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Plan of lecture

» Introduction
Considerations of a new model.
Main idea of the ray theory of waves.

» Vector calculation and curvature of a surface
Curvature of a plane curve

Fundamental form and curvature of a surface

» Fundamentals laws of GO in vector form

» Wave front equation and VCRM

Cylindrical wave (2D)
Wave front equation in 3D and typical applications.

» Summary
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Introduction

> ZREARR QG HRE-STHRE G E
5B FE B T
B A (B AR AT
REREHNE LT
REFA: HEEEFHRIEOHK

> BIAEEERR
> + T¥
> + AT

AT HY R s %
HFRHEEBY K \§§§%

Divergence/ Phase in
Convergence focal lines
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Introduction

> B LER: FEER + FakkE

" E‘Vf'}@{’%
1. %5—%

K89 B AT & A2 A . Vectorial Complex Ray Model (VCRM):
= &+ KETmEM
2. H
VCRM + T + #7454t > K94 #® Ray theory of wave
> CRFARERAN A :
» VCRM B3 IF (Yang et al, JQSRT, 2015),
» VCRM 5236 %9-9F (Onofri et al, OpEx, 2015)
» Z RIS X EREN LI I (Q. Duan et al, 0L, 2021).
» BV IR B A I R E AR # I & (C. Zhang et al, ELS XIX, 2021)
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Curvature of a surface

» Property in the vicinity of tangent point C
(p — dé)? + dt? = p?

On develop and neglect the second order

dé = 1dt2_1 dt?
—2ptt T2k

In the case of a circle we have:

dd = ! dtc !
" 2R f 0

Remember well this result,

1
dd = —kdt P

2 . G
That is very helpful to understand \ ~ 1 dd
the curvature of a surface. C da H
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Curvature of a surface

» Surface and fundamental forms

Surface (2 variables):
r(w,v) = (x(u,v),y(u,v),z(u,v)))
First fundamental form:
@, =ds*=dr-dr =r,-r,du*+2r, -r,dudv+r,r,dv?

E=r,-r,
F=r,r, dr
n
G=r,-rT,
E F\/du
2 _
ds? = (du, dv) (F G) (dv)
Normal of the surface: u
— ruxrv
o lr xr_|
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Vector calculation & curvature of a surface

] t in dimension of distance
» Curvature matrix -

We rewrite the above relation as follows:
| Lpdlacer: §= %(adﬁ, dz) ( 0 ) ( adt ) = %(rﬁlazdﬂi' + Kod2?)

0 &Ko dz
We know k; = 1/a,k, = 0, the curvat atrix is
1 0 .
Q= ( éa 0) Curvature matrix
d it 1
and we can write 5 — §tQtT

= Sphere: the curvature matrix
_(1/a O
Q= ( 0 1/a>

with t = (ad@, asin 8 d¢) in equation given on the previous slide.
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Fundamental laws of GO in vectors

» Snell-Descartes law: The tangent component of
Reflection: wave vector is continuous
Refraction: [N sini=N'sinr kT:k'T

> Snell-Descartes law in vector form:

For refraction ray:
BC = OCk; -t
k

OE = OCk, - ¢ o
Optical path: o :

That is

k;-t=k. -1

Similarly for reflection ray:
k.-t=k -t W Derive the Snell’s law in vector form.

MUNIVERSITE co—ia
DEROUEN

111-9



Lecture at Xidian University i B B R S N 51 Y AW, = 1R ey

Fundamental laws of GO in vectors
We need simply note that the

’ [ ]
> Fresnf' s formulas : normal components of the wave
r = £l _ mocost; —my cost, vectors of the incident and refracted
EY mgcost; 4+ mycost, rays are :
Eﬁ m,, cos t; — mg cos 6, k., = myk;cos@,
?'|: i.: — mn l l
Ei mycost; + mgcos b, k. = mpki cos 0,
po_ B 2mg cos 0; Fresnel’s formulas in vector form:
+ E? mo cos 6; 4 my, cos 0, k 1
ET”_ Y cos O _ hn T Krn
- |: Z1p cos U; T_L_k- k
I~ E |“| my, cos t; 4+ mg cos 0, Zan:n rn
The vector form can be derived - kin + Krn,
in the similar way as for Snell’s law B m? kin — Krn,
by using the boundary conditions = m2k;, + kpn
in the first lecture. But we will not o= 2mkin
give the details. = m2k;, + k.
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Wave front egua’tion

» Cylindrical wave incident on a

plane surface

of the incident and refracted rays.
The distance of a point on the wave front

to its tangent plane are:
10D 1 2 cos? b,

> and Y’ are respectively the wave fronts OE

75 22 FL 1 B K A IO A RS

\9<

The optical path between two

6; = AB = = _
2 pi 2 pi wave fronts is constant:
s oo LEG _1fcos?h, m,AC = mpOE
o 2 pr 2 pr l.e. Refraction law
So the distances OE and AC are: £2 cos? 6, . £2 cos2 6, .
— t2 cos? 0, i + kitsinf; = kp———— + kptsin 6,
OF = tsinf, + 5 2pi 20y
Pr
cos? 6 cos? 6,
Ve 2 cos? 0, © tsind 'ltz — 'lf':-“
AL = ——— c 5111 7 ]
2.0?: S i JO1
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Wave front eguation

» Cylindrical wave incident on a
curved surface (VCRM2D)

Similar as above by adding the relation:

H_C_lmz_ltzcoszﬁ
2p. 2 p

= The optical path between two wave

fronts is constant:
myAH = mpOE

Refraction law

ke (f sin B — - S o QT) o (fz ol tsin @; — s 91)
2pc 2pr 2p; 2pc
— -
We find finally: Krn — Kin ’
Term of the Pe ~. In components
curved diopter S —— = of vectors
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Wave front egua’tien

» Wave front equation in 3D curved surface (VCRM3D)

The procedure is similar but in 3D vectors .

Distances in curvature matrices of the incident Q, and refracted Q,
wave fronts and that of the diopter C:

= AB = EQEtT
op = HG:§tTQTt$
: 1
0o = HC‘:ﬁtcCtzﬁ

Phase match leads to
lll‘g(d‘g —|_ t(_'_l . ki — d‘c?f}: : kg) — lll-‘-r(d‘-r —|_ tc . kr — dgﬁ . kr)
Final wave front equation:

kr©,Q,07 = 10,007 + Cru- (kyr — ky)
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Wave front egua’tion

» Wave front equation in a symmetric plane (VCRM2D+)

In this special case the principal direction perpendicular to the
symmetric plane is constant and the 3D wave front equation is

simplified to two scalar equations:

lr0,0,07 = 1,0,0,01 + Cn - (k, — k;) lf
Qr = O C = w0 Qi = Ry R t
0 &7 ) 0o L 0

1 0 1 0
0 cosb, 0 cosb, f Deduce the wave front
equations in this

ky cos 8, — k; cos 8; simple form for this
special case.
P Y,

- =

i2

c~—

Perpendicular . kr K

direction R Riq P1

Parallel 'j:.,r cos? 6, K cos? b, N k. cos 6, — k; cos b;

direction R,o Rio P2
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Wave front eguation

» Typical applications

75 22 FL 1 B K A IO A RS

= Image formed by a plane diopter p = o«: /

» The relation in the plane:

Jf‘
_ k, k k, cos @, — k; cos 6; 7
Perpendicular > = + Y
Ry Ri P1 \
6 _.,I'."-"
k, cos? 6 k;cos?0;  kycosO, — k;cos b, X
’ ' T o (] 1 T r ? ? .
Parallel 7 =7 Ol
72 i2 P2

my cos? 6,

OA’

mq cos? 0,

OA

» Coordinates of the image:

!/
I —

» When & tends to O:
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Mo cos> B,

cos2f;

mo m1

OA"  OA
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Summalr! of VCRM

75 22 FL 1 B K A IO A RS

e Fundamental laws
1. Wave front equation:

[ (ki-k!)C=k'©7Q'®@-kO'Q® }

5,

2. Law of Snell-Descartes in vectors:

Incident wave

_ ki=k; |
e Amplitude: Divergence factor: -
A:\/Bg D= R1'1R21 RizRéz._.quRZQ
e Phase: R,R, R:R; Ry Ry,
D=Dy + Dy + D, +D, Fresnel coefﬁcifnts: € )
e Total field: Y Pk Wk, -k,
E=S,. +ZS‘ Tk 4k M2k +k
| All expressed in wave vector components.
RUNIVERSITE
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Software of VCRM: VCRMEII2D

» This software calculate the scattering field on the
symmetric plane of a ellipsoid.

It can b e downlo ad fro m {7 YCRMELI2D - Vectorial Complex Ray Model for 2D Ellipsoid

Refractive index: real andimag  Ellipsoid radii [um} &, b, Inc. angle [deg] Polarization Minorderp  Max order p
WWw.amocops.eu ECTR R T C U A O
Fay tracing l Scattering Diagram] About ]
Ellipsoid size : v Rays bhw Min and Max : Number of rays : Compute Close
R t A a5 |‘35 |5 |2D j v Show emergent raps
a'y raCI n g Ray positions, !
M Od u Ie Maw 54.22 4 I
-3 |
32.8347368 !
. -30.78947 38
= Tracing of all eI
the rayS ora 255789473
pa rt Of th e m -24.4736842 -
-22 3884210
| |
Any number -20.2631578
of rays 181578347
= Any position 160525319
-13.9473684 |
of rays .
118421082 |
373684210
TENGTEM
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Software of VCRM: VCRMEII2D

» This software calculate the scattering field on the
symmetric plane of a ellipsoid.

It Can b e d Ownlo a d fro m (5 VCRMELI2D - Vectorial Complex Ray Model for 2D Ellipsoid
WWW am O C O p S eu Refractive index; real and imag ~ Elipeoid radi [pm} &, b, ¢ Inc. angle [deg] Polarization Minoderp  Maw order p

[1.333 [ |30 |30 |50 |20 [1 ~| o 4

Faytracing  Seattering Diagram ]About ]

Scatterlng Wavelengthfum] [06328  Mumberofrays: 2000 Mumber of Sactieredraps: [10000 [ Totalintensty [¥ Difraction |
diagram o[ : B www.amocops.eu
8.5 ; i | 0 |
module &
o)
= Intensity of each £l
order 2ol A
= total intensity of Faslf
all the rays: 2] j
- Interference 15 |
- Diffraction o] 5
05
150 100 50 0 50 100 150

Scattering angle [
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Software of VCRM: VCRMEII2D

Interference near
rainbow angles
Plane wave incident on a sphere:

A=0.6328 um,
a=100 ym, m=1.33
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Software of VCRM: VCRMEII2D

Comparison with Mie theory for a bubble

The Mie result is calculated by software ABSphere which can be

download from www. amocops eu e
. m1/333075 E;ﬁlmm
ARy T PN P - T VCRM """" .

ing intenzty

Scatter
fa
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Summalrx

» Vectors calculation and curvatures

Fundamental forms of curved surface
» Calculation of the first and second fundamental forms
» Curvature matrix, principal curvatures and directions.

» Fundamental laws of GO in vectors

The vector forms are very suitable for 3D calculation.

» Wave front equation
Cylindrical wave (2D)
Wave equation in 3D - key point of VCRM and ray theory of wave.
The special case VCRM2D+ is very important for understanding RTW.
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