
1 Geometric Optics
1.1 Optical Path Length (OPL)

OPL =
ˆ B

A
n(s) · ds

1.2 Interfaces
Reflection θi = θr

Refraction (Snell’s Law) ni sin(θi ) = nt sin(θt)

1.3 Fermat’s Principle
Light traverses shortest OPL route, dOP L(x)

dx = 0
1.4 Optical Imaging Systems
1.5 Spherical Refractive Surface

1.5.1 Paraxial Approximation
So

ni (So +R)
=

Si
nt(Si −R)

1.5.2 Gaussian Formula
ni
So

+
nt
Si

=
nt −ni
R

1.6 Thin Lens
1.6.1 Lensmakers Formula

1
f

= (nt − 1)
(

1
R1
− 1
R2

)
=
nl −n1
n1

(
1
R1
− 1
R2

)
2 Wave Optics 1
Light is a harmonic (single-frequency, monochro-
matic) wave.
2.1 Maxwell Equations

Integral Form Differential Form¸
C E · dl = −

˜
s
∂B
∂t

∇×E = −∂B
∂t¸

CH · dl =
˜
s

(
∂D
∂t

+ J
)

= Ienc ∇×H = ∂D
∂t

+ J¸
S D · ds =

˝
ρdV =Q ∇ ·D = ρ¸

S B · ds = 0 ∇ ·B = 0

2.2 Materials
Source free J = 0,ρ = 0
Linear |P | ∝ |E|, |M | ∝ |H |
Isotropic ϵrµr scalars

As a result,

D = ϵ0ϵrE = ϵE B = µ0µrH = µH

2.3 Harmonic Plane Waves
E(r, t) = E0 cos(⃗k · r⃗ ±ωt +φ)

E(r, t) = E0 exp[i (⃗k · r⃗ ±ωt +φ)]

E⃗ a real quantity (take real part of E(r, t)
2.4 Wave Properties
Temporal period and frequency:

T =
2π
ω

v =
ω
2π

Spatial period and frequency:

λ =
2π
|k|

f =
|k|
2π

Speed of propagation:

vφ =
spatial period

temporal period
=

λ
2π/ω

=
ω
|k|

=
1
√
µϵ

Perpendicularity (E,H,k right hand triplet)

k ⊥ E⃗, k ⊥ H⃗ k ×E = µωH

If E, H in phase,

|E|
|H |

=

√
µ

ϵ

2.5 Other Properties
ω
k

=
1

√
µ0ϵ0

= c

k =
ω
c
n

ω
k

= v =
c
n

=
λ
T

2.6 Poynting Vector & Power

S⃗ = E⃗ × H⃗
Hard to calculate S, since only (time-averaged)
power can be measured (S is power density)
2.7 Irradiance

I = ⟨S⟩T = ⟨|E ×H |⟩T = ⟨E0H0 cos2(k · r −ωt +φ)⟩T

I =
1
2
E0H0 =

1
2

√
ϵ
µ
E2

0 =
1
2

√
µ

ϵ
H2

0

I ∝ |E|2

2.8 Polarization
Prop in ẑ, Lin. pol in y:

E(r, t) = E0ŷ exp[i(kz −ωt +φ)]

Lin. pol in x,y:

E(r, t) = (Ex0x̂+Ey0ŷ)exp[i(kz −ωt +φ)]

Circ. pol:

E(r, t) = (E0x̂+E0e
i π2 ŷ)exp[i(kz −ωt +φ)]

Ellip. pol:

E(r, t) = (Ex0x̂+Ey0e
iφŷ)exp[i(kz −ωt +φ)]

In general:

E(r, t) = (Ex0e
iφx x̂+Ey0e

iφy ŷ)exp[i(kz −ωt +φ)]

• Lin: φy −φx =mπ

• Circ: φy −φx = π
2 +mπ

• Ellip: Ex0 , Ey0 and φy −φx ,mπ

• Ellip: Ex0 = Ey0 and φy −φx ,mπ+π/2,mπ

2.9 Jones Vectors

J =
[
Ex0e

iφx

Ey0e
iφy

]
=

[
1

Ey0
Ex0

ei(φy−φx)

]
2.9.1 Jones Vector Properties

• Normalized: |J | = 1, J∗ · J = 1

• J1, J2 orthogonal if J∗1 · J2 = 0

• Linearity: J = αJ1 + βJ2

2.9.2 Jones Vector Examples
Lin pol wrt x:

J =
[
1
0
]

Lin pol θ degrees wrt x:

J =
[
cosθ
sinθ

]
Left hand circ pol:

J =
1
√

2

[
1
i

]
Right hand circ pol:

J =
1
√

2

[
1
−i

]
2.10 Rotation of Polarization

J ′ = R(ψ)J =
[

cosψ sinψ
−sinψ cosψ

]
Circ polarizations are rotation-invariant (although
have an added phase)
2.11 Malus’s Law
Linearly polarized light:

Iin =
1
2

√
ϵ
µ
E2
in

After passing through a lin polarizer:

Iout =
1
2

√
ϵ
µ
E2
out = cos2θIin

Cirularly polarized light:

Iin =
√
ϵ
µ
E2
in

After passing through a lin polarizer:

Iout =
1
2

√
ϵ
µ
E2
out =

1
2
Iin

Elliptically polarized light:

Iin =
1
2

√
ϵ
µ

(E2
x +E2

y )

After passing through a lin polarizer:

Iout =
cos2θE2

x + sin2θE2
y

E2
x +E2

y
Iin

2.12 Jones Matrices

Jo = T · Ji =
[
a b
c d

]
Ji

2.12.1 Eigenvectors

T J = αJ

Eigenvectors of a 2x2 T matrix are the independent
polarization states. Light with polarization state
corresponding to eigenvector goes through T un-
changed.

2.12.2 Jones Matrix Examples

TA @ θ wrt x axis:

T =
[

cos2θ sinθ cosθ
sinθ cosθ sin2θ

]
2.13 Wave Plates

T =
[
eiφs 0

0 eiφf

]
= eφf

[
ei∆φ 0

0 1

]
Where ∆φ = φs −φf

• QWP: ∆φ =mπ+π/2

• HWP: ∆φ = 2mπ+π



2.14 Reflection and Refraction at Interfaces

2.14.1 Phase Matching at Boundary
ωi =ωr =ωt =ω

kix = krx = ktx→
ω
c
ni sinθi =

ω
c
nr sinθr =

ω
c
nt sinθt

Since ni = nr ,

θi = θr → ni sinθi = nr sinθr

And also
φi = φr = φt = φ

2.15 Fresnel Coefficients

rT E =
(
Er
Ei

)
T E

=
ni cosθi −nt cosθt
ni cosθi +nt cosθt

tT E =
(
Et
Ei

)
T E

=
2ni cosθi

ni cosθi +nt cosθt

rTM =
(
Er
Ei

)
TM

=
−nt cosθi −ni cosθt
nt cosθi +ni cosθt

tTM =
(
Et
Ei

)
TM

=
2ni cosθi

nt cosθi +ni cosθt

2.16 Reflections
Internal reflections: ni < nt External reflections:
ni > nt
2.17 Reflectance and Transmittance

R ≡ Pr
Pi

=
IrAcosθi
IiAcosθi

= r2

T ≡ Pt
Pi

=
ItAcosθt
IiAcosθi

=
nt cosθt
ni cosθi

t2

Energy conservation:

R+ T = 1

2.17.1 Normal Incidence
If θi = 0,

rT E = rTM =
ni −nt
ni +nt

→ RT E = RTM =
(
ni −nt
ni +nt

)2

Plane of incidence is not unique. No polarization
dependence

2.17.2 Brewster’s Angle
At Brewster’s angle (θp), TM polarized light does
not reflect (rTM = 0).

nt cosθip = ni cosθtp ni sinθip = nt sinθtp

tanθip =
nt
ni

θip +θtp =
π
2

2.18 Total Internal Reflectance
Two conditions:

• ni > nt

• θi > θc

2.19 Critical Angle
Incident angle for internal reflection, when θt = π

2 :

θc = sin−1 nt
ni

2.20 Evanescent Waves
The transmitted wave in TIR case is evanscent:

|kt | =
ω
c
nt → ktx = kix = ki sinθi =

ω
c
ni sinθi

kty =
√
k2
t − k

2
tx = ±i ω

c
nt

√(
ni sinθi
nt

)2
− 1

β =
ω
c
nt

√(
ni sinθi
nt

)2
− 1

Et = Et0e
βy exp[i(. . .)]

2.21 Penetration Depths
Field/amplitude penetration depth:

E(y =
1
β

) =
1
e
E(y = 0)

Intensity penetration depth

I(y =
1

2β
) =

1
e
I(y = 0)

2.22 Complex Fresnel Coefficients
Fresnel coeffs can be applied to TIR:

rT E = eiφT E rTM = eiφTM

φT E = −2tan−1
nt√(ni sinθi /nt)2

ni cosθi


φTM = −2tan−1

ni√(ni sinθi /nt)2

nt cosθi



3 Wave Optics 2
3.1 Interference
Given two waves

E1 = E1o cos(k⃗1 · r⃗ −ω1t +φ1)

E2 = E2o cos(k⃗2 · r⃗ −ω1t +φ1)

I1 = ⟨E1 ×H1⟩ =
1
2

√
ϵ
µ
|E1o |2

I2 = ⟨E2 ×H2⟩ =
1
2

√
ϵ
µ
|E2o |2

Superposition E = E1 +E2 yields:

I =
√
ϵ
µ

= I1 + I2 + 2
√
ϵ
µ
⟨E1 ·E2⟩

interference term: 2
√
ϵ
µ ⟨E1 ·E2⟩

3.1.1 Interference Term

2
√
ϵ
µ
⟨E1 ·E2⟩ =√

ϵ
µ

(E1o ·E2o)⟨cos[(k1−k2)·r−(ω1−ω2)t+(φ1−φ2)]⟩

3.2 Spherical Interference
In spherical coordinates (r,θ,φ):√
ϵ
µ

(
E1o
r1
· E2o
r2

)
⟨cos[(k1r1−k2r2)−(ω1−ω2)t+(φ1−φ2)]⟩

3.3 Visualization of Interference

3.4 Conditions for Non-interference
1. orthogonal polarization: E1o ⊥ E2o

2. ω1 ,ω2 s.t. time avg of fast varying cos is 0

3. φ1 −φ2 varies with time randomly

3.5 Conditions for Interference
1. ω1 =ω2

2. E1o not ⊥ E2o

3. φ1 −φ2 not time varying

3.6 Relative Phase and OPL Diff
I = I1 + I2 + 2

√
I1I2 cosδ

where δ is the relative phase between two interfe-
ring waves

δ = (k1 − k2) · r + (φ1 −φ2) plane waves

δ = (r1 − r2) + (φ1 −φ2) plane waves

3.7 Fringes
• bright: δ = 2mπ→ I = I1 + I2 + 2

√
I1I2

• dark: δ = (2m+ 1)π→ I = I1 + I2 − 2
√
I1I2

3.8 Equal Intensity Interference
If I1 = I2 = I

I = I1 + I1 + 2
√
I1I1 cosδ = 2I1(1 + cosδ) =

= 4I1 cos2
(δ

2

)
3.9 Interference of two point sources

∆OPL = r2 − r1

δ = 2π
∆OPL
λ

+ (φ1 −φ2) = 2π
r2 − r1
λ0

Small angle approx: r2 − r1 ≈ aθ ≈ a
y
L

δ = 2π
ay

λ0L

• bright: δ = 2π aybtλ0L
= 2mπ

• dark: δ = 2π aydkλ0L
= 2mπ+π

or

• bright: ybt =mλ0L
a

• dark: ydk =
(
m+ 1

2

) λ0L
a

Fringe spacing:

∆yf ringe =
λ0L
a



3.10 Coherence
For two waves to have long-lasting interference,
they must have a fixed phase relationship:

φ1 −φ2 must not be time varying

3.11 Practical Light Sources
Practical sources are not monochromatic or point
sources
3.12 Temporal Coherence
τc is the average duration of wave trains. lc: longi-
tudinal coherence length.

lc = cτc

Long-lasting interference cannot be observed if
∆OPL > lc. Coherence condition: ∆OPL < lc
3.13 Spatial Coherence
lt : spatial coherence length

3.14 Spectral Linewidth

∆v =
1
τc

∆v
v

=
∆λ
λ

3.15 Michelson Interferometer

∆OPL = 2d cosθ
Phase difference is thus:

δ = k ·∆OPL+π =
4πd cosθ

λ
+π

Center of a bright fringe occurs at

δbtm = 2mπ or 2d cosθbtm = (m− 1
2

)λ

3.15.1 Michelson Fringe Radii
The pth bright fringe in center (θ = 0):

2d = (p − 1
2

)λ

The mth bright fringe from center m = p −N :

2d cosθbtm = (m− 1
2

)λ

Small incident angles:

cos ≈ 1− θ
2

2

θ2
btm
≈

2d − (m− 1
2λ)

d

θbtm ≈
√

(p −m)λ
d

=

√
Nλ
d

Radii of bright fringes:

rbtm = f θbtm = f

√
Nλ
d

Where f is the focal length of the lens
3.15.2 Fringe Separation for Michelson

∆rbtN = f (θbtN+1 −θbtN ) = f

√
Nλ
d

(
√
N + 1−

√
N )

Fringe spacing is not uniform (decreases from cen-
ter to edge). Spacing between N and N + 1 is pro-
portional to λ, inversely proportional to

√
d

3.15.3 Fringe Distortion
After a path length of ∆d, the fringe distortion is

∆mλ = 2∆d

3.16 Newton’s Rings

May be additional π phase between two beams. As-
sume nf < nl , nf < np
Small angle approx:

∆OPL ≈ 2d

δ = 2d =
2πmd
λ

cosθ +π

bright fringes appear at δ = 2mπ
3.16.1 Newtons Rings Fringe Radii
radius of bright fringes:

rbtm =

√
Rλ0
nf

(m− 1
2

)

3.17 Thin-Film Interference

∆OPL =
2nf d

cosθt
− 2n1d tanθt sinθi

∆OPL = 2nf d cosθt

δ = 2π
2nf d cosθt

λ0
+π

bright fringes appear at δ = 2mπ

2nf d cosθt = (m− 1
2

)λ0

3.18 Fabry Perot Interference

δ = 2π
2nf d

λ0
cosθt

3.18.1 Fresnel Coefficients at thin-film
Drop T E, TM subscript at near incidence conditi-
on.

r = −r′

r2 = (r′)2 = R

tt′ = T = 1−R T , t2

3.19 Coefficient of Finesse

F ≡ 4R
(1−R)2

3.20 Transmittance of Fabry Perot

TFP =
1

1 +F sin2(δ/2)

δ = 2π
2nf d cosθt

λ0

3.21 Reflectance of Thin-Film
RT F = 1− TFP

3.22 Airy Function
When δ = (2m+ 1)π

TFP ,min =
1

1 +F

When δ = 2mπ
TFP ,max = 1

3.23 Finesse

F =
Fringe Spacing

FWHM Fringe Width at Resonance

FWHM fringe width = ∆δFWHM

3.23.1 Full Width at Half Maximum
Fringe width when transmittance drops to half of
peak value

F =
2π

∆δFWHM
=
π
√
F

2

3.24 Resolving Power
∆λRP = 2nf d sinθtm∆θFWHM /m

R =
λ0

∆λRP

Since

δ = 2π
2nf d cosθt

λ0

∆λRP =
λ0
mF

For the FP, resolving power is defined as:

R =
λ0

∆λRP
=mF

R =mF =
2nf d

λ0
F



3.25 Free Spectral Range

mth order bright fringe of λ1 overlaps with m+ 1
bright fringe of λ2.

2nf d cosθtm|λ=λ1 =mλ1

2nf d cosθt(m+1)|λ=λ2 = (m+ 1)λ2

FSR is the largest range in a given order that does-
nt overlap same range in another order. Also the
largest unambiguous measurement range.

∆λFSR = λ1 −λ2 =
λ2
m

FSR range reduces as m increases

∆λFSR ≈
λ2

0
2nf d

∆vFSR
v

=
∆λFSR
λ0

≈ λ0
2nf d

=
c/v

2nf d

∆vFSR =
c

2nf d

4 Wave Optics 3
4.1 Fourier Transforms

f (t)↔
ˆ
f (t)e−jωtdt

f (x,y)↔
ˆ
f (x,y)e−jkxxe−jkyydt

4.2 Diffraction

Define
• Eo: field distribution at aperture
• Ei : field distribution at screen

Ei (xi , yi ) =
¨ +∞

−∞
C
Eo(xo, yo)

r
eikrdxodyo

Where
• r: distance between point source (xo, yo) and

point on screen
• C: Proportionality constant

4.2.1 Approximations for r
In rect coordinates,

r =
√
z2
i + (xi − xo)2 + (yi − yo)2

Amplitude approx:

r ≈ zi

Phase approx:

r = zi

√
1 +

(xi − xo)2 + (yi − yo)2

z2
i

r ≈ zi +
x2
i + y2

i
2zi

−
xixo + yiyo

zi
+
x2
o + y2

o
2zi

4.3 Fraunhofer Region (Far Field)

r = zi

√
1 +

(xi − xo)2 + (yi − yo)2

z2
i

r ≈ zi +
x2
i + y2

i
2zi

−
xixo + yiyo

zi

4.4 Fresnel Region (Near Field)

r = zi

√
1 +

(xi − xo)2 + (yi − yo)2

z2
i

r ≈ zi +
x2
i + y2

i
2zi

−
xixo + yiyo

zi
+
x2
o + y2

o
2zi

4.5 Far Field Condition
When can last term in r approx be negligible?

k
x2
o + y2

o
2zi

<< 2π

or

zi >> k
x2
o + y2

o
2λ√

x2
o + y2

o <<
√
λzi

4.5.1 Far Field Compensation (with Lens)
Another way to compensate for quadratic term in
far-field condition is to use a lens

4.6 Spatial Fourier Transform

4.7 Rectangle Function

4.8 Circle Function

4.9 Delta Function

4.10 Impulse Train
Also called Shah function

4.11 Diffraction Limit
Focal point cannot physically be a singularity. Finite
wavelength size. Focal spot size 2wo:

2wo ≈
1.22λf
D

4.11.1 Angular Resolution
Resolving power of:

θRP ≈
1.22λ
D

4.12 Multi-Slit Diffraction
N slits, width b separation a

4.13 Diffraction Grating
a(sinθm − sinθi ) =mλ

4.13.1 Resolving Power

R =
λ0

∆λRP
=mN

4.13.2 Free Spectral Range
if λ1 ≈ λ2:

∆λFSR =
λ
m

else:

∆λFSR =
λ2
m



5 Single-Slit Far Field Diffraction



6 Double-Slit Far Field Diffraction



7 Circular Aperture Diffraction



8 Airy Disk


