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Lecture 5: Interference and Interferometers

Consider isotropic EM wave radiation by a point source.

E ~ %eﬂ‘R (Spherical wave)

1
Why > dependence?

Because “E ‘2R2 sin #d6d ¢ should be constant.

Two point sources separated by d

Etotal = E1 +E2

d I (Assuming same E—field direction)
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Lecture 5: Interference and Interferometers

E(R,O)=E +E,= —e + A g

Assume R >>d RlzR—%sinH RzzR+%sin6?

A - jk(R—isine) A - jk(R+£sin6’)
LER,O)xZe 2 T4lel 2
R R

A . L sino _ik%sino 24 . )
=/ (ej 27 pe 2 ) ="/ cos(kism 0)
R R 2
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Lecture 5: Interference and Interferometers

d b= A2 E(R,0)= %e_ij cos(k%sin 0)

‘E ‘2 = 4(%)2 cos> (k%sin 9) (Intensity: /) => Max. and min. intensity conditions

: d . 1 .
For max., kising:mﬂ kd sin 6 = 2mr For min., k5s1n<9=(m+5)7z kdsin@=(2m+1)rx

kd sin @ : phase difference
In phase Out of phase

=>» Constructive interference =>» Destructive interference
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Lecture 5: Interference and Interferometers
I(Intensity) = \E\z = 4(%)2 cos’ (k%sin 0)

Coherent
= Sunlight
From

Barrier with
Double Slits

Destructive
Interference

Constructive
Interference

Intensity Distribution of Fringes

Double Slit interference
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Lecture 5: Interference and Interferometers

Interference in a dielectric slab

Z = O 7 =
Iy il
E t : te ik
in‘ > — =
: r, .—jk-2L e
— e—]kOZ L I te . r’te JkL
2, —ik 2, —ik-
(I") te jk-2L (I") te jk-3L
—  —

L
n
trte—jk-L
—

(r')3 foik4L

N

3, k3L
r') te 3
P R—

(V4 k4L
\r') te™

ﬁ—

Si Photonics (2022/2)




Lecture 5: Interference and Interferometers

ttre—jk-L

Eom — Z,l_re—jk-L +(7")2 ﬂre—jksL +(r')4 ttre—jk-SL +oeoe0® — 1—(7")2 e_jsz

:|Et|2 _ (tt') _ (11"’
E [-(r) e N—() e [=()T +4r"sin’ (kL)

(- (FPe /] [1= (/' Re2] =1=(rVe™ (Ve + ()

1-2(r')2 cos(2kL) + (r')*
1-2(7'(1=2sin® kL) + (')*
=[1=(")?F +4(r')° sin“(kL)
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Lecture 5: Interference and Interferometers

2 2
E| _ (¢t")
E[ [1- (7)1 +4r"? sin’ (kL)
; 2n, rv:nZ_n1, = 2n,
I’ll-l-l’lz’ n, +n n +n,
r ' = 4mn, 1—r"” = A,
— t <_—> t’ (n, _|_n2)2 , (7, +nl)2
1- R)
n, N, n, LetR=r" T = 2( ). >
(1-—R)" +4Rsin" (kL)

4R sin” (kL)
(1—R)*+4Rsin” (kL)

Reflected Intensity Ratio:
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Lecture 5: Interference and Interferometers

n, a n, N , i
B | b ] e ) N ~—7I\ T
Tt e VY AN A == 1]
r,)zt_e,_jk.z_L_Lr,XtEaj_mi (I")ZttleijkBL . T _ (1 _ R)2 Eﬂ-ﬂ i IIIII I'.III IIII |IIIH II|' I',II
i e (1-R) +4Rsin*(kL) "/ \ |\ ]\
(PR e (e .
) Filter
Max. Transmission: sin(kL)=0 => 7 =1 (resonance)
2 A o
kL= mrm; n,~—L=mr =>L=m— (half wavelength condition)
2n,
Min. Transmission: sin(kL) =1
1 2 1 A 1 A 2m+1
kL= (m+=)r; n,—L=(m+—)r =L=——m+-)=

(quarter wavelength condition)
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Lecture 5: Interference and Interferometers

g [/ N\ =EEN]
(1—R)> +4Rsin’ (kL) \ et JIN Ny / \ \J
kL k o f A
Period? =» Free Spectral Range
AkL = 7z 2 phase shift for round trip = Ak = %
: w c c T 1
Aw=? Sincek=n—, Aw=—~ANk=—=— Af = S
g C n, n, L 2n2L T

2L
T = C—; round-trip time
S,

27 dA 2 A2
AL =2 — i =—n,—Ak =—
A=n,— 2 AA ~ 7 Ak =—n, PE 2, L
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Lecture 5: Interference and Interferometers

= 3 — af /N " //\ i) Ein-_t»______f_{_itg ek
(1-R)"+4Rsin" (kL) g __ I"x \ /1M et e
“aal/ ||\ "'II \ i II‘\ | (P te ™ (') te ™| (') tte "
I\ I J\N
) B ) e ) W7 i
Sharpness* _ffiff_fflilf |
Determine peak width for T=0.5 SO /e (A
FWHM (Full Width at Half Maximum):
—R)? 4R :
1_ (1-R) = ! 5 sin”(AkKL) =1
2 (1-R)’+4Rsin’(AkL) ., 4R . > (AKL) (1-
(1-R)*
2 —_—
V" 4R 2+/R
., (10-R) dA-R) .
FWHM  2sin~' ~ R close to 1 for many applications
R VR Y applications)
As R increases, FWHM decreases => Larger Q-factor
Q=27 energy stored o,

energy dissipated per cycle Aw
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Lecture 5: Interference and Interferometers

_ (1-R)’ R N\
(1 _ R)2 + 4 R S 1 n2 ( k L) % :: _ IIIIII kllll III ' ||II\
& H//.f _'-\‘\H //II .l ]
Finesse: FSR /FWHM o1 1
FSR: 7
FWHM: (1-R)
" JR
Finesse: -~ VR
(1-R)
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Lecture 5: Interference and Interferometers

o ‘ =
+ -] 2 i |I \ ':': i\
= BIR [ =\
n |t 74 L L \
rt r|t JE DN ) N e I
I Y
= out — 2(1 R) — (R :rIZ)
4 (1-=R)" +4Rsin" (kL)

in

Fabry—-Perot Interferometer

FP Interferometer: two parallel reflectors

Charles Fabry Alfred Perot Accurate determination of L or A
(1867-1945) (1863-1925) =» Precision instrumentation, Laser cavity
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Lecture 5: Interference and Interferometers

Michelson Interferometer

(/77777777777

Two mirrors and one beam splitter
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Albert Michelson
(1852~1931)
Nobel Prize in Physics in 1907

Beam Splitter:
Partially reflecting/transmitting mirror

T 3—dB beam splitter
> R:l’ T:l
2 2




Lecture 5: Interference and Interferometers

Michelson Interferometer:
Four outputs:

Side  1:r r
2.t t
Bottom 1:r t
2ot
Assuming E, =1
out, side re_jkll (_ l)e_jkll r—+ te_jklz (_ l)e_jklzt = —I"ze_jzkll — t2e_j2klz
Eppoion = 1€ (<)t 1 17 (<1)e oy = —rte M — pre
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Lecture 5: Interference and Interferometers

2 —j2H 2 —j2k 2K, —J 2k,
Eout,side =—re '—le ? Eout,bottom =—rte rte
: 1
Withr =t = T,
2
1 —J 2k, —J 2k, 1 —Jjk(h+1,) —Jjk(h=1,) Jk(h=1y)
B side = —5(8 Te ) =—Ee (e +e )

" = cos?[k(I —1,)]

out,side ~— | out,side
1 : : L
. —j2kl —j2kl 1
out, bottom ~ __(e ‘te 2)
2
— _le—jk(ll"‘lz) (e_jk(ll -1) + ejk(ll _lz)>
2
2 &
. . 2
]out,bottom - Eout,bottom = COS [k(ll o l2 )] 3—dB
beam splitter L,

Against energy conservation!
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Lecture 5: Interference and Interferometers

VVithI":L !

NN

(r and ¢ should have 7/2 phase difference in order to satisfy energy conservation)

2 =2k, L2 - j2k,
Eout,side =-re I"e
1 _, 1
—__ ¢ J 2kl + e J2kl,
2
2 2
Iout,side — Eout,side = Sin [k(ll —12 )]
L1
. J2kl, —j2kl,
Eout,bottom = —rte rte

1 =|E

out, bottom out, bottom

" = cos’[k(l, ~1,)]
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Lecture 5: Interference and Interferometers

Michelson Interferometer

o

out,]bottom — cos’ [k(ll - 12 )]

in

FSR: Ak(l,—-L)=rx

T

FWHM: Ak(l,—1,) =5

Finesse: 2
lout
n; ny

Ein‘—‘[»———r_lz__ie___ﬂe )
| rtet e
(r')2 te—jk-ZI, (r')2 te—jk-.ﬂ, (r,)z ttre—jk-BI. B \/E
(et (e " Finesse: =~
(e e e (1-R)

. p< Y,
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Lecture 5: Interference and Interferometers

Michelson Interferometer I . ,
| ] = COS [k(ll _lz )]

in

.

k(l, —1,) can be measured very precisely

- A
Resolution: kAl=rn Al =3

Looking for aether

Determined
speed of light is always the same

=> Einstein's special relativity
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Lecture 5: Interference and Interferometers

Michelson Interferometer

] out,bottom 2
2 cos”[k(l, ~1,)]

124

k(l, —1,) can be measured very precisely

LIGO : Laser Interferometer Gravitational-wave Observatory

Einstein’s General Relativity: Gravity changes space

2017 Nobel Prize in Physics
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Lecture 5: Interference and Interferometers

Mach-Zehnder Interferometer:

Lese a1

Ludwig Mach:

; % Austrian, Son of Ernst Mach
e

Iside Ludwig Zehnder: -
. > > > Swiss, Student of Rontgen :
Y

I a

1 v bottom Luthwig Louls Afbert Zohndar

1
\/E 1865 1945
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Lecture 5: Interference and Interferometers

Mach—-Zehnder Interferometer Assuming E,, =1,

L+l 1,1 1l
1 - : | e R e Y
N e Sy < N 2 2 2
Eout,side - 2 (e € ) - Ee S —C
1

= sin’ (k—ll —5 )
out,side ~ 2

. . L+ L=l L=l
. o gt (0 _phth o g hth
E :i(efl_i_e]z):ée 2(6 2 4 2

out, bottom 2

[ -1
B 2 kl 2
Case#1 Case#2  Loutonom = COS( 2 j
—Jklz
_Jkll
H_. PR
e oIl i e /M = MZ Modulator

Si Photonics (2022/2)




Lecture 5: Interference and Interferometers

Can any EM wave have interference?

=» Only EM waves having clear phase relationship experience interference:
coherent

How large (I,-Il,) can be?

=» As long as two separated waves are coherent or within coherent length
Separated waves become incoherent due to intrinsic phase noises
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Lecture 5: Interference and Interferometers

Consider a Fabry—Perot interferometer made of two identical partially reflecting/transmitting
Homework (1)

mirrors as shown below. The mirrors transmit and reflect half of the incident power. (Or it

has r = 1/sqrt(2) and t = j/sqrt(2)).

&0, My €. Hy €95 My

A
v

(a) What is lou/1,? Give your answer as a function of sin(kd), where k is the wavenumber in
the vacuum and d is the distance between two mirrors.

(b) If the output power is plotted as a function of the frequency of the input light, what is the
frequency separafion between two adjacent peaks? Express your answer interms of c,
speed of light, d, and other fundamental parameters if required.

(c) What is the finesse of this interferometer? Give a numerical answer.

[Finesse = (Free Spectral Range)/FWHM]
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Lecture 5: Interference and Interferometers

Homework (2)

Determine 1 ,/I., for an interferometer shown below. It is made of two beam
splitters, two mirrors and a block of material having refractive index n and
length |, placed in one arm. Assume there is no reflection from this block of
material, both beam splitters have r = 1/sart(2), t=j 1/sart(2), and both
mirrors have r = —1.
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