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The only thing we can really see is light. But what is
light? During the day the primary source of light is 
the sun, and the secondary source is the brightness 

of the sky. Other common sources are flames, white-hot 
filaments in lamps, and glowing gases in glass tubes. 
Almost everything we see, such as this page, is made 
visible by the light it reflects from such sources. Some 
materials, such as air, water, or window glass, allow light 
to pass through. Other materials, such as thin paper 
or frosted glass, allow the passage of light in diffused 
directions so that we can’t see objects through them. 
Most materials do not allow the passage of any light, 
except through a very thin layer.

Why do things such as water and glass allow light 
to pass through, while things such as wood and steel 
block it? To answer these questions, you must know 
something about light itself.

LIGHT
Light is the ONLY thing you see!
All visible objects either emit or 
reflect light.

Is “Black Light” Really Light?
1. Using a marker, write a message on a piece 

of colored paper. On a separate piece of col-
ored paper, write a message with an “invisible 
ink” pen.

2. Turn off the lights and exchange papers with 
your neighbor.

3. Try to read the messages on the papers 
using only a flashlight.

4. Now try to read the messages using a 
“black” light.

Analyze and Conclude
1. Observing Which message was visible under 

the flashlight? Which message was visible 
under the black light?

2. Predicting  Do you think you could see either 
message in the dark without the black light?

3. Making Generalizations  How would you 
define light?

discover!
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   LIGHT
Objectives
• Describe the dual nature of 

light. (27.1)

• State what Albert Michelson’s 
experimental value for the 
speed of light was. (27.2)

• State the waves in the 
electromagnetic spectrum. 
(27.3)

• Describe why certain materials 
are transparent to light. (27.4)

• Describe opaque materials. 
(27.5)

• Describe why shadows form. 
(27.6)

• Describe the evidence that 
suggests light waves are 
transverse. (27.7)

• Describe 3-D vision. (27.8)

discover!

MATERIALS marker, “invisible 
ink” pen, flashlight, black light

EXPECTED OUTCOME With 
the flashlight on, students 
will only be able to read the 
message written with the 
marker. With the black light 
on, students will only see the 
message written with the 
“invisible ink” pen.

ANALYZE AND CONCLUDE

See Expected Outcome.

No. If there is no light 
present in the room, neither 
message is visible.

Students should recognize 
that visible light is one form 
of light. The black light 
is a source of ultraviolet 
light. Students may also 
write that light is a form 
of energy. This energy 
interacts with objects.

1.

2.

3.
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 27.1 Early Concepts of Light
Light has been studied for thousands of years. Some of the ancient 
Greek philosophers thought that light consisted of tiny particles, 
which could enter the eye to create the sensation of vision. Others, 
including Socrates and Plato, thought that vision resulted from 
streamers or filaments emitted by the eye making contact with an 
object, as shown in Figure 27.1. This view was supported by Euclid, 
who explained why we do not see a needle on the floor until our eyes 
fall upon it.

Up until the time of Newton and beyond, most philosophers 
and scientists thought that light consisted of particles. However, 
one Greek, Empedocles, taught that light traveled in waves. One of 
Newton’s contemporaries, the Dutch scientist Christian Huygens, also 
argued that light was a wave.

The particle theory was supported by the fact that light seemed to 
move in straight lines instead of spreading out as waves do. Huygens 
provided evidence that under some circumstances light does spread 
out. (This is known as diffraction, which you will learn about in 
Chapter 31.) Other scientists later found more evidence to support 
the wave theory. The wave theory became the accepted theory in the 
nineteenth century.

Then in 1905 Einstein published a theory explaining the photo-
electric effect. According to this theory, light consists of particles called 
photons.  Photons  are massless bundles of concentrated electromag-
netic energy. Scientists now agree that light has a dual nature, 
part particle and part wave. This chapter discusses only the wave 
nature of light and leaves the particle nature of light to Chapter 38.

CONCEPT
CHECK ...

... What is the nature of light?

  � FIGURE 27.1
Some ancient philosophers 
believed that light traveled 
from our eyes to the objects 
we look at, rather than from 
the objects to our eyes.

For:
Visit:
Web Code:  –
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27.1  Early Concepts 
of Light

Key Term
photon

� Teaching Tip State that, 
strictly speaking, light is the only 
thing we see. To understand 
what light is, we will first try to 
understand how it behaves. 

� Teaching Tip Mention the 
color spectrum produced by 
a prism or by raindrops in the 
sunlight. Ask students to imagine 
the world view of creatures who 
could only see a tiny portion of 
the color spectrum, and are blind 
to all the rest. State that we 
are like those creatures, in that 
the spectrum of colors we can 
see is only a tiny portion of the 
electromagnetic spectrum—less 
than 0.1%. We are blind to the 
rest.

� Teaching Tip Explain that 
the instruments of science 
have enabled us to “see” the 
rest of the electromagnetic 
spectrum. Just as microscopes 
and telescopes allow us to more 
closely view the part of the 
spectrum we can see, the infrared 
detecting devices and microwave 
and radio receivers allow us to 
explore the lower-frequency 
end of the spectrum, while the 
ultraviolet, X-ray, and gamma ray 
detectors let us “see” the higher-
frequency end.

T e a c h i n g  R e s o u r c e s

• Reading and Study 
Workbook

• PresentationEXPRESS

• Interactive Textbook

• Conceptual Physics Alive! 
DVDs Light Waves

 Scientists now agree 
that light has a dual 

nature, part particle and part 
wave.

CONCEPT
CHECK ...

...CONCEPT
CHECK ...

...
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27.2 The Speed of Light
It was not known whether light travels instantaneously or with finite 
speed until the late 1600s. Galileo had tried to measure the time 
a light beam takes to travel to a distant mirror and back, but the 
time was so short he couldn’t begin to measure it. Others tried the 
experiment at longer distances with lanterns they flashed on and off 
between distant mountaintops. All they succeeded in doing was 
measuring their own reaction times.

Olaus Roemer The first demonstration that light travels at a finite 
speed was supplied by the Danish astronomer Olaus Roemer about 
1675. Roemer made very careful measurements of the periods of 
Jupiter’s moons. The innermost moon, Io, is visible through a small 
telescope and was measured to revolve around Jupiter in 42.5 hours. 
Io disappears periodically into Jupiter’s shadow, so this period could 
be measured with great accuracy. Roemer was puzzled to find an 
irregularity in the measurements of Io’s observed period. He found 
that while Earth was moving away from Jupiter, say from position B 
to C in Figure 27.2, the measured periods of Io were all somewhat 
longer than average. When Earth was moving toward Jupiter, say 
from position E to F, the measured periods were shorter than average. 
Roemer estimated that the cumulative discrepancy between positions 
A and D amounted to about 22 minutes. That is, when Earth was at 
position D, Io would pass into Jupiter’s shadow 22 minutes late,  
compared with observations at position A.27.2

Christian Huygens Christian Huygens correctly interpreted this 
discrepancy. When Earth was farther away from Jupiter, it was the 
light that was late, not the moon. Io passed into Jupiter’s shadow at 
the predicted time, but the light carrying the message did not reach 
Roemer until it had traveled the extra distance across the diameter of 
Earth’s orbit. There is some doubt as to whether Huygens knew the 
value of this distance. In any event, this distance is now known to be 
300,000,000 km. Using the correct travel time of 1000 s for light to 
move across Earth’s orbit makes the calculation of the speed of light 
quite simple: 

speed of light
d
t

extra distance traveled
extra time measured

300,000 km/s 
300,000,000 km

1000 s

The speed of light is 300,000 km/s.

FIGURE 27.2 �
Light coming from Jupiter’s 
moon Io takes a longer 
time to reach Earth at 
position D than at position 
A. The extra distance that 
the light travels divided by 
the extra time it takes 
gives the speed of light.

Light travels a million 
times faster than sound.
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27.2  The Speed 
of Light

Key Term
light-year

� Teaching Tip Explain that 
light is fast—too fast to measure 
over short distances with 
everyday devices. However, over 
long distances, its speed can be 
measured without sophisticated 
equipment.

� Teaching Tip Discuss 
Roemer’s calculation. Explain 
that since Io’s period is only 1.76 
Earth days, Earth doesn’t move 
very far around the sun during 
an observation of Io’s orbital 
motions.

� Teaching Tip To help your 
students better appreciate 
the speed of light, point out 
that 300,000 km/s is about 
187,500 mi/s. Contrast this with 
the speed of astronauts traveling 
in the space shuttle at about 
18,000 mi/hr (about 5 mi/s).

What we see with our unaided 
eyes is just a tiny part of 
what’s out there in the world 
around us.
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Albert Michelson The most famous experiment measuring 
the speed of light was performed by the American physicist Albert 
Michelson in 1880. Figure 27.3 shows how light from an intense 
source was directed by a lens to an octagonal mirror initially at rest. 
The mirror was adjusted so that a beam of light was reflected to a sta-
tionary mirror located on a mountain 35 km away and then reflected 
back to the octagonal mirror and into the eye of an observer. The dis-
tance the light had to travel to the distant mountain was known, so 
Michelson had to find only the time it took to make a round trip.

When the mirror was spun, short bursts of light reached the 
mountain mirror and were reflected back to the spinning octagonal 
mirror. If the rotating mirror made exactly one eighth rotation in the 
time the light made the trip to the distant mountain and back, the 
mirror was in a position to reflect light to the observer. If the mirror 
was rotated too slowly or too quickly, it would not be in a position 
to reflect light. When the light entered the eyepiece, Michelson knew 
that the time for the light to make the round trip and the time for the 
octagonal mirror to make one eighth of a rotation was the same. He 
divided the 70-km round trip distance by this time. Michelson’s 
experimental value for the speed of light was 299,920 km/s, which 
is usually rounded to 300,000 km/s. Michelson received the 1907 
Nobel Prize in physics for this experiment. He was the first American 
scientist to receive this prize.

We now know that the speed of light in a vacuum is a universal 
constant. Light is so fast that if a beam of light could travel around 
 Earth, it would make 7.5 trips in one second. Light takes 8 minutes 
to travel from the sun to Earth and 4 years from the next nearest 
star, Alpha Centauri. The distance light travels in one year is called 
a  light-year. 

CONCEPT
CHECK ...
... What was Michelson’s experimental value for the 

speed of light?

  � FIGURE 27.3
  Michelson used a mirror 
arrangement to measure 
the speed of light. a. Light is 
reflected back to the eyepiece 
when the mirror is at rest. b–c.
Reflected light fails to enter the 
eyepiece when the mirror spins 
(b) too slowly or (c) too fast. d.
When the mirror rotates at the 
correct speed, light reaches the 
eyepiece.

Light entered the eye-
piece when Michelson’s 
octagonal mirror made 
exactly one eighth of a 
rotation during the time 
light traveled to the dis-
tant mountain and back. 
Would light enter the eye-
piece if the mirror turned 
one quarter of a rotation 
in this time?
Answer: 27.2

think!
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 Ask What would be the 
consequence of using a four-
sided rotating mirror rather than 
the octagonal mirror shown 
in Figure 27.3? It would have 
to spin twice as fast because it 
would need to rotate 1/4 turn 
rather than 1/8 turn in the same 
time to direct the returning light 
into the eyepiece.

� Teaching Tip Alpha Centauri 
is 4 light-years away. Our galaxy 
has a diameter of 100,000 light-
years, which means that light 
takes 100,000 years just to travel 
across the galaxy. Some galaxies 
are 10 billion light-years from 
Earth. If one of those galaxies 
had exploded 5 billion years ago, 
this information would not reach 
Earth for another 5 billion years 
to come. Light is fast and the 
universe is big!

 Michelson’s 
experimental value 

for the speed of light was 
299,920 km/s, which is usually 
rounded to 300,000 km/s.

T e a c h i n g  R e s o u r c e s

• Reading and Study 
Workbook

• Problem-Solving Exercises 
in Physics 14-1

• Transparency 56

• PresentationEXPRESS

• Interactive Textbook

CONCEPT
CHECK ...

...CONCEPT
CHECK ...

...

All that we see, even our own 
reflection, is from the past.
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27.3 Electromagnetic Waves
Light is energy that is emitted by accelerating electric charges—often 
electrons in atoms. This energy travels in a wave that is partly electric 
and partly magnetic. Such a wave is an  electromagnetic wave.  Light 
is a small portion of the broad family of electromagnetic waves that 
includes such familiar forms as radio waves, microwaves, and X-rays. 
The range of electromagnetic waves, the  electromagnetic spectrum, 
is shown in Figure 27.4. The electromagnetic spectrum consists of 
radio waves, microwaves, infrared, light, ultraviolet rays, X-rays, 
and gamma rays.

The lowest frequency of light we can see with our eyes appears red. 
The highest visible frequencies are nearly twice the frequency of red 
and appear violet. Electromagnetic waves of frequencies lower than 
the red of visible light are called  infrared.  Heat lamps give off infra-
red waves. Electromagnetic waves of frequencies higher than those 
of violet are called  ultraviolet.  These higher-frequency waves are 
responsible for sunburns.

CONCEPT
CHECK ...

... What are the waves of the electromagnetic spectrum?

do the math!

How far, in kilometers, would a beam of uninterrupted light 
travel in one year? 

The speed of light is constant, so its instantaneous speed and average 

speed are the same—c. From the equation for speed, v d
t

, or in

this case, c
d
t

, we can say d � ct � (300,000 km/s) � (1 yr).

Introducing conversion factors for the time units, we find

d 1 yr300,000 km
1 s

365 d
1 yr

24 h
1 d

3600 s
1 h

� 9.5 � 1012 km

This distance, 9.5 � 1012 km, is one light-year.

FIGURE 27.4 �
The electromagnetic 
spectrum is a continuous 
range of waves extend-
ing from radio waves to 
gamma rays.
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27.3  Electromagnetic 
Waves

Key Terms
electromagnetic wave, 
electromagnetic spectrum, 
infrared, ultraviolet

Common Misconceptions
Light and sound have the same 
wave nature but have different 
frequencies.

FACT Sound is mechanical 
in nature while light is 
electromagnetic.

Light is fundamentally different from 
radio waves, microwaves, and X-rays.

FACT Light, like radio waves, 
microwaves, and X-rays, is 
electromagnetic.

� Teaching Tip Call 
attention to Figure 27.4, the 
electromagnetic spectrum, and 
the tiny part that is light.

 Ask Where does sound fit in 
the electromagnetic spectrum? 
It doesn’t! Sound is a mechanical 
wave, a vibration of material 
particles. It too has a spectrum, 
only a small part of which is 
heard! Electromagnetic waves 
are not vibrations of material, 
but are vibrations of pure energy.

 The electromagnetic 
spectrum consists 

of radio waves, microwaves, 
infrared light, ultraviolet rays, 
X-rays, and gamma rays.

T e a c h i n g  R e s o u r c e s

• Transparency 57

• Next-Time Questions
27-1, 27-2

CONCEPT
CHECK ...

...CONCEPT
CHECK ...

...
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27.4 Light and Transparent Materials 
Light is energy carried in an electromagnetic wave that is generated by 
vibrating electric charges. When light strikes matter, electrons in the 
matter are forced into vibration. In effect, vibrations in an emitter are 
transferred to vibrations in a receiver. This is similar to the way sound 
is received by a receiver, as shown in Figure 27.5.

Exactly how a receiving material responds when light is incident 
upon it depends on the frequency of the light and the natural fre-
quency of electrons in the material. Visible light vibrates at a very high 
rate, more than 100 trillion times per second (1014 hertz). If a charged 
object is to respond to these ultrafast vibrations, it must have very 
little inertia. Electrons have a small enough mass to vibrate this fast. 

Light passes through materials whose atoms absorb the 
energy and immediately reemit it as light. Materials that transmit 
light are  transparent.  Glass and water are transparent. Visualize the 
electrons in an atom as connected by imaginary springs, as shown in 
Figure 27.6. When light hits the electrons, they vibrate.

Materials that are springy (elastic) respond more to vibrations at 
some frequencies than at others. Bells ring at a particular frequency, 
tuning forks vibrate at a particular frequency, and so do the electrons 
in matter. The natural vibration frequencies of an electron depend 
on how strongly it is attached to a nearby nucleus. Different materials 
have different electric “spring strengths.”

Electrons in glass have a natural vibration frequency in the ultravi-
olet range. When ultraviolet light shines on glass, resonance occurs as 
the wave builds and maintains a large vibration between the electron 
and the atomic nucleus, just as a large vibration is built when pushing 
someone at the resonant frequency on a swing. The energy received 
by the atom can be either passed on to neighboring atoms by colli-
sions or reemitted as light. If ultraviolet light interacts with an atom 
that has the same natural frequency, the vibration amplitude of its 
electrons becomes unusually large. The atom typically holds on to this 
energy for about 1 million vibrations or 100 millionths of a second. 

During this time the atom makes many collisions with other 
atoms and gives up its energy in the form of heat. That’s why glass is 
not transparent to ultraviolet.

�  FIGURE 27.5
Just as a sound wave can 
force a sound receiver into 
vibration, a light wave can 
force charged particles in 
materials into vibration.

FIGURE 27.6 �
The electrons of atoms in 
glass can be imagined to 
be bound to the atomic 
nucleus as if connected 
by springs.
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27.4 Light and 
Transparent Materials

Key Term
transparent

� Teaching Tip Recall your 
demonstration of sound 
resonance from Chapter 26. 
Sound resonance, which is 
experienced by your students, 
becomes the basis for 
understanding the interaction 
of light with matter. In some 
cases light strikes a material and 
rebounds, a phenomenon called 
reflection (Chapter 29). In other 
cases where light continues 
through the material, we call the 
material transparent.

� Teaching Tip In Figure 27.6, 
the springs are models for the 
quantum forces that bind 
electrons to the positive nucleus. 
Point out the value of such 
scientific models in understanding 
physical phenomena. A model 
is not correct or incorrect, but 
useful or nonuseful. Models must 
be refined or abandoned as they 
fail to account for various aspects 
of a phenomenon.

Note the “depth of the plow” 
in the discussion of light 
transmission, reflection, and 
absorption. The aim is not 
to separate and name these 
categories, but to get into the 
physics. Your students will get 
into some rather deep physics 
in this chapter—a depth they 
can understand. Understanding 
more than one may expect, 
and discovering more than one 
thought there was, is a real joy 
of learning. This should be an 
enjoyable chapter.
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But when the electromagnetic wave has a lower frequency than 
ultraviolet, as visible light does, the electrons are forced into vibration 
with smaller amplitudes. The atom holds the energy for less time, 
with less chance of collision with neighboring atoms, and less energy 
is transferred as heat. The energy of the vibrating electrons is reemit-
ted as transmitted light. Glass is transparent to all the frequencies of 
visible light. The frequency of the reemitted light passed from atom 
to atom is identical to that of the light that produced the vibration 
to begin with. The main difference is a slight time delay between 
absorption and reemission.

This time delay results in a lower average speed of light through 
a transparent material. See Figure 27.7. Light travels at different aver-
age speeds through different materials. In a vacuum, the speed of 
light is a constant 300,000 km/s; we call this speed of light c. Light 
travels at a speed a very small amount less than c in the atmosphere, 
but its speed there is usually rounded off to c. In water, light travels at 
75% of its speed in a vacuum, or 0.75c. In glass, light travels at about 
0.67c, depending on the type of glass. In a diamond, light travels at 
only 0.40c, less than half its speed in a vacuum. When light emerges 
from these materials into the air, it travels at its original speed, c.

Infrared waves, which have frequencies lower than visible light, 
vibrate not only the electrons, but also the entire structure of the 
glass. This vibration of the structure increases the internal energy of 
the glass and makes it warmer. As Figure 27.8 shows, glass is trans-
parent to visible light, but not to ultraviolet and infrared light.

CONCEPT
CHECK ...

... What kind of materials does light pass through?

FIGURE 27.7 �
A light wave incident upon a pane of glass sets 
up vibrations in the atoms. Because of the time 
delay between absorptions and reemissions, the 
average speed of light in glass is less than c.

Atoms are like opti-
cal tuning forks that 
resonate at certain 
frequencies.
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� Teaching Tip Explain that 
you cannot get sunburned 
through ordinary window glass 
because the glass does not 
transmit the frequencies of 
sunlight that cause the sunburn. 
However, UV light bulbs are 
made with a quartz glass that 
does allow UV transmission.

� Teaching Tip The reduction 
of the speed of light that is 
discussed in Figure 27.7 is an 
important concept in the 
understanding of refraction 
(Chapter 29). Between 
interactions, in the void that 
exists in materials, the speed 
of light is c. Because of 
interactions, the average speed 
of light through the material is 
less than c.

� Teaching Tip Explain that 
though light can bend (refract) 
at the interface between two 
media, while it is inside a 
transparent medium of uniform 
density, light does travel in 
straight lines.

 Ask Why is light slower 
while in transparent materials 
such as water or glass than it 
is in a vacuum? According to 
the model treated in the text, 
there is a time delay between 
the absorption of light and its re-
emission. This time delay serves 
to decrease the average speed of 
light in a transparent material. 
Similarly, the average speed of a 
basketball moving down a court 
depends on the holding time of 
each player.

 Light passes through 
materials whose 

atoms absorb the energy and 
immediately reemit it as light.

T e a c h i n g  R e s o u r c e s

• PresentationEXPRESS

• Interactive Textbook

CONCEPT
CHECK ...

...CONCEPT
CHECK ...

...
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discover!

Why is wetter darker?
1. Note the color of a surface and then wet it. 

2. How did wetting the surface change its appearance? 

3. Think What happens with each bounce as light 
bounces around inside the transparent wet region?

27.5 Opaque Materials
Materials that absorb light without reemission and thus allow no 
light through them are  opaque.  Wood, stone, and people are opaque. 

In opaque materials, any coordinated vibrations given by light to 
the atoms and molecules are turned into random kinetic energy—
that is, into internal energy. The materials become slightly warmer.

Metals are also opaque. Interestingly enough, in metals, the outer 
electrons of atoms are not bound to any particular atom. They are 
free to wander with very little restraint throughout the material. 
That’s why metal conducts electricity and heat so well. When light 
shines on metal and sets these free electrons into vibration, their 
energy does not “spring” from atom to atom in the material but is 
reemitted as visible light. This reemitted light is seen as a reflection. 
That’s why metals are shiny.

Our atmosphere is transparent to visible light and some infra-
red, but fortunately, it is almost opaque to high-frequency ultra-
violet waves. The small amount of ultraviolet that does get through 
is responsible for sunburns. If it all got through, we wouldn’t dare 
go out in the sun without protection. Clouds are semitransparent 
to ultraviolet, which is why you can get a sunburn on a cloudy day. 
Ultraviolet also reflects from sand and water, which is why you can 
sometimes get a sunburn while in the shade of a beach umbrella.

CONCEPT
CHECK ...

... Why does light not pass through opaque materials?

� FIGURE 27.8
Glass blocks both infrared 
and ultraviolet but is 
transparent to all the 
frequencies of visible light.

Why is glass transparent 
to visible light but opaque 
to ultraviolet and infrared?
Answer: 27.5

think!
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27.5  Opaque 
Materials

Key Term
opaque

� Teaching Tip State that when 
light is incident upon a material 
it can behave in three ways: 
(1) it can bounce off (reflect), 
(2) it can be transmitted through 
the material, or (3) it can be 
absorbed by the material. Usually 
a combination of all three occurs. 

� Teaching Tip Explain that 
when absorption occurs, the 
vibrations given to electrons by 
incident light are often great 
enough to last for a relatively 
long time, during which the 
vibratory energy is shared by 
collisions with neighboring 
atoms. The absorbed energy 
warms the material.

 In opaque materials, 
any coordinated 

vibrations given by light to the 
atoms and molecules are turned 
into random kinetic energy—that 
is, into internal energy.

discover!

MATERIALS miscellaneous 
objects, water

EXPECTED OUTCOME Students 
will find that when they wet 
an object it will appear darker.

THINK As the light bounces 
around inside the transparent 
wet region, some absorption 
of light occurs at each bounce. 
The amount of light that 
eventually bounces to the eyes 
is less than the amount of 
light that would bounce off a 
similar, but dry, object.

CONCEPT
CHECK ...

...CONCEPT
CHECK ...

...
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27.6 Shadows
A thin beam of light is often called a  ray.  Any beam of light—no 
matter how wide—can be thought of as made of a bundle of rays. 

When light shines on an object, some of the rays may be stopped 
while others pass on in a straight-line path. Look at Figure 27.9. 
A  shadow  is formed where light rays cannot reach. Sharp shadows 
are produced by a small light source nearby or by a larger source 
farther away. However, most shadows are somewhat blurry. There is 
usually a dark part on the inside and a lighter part around the edges. 
A total shadow is called an  umbra.  A partial shadow is called a 
 penumbra.  A penumbra appears where some of the light is blocked 
but where other light fills in. This can happen where light from one 
source is blocked and light from another source fills in, as in Figure 
27.10. Or a penumbra occurs where light from a broad source is only 
partially blocked.

FIGURE 27.9 �
A large light source 
produces a softer shadow 
than a smaller source.

FIGURE 27.10 �
The sharpness of a shadow depends on the distance between the object 
and the wall. a. An object held close to a wall casts a sharp shadow. 
b. As the object is moved farther away, penumbras are formed and cut 
down on the umbra. c. When it is very far away, all the penumbras mix 
together into a big blur.

a b c
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 Ask Why is a black tar 
road hotter to the touch than 
a pane of window glass in the 
sunlight? Sunlight is absorbed 
and converted to internal 
energy in the road surface, but is 
transmitted through the glass to 
somewhere else.

 Ask Why do eyeglasses that 
turn to sunshades when exposed 
to the sun not work inside a car? 
UV activates the shading, 
which doesn’t get through the 
windshield of the car!

T e a c h i n g  R e s o u r c e s

• Reading and Study 
Workbook

• PresentationEXPRESS

• Interactive Textbook

27.6 Shadows

Key Terms
ray, shadow, umbra, penumbra

� Teaching Tip Illustrate the 
different shadows cast by small 
and large sources of light. Ask 
why there appears to be no 
definite shadow of students’ 
hands when held above their 
desks. Relate this to the multiple 
sources and diffusion of light in 
the room.
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A dramatic example of a penumbra occurs when the moon passes 
between Earth and the sun—during a solar eclipse. Look at Figure 
27.11. Because of the large size of the sun, the rays taper to provide 
an umbra and a surrounding penumbra. The moon’s shadow barely 
reaches Earth. If you stand in the umbra part of the shadow, you 
experience brief darkness during the day. If you stand in the penum-
bra, you experience a partial eclipse. The sunlight is dimmed, and the 
sun appears as a crescent. 27.6

Now look at Figure 27.12. Earth, like most objects in sunlight, 
casts a shadow. This shadow extends into space, and sometimes the 
moon passes into it. When this happens, we have a lunar eclipse. 
Whereas a solar eclipse can be observed only in a small region of 
Earth at a given time, a lunar eclipse can be seen by all observers on 
the nighttime half of Earth. 

Shadows also occur when light is bent in passing through a 
transparent material such as water. In Figure 27.13 shadows are cast 
by turbulent, rising warm water. 
Light travels at slightly different 
speeds in warm and in cold water. 
The change in speed causes light 
to bend, just as layers of warm 
and cool air in the night sky bend 
starlight and cause the twinkling 
of stars. Some of the light gets 
deflected a bit and leaves darker 
places on the wall. The shapes of the 
shadows depend on how the light is 
bent. You will learn more about the 
bending of light in Chapter 29.

CONCEPT
CHECK ...
... What causes the formation of shadows?

� FIGURE 27.11
An eclipse of the sun 
occurs when the moon’s 
shadow falls on Earth.

� FIGURE 27.12
An eclipse of the moon 
occurs when Earth’s 
shadow falls on the moon.

� FIGURE 27.13
A heater at the tip of 
this submerged J-tube 
produces convection
currents in the water. 
They are revealed by 
shadows cast by light that 
is deflected differently by 
the water of different 
temperatures.

Why are lunar eclipses 
more commonly seen 
than solar eclipses? 
Answer: 27.6

think!
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� Teaching Tip Use Figures 
27.11 and 27.12 to explain solar 
and lunar eclipses.

 Ask Does Earth cast a 
shadow in space whenever 
a solar or lunar eclipse 
occurs? Yes, but not only when 
these events occur—Earth, like 
all objects illuminated by light 
from a concentrated source, 
casts a shadow. Evidence of this 
perpetual shadow is seen at these 
special times.

 When light shines on 
an object, some of 

the rays may be stopped while 
others pass on in a straight-line 
path.

T e a c h i n g  R e s o u r c e s

• Reading and Study 
Workbook

• Concept-Development 
Practice Book 27-1

• Laboratory Manual 73

• PresentationEXPRESS

• Interactive Textbook

CONCEPT
CHECK ...

...CONCEPT
CHECK ...

...
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27.7 Polarization
Light travels in waves. The fact that the waves are transverse—
and not longitudinal—is demonstrated by the phenomenon of 
polarization.  If you shake the end of a horizontal rope, as in Figure 
27.14, a transverse wave travels along the rope. The vibrations are 
back and forth in one direction, and the wave is said to be polar-
ized. If the rope is shaken up and down, a vertically polarized wave is 
produced; that is, the waves traveling along the rope are confined to 
a vertical plane. If the rope is shaken from side to side, a horizontally 
polarized wave is produced.

FIGURE 27.14 �
A vertically polarized 
wave is on the left and 
a horizontally polarized 
wave is on the right.

FIGURE 27.15 �
Polarized light lies along the 
same plane as that of the 
vibrations of the electron 
that emits it.

A single vibrating electron emits an electromagnetic wave that is 
polarized. A vertically vibrating electron emits light that is vertically 
polarized, while a horizontally vibrating electron emits light that is 
horizontally polarized, as shown in Figure 27.15.

A common light source, such as an incandescent or fluorescent 
lamp, a candle flame, or the sun, emits light that is not polarized. This 
is because the vibrating electrons that produce the light vibrate in 
random directions. When light from these sources shines on a polar-
izing filter, such as that from which Polaroid® sunglasses are made, 
the light that is transmitted is polarized. The filter is said to have a 
polarization axis that is in the direction of the vibrations of the polar-
ized light wave.

Light will pass through a pair of polarizing filters when their 
polarization axes are aligned but not when they are crossed at right 
angles. This behavior is very much like the filtering of a vibrating rope 
that passes through a pair of picket fences, as shown in Figure 27.16.
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27.7 Polarization

Key Term
polarization

Pass light through a pair of 
similarly aligned polarizing 
filters on an overhead 
projector. Then rotate the 
top filter 90°. Your students 
will be amazed by the sudden 
darkness on the screen. Then 
repeat the process with two 
pairs of Polaroid sunglasses.

Tie a rubber tube or rope to 
a distant firm support and 
pass it through a grating 
such as a refrigerator or 
oven shelf. Have a student 
hold the grating while you 
shake the free end of the 
tube and produce transverse 
waves. Show that when the 
grating axis and the plane of 
polarization are aligned, the 
wave passes. When they are at 
right angles to each other, the 
wave is blocked.

T e a c h i n g  R e s o u r c e s

• Reading and Study 
Workbook

• Concept-Development 
Practice Book 27-2

• Laboratory Manual 74

• Transparency 58

• PresentationEXPRESS

• Interactive Textbook

• Next-Time Question 27-3

DemonstrationsDemonstrations
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When you skip flat stones across the surface of a pond, stones 
with flat sides parallel to the water bounce (“reflect”), but stones 
with flat sides at right angles to the surface penetrate the water 
(“refract”). Light behaves similarly. The flat side of a stone is like the 
plane of vibration of polarized light. Light that reflects at glanc-
ing angles from nonmetallic surfaces, such as glass, water, or roads, 
vibrates mainly in the plane of the reflecting surface. So glare from 
a horizontal surface is horizontally polarized. The axes of Polaroid 
sunglasses are vertical so that glare from horizontal surfaces is elimi-
nated. Figure 27.17 demonstrates the effect the orientation of polar-
izing filters has on the transmission of light.

CONCEPT
CHECK ...

... Why is glare from a horizontal surface horizontally 
polarized?

FIGURE 27.16 �
A rope analogy 
illustrates the effect of 
crossed sheets of polar-
izing material.

� FIGURE 27.17
a. Light is transmitted when 
the axes of the polarizing 
filters are aligned. b. Light is 
absorbed when they are at 
right angles to each other.  
c. Surprisingly, when a third 
filter is sandwiched between 
the two crossed ones, light 
is transmitted.

a b c

0532_CP09_SE_CH27.indd 543 11/28/07 12:21:29 PM

543

� Teaching Tip When 
discussing Figure 27.17, point out 
how the sandwiching of a third 
Polaroid as shown in the right 
photo produces an unexpected 
effect. To explain this effect, use 
vector diagrams similar to the 
ones below.

An ideal polarizer transmits 
50% of the incident light. The 
transmitted vectors are aligned 
and the light is polarized. As 
shown in the vector diagram, 
50% of the incident light vectors 
are transmitted by the first 
sheet, 50% cos u gets through 
the second sheet, where u is the 
angle between the polarization 
axes of both sheets, and 50% 
(cos u 3 cos w) gets through the 
third sheet, where w is the angle 
between the polarization axes 
of the second and third sheets. 
The emerging vector represents 
the amplitude of the emerging 
light. For a value of 45° for 
both angles, the amplitude that 
emerges is 25% of the incident 
amplitude. Since the intensity 
of any wave is proportional to 
the square of the amplitude, the 
intensity emerging would be 
25% of 25%, or 6.25%, of the 
incident intensity.

� Teaching Tip Explain that 
the light that reflects from 
nonmetallic surfaces is polarized 
parallel to the plane of the 
surface. Make the analogy of 
skipping flat rocks off a water 
surface only when the plane of 
the rock is parallel to the water 
surface.

 Light that reflects at 
glancing angles from 

nonmetallic surfaces, such as 
glass, water, or roads, vibrates 
mainly in the plane of the 
reflecting surface.

CONCEPT
CHECK ...

...CONCEPT
CHECK ...

...
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 discover!

Which eye do you use more?  
1. Hold a finger up at arm’s length. With both eyes 

open, look past your finger to a distant object. 

2. Now close your right eye. Does your finger jump to the right? If 
so, then you use your right eye more. 

3. Check this by repeating with your left eye. Check with your 
friends. Is a left-handed person more likely to be left-eyed? 

4. Think Is a right-handed person more likely to be right-eyed?

27.8 Polarized Light and 3-D Viewing
Vision in three dimensions depends on the fact that both eyes give 
impressions simultaneously (or nearly so), each eye viewing a scene 
from a slightly different angle. To convince yourself of this, hold 
an upright finger at arm’s length and see how it switches position 
relative to the background as you alternately close each eye. The 
view seen by each eye is different. The combination of views in the 
eye-brain system gives depth. Look at Figure 27.18. A pair of 
photographs or movie frames, taken a short distance apart (about 
average eye spacing), can be seen in 3-D when the left eye sees only 
the left view and the right eye sees only the right view. Slide shows 
or movies accomplish this by projecting the pair of views through 
polarization filters onto a screen. Their polarization axes are at right 
angles to each other, as shown in Figure 27.19. The overlapping pic-
tures look blurry to the naked eye. 

Which pair of glasses is 
best suited for automo-
bile drivers? (The polar-
ization axes are shown by 
the straight lines.) 
Answer: 27.8

think!

A

B

C

FIGURE 27.18 �
When your left eye looks at the left view of the statement 
while your right eye looks at the right view, your eye-brain 
system combines them to produce depth. The second and 
fourth lines appear farther away. To see this, place your 
face to the book with your nose touching the page. Now 
very slowly, without trying to focus your eyes at any one 
point, move away from the figure. If you’ve moved 30 cen-
timeters and still haven’t seen the stereo effect, start over. 
It may take a few tries.

Polarization tells us 
whether a wave is tran-
verse or longitudinal. 
Polarization occurs for a 
transverse wave only.
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discover!

EXPECTED OUTCOME Students 
should be able to determine 
which eye they use more.

THINK Compare the results 
of your class and make up a 
data table to see if there is 
a correlation between the 
results and the right- or left-
handedness of the students in 
your class.

27.8 Polarized Light 
and 3-D Viewing
� Teaching Tip Explain that 
there are a variety of 3-D viewing 
techniques, all of which involve 
each eye seeing a different 
view—binocular vision. 

The Polaroid discussion here 
is a conceptually useful way 
to understand 3-D viewing in 
general and is also important 
from a historical point of view 
(no pun intended!).
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To see in 3-D, the viewer wears polarizing eyeglasses with the lens 
axes also at right angles. In this way each eye sees a separate picture, 
just as in real life. The brain interprets the two pictures as a single 
picture with a feeling of depth. (Hand-held stereo viewers produce 
the same effect.)

Depth is also seen in computer-generated stereograms, as in 
Figure 27.20. Here, the slightly different patterns are hidden from a 
casual view. You can view the message of the figure (what this book 
is about!) with the procedure for viewing Figure 27.18. Once you’ve 
mastered the viewing technique, head for the local mall and check the 
variety of stereograms in posters and books.

CONCEPT
CHECK ...

... How can you see photographs or movies in 3-D?

� FIGURE 27.19
A 3-D slide show uses 
polarizing filters. The left 
eye sees only polarized light 
from the left projector; the 
right eye sees only polarized 
light from the right 
projector. Both views merge 
in the brain to produce an 
image with depth.

FIGURE 27.20 �
Read the message in this computer-generated stereogram.
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Have students make up some 
2-in. 3 2-in. slides of cut and 
crinkled cellophane mounted 
on Polaroid material (which 
can be obtained inexpensively 
from any scientific supply 
company). Place the slides in 
a slide projector and rotate a 
sheet of Polaroid material in 
front of the projecting lens 
so that a changing montage 
of colors is displayed on the 
screen. Include a showing of 
color slides of the interference 
colors seen in the everyday 
environment, as well as of 
microscopic crystals. This 
is more effective with two 
projectors to produce hand 
dissolving from image to 
image on the screen. Do this 
in rhythm to some music and 
you’ll have an unforgettable 
lecture demonstration! This 
demonstration neatly ushers 
you into the next chapter, the 
study of color!

 A pair of 
photographs or 

movie frames, taken a short 
distance apart (about average 
eye spacing), can be seen in 3-D 
when the left eye sees only the 
left view and the right eye sees 
only the right view.

DemonstrationDemonstration

CONCEPT
CHECK ...

...CONCEPT
CHECK ...

...

 The following demonstration can 
be presented now as a follow-up 
to polarization, or you can save 
it until you discuss interference 
in Chapter 31. Either way, it will 
be one of your most memorable 
demonstrations. My students 
report that this is the best part 
of my course—about which, of 
course, I have mixed feelings. 
I would prefer that some of my 
explanations were the highlight 
of my course!
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Are the vertical lines 
parallel?

Both rectangles are equally bright. Cover the boundary between 
them with a pencil and see.

Are the tiles really crooked?
Is the hat taller than  
the brim is wide?

What does this sign read?Do these lines move?

Could you make this 
in the shop?

FIGURE 27.21 � Try each of the optical Illusions below.
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� Teaching Tip If you want 
to discuss the viewing of three-
dimensional slides and movies, 
you’ll have a transition to such 
displays by way of sunglasses C 
on p. 544.

� Teaching Tip In Figure 27.21, 
the vertical lines are parallel, and 
the tiles are not crooked. (Look 
at the page at a grazing angle.) 
The width of the hat is the same 
as its height, the “fork” and 
“rectangular” piece could not be 
made in the shop, and there are 
two THE’s in PARIS IN THE THE 
SPRING.

� Teaching Tip The rectangles 
at the top right of the page 
illustrate a phenomenon called 
lateral inhibition. Lateral 
inhibition prevents the brightest 
places in the visual field from 
outshining the rest. Whenever 
a receptor cell on the retina 
sends a brightness signal to the 
brain, it also signals neighboring 
cells to dim their responses. The 
visual field is evened out, and a 
person can discern detail in very 
bright areas and in dark areas as 
well. The rectangle on the left 
appears dimmer than the one 
on the right when the edge that 
separates them is in our view. But 
cover the edge with a pencil and 
you’ll see that the rectangles are 
equally bright. Each rectangle 
is shaded lighter to darker, 
from left to right. The eye 
concentrates on the boundary 
where the dark edge of the left 
rectangle joins the light edge of 
the right rectangle, and the eye–
brain system assumes that the 
rest of the square is the same.

T e a c h i n g  R e s o u r c e s

• Probeware Lab Manual 14

• Transparency 59

• PresentationEXPRESS

• Interactive Textbook
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Concept Summary 

• Light has a dual nature, part particle and 
part wave.

• Michelson’s experimental value for the 
speed of light was 299,920 km/s, usually 
rounded to 300,000 km/s.

• The electromagnetic spectrum consists of 
radio waves, microwaves, infrared, light, 
ultraviolet rays, X-rays, and gamma rays.

• Light passes through materials whose 
atoms absorb the energy and immediately 
reemit it as light.

• In opaque materials, any coordinated 
vibrations given by light to the atoms and 
molecules are turned into internal energy.

• When light shines on an object, some of 
the rays may be stopped while others pass 
on in a straight-line path.

• Light that reflects at glancing angles from 
nonmetallic surfaces vibrates mainly in 
the plane of the reflecting surface.

• A pair of images can be seen in 3-D when 
the left eye sees only the left view and the 
right eye sees only the right view. 

Key Terms 
photon (p. 533)

light-year (p. 535)

electromagnetic
wave (p. 536)

electromagnetic
spectrum (p. 536)

infrared (p. 536)

ultraviolet (p. 536) 

transparent (p. 537)

opaque (p. 539)

ray (p. 540)

shadow (p. 540)

umbra (p. 540)

penumbra (p. 540)

polarization (p. 542)

   27.2 Yes, light would enter the eyepiece whenever 

the octagonal mirror turned in multiples of 

1
8 rotation—   ,   , 1, etc.—in the time the

1
4

1
2

light made its round trip. What is required is 
that any of the eight faces be in place when 
the reflected flash returns from the moun-
tain. Michelson did not spin the mirror fast 
enough, however, for these other possibilities 
to occur.

27.5 The natural frequency of vibration for elec-
trons in glass matches the frequency of ultra-
violet light, so resonance in the glass occurs 
when ultraviolet waves shine on it. These 
energetic vibrations of electrons generate heat 
instead of wave reemission, so the glass is 
opaque to ultraviolet. In the range of visible 
light, the forced vibrations of electrons in the 
glass are more subtle, and reemission of light 
rather than the generation of heat occurs, 
so the glass is transparent. Lower-frequency 
infrared causes entire atomic structures, not 
just electrons, to resonate, so heat is gener-
ated, and the glass is opaque to infrared. 

27.6 There are usually two of each every year. 
However, the shadow of the moon on Earth 
is very small compared with the shadow of 
Earth on the moon. Only a relatively few 
people are in the shadow of the moon (solar 
eclipse), while everybody who views the 
nighttime sky can see the shadow of Earth on 
the moon (lunar eclipse). 

27.8 Pair A is best suited because the vertical 
axes blocks horizontally polarized light that 
composes much of the glare from horizontal 
surfaces. (Pair C is suited for viewing 3-D 
movies.)

think! Answers
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Check Concepts 
Section 27.1
 1. a. What is a photon? 
  b.  Which theory of light is the photon more 

consistent with—the wave theory or the 
particle theory? 

Section 27.2
 2. How long does it take for light to travel 

across the diameter of Earth’s orbit around 
the sun?

 3. How did a spinning octagonal mirror help 
Michelson calculate the time that light 
took to make the round trip to the distant 
mountain?

 4. How long does light take to travel from the 
sun to Earth? From the star Alpha Centauri 
to Earth?

 5. How long does light take to travel a distance 
of one light-year? 

Section 27.3
 6. What is the source of electromagnetic 

waves? 

 7. Is light simply a small segment of the elec-
tromagnetic spectrum? Defend your answer. 

 8. How do the frequencies of infrared and 
ultraviolet light compare?

Section 27.4
 9. How does the role of inertia relate to the 

rate at which electric charges can be forced 
into vibration? 

 10. Different bells and tuning forks have their 
own natural vibrations and emit their own 
tones when struck. How is this analogous to 
atoms, molecules, and light? 

 11. Light incident upon a pane of glass slows 
down in passing through the glass. Does 
it emerge at a slower speed or at its initial 
speed? Explain. 

 12. Will glass be transparent to light with 
frequencies that match its own natural 
frequencies? 

 13. Does the time delay between the absorption 
and reemission of light affect the average 
speed of light in a material? Explain.

 14. When light encounters a material, it can 
build up vibrations in the electrons of 
certain atoms that may be intense enough 
to last over a long period of time. Will the 
energy of these vibrations tend to be ab-
sorbed and turned into heat or absorbed 
and reemitted as light? 

 15. Why would you expect the speed of light to  
be slightly less in the atmosphere than in a  
vacuum?
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   ASSESS

Check Concepts
 1. a. Particle of light 

b. Particle theory

 2. About 1000 s

 3. He knew the spin rate of the 
rotating mirror.

 4. About 8 min; about 4 yr

 5. 1 yr

 6. Accelerating electric charges

 7. Yes; the spectrum is also 
made up of radio waves, IR, 
UV, X-rays, and gamma rays.

 8. Increase from IR to UV 

 9. Low inertia permits rapid 
vibration.

 10. Vibrating electrons in atoms 
and molecules emit light.

 11. Initial speed; no absorption–
emission delays outside

 12. No, energy is absorbed and 
converted to heat.

 13. Yes; smaller delays, higher 
average speed

 14. Absorbed and turned into 
heat

 15. There are interaction delays in 
the atmosphere.

 16. Turns into thermal energy

 17. Metals have free electrons 
that vibrate, stop, and reemit 
light.

 18. Umbra—total shadow; 
penumbra—partial shadow

 19. a. Solar—moon shadow on 
Earth; lunar—Earth shadow 
on the moon 

  b. Solar

 20. Polarized—vibrations occur 
in one plane; nonpolarized—
vibrations occur in all planes.

0532_cp09te_CH27.indd   5480532_cp09te_CH27.indd   548 1/29/08   9:12:34 AM1/29/08   9:12:34 AM



0532_CP09_SE_CH27.indd 548 11/28/07 12:21:50 PM

For:
Visit:
Web Code:  –

Self-Assessment
 PHSchool.com
  csa 2700

CHAPTER 27  LIGHT 549CHAPTER 27  LIGHT  549

Section 27.5
 16. What happens to the energy of light when it 

encounters an opaque material? 

 17. Why are metals shiny in appearance? 

Section 27.6
 18. Distinguish between an umbra and a 

penumbra. 

 19. a.  Distinguish between a solar eclipse and a 
lunar eclipse. 

  b.  Which type of eclipse is dangerous to 
your eyes if viewed directly? 

Section 27.7
 20. What is the difference between light that is  

polarized and light that is not? 

 21. Why is light from a common lamp or from  
a candle flame nonpolarized?

 22. In what direction is the polarization of 
the glare that reflects from a horizontal 
surface?

Section 27.8 
 23. How do polarizing filters allow each eye 

to see separate images in the projection of 
three-dimensional slides or movies?

Think and Explain 
 24. When you look at a distant galaxy through 

a telescope, how is it that you’re looking 
backward in time?

 25. When we look at the sun, we are seeing it as 
it was 8 minutes ago. So we can only see the 
sun “in the past.” When you look at the back 
of your own hand, do you see it now or in 
the past?

 26. What evidence can you cite to support the 
idea that light can travel through a vacuum?

 27. Which have the longest wavelengths—light 
waves, X-rays, or radio waves?

 28. Which has the shorter wavelengths, ultra-
violet or infrared? Which has the higher 
frequencies?

 29. Your friend says that microwaves and ultra-
violet light have different wavelengths but 
travel through space at the same speed. Do 
you agree or disagree? Explain.

 30. Your friend says that any radio wave travels 
appreciably faster than any sound wave. Do 
you agree or disagree, and why?

 31. Are the wavelengths of radio and television 
signals longer or shorter than waves detect-
able by the human eye?

 32. A helium-neon laser emits light of wave-
length 6.33 � 10�7 m. Light from an argon 
laser has a wavelength of 5.15 � 10�7m. 
Which laser emits the higher-frequency light?
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 21. Electrons vibrate randomly, so 
light alignment is random.

 22. Horizontal

 23. The Polaroid pairs in the 
projector and the glasses are 
at right angles.

Think and Explain
 24. You’re seeing the galaxies as 

they “were” when light left 
them, long, long ago.

 25.  You see your hand in the 
past! How much? To find out, 
simply divide the distance 
between your hands and your 
eyes by the speed of light. (At 
30 cm, this is about a billionth 
of a second.)

 26.  Sunlight and starlight are 
seen from Earth.

 27.  The wavelengths of radio 
waves are longer than those 
of light waves, which are 
longer than the wavelengths 
of X-rays.

 28.  Ultraviolet has shorter 
wavelengths than infrared. 
Correspondingly, ultraviolet 
also has the higher 
frequencies.

 29.  Agree

 30.  Agree, a radio wave is an 
electromagnetic wave while 
sound is a mechanical wave.

 31.  Both are much longer 
because their frequencies 
are much lower than the 
frequencies of visible light.

 32.  The shorter wavelength 
corresponds to a higher 
frequency, so the frequency 
of the blue-green light from 
the argon laser has a higher 
frequency than the red light 
from the helium-neon laser.
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 33. If the octagonal mirror in the Michelson 
apparatus were spun at twice the speed that 
produced light in the eyepiece, would light 
still be seen? Would light be seen if the mir-
ror spun 2.1 times the speed? Explain.

 34. If the mirror in Michelson’s apparatus had 
had six sides instead of eight, would it have 
had to spin faster or more slowly to mea-
sure the speed of light? Explain.

 35. If a one-side-silvered plane mirror were 
used in the Michelson apparatus, how much 
faster would it have had to spin so reflected 
light would be seen in the telescope?

 36. You can get a sunburn on a sunny day and 
on an overcast day. But you cannot get a 
sunburn if you are behind glass. Explain.

 37. Short wavelengths of visible light interact 
more frequently with the atoms in glass 
than do longer wavelengths. Does this inter-
action time tend to speed up or slow down 
the average speed of short-wavelength light 
in glass?

 38. Imagine that a person can walk only at a 
certain pace—no faster and no slower. If 
you time her uninterrupted walk across a 
room of known length, you can calculate 
her walking speed. If, however, she stops 
momentarily along the way to greet oth-
ers in the room, the extra time spent in her 
brief interactions gives an average speed 
across the room that is less than her walking 
speed. How is this like light passing through 
glass?  How is it different?

 39. If you fire a ball through a pile of sand, it will 
slow down in the sand and emerge at less 
than its initial speed. But when light shines 
on a pane of glass, even though it slows 
down inside, its speed upon emerging is the 
same as its initial speed. Explain.

 40. Short wavelengths of visible light interact 
more frequently with the atoms in glass 
than do longer wavelengths. Which do you 
suppose takes the longer time to get 
through glass—red light or blue light?

 41. Suppose that sunlight is incident upon both 
a pair of reading glasses and a pair of sun-
glasses. Which pair would you expect to be 
warmer, and why?

 42. Why does a high-flying plane cast little or 
no shadow on the ground, while a low-flying 
plane casts a sharp shadow?

 43. The intensity of light decreases as the inverse 
square of the distance from the source. Does 
this mean that light energy is lost? Explain.

 44. Only some of the people on the daytime 
side of Earth can witness a solar eclipse 
when it occurs, whereas all the people on 
the nighttime side of Earth can witness a 
lunar eclipse when it occurs. Why is this so? 
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 33.  Yes, the second facet of 
the mirror will be in the right 
place for reflection into the 
eyepiece. No, the second facet 
will not be in the right place. 

 34.  Faster, so that the round-
trip of the light flash would 
match 1/6 rotation.

 35.  Twice as fast. Light incident 
at 45° makes a round trip so 
the mirror must rotate 90° to 
be at 45° to the telescope. 
The next pulse of light will 
occur when the back of the 
mirror turns through 270°.

 36.  UV does not pass through 
glass.

 37.  The greater number of 
interactions per distance tends 
to slow the light and the result 
is a smaller average speed.

 38.  There is a pause with each 
interaction, but light is 
absorbed and “new” light 
is emitted each time.

 39.  Speed of ball decreases as 
it interacts with the sand. The 
photons that enter the glass 
are not the same photons that 
exit the glass. 

 40.  Blue—shorter wavelengths 

 41.  Sunglasses—absorb more 
sunlight

 42.  A low-flying plane casts an 
umbra and penumbra, while 
at higher levels the umbra is 
filled in by the penumbra.

 43.  Energy is spread out and 
diluted, but not “lost.” Light 
intensity gets weaker with 

  distance, but the total amount 
  of light over a spherical 

surface is the same at all 
distances from the source.

 44.  A solar eclipse is a shadow 
of the moon that reaches a 
relatively small part of the 
Earth, and only those people 
in the shadow experience it. 
But a lunar eclipse is Earth’s 
shadow upon the moon, 
which is visible to all who can 
see the moon. 
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 45. Lunar eclipses are always eclipses of a full 
moon. That is, the moon is always seen full 
just before and after Earth’s shadow passes 
over it. Why can we never have a lunar 
eclipse when the moon is in its crescent or 
half-moon phase? 

 46. Why do Polaroid sunglasses reduce glare, 
whereas unpolarized sunglasses simply cut 
down on the total amount of light reaching 
our eyes?

 47. An ideal polarizing filter transmits 50% 
of the incident nonpolarized light. Why is 
this so?

 48.  What percentage of light would be 
transmitted by two ideal polarizing filters, 
one atop the other, with their axes aligned? 
With their axes crossed at right angles?

Think and Solve 
To answer Questions 49–69, you need to 
know the following information.

The speed of light c is equal to the product of 
its wavelength l and its frequency f.

c f

The wavelengths of visible light range from 

400 nm in the violet to 700 nm in the red.

1 nm 10 9 m; 1 m 10 6 m

 49.  Light with wavelength � and frequency f
in air slows to a speed v when transmitted 
through a piece of plastic.

  a. What is the light’s frequency in the plastic?
  b.  What is the light’s wavelength in the            

plastic?

50. An atom emits violet light of wavelength 
450 nm for a period of 1.0 �10�10 seconds.  
Find the number of cycles the wave train 
contains.

 51. About 150 years ago Armand Fizeau used a 
toothed wheel to measure the speed of light. 
One particular wheel had 150 teeth with 150 
spaces (gaps) between them—the teeth and 
the gaps were of equal width. Light travels 
through the gap and is reflected back along 
its path by a mirror 8 km away. At what 
speed must the wheel rotate in order for the 
light to arrive back at the wheel and pass 
through the gap next to the one through 
which it first passed?

 52. A common wavelength designation is the 
nanometer (nm), where 1 nm = 10�9 m. 
Express the wavelength of the red light from 
a helium-neon laser, 0.000000633 m, in 
nanometers.

 53. Express the wavelength of infrared light 
from an argon laser, 0.00000109 m, in 
nanometers.
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 45.  A lunar eclipse requires 
perfect alignment of Earth, 
sun, and moon with Earth 
between the sun and the 
moon. Almost perfect 
alignment gives the common 
full moon. At the time of a 
half moon, however, Earth, 
moon, and sun are not 
aligned, and no shadow of 
the Earth falls on the moon. 
Similarly for the non-aligned 
times of a crescent moon.

 46.  Polaroid glasses filter the 
glare of reflected light from 
horizontal surfaces. Ordinary 
sunglasses reduce overall 
transmission.

 47.  50% of the components 
of light are parallel to the 
polarization axis.

 48.  50%; none

Think and Solve
 49. a. Still f; frequency doesn’t 

change in the plastic. 
  b. Since v 5 fl, l 5 v/f.

 50.  Distance light travels d 5 
ct 5 (3 3 108 m/s)(1 3 
10210 s) 5 0.03 m. Number of 
cycles 5 d/l 5 (0.03 m)/(450 3 
1029 m) 5 6.7 3 104 cycles 

 51.  Time for light to make 
16-km round trip 5 time for 
wheel to make 1/150th of a 
turn. tround trip 5 d/c 5 

  (16 3 103 m)/(3 3 108 m/s) 5 
5.33 3 1025 s. Speed in rev/s 5 
(1/150 rev)/(5.33 3 1025 s) 5 
125 rev/s

 52.  0.000000633 m 3 
(1 nm/1029 m) 5 633 nm

 53.  0.000001090 m 3 
(1 nm/1029 m) 5 1090 nm
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54. Laser scientists use as a rule of thumb 
that the laser light running around their labs 
covers 1 foot in a nanosecond. Verify the 
correctness of this rule.

55. The nearest star beyond the sun is Alpha 
Centauri, which is 4.2 � 1016 meters away. If 
we were to receive a radio message from this 
star today, show that it would have been sent 
4.4 years ago.

56. The Hydra galaxy is moving away from 
Earth at 6.0 � 107 m/s. What fraction of the 
speed of light is this?

 57. When listening to a radio station broadcast-
ing at 101 MHz (101 million wave vibrations 
per second), you wonder how long the wave-
length of these waves is. What is the answer, 
and how does it compare to your height?

58. Blue-green light has a frequency of about 
6 � 1014 Hz. 
a. Using the relationship c f,  show that 

its wavelength in air is 5 � 10�7 m. 
b. How much larger is this wavelength than 

the diameter of an atom, which is about 
10�10 m?

59. Some laser pointers emit light waves with a 
wavelength of 533 nm. 

 a. What is the frequency of this light?
 b. Find the color of this light.

60. The wavelength of light emitted by a CO2

laser is 10.6 m. What frequency light is 
this, and in what part of the electromagnetic 
spectrum is it?

61. Atmospheric carbon dioxide strongly ab-
sorbs light in the 12.5 m to 18 m range. 
What frequency range does this correspond 
to, and in what part of the electromagnetic 
spectrum is it?

 62. Suppose that you wish to draw Figure 27.11 
(an eclipse of the sun) to scale on a roll of 
butcher paper, and you decide to use a scale 
of 1000 km = 1 cm on the paper. How large 
would the moon be (3500 km diameter)? 
Earth (12,800 km)? The sun (1,400,000 km 
diameter)? How far away from Earth would 
you have to draw the sun (Earth-sun distance
is 150,000,000 km)?

63.  A satellite TV company broadcasts its 
signals from its earthbound broadcast sta-
tion to a satellite in geosynchronous orbit 
36,000 km away and from there back to 
Earth’s surface. 
a.  How much time elapses between the time 

the signal leaves the station and the time 
it is received by someone’s satellite dish at 
h ome?

b.  Explain why the answer doesn’t depend 
very much on exactly where the TV 
company and the customer are located on 
Earth.
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 54.  d 5 ct 5 
(3 3 108 m/s)(1029 s) 5 0.3 m, 
which is about 1 foot

 55.  From d 5 ct, t 5 d/c 5 
(4.2 3 1016 m)/(3 3 108 m/s) 5 
1.4 3 108 s 3 (1 h/3600 s) 3 
(1 d/24 h) 3 (1 y/365 d) 5 4.4 y

 56.  v/c 5 (6.0 3 107 m/s)/(3 3 
108 m/s) 5 0.20, or 1/5 of c

 57.  From c 5 fl, l 5 c/f 5 
(3 3 108 m/s)/(101 3 106 s21) 5 
2.97 m, not quite 10 feet, so 
probably between 1.5 and 
2 times your height.

 58.  a. l 5 c/f 5 
(3 3 108 m/s)/(6 3 1014 s21) 5 
5 3 1027 m 
b. (5 3 1027 m)/(10210 m) 5 
5000 times larger

 59.  a. f 5 c/l 5 (3 3 108 m/s) 4 

  (533 3 1029 m) 5 
5.6 3 1014 Hz

  b. This is yellow-green light.

 60.  f 5 c/l 5 (3.0 3 108 m/s) 4 
(10.6 3 1026 m) 5 
2.8 3 1013 Hz; infrared

 61.  Range is from f18mm 5 
  c/l 5 (3.0 3 108 m/s) 4 

(18 3 1026 m) 5 1.7 3 1013 Hz 
to f12.5mm 5 c/l 5 (3.0 3 
108 m/s) 4 (12.5 3 1026 m) 5 
2.4 3 1013 Hz, all of which 
is infrared.

 62.  On this scale the diameter 
of the moon would be 
(3500 km)/(1000 km/cm) 5 
3.5 cm; Earth’s diameter 5 
12.8 cm; Sun’s diameter 5 
1400 cm. Distance between 
Earth and the sun, 
(150,000,000 km)/
(1000 km/cm) 5 150,000 cm 5 
1500 m 5 1.5 km. 

 63.  a. t 5 d/c 5 (2 3 36,000 3 
103 m)/(3 3 108 m/s) 5 0.24 s 
b. Compared to the 36,000 km 
distance to the satellite, any 
variation in distance due 
to your location on Earth’s 
surface would be small, so the 
time variation would be small.
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 64. Consider a pulse of laser light aimed at the 
moon that bounces back to Earth. The 
distance between Earth and the moon is 
3.8 � 108 m. 

  a.  Show that the round-trip time for the 
light is 2.5 seconds.

  b.  Why does an astronaut on the moon 
have to be patient in talking with Mission 
Control on Earth?

 65. Stephen uses his cell phone to talk to Fiona, 
who is reading downstairs, 12 meters away. 
The phone signal leaves Stephen’s phone, 
travels 6.0 km to a cell tower, and then is 
immediately sent to Fiona’s phone. When 
Stephen speaks, how long does the signal 
take to get from his phone to Fiona’s phone? 
How does this time compare with the time it 
would take for the sound to travel to Fiona if 
Stephen instead just yelled downstairs?

 66. A light wave has wavelength �.
  a.  Write an equation for the frequency of 

this light.
  b.  Convert the following wavelengths to 

frequencies in Hz: 400 nm, 500 nm, 
600 nm, and 700 nm.

  c.  What happens to the frequency of the 
light as the wavelength increases?

 67.  Linsey’s favorite radio station broadcasts 
at a frequency f.

  a.  Write an equation for the wavelength of 
these radio waves.

  b.  What is the ratio of ceiling height h to 
wavelength � for this wave?

c.  Calculate the answers for parts (a) and (b) 
above for a frequency of 97.3 MHz and a 
ceiling height of 2.4 meters.

 68. At some point in its solar orbit, Mars is a 
distance d away from Earth.

  a.  How long, in terms of distance d and the 
speed of light c, would it take for a radio 
wave sent by a video camera mounted on a 
Mars rover to tell people on Earth that the 
rover is about to go over a cliff?

  b.  How long would it take for a radio signal 
from Earth to reach the Rover telling it to 
stop?

  c.  Suppose that Mars is 144 million kilome-
ters from Earth. Calculate the time that 
elapses between the moment the Mars 
rover sends a signal to Earth and the time 
the stop signal returns to the rover?

 69. The wavelength of a particular color of visible 
light is �. A thumbnail has an approximate 
thickness x.

  a.  How many wavelengths of light thick is the 
thumbnail?

  b.  Green light has a wavelength of about 
500 nm. A thumbnail is about 0.40 mm 
thick. Calculate how many wavelengths 
thick the thumbnail is.

More Problem-Solving Practice
Appendix F
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 64.  a. t 5 d/c 5 [2(3.8 3 108 m)] 4 
  (3 3 108 m/s) 5 2.5 s
  b. Because it takes over a 

second for anything the 
astronaut says to make it to 
Earth, and the same time 
again for any response to 
make it back to the astronaut.

 65.  tcell phone signal 5 d/c 5 
  (2 3 6.0 3 103 m)/(3 3 

108 m/s) 5 4 3 1025 s. tsound5 
d/v 5 (12 m)/(343 m/s) 5 
0.035 s. So the cell phone 
signal is (0.035 s)/(4 3 
1025 s) 5 875 times faster.

 66.  a. c 5 fl, so f 5 c/l 
b. f400nm 5 c/l 5 (3.0 3 
108 m/s)/(400 3 1029 m) 5 
7.5 3 1014 Hz (which is blue-
violet); f500nm 5 6.0 3 1014 Hz 
(which is green); f600nm 5 

  5.0 3 1014 Hz (which is orange); 
  f700nm 5 4.3 3 1014 Hz (which 

is red). 
c. As the wavelength increases 
the light frequency decreases. 

 67.  a. l 5 c/f 
b. ratio 5 h/l 
c. l 5 c/f 5 (3 3 108 m/s) 4 
(97.3 3 106 s21) 5 3.08 m; 
h/l 5 (2.4 m)/(3.08 m) 5 0.78

 68.  a. From d 5 ct, t 5 d/c 
b. Same distance so same 
time: t 5 d/c. 
c. t 5 d/c 5 2 3 (144 3 
106 km) 4 (3 3 105 km/s) 5 
960 s 5 16 minutes, too late 
to prevent disaster. How nice 
that the Rover can figure this 
stuff out for itself!

 69.  a. x/l. 
b. First put things in the same 
units. 0.40 mm 5 4 3 1024 m, 
and 500 nm 5 5 3 1027 m. 
So x/l 5 (4 3 1024 m)/(5 3 
1027 m) 5 800. The thumbnail 
is 800 wavelengths thick.

T e a c h i n g  R e s o u r c e s
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