PURDUE D) EpaRTMENT OF Physics

Physics 42200
Waves & Oscillations

Lecture 37 — Interference
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Multiple Beam Interference

* In many situations, a coherent beam can interfere
with itself multiple times

e Consider a beam incident on a thin film

— Some component of the light will be reflected at each
surface and some will be transmitted

Incident light \S

Each transmitted beam
will have a different
phase relative to the
adjacent beams.

What is the total
intensity of the reflected
light?



Multiple Beam Interference

e All transmitted and reflected rays will be parallel
 They can be focused onto points P and P’ by lenses:

Incident light

« \What we need to know:
* Transmission and reflection coefficients
e Path length of refracted rays in the film



Multiple Beam Interference

e Reflection coefficients: 7 and r’
e Transmission coefficients: t and t’
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Multiple Beam Interference

e Reflection coefficients: 7 and r’

e Transmission coefficients: t and t’
Ey




Multiple Beam Interference

* The additional phase in the film is always the same:

2nkd
~ cos 0,
* If the initial phase is zero, then
E,, = Eqre'®?

E,, = Eytt'r'et(@t=9)
Es, = Eytt'r'3e!(@t=20)
E,, = Eytt'r'>e!(@t=30)

* Ingeneral:
ENr — Eoelwttt, rIZN—Be—L(N—1)6

. . o N=2
= Ege'®ttt'r'e 0 (r"2e™19)



Multiple Beam Interference
 The total electric field on one side of the film:
E, = Eje'®tr + Eje!®ttt'r' e 10 x
[1 4 2008 4 (r'ze_i6)2 n (r,ze—w)?’ n ]
e Thisis in infinite sum of the form:
1

Ym0 Z"t = — (when |z| < 1)
e Total electric field:
_ lwt tt’r’e‘i5
E,. = Eye r+ 112,10



Multiple Beam Interferometry

* Simplifications:

 Total electric field:

E, = Ege'®tr|1

1 — rze—iS _ e—i6 1 rze—ic?'

= E e'®tr

= E e'®tr




Multiple Beam Interferometry

* The intensity of the lightis . « |E,|?

Lo 1—e ¥ 1) 1—e %0
r = 1o)T 1 — r2p—i6 r 1 —72p—i6
, (1 _ eiS)(l _ e—i6)
—_ Ior 'S —i5
(1 —r2et)(1 —rse19)
_ 2r4(1 — cos 6)
Y1474 —2r2cos s
* The intensity of the transmitted light is I, « |E,|?
1—1r2

(14+7r%)—2r?2cosé

Iy = I




Multiple Beam Interferometry

One more identity will clean this up a bit:
cosé =1 —2sin*(6/2)
Reflected intensity:
F sin*(6/2)
1+ Fsin2(6/2)

L. =

Transmitted intensity:
1

1+ Fsin?(6/2)

It=IO

2r
1—12
Noticethat Iy = L. + I;

— We assumed that no energy was lost in the film

2
The parameter F = ( ) is called the coefficient of finesse



Multiple Beam Interferometry

The function

Hv
1+ Fsin?(6/2) ((\\3»’:,&\@;
. . : 00
is called the Airy function. @ KO o F
&00,\(\0\6
S\

Transmitted fraction




Multiple Beam Interferometry

In practice, some fraction of the light will be absorbed

Absorptance, 4, is defined by:
T+R+A=1

This modifies the transmitted intensity:

A 12

[, =1 1—— A (6

e =1lo|1—7—=| A®)

Example: silver film, 50 nm thick, deposited on glass

R = 0.94, T—001 A =0.05

1-— = 0.0278
[ 1 — R]
= 1044



Multiple Beam Interference

e How sharp are the peaks?
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Width of one line:
y = 4/\/?

Ratio of line spacing to the width:
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“Finesse” F, not to be confused
with the “coefficient of finesse” F.

Previous example: F = 50



Fabry-Perot Interferometer
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Broad Lens R “% Focusing lens Sc
source ‘ reen -

 Phase difference:

4tn
§=—2"

Ao
mAy = 2ngd cos 6;

* Differentiate:m Aly + Am Ay =0
Am _ AAO

m A

dcos0; = 2mm



Fabry-Perot Interferometer

AO _ 2Tm
Ay A6
* Smallest resolvable wavelength difference:
Ao (A8) m;
(Mo)min = =T

 Minimum resolvable phase shift:
(A8 min ~ v = 4/NF
 Chromatic resolving power:

2nrd
= ~Fm~F L
(A/lo)min /10



Fabry-Perot Interferometer

e Typical values:
F =50
ngd =1cm
Ao = 500 nm

2X50x1cm
R =

=2 % 10°

500 nm

Diffraction grating

Michelson
interferometer

Fabry-Perot
interferometer




Fabry-Perot Interferometer

* The effective gap between the surfaces can be
adjusted by changing the pressure of a gas, or by
means of piezoelectric actuators




Diffraction

o B
Lumen propagatur (e diffunditur non folum Direit:,

Refraite, ac Reflexe, fed etiam alio quodam
Quarto modo, DIFFR ACTE'".

Patris Francifci Maria G rimalds

Anno1664.
BBl 5l B G

“Light transmitted or diffused, not
only directly, refracted, and reflected,
but also in some other way in the
fourth, breaking.”




Huygens-Fresnel Principle

* Huygens:

— Every point on a wave front acts as a point source
of secondary spherical waves that have the same
phase as the original wave at that point.

* Fresnel:

— The amplitude of the optical field at any point in
the direction of propagation is the superposition
of all wavelets, considering their amplitudes and
relative phases.



Single Slit Diffraction

Examples with water waves

e Wide slit: waves are
unaffected

* Narrow slit: source of
spherical waves

* |In between: multiple
interfering point sources




Single Slit Diffraction

Think of the slit as a number of point sources
with equal amplitude. Divide the slit into two
pieces and think of the interference between

light in the upper half and light in the lower
half.

Destructive interference when

b A
—sin @ = —

: 2 2
|:| Minima when
sinf = A/b



Single Slit Diffraction
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sinf =~ tanf = y/L
Minima located at
mLA

b

‘ % y = — ) m = 1 ) 2 ) 3 ) s

In general, the “width” of
the image on the screen
is not even close to a.



Single Slit Diffraction

.. Int it
Minima located at P e
mLA
Sin g = T:m =12,3,.. | " Waves from all points in

the slit travel the same
distance to reach the
center and are in phase:
constructive
interference.

Minima only occur
when b > A.

.. sin 6

a



Fresnel and Fraunhofer Diffraction

Assumptions about the wave i
front that impinges on the slit: /N
 When it’s a plane, the phase ,\/\,\
varies linearly across the slit:
Fraunhofer diffraction y \_.

 When the phase of the wave
front has significant curvature:
Fresnel diffraction

Jajoyune.l
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Fresnel and Fraunhofer Diffraction

 Fraunhofer diffraction * Fresnel Diffraction:

— Far field: R > b?%/2 — Near field: wave front is
not a plane at the

— R is the smaller of the \7/ T

distance to the source or
to the screen




Single-Slit Fraunhofer Diffraction

Light with intensity I, impinges on a slit
with width b

Source strength per unit length: &€;

Electric field at a distance R due to the
length element dy:

b Y A i5(y)
E e d
_iy dE = L R Y

S(y) = kysin@/

/




Single-Slit Fraunhofer Diffraction

£ eikysiné?d
dE = <& . y

Let y = 0 be at the center of the slit.
Integrate from —b/2to+ b /2:

Total electric field:
EL +b/2 . .
E = E pltky sin Ody
—b/2
& pi(kb/2)sin6 _ ,—i(kb/2)sin 6

R ik sin@

&b sin (% kb sin 9)

R %kb sin @




Single-Slit Fraunhofer Diffraction

E; b si
E = Lbsinf
R p
where
1
ﬁzzkbsine

The intensity of the light will be

NELIAY
1(9)—1(0)< 3 )

= 1(0) sinc? f




Single-Slit Fraunhofer Diffraction

HE) 1)

sin 5

1(9) = 1(0)( 5

Minima occur when
f=mnr,m==x14%2,--

2
) = 1(0) sinc? f

T
p =§kbsin9 =75in9 = mmn

bsin@ = mA




Single slit: Fraunhofer diffraction

Adding dimension: long narrow slit
Diffraction most prominent in the
narrow direction.

Emerging light has cylindrical symmetry



Rectangular Aperture Fraunhofer Diffraction

Source strength per unit area: €4

E ELeikyY/ReikZZ/R dde
R

EL +b/2 . +a/2 .
F = F (f elkyY/Rdy> (f elkzZ/RdZ>
—-b/2 -a/2

/0= 0 (2 ()
o )\



Rectangular Aperture

V4
. 2, . 2
smﬁ’) (sma') /

I(Y,Z) = I(O)(

B’ !
1
' = Eka/R
1
a' =—-kaZ/R
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