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Plan of lecture

» Introduction
A typical result of VCRM
Structure of Ray theory of waves
> Ray theory of waves
Resume of VCRM
Principles of Ray theory of Waves
> Ray theory of waves for Rainbow

Reexamination of Airy theory
Solution of RTW

> Application of RTW

Generalized rainbow patterns
Light scattering by a pendant water drop
Shaped beams in RTW

Scattering of an elliptical Gaussian beam by a real liquid jet
» Conclusions and perspectives
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Introduction

> A typlcal result of VCRM: R=*nbow pattern of spheroid
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Introduction

> RMHEREL: FEER + Bk

- E‘Vf'}@{’%
1. $—3F (E—3)
K89 B AT & A2 A . Vectorial Complex Ray Model (VCRM):
= & + REELEHN
2. H=%: (X—3)
VCRM + T + #7454t > K94 #® Ray theory of wave
> LERBXEARERANA:
» VCRM #9318 34E (Yang et al, JQSRT, 2015),
» VCRM 3Z 6 34 (Onofri et al, OpEx, 2015)
» Z 4 RAREK T R AT R B A A 52 5o 309E (Q. Duan et al, OL, 2021).
» IKT A e A BR R AT A B 2 %R B A % 1+ 5 (C. Zhang et al, OL, 2022)
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Ra! theog of waves
> k@ & 1% 32 92 Ray theory of wave

= Four principles of ray theory of waves}

» All waves are described by the vectorial complex rays and each ray
possesses 3 properties: (a). the wave vector, (b). the complex electric
vector and (c). the wavefront curvature.

» All properties of a ray after its interaction with a dioptric surface are
calculated by: (a). the vectorial Snell law, (b). the Fresnel formulas in
wave vector components and (c). the wave front equation.

» In the region without singularity, the total electric field is the
summation of the complex electric vectors of all the rays at that point.

» In the vicinity of singular points (caustics, critical angles, ...), the
physical optics is applied for the calculation of the electric field.

The first three principles form the Vectorial Complex Ray model VCRM.
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Rax theo[z of waves

> & @ K 1 32 ¥ Ray theory of waves

= Notes on ray theory of waves

»

»

»

»

»

I MUNIVERSITE
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The vectorial complex rays (VCRM) emphasizes two aspects. (i) the rays are
vectorial because the direction of ray is described by the wave vector and the
electric field is in vector also. (ii) the rays are complex: the electric field is in
complex number (amplitude and phase) and the rays have a property of wave
front curvature, so more complex than the classical light rays.

The ratio of the intensities at two points in the same medium is equal to the
ratio of the Gaussian curvatures of the wave fronts at these points.

The phase of focal lines: each time the wave curvature changes the sign, the
phase of the wave jumps a value of w/2, called also the Gouy phase shift.

In the ray tracing procedure, the complex electric vector is described and
calculated separately by two amplitudes and two phases. (two polarization
states) which are continuous functions appropriates for interpolation.
Different kinds of waves, such as surface waves, diffraction rays of GTD,
diffraction tunneling of Nussenzveig, ... are expected to be described by
vectorial complex rays. This remain to be explored.
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Ra! theog of waves for rainbow

> Reexamination of Airy theory

= Recall of Airy theory (lecture 2)
» with approximation the vicinity of @, the phase is a cubic function:

B h_v3 . B (p2—1)2 (pz_mZ)l/z
U=_ with h = T D)2
» And assuming a constant amplitude for all emergent rays, the amplitude of the

scattered wave is give by (extending v to infinity):

f ® ¢ — k(0 —0g) + ikhv®[3a? 7,

| G.0. e The version of van de Hulst (1957)
Airy theory permits to predict the profile,
/ e But the absolute or relative intensity?
O Oy, (M) e
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Ra! theog of waves for rainbow

> Reexamination of Airy theory  Perpendicular polarization

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

» Some typical results in the literature:
» Tricker: in his book 1970

A~Ja/A i/

a=1000|-> a=160A

» Nussenzveig: JOSA 1979 : p— L e
A~(a/N)7/® Perpendicular polarization

» Nussenzveig PRL (1974), JOSA A (1979)

e Airy fails for pparallel polarization!!
= Range of applicable size  Compiox anouiy omenty ey

» van de Hulst 0.5 mm, W LT

» - Konnen (1979): 0.14 mm, _f,-':‘/&“‘"v "‘-1_ f 1‘ '_; -

» - Nussenzveg: only correction for 15t bow, @4 azlsooet!z:sz?\ '11 rf" ii. ,J_

» - Wang & van de Hulst (1991): 0.1 mm, O/I L r‘lnl‘l ] ":I:’ | 13',"1

¢ 138 BOT 6 — 142
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Rax themx of waves for rainbow

» Solution of RWT: Huygens-Fresnel for the field of rainbow:

(Goodman, Introduction of Fourier optics)

E(0) = kj 1AXJ[,(v) expli®r(v)]|dv

where the amplitude

AX,p (v) = |EX,p|\/ Dp,vir

®r(v) = —kvsin(6 — 6g) + ©(v)

and the phase

In VCRM
- the Fresnel factor € ,,(v)

- the divergence factor D, ;- (V)

- the phase on the virtual line ®(v)
can all be calculated rigorously in the sense of ray model.
So the scattered field E(0) is also rigorous.
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Rax themx of waves for rainbow

» Preliminary test of our method
E(0) = kC_[joooexp(—ikv(e—HR)Hkhv?’ /3a2)dv

where
C = |EX’1,|
Enhance factor from Divergence factor of GO
1D to 2D (Tricker) cylinder to sphere
By changing variables as t3 = khv3/a?, we obtain naturally
. _ (2msin by 12 _q/6 [(—a?3(0 - 6R)
Ejiry(0) = Sin 6, 5 pi/3 cxpdt ni/3

where €y j, is the Fresnel factor at rainbow angle, Ai(.) is the Airy function.
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» Rigorous phase and amplitude on the virtual line by VCRM

Local coordinate: 6, A

acosz ’
V= —acos 7y

- cos(6—6R)

Phase:
O(V) =D, +Pp + D¢ +AD; — D
where the supplementary phase b/t CD is
A®,; =kacosztan(d—6R)

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

Emergent wave front ,,
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rainbow

» Rigorous phase and amplitude on the virtual line by VCRM

Phases and amplitudes near
rainbow angles calculated by
the cubic function and
VCRM.

Parameters:

order : p =2

radius: a = 100 um
Refractive index: m = 1.333
wavelength: A = 0.6328 pum
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Rax thecg of waves for rainbow

» Rainbow of an infinite circular cylinder:

4 Perpendlcular polarlzatlon 4 Parallel polarization
10 ] ! I i E 10 T l l T T T T i
: ; % | — Debye theory : —— Debye theory
) | | — Airy theory ] 103_: ,,,,,,,,,,,,,,,,,,,,,,,, A ,,,,,,,,,,,,,,,,,,,,,, —— Airy theory |
10°4 N —VCRM £ | —— VCRM
] A & VCRM+PO | ] VCRM+PO
> : \ I > 102-; """"""""""" N N INANNNNNANA NN AR Adaes,.
g ] ’ £ 10';
|
0 N I N N B [T ch /A
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Scattering angle [deg.] Scattering angle [deg.]

The results of RTW are in perfect agreement
with the Debye theory for both polarization.
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Rax tlheorx of waves for rainbow

» Rainbow for a sphere of different size:

- - - 5
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_ _ ‘ : : —— VCRM
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Intensity

» Airy theory is not precise for large angle

what ever the particle size.
 VCRM+PO is precise for particle as small as 5A.
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> Generallzed rainbow patterns

DC primary fringe,
bow fringes,

by experiment
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Zone of‘2 rays VCRM2D+ not good
A

=—e Experiment
4--4 VCRM2D+

Lighd VCRM3D
kHy ¥ o—o RTW

OK: Improved
with RTW

Ray theory of waves
validated for a non-

spherical particle by
experiment.
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Conclusions and perspectives

Conclusions:

» Ray theory of wave is very promising for the scattering of larges non-
spherical particles. It composed of two parts: VCRM and Physical optics

» VCRM is well established and has been applied to predict the scattering
patterns of typical non-spherical liquid particles.

> Ray theory of wave (VCRM + PO) is validated:
Airy theory revisited with VCRM.
Excellent agreement b/t simulated and measured Generalized rainbow
patterns for a spheroidal drop.

Perspectives:

» Applications of RTW to scattering of EM waves.
» Combination/relation of RTW with GTD

» Applications of RTW to other domains:
liquid jet/drop imaging et characterization
imaging/non-imaging
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