The science of light

P. Ewart
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The story so far

* Geometrical optics: image formation
* Physical optics: interference — diffraction

 Phasor methods:  physics of interference
 Fourier methods:  Fraunhofer diffraction
= Fourier Transform

Convolution Theorem
* Diffraction theory of imaging
* Fringe localization: interferometers
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Summary: fringe type and localisation
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Optical Instruments for Spectroscopy
Some definitions:

° Dispersion: d@/d?x, angular separation of wavelengths
° Resolving Power: A/AA, dimensionless figure of merit

* Free Spectral Range:

extent of spectrum covered by interference pattern before
overlap with fringes of same A and different order

e Instrument width:

width of pattern formed by instrument with monochromatic light.

 Etendu: or throughput —

a measure of how efficiently the instrument uses available light.
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The Diffraction Grating Spectrometer

* Fringe formation — phasors

» Effects of groove size — Fourier methods
* Angular dispersion

* Resolving power

* Free Spectral Range

* Practical matters, blazing and slit widths
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N-slit grating
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N-slit grating
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Optical Instruments for Spectroscopy
Some definitions:

° Dispersion: d@/d?x, angular separation of wavelengths
° Resolving Power: A/AA, dimensionless figure of merit

* Free Spectral Range:

extent of spectrum covered by interference pattern before
overlap with fringes of same A and different order

e Instrument width:

width of pattern formed by instrument with monochromatic light.

 Etendu: or throughput —

a measure of how efficiently the instrument uses available light.




N-slit diffraction grating
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N-slit diffraction grating
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(b)

O = (2m/A)dsIné
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Reflected Diffracted light
light

(a)

Reflected Diffracted
light light

(b)




Oxford Physics: Second Year, OptiCcS

ERVNRER

Order O 1 2 3 4

(@)

(b) Unblazed

o

Blazed;"‘.: ,E'; ”
(c) L




Oxford Physics: Second Year, OpticSs

(b)
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Instrument function

_A Y
Instrument width ~ 1
(Grating spectrometer):

AvInst - W

1
Maximum path difference

Instrument width =

Resolving Power = AA
= V/AV
= 2W/A
Maximum path difference in units of wavelength
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Optical Instruments for Spectroscopy

 Interference by division of wavefront:
The Diffraction Grating spectrograph

 Interference by division of amplitude:
2-beams -
he Michelson Interferometer
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Albert Abraham Michelson
1852 -1931

Michelson interferometer

* Fringe properties — interferogram
* Resolving power

* Instrument width
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Michelson Interferometer

AV, = 1/X

Max

Instrument width = |
aximum path differencé

Size of instrument _/

Resolving Power = Maximum path difference
In units of wavelength
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LIGO, Laser Interferometric Gravitational-Wave Observatory




LIGO, Laser Interferometric Gravitational-Wave Observatory

} ‘J Mirrored Test Mass

¥ Inbound gravity wave

e Light Storage Arm
Mirrored Test Mass

. Mirrored Test Mass
Light Storage Arm .

Mirrored Test Mass ]
, Beam Splitter

/ Photodetector

Laser

Vacuum ~ 1012 atmosphere
Precision ~ 101 m
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Lecture 10

Michelson interferometer

« Path difference: X = pA
. measure A by reference to known A_,ipation

* Instrument width: AV, = 1/X.,

* Fourier transform interferometer

Albert Abraham Michelson

* Fringe visibility and relative intensities 1852 —1931

* Fringe visibility and coherence
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Coherence

Longitudinal coherence

Coherence length: /.~ 1AV

Transverse coherence

Coherence area: size of source or wavefront
with fixed relative phase
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Transverse coherence | dsin a<A

Interference
Fringes

a<Ad

d defines coherence area



Michelson Stellar Interferometer

Measures angular size of stars
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Division of wavefront
fringes
Young'’s slits (2-beam) cos%(/2)
Diffraction grating (N-beam) sin?(Nd/2)
Sharper fringes sin?(d/2)

Division of amplitude

fringes
Michelson (2-beam) COS?%(6/2)

Fabry-Perot (N-beam) ?
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Geometric Progression in r*e

Transmitted Intensity:

IF=EFE;“=E§I4[ — }
1 +7r7 —=2r-coso
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EOtZrGe—BS
Eot2r4e—i26
E0t2r2e—i6
Et’
writing Ej = Io.72 = R.t = T, and cosé = (1 - 2sin’6/2) :
I’ [ 1
I=1—L— . (8.2)
(1-R%) | 1+ _==sin%/2
No absorption T = (1 — R) then defining
L — [IJ. 8 3
(1-R)’ (83)

1 + Dsin’é/2

Airy Function i =fn[ 1 ] (3.4)
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1(5)

The Airy function: Fabry-Perot fringes

A

m2 (m+1)2n

5 = (2n/x)2d.cose
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Fabry-Perot
Interferometer

Screen

0 = (2m/A)2d.cosd

Lens Fringes of equal inclination

Extended Localized at infinity

Source
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1(5)

The Airy function: Fabry-Perot fringes
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Finesse = 10 Finesse = 100
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Fabry-Perot Interferometer

Multiple beam interference:
Fringe sharpness set by Finesse

F= mR
(1-R)

o Instrument width Av,

* Free Spectral Range FSR
 Resolving power

» Designing a Fabry-Perot
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1(5)

The Airy function: Fabry-Perot fringes
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Fabry-Perot Interferometer: Instrument width

A\7Inst = 1
2d.F
= 1/X 0
__ effective
Instrument width = 1

Maximum path difference
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1(5)

The Airy function: Fabry-Perot fringes
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1(d)
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Resolution criterion:
AVR — AvInst

1(0)
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mt fringe (on axis)

Aperture size to admit only m® fringe

Typically aperture ~ Pm-1
10
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Maxwell’s equations
V.E=£

£q
V-B=0
JB

v}{E=—H—ﬁ

JE
ot

V x B = pgd + gz

N = refractive index

—>

E.M. Wave equations
0°E
ot*

V°E = &,8, o,

ViH =g, 1o,

atz
E _ E ei(a)t—k.r)
0]

¢

o Moty 1K

£, n\ &,

H =constant xnx E
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Boundary conditions:

Tangential components of E and H are continuous
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(Ei) Layer N




E, +E, =]|cosk, [—i(n—Tjsin K, [ |E; (9.7)
nl

/

Ny (Eq—-Eo ) =|—isink, r+n. cosk, ([|E; (9.8)

A=cosk [ Bz—{ijsink [, C=—-In;sink [, D=cosk [
nl

E | An Bn,n. —C —Dn
Fo _ - Mo ¥ Bloly ¢ ! (9.10)
E, Ang, +Bngn; +C + Dn;
E 2N
=t 2 (9.11)

E, B Ang, + Bngn; +C +Dn;




Eo - Ang, + Bngn; —C —-Dn,
E, An, + Bngn; +C + Dn;

[=A/4, Quarter Wave Layer:
A=0, B=-i/n;, C=-In,, D=0

9 2

= 2
ngN; + N

Anti-reflection coating, Ny~ ngny, R—0
e.g. blooming on lenses
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k0
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Multi-layer stack




E, +E, =|cosk (- i(n—Tjsin k, [[E;,  (9.7)
nl

n,(Eg — EO') =[-isink f+n, cosk. [[E,  (9.8)

A=cosk, [ B :—i(i
nl

jsinkj[ C=-In;sink, [ D =cosk, [
1+r =(A+Bn)t
no(l—r) (C+DnT)t
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n,| n.| ng| no| ny n, ng| n|ng [ n [ ny] ns

A4 layers < AN2—> A4 layers

Interference filter; composed of multi-layer stacks
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Circularly polarized light: E, = E sin(kx, — at) ; E, = E,cos(kx, — t)

Source

O

E, = E,

Ey

(@ x=x,, t=0 (b) x=x,, t=kx/o
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7
~ -~ —/

! Looking towards source:
K Clockwise rotation of E
__--~ Right circular polarization
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Eg

Superposition of equal Superposition of unequal
R & L Circular polarization R & L Circular polarization
= Plane polarized light = Elliptically polarized light
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Polarization states defined by:
E, = Eoy Cos(kx - ot)  E, = E, cos(kx - ot - )

*0=0 Linearly Polarized

*d0#£0 Elliptically Polarized
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Polarization states defined by:
E, = Eoy COs(kx - ot)  E, = E, cos(kx - ot - )

e0=0 Linear
+0=+n/l2 E,=E, Left/Right Circular

+0=+n/2 E,#E, Left/Right Elliptical
axes along y,z

*0Ff+mnl2 E,FE, Left/Right Elliptical
axes at angle to y,z
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Unpolarized light defined by:
E, = Eoy COS(kX - ot)  E, = E, cos(kx - mt — 5(t)

* O = 9(t) Phase varies randomly in time

unpolarized light
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A) N \ N D)
(VY ) \\) L (V
0=0, nd4 w2 \ 3n/4 m Si/d f 3n/2  Tnid

Note: if E,, = E,,

these ellipses become circles
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Polarized Light
* Production
» Analysis
* Manipulation
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Uniaxial Crystals

e-ray

o-ray

(a)

Positive

X,y

propagation

Phase shift:
0 = (2n/A)[n,-ng]L
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o-ray o-ray
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Positive Negative
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Linear Input o change Output

0=45°E,=E,, +m/2,\/4 Left/Right Circular
0#45°, E\#E,, +m/2, M4 LIR Elliptical
0 #45° E,#E,, 6# /2,4 Elliptical tilted axis

0#45° E,#E,, d=m,A/2 Linear at 26
to input
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Half-wave plate: introduces w-phase shift
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Optic axis o-ray
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Prism Polarizers
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Babinet Babinet-Solell
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Analysis of polarized light

\
N Linearly polarized light
after passage through the

A4 plate

(a) (b)
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Analysis of polarized light Find E,,:E, and 6

\J N Linearly polarized light
after passage through the
v A4 plate
Find ratio of Find angle of
major:minor axes by Linear polarization using ||
rotating linear po|arizer M4 plate and linear polarizer
Eo,/Eqy = tana (0+a)—0, tan20—cosd
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