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Chapter 22. Wave Optics

Light 1s an electromagnetic
wave(!!!).The interference of
light waves produces the
colors reflected from a CD,
the iridescence of bird
feathers, and the technology
underlying supermarket
checkout scanners and
optical computers.

Chapter Goal: To

understand and apply the
wave model of light.




Wave Optics

Topics:

Light and Optics

The Interference of Light
The Diffraction Grating
Single-Slit Diffraction
Circular-Aperture Diffraction
Interferometers



What is the nature of

“All these fifty vears
of conscious brooding
have brought me

no nearer to the
answer to the
question ‘What are

light quanta?’
PHOTON

Nowadavs every
. . h\'

rascal thinks he knows,

/"H/ /l( A ,.)”\I(_IA( . PHO‘O'ON ' M
— Albert Einstein, letter to Michel \
Besso, 1951,



Models of Light

* The wave model: under many circumstances, light
exhibits the same behavior as sound or water waves. The
study of light as a wave 1s called wave optfics.

* The ray model: The properties of prisms, mirrors, and
lenses are best understood in terms of light rays. The ray
model is the basis of ray optfics.

* The photon model: In the quantum world, light behaves
like neither a wave nor a particle. Instead, light consists of
photons that have both wave-like and particle-like
properties. This 1s the quantum theory of light.



Light diffracts when traversing apertures like
the water waves depicted below

At a beach in Tel Aviv, Israel, plane water waves pass through two openings in a
breakwall. Notice the diffraction effect—the waves exit the openings with circular wave

fronts, as in Figure 37.1b. Notice also how the beach has been shaped by the circular
wave fronts.



FIGURE 22.2 Light, just like a water wave,
does spread out behind a hole if the
hole is sufficiently small.

Viewing screen

The light
spreads out ..,
behind the slit.

2m

0.1-mm-wide
slit in an
opaque screen

Acident laser beam




The invention of radio?

Hertz proves that light is really an electromagnetic wave.

Waves could be generated in one circuit, and electric pulses with the same
frequency could be induced in an antenna some distance away.

These electromagnetic waves could be reflected, and refracted, focused,
polarized, and made to interfere—just like light!

2. Spark produces electromagnetic waves

3. Electromagnetic waves create

clectric current in resonator, pro- ; .'. g

duces small spark in spark gap rl '
el }

;\H-/l.:duﬂion coil produces high voltage




THE ELECTROMAGNETIC SPECTRUM
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“Okay...what you have to realize is..to first order..everything is a simple
harmonic oscillator. Once you've got that, it's all downhill from there.”
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Waves 101 Part 1: Oscillations

An oscillation is a time-varying disturbance.

Phasor Representation
oscillation .
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Tra Velling wa Ves wave

A wave is a time-varying disturbance that also propagates in space. ©0000000060

Bird's eye
view of
small
pond

Transverse e Propagation
velocity of
wave

The wave
advances one
wavelength A
while the float
executes one
period T, The
relationship

A tossed
pebble provides
the energy to
generate a

1 traveling wave.
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Crests and troughs reinforce

{a) Constructive interference

Crests and troughs cancel

(b) Destructive interference

Waves vs.Particles

nferiorence

waves can interfere (add or cancel).
Consequences are that:

1+1 not always 2, refraction (bend
corners), diffraction (spread out of
hole), reflection..

waves are not localized and can be
polarized

particles 1+1 makes 2, localized



Interference — Phase Shift

What can introduce a phase shift?

1. From different, out of phase sources

2. Sources in phase, but travel different
distances

1. Thin films
2. Microwave Demonstration
3. Double-slit or Diffraction grating



The Mathematics of Interference

R = Acos(wt +¢,) + Acos(wt + @,)

a+b)cos(a;b)

cos(a+b) =2cos(
R=24 cos(¢ 2¢2 )cos(wt + b+ ¢2 H12)
A, =24 cos(¢ ¢2) 24 cos(—¢

R = A, cos(wt +

¢+ 9,
— )
TxA2 [%{cosz(wn%)] —A2/2

I x A; =4A%cos’(A¢/2)

FOR UNEQUAL AMPLITUDES
A=A+ A +2A A, cos(p, — )

R = Acos(kx — wt) + Acos(ky — wt)
R=2A cos[—k(xz_ y)]cos[a)t + —k(x; y)] =

= A, cos[wr + k(x + y)]

A, =24 cos[@] = 2Acos|
(x-y)
A
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2A

[x A} =4Acos’[w

Ar
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] [ A]



VAV Interierence

waves can interfere (add or cancel)

SVAVY,
Crests and troughs reinforce

{a) Constructive interference

T e T e S T e PR e,

-

Crests and troughs cancel

(b) Destructive interference

Standing Waves

\/\/\/\ J
/\/\/\/ A = a,cos(kx, — wt) + a, cos(kx, — wr)

Vector addition of phasors




Extra Path Length

e In Phase Here

/\ /\v /\\/ /\v /Still in Phase Here

Constructive Interference

J o 4A%cos [ %] — 4A%cos mTA] = 4 A% cos [mar]



Extra Path Length

ALN N

/\ /\W‘/Not in Phase Here
-\

AL = (m+%)/1

U (m=0, +1, +2...)

7 In Phase Here

Destructive Interference

AL (m+1/2)A

[x4A” cosz[ET] =4 A cos’[m 1=4A%cos’[ma+m/2]=0




Interference in Waves

FIGURE 22.3 A double-slit interference experiment.
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FIGURE 22.3 A double-slit interference experiment.

(b)

1. A plane wave is incident
on the double slit.
i 2. Waves spread out
A behind each slit.
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FIGURE 22.4 Geometry of the double-slit experiment.

These waves meet
.at point P. The paths

because the screen
<_is so distant.

Slit
spacing
d

This little segment
Ar = dsinf is the

path-length
difference.

A =k(r,—r)=kAr =kdsin0 = Zn%sinﬁ

Maximum — A¢ = 2mom,m =0,1,2,3

— Zn%sinﬁ =2mm — sin@, = m&

Minimum — A¢ = nim,m =1,2,3

— ZE%sinH =mm —>8Iin6b, = m2

" are virtually parallel _

A, —2Acos(¢ ¢2) 2Acos( A¢

Two light waves
meet and
interfere at P.

Doibls st =00 st 5P

” The two slits are invisible
at this scale because d<< L.

L .
Viewing
screen

0 <<1—sinf =06
A

Maximum— 6 =m—,m=0,1,2..

2A

Minimum— 0 =~m— m=12,..



FIGURE 22.4 Geometry of the double-slit experiment.
L>>d
These waves meet

.at point P. The paths y
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(s so distant.
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Viewing
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Double Slit expediment For ligit

Thomas Young's Double Slit Experiment

Screen with

Single Slit Figure

—Sunlight

Diffracted
Screen with Coherent
Two Slits Spherical
avefront
. 1
M
7 .p. N/

)

’ k3
Line of
Waves

LA
Out of Step

14
A

Detector Screen Dark Bright Interference
Fringe Fringe Fringes

Minima

dsinf, =(m+1/2)A, m=0,1,2., dark

0 ~(m+1/2)A

tanf = —

_ Assumption of infinite For distant screen
source distance gives assumption

plane wave at slit so
that all amplitude
elements are in phase.

tan = sinf = 6 = >
N D

s
d| | —
= For D>>a
O ihis approaches Con.dltlon for maximum
a right angle dsin@ = mA
and @' = @ ~ mAD
a = slit width T d
Maxima

dsinf, =mA, m=0,1,2,3,...bright
6 =mAld

Dark fringes exactly midway of bright ones
How to measure the wavelength of light ?



How we measure 1/10,000 of a cm

I)

0

Question: How do you measure

|| the wavelength of light?
. Answer: Do the same

experiment we just did (with light)

F|rSt Y destructive: ll/zd

A is smaller by 10,000 times.

But d can be smaller (0.1 mm instead of 0.24 m)

So y will only be 10 times smaller — still measurable




Analyzing Double-Slit Interference

The mth bright fringe emerging from the double slit 1s at an

angle
A
= mE m=0123.. (angles of bright fringes)

where @ 1s in radians, and we have used the small-angle
approximation. The y-position on the screen of the mth
fringe 1s

Y = m=0.1,2,3,-.- (positions of bright fringes)

while dark fringes are located at positions

= +l)\—L =0,1,2
ym m 2d m b Alo 74n o oo

(positions of dark fringes)



Double slit intensity pattern
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FIGURE 22.4 Geometry of the double-slit experiment.
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Interference of N overlapped waves

The Diffraction Grating

Suppose we were to replace the double slit with an opaque
screen that has N closely spaced slits. When illuminated
from one side, each of these slits becomes the source

of a light wave that diffracts, or spreads out, behind the
slit. Such a multi-slit device is called a diffraction grating.
Bright fringes will occur at angles &, such that

dsinf, = mA m=0123

The y-positions of these fringes will occur at

y,, = Ltan@,, (positions of bright fringes)



FIGURE 22.6 Top view of a diffraction
grating with N = 10 slits.

N slits with
spacing d

e

Plane wave
approaching
from left

Spreading circular waves
from each slit overlap and
interfere.

“+The wave from each slit
travels Ar = dsin@ farther
than the wave from the
slit above it.

dsinf,, = mA

y, =Ltan6

m=01273

m is the order of diffraction

Ar = 1A between
adjacent waves.

Grating

Ar = 2\ between
adjacent waves.
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The Physics of Two

Slit Interference
| mA/2
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FIGURE 22.6 Top view of a diffraction
grating with N = 10 slits.

dsinf,, = mA m=0123

N slits with  Spreading circular waves

spacing d from each slit overlap and
\ interfere.
A, P
TT /
i
Al
41
A,ors= NA=10A
l,..=(NA)2=N21,=100l,
“*~The wave from each slit
Plane wave travels Ar = dsin@ farther Key dependence N?
approaching than the wave from the

from left slit above it.



