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Huygens’ Principle
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Diffraction (_l,)

| |\ |
\X\ a »j )>
[T 1l

- Diffraction — Bending of light into the shadow region

 Grimaldi - 17t Century observation of diffraction
« Diffraction vs. Refraction (ot;0)? A ~a
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Explanation of Snell’s Law

sin,  Vv,At  c/n,

sinf, Vv,At c/n,

n,sinB, =n,sino,
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Superposition of waves
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M. A. Mansouri-Birjandi 9



Conditions for Interference
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Young’s Experiment (1)

Sun’s
rays

1l
/v

Viewing
screen
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Young’s Experiment (2)

Bright (constructive
interference)

REENgN

Screen

Dark
(destructive
interference)

2 E)}tra distance
=1\

M ji-Birjand

Screen

Bright
(constructive
interference)

l Extra distance
=\

I & Screen:
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Young’s Experiment (3)

Maxima occur when:

O=1I—r,=mA

ﬁn@zé
d

O~ dsinO =mA

maxima

Minima occur when:

1
S:Q—Q:(m+§jk

K.

wn

Szdﬁnez(m+%)x

S>>a 13
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What the pattern looks like

Constructive m=3 2 1 0 1 2 3
interference ‘ \ ‘
o
!
Destructive ’ ‘ ’ ‘ ’
interference m=2 1 0 0 1 2 3
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Intensity Distribution, Electric Fields

« The magnitude of each wave at
point P can be found:

P
E, = E_ sin ot r 1
E, = E, sin (wf+ ¢) SlI y
Ty
Both waves have the same 4 I \4
amplitude, £, I —~ 0
SQI
0="5-Tqsin6 - L .
A A

©2004 Thomson - Brooks/Cole
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Intensity Distribution, Resultant Field

« The magnitude of the resultant electric field comes from the
superposition principle:

E,= E+ E, = EJ[sin ot +sin (wt+ ¢)]

sin A +sin B=25in(A;BJcos(A;BJ

» This can also be expressed as: E, = ZEOCOS(%jSi”(‘”t i %)

* £, has the same frequency as the light at the slits

« The magnitude of the field is multiplied by the factor 2 cos (¢/ 2)

M. A. Mansouri-Birjandi
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Intensity Distribution, Equation

» The expression for the intensity comes from the fact that

the intensity of a wave Is proportional to the square of the

resultant electric field magnitude at that point

» Therefore, the intensity Is:

,(1d sin 6 o, ( 1md
| =1__, COS ~l ., COS"| —VY
A AL

Nnax
/WM

-2A A A 24

—» dsin 6
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Resulting Interference Pattern

The light from the two slits forms I

a visible pattern on a screen: /WW\
The pattern consists of a series of I} R— 2 27
bright and dark parallel bands e
called 7r7nges SER—

Constructive Interference occurs
where a bright fringe occurs

9]00)/$X001g - UOSWOY] Y0020

(q)

Destructive interference results In
a dark fringe
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Thin Films

Constructive Interference (maxima)

dABC =M,
A
Ay =2
n
Air
oil Destructive Interference (minima)

Water
1
dABC — (m +§j7\,n
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Phase shift on Reflection

n, @ n,>n,
TATY
RAVAN

External Reflection

(b)

VaV,
Vav,

n2<n1

Internal Reflection

Now, If one reflection is internal and one reflection is external half wavelength
path differences will result in constructive interference

M. A. Mansouri-Birjandi
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Phase Changes due to Reflection

« An electromagnetic wave

undergoes a phase change of 180°

upon reflection from a medium of

higher index of refraction than the

one in which it was traveling n

ny < ng

« Analogous to a pulse on a string

reflected from a rigid support

1son - Brooks/Cole
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180° phase change

(a)

—

 ———
o~

String analogy

S
R S

Rigid support
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Interference in Thin Films again

 Assume the light rays are traveling in air 180° phase No phase
nearly normal to the two surfaces of the film change

« Ray 1 undergoes a phase change of 180° /
with respect to the incident ray
« Ray 2, which is reflected from the lower

change

surface, undergoes no phase change with
respect to the incident wave

 For constructive interference

Film

0=2t=(m+ %), (m=0,1,2..) i
 This takes into account both the difference in B \ \ ¢
optical path length for the two rays and the
180° phase change Air \‘ \
« For destructive interference \\

=2r= = 3\\ \\4
0=2t=mAa, (m=0,1,2...)

OOd .Thomson - Brooks/Cole
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Frequency, Hz Wavelength
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Material Categorize

Gal.io 9 ‘saba.a..zo w.?.‘ag.o & (Ug€) Ql.ai’: ‘s.wl.w| wbao Gi};mgb ).b.» Bk
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Electromagnetic

Table 1.1 Maxwell equations
V-D=p Coulomb’s law
V.-B=0 No magnetic monopoles

B
VxE= —(]—r Faraday’s law

(

dD . ‘

VxH=J]+ = Modified Ampere’s law

D :displacement vector field
E: electric field, or electric flux density
Xe. electric susceptibility

P: electric polarization field

H and B: The magnetic field vector, or
the magnetic flux density

D=cE=¢y,E=¢4(14+x,)E=¢E+P

B = uH = pop,H = po(1 + xn)H
= po(H + M)

M. permeability,
L relative permeability,

Am- magnetic susceptibility,

M . magnetization

M. A. Mansouri-Birjandi 25



Classical electromagnetism

Classical electrodynamics describes the spatial and temporal behavior of electric and

magnetic fields.

Plane waves can be
represented spatially as:

| _
Sil](;\':r) f— ?(EJIRY _ .E)_I'k‘{)
I

I |
cos(kx) = = ( eikx 4 pikv)

e

e™ = cos(kx) +isin(kx)

(74)

(75)

(76)

Plane waves can be

represented ftemporally by:

e~ = cos(wt) —isin(wt)

(k-r—wt
plane wave: Ae‘f( r—wr)

A. amplitude of the wave,
K=27/4 wave vector of magnitude,
w=2rf: angular frequency,

f=1/t: frequency,

7. periode

M. A. Mansouri-Birjandi
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(78)
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Wave equation

Vx(Vx y)= V(V.y)—VZy
Vx(VxE)=V(V.E)-V’E,

V x(VxE) :—VX(Z—?) :-Vx(y%) = V(V.E)-V’E = u

VE=u 8(5%):

Cowl ggo asles Uled as

10

Vd? =
V§ ot?

Ve(E)=Ve(D/g)=0

o(VxH)
ot
O0°E o0°H
V°E = gu—; V°H = gu—;
E=E(x,y,zt)
H=H(xy,zt)

1
V. = —
: \/;8 \/IUO/ur gogr

1

M. A. Mansouri-Birjandi
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Refractive Index

» The propagation speed of the electromagnetic waves in a medium
1 as function of the speed of light in free space c,
c
1"!‘ E —

n

» n represents the refractive index of the dielectric medium.

» The refractive index 1s related with the optical constant of the
material medium and the dielectric permittivity and the magnetic
permeability of the free space by:

» In most of the materials (non-magnetic materials),
and 1n particular in dielectric media, the magnetic
permeability is very close to that of free space: p ~ p,.

M. A. Mansouri-Birjandi
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! DU (0 8 7 g 40 HLA 3(udnd) Lo (g Ak

TE: Transverse Electric Mode _
E.,=0, H,=0
(TE or n waves: Ey, Hx, Hz)

TM: Transverse Magnetic Mode —
(TM or p waves: Ex, Ez, Hy) HZ =0, Ez;é 0

TEM: Transverse Electric and Magnetic Mode EZ =0, HZ =0

M. A. Mansouri-Birjandi
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EM Waves at planar Dielectric Interfaces

» The relations between the incident, reflected and transmitted
waves are obtained by setting the adequate boundary conditions for the
fields at the planar interface, which are derived directly from
Maxwell’s equations.

-
: Normal Normal
V.D= 01 (D )I\Iediuml (D )Mediumz
—

> VB = OJ’ (BNGL“mal ) _ (B“_‘Jcrrmal ) at illtEl‘fﬂCE
| L Medium1 Medium 2
V x E = _T (E_Tangantial ) — (ETangential )
Ct Medium]1 Medium 2
> = 3
{ﬁD (HTangential ) — (HTangential )
v X H — J + - L Medium1 Medium 2
cr J
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Total internal reflection, Critical angle

Transmitted
(refracted) light

+ Evanescent wave

Incident Reflected Critical angle
light light
(a) sin g, M (b) (C)

Glass plate
Brewster’s angle or

polarization angle (8, -
2 E parallel :
ta1l gp — }?_ \ parallc o paper 1
1 ® E normal to paper
Incident Reflected

light light
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Nonlinear Optics

» A linear interaction: The presence of wave 2 has no affect on wave 1, and

Vice versa.
wave 1
» A nonlinear interaction: O T~
Each n modify th > linear
ach wave can mo Ify the oot
properties of the other, vave2_——""
changing, for example, the other o
wave’s amplitude or phase.
» Self-action: One of the waves wave 1
can also modify its own o) |
amplitude or phase. - nonlinear
|y medium
wave 2
/
(1‘1-2

M. A. Mansouri-Birjandi

Lt

//; wave unchanged
\\b wave unchanged

0 |

] -
= Wave 2 modified

/'mg new wave 3

—'F
generated

~

o, Wwave 1 modified
o
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Birefringence (doubly refracting)

» Many important crystalline optical materials such as calcite (CaCO,), quartz (SiO,) and
KDP (Potassium dihydrogen phosphate, KH,PQO,) are anisotropic.

1 1
_ ) _ P
& =&.X XY= (electric susceptibility)
SOEY

P=g,(yV E+ 7 PE2 + yPE+...)=PY 4+ PP 1 PO ...

S5 K 509 ol tuekad gl a4y Sy ezlgel il clisl) dy LS 4 oSy gy 5 cmaSiigd (gL s ol

D=¢,.E+P=¢,E+¢5, y.E=¢,1+ y)E
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D=¢,,E+P=¢g,E+5, v.E=¢5,0+ y)E

:)x _gO(l-l_Zx)
D | = 0
D 0

0 0 E
&+ 7)) 0 | E
0 g(l+7,) || E

n, = \/1+ Xy n, = \/1+ Xy n, = \/1+ X,

A(1/n%) = ré& + P€?

I.E: Pockels effect P EZ: Kerr effect

I': linear electro-optic coeffic

ient  P: quadratic electro-optic coefficient

M. A. Mansouri-Birjandi
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