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Course Objectives

* Gain a physical understanding of the wave
and particle nature of light

* Acquire immediately useful information for
use in the laboratory, for design studies,
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Outline

 Light and photons

* Waves and interference

 Diffraction

* Fermat’s principle, Marachal’s condition,




The basics: what is light?

And God said
V -E=4rp
VoB=10D




Light as EM wave £

* Light is an electromagnetic wave phenomenon

« Waves propagate in free space according to the
Helmholtz equation

* We detect its presence because the EM field
interacts with the electron  r—q[E + (v/c)xB]
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Helmholtz Equation

* In free space

V’E==—E
c’ ot

* Traveling waves
E(x,t)= E(0,t + x/c)




Dispersion

* |n free space

K = a)/ C Dispersion relation is linear

K= 27[/ A Wave number (k is wave vector)

. =27V Wave frequency, v
 In a medium

— Plane waves have a phase velocity, and hence a
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Wave Packets and Group Velocity 2.
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Linearly Polarized

Can be written as a sum of two
linearly polarized waves, in
phase (x and y components)
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Polarization — Stokes parameters £

* 4 parameters of polarization
— Total intensity
— Rotation of ellipse

— Ratio of major to minor axis of
ellipse

— Degree of polarization  Degree of polarization

° _ - 5 -
E=(3E, +JE, '™ E,=[Ee" M=Q% +U%+V? /I

 Degree of linear polarization



Birefringence £

* Medium can have different
iIndex of refraction for each
component of polarization

 Polarization splitter (Wallaston Prism




Optical path — Fermat’s principle

 Huygens’ wavelets

« Optical distance to

radlator Ax _ CAt/n wave front at time t

OPD = j ndx




Why doesn't light prefer other
paths?

Ay + Waves arriving in

\.. phase add
</  Waves arriving out of

Fresnel zone




Light as particles £

 Light originates as photons each emitted by the
oscillation of a single atom.

* Light travels as a wave via all possible paths
(paths of ‘least time’).
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Detecting photons — Young’
double slit experiment




Young’s Two-Slit Experiment/o
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Compton scattering TAOA

* Photons interact only with
charged particles (electrons, in
ordinary life)

 Classical: The EM wave exerts
force on the electron. The
electron moves and thus emits
an EM wave.

* Quantum: A photon collides wit
an electron and exchanges
energy and momentum wi
The photon scatters wi
different wavelength
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Light has energy and momentum £

 Classical: electromagnetic field energy

and momentum density

1
E., =§j(E2 + B2V £,




Diffraction as a particle
phenomenon

)




|ldeal lens

 Positive lens % NN,

Plane Wave Converging spherical Wave




Marechal’s conditon 4

* If wavefront phase is

wavefront surface contained within
A / confocal spheres /2
apart everywhere where the
o intensity is significant

U focus  The waves will add up




Diffraction angle

 Tip/Tilt allowed by Marechal’s condition

p| [§ £2/D =




Depth of Focus

» Defocus allowed by Marechal’s condition

5= 2(%)21 =2(f#) A




Another derivation of depth
of focus




Wavefront sag

f
Dlz\ fzz(f —S)2+(D/2)2

=~ f2_2fs+D*/4




Rayleigh range

 Distance where diffraction overcomes
paraxial beam propagation

1




Fresnel number

* Number of Fresnel zones across the beam
diameter
1
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Paraxial beams

: e 1 0°
* Helmholtz equation  V'E=5-73F
E(x,y,z,t)=u(x,y,z)e' e
Gl Oalira i 0 s u———zu : k==
ox>  oy* or° 0z c? c

» Paraxial approximation




Lagrange invariant

 |f the beam diameter is condensed, the
angles increase proportionally




Huygens' Integral

 \Wavelet r
a-iko(rn) o)
E(r;r,)=

P(r’ ro)
T e

* Huygens’ integral




Fresnel approximation

« Spherical wavelet approximated as paraboloid

« Useful for computer numerical wave-optic
propagation (it's a convolution)

(x= %) +(y = yo)
LA

i .
u(x, yiz):L_ﬂ_”uo(Xo’ Yor Zo)eXp| — i dx,dy,




An alternative computational
formula

» Fresnel approx to Huygens’ integral (again)
(X—Xo)2 +(y_ YO)2
LA

 Alternative Fourier transform formulation for
numerical propagation

| .
U(X1 y,z)=— uo(xo’ yo’zo)eXp — Iz dx,dy,
LA




Fresnel propagation in IDL 4>

function fresnel,wf0,du,l,lambda
k = 2*Ipi/lambda
n = (size(wf0))(1)
df = 1./(n*du)
dk = 2.*Ipi*df
fwfO = shift(fft(shift(wf0,n/2,n/2)),n/2,n/2)
kO = -(n/2)*dk
kf = (n/2-1)*dk
r = findgen(n)*dk + kO

; wfO - complex wavefront at a given optical plane
; du - spacing on the wavefront grid, in meters

; L - real length of propagation, in meters

; lambda - real wavelength of light, in meters

; OUTPUT:
; WfL - complex wavefront at distance L

. ALGORITHM:
; ~wfL = ~wf0 * exp{ + ik _perp?2*L/2%}
. where ~ indicates Fourier transform



Plane wave propagation from a

circular aperture
L = 2% of Rayleigh range

2

5 fresnel ft




Far field

« Each tilted plane wave produces a point
Image, at angle 6

« Sum of plane waves — sum of points =
Fourier transform




When to use each method

* Fresnel approximation
— L < ~10% of Rayleigh range

* Fresnel approximation alternative form
— L > ~10% of Rayleigh range




ABCD ray optics
* Optics systems as 2x2 linear ray transformations

ot | vEs] |

r1 1 dz rz




Huygens’ integral (Fresnel
approximation) through ABCD system 7%

k“ﬂ K (%, %, (%, ),

K%)= —exp '—(AX2 2%, X, +Dx)




Example: Knife Edge Test

T~




Example: Knife Edge Test

O [

. ) Astigmatism
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Example: Point Diffraction

i




Example: Point Diffraction £




Example: Phase Shifting Point
Diffraction Interferometer

—




Example: Phase Shifting Point @
Diffraction Interferometer
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Beam Splitter
Incident wave /\ /\
\/

Reflected wave
‘"""""Y/r_\]

~ /\Transmitted wave
N4 i




Beam Splitter
Incident wave /\ /\
\/

~ /\Transmitted wave

Reflected wave N
4. _____________ —
VARY

At the interface:

- EM wave magnitudes must match E,+E, =E, E complex, ->
2 2 2 3 equations in




Beam Splitter
Incident wave /\ /\
\/

~ /\Transmitted wave

Reflected wave N
4. _____________ —
\/\J

At the interface:

- EM wave magnitudes must match E,+E, =E, E complex, ->

9 2 2 3 equations in
« Energy must balance E.| =|E| +|E 4 unknowns




Beam Combiner

(Interferometer)
0 /4 \\
3n/4 —3n/4
N 0 (both waves)

|

1+co

s(m) =0




3n/4 —3m/4




Quadrature Phase

Interferometer
T 2‘7/:2) v\/v <«— polarization diagram
plate (/4 _/4)
0 /4 o
L N
3/4 (—3m/4,31/4)

O—m/4




Quadrature Phase

Interferometer
T ?7/32) v\/v <+«— polarization diagram
plate (/4 —m/4)
0 /4 M N
L N\
3n/4 (—3m/4,31/4) d+m/2

T
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Image Formation
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Image Formation

/-\ Focal
. Plane




Image Formation
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.. E(u) and F(X) are Fourier Transform Pairs



Image Formation

Circular Pupil Stop




Image Formation

Object .
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Point Spread Function (PSF)~4

The Point Spread Function is the distribution of energy in the
image plane in response to a point source in the object plane

Object |
Plane

3

2

A

+ Image
. Plane
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Optical Transfer Function (OTF ..

The Optical Transfer Function is the Fourier transform of the
Point Spread Function

S.Zf;’t; ﬁ e
a2




Optical and Modulation Transfer
Functions &-}

* Optical transfer function (OTF) — how a sinusoidal
Intensity pattern in the object plane is imaged in the focal
plane

— Modulation transfer function (MTF) is the amplitude part,
MTF = |OTF|

— Phase transfer function (PTF) is the phase part,
PTF = arg(OTF)




Example MTFs

with varying amounts of aberration in the
optical system
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