P~y Recall from last week: our goal

Knowing the distribution of the electric
field on a plane at z=0 (e.g. on an
aperture), can we find an expression for

the field at a distance z>07?
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Summary: express an arbitrary wave as a sum of plane waves «
(same |k}, different k .k .k (k.k,)  [k] = «
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FTt-—>w ﬂDecompose in terms of spectral components €y
FT x,y —>k, k,
E(x y,2=0,0)| 3 > E(k.k,.2=0,0)

Decompose in
terms of plane
wave components

Too
hard!
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Last week: express field as sum of plane waves Il - ";‘
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Concept of spatial frequencies

Which image has the most spatial frequency components?
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Recall: Fraunhofer approximation

2 —2 A Fraunhofer condition:
Point of observation at a distance >> size of source
v ¢
y@ £ 22 X, Y

Fourier transform as a function
of ¢, x and y of the electric field

Far field diffraction = 2D spatial Fourier {
transform of incident field!!! e tvws e (S



(More) diffraction and waveguides
Goals today:

. '
« Express an arbitrary wave as a sum .@ aves =) "chonne et

- o besc
* Huygens-Fresnel principle

* Fresnel approximation—diffraction before the far-field

 Waveguides

https://en.wikipedia.org/wiki/Huygens%E2%80  https://qualitysurgicalrepairs.com/video_
%93Fresnel_principle cameras__consoles___fiberoptic_cables



Now: express field as a sum of spherical waves

%

* Huygens-Fresnel principle

Fresnel approximation—diffraction
before the far-field



Arbitrary field as a sum of spherical
waves: Rayleigh-Sommerteld expression
€2 2 Tier_e,2-&2
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Recall: Field as a sum of plane waves:
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g Weyl plane wave decomposition
of a spherical wave
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Geometry

NV
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Towards the Rayleigh-Sommertield relation

E(x,y,z,a))ZE(x,y,z=O,a))(E{— L9 exp(ikr)]
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Towards the Huygens-Fresnel principle

0 exp[ikp(r,r')]

E(x v, Z, a) —”dxdyE(x y',z=0, a))aZ p(r,r') (3.20)
Rayleigh-Sommerfeld relation
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Fresnel approximation

—_— )

\i‘ﬁ

« Valid “before the far
| field” (to be defined
more precisely).
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Fresnel approximation

y pler)=e—r|=(x-x) +(y-y) +2°
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Fresnel approximation: summary

E(x.y.z.0) = —dedyE(x V2= Owexp{li[(x x) (Y‘Yﬂ} 4
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Connection to Fraunhoter approx1mat10nZ? 277xy

Starting with Dby, A g Fresuwel
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Link between Fresnel diffraction and the plane wave expansion

vy e Gl

Fresnel Difraction:

E(x, y,z,a)) =

. jkz
- lj jdx'dy'E (x', y',z=0, a)) ex

EL"‘\/(Z( QJ) - E (x"y'.Z:O,c.))@ L"F""S‘Mc/ (X,V, 2( "U)

Fresnel Diffraction = convolution of the field at z = 0 with the transfer function

h (X’y’z’w):_ieikz expliii(x2+y2):|
resnel AZ 2Z

The FT of this transfer function is:

[ (kx,ky,z, a)) =™ exp{—ii(kf + kyz)}

=z E(k.k,z0)=E(k .k .2=0,0)h,, K.k .20
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Link between Fresnel diffraction and the plane wave expansion

resnel (

Fresnel: E(kx,ky,z,a))ZE(kx,ky,z=O,w)-hF k. .k, z,) hpresnel(kx,ky,z,w)=e""zexp{—i§(k§+k§)}

Plane wave expansion: ADa wppligue les

E kx,ky,z,a))=E(kx,ky,z=0,C<J)€ikzZ approx. de Fresacl

Plane wave expansion = product of field at z = 0 and transfer function = &, <.

-

[ & Z227% o pProx.
exp| ikzy[1-—=—-—= | if k:+k><k’® pacenalc
hplanefwaves (kx’ky’z’a)) = k k
’ ( j) rPAs
( 1 0 )Jotherwise for z>> A (evanes,c%nt vga\(f'es)
Cor oafProRk. fu~aXde - ~—— ——

k. > k, <,
"’ A 41— Celt €2
1~k o ® 2 yEs
:’- e 2 2
& ike Z kx k:
hplane_waves (kx’ky’z’ a)) = ek expli_lEL? +7)j] = hFresnel (kx,ky,Z9 CU)

Thus this confirms that the Fresnel approximation is valid for k,, k, << kK,
i.e., for small diffraction angles => PARAXIAL APPROXIMATION
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Conclusion: validity of the different
formulations for diffraction

z2=0
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Example: Fresnel diffraction for a slit of
width w =1 mm; A = 0.5 um

z=10 pm z=100 um z=1mm

Intensité Intensité Intensité Intensité

4r 4t
3t 3T
2r ol
1r 17
. , , , , . x (m) . N AN . X (M) . L L L )
-0.0006-0.0004-0.0002 0.0002 0.0004 0.0006 —0.0006-0.0004-0.0002 0.0002 0.0004 0.0006 =0.0009008502-0004020.00045 @ENE5M.0@LROFH000E060
z=1cm z=10cm z=50cm
Intensité Intensité Intensité
‘ : : = x(m) : ‘ - x(m) - x (m)
-0.0010 -0.0005 0.0005 0.0010 -0.002 0.001 0.002 -0.002 -0.001 0.001 0.002
f s ad N ltd 'fe o
z=10m
21
‘ - x(m)
-0.02 -0.01 0.01 0.02




What does a lens do?

la ~ arviere
P \4 r .
A A 'roCul oJ P /"\ " AJ e rm

—

il
v
W

v / " Am:f\e \\u."[‘-’\u‘

or UV plaw\ r—_gu/,‘c,’l

(D:.‘FF'«G'!'?-A . g v \ v/ - + = Z O ?
:,7 D.CF ra c‘l.'av\ P F/auhl-,of\.,_
oV . T r JV C'ﬂ&mr: \g,_ 2 =o
QJ.@,( e54 /c ).’e“\ e—;"’/c C,LIGMQ’-U‘

N ?
by 2o e + pla - {oeil avrcicee ©

22



What does a lens do? Transfer function *

gfo\ E(L-L )

T rovver ’t-\-\"II’I('

-

g(L+) _ 2(0) eik(to—t) einkt

L
Q. RQ
€ Pa.Ssevr

(x _|_y )1/2

i
X

Thin lens approximation:
neglect einkto term.

- A
Recall: f —
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What does a lens do?

T e

v

 Ideal thin lens acts as a/plane wave o paraxial spherical wave fonverter
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Field in the focal plane of a lens

T
Recall:  Fresnel diffraction:

E(x,y,z,a)):—

,E(x,,y,,z:O,w)exp{,-zi[(x-x')z+(y—yﬂ}

<

E (x, v, Z, a)) =F (x, v,z =0, a)) Lhy o (X, Y, 2,00) | Ppega (x,y,z,0) =~ ijlf exp{i%(xz + yz)

E(kx’ky’ <5 w) = E(kX’ky’ z=0, w) Fresnel (k vy o W) | Presna (kx’ky’z’w) =e” exp{—ii(kf +ky2)

Consider first: input field at lens z=0
Incident monochromatic field: 5 X 2
—i(wt—kz) —y Cet) )] 7 —'<L
E(z,y,0)e + c.c. "’v\/»” g_g® L

/\/¢’7

Ex,y,2)= ’dyt x y)g(x y',0)exp

=)+ (5-27)

4
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t(x’, y’) = exp[—i%(x’2 - y'z)]

Field 1n the focal plane of a lens
E(x,y,z)z—ie;Z fdx'dy't(x’,y’)g(x’,y’,O)exp %((x—x’)z —l—(y—y’)z)l
, : . ’ ‘s $ ¢ 5 FRNZE 1 & fxz-r‘{z,
g(“l )’,'?)t = ele? .S.SJ"’JYJ c'l;ﬁyy ) %()&"V"Q) c/e?/ :' )C+;‘-3
» e— ,'/(5 X ""‘j' G
2

| ‘ —ikx 1Y Yy
€ (x%4+y?) SS J:(‘c/y' Z(x,y',Z:cs)C . :

4

-_—> D.‘\$ If p/~"' {OC‘Qll O q
> :
M~ f Z Vo T/ Mnaexactn Cu -
A = AKX, )




Field in the focal plane of a lens
Consider now: input field ir@ct focal plane
z=0

Z=f3 ZL_ Z:2f
) >
M ° Z
M~ >
E(x,y,0) f

Recall: E(k,.k,,2,0) = E(k .k .2=0,0)h,, (k. k.20 with | (kok,20)=e" exp{—iz—zk(k_f+kf,)}

Find field just before lens:

g(kaza ky: Z = f_) — g(kasa ky: Z = O)hFresnel<kx7 ky, f) with hFresnel(kmakyaf) = e'"f exp [

From last slide, just after lens:

]
_Zﬂ(ki + ks)]
ikf . |
exy.z, + /)= —ie?eml%(xz + yz)lg(kx :%,ky :%,ZL) Mz«:-; non b
L
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Field 1n the focal plane of a lens

. ikf
From last slide, just after lens:  g(x, y, 2, +f)= _Le_exp

. AS

ik

' &Lk /& . .
£l 2605 =L Y LI (1, 4,200 et - L )
A
fa

(

(/ifmy,zf’ B E(kﬁ’é_:,k,:er,o) TF
— * f 4
LB#B(K\Y} CKQC‘L,
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Low pass filtre

High pass filtre

Mo 5y <

dea s

: PF
Fourier plane

Output plane

(image) "

Fourier plane

Output plane
(image)
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Didbedpe Waveguides = < si-enb Foiscew
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cladding —



Why study waveguides?

Avoid diffraction

31



Electrical
response time

I =RC

Why study waveguides?

Towards integrated optoelectronics...

Small

Fast
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Metallic planar waveguide

E field polarized in x direction

L5 TE
O.A ve chercha~ +/unr¢e,5¢
cles /
|y / / / °L'°""?U‘
Lttt e e e et
Z

n-—~1

I.I/yl/ylll Vl’lc: Lo/ perr (".A

33



Optical modes
Mode 0(‘, .ZUC.‘ . e:v\ e ’?.'e b 4 c’C"f'% Ve
™ G’."S"-bll'l"ﬂ" -—\L/aw)t/e/Se jpg'c,'f.' \e C('U C)“\"'—vf

4
o a-"jl& d 'l."'C»'&o-ﬂ.(c .ch,(cv"rc'zdc

nmod e
" H
O7sdve ©

Modeofa | X -
waveguide | X

https://www.photonics.com/Articles/Large-

Mode-Area_Optical_Fibers_Maintain/a62269
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-\ Metallic planar waveguide
| E field polarized in x direction

6 § o (\Z
\ \\\ N \&A,‘“
[T 0;!""' Twice-reflected wave

T I\~

1

Mode: Twice-reflected wave must be identical to the incident wave

44) — 227?' - 2T + k [,4_;-—,4“733
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Fundamental mode, single mode waveguides

|y

A
iné =m— =12
sin g, m2 m=1,2,3....

Single mode if 2d>A>d

mmm) Micron-sized waveguides
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Propagation constants, group and phase velocities
|y A

o A
sing, =m—— m 1,2,3....

Mo ke c,

5 A AT/ -
d \\\\\\\\\Y‘\Q\l\\\}:\& @4 2 de b

—) k;"ﬂ =ksin@, B =k™ =kcos8,
aw
V;m) = IB_
m _ dw
g dﬁm

g depends on m;
intermodal
dispersion

T -
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¥ Field distributions

Vg \\eC "«\‘\ \\ ; K™ = ksin6,, = m—
’ \\\\\“‘\‘\\\A\&\\ N ,Bm:k;m:kcosej:\/khnfi

Mode of order m
Il

o

MmIirrors.

Mode of order m; interference between plane wave with wave vectors
(O, k", ,Bm) and (O, -k, B, ) , in such a way that the fields cancel at the

E (r,)=

u, (v)=

€ xu,, (v)exp| —i(wt - B,z) |+c.c.

\/gcos ity for m=1,3,5...
d d

\/gsinmﬂy for m=2,4,6...
Nd d
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a/?2A

Field distributions

Electric field distributions
E (rt)=& Xu, (y)exp[—i(a)t — ,Bmz)] +c.C.

—-a/?2 -
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Metallic planar waveguide

Multimode fields

YA
Mode 1 B
F 4
AL AR A A A R R AR R A R R AR R AN RIS “T‘lTIIY][!IT
| L s
Mode 2 >
o z
)" LU L ey
# 2
Mode 1+2 : ;

b L R e R R R R R R R RN AR DR RN annanR AR RNANAIAY

Saleh and Teich, Fundamentals of Photonics, p. 247
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Planar dielectric waveguide

» Medium with index n,
between two media with
lower indices

» 2D problem: invariant
along the x direction

n, C reflected » Propagation in the yz
wave plane
Total internal ~ |6< @, = arccos 2 > Electric field in the x
reflection: n, direction

“Self-consistency condition”

TE e 2
with |tan P _ _\/sm % -1 2erl2dsi116’+ 29, =2m
2 sin” @ A

tan(iml(—jsinﬁ— mi—Tj _\/sinz % -1
A 2

——

sin” @
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Planar dielectric waveguide

Twice-reflected wave

2nn,

- 2
gsin@— mE) :\/sm 60—1
A 2

sin> @

—_ (M) —
Bn= K" ==—cosb,
oM=0 1 2 3 4 5 6 7
27, 27,
<p, <
— A A

Right-hand side

There 1s always at least

one mode.
Monomode if:

Left-hand side-{]

0

—— >sinb,

1 2nd
siné sin &, 2d
z i
2nd A



Planar dielectric waveguide

Propagation equation

y n2 r 02

¢ I )= 2 ()0
ﬁ ¢ with Em (r’t) = A[gmﬁum (y)expl:—l (C(I —,BmZ)] +C.C.j|
n, /

y Exponential
decay!
9 N N N N
N - S — ,
—d/2+ / B i <\
/ \ / Even
m=0 m=1 m=2 m=3 m=4 or odd!
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Nobel 1in Physics 2009 : Charles K. Kao

"for groundbreaking achievements
concerning the transmission of light
in fibers for optical communication”

http://nobelprize.org/nobel_prizes/physics/laureates/2009/index.html
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World fiber optics network
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Reading

 Huygens-Fresnel principle, Rayleigh-Sommerfeld:

— J. W. Goodman, Introduction to Fourier Optics (4th edition), p. 58-65
— A.E. Siegman, Lasers, p.632-633

* Fresnel approximation:
— Siegman, p.633-635; Goodman p. 78-84

 Waveguides:
— B.E.A. Saleh and M.C. Teich, Fundamentals of Photonics, p. 239-255
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Conclusion

» Huygens-Fresnel = diffraction in terms of spherical waves
» Rayleigh-Sommerfeld, Fresnel (= paraxial), and Fraunhofer
approximations
» Metallic waveguides: based on reflection at metal surfaces. Problem
of losses for non-ideal metals.
» Dielectric waveguides:
» very low losses in the IR;
» may be used to miniaturize opto-electronic components, thus
increasing their bandwidth and decreasing their consumption;
» along with the laser, are at the origin of the internet.
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