
Week 1:  Everything Is Electric 
Week 2:  Is It Magic, or Is It Magnets? 
Week 3:  On Your Wavelength: Electromagnetic Waves 
Week 4:  Physics of Sound & Music 
Week 5:  Energy, Thermodynamics & The Arrow of Time 
Week 6:  Push and Pull: Force & Motion 
Week 7:  Go With the Flow: Physics of Fluids 
Week 8:  A Warm Planet in a Cold Universe: How the Earth Stays    
              Warm, and Why It’s Getting Warmer

Physics Principles
Remember: Changing Magnetic 

Fields Induce Electric Fields

Changing Electric Fields Induce 
Magnetic Fields

Electromagnetic Waves

Polarization

Different Wavelengths Are Different

Photon Energy

Changing Magnetic Fields
Create Electric Fields

Magnetic information storage

A changing 
magnetic field 
induces an 
electric field.
A changing 
electric field 
induces a 
magnetic field 
too.

One of the 
coolest things 

ever discovered
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The electromagnetic wave.

An oscillating charge will emit an electromagnetic wave.
It’s a wave of electric and magnetic fields.

The wave model

One way to think about them.



Energy Scale

1 eV is about 
the minimum 
amount of 
energy to make 
something 
happen at an 
atomic scale.

The Electromagnetic Spectrum

Wave Wavelength Photon energy

FM Radio 10 feet ½ millionth eV

Microwave 6 inches 8 millionths eV

Thermal Radiation 1/10 of a hair 1/10 eV

Red 10x red blood cell 2 eV

Blue 6x red blood cell 3 eV

Ultraviolet 4x red blood cell 4 eV

The 
Electromagnetic 
Spectrum

The 
Electromagnetic 
Spectrum Particle-y

Wave-ish

Depends

Making Waves Atomic or 
nuclear 

transitions

Accelerating 
charged 
particles

Radio waves

Electric field vertical, magnetic field horizontal.

FM & AM Radio

FM: Pick up electric field

1
4
λ

AM: Pick up magnetic field

AM Radio

Where is the station?



AM Radio

What else can it pick up?

Why must an antenna be on the outside of the car?

Microwave Oven

High intensity electromagnetic waves, 
with large electric fields

Microwave Oven

High intensity electromagnetic waves, 
with large electric fields
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Radio waves are detected by antennas as well. The electric field of the radio wave 
drives a current up and down a conductor, producing a potential difference that can 
be amplified. For best reception, the antenna length should be about 1

4 of a wave-
length. A typical cell phone works at 1.9 GHz, with wavelength l = c/f = 16 cm. 
Thus a cell phone antenna should be about 4 cm long, or about 1 12 inches; it is gen-
erally hidden inside the phone itself.
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The oscillating dipole causes an 
electromagnetic wave to move away 
from the antenna at speed vem  =  c.

An oscillating voltage causes
the dipole to oscillate.

Antenna
wire

FIGURE 25.35 An antenna generates a 
self-sustaining electromagnetic wave.

CONCEPTUAL EXAMPLE 25.10 Wildlife tracking 

The elk shown in the left photo wears a radio 
collar with a vertical broadcast antenna. A 
wildlife biologist can search for the signal 
from the elk’s collar by using a receiving 
antenna. How should the receiving antenna 
be oriented?

REASON We have seen that an antenna 
generates a wave that is polarized in the 
same direction as the antenna itself. As the 
photo on the right shows, the receiving antenna should be oriented in the direction of 
the wave’s polarization—here, vertically—so that the wave’s electric field can drive 
charges up and down the antenna, creating a measurable potential difference. If the 
receiving antenna were horizontal, charges would be driven only along the tiny diam-
eter of the antenna wire, creating no potential difference along its length.

ASSESS In reality, tracked animals are always moving, and their antennas may change 
orientation. To obtain the largest signal, the biologist must adjust the receiving antenna 
to match.

In materials with no free charges, the electric fields of radio waves and micro-
waves can still interact with matter by exerting a torque on molecules, such as water, 
that have a permanent electric dipole moment, as shown in FIGURE 25.36. The mole-
cules acquire kinetic energy from the wave, then their collisions with other  molecules 
transform that energy into thermal energy, increasing the temperature.

This is how a microwave oven heats food. Water molecules, with their large 
dipole moment, rotate in response to the electric field of the microwaves, then trans-
fer this energy to the food via molecular collisions.

Infrared, Visible Light, and Ultraviolet
Radio waves can be produced by oscillating charges in an antenna. At the higher 
frequencies of infrared, visible light, and ultraviolet, the “antennas” are individual 
atoms. This portion of the electromagnetic spectrum is atomic radiation.

Nearly all the atomic radiation in our environment is thermal radiation due to the 
thermal motion of the atoms in an object. As we saw in Chapter 12, thermal 
 radiation—a form of heat transfer—is described by Stefan’s law: If heat energy Q is 
radiated in a time interval ∆t by an object with surface area A and absolute tempera-
ture T, the rate of heat transfer Q/∆t ( joules per second) is

 
Q
∆t

= esAT 4 (25.23)

The constant e in this equation is the object’s emissivity, a measure of its effective-
ness at emitting electromagnetic waves, and s is the Stefan-Boltzmann constant, 
s = 5.67 * 10-8 W/(m2 # K4).

In Chapter 12 we considered the amount of energy radiated and its dependence 
on temperature. The filament of an incandescent bulb glows simply because it is hot. 
If you increase the current through a lightbulb filament, the filament temperature 
increases and so does the total energy emitted by the bulb, in accordance with 
 Stefan’s law. The three pictures in FIGURE 25.37 show a glowing lightbulb with the 
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The dipole moment
of the water molecule
rotates to line up with
the electric field of
the electromagnetic
wave c

cbut the direction
of the electric field
changes, so the
water molecule will
keep rotating.

FIGURE 25.36 A radio wave interacts with 
matter.

 Video Microwaves

Increasing filament temperature

At lower filament
temperatures, the bulb
is dim and the light is
noticeably reddish.

When the filament
is hotter, the bulb
is brighter and the
light is whiter.

FIGURE 25.37 The brightness of the 
bulb varies with the temperature of the 
filament.
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Microwave Oven

High intensity electromagnetic waves, 
with large electric fields

Penetration depth is 1-3”, depending on material

The wavelength of the radiation from your phone is about 
the same as that of your microwave oven.

Talking On the Phone... How Dangerous?

The microwaves from a cell phone 
have the following properties:

P = 0.60 W
f = 1.9 GHz

I = 0.60 W
4π 0.050 m( )2 = 19 W/m2

E0 = 120 V/m
Ephoton = 7.9 µeV

Sunlight: 1000 W/m2

Inside cells: 10,000,000 V/m

Breaking DNA: 4 eV



average age for death due to breast cancer was 68 years.
Approximately 0.0%, 0.9%, 6.0%, 15.0%, 20.8%, 19.7%, 22.6% and
15.1% deaths occurred between the age groups of under 20, 20–
34, 35–44, 45–54, 55–64, 65–74, 75–84 and above 85 years respec-
tively [114]. It has been reported that 0% diagnosis was possible
under age of 20 years, whereas 1.9%, 10.2%, 22.6%, 24.4%, 19.7%,
15.5% and 5.6% diagnosis were possible within the age groups of
20–34, 34–44, 45–54, 55–64, 65–74, 75–84 and above 85 years
respectively [114]. Studies show that, early detection can lead to
85% survival chance compared to 10% for late detection [115].
Therefore, early detection is the key factor for successful breast
cancer treatments. In 1982, US Food and Drug Administration
(FDA) approved IRT as an adjunctive tool for diagnosis of breast
cancer. Kennedy et al., in a recent review, presented a comparative
study of IRT and other imaging techniques for breast screening and
concluded that IRT provides additional functional information on
the thermal and vascular condition of the tissues [116]. Ng pre-
sented an excellent review of IRT as a non-invasive breast tumor
detection modality, where he described the basic methodology,
standard practices, image capture and image analysis in detail
[117]. He described that, abnormal breast thermogram indicate
significant biological risk. Tumors generally have an increased
blood supply and an increased metabolic rate which leads to local-
ized high temperature spots over such areas, rendering them to be
visualized by IRT. Apart from passive breast imaging, cold stimula-
tion based imaging procedures are also in practice [36]. Blood ves-
sels, produced by cancerous tumors are simple endothelial tubes
devoid of a muscular layer. Such blood vessels fail to constrict in
response to sympathetic stimulus like a sudden cold stress and
show a hyperthermic pattern due to vasodilatation. Deng and Liu
showed that, induced evaporation enhances thermographic

contrast in case of tumors underneath the skin [35]. They used
water and 75% medical ethanol solution as evaporant, which was
sprayed over the skin surface and then images were acquired. Their
study shows an improved diagnostic accuracy especially in the early
stages of deeply embedded tumors. Spitalier et al. screened 61,000
women using thermography over a period of 10 years and found
that, thermography was the earliest indicator of breast cancer in
60% cases [118]. It has been confirmed that abnormal patterns in
the infrared images are the highest risk indicators of breast cancer
development in future [119]. Gamagami studied angiogenesis by
IRT and reported that in 15% cases IRT could detect cancers which
were not discernible by mammography [120]. He had also shown
that, hypervascularity and hyperthermia were visible in 86% cases
of nonpalpable breast cancers. Head et al. reported that, growth
rate related prognostic indicators are strongly associated with
the thermograms [121]. Thermovascular activities in breast are di-
rectly related to prognosis and aggressiveness of the tumor. It has
been reported that, hot cancers (most active cancer cells) show a
poorer prognosis with 24% survival rate in 3 years, whereas for
cooler cancers prognosis is much better with 80% survival rate
[36]. Aweda et al. has used IRT for cancer management and re-
ported that, mean oxygen consumption and mean metabolic heat
production rate in controls are higher than in breast, head and
neck, cervical and other types of cancer [38].

Apart from IRT many other techniques are available for breast
imaging, like mammography, MRI, CT, ultrasound, etc. Mammogra-
phy is the most popular technique, but suffers from a few inherent
problems, like exposure to X-ray radiation, relatively higher cost,
problem in detecting tumors of smaller sizes and low sensitivity
for firm breasts of younger women. IRT does not suffer from such
problems and hence, it is a novel tool for investigation of breast

Fig. 4. Typical thermal images of a subject talking on a hand-held mobile phone; (a) after 1 min of talking and (b) after 15 min of talking. After 15 min of talking the
temperature of the encircled region increased from 30.56 to 35.15 !C, whereas the temperature of the ear region (indicated by an arrow) increased from 33.35 to 34.82 !C.

Fig. 5. Typical thermal images of a female subject suffering from breast cancer [123]; (a) left breast thermogram and (b) right breast thermogram. The encircled region in the
right breast thermogram shows higher temperature with respect to the surrounding normal regions. Later biopsy confirmed existence of cancer in the right breast.

B.B. Lahiri et al. / Infrared Physics & Technology 55 (2012) 221–235 227

1 minute on the phone 15 minutes on the phone

Thermal Radiation

Long wavelength, low energy photons.

Warming the Walls

a) P = 870 W

b) P = 770 W

c) P = 100 W

d) P = 235 W

A human has about 1.8 m2 of skin. If a person is 
unclothed in dry air of 24°C (75 °F), the skin will 
be about 33°C.

Suppose this unclothed person is taking part in a 
study of thermal comfort. The air will be kept at 
24°C, but the temperature of the room’s walls will 
be varied.

a. How much energy does the person’s body 
radiate away?

b. Suppose the walls of the room are 24°C, the 
same as the air. How much energy does the 
person absorb by radiation?

c. What is the net loss of energy by radiation?

d. Now suppose the walls are much colder 
than the air temperature:10°C (50 °F). (This 
would be quite cold to the touch.) What will 
be the net loss by radiation now?

Sit in a room with warm air and cold walls
or

Pull down your trousers and sit on a cold steel bench?

Warming the Bench
Suppose you are sitting, naked, on a steel bench 
with a temperature of 0°C ( The only thing 
insulating the core of your body (temperature 
37°C) is a layer of skin and fat; we’ll assume that 
the insulation is comparable to a layer of fat 1.2 
cm thick. The area in contact with the bench is 
0.16 m2.

What is the rate of heat loss by conduction?

100  W Equal to basal metabolic rate.

Raw Processed

As things get warmer, the 
wavelength of emitted 
radiation gets shorter.
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Radio waves are detected by antennas as well. The electric field of the radio wave 
drives a current up and down a conductor, producing a potential difference that can 
be amplified. For best reception, the antenna length should be about 1

4 of a wave-
length. A typical cell phone works at 1.9 GHz, with wavelength l = c/f = 16 cm. 
Thus a cell phone antenna should be about 4 cm long, or about 1 12 inches; it is gen-
erally hidden inside the phone itself.
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The oscillating dipole causes an 
electromagnetic wave to move away 
from the antenna at speed vem  =  c.

An oscillating voltage causes
the dipole to oscillate.

Antenna
wire

FIGURE 25.35 An antenna generates a 
self-sustaining electromagnetic wave.

CONCEPTUAL EXAMPLE 25.10 Wildlife tracking 

The elk shown in the left photo wears a radio 
collar with a vertical broadcast antenna. A 
wildlife biologist can search for the signal 
from the elk’s collar by using a receiving 
antenna. How should the receiving antenna 
be oriented?

REASON We have seen that an antenna 
generates a wave that is polarized in the 
same direction as the antenna itself. As the 
photo on the right shows, the receiving antenna should be oriented in the direction of 
the wave’s polarization—here, vertically—so that the wave’s electric field can drive 
charges up and down the antenna, creating a measurable potential difference. If the 
receiving antenna were horizontal, charges would be driven only along the tiny diam-
eter of the antenna wire, creating no potential difference along its length.

ASSESS In reality, tracked animals are always moving, and their antennas may change 
orientation. To obtain the largest signal, the biologist must adjust the receiving antenna 
to match.

In materials with no free charges, the electric fields of radio waves and micro-
waves can still interact with matter by exerting a torque on molecules, such as water, 
that have a permanent electric dipole moment, as shown in FIGURE 25.36. The mole-
cules acquire kinetic energy from the wave, then their collisions with other  molecules 
transform that energy into thermal energy, increasing the temperature.

This is how a microwave oven heats food. Water molecules, with their large 
dipole moment, rotate in response to the electric field of the microwaves, then trans-
fer this energy to the food via molecular collisions.

Infrared, Visible Light, and Ultraviolet
Radio waves can be produced by oscillating charges in an antenna. At the higher 
frequencies of infrared, visible light, and ultraviolet, the “antennas” are individual 
atoms. This portion of the electromagnetic spectrum is atomic radiation.

Nearly all the atomic radiation in our environment is thermal radiation due to the 
thermal motion of the atoms in an object. As we saw in Chapter 12, thermal 
 radiation—a form of heat transfer—is described by Stefan’s law: If heat energy Q is 
radiated in a time interval ∆t by an object with surface area A and absolute tempera-
ture T, the rate of heat transfer Q/∆t ( joules per second) is

 
Q
∆t

= esAT 4 (25.23)

The constant e in this equation is the object’s emissivity, a measure of its effective-
ness at emitting electromagnetic waves, and s is the Stefan-Boltzmann constant, 
s = 5.67 * 10-8 W/(m2 # K4).

In Chapter 12 we considered the amount of energy radiated and its dependence 
on temperature. The filament of an incandescent bulb glows simply because it is hot. 
If you increase the current through a lightbulb filament, the filament temperature 
increases and so does the total energy emitted by the bulb, in accordance with 
 Stefan’s law. The three pictures in FIGURE 25.37 show a glowing lightbulb with the 
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The dipole moment
of the water molecule
rotates to line up with
the electric field of
the electromagnetic
wave c

cbut the direction
of the electric field
changes, so the
water molecule will
keep rotating.

FIGURE 25.36 A radio wave interacts with 
matter.

 Video Microwaves

Increasing filament temperature

At lower filament
temperatures, the bulb
is dim and the light is
noticeably reddish.

When the filament
is hotter, the bulb
is brighter and the
light is whiter.

FIGURE 25.37 The brightness of the 
bulb varies with the temperature of the 
filament.
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100 Watts = 4 Watts?
A typical incandescent lamp has a filament at a 
temperature of approximately 2500 °C.

What is the peak wavelength of the emission?

λpeak =
2.9 ×106  nm ⋅K

2773 K
= 1050 nm
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FIGURE 25.28. The molecules are aligned to form a grid, like the metal bars in a barbe-
cue grill, then treated so they conduct electrons along their length.

As a light wave travels through a polarizing filter, the component of the electric 
field oscillating parallel to the polymer grid drives the electrons up and down the 
molecules. The electrons absorb energy from the light wave, so the parallel compo-
nent of E

u
 is absorbed in the filter. Thus the light wave emerging from a polarizing 

filter is polarized perpendicular to the polymer grid. We call the direction of the 
transmitted polarization the axis of the polarizer.

Suppose a polarized light wave with electric field amplitude Eincident approaches a 
polarizing filter with a vertical axis (that is, the filter transmits only vertically polar-
ized light). What is the intensity of the light that passes through the filter? FIGURE 25.29 

shows that the oscillating electric field of the polarized light can be decomposed into 
horizontal and vertical components. The vertical component will pass; the horizon-
tal component will be blocked. As we see in Figure 25.29, the magnitude of the 
electric field of the light transmitted by the filter is

 Etransmitted = Eincident cos u  (25.20)

Because the intensity depends on the square of the electric field amplitude, the trans-
mitted intensity is related to the incident intensity by what is known as Malus’s law:

E
u

u
Only the component of
E parallel to the axis
is transmitted.

Unpolarized light
consists of waves
polarized in all
possible directions.

Polymers

Polarizer
axis

FIGURE 25.28 A polarizing filter.
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y

u

u
E0 sin u

E0 cos u

The incident light is polarized
at angle u with respect to the 
polarizer’s axis.Polarizer axis

u
Only the component of E 
in the direction of the axis 
is transmitted.

FIGURE 25.29 Components of the  electric 
field parallel and perpendicular to a 
polarizer’s axis.

 Itransmitted = Iincident1cos u22 (25.21)
Malus’s law for transmission of polarized light by a polarizing filter

FIGURE 25.30a shows how Malus’s law can be demonstrated with two polarizing 
filters. The first, called the polarizer, is used to produce polarized light of intensity 
I0 . The second, called the analyzer, is rotated by angle u relative to the polarizer. As 
the photographs of FIGURE 25.30b show, the transmission of the analyzer is (ideally) 
100% when u = 0° and steadily decreases to zero when u = 90°. Two polarizing 
 filters with perpendicular axes, called crossed polarizers, block all the light.

Polarizer

Unpolarized light(a)

Analyzer

u

 

(b)

u  =  0° u  =  45° u  =  90°
The red lines show the axes of the polarizers.

FIGURE 25.30 The intensity of the transmitted light depends on the angle between the polarizing filters.

Suppose you place a transparent object between two crossed polarizers. Nor-
mally, no light would make it through the analyzer, and the object would appear 
black. But if the object is able to change the angle of polarization of the light, some 
of the light emerging from the object will be able to pass through the analyzer. This 
can be a valuable analytical technique. FIGURE 25.31 shows a micrograph of a very thin 
section of molar teeth as it appears when viewed between crossed polarizers. Differ-
ent minerals and different materials in the teeth affect the polarization of the light in 
different ways, giving an image that clearly highlights the different tissues in the 
teeth.

When light passes through a glucose solution, the plane of polarization is rotated 
by an amount that is proportional to the concentration of glucose. Higher concentra-
tions of glucose mean larger angles of rotation. In principle, this could be used as a 
test of blood glucose—a test that doesn’t involve poking a fingertip.

 Video Figure 25.30

FIGURE 25.31  Polarized light micro-
graph of a thin section of molar teeth.
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FIGURE 25.28. The molecules are aligned to form a grid, like the metal bars in a barbe-
cue grill, then treated so they conduct electrons along their length.

As a light wave travels through a polarizing filter, the component of the electric 
field oscillating parallel to the polymer grid drives the electrons up and down the 
molecules. The electrons absorb energy from the light wave, so the parallel compo-
nent of E

u
 is absorbed in the filter. Thus the light wave emerging from a polarizing 

filter is polarized perpendicular to the polymer grid. We call the direction of the 
transmitted polarization the axis of the polarizer.

Suppose a polarized light wave with electric field amplitude Eincident approaches a 
polarizing filter with a vertical axis (that is, the filter transmits only vertically polar-
ized light). What is the intensity of the light that passes through the filter? FIGURE 25.29 

shows that the oscillating electric field of the polarized light can be decomposed into 
horizontal and vertical components. The vertical component will pass; the horizon-
tal component will be blocked. As we see in Figure 25.29, the magnitude of the 
electric field of the light transmitted by the filter is

 Etransmitted = Eincident cos u  (25.20)

Because the intensity depends on the square of the electric field amplitude, the trans-
mitted intensity is related to the incident intensity by what is known as Malus’s law:
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Malus’s law for transmission of polarized light by a polarizing filter

FIGURE 25.30a shows how Malus’s law can be demonstrated with two polarizing 
filters. The first, called the polarizer, is used to produce polarized light of intensity 
I0 . The second, called the analyzer, is rotated by angle u relative to the polarizer. As 
the photographs of FIGURE 25.30b show, the transmission of the analyzer is (ideally) 
100% when u = 0° and steadily decreases to zero when u = 90°. Two polarizing 
 filters with perpendicular axes, called crossed polarizers, block all the light.
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FIGURE 25.30 The intensity of the transmitted light depends on the angle between the polarizing filters.

Suppose you place a transparent object between two crossed polarizers. Nor-
mally, no light would make it through the analyzer, and the object would appear 
black. But if the object is able to change the angle of polarization of the light, some 
of the light emerging from the object will be able to pass through the analyzer. This 
can be a valuable analytical technique. FIGURE 25.31 shows a micrograph of a very thin 
section of molar teeth as it appears when viewed between crossed polarizers. Differ-
ent minerals and different materials in the teeth affect the polarization of the light in 
different ways, giving an image that clearly highlights the different tissues in the 
teeth.

When light passes through a glucose solution, the plane of polarization is rotated 
by an amount that is proportional to the concentration of glucose. Higher concentra-
tions of glucose mean larger angles of rotation. In principle, this could be used as a 
test of blood glucose—a test that doesn’t involve poking a fingertip.

 Video Figure 25.30

FIGURE 25.31  Polarized light micro-
graph of a thin section of molar teeth.

M25_KNIG9034_04_SE_C25_pp.879-915.indd   897 26/10/17   4:51 PM

Polarization

Detection 
depends on 
polarization

Navigating By The Sky

Bee eyes 
detect 

polarization
Polarization of skylight

588 C H A P T E R  17 Wave Optics

Whether a wave spreads out or travels straight ahead, with sharp shadows on both 
sides, evidently depends on the size of the objects with which the wave interacts. 
The spreading of diffraction becomes noticeable only when an opening or object is 
“narrow,” comparable in size to the wavelength of the wave. And the wavelength of 
light is extremely short. When light waves interact with everyday-sized objects, such 
as the opening in Figure 17.1, the situation is like that of the water wave in Fig-
ure 17.3. The wave travels straight ahead, and we’ll be able to use the ray model of 
light. Only when the size of an object or an opening approaches the wavelength of 
light does diffraction become important.

Light Is an Electromagnetic Wave
If light is a wave, what is it that is waving? As we briefly noted in Chapter 15, light-
consists of very rapidly oscillating electric and magnetic fields: It is an electromag-
netic wave. We will examine the nature of electromagnetic waves in more detail in 
Part VI after we introduce the ideas of electric and magnetic fields. For now we can 
say that light waves are a “self-sustaining oscillation of the electromagnetic field.” 
Being self-sustaining means that electromagnetic waves require no material medium 
in order to travel. Fortunately, we can learn about the wave properties of light with-
out having to understand electromagnetic fields.

Recall from ◀◀  SECTION 15.4 that all electromagnetic waves, including light waves, 
travel in a vacuum at the same speed, called the speed of light. Its value is

vlight = c = 3.00 * 108 m/s

where the symbol c is used to designate the speed of light.
Recall also that the wavelengths of light are extremely small, ranging from about 

400 nm for violet light to 700 nm for red light. Electromagnetic waves with wave-
lengths outside this range are not visible to the human eye. A prism is able to spread 
the different wavelengths apart, from which we learn that “white light” is all the 
colors, or wavelengths, combined. The spread of colors seen with a prism, or in a 
rainbow, is called the visible spectrum.

If the wavelengths of light are incredibly small, the oscillation frequencies are 
unbelievably high. The frequency for a 600 nm wavelength of light is

f =
v
l

=
3.00 * 108 m/s
600 * 10-9 m

= 5.00 * 1014 Hz

This is a trillion 110122 higher than sound frequencies.

The Index of Refraction
Light waves travel with speed c in a vacuum, but they slow down as they pass 
through transparent materials such as water or glass or even, to a very slight extent, 
air. The slowdown is a consequence of interactions between the electromagnetic 
field of the wave and the electrons in the material. The speed of light in a material is 
characterized by the material’s index of refraction n, defined as

 n =
speed of light in a vacuum

speed of light in the material
=

c
v
 (17.1)

The index of refraction determined by the speed of light in a material

where v is the speed of light in the material. The index of refraction of a material 
is always greater than 1 because v is always less than c. A vacuum has n = 1 exactly. 
TABLE 17.1 lists the indices of refraction for several materials. Liquids and solids have 
higher indices of refraction than gases, simply because they have a much higher 
density of atoms for the light to interact with.

 NOTE  ▶ An accurate value for the index of refraction of air is relevant only in 
very precise measurements. We will assume nair = 1.00 in this text. ◀

TABLE 17.1 Typical indices of refraction

Material Index of refraction

Vacuum 1 exactly

Air 1.0003

Water 1.33

Glass 1.50

Diamond 2.42
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The Index of Refraction

At a boundary between two media, there is a change 
in the index, and so there is a reflection  

A difference in index causes bending (refraction) too.

 18.3 Refraction 627

18.3 Refraction
FIGURE 18.15 shows light passing through a glass prism. The light goes from the air 
into the glass, then back into the air. Two things happen when a light ray crosses the 
boundary between the air and the glass:

 ■ Part of the light reflects from the boundary, obeying the law of reflection. This is 
how you see reflections from pools of water or storefront windows, even though 
water and glass are transparent.

 ■ Part of the light continues into the glass. It is transmitted rather than reflected, 
but the transmitted ray changes direction as it crosses the boundary. The trans-
mission of light from one medium to another, but with a change in direction, is 
called refraction.

 NOTE  ▶ The transparent material through which light travels is called the 
medium (plural media). ◀

In Figure 18.15, the ray changes direction as the light enters the glass, and also 
as it leaves. This is the central concept we’ll deal with when we consider refraction, 
the change in direction that occurs when light crosses from one medium into 
another.

Reflection from the boundary between transparent media is usually weak. Most 
of the light is refracted and passes through the boundary; usually only a small frac-
tion is reflected. Our goal in this section is to understand refraction, so we will usu-
ally ignore the weak reflection and focus on the transmitted light.

FIGURE 18.16a shows the refraction of light rays from a parallel beam of light, such 
as a laser beam, and rays from a point source. These pictures remind us that an infi-
nite number of rays are incident on the boundary, but our analysis will be simplified 
if we focus on a single light ray. FIGURE 18.16b is a ray diagram showing the refraction 
of a single ray at a boundary between medium 1 and medium 2. Let the angle 
between the ray and the normal be u1 in medium 1 and u2 in medium 2. Just as for 
reflection, the angle between the incident ray and the normal is the angle of inci-
dence. The angle on the transmitted side, measured from the normal, is called the 
angle of refraction. Notice that u1 is the angle of incidence in Figure 18.16b but is 
the angle of refraction in FIGURE 18.16c, where the ray is traveling in the opposite 
direction.

In 1621, Dutch scientist Willebrord Snell proposed a mathematical statement of 
the “law of refraction” or, as we know it today, Snell’s law. If a ray refracts between 
medium 1 and medium 2, which have indices of refraction n1 and n2 , the ray angles 
u1 and u2 in the two media are related by

Reflected ray

Incident ray

Ray refracted
at glass-air
boundary

Ray refracted
at air-glass
boundary

FIGURE 18.15 A light beam refracts twice 
in passing through a glass prism.

 

Video  Index of Refraction

(a) Refraction of parallel and point-source rays

Refraction of a
parallel beam of
light

Refraction of
rays from a point
source

The ray has
a kink at the
boundary.

Angle of
refraction

Angle of
incidence 

(b) Refraction from lower-index medium to 
higher-index medium

Refracted
ray

Incident
ray Medium 1

Normal

Weak reflected ray

Medium 2
Assume n2  7  n1u2

u1

Angle of
incidence

Angle of
refraction

Refracted
ray

Weak reflected ray

Incident
ray

Medium 1
Medium 2

u2

u1

(c) Refraction from higher-index medium to 
lower-index medium

FIGURE 18.16 Refraction of light rays.

 n1 sin u1 = n2 sin u2 (18.2)

Snell’s law for refraction between two media

Notice that Snell’s law does not mention which is the incident angle and which 
the refracted angle.

TABLE 18.1 on the next page lists the indices of refraction for several media. The n 
in the law of refraction, Equation 18.2, is the same index of refraction n we studied 
in ◀◀  SECTION  17.1. There we found that the index of refraction determines the speed 
of a light wave in a medium according to v = c/n. Huygens’ principle can be used to 
show that Snell’s law is a consequence of the change in the speed of light as it 
moves across a boundary between media.

Examples of Refraction
Look back at Figure 18.16. As the ray in Figure 18.16b moves from medium 1 to 
medium 2, where n2 7 n1, it bends closer to the normal. In Figure 18.16c, where the 
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Dispersion

Blue bends more



Scattering from “Large” Objects

Cloud droplets are much bigger 
than the wavelength of light, so 
scatter all wavelengths of light 

more or less equally.

Clouds are white.

Skin is made of transparent components, with differing 
indices of refraction. The size of the elements is a bit larger 

than the wavelength of light, so all colors scatter equally.

Net result: No pigment means white skin.

Same thing 
with milk.

Not white.
Transparent.

Match index of refraction: Transparent.

Scattering from Small Objects

Air molecules are very 
small compared to the 

wavelength of light. 
Short wavelengths 

scatter more.

The sky is blue.

Blue Skies, Red Sunsets

In the Infrared, We Are All the Same Total Internal Reflection
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Total Internal Reflection
What would have happened in Example 18.4 if the prism angle had been 45° rather 
than 30°? The light rays would approach the rear surface of the prism at an angle of 
incidence u1 = 45°. When we try to calculate the angle of refraction at which the ray 
emerges into the air, we find

sin u2 =
n1

n2
 sin u1 =

1.59
1.00

 sin 45° = 1.12

u2 = sin-111.122 = ???

Angle u2 cannot be computed because the sine of an angle can’t be greater than 1. 
The ray is unable to refract through the boundary. Instead, 100% of the light reflects 
from the boundary back into the prism. This process is called total internal reflection, 
often abbreviated TIR. That it really happens is illustrated in FIGURE 18.20. Here, three 
light beams strike the surface of the water at increasing angles of incidence. The two 
beams with the smallest angles of incidence refract out of the water, but the beam with 
the largest angle of incidence undergoes total internal reflection at the water’s surface.

FIGURE 18.21 shows several rays leaving a point source in a medium with index of 
refraction n1 . The medium on the other side of the boundary has n2 6 n1 . As we’ve 
seen, crossing a boundary into a material with a lower index of refraction causes the 
ray to bend away from the normal. Two things happen as angle u1 increases. First, 
the refraction angle u2 approaches 90°. Second, the fraction of the light energy that 
is transmitted decreases while the fraction reflected increases.

A critical angle uc  is reached when u2 = 90°. Snell’s law becomes n1 sin uc =  
n2 sin 90°, or

Video Figure 18.21

FIGURE 18.18 shows a laser beam deflected by a 30°-60°-90° 
prism. What is the prism’s index of refraction?

Measuring the index of refraction

SOLVE From the geometry of the triangle we find that the laser’s 
angle of incidence on the hypotenuse of the prism is u1 = 30°, 
the same as the apex angle of the prism. The ray exits the prism 
at angle u2 such that the deflection is f = u2 - u1 = 22.6°. Thus 
u2 = 52.6°. Knowing both angles and n2 = 1.00 for air, we use 
Snell’s law to find n1 :

n1 =
n2 sin u2

sin u1
=

1.00 sin 52.6°
sin 30°

= 1.59

ASSESS Referring to the indices of refraction in Table 18.1, we 
see that the prism could be made of polystyrene plastic.

EXAMPLE 18.4 

30°

22.6°

60°

Laser beam

FIGURE 18.18 A prism deflects a laser beam.

STRATEGIZE We will represent the laser beam with a single ray 
and use the ray model of light.

PREPARE FIGURE 18.19 uses the steps of Tactics Box 18.1 to draw 
a ray diagram. The ray is incident perpendicular to the front face 
of the prism 1ui = 0°2; thus it is transmitted through the first 
boundary without deflection. At the second boundary it is espe-
cially important to draw the normal to the surface at the point of 
incidence and to measure angles from the normal.

30°

60°

Normal

Angle of incidence
n1

n2  =  1.00 

u1  =  30° 

u1
u2  =  u1  +  f
Angle of refraction

f  =  22.6°

u1 and u2 are measured from the normal.

FIGURE 18.19 Visual overview of a laser beam passing 
through the prism.

FIGURE 18.20 One of the three beams of 
light undergoes total internal reflection.

Transmission is getting weaker.
Angle of incidence is increasing.

Reflection is getting stronger.

n1

n2  6  n1

uc

u2  =  90°

u1  7  uc

Critical angle is when u2  =  90°.

Total internal reflection
occurs when u1  7  uc.

FIGURE 18.21 Refraction and reflection of 
rays as the angle of incidence increases.

 uc = sin-1an2

n1
b (18.3)

Critical angle of incidence for total internal reflection
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Rainbows
You have no doubt seen a rainbow after an evening rainstorm. FIGURE 19.22a shows that the 
basic cause of the rainbow is a combination of refraction, reflection, and dispersion.

Example 18.4 showed that the deflection angle is f = u2 - u1 , 
so deep red light is deflected by fred = 20.35°. This angle 
is slightly smaller than the deflection angle for violet light, 
fviolet = 22.60°.

b. The entire spectrum is spread between fred = 20.35° and 
fviolet = 22.60°. The angular spread is

d = fviolet - fred = 2.25° = 0.0393 rad

c. At distance r, the spectrum spans an arc length

s = rd = 12.0 m210.0393 rad2 = 0.0785 m = 7.9 cm

ASSESS Notice that we needed three significant figures for 
fred and fviolet in order to determine d, the difference between 
the two angles, to two significant figures. The angle is so small 
that there’s no appreciable difference between arc length and a 
straight line. The spectrum is 7.9 cm wide at a distance of 2.0 m.

(a)

1. The sun is behind
 your back when
 you see a rainbow.

2. Dispersion causes different colors
 to refract at different angles.

3. Most of the light refracts
 into the air at this point,
 but a little reflects back
 into the drop.

4. Dispersion separates the
 colors even more as the rays
 refract back into the air.

Sunlight

 

(b) Red light is refracted
predominantly at 42.5°. The red
light reaching your eye comes
from drops higher in the sky.

Violet light is refracted
predominantly at 40.8°. The violet
light reaching your eye comes
from drops lower in the sky.

You see a rainbow with red on
the top, violet on the bottom.

Eye

Sunlight
42.5°

40.8°

FIGURE 19.22 Light seen in a rainbow has undergone refraction +  reflection +  refraction 
in a raindrop.

The rays leaving the drop in Figure 19.22a are spreading apart, so they can’t all 
reach your eye. As FIGURE 19.22b shows, a ray of red light reaching your eye comes 
from a drop higher in the sky than a ray of violet light. A rainbow is a mosaic; each 
droplet that forms the rainbow sends a particular wavelength of light toward you. 
You need to look higher in the sky to see the droplets that send rays of red light 
toward your eye, lower in the sky to see the droplets that send violet light toward 
your eye.

Colored Filters and Colored Objects
White light that passes through a piece of green glass emerges as green light. A pos-
sible explanation would be that the green glass adds “greenness” to the white light, 
but Newton found otherwise. Green glass is green because it removes any light that 
is “not green.” More precisely, a piece of colored glass absorbs all wavelengths 
except those of one color, and that color is transmitted through the glass without 
hindrance. We can think of a piece of colored glass or plastic as a filter that removes 
all wavelengths except a chosen few.

Red filter

Green filterBlack where
filters overlap

No light at all passes through both a green 
and a red filter.

White light passes through a green filter and is observed on a screen. Describe how the 
screen will look if a second green filter is placed between the first filter and the screen. 
Describe how the screen will look if a red filter is placed between the green filter and 
the screen.

REASON The first filter removes all light except for wavelengths near 550 nm that we 
perceive as green light. A second green filter doesn’t have anything to do. The non-
green wavelengths have already been removed, and the green light emerging from the 
first filter will pass through the second filter without difficulty. The screen will con-
tinue to be green and its intensity will not change. A red filter, by contrast, absorbs all 
wavelengths except those near 650 nm. The red filter will absorb the green light, and no 
light will reach the screen. The screen will be dark.

CONCEPTUAL EXAMPLE 19.16 Filtering light
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Making a Rainbow


