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Plan of lecture

I. Fundamentals of geometrical optics
IT. Geometrical optics for light scattering

ITI.VCRM - Vectorial complex ray Model
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Fundamentals of geometrical optics

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

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

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

» Optical instruments:

Camera, telescope, microscope, .. Advantag es.
Industrial measurement systems, « Simple
Optical fiber for telecommunication ) OhbJeCt of arbitrary
. o snape

» Scientific research: >

Fluid mechanics: PIV, holography, LDV, PDA,
Measurement of temperature, size distribution, ...
Biological imaging, ...
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Fundamentals of geometrical optics

Condition of application

A <<l

Wavelength A much smaller the dimension of the object |I.

1. Straight line in homogeneous medium

2. Eikonal eq. (F£e& 5 78): (VS)? =n’

d( dr
3. Eq. of ray: V”:g(”gj

The rays are perpendicular to the wave front.

MUNIVERSITE
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Fundamentals of geometrical optics

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 \<>l/
medium: Diopter or N

c refraction surface
n=— n>=n
V More refractive r R’
medium
RUNIVERSITE co—.a
DEROUEN
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Fundamentals of

Critical angle:

|I arcsin(nJ
n

Total reflection :

1>1

MUNIVERSITE
DEROUEN

Total reflection

n
n’>n

Critical ang

Critical an i n

Total reflecfio E/
l )

n<n
Examples:

n,/n =1/1.333 i, =48.6°
n,/n =1/1.500 i =41.8°

CNRS - UNIVERSITE of INSA de ROUEN
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geometrical optics

Forbidden zone

Applications
= Optical fiber

» Telecommunication
 Transport de laser beam

= Critical angle for
measuring bubbles
= Optical gauge

= Natural mirage

V-7
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Fundamentals of geometrical optics

Total reflection - applications

Application 1:

Optical fiber
. _ Mirages on the road
Application 2: California (USA) 2014.10.19 by Ren
Effect of mirage N
Vel

Propagation of a light beam ' TN o
in a parallel stratified >N, >Nz >... >Ny, T~
environment:

grad T grad n

n sini=C

n; ¥ until i;=90°,
i.e. total reflection. —

G
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metrical ogtics

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
==X, t == Ei: amplitude of incidente wave
E, E, :
X X E! ,E; amplitudes of reflected/refracted waves

I

_ n.cosg, —n,cosg, tan(6 —6,)

. . _ Micosd —n,cos, _ _sin(6,-6)
" n cosd, +n.cosh tan(4 +6,) * ncosd +ncosd,  sin(6 +6,)
= 2n; cos 6, a 2sin g, cos 6, { ___ 2ncosg _ 2sin g, cos 6,

" n cosd +n.cosd sin(g +6,)cos(6,-6,) “ " ncosd +ncos6,  sin(6,+6,)
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Fundamentals of geometrical optics

Relation of amplitudes and intensities

Forbidden zone

Critical angle

v 1 N\
2 0.8 0.8-
g |
"'q:_, ] 06_
o« 067 6]
. 1
I ]
S 041 0.4
z 1 5
20,2 ” 0.2 1
£ ' |
E i
0" 20 40  sa___ 80 0 20 40
Incident angle
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Fundamentals of geometrical optics

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=mds
Complex refractive index:
Mm=m_ —im
« Phase difference : AP(AB)=K 7y=kmygAS

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

MUNIVERSITE I
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Geometrical optics for light scattering

Can GO be applied to light scattering ?

YES to the simple shaped objects/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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Geometrical optics for light scattering

Application of GO to light scattering
Light scattering by a sphere:

* Intensity .
€y = r‘i p=20
ex = J‘”l(l—- ) op>1

where p is the scattering order,
X represents the polarization sate
(L or ||), ry Fresnel coefficients.

e Length of the path in the particle:

1 1
A, =2pasinz
iati To be d trated
e Deviation angle de : bS/ ygur:;?fons rate

I
0,=2rt-2p7
MUNIVERSITE co—ia
DEROUEN
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Geometrical optics for light scattering

Application of GO to light scattering

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

2md

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

sinT — pmsinT
P

1) Reflection: phase of the complex number: ry

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

These equations are

> Divergence factor : cosé sint enough to calculate the
+ D= intensity of each order

p '
_ do,
sin@, |—— and the total field.
dr
l,£,dS, l,e.@’coszsinzdrdy  a’ S
sp: = 2 .- = ZIOSXDp Ist:
’ dS, r'singd dé de r '

RUNIVERSITE co—<ia
DEROUEN
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Geometrical optics for light scattering

Application of GO to light scattering

» Scattering diagram: without interference between different modes

1

10 | T
I
|
1 \
- Sphere of water 5 '° M
- Polarization L 2 N
* Intensity — o« o o \‘ |
at rainbow angle g Pt ‘.
2 A ! ‘
TR St | 1 '.
2| I A
'. | !
. |
‘IO_? PSR S R SO S SR SR S T S |I| L |'| I ST I S S T
0 30 60 90 120 150 180
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Geometrical optics for light scattering
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Application of GO to light scattering

» Scattering diagram: With interference between different modes

Scattering intensity

MUNIVERSITE
DEROUEN
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Geometrical optics for light scattering

Application of GO to light scattering

» Scattering diagram: a=50um, m =1.33
Comparison with HERRERRRREEE RS
. =TT T T T T T T
rigorous theory for a g, L O N O N A
homogeneous sphere s . |1
3 4 - : —_——t -
= | !
Total intensity with IR |
interference: 00 20 30 40 50 &0 TOD 8D 'J'IJ _IUD o 120 130 140 150 160 170 180
Angle de diffusion (deg)
a=50um, m=0.75
A sphere of water or a :
air bubble in the water | _
illuminated by a plane | ¢
wave of wavelength of | =
0.6328 um. ! :r T
’ 60 TO B0 %0 100 110 120 130 140 150 160 170 180
Angle de diffusion (deg)
RUNIVERSITE
= 'DEROUEN
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Geometrical optics for light scattering

Application of GO to light scattering

> Scattering diagram: Comparison with rigorous theory for a 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 12 150 180 107, 30 6 9 12 150 180
Scattering angle[deg.] Scattering angle[deg.]
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Geometrical optics for 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.

L imitations

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 ?

RUNIVERSITE co—<ia
DEROUEN
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Vectorial Complex Ray Model

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

RUNIVERSITE co—ia
DEROUEN
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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 Propertles Of d I'ayl - http://lwww.amocops.eu

+) 3 1. direction, A

= . "t e y: 9 o
C .—co 2' amp]-]-tude) I".Ll.du]t Incident wave e ‘mm, \ -"lv ) ’
CG 5 » wave,_ £ ‘ w_/\. \ k
4= % 3. phase, q Particle ' ;’ !}’.\ & 5.

O . == .

~ | 4. polarization Q

- gl Q &

‘ New 5. Wave front curvature

impor

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.

RUNIVERSITE CO
= 'DEROUEN
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Vectorial Complex Ray Model

Basic laws of geometrical optics VCRM

1. Snell-Descartes law: The tangent component of
. - =1 wave vector IS continuous
Reflection: =1 | —

|
Refraction: [N SINI=N'SINT —b)kfk :

2. Fresnel’s Equations :

i _n.cosd, —n cosf, tan(g - 6) r = Kin = Frn
" ncosé, +n cosh tan(6 +6,) ki”?k"_ Krn
2n, cos 6, 2sin @, cos 6, t, = =
by = T Kin + krn
n,cosé, +n,cosé, sin(@ +6,)cos(6, - 6,) 2l %
m rn
. _Ncosd —n,cosh, _ _sin(6,-6,) = 2k + ko
* " ncosé +ncosd,  sin(6 +6,) fy = 2mkip,
o 2.
= 2n, cos 6, _ 2sin g, cosé, M=kin + krn
* n,cosf +n.cosd, sin(@ +6,)
RUNIVERSITE co—ia
DEROUEN
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Vectorial Com

Summary of VCRM
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plex Ray Model

e Fundamental laws Dicpesy
) Tuterfiace
1. Wave front equation: g &'
(K- )C=k'0TQ'0-kO'QO | .
- Incident wave
2. Law of Snell-Descartes in vectors:
it
[ kz‘ — kr }
e Amplitude: Divergence factor: o o
A=+/D¢ D=R R, RpRy, Ry, Ryq
e Phase: R,R, R Ry,
DDy + Dy + D, D, Fresnel coefﬁcif:nts: € )
e Total field: ; FooKook L Mk -k,
E=Su +2.5, Yok +k " mPk +k
i=1
RUNIVERSITE coAlJe?o&essed In wave vector components. (% =7
DEROUEN
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Vectorial Complex Ray Model

Special case of the wave front equation:

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

» Spherical particle

* Infinite cylinder at normal incidence
 Ellipsoidal particle in the symmetric plane.

> Curvature matrix: 0 = ( i
19 0
C = ( T—i 1 ) 1
' P_E ) = Ri
o - (4
Rewrite the wave front
> \Wave front equation. L/ 2 k2 L — equations in this simple form
) n — n + n n for the special case.
k' R kR, P1
Kok K=k
5 Ry P2
RUNIVERSITE 2
DEROUEN
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Vectorial Complex Ray Model

Applications to a sphere and a cylinder

Derive these results from the
> Sphere wavefront equations (see below)
Reflection: |g =-8¢%@ 1 5 1

2 2acosa 4

Refraction p =T
amcos’ S am

12 —
mcos f —CoS mcosﬂ—coswﬁ
After 2nd pefraction: Check these by yourself.

mcos f—2cosa

After 1t refraction: R, =—

2acos f(mcos f—cosa)—m

R, = cosa R, = g _ _ _
2(mcos f—cosa) 2(mcos S —cosa)(sinasin S —sinasin f5)
Divergence factor: _ msin(2;) cos B : :
2 P = 4sn2(5-a)cosa—meos gy ldentical to the classical
» Cylinder: R,=ow One.
acoso .
Reflection : = N R A
rr%cosacosﬁ KRy kR gz
Refraction p=1: — ¥k K-k,
2(cosa—mcos f) B - R T
RUNIVERSITE CO— q

DEROUEN
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Vectorial Complex Ray Model

S O ftwa re fo r ﬁ VCRMELLZD - Yectorial Complex Ray Model for 2D Ellipsoid
Refractive index: real andimag ~ Ellipsoid radii [um]: &, b, c Inc. angle [deg)] Polarization Minorderp  Max order p

anellipsoid = ©» & » = W 7 a5 &

Ray tracing ] Scattering Diagram] Abaut ]

Elipsoid size : [w Faypz bhw Min and Max Humber of raps : Compute Close
05 |-35 |5 |2U j V¥ Show emergent raps

Ray positions

Ray tracing

!
|
Module ’
-32.8347365 !
. 307834736
= Tracing of all 28684211
the rays or a 265783473
part of them A4TaeRR2 |-
22.3684210
. Any number 20.2631578
of rays 181578947
m Any position 160526315
of rays 13.9473684 i
118421052 i
473684210
TEINGTEIM

RUNIVERSITE co—ia
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Vectorial Complex Ray Model

S () ftware fo r (i YCRMELIZD - Vectorial Complex Ray Model for 2D Ellipsoid

- - Refractive index: real and imag  Ellipsoid radi [pm] &, b, ¢ Inc. angle [deg] Polarization Minoderp  Max arderp
anellipsoid (= ©° & B & @& 7 0 F

Rayhacing  Secattering Diagram ]About ]

\Wavelength[um] | 0.6328 Nurmber of rays; (2000 Number of Sacttered rays; |10000 V¥ Totdl intensity [ Ditfraction
' - - - :

Scattering ] R S N—_E| \\\\'\\..2110CODS.EU

diagram Y T S N
module

1. ' DR I ' [ ' o e .p=3

o

@
e,
L

o
[ ]
i
T

______________________________________________

= |ntensity of each
order

= total intensity of 2|l A
all the rays: . . | A .
- Interference 7 R Y. N S MO
- Diffraction P N . SO SO AP SO SO

..............................................................

e h

o
.
T

Scattering intensity
=
()]

Scattering angle [°]

RUNIVERSITE co—ia
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Vectorial Complex Ray Model

Comparison with Lorenz-Mie Theory
=~ \ Sphere a=100 um plane wave
— N Discrepancy found near rainbow angles

|8 |8 L
GLMT Theory |
EGOA Method JH‘

Log [ #i,)2

1 r r L
80 100 120 140 160 180
Scattering Angle [deg.]

MUNIVERSITE
'DEROUEN
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Vectorial Complex Ray Model

Comparison with Lorenz-Mie theory

< Scattering diagrams by LMT,
GO and VCRM for an infinite
circular cylinder :

erefractive index: m = 1.33,
eradius a =50 pm

swavelength A = 0.6328 um.

Scattered intensity

0 30 60 90 120 150 180
Scattering angle [deg.] 4

—> Scattering diagrams by LMT,
GO and VCRM for an infinite
circular cylinder :

erefractive index: m = 1.33,
eradius a =35 pm

swavelength A = 0.6328 um.

0 30 60 90 120 150 180
Scattering angle[deg.]

MUNIVERSITE
DEROUEN
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Vectorial Complex Ray Model

Comparison with exact numerical method MLFMA

A spheroidal water droplet (m=1.33) a = 30 um and a plane wave
of wavelength A=0.785 pum.

prolate: a =b, c=1.1a oblate: a =0.9b, c=a

12 ! i ! i ! i ! i ! [ I 12 T ' T ' T ' T : ! i !
: - [— verM - - [— veru

10 b H—— H— H— ol MLFMA| 1) SRR N S A— o7 MLEMA |

C =) .
= — 5'* Fhi \ "'”'VVHM : _ _
| | i, H . ]
‘: o !u Jmlél’ TP H WT h b “,‘J\:l at
4 [t e ”WTWI s ; ; ,..;.W.l:.’; ...... 4 foreereendens ‘| A il ‘. R iy ‘uw ﬁl;c : 11‘-5--‘}15:“;“[‘.;:.
: i ifl' A ! N ih i fi AP gt ' i
| : TR A PSR TR l.ﬁr'-l i i St R ity
: Tﬁr -, S i ; i -‘:ﬁwrffﬂ”‘ puop ol 181l Ty
7 ; R : WO e L : T 1 il R g
. , -. {E I; : .- : 2 :: ..... } I.I’.E ............ ”l..:. :.Li .................. d‘.r
B : : : H ; b R B : : i ! H : N
I |

0 30 60 90 120 150 180 0 30 60 90 120 150 180
Scattering Angle (degree) Scattering Angle (degree)
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Vectorial Complex Raz Model

Interference near

rainbow angles
Plane wave incident on a sphere:
A=0.6328 um,
a=100 ym, m=1.33

ring irtensity

Scatte
b, e

MUNIVERSITE
DEROUEN
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Vectorial Com
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plex Ray Model

Comparison with Mie theory for a bubble

Ing intensity

Scatteri
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Raz Th_oor! of Wave

The rainbow is a marvel of nature.

L arc-en-ciel est une mervellle de la Nature si remar-

quable, et sa cause a été de tout temps si_curieusement
recherchée par les bons esprits, et si peu connue, que {Fj %1 7% Q 78 Z-,%j— FJ
je ne saurais choisir de matiére plus propre a faire voir EJ + 2] % ;qux,?;gt/}‘?
comment, par la méthode dont je me sers, on peut venir R
a des connaissances que ceux dont nous avons les écrits
n'ont point eues.

The Colors of bows are due to the refractive index.
But the intensity tends to infinity !

RUNIVERSITE co~—=ia
- {DEROUEN
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Ray Theog of Wave
Airy theory (1838)

» Phase difference is:
AV = khv? /3a?

» Amplitude is constant for
all emergent rays

» Amplitude of scattered

field in © direction:
Sia0r 502) " o0 . i
f ¢ — k08 —60) +ikhv?/3a? g,

— oo

| Airy theory predict a good profile,
G Q. Questions:
Al I‘y th eOI’y * The phase function found in v -> 0 but integration to
infinity ?
* The amplitude is not constant near rainbow angles!
O Oy (M) 9 * [tis only valid for a sphere.
RUNIVERSITE co—=ia

= "DEROUEN

UMR 6614 s
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1V-34



Lecture at Xidian University V522 FL T RHOR B AT &

Rax Theom of Wave

. - g Can anything new be said about the rainbow? Yes.
Al ry theory in 1990s" | 7pe insight that this phenomenon arises from the play
of light in a single spherical drop is 7 centuries old, the
R. Wang and van de Hulst full geometrical optica t.heory of Descartes 3-1/2 centu-
Aopl. Opt. 30(1)-106. 1991 ries, and its modification by Airy to take account of
ppl. Opt. 30(1):106, diffraction just 1-1/2 centuries. Exactly a century ago

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

2 'Hf 12 e p=1, .-
£y @) = () 5 x o) e

5. 1/2
L\ﬂl( ,”3 )\Px[l}[d;rn!”;’.l}Pxp (ixd) (p ") ]

IEE . ;: :uuu. ::-w:\‘“‘ :;;r
u® f ‘ :

. | Alry theory )

i j‘ compared to | *
] - Debye theory
5 I U (rigorous) 1
- Scatiering ::Ia.. Pegrees * Scaltering Regle, Etg:n
RUNIVERSITE
= ' DEROUEN
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Rax Theom of Wave

Airy theory in 1990s’

» Reuvisit of Airy theory to:
1. understand the method,
2. Extend to non-spherical particle.
» Theoretical demonstration for a sphere
—  We know for each emergent ray:
phase: $ = 2ka(sinT — pmsinT’)
deviation angle: 8 =27 — 2p7’
—  The derivatives: (v ~ 0):
du

du q )
—| = 2 d°AD | 2ka(p- — 1)
dv| - dv? | - dr® —2kahsin® 19 = — e COS Ty
S0 o -1 (@1 -m?
- plsin®mptanty p?(m? —1)3/2
RUNIVERSITE
= "DEROUEN
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Rax Theom of Wave

Airy theory in 21st century

> Phase: A® = &(k) — ®(k,) — kPR

with 0D = ro- ke
OR = r-k,
OP = ﬁDR,. = — DR,.
ke ke kpy ko
PR = OP(k-kvy)
v = OP—0D

» Amplitude

The amplitude of each ray is naturally
calculated in VCRM.
= All values are calculated numerically,

=  Without any hypothesis/condition.
= The modelis directly applicable to any shaped particle.

MUNIVERSITE
= ' DEROUEN
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Ra! Theog of Wave

Airy theory in 21st century

——- Airy cubic function i 1 /f. ——- Airy cubic fonction 4
—— Ray traced phase 1 T - .| — Ray traced phase [ j,' s
T /. 1 "
Phases 2 s / I T ,/
calcylated H IS e RAE SR BN R Y T T
by Airy and as 2
VCRM g
Rdial coordinate [um] Radial voordmate [jm]
(a). m = 1.333 (b). m=1.5
5000 ——r—r—r
Ampl itudes _ 4000 [ m=11.§§l§l
calculated < 3000 ' |
by Airy and £ 2000 |
VCRM 0 i
1000 i
wa sku.“u-'-u'""'u““'“"'"'r_-—r--—o—---|__

-10 -5 0 3 10
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Rax Theog of Wave

Toward the Ray theory of wave

VCRM can predict much better Airy structure than the Airy theory and can be
applied directly to non- spherlcal partlcle

7

10 T ; r : :
- _ s—a Debye theory 3
- ! s Airy theory .
l ()I'& ..................... J I", __ . ___\; ...................... * - YCRM
= | "y : ]
i . ]
Z C ]
= -
I
ﬁ IO' ............................................
5
= N
ST I
104 ............................................. .
10] :
135 140 145 150

Scattering angle [deg]

Fig. 3 Comparison of Airy structure calculated
with the three methods.
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Scattered intensity

Scattered Intensity

«—o Debyetheory
=—a Airy theory
o—= VCRM
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of vy
1035 140 145
Scattering angle [deg]
(4]
10 T
a—eDebye theory p 3 a—loo urn:
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State-of-art on Ray Theory of Wave

Motivations »
An example

» Understanding of the natural phenomena:

P22 L B R A AL A AT i 6

Fine structure of rainbow

Optical caustics, cusp and catastrophes

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

Rainbow scattering from spheroidal
drops—an explanation of
the hyperbolic umbilic foci

Can we predict the fine structure ?

MUNIVERSITE
DEROUEN

P. L. Marston, E. H. Trinh, Nature (London) 312, 529 (1984)
Hyperbolic umbilic diffraction
catastrophe and rainbow
scattering from sphgroidal drops

Marston, Opt. Lett. 1985

e 5 i Zero-Ray
T Reglon
(a) m _T_ (b)
Rays 1,2, 3, 4 Two-Ray
Region
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State-of-art on Ray Theory of Wave

Motivations 0

An example

> Application to multiphase flow:

Fine structure of rainbow

Optical caustics, cusp and catastrophes

35 years ago

Marston = Nye

Today
1. Prediction of
fine structure

2. Inversion

|::>
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State-of-art on Ray Theory of Wave

Experimental validation

(a) m=1.4505; b/a=0.8938

» Experimental set-up Figure 3 in
Onofri et al,
Opt. Exp. 2015

Shadowgraph detection ero-r Tivo-ray “our-ray

b CCD camera

Rainbow detection (b) m=1.4465: by

-0 E HUDC focus
Chip-CCD camera

Telecentric lens

Zoom on thef
oblate droplets |
Reflector @@ /

-0 4

Fourier

. lens
Dlaphraom .

Co//ectton
len ves

Interference
filter

_ Ultrasonic_ /"
levitator’

Emitter/ qgimp

Shadowgraph emission

Collimating optics
Beam expander

) C . YAG laser beam
Rainbow emission
Flash lamp
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State-of-art on Ray Theory of Wave

Experimental validation
e Comparison of the results

(a) ‘m=1.4505;b/2=0.8938 R ! mipcfoene T
1%} Fold caustic A HUDC Pocus Exp. data
] r [ rambowangle) . 7 ; VCRM
. : i y MNAAANNY NAns
Figure 3 in o1f EAYRTA'SA AN ‘ A
Onoffi et al, oy ¥ e ‘
sl - Normallzatlon :
Opt. Exp. 2015 —ie3 T " 0.0, =152.3-157.3° |
-g - jb) m—1.4465; b/a—0.9608 ft s 3
g - Coarse structures 2 7
Y 1 ple % 4iry's fringes) s AFY M 3
D_EHS. 8 oaf ‘ 3 AAAAMANMAVVNY e ‘ Ak Rymras.s
Di-Ethyl-Hexyl- 5§ F YUY EY Y : {idi i":“5?'1-‘5""2?““!;" AN
Sebacat éo.on ! : * AR R (| TATERT T
215-3 : A i." 1 1 L »: 1 1 1 1 1 1 1 'y 1 A 1 » : 3 E
HUDC: 5 10[(c) m=1.4446; b/a=0.9816
Hyperbolic ~ * A 3
Umbilic 1k v "
Diffraction 0.1 Y4 VUADIANRBAAARARAANAANAAL AR AAR AARAR AR
Catastrophe 0.01 ‘¥ ¥ § ¥ 3 f i ‘ ARESERRRRER 2R A 0004111% i
° il |11 L
lE_3 " 2 " 4 3 " " 1 " i i 1 " " i i 1 3
150 155 160 165 170

Scattering angle, 0 [deg]

Comparison of VCRM and experimental normalized equatorial scattering diagrams for the
droplets of 3 different aspect ratios. From (a) to (c), the droplet’s aspect ratio b/a increases
and refractive index decreases when the amplitude of the acoustic field is reduced.
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State-of-art on Ray Theory of Wave

» Light scattering by a pendant water drop .|~ o

— L PRt

» . r@)=a,+2 a6 .-l
\ ? i=2 .jun:— J-": _

100 |- /I/' E

20

experimental image

Numerical
simulation
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State-of-art on Ray Theory of Wave

> Light scattering by a pendant water drop N
—0 \ ;

e i ﬁl:m g I{ic-][‘cdf.-c) _:

I’(Q) = a.o + Zaiel 4::— Left edge | :

=2 l:r.y..'_— _J'f‘ ]

(0.005, 0.05

-15

-20

-15
120 125 130 135 140 145 150
¢ [deg]
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State-of-art on Ray Theory of Wave

» Shaped beams in VCRM

Electric field of a wave:
E(x,y,z) = E(x,y,z)e'?(*y2)
Where E (x,y, z) is the amplitude and ¢(x, y, z) the phase.
Propagation direction

Vo(x,y,2)
IVo(x,y,2)||

Curvature matrix of the wave front surface:
The wave front surface being @ (x, y, z) =Const. the principal
directions and the principal curvatures are determined by the
generalized eigenvalues problem:

k =

E,F,G and L,M,N are respectively
0 parameters of the first and the second
fundamental forms of ¢ =C.

L —xFE M —rF
M —rF N — k(]
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State-of-art on Ray Theory of Wave

» Shaped beams in VCRM
Light beam in VCRM

1. The object is large compared to the wavelength.

2. The rays propagate rectilinearly / straightly in a homogeneous medium, at
least approximately in the scale of the object.
* No problem for collimated beams

——
| ——
* For focused beam, B —
The object should be small and —

| e—

far from the beam waist.
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State-of-art on Ray Theory of Wave

» Scattering of an elliptical Gaussian beam by a real liquid jet
Experimental scattering pattern

4
I
I =7
T = p=6—n :
) &b I
.5 l
= 5 !
v P7O2™™
3 !
= ! «p=2
b |
e I
p O—»l
B3 e Gle T SRl i e R i e S Y

128.5 130.6 138.4 144.6
Azimuth angle ¢ [deg.]

' Inci. ray -
s " - ~
( e n
‘ y\j >

p=0 air Jet air
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State-of-art on Ray Theory of Wave

» Scattering of an elliptical Gaussian beam by a real liquid jet
Simulation with VCRM

'mm|

B -3 -2 -1 0 1 2 3 4
[mm]
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Conclusions

e Conclusions

— The Vectorial Complex Ray model (VCRM) is established.
— VCRM has been validated :

« theoretically for the spherical and cylindrical particle.
« numerically for the scattering of a ellipsoid.
« experimentally for the scattering of an oblate droplet, a real liquid jet and a pendant drop.

—A software for 2D ellipsoid is realized.
—VCRM can be applied to any shaped beams,
—First step to the Ray Theory of Wave achieved.

e Application fields:

— Metrology of non-spherical particles in multiphase flow,
— Prediction of radiation force, torque, and stress,

— Application to freeform optical systems,

— Diagnostics for micro-fluidics.
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Thank you our_attention
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