Chapters 21 & 22

Interference and Wave Optics

Waves that are coherent can add/cancel

Patterns of strong and weak intensity



Single Spherical Source

Approximate Electric Field:

E(r,t) = A(r)cos(kr — wt + 0)

The wave fronts arg Troughs are halfway
crests, separated by between wave fronts.

Field depends on distance from source
and time.

Typically  A()~1/r

Most important dependence 1s in the

. CcoS1Ine
This graph shows the
displacement of the

medium.



Two in-phase sources emit
circular or spherical waves.

® Points of constructive interference.
A crest 1s aligned with a crest, or a
trough with a trough.

e Points of destructive interference.
A crest is aligned with a trough of
another wave.

Copyright @ 2008 Pearson Education, Inc., publishing as Pearson Addison-Wesley.

Two sources that have exactly the
same frequency. “Coherent”

v

E(r,t) = A(r;)cos(kr, — wt + ¢,)

+ A(r,)cos(kr, —wt + ¢@,)

Sources will interfere constructively
when

(kn, + &) = (kr, + ,) = 27m
m=20,1,2, ...

Sources will interfere destructively
when

(5+6)~ (ks +6,) = 2n[ m+3]




Field

1.5
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-0.5

-1.5

Incoherent vs Out of Phase

Coherent, but out of phase.
Two signals have the same
frequency, but one leads or lags

the other.

35

Incoherent

Two signals have different
frequencies. Sometimes the same
sign, sometimes opposite signs.

1.5

JAINMAR

-05 |

Field
o

_15 el el —_—————————————_————————————————————————

35



Ar
Ar=\
Antinodal lines, constructive interference,
Ar = % oscillation with maximum amplitude.
Intensity is at its maximum value.
Ar=0 ; o g
Nodal lines, destructive interference,
R 2= % A no oscillation. Intensity is zero.
Ar =\
—_ 3

ar=2x
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Field and Intensity far from sources®

E(r,t) = A(r;)cos(kr, — wt) + A(r,)cos(kr, — wt)

suppose  A(n)=A(r)

E(r,t) >~ 2Acos( kAr)cos(k? — wt)
2
Ar=r —r,
F — 7"1 —|_ 7’2
2
Field amplitude Field oscillates in

depends on space time.

*Special case ¢ =¢,=0

Trigonometry

cos(A) + cos(B)

A+ B A—B

= 2 cos( )cos(

2

)




Average intensity depends in difference in distance to sources, Ar

Field
ECr, t)N2Acos(kAr)cos(k7—wt) Intensity 1 :\/% ‘E‘z
[, = L \/7 2Acos(k—Ar)
U
| |
0.8 |
g 0.6 |
bbb
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Interference of light Coherence because sources are

at exactly the same frequency

(b)

I. A plane wave is incident

. _ :n th, dr;);l\z;}:»%litsprsal(; out \
") st \\\\ p—
%%#‘%‘% ““l‘ll o= C{?ntlral
NP w—
e ) S
SRR

The drawing is not to scale:
the distance to the screen is
actually much greater than -...,
the distance between the slits.

Double slit

il
it
JEWW

)]

Top view of
the double slit 7

4. Bright fringes occur where
the antinodal lines intersect L
the viewing screen.
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3. The waves interfere in the /
region where they overlap. i
Incident laser beam
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These waves meet
.at point P. The paths y
" are virtually parallel _
because the screen
< is so distant.

Two light waves
meet and
interfere at P.

Double slit AP L Ltanf

Slit
spacing
d

_______________________ - ()

F...

" The two slits are invisible
at this scale because d<<[..

This little segment
Ar = dsinf is the
path-length
difference.

L
Viewing
screen
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Sources will interfere constructively when

(kr, + &) — (kr, + ¢,) = kAr = 2wm kAF = kdsind = 27m

sinf ~0 =m\/d
Phases same because source comes
from a single incident plane wave m=0,1,2, ...

: , 1
Dark fringes sinf, =0, =|m+ S|rd



Intensity on a distant screen

1
I, =—

ave 2 ‘LLO

A
— |2A cos(u)

KAF = kdsin@ ~kd 0 = 2~ 2
AL

. : LA
Fringe spacing  Ay= —

Intensity from a single source
I, = |A|
2\ 4,

Maximum Intensity at fringe

1
l.. = 2A
fringe 2 ‘uo | |

I= \/g B[
Ho

L

(a) Light from two slits ....

would have uniform
intensity 2/, if they
did not interfere.

Fringe
spacing Ay

d |] Slits

Maximum «ee=""
intensity is 4/,.

Light intensity

!

HUAAAAAAARAAAAD A

JURRRRARRCRCRRCRR

b=

2
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Real pattern affected by slit opening width and distance to screen

(a) Light from two slits ...,
would have uniform ;
intensity 2/, if they

did not interfere. L

Fringe —

spacing Ay g

[l Slits -

o+
.
.
.
.
.
.
i
e
-----

Maximum

intensity is 4/,.

N UM R W, O~ NWER VMO I

Light intensity —
41,
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(b)
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In reality, the fringe
intensity decreases
because the intensity
of the light from a
single slit is not
uniform.

.
.
.
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maximum
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Light intensity —
41,
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1. A plane wave is incident

Viewing screen on the double slit.

A i 2. Waves spread out
o & behind each slit

Top view of ;
the double slit 7

Laser beam

Suppose the viewing screen in o o
the figure is moved closer to h V
the double slit. What happens

to the interference fringes?

4. Bright [ringes occur where

the viewing screen

A. They fade out and disappear.
B. They get out of focus.

o)LL
T e wm%, |

the antinodal lines intersect U

!
= 3 = = = 3

C. They get brighter and closer together.

D. They get brighter and farther apart.

=4
=2
m =1
1 =0
m =1
m=2
=3
=4

E. They get brighter but otherwise do not change.



Light of wavelength A, illuminates a
double slit, and interference fringes are
observed on a screen behind the slits.
When the wavelength is changed to A,,
the fringes get closer together. How large
is A, relative to A,?

A. A, is smaller than A,.
B. 4, is larger than A,.
C. Cannot be determined from this information.



N slits with  Spreading circular waves

spacing d from each slit overlap and . . .
\ interfere. Diffraction Grating
A N slits, sharpens bright fringes
Bright fringes at same
angle as for double slit
1
d
j_' sinf =m\/d
S
m=0,1,2, ...
“~The wave from each slit
Plane wave travels Ar = dsin@ farther
approaching than the wave from the
from left slit above it.
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Location of Fringes on distant screen

sinf =m\/d In

Ar = 1A between
adjacent waves.

Grating
- ;; T e e B e B e e B
s \"'-__‘[92
a o~

Ar = 2)\. between

adjacent waves.

v _
/ -7 [91

= tan6

Screen

A

L
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(@) Narrow, bright y
fringes. Most of
the screen 1s dark.‘

Light
intensity Né I 0
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Intensity on a distant screen I= /5_0 E|’
Ho

Average over time [ ==1

Intensity from a single slit / amplitude from a single slit

L= A
2\ 1,

At the bright fringe N slits interfere constructively

Ifringe = l 8_0 |]\[14|2 = Nzll
2\ 1,

Spatial average of intensity must correspond to sum of N slits

I, = NI,



(a) Narrow, bright y I

fringes. Most of s — N

the screen 1s dark. Ig,
=2
_ width of fringe
=0 : ]

fringe width 1
= 1 fringe spacing N
=2
Grating nght

. I
intensity  » I 0 sinf = m\/d yfm = tanf,
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Measuring Light Spectra

Light usually contains a superposition of many frequencies.
The amount of each frequency i1s called its spectrum.

Knowing the components of the spectrum tells us about
the source of light.

Composition of stars is known by measuring the spectrum of their
light.

sind =m\/d yf’” = tan0,



(b)  Blue light has a longer Y
wavelength than violet,
and thus diffracts more.

.
-+
+*

.’
05
[ ———

=

*

All wavélengtbs
overlap at y = 0.

———

[ ———————

3 Light
Grating intensity o  Accurate resolution of
Copyright & 2008 Pearson Education, Inc., publishing as Pearson Addison-Wesley. SpeCtrum requires many

lines



White light passes through a diffraction
grating and forms rainbow patterns on a
screen behind the grating. For each
rainbow,

A.the red side 1s farthest from the center of the
screen, the violet side 1s closest to the center.
B.the red side 1s closest to the center of the screen,

the violet side 1s farthest from the center.
C.the red side 1s on the left, the violet side on
the right.

D.the red side is on the right, the violet side on
the left.




Reflection Grating

(a) Incident light Different wavelengths
diffracted at different

\ angleS
\ Mirror
surface
/
Few um

A reflection grating can be made by cutting
parallel grooves in a mirror surface. These can
be very precise, for scientific use, or mass
produced in plastic.
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Field

1.5

0.5

-0.5

-1.5

Incoherent vs Out of Phase

Coherent, but out of phase.
Two signals have the same
frequency, but one leads or lags

the other.

35

Incoherent

Two signals have different
frequencies. Sometimes the same
sign, sometimes opposite signs.

1.5
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o
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Fields in slits are coherent
but out of phase

(b)

I. A plane wave is incident

op the double slit.
i 2. Waves spread out \

) | mm\\\\\\

o

uﬂhﬂﬂl

O

i

3. The waves interfere in the /
region where they overlap. H
=% w» by

4. Bright fringes occur where

Diffraction pattern shifts

Central
maximuin

the antinodal lines intersect L
the viewing screen.
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Field and Intensity far from sources

E(r,t) = A(r;)cos(kr, — wt + ¢,) + A(r, ) cos(kr, — wt + @,)

Trigonometry
suppose  A(r) = A(r,) cos(A)+ cos(B)
B A+ B A—B

E(r,t) >~ 2Acos( k?r + % > %, Ycos(kr — wrt + @) = 2 cos( ) cos( > )

Ar=r —r,

F — rl —|— 7’2

2
Field amplitude Field oscillates in
depends on space time. Ar =dsin0
. kAr+¢1_¢2—m7T
Constructive interference when 2 >

dsinf = A[m—w]

27




Propagation of wave fronts from a slit with a nonzero width

Copyright © 2008 Pearson

Long wavelength, A = a.
This wave quickly fills the
region behind the opening.

Short wavelength, A << a.
This wave spreads slowly
and remains a well-defined
beam.

Education, Inc., publishing as Pearson Addison-Wesley.

Sources are not points.

How do we describe
spreading of waves?

Ans. Just solve Maxwell’s
equations. (wave equation)

That is not always so easy.
In the past, not possible.

In the distant past equations
were not known.



Huygen’s Principle

1. Each point on a wave front is the source of a
spherical wavelet that spreads out at the wave
speed.

2. At a later time, the shape of the wave front is the
line tangent to all the wavelets.



Huygen’s (1629-1695) Principle C. Huygens

1. Each point on a wave front is the source of a
spherical wavelet that spreads out at the wave
speed.

2. At a later time, the shape of the wave front is the
line tangent to all the wavelets.

R. Plant

Not the same
person.

Wikimedia Commons

www.guerrillacandy.com/.../



Huygens Principle:

(b) Spherical wave

(a) Plane wave

Initial \
wave front 9
\
L . Each point
. 1s the source
> of a spherical
Bl Pl wavelet.
¢¢¢¢ ?-. ....o
Each of these P The wave front
points is the at a later time
source of a P 1s tangent to all
spherical o / the waveles. The wave front at a later time
wavelet.
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Copyright © 2008 Pearson Education, Inc.. publishing as Pearson Addison-Wesley.



Secondary maxima

7 X

Viewing screen

(a) Greatly magnified view of slit

\

Central maximum

Initial
wave \ ) Distance L
front s, )
® /
$) / Single slit
. " / .
Slit width a o« / of width a
¢) !
%) /
) Incident light of
wavelength A

The wavelets from each poiflt on the initial

wave front overlap and interfere, creating
a diffraction pattern on the screen.

Copyright @ 2008 Pearson Education, Inc., publishing as Pearson Addison-Wesley.



When i1s there perfect destructive interference?

(c) 1
m/ 3

N & /0 5
Each point on . 2
the wave front > . 4
1s paired with
another point 6
distance a/2 Ar,,
away.

These wavelets all meet on the screen
at angle 6. Wavelet 2 travels distance
Ar,, = (a/2)sin6 farther than wavelet 1.

Destructive when

Ar, = %sing =2
2

1 cancels 2
3 cancels 4

5 cancels 6
Etc.

Also: A



Screen |

Central —

maximum

Light

intensity

\fo_
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Two in-phase sources emit
'gu&ur or spherical waves.

We can calculate the pattern from a single slit!

Field from two point sources
E(r,t) = A(r;)cos(kr, — wt) + A(r,)cos(kr, — wt)

Field from many point sources

E(r,t)=Y A(r)cos(kr, — wt)

® Points of constructive interference.
A crest 1s aligned with a crest, or a
trough with a trough.

e Points of destructive interference.
A crest is aligned with a trough of
another wave.

Copyright @ 2008 Pearson Education, Inc., publishing as Pearson Addison-Wesley.



Field from a continuous distribution of point
sources - Integrate!

(a) Greatly magnified view of slit

Initial

wave 1
\

front e

E(r,t)=Y A(r)cos(kr, — wt)

al?2

E(r.t)= f %A(i’i)cos(ki;—wt)

—al2

Slit width a

—

Replace sum by integral

The wavelets from each point on the initial
wave front overlap and interfere, creating
a diffraction pattern on the screen.

@ as Pearson Addison-Wesley.



Distance from source to observation point

4— Y=observation
point

y,;=source [
point

y=0

al?2
dy.
< > _ 1 -
I E(r,t)= f » Acos(kr, — wt)

—al?2

r=yJL2+G—y)

Still can’t do integral. Must make an approximation, |y,|<<L,y

N YYi

Vi



Result

al2

E(r,t) = fdyi

—al?2

Time average intensity

2

sin(P)
\J

I |e,
Ho

Intensity zero when
V= pm

p==41,23,..

: A
s1n<9:%:p—
ro o a

Acos(kr, —wt) >~ A

7: L2 +y2
in(W¥
&() cos(kr — wt)
\J
\ \p:ki_y
2r
1.2




Intensity (counts)

Fraunhofer Approximation
Named in honor of Fraunhofer
Fraunhofer lines

Absorption lines in sunlight

4000

3500

3000

2500

2000+

1500

1000

500

350 400 450 500 550 600 650 700 750 800 850 900

Wavelength (nanometers)

Joseph von Faunhofer

Wikimedia Commons



Width of Central Maximum

Single
slit

Central
maximum

Light

y

Screen

intensity

ishing as Pearson Addison-Wesley.

v

What increases w?

_, L

Width w
p=2

Increase distance from slit.
Increase wavelength
Decrease size of slit

Long wavelength, A = a.
This wave quickly fills the

9 , region behind the opening.
I~ g
- /
/
/
/
// 91
// _ \.- ull
L/ ) —
e 1]
\ ~n -
\ :
\ :
N,
\
\
\
B \
\

Short wavelength, A << a.
This wave spreads slowly
and remains a well-defined
) L,,.Awtlg‘““'



Circular aperture diffraction

[| Circular
aperture p=73
p —_—
0, p=1 T
Diameter DI — ==ZC :\1 i = i = s Width w
Central -~ p=1 JL
maximum p =2
p=3
Light
intensity

Copyright ® 2008 Pearson Education, Inc., publishing as Pearson Addison-Wesley.

Width of central maximum

W 2.44)

L D




D

The figure shows two single-slit diffraction
patterns. The distance between the slit and the
viewing screen is the same in both cases. Which
of the following could be true?

A. The wavelengths are the same for both; a, > a,.

B. The wavelengths are the same for both; a, > a;.
C. The slits and the wavelengths are the same for both; p, > p,.
D. The slits and the wavelengths are the same for both; p, > p;,.



Wave Picture vs Ray Picture

(b)
(a) Plane waves approach from the left.

A beam of
sunlight has a

sharp edge.

Circular waves spread out on the right.

Copyright © 2008 Pearson Education, Inc., publishing as Pearson Addison-Wesley. Copyright ® 2008 Pearson Education, Inc., publishing as Pearson Addison-Wesley.



[| Circular
aperture p=73
p —
0, P = T
Diameter DI — ==ZC :\I i = i = e Width w
Central -~ p=1 i
maximum p =D
p=23
Light
intensity

Copyright ® 2008 Pearson Education, Inc., publishing as Pearson Addison-Wesley.

If D >>w, ray picture 1s OK
If D <=w, wave picture 1s needed

Critical size: D =w =) D =244\

If product of wave length and distance to big, wave picture necessary.



Distant object

A

| D

Example suppose object
1S on surface of sun

L=15x10"m
A=500nm=5x%x10"m

D =2.44)\L = 427m

When will you see A ?

D> D =+2.44)\L

When will you see

Diffraction blurs image

D< D, =+2.44)\L



Interferometer Sources will interfere constructively

" when
| Thewave (( (1) ) Aol —pmy M=012,.
divides at
B - Sources will interfere destructively
.|| e AlLb when
v ar=22=[m+1);

The waves traveling the two
Intensity _paths interfere constructively.

: A2
3. The microphone detects the

|._~" <«
superposition of the two waves
that traveled different distances. A
If I vary L \/ \©L V
ra L

AL % Slide position
Am = —— 8
A2

ot
o

2. The waves recombine
at this point and interfere.

Moving the slide A/4 changes
the interference to destructive.



What is seen

Michelson Interferometer
1. The wave i1s

Mirror M, divided at
this point.

|
| .
| O
N < Mirror M,
L -
Source
Beam
splitter

* L, Adjustment
; SCrew

3. The detector measures 2. The returning As 1.2 is varied. central sbot
the superposition of the waves recombine ? p

two waves that have at this point. changes from dark to light,
e GOTCSTOMATHIS. etc. Count changes = Am

_ AL,
A2

IfIvaryL, Am



Using the interferometer
Michelson and Morley showed
that the speed of light 1s
independent of the motion of
the earth.

This implies that light is not
supported by a medium, but
propagates in vacuum.

Led to development of the
special theory of relativity.

Albert Michelson
First US Nobel Science Prize Winner

Wikimedia Commons



Albert Michelson was the first US Nobel Science Prize
Winner. The first US Nobel Prize winner was awarded the
Peace Prize.

This American is known for saying:

Peace 1s at hand.

All we are saying, 1s give peace a chance.
There will be peace in the valley.

Speak softly, and carry a big stick.

oQwp



A Michelson interferometer using light of wavelength A @
has been adjusted to produce a bright spot at the center

of the interference pattern. Mirror M, is then moved

distance A toward the beam splitter while M, is moved
distance A away from the beam splitter. How many
bright-dark-bright fringe shifts are seen?

A. 4
B. 3
C.2
D. 1
E. O

1. The wave is
Mirror M, divided at
this point.
Mirror M,
Ll « _
3 - AN OS2 | W
Source A
Beam E
splitter 5

% L, Adjustment
: screw

3. The detector measures 2. The returning
the superposition of the waves recombine

two waves that have
traveled different paths.

Copy

at this point.



Measuring Index of refraction

Gas-filled cell of thickness d. Number of
Light goes through this cell twice. wavelengths in cell
Mirror M, % when empty
' Mirror M, 2d
: =N
L, 4 Avae
Y / — Number of
e —> = > wavelengths in cell
Souree J when full
<«
Beam d 2d d
splitter ¢ > m, = —
p vy L2 ’ )\gas )\vac /n gas

ishi Pearson Addison-Wesley.

Am=m, —m, = (ngas — 1)ﬁ

Avac

Number of fringe
shifts as cell fills up



EXAMPLE 22.9 Measuring the

index of refraction
QUESTION:

EXAMPLE 22.9 Measuring the index of refraction

A Michelson interferometer uses a helium-neon laser with wave-
length A,,. = 633 nm. As a 4.00-cm-thick cell 1s slowly filled
with a gas, 43 bright-dark-bright fringe shifts are seen and
counted. What 1s the index of refraction of the gas at this wave-
length?



EXAMPLE 22.9 Measuring the
index of refraction

MODEL The gas increases the number of wavelengths in one arm
of the interferometer. Each additional wavelength causes one
bright-dark-bright fringe shift.

What do we know?

Am=m, —m, = (ngas — l)ﬁ



EXAMPLE 22.9 Measuring the
index of refraction

SOLVE We can rearrange Equation 22.36 to find that the index of
refraction is

Ay Am (6.33 X 107" m)(43)
n=1+ =1+ = 1.00034
2d 2(0.0400 m)
Am=m, —m, = (ngas —1)ﬁ
AV(lC



EXAMPLE 22.9 Measuring the
index of refraction

ASSESS This may seem like a six-significant-figure result, but it’s
really only two. What we’re measuring is not n but n — 1. We
know the fringe count to two significant figures, and that has
allowed us to compute n — 1 = A, Am/2d = 3.4 X 107"



Mach-Zehnder Interferometer

Adjustable delay Interference depends on index of

Viewing screen or camera

-
y
o——

+ refraction of unknown
A\
J/

>
~ S >.| Imaging a profile of index
chan
SOUTee Unknown material ge -
interferogram
displacement of interference fringes it
gives “line averaged” product
2d
(n=1)—
AVClC

6.9 cm



Chapter 22. Summary Slides



General Principles

Huygens' principle says that each point on
a wave front 1s the source of a spherical
wavelet. The wave front at a later time 1s
tangent to all the wavelets.




General Principles

Diffraction is the spreading of a wave after ‘“\\\\\\\\
1t passes through an opening. )

Constructive and destructive interference ﬂ
are due to the overlap of two or more waves ﬁ
as they spread behind openings.




Important Concepts

The wave model of light considers light to be a wave propagating through space. Diffraction and interference are important.
The ray model of light considers light to travel in straight lines like little particles. Diffraction and interference are not important.

Diffraction is important when the width of the diffraction pattern of an aperture equals or exceeds the size of the aperture.
For a circular aperture, the crossover between the ray and wave models occurs for an opening of diameter D, = V' 2.44AL.

In practice, D, = 1 mm. Thus
* Use the wave model when light passes through openings <1 mm in size. Diffraction effects are usually important.

¢ Use the ray model when light passes through openings >1 mm in size. Diffraction is usually not important.



Annlications
Single slit of width a.
A bright central maximum 'I:I:-
of width

g
a

W
is flanked by weaker secondary maxima.
Dark fringes are located at angles such that
qsiig = DA 0 -123
If Ma << 1, then from the small-angle approximation

A AL
5 pAL

y, =
- a = a



Applications

Interference due to wave-front division

Waves overlap as they spread out behind slits. Constructive
interference occurs along antinodal lines. Bright fringes are seen
where the antinodal lines intersect the viewing screen.

Double slit with separation d.

Equally spaced bright fringes are located at ! ' Illlll'll' '

A AL
sz% ymzfnd !ﬂzO, 132’
AL
The fringe spacing is Ay = 7

Diffraction grating with slit spacing d.
Very bright and narrow fringes are located at
angles and positions

dsinf,, = mA y,, = Ltan@,,



A nnlhicatinnc

Circular aperture of diameter D.
A bright central maximum of diameter

24
D

14/?

1s surrounded by circular secondary maxima.
The first dark fringe is located at

1 o

v, e ,
1 D Vi D

For an aperture of any shape, a smaller opening
causes a more rapid spreading ot the wave behind the

opening.




Applications

Interference due to amplitude division

An interferometer divides a wave, lets the two waves travel different
paths, then recombines them. Interference is constructive if one wave
travels an integer number of wavelengths more or less than the other
wave. The difference can be due to an actual path-length difference
or to a different index of refraction.

Michelson interferometer

The number of bright-dark-bright fringe shifts as mirror M, moves
distance AL, is

_ AL

Am —
A2



