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Plan of lecture

I. Fundamentals of geometrical optics
IT. Geometrical optics of a sphere particle
ITI.Extension of the geometrical optics

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

Condition of application

A <<l

Wavelength A much smaller the dimension of the object .

1. Straight line in homogeneous medium

2. Eikonal eq. (f25& 5 FE): |(VS)? =n?

d( dr
3. Eg. of ray: Vn=E(nEj

The rays are perpendicular to the wave front.
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Fundamentals of geometrical optics

Basic laws

1. Snell-Descartes law:

Reflection: 1=l

Refraction: n sini=n'sinr

The tangent component of i
wave vector is continuous Reflection surface n

k k'
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Fundamentals of geometrical optics

. - . n'
Total reflection : | =arcsm{}

erdite

n/n=1.333 i =48.6°
n/n=1500 i =41.8°
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Fundamentals of geometrical optics

Example of application:

Propagation d un
rayon lumineux
dans une milieu
stratifie:
n,>n,>n;>... >n

e — \ np
Mirage AR

grad T

grad n

Mirages on the road
California (USA) 2014.10.19 by Ren 0,.;_\ N
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Fundamentals of geometrical optics

2. Fresnel’s Equations :

n cosé —n cosd, tan(6 —6,) _n,cosé, —n.cosd,  sin(6,-6,)
Iy = = L= T o
n, cosé, +n cosd tan(6, +6,) n,cos6, +n.cosd,  sin(6, +6,)
= 2n, cos 6, 3 2sin 6, cos 6, — 2n, cos 9 _ 2sing cosf,
" n cosé, +n, cosd, sin(@. +6’)cos(6?i ~6)  ncosd +ncos6, sin(g +6,)
<
.'-\‘ . 0, / ) & 0\)'
- Phase due to reflection
- complex refractive index
) RUNIVERSITE
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Fundamentals of geometrical optics

party
Limit angle
1 Y SR 4
0.8 0.8
206 0.6
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Fundamentals of geometrical optics

ds B
A

3. Optical path:

S(AB) :IEn(S)ds

 Complex refractive index: m=m_—Im.
- Phase difference : A¢(AB)=km As
« Absorption: 1(B)=1(A)exp(—km.AS)

e If mis constant:

Agp= kmrAs
E =E, exp(—kmAs)
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Geometrical optics - sphere

Application of GO to scattering

1. Scattered Intensity
| (‘9 )= Iogx

p=0 #

ex. Fresnel coefficient -
D: divergence factor Ll e
« Deviation angle : O‘T{ ________________
§ =27 — 2p7’ 1 ‘ ? :
- Scattering angle: N *_ﬁ |
' ¥ p=2
0, =0,(2pr'—2r -2k )
 Phase:
27d , . .
AD =7(smr— pmsinz’)
RUNIVERSITE
DEROUEN
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Geometrical optics - sphere

* Fresnel factors (Reflection and refraction) :

£y =Ty p=0
ex =PV (l-rg)* p>1
p : order of ray,
X : polarization (Lor |),
ry - Fresnel coefficients.

* Divergence factor for a sphere:

| . sinzdA | .a’coszsinzdzd a’
_ g2 Lo _ 22 Lo P _ 21D

| — =—¢
N S [0 * r’sin6dode r2 %0

D- sin(2r)
) sint
4sin O -1
o (p Jm? —cos? ¢ j
MUNIVERSITE
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Geometrical o

Without
Interference
between
different
modes

Intensite de diffusion

» Water droplet
* Polarization L
* Intensity — oc
near rainbow angles.
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Scattering diagram according to GO:
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Extension of geometrical optics

Extension of Geometrical optics

To be considered:

- Interference between all the rays.
- Diffraction.
- Extended to an arbitrary shaped beam.

So to be calculated:

- Direction of propagation.

- Divergence/convergence.

- Phase (path, focal lines, phase of the incident wave).

- Amplitude (Fresnel coefficient, absorption ).

- Summation of the complex amplitudes of all modes at
given point (direction).
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Extension of geometrical optics

Application to a homogeneous sphere:

To take into account the interference, we calculate the
amplitude of each ray and count carefully the phase.

Amplitude :
A=Ac, De,

D: divergence factor.
&y Fresnel coefficient. L real distance.
&,. Absorption coefficient: k,: normal component of k.

We do not calculate the intensity !
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Extension of geometrical optics

Application to a homogeneous sphere:

p=0 A

> Phases:
¢p - (72-) +¢p,PH +¢p,FL

» Phase difference due to the path
difference :

Y

Dopn = ?(sin T—pmsinz’)

e Phase due to the focal lines:

. I
= BT e o
D, 5 (p—2k,+ ~ - q,)

s the sign of 67/67
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Extension of geometrical optics

Application to a homogeneous sphere:

* Due to focal lines:

. | I 7
D, rL = ?(p —2k -+ > —5(//_, ) 2= i

Amplitude:

wp— (1 _f.l_l) —1j2 (1 _J_fa)—lﬂ

When f — | is negative -> phase factor 72, i

Rule: The phase advances by n/2 at the
passage of a focal line. o

(a)

See Van de Hulst, sec. 3.21, 12.1 and 12.22.
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Extension of geometrical optics

Scattering diagram according to GO:

1.E+10 With interference

: : —total| petween different
Diffraction —p=0| modes

1.E+08

1.E+06

1.E+04

Scttered intensity

1.E+02

1.E+00 -
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Extension of geometrical optics

Shaped beam:

Ray direction - Application to the Gaussian beam (on axis)
» Phase function:

x“+y° z—2, |
4"5,-(.\‘.,\'.:)=—/\'{(:—:U)+ o7 }rtan'( "J

“R
B :6(4 -y ._,R\(:—:O)ﬂ .
&  wlzz+(z-3)’]
- _ o _ Zp . .:R‘w[:];_(:_:”yl.:_/"1
% r +(:—:0) “U: ;+[-i_(:_:u)2]}

* Incident angle on a sphere:
|V, +2F,
\/(y3 +Z2)(F2 +F?)

cosl, =

MUNIVERSITE
= 'DEROUEN
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Extension of geometrical optics

Shaped beam:

Diffraction of a Gaussian beam:

.2 \
R adie s B d(p L\P(—‘“ Yexpli( Bt + Ct*)|edt
i
: W ) 0

2/7

where 4= L L) B=—atanfcos(p—¢') and C =

1%

al
C2kR

When A is small, 1.e., the radius of the particle is smaller than the
local beam waist radius (»<w), the integral equation can be evaluated

analytically through using Legendre polynomial approximation
(Chevaillier et al., 1986)
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Extension of geometrical optics

Shaped beam:

Total field
* Amplitude:

* Intensity :

ly

' kY

;)
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Sphere a=100 pum, Gaussian beam w;=50 pum

The agreement is very good.

8
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Extension of geometrical optics

Shaped beam:

Sphere a=100 um plane wave
Discrepancy found near rainbow angles

GLMT Theory JJI

EG OA Method ML(IW m ;
“‘4 fh | J | VWMWWMWW A A
b W M’WW Wl ¥ WW

3ﬁ

Pt

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

12

10

Log [(i,+i,)/2]

P22 L R A B

Extension to a spheroid

Scattering Angle [deg.]

a=100 pum, wy=50 pm, m=1.33, X,=Y,=2,=0
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Problem with the
divergence factor !

--r=-7--"
I |

|

S TP R

6
I | (R L

4 R N kL

I | LY

I || | *
. et et SR R B

([ I I R R R T R R
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Angle de diffision (deg)

iAn

geometrical optics

a=200pm, b = 100pm, m = 1.33, A =632.8nm, a, = 60°
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Extension of geometrical optics

First order rainbow position of a spheroid

180

— Ww0=3000 um

= wO0=25 um

—— Moebius
2 150 S L e
@
S
=
2
3 120 Inverse

region
90
0.5 0.7 0.9 1.1 1.3 1.5 1.7 1.9

Apsectratio
Rainbow position of a spheroid with arbitrary ellipticity
The limit of Moebius model is surpassed
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Extension of geometrical optics

Rainbow of an elliptical cylinder

360

K. L. Jiang et al,
Appl. Opt.. 2012

Relation of incident
angle and the
rainbow position
with the different
aspect ratio

Rainbow position
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Extension of geometrical optics

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

NOT appropriate for a spheroid or an ellipsoid particle, as well
as any Irregular shaped particles.

The key problem is the divergence factor.
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Vectorial complex ray model

Key point: Wave front curvature in the ray model

Vectorial Complex Ray Model (VCRM)

l?en et al, Opt. Lett. 36(3): 370-372, 2011 I

» Principle:

« Wave front and dioptric surface described by their
local curvatures,

« Divergence and focal lines calculated by the curvatures,
* Rays as vectors — easier to implement, |
 Interference of all rays.

» Advantages:
« Any form of incident wave,
e Object of any shape with smooth surface
 Sufficiently precise — scattering in all directions,
 Prediction of all scattering properties of the objet.

RUNIVERSITE — i SN
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Vectorial complex ray model

Description of the model

» Vectorial complex rays :

§| —_ Ae_lq)l kl 1
» Wave front - Curvature matrix : L,
o (qn qlzj i
q21 q22
» Dioptricsurface : (¢ ¢, |
C= o e it
21 22 5
> Projections matrix: 4 &T
L '§1 L '§2
AUNIVERSITE co—<ia <(~\/
coos e e e e
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Vectorial complex ray model

e Fundamental laws

1. Ray direction — Law of Snell Descartes :
The tangent component of wave vector is continuous:

k =k
2 T
The normal component :

K, = /kZ =k

The wave vector for a arbitrary shaped beam:

K=k
| Vs|
2. Wave front equation: s
Incident wave &T k:'
(ki-K)c=k®TQOe-ke'Qe L)
O
0o C
RUNIVERSITE ) S\
DEROUEN e <¥ )
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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;

5 o

» Wave front equation:

A
~

MUNIVERSITE
DEROUEN

= 0
o= (T 1)
¥ i
10
A R
v- (% i)
A - o Ko = K
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Vectorial complex ray model

« Amplitude: A =+/Deye,

" Phase: d=b_+D, +D ot (D)

N
= Total field: E =Sy +> S,
1=1

Divergence factor: 5 Rufe RiR RlepZ |
R01R02 R11R12 (d o Rpl)(d o sz)

Fresnel coefficients: ¢€:

gt ~ 2
i _kn_kn fl’l:mzkn lin
1 = ~, ~ \
k., +k mk. +k.
All expressed in wave vector components.
RUNIVERSITE i Jego\
DEROUEN = Re)
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Vectorial complex ray model

Applications to a sphere and a cylinder

» Sphere
Reflection: Riz_aCOSa R,=- 2 —>D:1
2 acosa 4
Refraction p =1:
amcos® 8 am

After 1st refraction: R, =- R, =

mcos f —cos«a mcos - cos«a

After 2nd refraction:

mcos S —2CcoSa
R, = p cosa R,
2(mcos f—cosa)

B 2acos f(mcos f—cosa)—m
2(mcos f—cosa)(sinasin S —sinasin )

Divergence factor: D msin(2a) cos 8

~asin2(p-a)cosa—meos ) ldentical to the classical
» Cylinder: R,=w one.
acosa
Reflection : D= ;
mcos a cos f

efraction p 2(cosa—mcos )

MUNIVERSITE
DEROUEN
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Vectorial complex ray model

Software for
an ellipsoid

Ray tracing
Module

= Tracing of all
the rays or a
part of them

= Any number
of rays

= Any position
of rays

MUNIVERSITE
DEROUEN
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GIRERSF:]

(7 VCRMEIZD - Vectorial Complex Ray Model for. 2D Ellipsoid

Refractive index: real and imag

Elipzoid radii pml: &, b, ¢

Ine. angle [deqg] Polarization

bt order p

tax order p

1333 [

|50 |50 |25

Fay tracing I Scattering Diagram] Abaut ]

Ellipzoid size : v Rays bAw Minand Max

40

Number of rays :

05 |-35

Ray positions

Maw B4 220 A

kS
328947368
307894736
286842105
265789473
244736842
2236684210
20 2631578
181578347
160526315
139473634
118421052
973664210
763157894

|5 |20

[

i =

[v Show emergent rayz

[

4

Compute | Close

_<_.;-s—x_
coﬁ~ < Ia
6614
CINRS - UNWEMONNSAGO ROUEN
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Vectorial complex ray model

Software for spheroid

(T VCRMELIZD - Vectorial Complex Ray Model for 2D Ellipsoid

Refractive index - real  imaginary part Symetric awiz [um]  Traneverzal Axiglpm]  Incident angle [deg]  Polarization Minorderp Mas order p
[1.33 |0 |50 |30 |20 1 ~|0 |4

Ray tracing ]Scattering Diagram] Aot ]

Bl e [~ Raysb/wMinandMax:  Mumber of rays : Close |

50

05 |5 5

Ray positions W avelength[pm] |0.5325

*

[w Show emergent rags

Mumber of rays: [2000 Murmber of Sacttered rays: |1 ulu]uln]

v Total intensity [ Diffraction

e
baw: 35088 & -

o~ R S e e e e TP R

==

= I e e e LT T I A

=
T I T It St i (i S-St et s - SRRt

== <1 S ]
222371 = = I otal intensity - - - - - - - - - - Po---f-
nFATe = L I e S e i il St S P B B

== 0.s S Y -
2936956 == I O O T S / | I R PTG R S |
zas -sostAR el T Ty ] N

BN IR AN L W ———rr1 1 [ R L ., S -
2549521 EIRTE O I SRERPYTT S R ol IS S . S N
-25.08304 £ 2 ben o T

= & 25 -t e Y A g I - - - - -
Z3EIET | o ——y e R e L |
Rl I e I T e S e © o f RN SR 1

- TN EEEEEEEeeSw R SRR R E—— -
20 76EE2 e ] |
1933435 | -5 e :
——— ™ e e e EEEE E TP R e g

B e e 8
T IR, " TR N T . S e e
-1 ISD -1 |I:|D —SID 5:3 1 CIID 1 SID

S o,

Scattering angle [7]
G 2 -
CO—=IA
ya==T
' 8
UMR 6614
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Vectorial complex ray model

Comparison with exact numerical method

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

« refractive index: m = 1.33,

e radiusa =50 pum

* wavelength A = 0.6328 um.

Scattered intensity

0 30 6 9 12 150 180
Scattering angle [deg.]

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

« refractive index: m = 1.33,
 radiusa=5pum

* wavelength A = 0.6328 um.

0 30 60 90 120 150 180
Scattering angle[deg.]
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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 um.
prolate: a =b, c=1.1a

oblate: a =0.9b, c=a
12 T 5 T : T ; T i T T T 12 T : T 7 T E T E T ; T
- : [— VCRM |-  [— verMm |
1)) E— , ................ brveeecesssssnssesd ............... i.==— MLFMA | (1) I—— ‘ .................. - -~ MLFMA |.

¥
log, (D)

Il

1

0 30 60 90 120

|
Scattering Angle (degree)

; : : ! )
30 60 90 120
Scattering Angle (degree)

MUNIVERSITE ;
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Vectorial complex ray model

Interference near i First rainbow p =2
rainbow angles L7
Plane wave incident on a sphere: [ |
A=0.6328 pm, l‘l i '|‘ { ‘
a=100 pm, m=1.33

Vi l|’|
" ‘ 1|| !mm;

m“mm*”

second rainbow p =3 |

Scattering inkensiy
bbb, flbh, 2222 64560
oo B R W E R R DD B = = m

MUNIVERSITE
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Vectorial complex ray model

Comparison with Mie theory for a bubble

m=1833=075
Apmen,  VCRM

o I ||""'r'|"|‘|'Till EONSES SRR R SRS S

s SN Nl PYN O S N T A Rt L R P RA W

Seabergrizsh
-

1.
L

_________
1 anA -u...-_,,._____“__-_ -
—

ogl)

MUNIVERSITE
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Vectorial complex ray model

Transversal convergence of an ellipsoid
Ren et al, JQSRT. 2012

lOlOlllll:Illll=lllll:ll T 1 rrrr1r 11 rrir

! 5 i : ‘ : i !
- ]()8 T ------ —— b — 400 l.lln ....é.......................,;..1.....‘".‘. ..........é........................g .................... .:
= — b=158pum| IV 5
g oo f :
g 104
8
102 |

100 E : _ :
-180 -120 -60 0 60 120 180

Scattering angle [deg.]

Fig. 6. Scattering diagrams of an ellipsoid of water a =50 pum, ¢ =30 pum
illuminated by a plane wave of wavelength /=0.6328 um with an
incident angle 0y = 30" and b as parameter.
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Vectorial complex ray model

Scattering diagram of an absorbing ellipsoid
Ren et al, ISAPE. 2012

6l . — m=133 Ry T B
--— m=1.33+0.017| = M 5 5

Scattered intensity
o

1 :
10 _120

-180

Scattering angle [deg.]

Scattering diagrams of an ellipsoid of water of semi-axes a=30 ym, b=20 um,
c=10 ym illuminated by a plane wave of wavelength A = 0.6328 pm and incident
angle 8, = 20° with refractive index as parameter.
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Rax Theog of Wave

‘ The rainbow is a marvel of nature. ‘

L’arc-en-ciel est une merveille 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 | X,%1 7} F] 4K Z_-,—:,’j'— N,
je ne saurais choisir de matiére plus propre a faire voir g+ 3] % %‘g ,? «ﬁ- B
comment, par la méthode dont je me sers, on peut venir MIAAREAR S
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
“DEROUEN o S
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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:
Sifgg?-?sesg:w oo . .
J‘ E—ﬂm(ﬂ —6,) + ikhv?/3a® dv
— o0
| Airy theory predict a good profile,
G 0. 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 Gy (M) 9 * [tis only valid for a sphere.
J RUNIVERSITE
« 'DEROUEN
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u I ———
. . ), Can anything new be said about the rainbow? Yes.

Airy theol‘y in 1990s’ | T 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 optics theory of Descartes 3-1/2 centu-

_ ries, and 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:

ZIrsinO,R l/le 21(nR 11,aR\1P" 1127 0R
Ehiy 0) = x(2Z0L) " Zra(ef) x [RE R T1(6F) X

singR h1/3
_— 2 2.1/2
Al( W7 )b\p(ZmI”//l)P\P (”"A)( ,) ]
o-hy-\ ’*'-/"7 ey :-‘“A
\ _ 7 7\
[ Airy theory - | ok
\" ']’ compared to | * ( W
Debye theory |
o (rigorous) %y ) (S, i\
RUNIVERSITE co=ia
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Ray Theog 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: 4 =27 — 2p7’
—  The derivatives: (v ~ 0):

d2u

ﬂ — — () d*Ad o .3 2ka(p? — 1) ‘
dv| dv?|_ 73 = —2kah sin® 15 = — p COS T
p? —1 :
SO h = —— = S __
p? sin® 7y tan 7y p2(m? — 1)3/2
) RUNIVERSITE
, 'DEROUEN
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Rax Theog of Wave

Airy theory in 21st century

> Phase: A® = &(k) — &(k,) — kPR
with

OD = ro-k,y
OR = r-k,
5P — OR __OR
k. -k k. -k
PR = OP(k-kr1)
— OP-0D

» Amplitude

A2
1
1

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
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Rax Theog of Wave

Airy theory in 21st century

——- Airy cubic function T //- ——- Airy cubic fonction
—— Ray traced phase T -

.| — PEay traced phaze |35
Phases : 1 P4 | ] /
calculated - — ,. L

| TR T T s SRt T B |
T Tt

Phase [rad)
i
Phaze [rad)

- _ ,»f 1 T / / 3 :___i,H 4 ] =
by Airy and a
VCRM g
Radial coordinate [um] Radial voordnate [jm]
(a). m = 1.333 (b). m=1.5
5000 ——r—r—
Amplitudes _ 4000 I '—-m=113:§I§I
calculated = 3000 | |
by Airy and £ 2000] |
VCRM o 0
1000 :?i%ln
UIW:'?*T#D%"uHFT—-—F e n_m
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Rax Them_'! of Wave

Comparison of the three methods

fn

[ R R s DN S AW s ME R

10 T
s
oy

10"

Scantered inteasity

1o

10

T T T T

o—o Debyetheory
»—a Alry theory
« VCRM

140 145
Scattering wngle [deg)

Scartered Intensity

150

10

Scattered Intensity

o—o Debye theory
»—o Airy theory

JJ PUNIVERSITE
"DEROUEN

120
Scattering angle fdeg]

UMR 6614
CNRS - UNIVERSITE &t INSA de ROUEN

Scattered intensity

1’

1"

3
1)

»—= Debye theory E
= Airy theory
VCRM

o—ao Debye theoty
s—a Airy theory
VCRM

35 140 145 150
Scanering angle |deg]
r T T T T T T 3
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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 2D scattering of a ellipsoid.

— A software for 2D ellipsoid is realized.
— VCRM has been applied to the elliptical cylinder and Gaussian beam,
— 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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