PHYSICS ©

FOR SCIENTISTS AND ENGINEERS A STRATEGIC APPROACH 4/E

Chapter 33 Lecture

RANDALL D. KNIGHT

IN THIS CHAPTER, you will learn about and apply the wave
model of light.
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hapter 33 Preview

What is light?

You will learn that light has aspects of both

waves and particles. We will introduce H

three models of light. i ]]H%

= The wave model of light—the subject of H 2
this chapter—describes how light waves

spread out and how the superposition of

multiple light waves causes interference.

The ray model of light, in which light

travels in straight lines, will explain how p—

mirrors and lenses work. It is the subject Ray model

of Chapter 34.

The photon medel of light, which will be

discussed in Part VIl is an important part

of quantum physics. P el

Wave model

_—

One of our tasks will be to learn when
each model is appropriate.

< LOOKING BACK Sections 16.5, 16.7,
and 16.8 Light waves, wave fronts, phase,
and intensity

©2017 Pearson Education, Inc. Slide 32-3

3/25/2019




3/25/2019

Chapter 33 Preview

What is diffraction?
Diffraction is the ability of a wave to

spread out after passing through a small ﬂ )
)

hole or going around a corner. The diffrac-
tion of light indicates that light is a wave.
One interesting finding will be that a smaller
hole causes more spreading.
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Chapter 33 Preview

Does light exhibit interference?

Yes. You previously studied the thin-film

interference of light reflecting from two

surfaces. In this chapter we will examine Double-slit interference
the interference fringes that are seen after

light passes through two narrow, closely

spaced slits in an opaque screen.

<C LOOKING BACK Section 17.7 Interference
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Chapter 33 Preview

What is a diffraction grating?

A diffraction grating is a periodic array of
closely spaced slits or grooves. Different
wavelengths are sent in different directions
when light passes through a diffraction
grating. Two similar wavelengths can be
distinguished because the fringes of each
are very narrow and precisely located.

Diffraction-grating fringes
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Chapter 33 Preview

How is interference used?
Diffraction gratings are the basis of
spectroscopy, a tool for analyzing

the composition of materials by the
wavelengths they emit. Interferometers
make precise measurements, ranging from
the vibrations of wings to the movements
of continents, with the controlled use of
interference. And interference plays a key Interferometer fringes
role in optical computers.
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Chapter 33 Reading Questions
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Reading Question 33.1

What was the first experiment to show that light is
awave?

Young’s double-slit experiment

Galileo’s observation of Jupiter’'s moons
The Michelson-Morley interferometer
The Pound-Rebka experiment

Millikan’s oil-drop experiment

moowpy
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Reading Question 33.1

What was the first experiment to show that light is
awave?

v/ A. Young’s double-slit experiment
Galileo’s observation of Jupiter’s moons

The Michelson-Morley interferometer

The Pound-Rebka experiment

moow

Millikan’s oil-drop experiment
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Reading Question 33.2

What is a diffraction grating?

A. Adevice used to grate cheese and other
materials

B. A musical instrument used to direct sound
An opaque screen with a tiny circular aperture

D. An opaque screen with many closely spaced
slits

E. Diffraction gratings are not covered in
Chapter 33.

o
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Reading Question 33.2

What is a diffraction grating?

A. Adevice used to grate cheese and other
materials

B. A musical instrument used to direct sound
C. An opaque screen with a tiny circular aperture

D. An opaque screen with many closely spaced
v slits

E. Diffraction gratings are not covered in
Chapter 33.
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Reading Question 33.3

When laser light shines on a screen after passing
through two closely spaced slits, you see

A diffraction pattern.
Interference fringes.

Two dim, closely spaced points of light.

oo w»

Constructive interference.
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Reading Question 33.3

When laser light shines on a screen after passing
through two closely spaced slits, you see

A. Adiffraction pattern.

/B. Interference fringes.

C. Two dim, closely spaced points of light.
D. Constructive interference.
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Reading Question 33.4

This chapter discussed the

Acoustical interferometer.
Michelson interferometer.

Fabry-Perot interferometer.
Both A and B.
Both B and C.

moowpy
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Reading Question 33.4

This chapter discussed the

A. Acoustical interferometer.
v’B. Michelson interferometer.

C. Fabry-Perot interferometer.

D. Both Aand B.

E. Both B andC.
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Reading Question 33.5

The spreading of waves behind an aperture is

A. More for long wavelengths, less for short
wavelengths.

B. Less for long wavelengths, more for short
wavelengths.

The same for long and short wavelengths.
D. Not discussed in this chapter.

o
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Reading Question 33.5

The spreading of waves behind an aperture is

W A. More for long wavelengths, less for short
wavelengths.

B. Less for long wavelengths, more for short
wavelengths.

C. The same for long and short wavelengths.
D. Not discussed in this chapter.
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Reading Question 33.6

Apertures for which diffraction is studied in this
chapter are

A single slit.
Acircle.

A square.
Both A and B.
Both Aand C.

moow»
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Reading Question 33.6

Apertures for which diffraction is studied in this
chapter are

A. Asingle slit.

B. Acircle.

C. Asquare.
’D. Both A and B.
E. BothAandC.
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Chapter 33 Content, Examples, and
QuickCheck Questions
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Diffraction of Water Waves

= A water wave, after
passing through an
opening, spreads
out to fill the space
behind the opening.

= This well-known
spreading of waves
is called diffraction.
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Plane waves approach from the left

Circular waves spread out on the right
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QuickCheck 33.1

Two rocks are simultaneously dropped
into a pond, creating the ripples shown.
The lines are the wave crests. As they
overlap, the ripples interfere.

At the point marked with a dot,

A. The interference is
constructive.

between constructive and destructive.

D. There’s not enough information
to tell about the interference.

©2017 Pearson Education, Inc.

B. The interference is destructive. \\
C. The interference is somewhere p
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QuickCheck 33.1

Two rocks are simultaneously dropped
into a pond, creating the ripples shown.
The lines are the wave crests. As they
overlap, the ripples interfere.

At the point marked with a dot,

4/ A. The interference is
constructive.

B. The interference is destructive.

C. The interference is somewhere
between constructive and destructive.

D. There’s not enough information
to tell about the interference.
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atrough.
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QuickCheck 33.2

Two rocks are simultaneously dropped
into a pond, creating the ripples shown.
What would a person sitting at the dot
observe over time?

A. The water level would be consistently
lower than in surrounding areas.

B. The water level would be consistently
higher than in surrounding areas.

C. Alarge-amplitude water wave moving
toward him or her

D. Alarge-amplitude standing wave
E. An extended period of flat water

©2017 Pearson Education, Inc.
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QuickCheck 33.2

Two rocks are simultaneously dropped
into a pond, creating the ripples shown.
What would a person sitting at the dot
observe over time?

A. The water level would be consistently
lower than in surrounding areas.

B. The water level would be consistently
higher than in surrounding areas.

|/ C. Alarge-amplitude water wave moving
toward him or her

D. Alarge-amplitude standing wave
E. An extended period of flat water
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Models of Light

Unlike a water wave,
when light passes
through a a large
opening, it makes a
sharp-edged shadow.

This lack of noticeable
diffraction means that
if light is a wave, the
wavelength must be
very small.

©2017 Pearson Education, Inc.

""" has a sharp cdge.

. A beam of sunlight
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Diffraction of Light

= When red light
passes through
an opening that
is only 0.1 mm wide,
it does spread out.

Viewing

0.1-mm-wide

Diffraction of light :
is observable if s

the hole is /:cidcnl]ascrheum
sufficiently small.

3/25/2019
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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 is called wave optics.

= 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 optics.

= 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 is the quantum
theory of light.
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Young’s Double-Slit Experiment

The drawing is not to scale: The distance
1o the screen is actually much greater
than the distance between the slits.

H Viewing
screen

The two waves overlap as
they spread out behind the
two slits. The two overlapped
waves interfere, resulting in
a pattern of light and dark

bands on the screen
Incident laser beam
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Young’s Double-Slit Experiment

1. A plane wave is incident
on the double slit

2. Waves spread out

A behind each slit

VW
i

Top view of
the double slit 7

3. The waves interfere in the
region where they overlap.

4. Br

t fringes occur where the anti-
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A
""W‘;};‘Eﬁ#‘
il

nodal lines intersect the viewing screen

m=4

m=3

m=2

m=1

Central

m=0 :
maximum

m=1
m=2
m=3
m=4
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Analyzing Double-Slit Interference

= The figure shows the
“big picture” of
the double-slit
experiment.

= The next slide
zooms in on the area
inside the circle.

Two light waves
meet and
interfere at P.

Double slit 2 ) tand

©2017 Pearson Education, Inc.

,,,,,,,,,,,,,,,,, Lo
" The two slits are invisible
at this scale because d << [
L g
Vlcwmg
screen
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Analyzing Double-Slit Interference

= The figure shows a
magnified portion of the
double-slit experiment.

= The wave from the lower
slit travels an extra
distance:

Ar = dsinf

Bright fringes (constructive
interference) will occur at
angles 6,, such that Ar = ml,
where m=0,1,2,3, ...

©2017 Pearson Education, Inc.

The paths are virtually
parallel because the «,
screen is so distant.

spacing
This little segment
Ar = dsinf is the

path-length
difference.

Slide 32-33
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Analyzing Double-Slit Interference

= The mth bright fringe emerging from the double slit
is at an angle:

A
6, = m; =23 o e (angles of bright fringes)

where 6,, is in radians, and we have used the small-
angle approximation.

= The y-position on the screen of the mth bright fringe on
a screen a distance L away is

Y = MTM' m=0,1,2,3,... (positions of bright fringes)
©2017 Pearson Education, Inc. Slide 32-34
QuickCheck 33.3

A laboratory experiment produces a double-slit interference
pattern on a screen. The point on the screen marked with

a dot is how much farther from the left slit than from the
right slit?

10 -

A

B. 151 Contral maximum
C. 204

D. 254

E. 3.04
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QuickCheck 33.3

A laboratory experiment produces a double-slit interference
pattern on a screen. The point on the screen marked with
a dot is how much farther from the left slit than from the
right slit?

A 102 -

B. 151 Cental havimum
Vv'C. 201

D. 254

E. 304
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QuickCheck 33.4

A laboratory experiment produces a double-slit interference
pattern on a screen. If the screen is moved farther away
from the slits, the fringes will be

A

B. Inthe same positions. Conteal maximum
C. Farther apart.

D. Fuzzy and out of focus.
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QuickCheck 33.4

A laboratory experiment produces a double-slit interference
pattern on a screen. If the screen is moved farther away
from the slits, the fringes will be

A. Closer together.

B. Inthe same positions. Contral maximum
/C. Farther apart.

D. Fuzzy and out of focus.
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Example 33.1 Measuring the Wavelength of Light

EXAMPLE 33.1 | Measuring the wavelength of light
A double-slit interference pattern is observed on a screen 1.0 m
behind two slits spaced 0.30 mm apart. Ten bright fringes span a
distance of 1.7 cm. What is the wavelength of the light?

MODEL It is not always obvious which fringe is the central
maximum. Slight imperfections in the slits can make the interf
fringe pattern less than ideal. However, you do not need to identify
the mt =0 fringe because you can make use of the fact that the
fringe spacing Ay is uniform. Ten bright fringes have nine spaces
between them (not ten—be careful!).
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Example 33.1 Measuring the Wavelength of Light

EXAMPLE 33.1 | Measuring the wavelength of light
sOLVE The fringe spacing is
157,
y=— = 1 g9% 107 m
9
Using this fringe spacing in Equation 33.7, we find that the wave-
length is

i .
A:;—A_r:fx?x 107 m =570 nm

It is customary to express the wavelengths of visible light in
nanometers. Be sure to do this as you solve problems.

©2017 Pearson Education, Inc.
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Example 33.1 Measuring the Wavelength of Light

EXAMPLE 33.1 | Measuring the wavelength of light

ASSESS Young's double-slit experiment not only demonstrated
that light is a wave, it provided a means for measuring the
wavelength. You learned in Chapter 16 that the wavelengths of
visible light span the range 400-700 nm. These lengths are smaller
than we can easily comprehend. A wavelength of 570 nm, which
is in the middle of the visible spectrum, is only about 1% of the
diameter of a human hair.

©2017 Pearson Education, Inc.
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QuickCheck 33.5

A laboratory experiment produces a double-slit interference
pattern on a screen. If green light is used, with everything

else the same, the bright fringes will be

Closer together
In the same positions.

|
Ceniral maximum

Farther apart.

oo w>

interference won't be satisfied.

©2017 Pearson Education, Inc.

There will be no fringes because the conditions for

Slide 32-42
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QuickCheck 33.5

A laboratory experiment produces a double-slit interference
pattern on a screen. If green light is used, with everything
else the same, the bright fringes will be

VA. oy together' -
B. Inthe same positions. :

C. Farther apart. Ceniral maximum

D. There will be no fringes because the conditions for
interference won't be satisfied.

Ay = & and green light has a shorter wavelength.
d

©2017 Pearson Education, Inc.
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QuickCheck 33.6

A laboratory experiment produces a double-slit interference
pattern on a screen. If the slits are moved closer together,
the bright fringes will be

In the same positions. :

Farther apart. Central maximum

There will be no fringes because the conditions for
interference won't be satisfied.

oo w>
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QuickCheck 33.6

A laboratory experiment produces a double-slit interference
pattern on a screen. If the slits are moved closer together,
the bright fringes will be

B. Inthe same positions. :
V/C. Farther apart. e

D. There will be no fringes because the conditions for
interference won't be satisfied.

AL

Ay =-"= and d is smaller.
) d

©2017 Pearson Education, Inc.
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Intensity of the Double-Slit Interference Pattern

Ideally, the bright y
fringes would all have
equal intensity. Lo
p 7 ) .
s 6 = The intensity of the
: 5 )
2 double-slit
Fiige 3 interference
spacing Ay 2 .
i | pattern at position
0 lits 0 yis
1
2
3 wd
s 5 Fioeie — 4L cosz(—y)
Maximum =" 5 e : AL
intensity is 4f,. 5
: 6
7
Light intensity ——————
an 21,
©2017 Pearson Edeaton Side 3246

Intensity of the Double-Slit Interference Pattern

In reality, the fringe
= The actual intensity
from a double-slit
experiment slowly
decreases as |y|
increases.
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intensity decreases
because the intensity
of the light from a ~._
single slit is not &

uniform

[stits

Central
maximum

Light intensity ————

4y 0

QuickCheck 33.7

A laboratory experiment produces a double-slit interference
pattern on a screen. If the amplitude of the light wave is
doubled, the intensity of the central maximum will increase
by a factor of

Cent m

B. 2
C. 4
D. 8
©2017 Pearson Education, Inc. Slide 32-48
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QuickCheck 33.7

A laboratory experiment produces a double-slit interference
pattern on a screen. If the amplitude of the light wave is
doubled, the intensity of the central maximum will increase
by a factor of

A V2

B. 2
vc 4

D. 8
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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 6,,, such that

dsin@,, = mA m=0,1,2,3,...
= The y-positions of these fringes will occur at

Ym = Ltang, (positions of bright fringes)

©2017 Pearson Education, Inc.
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The Diffraction Grating

Nslits with 8

= The figure shows a diffraction spacing d
grating in which N slits are -
equally spaced a distance d
apart.

This is a top view of the
grating, as we look down on "/
the experiment, and the slits L"/ﬂ“‘“‘f;'
extend above and below the { "/“ e T

page. "’;ﬁ/
Only 10 slits are shown here, "/ﬂ/'/
but a practical grating will "/
have hundreds or even "/
thousands of slits. Pl.mcu;ncl| s e

approaching than the wave from the
from left slit above it.
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The Diffraction Grating

v

Ar = 1A between
adjacent waves.

Grating

Ar = 2A between
adjacent waves.

L

Screen []

F—v,

= The y-positions of these fringes are:

Y = Ltan@,,

©2017 Pearson Education, Inc.

(positions of bright fringes)

Y2

= Bright fringes will
[ occur at angles ¢,
o such that
P dsing,, = mi

where m=0,1,2,3, ...

Slide 32-52
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The Diffraction Grating

= The integer m is called the Narrow, bright ¥

order of the diffraction.
= The wave amplitude at

the points of constructive

interference is Na.

= Because intensity
depends on the square
of the amplitude, the
intensities of the bright
fringes are

Imax = Nz[l

©2017 Pearson Education, Inc.

fringes. Most of

o
the screen is dark.

m=2

m=1
m=0

m=1

m=2
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The Diffraction Grating

= Diffraction gratings are
used for measuring the
wavelengths of light.

If the incident light
consists of two slightly
different wavelengths,

each wavelength will be

diffracted at a slightly
different angle.

©2017 Pearson Education, Inc.

Blue light has a longer ¥

wavelength than violet,
and thus diffracts more.

p—— 0

All wavelengths
overlap at y = 0.

~

0

X Light
Grating intensity

Slide 32-54
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QuickCheck 33.8

In a laboratory experiment, a diffraction
grating produces an interference pattern
on a screen. If the number of slits in the

grating is increased, with everything else
(including the slit spacing) the same, then

O w>

o

©2017 Pearson Education, Inc. Slide 32-55

The fringes stay the same brightness and get closer together.
The fringes stay the same brightness and get farther apart.
The fringes stay in the same positions but get brighter and
narrower.

The fringes stay in the same positions but get dimmer and
wider.

The fringes get brighter, narrower, and closer together.

QuickCheck 33.8

In a laboratory experiment, a diffraction
grating produces an interference pattern
on a screen. If the number of slits in the

grating is increased, with everything else
(including the slit spacing) the same, then

A. The fringes stay the same brightness and get closer together.
B.
Cc

v/ C.

D. The fringes stay in the same positions but get dimmer and
wider.
E. The fringes get brighter, narrower, and closer together.
©2017 Pearson Education, Inc. Slide 32-56

The fringes stay the same brightness and get farther apart.
The fringes stay in the same positions but get brighter
and narrower.

3/25/2019

Example 33.2 Measuring Wavelengths Emitted

by Sodium Atoms

©2017 Pearson Education, Inc. Slide 32-57

EXAMPLE 33.2 | Measuring wavelengths emitted by
sodium atoms

Light from a sodium lamp passes through a diffraction grating
having 1000 slits per millimeter. The interference pattern is viewed
on a screen 1,000 m behind the grating. Two bright yellow fringes
are visible 72.88 ¢cm and 73.00 cm from the central maximum.
What are the wavelengths of these two fringes?
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Example 33.2 Measuring Wavelengths Emitted

by Sodium Atoms

EXAMPLE 33.2 | Measuring wavelengths emitted by

sodium atoms
VISUALIZE This is the situation shown in Figure 33.9b. The two
fringes are very close together, so we expect the wavelengths to
be only slightly different. No other yellow fringes are mentioned,
s0 we will assume these two fringes are the first-order diffraction
(m=1)

0
Light
Grating  jpuensity 0
©2017 Pearson Education, I Slide 32-58

Example 33.2 Measuring Wavelengths Emitted

by Sodium Atoms

EXAMPLE 33.2 | Measuring wavelengths emitted by
sodium atoms

SOLVE The di bright fringe from the ¢ maxi-
mum is related to the di on angle by y,, = Ltan#,,. Thus the

diffraction angles of these two fringes are

6, =tan ”‘ﬂ) _ [3608° fiingeai 72.88 cm
=) T 13613 fringe at T3.00em

These angles must satisfy the interference condition dsin8, = A,
50 the wavelengths are A = dsing,. What is @2 If a | mm length of
the grating has 1000 slits, then the spacing from one slit to the next
must be 1/1000 mm, or d = 1.000 X 10" m. Thus the wavelengths
creating the two bright fringes are

589.0nm  fringe at 72.88 cm

Agcuitie {53‘)6”" Fringe at 73.00 cm

AsSESS We had data accurate to four significant figures, and all
four were necessary to distinguish the two wavelengths
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eflect ngs

= In practlce, most dlffractlon Incident light Different wavelengths
gratings are manufactured diffTacced at different
as reflection gratings. \ ey
= The interference pattern \
Mirror
surface

is exactly the same as

the interference pattern
of light transmitted s
through N parallel slits. LER

A reflection grati

n be made by cutting

parallel grooves in a mirror surface

©2017 Pearson Education, Inc. Slide 32-60

3/25/2019

20



Reflection Gratings

Naturally occurring
reflection gratings are
responsible for some
forms of color in nature.

parallel rods of

©2017 Pearson Education, Inc.

A peacock feather
consists of nearly

melanin, which act
as a reflection grating.

-+ Parallel rods of
melanin form a
diffraction grating.

Slide 32-61
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Single-Slit Diffraction

Viewing screen

Distance L

Central

Incident light of
wavelength A

©2017 Pearson Education, Inc.

Single slit
of width a

Secondary
maximum  maxima

= Diffraction through
a tall, narrow slit is
known as single-slit
diffraction.

A viewing screen is
placed distance L
behind the slit of
width a, and we will

assume that L >> a.
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Huygens’ Principle: Plane Waves

Plane wave

©2017 Pearson Education, Inc.

Initial
wave
front

-

..

Each point on the
initial wave front
is the source of a
spherical wavelet.

|

-,
i)

The wave front
at a later time
is tangent to all
the wavelets.

Slide 32-63
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Huygens’ Principle: Spherical Waves

Spherical wave

Initial
wave
front

is the source

of a spherical
wavelet.

The wave front at a later time
is tangent to all the wavelets.
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Analyzing Single-Slit Diffraction

Greatly magnified view of slit

= The figure shows a

Initial .
wave wave front passing .
front through a narrow slit

of width a.

According to Huygens’
principle, each point
on the wave front can
be thought of as the
source of a spherical
wavelet.

Slit width @

N N Nt N et St

The wavelets from each point on the initial
wave front overlap and interfere, creating
a diffraction pattern on the screen
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Analyzing Single-Slit Diffraction

H = The figure shows the paths

. of several wavelets that

— travel straight ahead to the
o F——F. central point on the screen.

= = The screen is very far to the

i right in this magnified view

— 75 of the slit.

” = The paths are very nearly

parallel to each other, thus
all the wavelets travel the

The wavelets going straight forward all travel
the stance to the screen. Thus they arrive

in phase and interfere constructively to produce same distance and arrive
the central maximum. at the screen in phase with
each other.

©2017 Pearson Education, Inc. Slide 32-66
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Analyzing Single-Slit Diffraction

Each point on
the wave front
is paired with
another point
distance a/2
away.

[T

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

©2017 Pearson Education, Inc.

= In this figure, wavelets
1 and 2 start from points
that are a/2 apart.

Every point on the wave
front can be paired with
another point distance
al2 away.

If the path-length
difference is Ar =32,

the wavelets arrive at the
screen out of phase and
interfere destructively.

3/25/2019
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Single-Slit Diffraction

= The light pattern from a
single slit consists of a
central maximum flanked
by a series of weaker
secondary maxima and
dark fringes.

= The dark fringes occur at
angles:

©2017 Pearson Education, Inc.

A
9_‘,=p; =112, 3

N

Single Screen
slit
p=2
6 p=1 1
- —\1’ o .
af-==22201-- Width w
Central p=1
maximum
p=2
Light
intensity 0
L>a
(angles of dark fringes)
Slide 32-68

Example 33.3 Diffraction of a Laser Through a Slit

©2017 Pearson Education, Inc.

EXAMPLE 33.3 | Diffraction of a laser through a slit

Light from a helium-neon laser (A =633 nm) passes through
a narrow slit and is seen on a screen 2.0 m behind the slit. The
first minimum in the diffraction pattern is 1.2 cm from the central
maximum. How wide is the slit?

MODEL A narrow slit produces a single-slit diffraction pattern. A
displacement of only 1.2 c¢m in a distance of 200 cm means that
angle @, is certainly a small angle

Slide 32-69
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Example 33.3 Diffraction of a Laser Through a Slit

EXAMPLE 33.3 | Diffraction of a laser through a slit

Single Screen
slit
p=2
6, p=1
”I !::::\I,, Width w
Central p=1=
maximum
p=2
Light
intensity 0
©2017 Pearson Education, Inc, L>a
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Example 33.3 Diffraction of a Laser Through a Slit

EXAMPLE 33.3 ‘ Diffraction of a laser through a slit

SOLVE We can use the small-angle approximation to find that the
angle to the first minimum is

_ 12em

"7 200 cm

= 0.00600 rad = 0.344°

The first minimum is at angle 6, = A/a, from which we find that the
slit width is

A 633X 10 m
u:—:—‘IZI.leO‘ln:OIImm
6,  6.00x 107 rad

AssESS This is typical of the slit widths used to observe single-slit
diffraction. You can see that the small-angle approximation is well
satisfied.
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The Width of a Single-Slit Diffracti ttern

The central maximum of this single-slit
diffraction pattern is much brighter than
the secondary maximum.

The width of the central maximum on
a screen a distance L away is twice
the spacing between the dark fringes
on either side:

2AL
WIS (single slit)

= The farther away from the screen (larger L), the wider the
pattern of light becomes.

= The narrower the opening (smaller a), the wider the pattern
of light becomes!
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QuickCheck 33.9

A laboratory experiment produces
a single-slit diffraction pattern on a
screen. If the slit is made narrower,
the bright fringes will be

A. Closer together.

B. In the same positions.
C. Farther apart.
D.

There will be no fringes
because the conditions for
diffraction won't be satisfied.
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QuickCheck 33.9

A laboratory experiment produces

a single-slit diffraction pattern on a
screen. If the slit is made narrower,
the bright fringes will be

A. Closer together.
B. In the same positions.
/' C. Farther apart.

D. There will be no fringes
because the conditions for
diffraction won't be satisfied.

. . . AL
Minima between the bright fringes are at y = AL
P a
2017 Pearson Eteaton, Siide 32-74

Example 33.4 Determining the Wavelength

EXAMPLE 33.4 | Determining the wavelength
o

s a dif

_aw (1.2 10" m)(0.0085 m)
- 2(1.00m)

=51%107m=510m
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QuickCheck 33.10

screen will look like

©2017 Pearson Education, Inc.

A laboratory experiment
produces a double-slit
interference pattern on a screen.
If the left slit is blocked, the

Laser beam

Slide 32-76
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QuickCheck 33.10

screen will look like

A laboratory experiment
produces a double-slit
interference pattern on a screen.
If the left slit is blocked, the

Laser beam

C.
Vo
JE— Side 3277
Advanced Topic: A Closer Look at Diffraction
B o O

= To analyze double-
slit interference, we
can use a phasor
diagram to show the
addition of two
electric field vectors.

The projections of
the phasors onto the
x-axis are what we
would add in a
superposition
calculation.

©2017 Pearson Education, Inc.

[0}

.= The angle between the
phasors, the phase
difference, stays constant.

ecos wi

(b) Vector addition of the
phasors is the amplitude of
y the wave superposition.

B -
co'.a(M)m z Apl2
e A

” X
Adr2
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Advanced Topic: A Closer Look at Diffraction

(a)

= |f we add the
phasors as vectors,
using the tip-to-tail
method, the
magnitude E of
their vector sum is
the electric field
amplitude of the
superposition of
the two waves:

2e cos(%)‘
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E=

¥y
v & ar frequency w.

... The angle between the
Adp (3 ! pi-mmr\, the phase
1 difference, stays constant.

ecoswit
Vector addition of the
phasors is the amplitude of
y the wave superposition.
& <
1) A2
\
> . x
e
Apl2
Slide 32-79
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Advanced Topic: A Closer Look at Single-

Slit Diffraction

= Figure (a) shows a slit of
width a with N point sources
of Huygens’ wavelets, each
separated by distance a/N.

Figure (b) analyzes the
diffraction at the center of the
diffraction pattern.

Figure (c) is the phasor
diagram for superposition at
an arbitrary point on the
screen.

The angle of the last phasor
is

27asind
B= Ny =000

©2017 Pearson Education, Inc.

(a) Slit width a

N wavelets
will meet at a

/ distant screen.
—

i The phase difference
] between two adjacent
wavelets is Adb,y

G N
e T T T
Ey=Ne

() Arbitrary point in the diffraction pattern
Superposition

T of N wavelets

z 4-+Each phasor is
£ rotated by Ad,,
B=NAd,y,
Total length = E; = Ne
Slide 32-80

Advanced Topic: A Closer Look at Single-
Slit Diffraction

= E is the amplitude of the superposition of the N wavelets.
= To determine E, let N—o.

= This makes our calculation exact, and it also makes our
calculation easier, because now the chain of phasors,
with length E,, is simply the arc of a circle.

= From the geometry, the angle subtending this arc must
be .
The amplitude and intensity of the superposition are

sin(B/2)  sin(masind/A)
B2 % masin®/A

E=E,

4= [sin(-r.msinriw‘M)}2
S masing/A
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Advanced Topic: The Single-Slit Diffraction

Pattern

| |

|
{ | Central
| ’\/ maximum
|

Slide 32-82
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Advanced Topic: The Complete Double-Slit
Intensity

= We earlier calculated the ideal double-slit intensity for two
slits separated by distance d.

= But each slit has width a, so the double-slit pattern is
modulated by the single-slit diffraction intensity for a slit of
width a.

= Thus a realistic double-slit intensity, for small angles, is

i JAL) T?
Lsoublo = u[—smﬂ(_:;,);L )] cos®(wdy/AL)
= The cosine term produces the fringe oscillations, but now the
overall intensity is determined by the diffraction of the
individual slits.
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Advanced Topic: A Closer Look at Diffraction

Single slit: 0.055 mm width

= If an interference
Two slits: 0.055 mm width, 0.35 mm separation maximum falls exactly

[ i RN
zero) in the single-slit

il diffraction pattern,
the fringes N Il dimaction or then we have what is
Al ‘\ [l ‘= called a missing
-\“th‘l'lv Missing orders order:
‘H‘l'l‘u"\"‘
anne NULTTITVVA £on -
LI SR s e e ey s e d
15129 6 3 0 3 6 9 1215 Miissing = P~ it s e W

m g
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Circular-Aperture Diffraction

= Light of wavelength 4 passes through a circular aperture
of diameter D, and is then incident on a viewing screen a
distance L behind the aperture, L>>D.

The diffraction pattern has a circular central maximum,
surrounded by a series of secondary bright fringes
shaped like rings.
The angle of the first minimum in the intensity is
_1.22)
'" b
The width of the central maximum on the screen is

3/25/2019

w =2y, =2Ltan6, =~

©2017 Pearson Education, Inc.

2.44,

AL
(circular aperture)

Slide 32-85

The Diffraction of Light by a Circular O

Circular
aperture 3
p=2
8, p=1
. 2 e i
Diameter D] = ===~ -4 - - Width w
Central p=14
maximum p=2
p=3
Light
intensity
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Example 33.6 Shining a Laser Through a
Circular Hole

EXAMPLE 33.6 | Shining a laser through a circular hole
Light from a helium-neon laser (A= 633 nm) passes through 2 SOLVE Equation 33,31 gives us the appropriate screen distance
0. 30 Wb (30107 m)(S.05 10 m)
L= - 09Tm
2441 244(633 % 10”7 m)
©2017 Pearson Educaton, Inc Slide 32-87
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The Wave and Ray Models of Light

Long wavelength, A = a.

= When light passes through This wave quickly fills the
an opening of size a, the 0,

angle of the first diffraction 3
minimum is \
0. — sin- A N
P "[eaam‘lm m

region behind the opening

= Light waves, because of their
very short wavelength, almost
always have A/a << 1 and R
diffract to produce a slowly and remains a well-defined
spreading “beam” of light. e

Short wave

©2017 Pearson Education, Inc. Slide 32-88

QuickCheck 33.11

A laboratory experiment produces
a single-slit diffraction pattern on
a screen. The slit width is « and
the light wavelength is A. In this

case,

A i<a

B. i=a

C. i>a

D. Not enough info to

compare Ao a

©2017 Pearson Education, Inc. Slide 32-89

QuickCheck 33.11

A laboratory experiment produces

a single-slit diffraction pattern on
a screen. The slit width is a and
the light wavelength is 4. In this
case,

WA i<a
B. i=a
C. i1>a

D. Not enough info to
compare A to a
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The Wave and Ray Models of Lig

If light travels in straight lines, the image on
the screen is the same size as the hole.
Diffraction will not be noticed unless the light
spreads over a diameter larger than D.

Screen

Hole of
diameter D

Incident light

©2017 Pearson Education, Inc. Slide 32-91

The Wave and Ray Models of Light

= Light passes through a hole of diameter D.

= |f the spreading due to diffraction is less than the size of

the opening, use the ray model and think of light as

traveling in straight lines.

If the spreading due to diffraction is greater than the size

of the opening, use the wave model of light.

The crossover point between the two regimes occurs

when the central-maximum width of a circular-aperture

diffraction pattern is equal to the size of the opening:
2.44AL —p,

DC
For visible light with 2 = 500 nm, and a typical laboratory
distance of L~ 1 m, D, ~ 1 mm.
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The Wave Model of Light

‘Wave model of light

For use when diffraction is significant.

Light is an electromagnetic wave.
+ Light travels through vacuum at speed c. Mig’mm
« Wavelength A and frequency fare related by Af= . fed AN Von =1
« Most of optics depends only on the waviness of light, o

not on its electromagnetic properties.

Light exhibits diffraction and interference.
« Light spreads out after passing through an opening. The amount Hw))]))))))))))) Diffraction
of spread is inversely proportional to the size of the opening.

+ Two equal-wavelength light waves interfere. Constructive and

‘de'slnvacu ve interference depend on the path-length difference. %:HW Tt
Limitations:
+ The ray model is a better description in situations with no diffraction.

Use the wave model with openings < 1 mm in size.

Use the ray model with openings > 1 mm in size.
+ The photon model is a better description of extremely weak light or the light emitted in atomic transitions.

©2017 Pearson Education, Inc. Slide 32-93
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Interferometers

A device that uses interference to make very precise
measurements is called an interferometer.

Interference requires two waves of exactly the same
wavelength.

= One way of guaranteeing that two waves have exactly
equal wavelengths is to divide one wave into two parts
of smaller amplitude.

Later, at a different point in space, the two parts are
recombined.

= Interferometers are based on the division and
recombination of a single wave.

©2017 Pearson Education, Inc.
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The Michelson Interferometer

1. The wave is

Mirror M, divided at
this point.
I
1 S
5 ~ Mirror M,
L, - :
D .
% - -GPSR O
Source A
Beam { :
splitter - ;i
% L, Adjustment
v 8 screw
3. The detector measures 2. The returning
the superposition of the waves recombine
two waves that have at this point.

traveled different paths.
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The Michelson Interferometer

= In a Michelson interferometer, the phase difference A¢
between the recombined beams is due entirely to the
path-length difference between the beams, Ar =2L, - 2L,.

= Constructive and destructive interference will occur when

A
Constructive: L,—L; = m=

- m=0,12,...
Destructive: L, — L, = ( m+ ‘E)Z

= These equations are valid at the center of the beam;
there is a bright or dark central spot on the detector
when the first or second equation is true, respectively.

©2017 Pearson Education, Inc. Slide 32-96
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The Michelson Interfer

= The photograph shows the
pattern of circular interference
fringes seen in the output of a
Michelson interferometer.

If mirror M, is moved by
turning the screw, the central
spot in the fringe pattern
alternates between

bright and dark.

= The number Am of maxima appearing as M, moves
through a distance AL, is

AL,
Am=—7>
A2

©2017 Pearson Education, Inc. Slide 32-97

QuickCheck 33.1

A Michelson interferometer using red light with 2 = 650 nm produces
interference fringes with a bright spot at the
center. If the light's wavelength is doubled

to 1350 nm, with no other changes, the center
(now detected with an infrared camera) will be

Bright.
Dark.
Somewhere between bright and dark.

Either bright or dark, but there’s not
enough information to say which.

Dowp
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QuickCheck 33.1

A Michelson interferometer using red light with 2 = 650 nm produces
interference fringes with a bright spot at the

center. If the light's wavelength is doubled

to 1350 nm, with no other changes, the center

(now detected with an infrared camera) will be

A. Bright.

B. Dark.

C. Somewhere between bright and dark.
‘/D. Either bright or dark, but there’s not

enough information to say which.
Ar=2AL =ml
If / is doubled, m must be halved to keep AL constant.
If m is even, m/2 is still an integer and the interference is still constructive.
If m is odd, m/2 is a half-integer and the interference is destructive.

©2017 Pearson Education, Inc. Slide 32-99
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Example 33.7 Measuring the Wavele of Lig

EXAMPLE 33.7 | Measuring the wavelength of light

An experimenter uses a Michelson interferometer to measure one
of the wavelengths of light emitted by neon atoms. She slowly
moves mirror M, until 10,000 new bright central spots have ap-
peared. (In a modern experiment, a photodetector and computer
would eliminate the possibility of experimenter error while count-
ing.) She then measures that the mirror has moved a distance of
3.164 mm. What is the wavelength of the light?

MODEL An interferometer produces a new maximum each time
L, increases by A/2.

©2017 Pearson Education, Inc.
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Example 33.7 Measuring the Wavelength of Lig

EXAMPLE 33.7 | Measuring the wavelength of light
SoLVE The mirror moves AL, =3.164 mm=3.164 X 10~ m.
We can use Equation 33.37 to find

_2AL,

=6.328 X 107" m = 632.8 nm
Am

ASSESS A measurement of AL, accurate to four significant fig-
ures allowed us to determine A to four significant figures. This
happens to be the neon wavelength that is emitted as the laser beam
in a helium-neon laser.

©2017 Pearson Education, Inc.
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Holography

= The figure shows how a hologram is recorded.

Recording a hologram

The interference between the
scattered light and the reference
beam is recorded on the film.
Film = .-The scattered
light has a

Pl 4
ane waves /' complex
/ wave front.

Reference
beam
Laser N Object
Beam Object
splitter beam

©2017 Pearson Education, Inc.
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Holography

= Below is an enlarged photograph of a portion of a
hologram.

= |t’s certainly not obvious that information is stored in
this pattern, but it is.

©2017 Pearson Education, Inc. Slide 32-103

Holography

= The hologram is “played” by sending just the reference
beam through it.
Playing a hologram

The diffraction of the laser beam through the
light and dark patches of the film reconstructs
the original scattered wave.

:‘a An observer

“sees” the object
Hologram as if it were here.
(developed H
film)

é
Laser beam along the &
2017 pearsoneacaion e, TefErENCe beam direction Slide 32-104

Holography

= The diffracted reference
beam reconstructs the
original scattered wave.

As you look at this diffracted
wave, from the far side of the
hologram, you “see” the object
exactly as if it were there.

= The view is three dimensional
because, by moving your head
with respect to the hologram,
you can see different portions
of the wave front.

©2017 Pearson Education, Inc. Slide 32-105
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Chapter 33 Summary Slides
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General Principles

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

©2017 Pearson Education, Inc. Slide 32-107

General Principles

Diffraction is the spreading of a wave after it

passes through an opening. H-*‘)}))))))})J)
Constructive and destructive interference are

due to the overlap of two or more waves as they !:}]W
spread behind openings.
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Important Concepts

‘The wave model of light considers light tobe a i iffraction and i important.
‘The ray model of 0 i : important.
Diffraction is important when the widih of the diffraction pattern of an aperture equals or exceeds the size of the aperture.
For aci the ray occurs for it V2AL.

In practice, D, ~

mm for visible light. Thus
. light < 1 mm in size. Diffracti are usually important.
« Use the ray model when light passes through openings > | mi in size. Diffraction is usually not important.
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Applications

Single slit of width a.
A bright central maximum
of width
L
a

w

is flanked by weaker secondary maxima.

Dark fringes are located at angles such that
asinf,=pA  p=123,...

If Ma << 1, then from the small-angle approximation
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Applications

Circular aperture of diameter D.
A bright central maximum of diameter
2.44AL

D

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

o = 122 _122aL
(== N =

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

mA
==y =

bu=" m=0,1,2...

The fringe spacing is Ay = -}-\5:

Diffraction grating with slit spacing 4.
Very bright and narrow fringes are located at
angles and positions

dsinfl, = mA ¥ = Ltand,

©2017 Pearson Education, Inc.
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Interference due to amplitude division

An interferometer divides a wave, lets the two waves travel different paths, then
bines them. is ive 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

©2017 Pearson Education, Inc.
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