz(; 5P
RUNIVERSITE co—<=ida
m ROUEN I I_13 CNRS-UNlVEIl?JSI\;IIEe':SS UEN




Course M2 EFE — Rouen University

Geometric OptiCS — application to light scattering

Scattering diagram according to geometrical optics

Without 10
Interference
between c 107
different 2
modes 3 o7 \
2 AT ] '1
§  tm————"" 1 | '.
« Sphere of water < 105 | i l .
« Polarization L i II !
« Intensity - o i I :
at rainbow angle ; i |! '
10 030 e0 90 120 150 180
Angle de diffusion [deg.]
MUNIVERSITE
DEROUEN
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Geometric OptiCS — application to light scattering

Scattering diagram of a water droplet: a=50um, A=0.6328, m=1.333
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Geometric OptiCS — application to light scattering

200pm, A=0.6328, m=1.333

Scattering diagram of a water droplet: a

First rainbow

Forward direction

137.98,
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Geometric OptiCS — application to light scattering

Comparison with rigorous theory

A homogeneous
sphere

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.

MUNIVERSITE
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log 10 [(i1+i2)2)
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Geometric OptiCS — application to light scattering

Comparison with rigorous theory

A homogeneous infinite cylinder

Total intensity with interference

A circular cylinder of water with a radius of 5 um (left) or 10 um (right) illuminated by a plane
wave with a wavelength of 0.6328 um.

Geometric optics still work very well for a ~ 10A.
10 LI R B T T T T T T i

Scattered intensity
Scattered intensity

0 30 6 9 120 150 180 107 30 60 9% 120
Scattering angle[deg.] Scattering angle[deg.]

RUNIVERSITE |
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Geometric OptiCS — application to light scattering

Preliminary conclusions

» By taking into account correctly the interferences, the Ray
model can predict the scattering diagram in ALL directions.

» It can be applied to the scattering of any shaped beam.
» It works also for a circular infinite cylinder.

Limitations y

NOT appropriate for a spheroid or an ellipsoid
NO for any irregular shaped particles.

The key problem is the divergence factor.

How to improve the model ?

MUNIVERSITE
DEROUEN
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Geometric optics = VCRM

Vi

Key problem: lack of wave properties

Our strategy: Extension of ray model %

- Inclusion of wave front curvature

- Interference between all the rays.

- Diffraction.

I
\/ .
Divergence/ Phase in

Vectorial Complex Ray Model Convergence  focal lines

DEROUEN 11-20
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Vectorial Complex Ray Model

Geometrical optics + wave form

e Vectorial Complex Ray Model — new

For details:

- Renetal, Opt. Lett. 36(3), 2011

v 5 properties of a ray: B

http://www.amocops.eu

+ g 1. direction, //\
a, . “ide \ ':;’".'z, ",':‘,,.‘i.
C .—O. 2 amplltude> I".U_dt“t Incident wave \ [mm \' 0
CG 5 » wave. _ f iy \— _\
4= % ) 3. phase, | Particle == ':::,j»\
h G O O . II N
® 4. polarization 0
— 17 Q (
g New 5. Wave front curvature
.= V' Advantages:

* Objects of any shape with smooth surface,

* Incident wave of any form,

* Sufficiently precise — scattering in all directions,
» All scattering properties of the objet.

MUNIVERSITE
DEROUEN
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Vectorial Complex Ray Model

Essential of VCRM

» Vectorial complex Ray :
- A N s o | .
(), = (v ™6, + Ae e,

p=0

» Wave front — curvature matrix:

Q ) qul q12] Examples: 1 O
U,y 0y Sphere:C{ 1}

r
0
0

» Surface of dioptry:

C _ (Cll C12 Cylinder:C =

MUNIVERSITE
DEROUEN .
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Vectorial Complex Ray Model

Special case of the wave front equation

The rays remain in the same plane —a main direction of the wave front
and the particle surface:

— Spherical particle

— Infinite cylinder at normal incidence
— Ellipsoidal particle in the symmetric plane.
» Curvature matrix: .
19 Q = (?}1
c-(%2) !

0
» Wave front equation:

MUNIVERSITE i
DEROUEN
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Vectorial Complex Ray Model

Theoretical Validation — divergence factor

= Sphere

aCos o 2 1

— Reflection: R =- > pp—

— Refraction p =1:

After 1t refraction: F<'u=—M Ry, =~
mcos S —cosa

mcos f—2cosa
2(mcos S —cosa)
msin(2«a) cos S

~ 4sin[2(f- )] (cos e~ mcos )

2acos f(mcos f—cosa)—m

d 3 - o
After 2" refraction: R’ 2(mcos B—cosa)(sinasin B—sinasin p)

a R, =

Divergence factor:

= Cylinder: R,=o0

Identical to the
classical formula
(page 11-13).

Reflection : p - 2c0sa

_ mcosacos S
2(cosa—mcos f)

Refraction p=1:

MUNIVERSITE
DEROUEN
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Vectorial Complex Ray M

Course M2 EFE — Rouen University

odel

Basic laws of geometrical optics

VCRM

1. Snell-Descartes law:
1=1'

[ —

Reflection:

The tangent component of
wave vector Is continuous

n sini=n'sinr

Refraction:

——=k -k"

2. Fresnel’s Equations :

_n.cosg —n cosd, tan(6 —6)

r, = =
n, cosg, +n,cosd, tan(6, +6,)
= 2n, cosé, B 2sin 6, cosé,
" n.cosd, +n,cosd, sin(8 +6,)cos(0 —6,)
. _Ncosd —n cosd, _ _sin(6,-6,)
© ncosé, +n.cosh,  sin(@ +6,)
‘= 2n, cos 6, _2sin g, cosé,
* " ncosé, +n.cosd, sin(0 +6,)
MUNIVERSITE
DEROUEN
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Vectorial Complex Ray Model

Course M2 EFE — Rouen University

Summary of VCRM

Fundamental laws

1. Wave front equation:

[ (ki-k!)C=k'©TQ'©-kO'QO }

2. Law of Snell-Descartes in vectors:

Incident wave

5,

11-26

1t
_ ki=ki |
e Amplitude: Divergence factor:
A=+/D¢g D=R.R. RllzRézn_quRZQ
e Phase: YU RLR, R Ry
D=, +D, +D . +D Fresnel coefficients: ¢
Inc pa & ~, ~,
e Totalfield: N P K —lfn 7 m°k, —k,
E=Su +>.S ok +k " mPk +k
i=1
RUNIVERSITE All expressed in wave vector components.co iq
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Vectorial Complex Ray Model aviibie a WWW.amocops.eu

VCRMEII2D : vectorial Complex Ray Model (VCRM) for Scattering of
plane wave by an Elliptical particle in the 2D plane

1. Module for ray tracing

VCRMEIZD - Vectonal Complex Ray Model for 2D Ellipsoid 3.00 E‘M +7% VCRMEIIZD - Vectorial Complex Ray Model for 2D Ellipsoid 3.00 E@Iﬂ
Refractive index [Re. Im]  Ellipsoid radii [pm]: a. b, ¢ Inc. angle [deq] Polarization Minp Maxp Riefractive index [Re, Im)  Ellipsoid radii [pm]: 3, b, & Inc. angle [deg] Palarization Minp Maxp
1333 oo 160 E0 100 1 ~ 0 5 1.333 oo 50 E0 100 20 1 ~ 0 g
[] Rays b Mir and Max: 150 155 [¥] Rays bw Min and Max - 25 1]
Ravjopsitions Ray tracing | §cattering Diagram | About Ray Ray racing | Scattering Diagram I Abaut |
Max 76.37 | — . Max 7637 * _ C
Rap num: 20« Elipsoid size: 0.5 Show emergent rays Raynum: 20« Elipsoid size: 0.3 Show emergent rays | G
3 4
150 | -28
150263157 | -23.684210!
150526318 | i -22.3684211
150.789472 ! -21.052631!
151.052631 -19.736842
151.31578% \ 184210821
151 578947 V 17105263
151.842108 -15.7854731
152.105262 . -14.473684,
152.368421 B i 13167854
152 63157 : : ~_ 1842108
B M o H [ Fymuorelric
152.89473¢ H ' 10626315
153157894 | ! -3.2105263
153 421052 ; 78347368,
153684210 /," || 65783473
153.947 368 ’ 52631578
154.21052¢ -3.9473684;
154.473654 -2EE7ES
154.736842 -1.3157894°
158 1.77635687
<] l i

RUNIVERSITE
DEROUEN
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Vectorial Complex Ray Model

VCRMEII2D : vectorial Complex Ray Model (VCRM) for Scattering of
plane wave by an Elliptical particle in the 2D plane

2. Module for scattering diagrams

r,:z}{g{ VCRMEINZD - Vectorial Complex Ray Model for 20 Ellipsoid 2.00 [ =REC ér
Refractive index [Re, Im]  Elipsoid radii [um]: &, b. ¢ Inc. angle[deg]  Polanzation minp  Maxp 1
Lrielilinh) Blzatedmio beo [ =tk [ Raw data in VCRMEII2D_raw.dat
[ Rays bw Min and Max: -25 1] InpUt parameters:
Ray positions — a= 50.0000, b= 60.0000, c= 100.0000, theta0[deg]= 30.0000
Soatteing Diagram | About m= 13330+ 0.0000i, wi= 0.63280, ki= 9.9292, kr= 13.2356
P 100.00 || wil [pm] Inc. rap num: - Sea. ray num: (7] Diffraction [ airy Calculation ' ' '
Jo0ooopg (| DI TORD 10060 Totalintensity [7] Check Ray n°: 0
83.47368 . : : Incident (x,z): -32.7327 75.5929, eki0: 0.5000 0.8660
7284737 : ' ' — Orderp: 0
642105 . o Ce: -1.158E-002 -1.837E-002, Ci: 1.000E-014 1.000E-014
—— . F’:g Cl: -1.873E+005 -4.541E-009, Cr: 1.751E-002 1.215E-002
e S ekl: 0.50000 0.86603, ekr: 0.94773 0.31907
4736842 — series22 | Kkint: 0.00000 9.92918, krnt: 8.75171 9.92918, rfr: -1.00000 0.0
3684211 = Amplitude: 3.404E+002 Phase: 9.782E+002
26,3157 E 24 Orderp: 1
1578547 E (x,2): 18.5546 92.8596, ekl: -0.10234 -0.99475
e % ekr: 0.99588 0.09070, phase:-228.7430
526318 é Ce: 2.381E-002 2.337E-002, Ci: -3.324E-001 -3.547E-002
5.26316 Cl: 3.890E-001 7.477E-002, Cr: -6.744E-001 -5.729E-002
15 7247 kint: 6.87711-7.16198, knt: 11.13046 -7.16198, rfr: 0.23620 0.0
- Amplitude: 2.737E-001 Phase: 4.150E+001
) Orderp: 2
B8N (x,2): -1.2843 -99.9670, ekl: 0.00016 1.00000
A v || AR et eed R - -
e

DEROUEN
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Vectorial Complex Ray Model

Toward the Ray theory of wave

VCRM can predict much better Airy structure than the Airy theory and can be
applied directly to non-spherical particle.

10’ T ; T : : t
E o—aea Deb}re [heor}; E 105 ................... ; 7 ” o T P
B [ o Airy theory . g F g 5 SR Y AR §
l()ﬁ Ib 1 b * VCRM % 10* [ e e L AR AR
: . f:::
X : F. 1 1 10 ..............................................................................
l ] 10— N7 o ———

Scattered Intensity

| V 140 14

Scattering angle [deg]
T B T

‘s—e Debye théory p:3, a:100 mg

s—a Airy theory

140 150

Scatte angle [deg]

Fig. 3 Comparison of Airy S{ucture calculate
with the three methods. Caustics of GO

0 MUNIVERSITE to be corrected!
"DEROUEN v
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Vectorial Complex Ray Model

Experimental set-up results : S

Oblate: :~C§{:%UL Bgos
a=c=139.17 pm 2 |

b = 133.86 um, <

oblate droplets

a/b = 0.8938, 0.9608, 0.9816 (eq. Vol) tirsonk,
m = 1.4465

A= 0.6328 um

Rainbow detection

Shadowgraph emission
Collimating o

Rainbow emission

(a) m=1.4505; b/a=0.8938 (b) m=1.4465; b/a=0.9608 (c) m=1.4446; ba=0.9§ 16

HUDC primary fringe
Rainbow fringes
Ripple

! ‘( 0 y "‘ ’ ’// /
K // | " 111111/
/ N 1/ o | “
77777 ; e ———— :-::’ { H L
] . ANOC | y ! Yy, { ! |
’ i 2 ! \

| 1( 11/1/,

| T

(G
Zero-ray W Two-ray Four-ray SR ‘ \\\ ‘

\
region W, Zegion region

[/

00 PR 0.6 s : & R\ \ . Scattering angle. 0
Fa - . m
AUNIVERSITE co=ia
DEROUEN
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Vectorial Complex Ray Model

Comparison with VCRM

10 [ @ mf1.4505; b/a=0.8938 It rupcocs e
Fig. 3in Opt. Exp. 2015 : ranbowangle) . A A , ‘ Bl
Onofri, Ren et al : WA A
0.1} :
001 £ _ Normalization _:
DEHS TIE-3 [ 1 9-6 =152.3-157.3° ;
: .y E : 1 : 1 oA 1 E
Di-Ethyl-Hexyl- G 10 [(b) [m=1.4445; b/a=0.9608 [ ]
s i Coarse structures
Sebacat .g 1 : rL le iry's fringes) :  AY A
S 01f ; \ YUY * i § ,. *f 3
] g ¥ ¥ ‘ ¥ B “i t
HUDC 3001 E ‘ I" ]\'
VT E H g ) ]
Hyperbolic 3 : s .
Umbilic gs Al ¥ I 1 I . |
Diffraction :2 10 L(c)|m=1. ; b/a=0.9816 ‘
Catastrophe 1 ? ;
0.1
0.01 ‘
1E3[]] 1 , o ]
150 155 165 170

Comparison of VCRM and

of 3 different aspect ratiogf/ From (a) to (c),

160
Scattering angle, 0 [deg]

erimental normalized equatorial scattering diagrams for the droplets

the droplet's aspect ratio b/a increases and refractive

index decreases when the fimplitude of the acoustic field is reduced.

Caustics of GO
to be corrected!

MUNIVERSITE
DEROUEN
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Vectorial Complex Ray Model

Scattering of a pendent droplet

Scattering patterns
around rainbow
angles

Experiment mmp

15

10
Simulation 5
with VCRM 5
=2 0
-y
-5
-10
UNWEHS”E 15 s 125 130 135 140 145 150
[ERDUEN 20 125 130 135 140 145 150 ¢ [deg]
¢ [deg] CNRS - UNIVERSITE of INSA de ROUEN
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Vectorial Complex Ray Model

Scattering patterns in
forward direction

Experiment ==

Simulation 2
with VCRM - 4

on
S,
) N
-28
-30
-10 -8 -6 -4 -2 0 2 4 6 8 10
¢ [deg]
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Vectorial Complex Ray Model

Application to Characterization of non-spherical droplets

— Morphology 145
(a, b) g 140
.. o )
— Refractive index <. e
E_g ....... e g
m & 130} Y, ¢ Shadowgraph
. . 123 v @© @ Inversescattering |’
— Time evolution _ o o e = ———]
w42 (b)
g K- _ ]
a(t)' b(t)' m(t) 51'449 ' @ e 510° @ Raw data
E R Linear fit +5 10"
0 4 @
2146 510 o
Q
@
o 1443 Oy |
0 0200 30 4 500 60
Time, t [s]

(@) Principal radii measured with the rainbow refractometer and imaging system
and (b) corresponding evolution of the droplet refractive index during the course
of the experiment.
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Diffraction

Phenomena of diffraction

Course M2 EFE — Rouen University

The diffraction is the behavior of waves when they

encounter an obstacle.

The phenomenon of diffraction is manifested when

» the dimension of the object is of the order of the wavelength,
* there is a brutal variation of the density / amplitude of the wave.

\ Ceometric

.\ Line-of-Sight

oS N\ Region
RN N

Ve e |
0, o \\ \\ \'.\ \\""- \

Ll =w-
L >
11

11 | Ceomeric
1583
iffr

| gll Shadow
‘.'l | Regen

knife-adge effect

A wave diffracts around an obstacle

MUNIVERSITE
DEROUEN

Diffraction by a double slit.
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Diffraction

Theory of diffraction

t+At

Principle of Huygens-Fresnel

(1) The contribution of Huygens (1678)

The wave of light propagates step. Each surface
element reached by it behaves as a secondary source that
emits spherical wavelets. The new wavefront is the envelop
of the wavelets and the amplitude of each wavelet is
proportional to the size of the element.

(2) The contribution of Fresnel (1818)

The complex amplitude of the wave at one point is
the sum of the complex amplitudes of all the secondary
sources at that point. All these waves interfere to form the
wave at the considered point.

exp(tkn) exp(zk’f’)

dS

$(P) = Zd;(M)Qm ASi || y(P) = / Y (M)Q ——
S
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Diffraction
Theory of diffraction
Let R=0OM,p=0OP, r =PM 2=R2+p2-2 R.p
r=R_i_x2+y2_E_,x+1‘|y
= 2R R

w(M) = KeikR [ SV(P) e—ik(Ex + YR ik(x* + y* /2R (S

Fresnel diffraction (R is small):
(M) = KeikR j j Sw(p)eik(y@ +y2)/2R S

Fraunhofer diffraction (R — infinity): >z
W(M) = KelkR [f QU(P) e-ik(ox +By)ds
o= %= cos{sin® ; B = % = sin{ ; Y= cos{cosH
Y co=ia
DEROUEN 1137
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Diffraction
Applications
Diffraction by circular disk (sphere):
A circular hole of radius r : '/ e YT
X = pCoS¢,Yy = psing,dS =dxdy = pd pd¢ / /, X y /

Be cause of the revolution symmetry, K4 : ok A
we can place in the plane of the disk ) ] c e
with the origin at the center: N /

ouverture écran (plan

a = Sin G,B =0 / circulaire focal)

J, (Ksiné?)

Y(a,p)= C” e @B dydy = CJ.OM I: e FPsmeese s pdp = C

Ksin@
o J,(xsin@) :
"’ «xsing
K=27I/A
MUNIVERSITE B R R L T R cofia
DEROUEN 11-38
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Diffraction

Applications

Rayleigh criterion:
The first minimum of J,(x) is located at x=3.832, i.e.:

0 — 1.224
D
A, S ‘ écran
F
.W
. |

So it is interesting to have an large opening
for a better resolution (telescope, camera, ...)

MUNIVERSITE
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Diffraction and Interference

Applications
Diffraction by a single slit:
22
=1, sm2 u
u
Width of the central spot: L, = 2%
Yong’s slits: N=2
sin® u b
| =1, % cos? (gu)
]
Dﬂ, fentes
fringe : l=—
J b
N slits: sin?u sin? Nv -
I =1,— - 2 | j&
u® sin‘v = &
zrasin @ zbsin @ | “
u= , V= i
A yl N
|
MUNIVERSITE

coE ia
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VCRM + Phys. Opt. = Reay theory of waves
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VCRM + Phys. Opt. = Reay theory of waves

» Physical optics

= Recall of Airy theory (1838)

» Wwith approximation the vicinity of @, the
phase is a cubic function:

B h_v3 ) B (pz_l)z (pz_m2)1/2
U=_ with h = T A=)
» And assuming a constant amplitude for all
SirGeorge A1y emergent rays, the amplitude of the scattered

wave is give by (extending v to infinity):

f * ¢ — k(8 —B0)+ikhv®[3a® g,

|| G.O.
Alry theory The version of van de Hulst (1957)
/ permits to predict the profile,
* But the absolute or relative intensity?
O e&a.m 0
i RUNIVERSITE

“DEROUEN



Ray theory of waves

» Physical optics

= Reexamination of Airy theory

» Some typical results in the literature:
» Tricker: in the book “Introduction to =1

meteorological optics” 1970
A~/ a/A
» Nussenzveig: JOSA 1979 .
A~(a/N)7/6
» Hovenac & Lock: JOSA A 1992
» R. Lee: Appl. Opt. 1998

Course M2 EFE — Rouen University

Perpendicular polarization

Hovenac & Lock 1992
Airy differs from Debye and difference increases with p

b a=1000[> a=160 A

a=1000|-> a=1602

T T T T T T 1
135 148 145

? T T T T T
118 115 128 125 138 135 148

Perpendicular polarization
Nussenzveig PRL (1974),]JOSA A (1979)
Airy fails for pparallel polarization!!

i ! T T T I

Momentum <)

Complex ﬂ.ngulg.r’

< \

20 March 1998 / Vol. 37, No. 9 / APPLIED OPTICS
Airy & Mie

For a given \, r, and range of 6,

the two theories 1eld cuute different intensity
maxima, s€_must normalize one theory’s resulf®in
order to compare them Wit tie other s.

4
g7 ‘\Alry A\ !

; { ; - ]
A 4 ! \ i
ats 1\ ! N ' ! —
A ! Vol 1o
K a=1500 > d=2402 (I i
| r
!

MUNIVERSITE
“DEROUEN

co—<lia

UMR 6614 =
CNRS - UNIVERSITE of INSA do ROUEN



Course M2 EFE — Rouen University

Ray theory of waves

» Physical optics

= Airy theory in RTW to remove the two approximations
» Phase: A® = ®(Q) — ®(C) — kPR

Witl@ = ?'{]'J(!TJ_
m: ?"J(:J_
0P — OR _ OR
kool kg -k
PR = OP(k-kry)
v = OP-0D

» Amplitude: Ap= 4, Seo

Kep
Kex and kg are the Gaussian curvatures at point X before/after interaction.

Conclusions:
= Both phase and amplitude are calculated numerically, so rigorously,
= No any hypothesis,
= Same method for non-spherical particle.

MUNIVERSITE
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Ray theory of waves

> Physical optics
= Airy theory in RTW - Validation of the results:
Comparison of the total intensities calculated by four methods

——a— Debye theory

10° b —>— Airy theory ............. ............. ....... &
- —— Geometrical optics | : : : iﬁl &

: : ; ¥
ﬁ» ﬁ

f —— VCRM+PO 5 5
S f}fg}
- 5 . Y

: L § Y S <3

—o— Debye theory
| —=— Airy theory :
—— Geometrical optics | !
—— VCRM+PO :

10°
= =
B b
g g
= 2 10

H)‘ al " 1
120 124 128 132 136 140

3 i . i .
120 124 128 132 136 140
Scattering angle [deg.]

Scattering angle [deg.]

perpendicular polarization parallel polarization

The results of Ray Theory of Waves (green curves) are in
very good agreement with Debye (black curves).

RUNIVERSITE CO
DEROUEN
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Application of RTW

» Generalized rainbow patterns

Quantitative
comparison
of VCRM with

experiment.

Excellent
agreement
in all range.

Zhang, Rozé & Ren,
ELS 2021

MUNIVERSITE
DEROUEN

Duan et al OL 2021

g (C) Experiment

4
= l \
= O ‘ W ; “r 3
- -1 ‘ J’pple fringes d "’LdﬁlLL
An’v bows ”
-2
155 160 16
10" g T T T T T T | T T T T T T - T —
B ' o—e Experiment 3
- a-a VCRM2D+ .
L VCRM3D .
= 1 o—e RTW
S 10 4 =
= - 5 3
£ - .
g ]
= | & Rl 4
Wil
k= - P TR P
- i
= > i fhedl SRINE L.
g 107k LR R E
2 {f ::I.,;;M‘ii'; a
) ! il H
, L
]0—3 1 il | [ ! :
150 155 160 170
Scattering angle [deg.] ‘a
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Rayleigh theory

Static field of a dipole

Electric fields

« Two charges +g et — g
« Distance b/t them: d
 Dipole moment : p=qd

q 1 1
Petpore = E(r‘rj
ext =

+

P

~ > COS 0
A7e 1
lz dl zl(liicosej
Loy F—Ccosd s 2r
2
RUNIVERSITE

DEROUEN 1147
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Rayleigh theory

Field scattered by an induced dipole

Electrostatic approximation

Conditions:
1. Electric field
e static
e uniform
2. Size of the particle: I<<A

Potential of the induced field:
a’ & —e,,
:_-iE COS@
Pex r’ g +2¢,, 0

“Scattered” field:

2
=27 o3| S |E sings,
ri & +2¢&,,

MUNIVERSITE
DEROUEN »
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Rayleigh theory

Field scattered by an induced dipole

Scattering diagram

270 270

Perpendicular polarization Parallel polarization

Elements of scattering matrix:

. 1,3
_@ S, =—'k—acose
47 Adr

RUNIVERSITE coO ia
[E ROUEN 11-49 e L R
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Lorenz-Mie Theory - LMT

Conditions and principle

Conditions:
1. Incident plane wave e Z
: champ diffuse P
2. Particle : E _
- Spherical 0 F
« Homogeneous or central (M) 0
stratified a v

 |sotropic
P Op~d ©

Electromagnetic field: | champ interieui
E,=A,R,(r) ©(0) D(¢) b E,
H, =B, R.(r) ©(0) O(¢)

onde plane E i

T T

Hi,a T Hs,a = He,e

MUNIVERSITE
DEROUEN o




Lorenz-Mie Theory - LMT

Course M2 EFE — Rouen University

Conditions and principle

Incident wave: (U;Mj
U

Scattered field (far region):

E,=H, =0

1 2n+1

n+1

vl (cose)(cowj

sin @

S;, S, elements of the
scattering matrix

£ 2t 0.
E =—C¢ |kr cos —ex |kr cos
0= O coZ_llnnHD p(- ¢

2n+1
E |kr sm
v kr - (pz_;n n+1
H
H(p ZE_ZEH

B e

H a,, b, scattering Mie
0
Hy=-2"F, coefficients dépending on the
0

proprieties of the particle

MUNIVERSITE
DEROUEN

11-51

+i

et

|kr sm @

-\

7., 7, angular functions

of Legendre




Lorenz-Mie Theory - LMT

Scattered intensities:
1, (0)=IS,|?
|||(9):|52|2

Efficiency sections :
Cext:C +C

sca abs

Radiation pressure :

C,=C,=0

_ A2 - \
l("T;rn'_:; = _—R.{‘ |: {2?1 T l)

=1

MUNIVERSITE
DEROUEN

Course M2 EFE — Rouen University

Physical quantities

. 2n+1 o .
Sp = Z [,y (cosf) + ib, T, (cos )]

nin+1)
n=1 ’
&

N

nin+1)
n=1 !

2n+1 , o , .
Wy = Z —. [{EHT;! ':L['_kr}.l‘\ 9) —l— IJEJ.'?TF”{(“H E‘_}‘]_

¥ N, Vil 12 2,
Clon = . E (2n 4+ 1)(|a,|” + [b,|7)
i
n=1

ppe
O, = EZ{QH ~1)Re(a, +b,)
i/

n=1

(a, +b,) 2n+1 .on(n+2)

- f.n )”_ -

2 nn+1) " n+1

11-52
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Generalized Lorenz-Mie Theory - GLMT

Conditions and principle

Conditions:

1. Incident wave: any shape - P

2. Particle : champ diffuse ;
 Spherical Ejg o L9
« Homogeneous or centrally stratified o

. e y
* |sotropic )
: O~ L ®

champ interieui

Particularities: P E,
1. When the object is big, the illumination

is not uniform, w faisceau laser  E;
2. The incident wave is described by two

series of coefficients : - ’ ‘ ‘ ’ T by

O

I I

9n. M 9n.TE u

MUNIVERSITE
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Generalized Lorenz-Mie Theory - GLMT

Scattered field

Expressions of scattered fields

iEy

"o

— exp(—ik1)So explime)

<) ’ . N ;. \
expl—ikr) Sy explimyp)

Elements of scattering matrix:

5'1

MUNIVERSITE
DEROUEN
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m(cosf) — m'(cos )

Tn
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Generalized Lorenz-Mie Theory - GLMT

Scattered field — plane wave/Gaussian beam

- Scattering diagram
Particle : o o)
_ . ane wave
o133 e !
m: . 3 R A4 Yt o Lt A e
o A y v
i v Y o
Gaussian beam: o 20 40 60 80 100 120 140 160 180 200 220 240 2‘60 280 300 320 340
K o 06328 um . 1 Scattering diagram :
Wy =5 um X on-axis Gaussian beam -'
Scattering diagram: : BT 1
Oy WV\"W\I ”! Y” : ,,.\'n,:W'
On axis - symmetric : i “'Mﬂl
Off aXiS _ non—symmetric o 50 100 150 . - 200 250 300 350
Scattering diagram
6 ) ) ;
) q}\\ on-axis Gaussian beam: d=w,, 1
n\\
= ' ‘\A . FTTEY TR WY
X il R AR R T
. '\; IUR\{ e 1 "V Y ' |

Scatterin angle [°]
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TLM and TLMG for a sphere

Structure of TLMG

Case of a sphere

—<»©»*

S "M
n,
| m
Hi n,TE
AUNIVERSITE

DEROUEN

+‘->
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GLMT for a cylinder

Course M2 EFE — Rouen University

Structure of TLMG

Case of an infinite cylinder

——»/»&

Ei L ()
H; e (V)

nI1 nII

b, D

nl: ~nll

Introduction of the method plane wave expansion

MUNIVERSITE
DEROUEN
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Debye theory

Structure of Debye theory

The Mie coefficients are developed in series, so It IS
a) rigorous,
b) applied to any wave.
a, _1 _p? T2 21N 11 i _1 _ 22_Tn12Tn21
(bj—z{l R, —~T T2 (RY) }_2@ R 1_R§1]

n p=1

Rt __ %G (0&EM - LEMGY) a2 @606 (Y) =B (06 (Y)

12 2' Tgl _ ﬂ 2|

" T aE (NG -BEMNGY) " 0, g (06, () - A4 (MY

Tn21Tn12 _n —4 et
" @&, (06, () = A5, 006, () : :
- {/ poura, {1 wra | ANTigorous theory interprets the

1 pourb, nn pourb | gcattering In the language of GO.
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ABSphere - software for all physical quantities

v Scattering diagrams
v' Radiation pressure N
To be download from: v’ Efficiency factors :
WWW .amocops. eu _ 5 - Ral.nbo.w refractometry
- Extinction spectroscopy

- Holography
- PDA, PIV,

¥

Gaussian beam
Bessel beam » Fluid mechanics
Dognut beam Q » Combustions

» Environment science
» Life science

| ) ST
\/

o Total field
o Field of each mode
o Effect of shaped beam
MUNIVERSITE co—=ia
DEROUEN 1159

ABSphere

Plane wave

= Internal field |
= External field
= Far field
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Scattering of a pulse by a sphere

Scattering of a Gaussian beam by a sphere

Internal fields
Homogeneous sphere
d=40 pm, t=50 fs
Gaussian beam

t=20

t=120 t =1080 t = 3400
RUNIVERSITE coO ia
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Scattering of a pulse by a sphere

Scattering of a plane wave by a coated sphere

Internal fields
coated sphere
d,=40 pm, d;=20 pm
=50 fs
Plane wave

MUNIVERSITE
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Scattering of a pulse by a sphere

Scattering of a Gaussian pulse by a sphere

ite
>
1
0
r
-2
-3
-4
.5
-6
7
8
-8
1
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Exercise on geometrical optics

1.
2.

3.

Under what condition can the geometrical optics be used?
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.
A light 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
1 { 1
/ :
0.8- | 0.8-
0.6 / 06- .
0.4 0.4
// ] |
0.2 - / 02 , ll|
—_— —
0 20 . 80 0 2 40 60
i [deg.] i [deg.]
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