So far

o Geometrical Optics
— Reflection and refraction from planar and spherical interfaces
— Imaging condition in the paraxial approximation
— Apertures & stops

— Aberrations (violations of the imaging condition due to terms of

order higher than paraxial or due to dispersion)
« Limitsof validity of geometrical optics: features of interest are much
bigger than the wavelength A

— Problem: point objects/images are smaller than A!!!

— Solight focusing at asingle point is an artifact of our
approximations

— Tounderstand light behavior at scales ~ A we need to take into
account the wave nature of light.
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Step #1 towar ds wave optics. eectr o-dynamics

» Electromagnetic fields (definitions and properties) in vacuo
» Electromagnetic fields in matter
 Maxwell’sequations
— Integral form
— Differential form
— Energy flux and the Poynting vector
* The electromagnetic wave equation
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Electric and magnetic forces
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Notethe units...
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Electric and magnetic fields

Observation Generation
Lorentz :
force F velocity : E
Vr static charge:
elgctri C E g =
field electric field
electric :
magnetic B charge
Induction
. B V. eectric current
F = q(E + V X B) (moving charges):
=
magnetic field
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GaussLaw: eectric fields

gyeda:g_tmpdy =T Ve

v ’\
charge density



Gauss L aw: magnetic fields

........
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Gauss theorem

ng-da:O -— V.B=0

\“ magnetic charge” density
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Faraday’s L aw: electromotiveforce
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Ampere’ s L aw: magnetic induction
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Maxwell’s extension,
Displacement current

current density
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Maxwell’s equations

(in vacuo)

1 D _
ﬁ;E-daz—J‘Hp dv <=2 V.E=X  Gausselectric
y &o "y €o
ﬁ;B-dazO === V.-B=0 Gauss/magnetic

- oB
§E dl——E B-da <—== VxE=——Faaday
dr* Ot

4
ft;B d/ = ,UOH J+50%—Ej-da =— VxB= ,uO(J+goaaltEj

Ampere-Maxwell
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Electric fieldsin dielectric media

atom under electric field:

» charge neutrality is preserved
o gpatial distribution of charges
becomes assymetric

P=qg.I,—q_I_ P:Zp
Dipole moment Polarization
T : T : Spatially variant polarization

' ' ' : induces local charge imbalances
% @ @ @ (bound charges)
@ @ @ @ G:EB pbound:_v°P
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Electric displacement

1 1

Gauss Law: V-E = Phota :_(pfree+pbound)
&, &,
1
:_(pfree_v' P)
€o

V-(,E+P)= pye.
\_Y_l

Electric displacement field: D=¢g,E+P == V-D=p,

Linear, isotropic polarizability: P = g, 7E
— D=g,(l+ y)E=<E
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General cases of polarization

Linear, isotropic polarizability: P = g, 7E E
/

Linear, anisotropic polarizability:

E
/)511 X12 Z13\ P
P=¢cy)| ¥» X2 X |E

X X2 Xz)

Nonlinear, isotropic polarizability: P = ‘9OZE + 5oZ(Z)EE +...

etc.
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Constitutiverelationships

E: electric field
D=gE+P

D: electric displacement
polarization

B: magnetic induction B
H=—-M

H: magnetic field U \

magneti zation
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Maxwell’s equations

(in matter)
ﬁD'da:J‘ijpfreedV <=—= V.D=p,  Gausselectric
ﬁBda:O === V.-B=0 Gauss/magnetic
oB
§E dl———jB da =—= VxE-= T Faraday
oD
§H -dl = ILIOJ-J-( free T j da === VxH-= luo(‘]free+5j
Ampere-Maxwell
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Maxwell’ s equations=> wave equation

(in linear, anisotr opic, non-magnetic matter, no free char ges/currents)

V-(E)=0

V-B=0
VxE:—§§
ot
o(eE)
VxB=u,—-~=
Hy o1

Vsz—ESVx(VxE)z—

ot

Vx(VxE)=V(V-E)-V-VE

e e

X

=0
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temporally invariant
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Maxwell’ s equations=> wave equation

(in linear, anisotr opic, non-magnetic matter, no free char ges/currents)

V-E=0 A
V.-B=0 -
oB . 5 0°E
g ot Hot 52
ok
VxB=ugc—
Moo )
1 1 0°E
e=— |VE-— =0
Ho c’ c? o’
wave velocity
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Light velocity and refractive index

1 .
HoEy = — Cyacuurm- SP€Ed Of light
Cyvacuum IN vacuum
£ = (1+ ;()go =n’g, n: index of refraction
~on® 1 C=C,. /i SPEEM OF light
Hot = -2

c In medium of refr. index »
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Simplified (1D, scalar) wave equation

0°E 1 6°E * Eisascalar quantity (e.g. the component £, of an
———— =0 electric field E)
oz" c” ot » the geometry is symmetricinx, y = thex, y

derivatives are zero

v

t+At

v
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Special case: harmonic solution

f(z,t=0)= aCO’{Zﬂ'%j

=0

ACD:27zc—t'
A

WA WA
\YAVAVAY

t+At

f(z,t)=a co{Z;: (Z_Ta)j =qa CO{ZEV(% — tD

MIT 2.71/2.710
10/06/04 wk5-b-20

H_J
O

INAWAWAWE
VAAVAAVARY.

c=Av
dispersion
relation




Complex representation of waves

f(z,t)=A4co 277[2 27zvt ¢j

angular frequency

f(z,z)zAcos(kzéa)z—¢) k:27ﬂ, ® = 27V

wave-number
(z,¢)= Acoslkz — wrt — ¢)
f(z,t)= Acoslkz — ot — p)+idsin(kz — ot — @)
e f(z.r)=Relf(z.1),
f(z,t) aka f(z,)=A€% ) complex representation
Ae"”  complex amplitudeor " phasor"
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Timereversal

VN

v




Super position

= flkz—at)+ fkz+at) isalsoasolution
More generally, f(kz—ot)+ g(kz+t) isasolution

Even more generally, LINEARITY

ﬁ(kzl;wf)+)fz(kz(]:wt)+)"' Is asolution I
+gi\kz + ot )+ go\kz + ot )+ ... SUPERPOSITION
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What isthe solution to the wave
equation?

* Ingenerd: the solution is an (arbitrary) superposition of propagating
waves
e Usually, we have to impose
— 1nitial conditions (asin any differential equation)
— boundary condition (asin most partial differential equations)

Example: initial value problem

fo(”): fwave(z’o) fwa\/e(z’t)
/I\<\ z : I -/I\<\ Z R
z= z=0 z=wtlk

Fuael2:0)= folt) = fraelz:t) = fokz = cot)
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What isthe solution to the wave
equation?
* Ingenerd: the solution is an (arbitrary) superposition of propagating
waves
e Usually, we have to impose
— 1nitial conditions (asin any differential equation)
— boundary condition (asin most partial differential equations)

* Boundary conditions: we will not deal much with them in this class,
but it is worth noting that physically they explain interesting
phenomena such as waveguiding from the wave point of view (we saw
already one explanation as TIR).
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Elementary waves.
plane, spherical
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The EM vector wave equation

1 0°E
2
V E——2 > :O
c” Ot
ve- 0, 0,0 E=EX+E,+E,?
a2 oy og TR EY B
0°E, 0°E, &°E, 10°E, )
N > t—=2% t—=3 3 a2 =0
E, E ox oy 0z= c¢° ot
0°E, O0°E, O°E )
2y+ 2y+ 2y_12 zy:O ;
Ox oy 0z c ot
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Harmonic solution in 3D: plane wave

é/E(z:MZ a2l AN SN e

E(=040)_~ 14%7\4 v L E(=5M2=0)
.......... s

L E(z=),1=0) %M%\i
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Plane wave propagating

propagation _
s X direction 1=At

E (Z =0 —A/
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Complex representation of 3D waves

flx,y,z,t)= Acos(zf(xcosa +ycos,8+zcosy)—a)t—¢oj

X

f(x,y,2,6)= Acoslk x+k,y+kz—wi—¢,) k =27”cosa, etc.

fx,y,2,t)=4 glhrhrkzah)  omnlex representation
Ae >3 complex amplitudeor " phasor”
where¢(x, v, z) =k x+ kyy +k.z—¢,

"Wavefront" : surfaceg(x, y,z)= const.
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Plane wave

wave-vector
k v k

v



a(r):AO ei(k-r—a)t)
r=xX+yy+zZ

(Cartesian coordinate vector)

K=kX+kYy+kZ

solveswaveequation iff

k|=< (dispersion relation)
C
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Plane wave

(r—00) "wavefront":
a(l‘ ) = AO el @ A i
0 ¥ surfacedescribed by
r = xX +zZ
* nyy ‘ _ k-r =const.
(Cartesian coordinate vector)
K=kX+kYy+kzZ
k. k
constant phase condition:
K-r—wt=const.
= wave-frontisaplane k.

k

y

e
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Plane wave propagating

N plane k-r =const. =0
L 5 Pl P B
00(\‘5:896 U e R
Q\(\Iif\i(\eQ\ / / ““““““““““““““““““
4 E(x=\/2,t=0) : peg [
...... < B(xk=3\2,=0
E(K:O’tzo/)/ S Y Sy E(x=51/2,:=0)
<L ~ A
/ ..... oL
E(x=A=0) |  © . < Kwave-vector
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4

Plane wave propagating
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, x plane k-r =const.

propagation
direction

1=\t

.-K'wayve-vector

direction
Af)



Spherical wave

equation of wavefront
kR — wt = constant

!

cos(kR -t + 7 1 2)
R

exponentia
notation

":;Outgoing (kR — vt
rays a(X,y,Z,Xi=AeXp{l(iR %)}

a(x,y,z,t)= A

paraxial
Outgomg approximation
wavefronts y , N ) 5
a(x,y,z)=—exp] i2r = +ir——
IR A 1z
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Spherical wave
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exact

spherical wavefronts

parabolic wavefronts

paraxial approximation/
/Gaussian beams



Therole of lenses

spherical wave plane wave

(divergent)
%"
“point” \
source \

plane wave spherical wave
(convergent)

x .
“point”
image

v

v

v

v

v

v

v

v

v

v
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Therole of lenses

spherical waye - plane wave
(divergent)* SR S S

v

v

v

“point”
source

v

v

plane wave / spherical wave
: : _; (convergent)

v

v

v

“point”
image

v

v
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