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See page 14T for a key to 
the standards.

Differentiated Instruction

Level 1 activities should be
appropriate for students
with learning difficulties.

Level 2 activities should
be within the ability range
of all students.

Level 3 activities are
designed for above-
average students.

Section/Objectives Standards Lab and Demo Planning

State/LocalNational

Chapter Opener

1. Define an electric field.
2. Solve problems relating to charge, electric fields,

and forces.
3. Diagram electric field lines.

4. Define electric potential differences.
5. Calculate potential difference from the work

required to move a charge.
6. Describe how charges are distributed on solid and

hollow conductors.
7. Solve problems pertaining to capacitance.

Section 21.2

Section 21.1 Student Lab:
Launch Lab, p. 563: two balloons, two �

1
2�-m

strings, tape

Student Lab:
Mini Lab, p. 573: 30-cm square piece of plastic
foam, drinking straw, thread, pith ball
Additional Mini Lab, p. 577: handcrank genera-
tor, voltmeter, alligator clips (leads), aluminum
foil, plastic wrap 
Physics Lab, pp. 580–581: 9-V battery; 9-V 
battery clip; hookup wires; switch; voltmeter; 
47-k� resistor; stopwatch; 240-�F, 500-�F, and
1000-�F capacitors

Teacher Demonstration:
Quick Demo, p. 573: plastic foam electrophorus;
aluminum pie plate; wool, foam, or plastic cup;
pith ball
Quick Demo, p. 576: tesla coil

UCP.1, UCP.2,
UCP.3, A.1, A.2,
B.4, B.6

UCP.1, UCP.2,
UCP.3, A.1, A.2,
B.4, B.6, G.1, G.2,
G.3
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FAST FILE Chapters 21–25 Resources, Chapter 21
Transparency 21-1 Master, p. 21
Study Guide, pp. 9–14
Enrichment, pp. 19–20
Section 21-1 Quiz, p. 15

Teaching Transparency 21-1
Connecting Math to Physics

FAST FILE Chapters 21–25 Resources, Chapter 21
Transparency 21-2 Master, p. 23
Transparency 21-3 Master, p. 25
Transparency 21-4 Master, p. 27
Study Guide, pp. 9–14
Reinforcement, p. 17
Section 21-2 Quiz, p. 16
Mini Lab Worksheet, p. 3
Physics Lab Worksheet, pp. 5–8
Teaching Transparency 21-2

Teaching Transparency 21-3

Teaching Transparency 21-4
Connecting Math to Physics
Laboratory Manual, pp. 113–116

Interactive Chalkboard CD-ROM: 
Section 21.1 Presentation
TeacherWorks™ CD-ROM
Mechanical Universe:
Electric Fields and Forces

Interactive Chalkboard CD-ROM: 
Section 21.2 Presentation
TeacherWorks™ CD-ROM
Problem of the Week at physicspp.com
Mechanical Universe:
The Millikan Experiment; Equipotentials and Fields; 
Potential Difference and Capacitance

™ includes: Interactive Teacher Edition ■ Lesson Planner
with Calendar ■ Access to all Blacklines ■ Correlation to Standards ■ Web links

Reproducible Resources and Transparencies Technology

Legend — Transparency CD-ROM MP3 Videocassette DVD WEB

Assessment Resources
FAST FILE Chapters 21–25 Resources,
Chapter 21

Chapter Assessment, pp. 29–34

Additional Challenge Problems, p. 21
Physics Test Prep, pp. 41–42
Pre-AP/Critical Thinking, pp. 41–42
Supplemental Problems, pp. 41–42

Technology

Interactive Chalkboard CD-ROM:
Chapter 21 Assessment

ExamView® Pro Testmaker CD-ROM

Vocabulary PuzzleMaker

TeacherWorks™ CD-ROM

physicspp.com
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What You’ll Learn
• You will relate electric fields

to electric forces and
distinguish between them.

• You will relate electric
potential difference to 
work and energy.

• You will describe how
charges are distributed 
on conductors.

• You will explain how
capacitors store electric
charges.

Why It’s Important
Electricity is an essential
form of energy for 
modern societies. 

High-Energy Discharge
A high-voltage generator
produces the glow you 
see inside these discharge
spheres.

Think About This �
Why doesn’t an ordinary
lightbulb glow in the same
way as these discharge
spheres connected to a
high-voltage generator?

562

physicspp.com

Horizons Companies 
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Chapter Overview
Throughout this chapter, electric
force is compared to the force of
gravity. In section 21.1, students
learn that electric fields can do
work. It is the interaction between
a test charge and the field at the
location of the test charge that
transfers energy; the electric field
stores the energy. Coulomb’s law
is used to find the strength, or
intensity, of an electric field at any
point. Electric field lines enable
students to visualize the intensity
and direction of an electric field.
In section 21.2, students first
learn about the differences in
electric potential; they then
explore how charges are distrib-
uted on conductors and how
capacitors are able to store elec-
tric charges.

Think About This
The glow in the plasma sphere is
a result of electrons colliding with
atoms of gas in the sphere as an
electrical discharge is produced.
The plasma sphere contains a
low-pressure gas and a central
electrode. An oscillating circuit
feeds the central electrode with a
voltage of about 10,000 volts. The
plasma is a highly ionized gas
whose ions are put in motion by
the electric field in the sphere. The
motion results in collisions. The
excited atoms or molecules give
off the excess energy exchanged
in these collisions as electromag-
netic waves, seen here as a glow.

� Key Terms
electric field, p. 563

electric field line, p. 567

electric potential difference, 
p. 569

volt, p. 569

equipotential, p. 570

capacitor, p. 577

capacitance, p. 577

Purpose to explore how charged objects interact
at a distance

Materials 2 balloons, 2 strings (�
1
2�-m length), tape

Teaching Strategies
• Avoid doing this Launch Lab in high-humidity

conditions.
• Remind students that once they have charged

the balloons, they should handle only the
string and avoid touching the balloon.

Expected Results 4. The two charged balloons
repel each other. 5. The balloons are attracted to
the hand. 

Analysis As one balloon was moved towards the
other, the second balloon moved away. When a
hand moved towards a balloon the balloon moved
towards the hand.

Critical Thinking Students should understand
the analogy of the electric field with gravitational
attraction between objects as action at a distance.
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Section 21.1

1 FOCUS

Bellringer Activity
Forces at Work Charge a 1-m
plastic tube, such as the kind used
to cover the shafts of golf clubs,
by rubbing it with a sheet of plas-
tic kitchen wrap. Place an empty
aluminum can on a table top and
observe what happens when you
pass the charged plastic tube over
it. Thanks to electrostatic forces,
you can roll the can in any direc-
tion without touching it with the
tube. In this chapter, students will
learn that electric fields exert
forces that can do work.

Visual-Spatial

Tie to Prior Knowledge
Forces and Laws Electric force is
introduced as analogous to gravi-
tational force (see Chapter 4). To
find the force and magnitude of a
test charge, students apply
Coulomb’s law, (Chapter 20), in
combination with the formula for
electric field strength.

How do charged objects interact 
at a distance?

Question
How is a charged object affected by interaction with other charged objects 
at a distance?

Procedure

1. Inflate and tie off two balloons. Attach a 
�
1
2

�-m length of string to each balloon. 

2. Rub one balloon back and forth on your 
shirt six to eight times, causing it to become
charged. Hang it from a cabinet, table, 
or other support by the string with a piece 
of tape. 

3. Rub the second balloon the same way and
then suspend it from its string. 

4. Observe Slowly bring the second balloon
toward the suspended one. How do the
balloons behave? Tape the second balloon 
so it hangs by its string next to the first
balloon.

5. Observe Bring your hand toward the charged
balloons. What happens? 

Analysis

What did you observe as the two balloons were
brought near each other? What happened as
your hand was
brought near the
balloons?
Critical Thinking
With what two
objects have you
previously observed
similar behaviors 
of action at a
distance?

21.1 Creating and Measuring Electric Fields

� Objectives
• Define an electric field.

• Solve problems relating 
to charge, electric fields,
and forces. 

• Diagram electric field
lines.

� Vocabulary

electric field
electric field line

Electric force, like gravitational force, which you studied in Chapter 8,
varies inversely as the square of the distance between two point

objects. Both forces can act from great distances. How can a force be
exerted across what seems to be empty space? Michael Faraday suggested
that because an electrically charged object, A, creates a force on another
charged object, B, anywhere in space, object A must somehow change the
properties of space. Object B somehow senses the change in space and
experiences a force due to the properties of the space at its location. We call
the changed property of space an electric field. An electric field means
that the interaction is not between two distant objects, but between an
object and the field at its location.

The forces exerted by electric fields can do work, transferring energy
from the field to another charged object. This energy is something you use
on a daily basis, whether you plug an appliance into an electric outlet or
use a battery-powered, portable device. In this chapter, you will learn more
about electric fields, forces, and electric energy.

Section 21.1 Creating and Measuring Electric Fields 563
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Technology
TeacherWorks™ CD-ROM
Interactive Chalkboard CD-ROM
ExamView ® Pro Testmaker CD-ROM
physicspp.com
physicspp.com/vocabulary_puzzlemaker

21.1 Resource MANAGER
FAST FILE Chapters 21–25 Resources

Transparency 21–1 Master, p. 21
Study Guide, pp. 10–12
Enrichment, pp. 19–20
Section 21–1 Quiz, p. 15

Teaching Transparency 21-1
Connecting Math to Physics

This CD-ROM is an editable
Microsoft® PowerPoint®

presentation that includes:

■ Section presentations 
■ Interactive graphics
■ Image bank
■ All transparencies
■ Audio reinforcement
■ All new Section and Chapter

Assessment questions
■ Links to physicspp.com
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The Electric Field
How can you measure an electric field? Place a small charged object at

some location. If there is an electric force on it, then there is an electric field
at that point. The charge on the object that is used to test the field, called
the test charge, must be small enough that it doesn’t affect other charges.

Consider Figure 21-1, which illustrates a charged object with a charge of
q. Suppose you place the positive test charge at some point, A, and measure
a force, F. According to Coulomb’s law, the force is directly proportional to
the strength of the test charge, q�. That is, if the charge is doubled, so is the
force. Therefore, the ratio of the force to the charge is a constant. If you
divide the force, F, by the test charge, q�, you obtain a vector quantity, F/q�.
This quantity does not depend on the test charge, only on the force, F, and
the location of point A. The electric field at point A, the location of q�, is
represented by the following equation. 

The direction of an electric field is the direction of the force on a positive
test charge. The magnitude of the electric field strength is measured in
newtons per coulomb, N/C.

A picture of an electric field can be made by using arrows to represent
the field vectors at various locations, as shown in Figure 21-1. The length
of the arrow is used to show the strength of the field. The direction of the
arrow shows the field direction. To find the field from two charges, the
fields from the individual charges are added vectorially. A test charge can
be used to map out the field resulting from any collection of charges.
Typical electric field strengths produced by charge collections are shown in
Table 21-1.

An electric field should be measured only by a very small test charge.
This is because the test charge also exerts a force on q. It is important that
the force exerted by the test charge does not cause charge to be redistrib-
uted on a conductor, thereby causing q to move to another location and
thus, changing the force on q� as well as the electric field strength being
measured. A test charge always should be small enough so that its effect on
q is negligible.

Electric Field Strengh E � �
Fo

q
n

�
q�

�

The strength of an electric field is equal to the force on a positive test charge
divided by the strength of the test charge.

564 Chapter 21 Electric Fields

• Electric field lines are
indigo.

• Positive charges are red.
• Negative charges are

blue.

Electric field

Charge �

q�

q�
q�

q

■ Figure 21-1 Arrows can be
used to represent the magnitude
and direction of the electric field
about an electric charge at 
various locations.

Table 21-1

Approximate Values of Typical Electric Fields

Field Value (N/C)

Near a charged, hard-rubber rod

In a television picture tube

Needed to create a spark in air

At an electron’s orbit in a hydrogen atom

1�103

1�105

3�106

5�1011

2 TEACH

Using an Analogy
Force Per Unit Emphasize the
analogy between the gravitational
field and the electric field. Write 
g � F/m and E � F/q� on the
board and explain that the gravi-
tational field is force per unit
mass, while the electric field is
force per unit charge.

Concept Development
Measuring Field Strength
Define the strength, or intensity,
of an electric field at any point as
the force exerted on a charge
placed at that point. Example: If a
test charge of 1 coulomb is sub-
jected to a force of 10 newtons,
then the electric field is 10 N/C
(newtons per coulomb) at that
point. Ask students, “What would
be the force on an object with a
charge of 5 coulombs placed at
that same point?” 50 N

Critical Thinking
Electric Field Strength Have
students further investigate the
Launch Lab. Ask them if an iso-
lated balloon could be charged by
induction. no Ask them to explain
what could happen to a charged
balloon if they were to touch it. If
students were to touch the balloon,
the net force on the balloon could
overwhelm the charge on it.

Concept Development
Determine Charge Ask students
to suggest another way to find out
whether a Van de Graaff generator
is charged positively or negatively.
Answers may vary. For example, if
they place the cathode, or negative
electrode, of a discharge tube near
the charged sphere and the tube
glows, then the generator is nega-
tively charged. On the other hand, if
the generator is charged positively,
then students will have to hold the
anode, or positive electrode, toward
the sphere to obtain the same glow.

564

Electric Fields and Health At the University of Bristol in England, The Human Radiation Effects
Group has conducted experiments on a 400 kV, 50 Hz, power line where the maximum electric
field strength at 1 m above ground level was about 4 kV/m.  What they discovered is that air-
borne pollutants get drawn into the electric field and end up concentrating beneath the power
lines where they become polarized. The polarity sets up an oscillatory movement that makes the
particles “stickier” so that they are more likely to adhere to lung tissue. While human immune
systems are accustomed to dealing with airborne pollutants, when airborne pollutants are pres-
ent in such concentrations and with increased adherence properties, they present a health risk.
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1. A positive test charge of 5.0�10�6 C is in an electric field that exerts
a force of 2.0�10�4 N on it. What is the magnitude of the electric
field at the location of the test charge?

2. A negative charge of 2.0�10�8 C experiences a force of 0.060 N to
the right in an electric field. What are the field’s magnitude and
direction at that location? 

3. A positive charge of 3.0�10�7 C is located in a field of 27 N/C
directed toward the south. What is the force acting on the charge?

4. A pith ball weighing 2.1�10�3 N is placed in a downward electric
field of 6.5�104 N/C. What charge (magnitude and sign) must be
placed on the pith ball so that the electric force acting on it will
suspend it against the force of gravity?

5. You are probing the electric field of a charge of unknown magnitude
and sign. You first map the field with a 1.0�10�6-C test charge, then
repeat your work with a 2.0�10�6-C test charge. 

a. Would you measure the same forces at the same place with the
two test charges? Explain.

b. Would you find the same field strengths? Explain.

Section 21.1 Creating and Measuring Electric Fields 565

Electric Field Strength An electric field is measured using a positive test charge of 3.0�10�6 C.

This test charge experiences a force of 0.12 N at an angle of 15° north of east. What are the

magnitude and direction of the electric field strength at the location of the test charge?

Analyze and Sketch the Problem
• Draw and label the test charge, q�.
• Show and label the coordinate system centered on the test charge.
• Diagram and label the force vector at 15° north of east.

Known: Unknown:

q� � �3.0�10�6 C E � ?
F � 0.12 N at 15° N of E

Solve for the Unknown

E � �
q
F
�
�

� �
3.0�

0
1
.1
0
2
�6

N
N/C

� Substitute F � 0.12 N, q� � 3.0�10�6 C

� 4.0�104 N/C

The force on the test charge and the electric field are in the 
same direction.

E � 4.0�104 N/C at 15° N of E

Evaluate the Answer
• Are the units correct? Electric field strength is correctly measured in N/C.
• Does the direction make sense? The field direction is in the direction of the force

because the test charge is positive.
• Is the magnitude realistic? This field strength is consistent with the values listed 

in Table 21-1.

3

2

1

F
q� 15°

N

E

Math Handbook

Operations with
Significant Digits
pages 835—836

Identifying
Misconceptions
Force v. Field A few students
may confuse the electric field
around a test charge as the force
on a test charge. Clarify that 
the electric field is a ratio mea-
suring the force per unit charge.
(E � F/q�). Use Example Problem
1 and the In-Class Example to
explore what happens to the mag-
nitude of the electric field strength
when the force on a positive test
charge is doubled.

565

Question An elec-
tric field is mea-
sured using a
positive test charge
of 3.0�10�6 C. It experiences a
force of 0.24 N at an angle of 15°
north of east. What are the mag-
nitude and direction of the elec-
tric field strength at the location
of the test charge?

Answer Use E � F/q�, where 
q� � �3.0�10�6 C, and 
F � 0.24 N, solve for E.
E � (0.24 N)/(�3.0�10�6 C)
E � 8.0�104 N/C
The test charge is positive, so the
force on the test charge and the
electric field are in the same
direction, 15° north of east. If the
force on a charge is doubled, the
electric field strength is doubled.

1. 4.0�101 N/C

2. 3.0�106 N/C directed to the
left

3. 8.1�10�6 N

4. �3.2�10�8 C
5. a. No. The force on the 2.0-

�C charge would be
twice that on the 1.0-�C
charge.

b. Yes, because you would
divide the force by the
strength of the test charge.

Visually Impaired Visually impaired students often fail to realize that some phenomena ocurr in
three-dimensional space when presented with a two-dimensional image in a book. Help stu-
dents grasp the fact that an electric field is actually three-dimensional. Have students make a
model of an electric field surrounding a positive charge. They can use modeling clay and tooth-
picks or pipe cleaners, or other suitable materials. Be sure that the field lines are oriented along
x-, y-, and z-axes. Ask students to explain how the electric field lines are oriented when they
present their model. Kinesthetic
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6. What is the magnitude of the electric field strength at a position 
that is 1.2 m from a point charge of 4.2�10�6 C?

7. What is the magnitude of the electric field strength at a distance
twice as far from the point charge in problem 6?

8. What is the electric field at a position that is 1.6 m east of a point
charge of �7.2�10�6 C?

9. The electric field that is 0.25 m from a small sphere is 450 N/C
toward the sphere. What is the charge on the sphere?

10. How far from a point charge of �2.4�10�6 C must a test charge 
be placed to measure a field of 360 N/C?

566 Chapter 21 Electric Fields

Electric Field Strength What is the electric field strength at a point that is 0.30 m to the 

right of a small sphere with a charge of �4.0�10�6 C?

Analyze and Sketch the Problem
• Draw and label the sphere and its charge, q, and the test charge, q�.
• Show and label the distance between the charges.
• Diagram and label the force vector acting on q�.

Known: Unknown:

q � �4.0�10�6 C E � ?
d � 0.30 m

Solve for the Unknown
The force and the magnitude of the test charge are unknown, 
so use Coulomb’s law in combination with the electric 
field strength.

E � �
q
F
�
�

� K�
d
q

2
q
q
�

�
� Substitute F � K�

q
d
q
2
�

�

� K�
d
q

2�

� (9.0�109 N�m2/C2)�(�4
(0
.0
.3
�
0
1
m
0�

)2

6 C)
� Substitute K � 9.0�109 N�m2/C2, q � �4.0�10�6 C, d � 0.30 m

� �4.0�105 N/C

E � 4.0�105 N/C toward the sphere, or to the left

Evaluate the Answer
• Are the units correct? (N�m2/C2)(C)/m2 � N/C. 

The units work out to be N/C, which is correct for 
electric field strength.

• Does the direction make sense? The negative sign 
indicates that the positive test charge is attracted toward 
the negative point charge.

• Is the magnitude realistic? This field strength is 
consistent with the values listed in Table 21-1.

3

2

1

q � �4.0�10�6 C

d � 0.30 m

q�

F ��

Math Handbook

Operations with
Scientific Notation
pages 842—843

566

Question What
happens when you
halve the distance
between two
charges? Compare the result
here to Example Problem 2. Find
the electric field strength 
at a point 0.15 m to the right 
of a sphere of charge of
�4.0�10�6 C.

Answer In this case, the field
strength quadruples—an example 
of the inverse square. Use E � F/q�

with Coulomb’s law. Substitute 
F � K(qq�/d 2), where 
K � 9.0�109 N�m2/C2,
q � �4.0�10�6 C, and
d � 0.15 m
E � K(qq�/d 2q�) � K(q/d 2)

� (9.0�109 N�m2/C2) �

(�4.0�10�6 C)/(0.15 m)2

� �1.6�106 N/C, or �16�105

The negative sign indicates that the
positive test charge (q�) is attracted
toward the negative point charge
(q).

6. 2.6�104 N/C

7. Because the field strength
varies as the square of the
distance from the point
charge, the new field
strength will be �

1
4� of the

old field strength, or
6.5�103 N/C.

8. 2.5�104 N/C
The direction of the field is
east (away from the posi-
tive point charge).

9. �3.1�10�9 C
The charge is negative,
because the field is
directed toward it.

10. 7.7 m Electric Field Mills To avoid possible lightning strikes when launching a vehicle, engineers at
NASA use a type of sensor called an electric field mill to assess the strength of atmospheric elec-
tric fields in and around clouds along the intended launch trajectory. Challenge students to
research and build their own homemade electric field mill—it is possible using trash cans, cake
pans, an electric motor, and other hardware. Make sure students explain how NASA uses the
electric field mills to determine the magnitude and polarity of the ambient electric field (by meas-
uring the amplitude and phase of current that flows to and from stators). Students can present
their electric field mills to the class. Kinesthetic
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��

�

��

a b c

■ Figure 21-2 Lines of force are
drawn perpendicularly away from
a positively charged object (a)
and perpendicularly into a
negatively charged object (b).
Electric field lines are shown
between like charged and
oppositely charged objects (c).

So far, you have measured an electric field at a single point. Now, imag-
ine moving the test charge to another location. Measure the force on it
again and calculate the electric field. Repeat this process again and again
until you assign every location in space a measurement of the vector quan-
tity of the electric field strength associated with it. The field is present even
if there is no test charge to measure it. Any charge placed in an electric field
experiences a force on it resulting from the electric field at that location.
The strength of the force depends on the magnitude of the field, E, and the
magnitude of the charge, q. Thus, F � Eq. The direction of the force
depends on the direction of the field and the sign of the charge.

Picturing the Electric Field
A picture of an electric field is shown in Figure 21-2. Each of the lines

used to represent the actual field in the space around a charge is called an
electric field line. The direction of the field at any point is the tangent
drawn to a field line at that point. The strength of the electric field is indi-
cated by the spacing between the lines. The field is strong where the lines
are close together. It is weaker where the lines are spaced farther apart.
Although only two-dimensional models can be shown here, remember
that electric fields exist in three dimensions.

The direction of the force on a positive test charge near another positive
charge is away from the other charge. Thus, the field lines extend radially
outward like the spokes of a wheel, as shown in Figure 21-2a. Near a 
negative charge, the direction of the
force on the positive test charge is
toward the negative charge, so the
field lines point radially inward, as
shown in Figure 21-2b. When
there are two or more charges, the
field is the vector sum of the fields
resulting from the individual
charges. The field lines become
curved and the pattern is more
complex, as shown in Figure 21-2c.
Note that field lines always leave a
positive charge and enter a negative
charge, and that they never cross
each other. 

�

�

�

�
�

�

�

�

�

�

�

�
��

�

�

� �

�
�

�
�

�

A

Metal dome

Insulator

Belt

Motor

Grounded
base

B

a b

■ Figure 21-3 In the Van de
Graaff generator (a), charge is
transferred onto a moving belt at
A, and from the belt to the metal
dome at B. An electric motor does
the work needed to increase the
electric potential energy. When a
person touches a Van de Graaff
generator, the results can be
dramatic (b).

(r)Horizons Companies, (l)courtesy PASCO Scientific 

Identifying
Misconceptions
Direction of Force Students may
not understand that field lines, or
lines of force, are directed from
positive charges to negative
charges. Emphasize that for a 
positive test charge, the electric
field is in the same direction as
the force acting upon it. For a
negative test charge, however, the
direction of the electric field is to
the opposite direction of the force
acting upon it.

■ Using Figure 21-3

Most students associate field with a
plane surface. Ask students to ana-
lyze the photograph of the person
touching the Van de Graaff genera-
tor in Figure 21–3b. They can see
the front of the person’s head, but
what do they imagine the back of
the head looks like? hair is standing
up Ask students what they can
deduce about an electric field from
this photograph. The electric field
has three dimensions.

Using an Analogy
Contour Lines Contour lines are
used on a map to show elevation,
yet they do not actually exist—
that is, one doesn’t find contour
lines while hiking. Similarly, elec-
tric field lines do not exist in the
real world. The lines of force serve
only to represent field strength.
Students can interpret the proxim-
ity of electric field lines as they
would the proximity of contour
lines. Where contour lines are
close together, the slope is steep.
Where electric field lines are close
together, the electric field is
stronger than at locations where
the lines are farther apart.

567

Drawing Electric Field Lines Have students draw diagrams to show electric field lines for vari-
ous point charges. For a positive point charge, the field lines flow out from the positive charge.
For a negative point charge, the field lines flow in toward the charge. For two positive point
charges, the field lines flow away from both charges, because like charges repel. For one posi-
tive point charge and one negative point charge, the field lines flow out of the positive charge
and into the negative charge. Field lines never cross one another. Visual-Spatial

Videotape

Electric Fields and Forces
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11. Measuring Electric Fields Suppose you are
asked to measure the electric field in space. How
do you detect the field at a point? How do you
determine the magnitude of the field? How do you
choose the magnitude of the test charge? What do
you do next? 

12. Field Strength and Direction A positive test
charge of magnitude 2.40�10�8 C experiences a
force of 1.50�10�3 N toward the east. What is the
electric field at the position of the test charge?

13. Field Lines In Figure 21-4, can you tell which
charges are positive and which are negative? What
would you add to complete the field lines?

14. Field Versus Force How does the electric field, E,
at the test charge differ from the force, F, on it? 

15. Critical Thinking Suppose the top charge in
Figure 21-2c is a test charge measuring the field
resulting from the two negative charges. Is it small
enough to produce an accurate measure? Explain.

21.1 Section Review

a b

c

■ Figure 21-4 Lines of force
between unlike charges (a, c)
and between like charges (b, d)
describe the behavior of a
positively charged object in a field.
The top figures are computer
tracings of electric field lines.

d

Robert Van de Graaff devised the high-voltage electrostatic generator in
the 1930s. Van de Graaff’s machine, shown in Figure 21-3a on the previ-
ous page, is a device that transfers large amounts of charge from one part
of the machine to a metal terminal at the top of the device. Charge is trans-
ferred onto a moving belt at the base of the generator, position A, and is
transferred off the belt at the metal dome at the top, position B. An elec-
tric motor does the work needed to increase the electric potential energy.
A person touching the terminal of a Van de Graaff machine is charged elec-
trically. The charges on the person’s hairs repel each other, causing the hairs
to follow the field lines, as shown in Figure 21-3b. 

Another method of visualizing field lines is to use grass seed in an insu-
lating liquid, such as mineral oil. The electric forces cause a separation of
charge in each long, thin grass seed. The seeds then turn so that they line
up along the direction of the electric field. The seeds thus form a pattern
of the electric field lines, as in Figure 21-4. Field lines do not really exist.
They are simply a means of providing a model of an electric field. Electric
fields, on the other hand, do exist. Although they provide a method of 
calculating the force on a charged body, they do not explain why charged
bodies exert forces on each other.

Kodansha

Reinforcement
Earth’s Charge At Earth’s sur-
face, there is an electric field of
almost 150 N/C, directed down-
ward. Ask what charge Earth must
have to cause such a direction.
Earth must be charged negatively.

3 ASSESS

Check for Understanding
Electric Field Lines Have stu-
dents draw the field lines for a
large, positively charged plate. The
field lines flow away from the plate
on both sides. Visual-Spatial

Extension
Electric Field Strength Ask stu-
dents if there is a limit to how
strong an electric field could be.
Yes, there is a limit because the pro-
duction of a field depends on a col-
lection of charges. After reaching a
certain density, these charges would
begin to repel each other.

568

11. You detect the field by placing a test
charge at that point and determining if
there is a force on it. To determine the
magnitude of the field, divide the mag-
nitude of the force on the test charge
by the magnitude of the test charge. In
choosing the magnitude of the test 
charge consider that it must be very 

small compared to the magnitudes of
the charges producing the field. Next
measure the direction of the force on
the test charge to determine the direc-
tion of the field.

12. 6.25�104 N/C east
13. No. The field lines must have arrow-

heads indicating their direction, from
positive to negative charges.

14. The field is a property of that region of
space, and does not depend on the test
charge used to measure it. The force
depends on the magnitude and sign of
the test charge.

15. No. This charge is large enough to dis-
tort the field produced by the other
charges with its own field.

21.1 Section Review
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� Objectives
• Define electric potential

difference.

• Calculate potential
difference from the work
required to move a charge.

• Describe how charges are
distributed on solid and
hollow conductors.

• Solve problems pertaining 
to capacitance.

� Vocabulary

electric potential difference
volt
equipotential
capacitor
capacitance

21.2 Applications of Electric Fields

Increase in
gravitational
potential
energy

g

Ball Increase in
electric
potential
energy

E

B

A�

�

�

As you have learned, the concept of energy is extremely useful in 
mechanics. The law of conservation of energy allows us to solve

motion problems without knowing the forces in detail. The same is true in
the study of electrical interactions. The work performed moving a charged
particle in an electric field can result in the particle’s gaining potential, or
kinetic energy, or both. Because this chapter investigates charges at rest,
only changes in potential energy will be discussed.

Energy and Electric Potential
Recall the change in gravitational potential energy of a ball when it is

lifted, as shown in Figure 21-5. Both the gravitational force, F, and the
gravitational field, g � F/m, point toward Earth. If you lift a ball against the
force of gravity, you do work on it, thereby increasing its potential energy.

The situation is similar with two unlike charges: they attract each other,
and so you must do work to pull one charge away from the other. When
you do the work, you transfer energy to the charge where that energy is
stored as potential energy. The larger the test charge, the greater the
increase in its potential energy, �PE.

Although the force on the test charge depends on its magnitude, q�, the
electric field it experiences does not. The electric field, E � F/q�, is the force
per unit charge. In a similar way, the electric potential difference, �V, is
defined as the work done moving a positive test charge between two points
in an electric field divided by the magnitude of the test charge. 

Electric potential difference is measured in joules per coulomb. One joule
per coulomb is called a volt (J/C � V).

Consider the situation shown in Figure 21-6 on the next page. The nega-
tive charge creates an electric field toward itself. Suppose you place a small
positive test charge in the field at position A. It will experience a force in 
the direction of the field. If you now move the test charge away from the 
negative charge to position B, as in Figure
21-6a, you will have to exert a force, F, on
the charge. Because the force that you exert
is in the same direction as the displacement,
the work that you do on the test charge is
positive. Therefore, there also will be a pos-
itive change in the electric potential differ-
ence. The change in potential difference
does not depend on the magnitude of the
test charge. It depends only on the field and
the displacement.

Electric Potential Difference �V � �
W

q
on

�
q�

�

The difference in electrical potential is the ratio of the work needed to move
a charge to the strength of that charge.

a b

■ Figure 21-5 Work is needed to
move an object against the force
of gravity (a) and against the
electric force (b). In both cases,
the potential energy of the object
is increased.
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Section 21.2

1 FOCUS

Bellringer Activity
Carrying Charge Place an empty
coffee can on an insulating plat-
form, such as a polyfoam block,
and charge it. Touch a transfer
slide to the inside of the can and
then to an electroscope. Point out
that the leaves remain limp.
Repeat, but this time touch the
outside of the coffee can. Point
out that this time the leaves
diverge. Ask the class what this
tells them about how an object
carries a charge. The charge is car-
ried on the outside, not the inside, of
an object. Visual-Spatial

Tie to Prior Knowledge
Potential Energy As in section
21.1, students can continue to
draw analogies from the force of
gravity (Chapter 4) and potential
energy (Chapter 11). Reviewing
the law of conservation of energy
will help students grasp the idea
of electric potential.

2 TEACH

Identifying
Misconceptions
Voltage v. Volt Voltage is electric
potential expressed in volts. To
help students understand voltage,
suggest that they think of a
coulomb as a “piece” or quantity
of electricity. A volt, then, is a
measure of the amount of energy,
stated in joules. Thus one volt
describes one joule of energy per
coulomb. A volt is a measure of
potential difference. We com-
monly use the term voltage to
replace the more awkward term
electric potential difference. Electric
potential is potential energy per
coulomb of charge. It is similar to
the height of a hill, gravitational
potential, or the gravitational
potential energy of an object with
mass of 1 kg.

Teaching Transparency 21-3
Teaching Transparency 21-4
Connecting Math to Physics

Technology
TeacherWorks™ CD-ROM
Interactive Chalkboard CD-ROM
ExamView ® Pro Testmaker CD-ROM
physicspp.com
physicspp.com/vocabulary_puzzlemaker

21.2 Resource MANAGER
FAST FILE Chapters 21–25 Resources

Transparency 21–2 Master, p. 23
Transparency 21–3 Master, p. 25
Transparency 21–4 Master, p. 27
Study Guide, pp. 13–14
Reinforcement, pp. 17–18
Section 21–2 Quiz, p. 16
Mini Lab Worksheet, p. 3
Physics Lab Worksheet, pp. 5–8

Teaching Transparency 21-2
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■ Figure 21-6 Electric potential
difference is determined by
measuring the work per unit
charge. If you move unlike charges
apart, you increase the electric
potential difference (a). If you
move unlike charges closer
together, you reduce the electric
potential difference (b).

■ Figure 21-7 Electric potential is
smaller when two unlike charges
are closer together (a) and larger
when two like charges are closer
together (b).

� Static Electricity Modern
electronic devices, such as
personal computers, contain
components that are easily
damaged by static electric
discharges. To prevent damage 
to these sensitive components
during repair, a technician will
wear a conductive strap around
his or her wrist. The other end of
this strap is clipped to a grounded
piece of metal. The strap conducts
charge away from the technician
and eliminates any possible
potential difference with the
grounded equipment. �

Suppose you now move the test charge back to position A from position
B, as in Figure 21-6b. The force that you exert is now in the direction
opposite the displacement, so the work that you do is negative. The elec-
tric potential difference is also negative. In fact, it is equal and opposite to
the potential difference for the move from position A to position B. The
electric potential difference does not depend on the path used to go from
one position to another. It does depend on the two positions.

Is there always an electric potential difference between the two posi-
tions? Suppose you move the test charge in a circle around the negative
charge. The force that the electric field exerts on the test charge is always
perpendicular to the direction in which you moved it, so you do no work.
Therefore, the electric potential difference is zero. Whenever the electric
potential difference between two or more positions is zero, those positions
are said to be at equipotential.

Only differences in potential energy can be measured. The same is true
of electric potential; thus, only differences in electric potential are impor-
tant. The electric potential difference from point A to point B is defined as
�V � VB � VA. Electric potential differences are measured with a voltmeter.
Sometimes, the electric potential difference is simply called the voltage. Do
not confuse electric potential difference, �V, with the unit for volts, V.

a

b

a b
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� Remind students that elec-
tronic devices are not only easily
damaged, but can be damaging
as well. Ask students if they have
seen any sort of warning labels
on computers, radios, televisions,
and VCRs. Inform your class that
they can still get a shock even
when the power is turned off
because the capacitors may
remain charged. If they touch a
charged electrode, they could get
a significant shock. because not
all the electrodes are grounded �

Using an Analogy
Voltage and Elevation The volt
in electricity is analogous to
height in gravitational potential
energy calculations. In the case of
electricity, electrons move from a
lower to a more positive voltage.
That’s why we use conventional
current. Positive charges move
from a higher to a less positive
voltage. In the case of gravity,
objects fall from a higher eleva-
tion to a lower elevation. Extend
this analogy by pointing out that
positive charges move toward
regions of lower electrical poten-
tial the same way a boulder rolls
downhill toward a lower gravita-
tional potential.

Concept Development
Potential Difference Ask stu-
dents whether they can measure
voltage at a single point. No, 
voltage is the potential difference
between two points—a measure of
the energy required to move a
charge from one point to another
point. Potential difference is pro-
portional to the work needed to
move a charge, or to the energy
change of a charge moved between
two points.

Gel Electrophoresis This technique separates DNA fragments by size. Special enzymes cut the
DNA where there is a specific sequence of amino acids. The result is a collection of electrically
charged fragments of various lengths. DNA is placed at one end of a gelatin-like material; a poten-
tial difference then creates an electric field across this gel, causing DNA fragments to move to
the other end. The larger the fragment, the more slowly it moves. The DNA is dyed and a photo-
graph is taken to show how far each fragment has migrated. Ask students, “Suppose you extract
DNA from each of 15 snails. You find DNA fragments from 5 of the snails at the same location.
What might you conclude?” Five of the snails have similar DNA and are likely related.
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■ Figure 21-8 A representation of
an electric field between parallel
plates is shown.

16. The electric field intensity between two large, charged, parallel metal plates is 6000 N/C.
The plates are 0.05 m apart. What is the electric potential difference between them?

17. A voltmeter reads 400 V across two charged, parallel plates that are 0.020 m apart. What
is the electric field between them? 

18. What electric potential difference is applied to two metal plates that are 0.200 m apart 
if the electric field between them is 2.50�103 N/C? 

19. When a potential difference of 125 V is applied to two parallel plates, the field between
them is 4.25�103 N/C. How far apart are the plates?

20. A potential difference of 275 V is applied to two parallel plates that are 0.35 cm apart.
What is the electric field between the plates?

You have seen that electric potential difference increases as a positive
test charge is separated from a negative charge. What happens when a pos-
itive test charge is separated from a positive charge? There is a repulsive
force between these two charges. Potential energy decreases as the two
charges are moved farther apart. Therefore, the electric potential is smaller
at points farther from the positive charge, as shown in Figure 21-7.

As you learned in Chapter 11, the potential energy of a system can be
defined as zero at any reference point. In the same way, the electric poten-
tial of any point can be defined as zero. No matter what reference point is
chosen, the value of the electric potential difference from point A to point
B always will be the same.

The Electric Potential in a Uniform Field
A uniform electric force and field can be made by placing two large, flat,

conducting plates parallel to each other. One is charged positively and the
other is charged negatively. The electric field between the plates is constant,
except at the edges of the plates, and its direction is from the positive to
the negative plate. The pattern formed by the grass seeds pictured in Figure
21-8 represents the electric field between parallel plates.

If a positive test charge, q�, is moved a distance, d, in the direction oppo-
site the electric field direction, the work done is found by the relationship
Won q� � Fd. Thus, the electric potential difference, the work done per unit
charge, is �V = Fd/q� � (F/q�)d. Now, the electric field intensity is the force
per unit charge, E � F/q�. Therefore, the electric potential difference, �V,
between two points a distance, d, apart in a uniform field, E, is represented
by the following equation. 

The electric potential increases in the direction opposite the electric field
direction. That is, the electric potential is higher near the positively charged
plate. By dimensional analysis, the product of the units of E and d is
(N/C)(m). This is equivalent to one J/C, which is the definition of 1 V. 

Electric Potential Difference in a Uniform Field �V � Ed

The electrical potential difference in a uniform field is equal to the product of
electric field intensity and the distance moved by a charge.

Kodansha

■ Using Figure 21-8

The electric field between two par-
allel plates is uniform only if the
length and width of the plates are
much larger than the distance sepa-
rating them. Point out that the field
is not uniform near the edges of the
plates.

571

16. 3�102 V

17. 2�104 N/C

18. 5.00�102 V

19. 2.94�10�2 m

20. 7.9�104 N/C

Formula On the board, write Work � Charge � Potential Difference (or Voltage Difference) Point
out that this formula relates work to charge and voltage. Ask students what units they would use
in the formula. The unit for work is joule; coulomb is the unit of charge; the unit for potential differ-
ence is volts. Have students rewrite the formula with the proper units. 1 joule � (1 coulomb) �

(1 volt). Logical-Mathematical

■ Static Cling Most students
have experienced static cling
when pulling apart items like a
nylon sock and a polyester jersey
as they empty the clothes dryer. In
the process of automated drying,
modern synthetic fabrics readily
become electrically charged. Have
students work in small groups to
investigate the various materials
that are available to reduce or
eliminate the build-up of static
charge, such as fabric softeners,
additives to clothes dryers, and
applications such as pump sprays
or aerosols. Have students assem-
ble a display rating the efficiency
of each item and explaining how
it works. Kinesthetic

562-589 PhyTWEC21-845814  7/14/04  12:31 AM  Page 571



21. What work is done when 3.0 C is moved through an electric potential difference of 1.5 V?

22. A 12-V car battery can store 1.44�106 C when it is fully charged. How much work can
be done by this battery before it needs recharging?

23. An electron in a television picture tube passes through a potential difference of 18,000 V.
How much work is done on the electron as it passes through that potential difference?

24. If the potential difference in problem 18 is between two parallel plates that are 2.4 cm
apart, what is the magnitude of the electric field between them?

25. The electric field in a particle-accelerator machine is 4.5�105 N/C. How much work is
done to move a proton 25 cm through that field?

572 Chapter 21 Electric Fields

Work Required to Move a Proton Between Charged Parallel Plates Two charged parallel

plates are 1.5 cm apart. The magnitude of the electric field between the plates is 1800 N/C.

a. What is the electric potential difference between the plates?

b. What work is required to move a proton from the negative plate to the positive plate?

Analyze and Sketch the Problem
• Draw the plates separated by 1.5 cm.
• Label one plate with positive charges and the other 

with negative charges.
• Draw uniformly spaced electric field lines from the

positive plate to the negative plate.
• Indicate the electric field strength between the plates.
• Place a proton in the electric field.

Known: Unknown:

E � 1800 N/C ∆V � ?
d � 1.5 cm W � ?
q � 1.60�10�19 C

Solve for the Unknown
�V � Ed

� (1800 N/C)(0.015 m) Substitute E � 1800 N/C, d � 0.015 m

� 27 V

�V � �
W
q
�

W � q�V
� (1.60�10�19 C)(27 V) Substitute q � 1.60�10�19 C, �V � 27 V

� 4.3�10�18 J

Evaluate the Answer
• Are the units correct? (N/C)(m) � N�m/C � J/C � V. The units work out to be volts.

C�V � C(J/C) � J, the unit for work.
• Does the sign make sense? Positive work must be done to move a positive charge

toward a positive plate.
• Is the magnitude realistic? With such a small charge moved through a potential

difference of a few volts, the work performed will be small.

3

2

1

d �
1.5 cm

E �
1800 N/C

� � � �

� � � �

�

Math Handbook

Operations with
Scientific Notation
pages 842—843
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Question Two
charged parallel
plates are 4.0 cm
apart. The magni-
tude of the electric field between
the plates is 2400 N/C. What is
the electric potential difference
between the two fields? (You
may have to remind some stu-
dents to convert 4.0 cm to 
0.040 m.)

Answer First solve for the
unknowns. �V � Ed
E � 2400 NC
d � 4.0 cm � 0.040 m
�V � (2400 N/C)(0.040 m)
�V � 96 volts

Question What work is required
to move one proton from the
negative plate to the positive
plate?

Answer Since �V � W/q, then 
W � q�V. Substitute q and �V.
q � 1.60�10�19

W � (1.60�10�19)(96 V)
W � 1.5�10�17 J

21. 4.5 J

22. 1.7�107 J

23. 2.9�10�15 J

24. 2.1�104 N/C

25. 1.8�10�14 J

Eel Voltage The electric eel inhabiting the fresh waters of South America has an electroshock
device—a group of highly compacted nerve endings—on its tail. The larger the eel, the larger the
nerve-ending cells, and the higher the voltage of the shock. A three-meter-long eel can produce
a potential difference of 650 volts, enough to stun a person or a large animal. After many dis-
charges, an eel must rest to build up more charge with which to shock its prey.
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Atomizer

Battery

Charged
plate

Microscope

Charged plate

Oil drop
■ Figure 21-9 This illustration
shows a cross-sectional view 
of the apparatus that Millikan
used to determine the charge 
on an electron.

Electric Fields
Tie a pith ball on the end of a 
20-cm nylon thread and tie the
other end to a plastic straw.
Holding the straw horizontally,
notice that the ball hangs straight
down. Now rub a piece of wool on
a 30 cm � 30 cm square of plastic
foam to charge both objects. Stand
the foam vertically. Hold the straw
and touch the pith ball to the wool.
1. Predict what will happen when
the ball is close to the foam.
2. Test your prediction by slowly
bringing the hanging ball toward
the charged plastic foam.
3. Predict the ball’s behavior at
different locations around the foam,
and test your prediction.
4. Observe the angle of the thread
as you move the pith ball to
different regions around the foam.

Analyze and Conclude 
5. Explain, in terms of the electric
field, why the ball swings toward
the charged plastic. 
6. Compare the angle of the
thread at various points around
the foam. Why did it change?
7. Infer what the angle of the
thread indicates about the
strength and the direction of 
the electric field.

Millikan’s Oil-Drop Experiment
One important application of the uniform electric field between two

parallel plates is the measurement of the charge of an electron. This 
first was determined by American physicist Robert A. Millikan in 1909.
Figure 21-9 shows the method used by Millikan to measure the charge car-
ried by a single electron. First, fine oil drops were sprayed from an atom-
izer into the air. These drops were charged by friction with the atomizer as
they were sprayed. Gravity acting on the drops caused them to fall, and a
few of them entered the hole in the top plate of the apparatus. An electric
potential difference then was placed across the two plates. The resulting
electric field between the plates exerted a force on the charged drops. When
the top plate was made positive enough, the electric force caused nega-
tively charged drops to rise. The electric potential difference between the
plates was adjusted to suspend a charged drop between the plates. At this
point, the downward force of Earth’s gravitational field and the upward
force of the electric field were equal in magnitude. 

The magnitude of the electric field, E, was determined from the electric
potential difference between the plates. A second measurement had to be
made to find the weight of the drop using the relationship mg, which was
too tiny to measure by ordinary methods. To make this measurement, a
drop first was suspended. Then, the electric field was turned off, and the
rate of the fall of the drop was measured. Because of friction with the 
air molecules, the oil drop quickly reached terminal velocity, which 
was related to the mass of the drop by a complex equation. Using the
measured terminal velocity to calculate mg and knowing E, the charge, q,
could be calculated.

Charge on an electron Millikan found that there was a great deal of vari-
ation in the charges of the drops. When he used X rays to ionize the air and
add or remove electrons from the drops, he noted, however, that the changes
in the charge on the drops were always a multiple of 1.60�10�19 C. The
changes were caused by one or more electrons being added to or removed
from the drops. Millikan concluded that the smallest change in charge that
could occur was the amount of charge of one electron. Therefore, Millikan
proposed that each electron always has the same charge, 1.60�10�19 C.
Millikan’s experiment showed that charge is quantized. This means that 
an object can have only a charge with a magnitude that is some integral
multiple of the charge of an electron. 

Section 21.2 Applications of Electric Fields 573
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Electric Fields 
See page 3 of FAST FILE
Chapters 21–25 Resources for the
accompanying Mini Lab Worksheet.

Purpose to observe the effects of
an electric field

Materials 30-cm square of plastic
foam, straw, thread, pith ball

Expected Results The pith ball
will hang vertically with no electric
field. As field strength increases,
the ball will hang at an angle.

Analyze and Conclude
5. The opposite charges attract.

6. The field is strongest near the
center of the foam, and gets
stronger as the distance decreases.

7. The greater the angle, the
greater the field strength. The ball
is repelled, so the thread moves in
the direction of the field.

Charged Parallel Plates
Estimated Time 5 minutes

Materials plastic foam electrophorus, aluminum
pie plate, wool, foam or plastic cup, pith ball

Procedure Attach the cup to the pie plate;
you will use the cup as a handle. Charge the
foam by rubbing it with wool. Use the pith ball

to demonstrate the field near the region you
rubbed. Next, lay the metal pie plate on the
foam and touch it with your finger. This gives
the plate the opposite charge. Use the pith ball
to show that there is a field around it. Hold the
pie plate parallel to the foam. The pith ball will
show the field between the plates.
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Chapters 21–25 Resources

Videotape

The Millikan Experiment;
Equipotentials and Fields;
Potential Difference and
Capacitance
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26. A drop is falling in a Millikan oil-drop apparatus with no electric field. What forces are
acting on the oil drop, regardless of its acceleration? If the drop is falling at a constant
velocity, describe the forces acting on it.

27. An oil drop weighs 1.9�10�15 N. It is suspended in an electric field of 6.0�103 N/C.
What is the charge on the drop? How many excess electrons does it carry?

28. An oil drop carries one excess electron and weighs 6.4�10�15 N. What electric field
strength is required to suspend the drop so it is motionless?

29. A positively charged oil drop weighing 1.2�10�14 N is suspended between parallel
plates separated by 0.64 cm. The potential difference between the plates is 240 V. 
What is the charge on the drop? How many electrons is the drop missing?

574 Chapter 21 Electric Fields

Finding the Charge on an Oil Drop In a Millikan oil-drop experiment, a drop has been

found to weigh 2.4�10�14 N. The parallel plates are separated by a distance of 1.2 cm. 

When the potential difference between the plates is 450 V, the drop is suspended, motionless.

a. What is the charge on the oil drop?

b. If the upper plate is positive, how many excess electrons are on the oil drop?

Analyze and Sketch the Problem
• Draw the plates with the oil drop suspended between them.
• Draw and label vectors representing the forces. 
• Indicate the potential difference and the distance

between the plates.

Known: Unknown:

�V � 450 V charge on drop, q � ?
Fg � 2.4�10�14 N number of electrons, n � ?
d � 1.2 cm

Solve for the Unknown
To be suspended, the electric force and gravitational force must be balanced.

Fe � Fg
qE � Fg Substitute Fe � qE

�
q�

d
V

� � Fg Substitute E � �
�
d
V
�

Solve for q.

q � �
F

�
g

V

d
�

� Substitute Fg � 2.4�10�14 N, d � 0.012 m, �V � 450 V

� 6.4�10�19 C 

Solve for the number of electrons on the drop.

n � �
q
e

�

� �
6
1
.
.
4
6
�
�

1
1
0
0

�

�

1

1

9

9
C
C

� Substitute q � 6.4�10�19 C, e � 1.6�10�19 C

� 4

Evaluate the Answer
• Are the units correct? N�m/V � J/(J/C) � C, the unit for charge.
• Is the magnitude realistic? This is a small whole number of elementary charges.

3

(2.4�10�14 N)(0.012 m)
���

450 V

2

1

Math Handbook

Isolating a Variable
page 845

� d � 1.2 cm�V � 450 V

� � � �

Fe � qE

Fg � mg

574

Question An oil
drop suspended
motionless
between 2 parallel
plates weighs 1.5�10�14 N. The
parallel plates are 2.4 cm apart
and the potential difference
between them is 450 V. What is
the charge on the oil drop?

Known:
�V � 450 V
Fg � 1.5�10�14 N
d � 2.4 cm � 0.024 m
Fe � Fg

Unknown:
charge on drop, q � ?
number of electrons, n � ?

Answer First use Fe � qE and
substitute E � �V/d to solve for q.
Fg � qE � q�V/d

q � Fg d/�V

q � (1.5�10�14 N)(0.024 m)/450 V

q � 8.0�10–19 C

Question If the upper plate is
positive, how many excess elec-
trons are on the oil drop?

Answer Solve using n � q/e.
e � 1.6�10�19

q � 8.0�10�19

n � 8.0�10�19 C/1.6�10�19 C
n � 5 electrons

26. Gravitational force
(weight) downward, fric-
tion force of air upward.
The two forces are equal
in magnitude if the drop
falls at constant velocity.

27. 3.2�10�19 C, 2 electrons

28. 4.0�104 N/C

29. 3.2�10�19 C, 2 electrons
Applications of Potential Difference Interested students can learn about electrocardiography
(EKG), electroretinography, electromyography (EMG), and electroencephalography (EEG). Have
students research one of these medical procedures. Ask them to describe how potential differ-
ence applies to their chosen device or procedure when they present their findings to the class.

Linguistic
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Sharing of Charge
All systems come to equilibrium when the energy of the system is at a

minimum. For example, if a ball is placed on a hill, it finally will come to
rest in a valley where its gravitational potential energy is smallest. This also
would be the location where its gravitational potential has been reduced
by the largest amount. This same principle explains what happens when
an insulated, positively charged metal sphere, such as the one shown in
Figure 21-10, touches a second, uncharged sphere.

The excess charges on sphere A repel each other, so when the neutral
sphere, B, touches sphere A, there is a net force on the charges on A toward
B. Suppose that you were to physically move the charges, individually,
from A to B. When you move the first charge, the other charges on A would
push it toward B, so, to control its speed, you would have to exert a force
in the opposite direction. Therefore, you do negative work on it, and the
electric potential difference from A to B is negative. When the next few
charges are moved, they feel a small repulsive force from the charges
already on B, but there is still a net positive force in that direction. At some
point, the force pushing a charge off A will equal the repulsive force from
the charges on B, and the electric potential difference is zero. After this
point of equilibrium, work would have to be done to move the next charge
to B, so this would not happen by itself and would require an increase in
the energy of the system. However, if you did continue to move charges,
the electric potential difference from A to B would then be positive. Thus,
you can see that charges would move from A to B without external forces
until there is no electric potential difference between the two spheres.

Different sizes of spheres Suppose that the two spheres have different
sizes, as in Figure 21-11. Although the total numbers of charges on the two
spheres are the same, the larger sphere has a larger surface area, so the
charges can spread farther apart, and the repulsive force between them is
reduced. Thus, if the two spheres now are touched together, there will be a
net force that will move charges from the smaller to the larger sphere. Again,
the charges will move to the sphere with the lower electric potential until
there is no electric potential difference between the two spheres. In this case,
the larger sphere will have a larger charge when equilibrium is reached.

Section 21.2 Applications of Electric Fields 575

Metal Spheres of Unequal Size

Low V

Same q Different q

Same VHigh V

Charged
sphere

A B

Neutral
sphere

a

b

b

■ Figure 21-11 Charges are
transferred from a sphere with
high potential to a sphere with
lower potential when they touch.
The charges move to create no
potential difference.

■ Figure 21-10 A charged sphere
shares charge equally with a
neutral sphere of equal size when
they are placed in contact with
each other.

a

Using Models
Sharing of Charge Have stu-
dents design and build their own
models to test the concepts illus-
trated in Figures 21-10 and 21-11.
Consider having the class discuss
suitable materials and methods of
investigation. Based on their expe-
rience with the Launch Lab, and
hands-on activities exploring elec-
tric charge, students should have
ample knowledge for constructing
viable models. Kinesthetic

Discussion
Question This discussion ques-
tion requires knowledge of
Gauss’s law. Point out to students
that the field at any radius is pro-
portional to the charge contained
within a sphere of that radius
(proportional to r3) and inversely
proportional to the distance from
the center of the sphere (1/r2).
Ask students how the electric field
varies with distance from the cen-
ter of a sphere that is uniformly
charged.

Answer A uniformly charged
sphere is an insulator. Inside the
spherical insulator, the electric field
is proportional to the distance from
the center, and outside the sphere,
the electric field is inversely propor-
tional to the square of the distance.

575

Spheres and Charges The sphere of a positively charged Van de Graaff generator attracts a
negatively charged particle. As the negative charge moves away from the sphere, it slows down;
its kinetic energy decreases because the energy gets stored in the surrounding electric field.
When the charge moves toward the sphere, it speeds up; its kinetic energy increases as the
energy is released. A positively charged particle is repelled by a positively charged sphere. When
the charge moves toward the sphere, it slows down; its kinetic energy decreases as the energy
gets stored in the surrounding electric field. When the positively charged particle moves away
from the sphere, it speeds up; its kinetic energy increases as the energy is released.
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sphere

Low V

Same q Same V

Low qHigh q

High V

(A)

(B)

aMetal spheres of equal size

Metal spheres of unequal size

Metal spheres of equal size  (cross-section)

b

a b c

(C)

Sharing Charges
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C

■ Figure 21-12 The ground wire
on a fuel truck prevents ignition 
of the gasoline vapors.

The same principle explains how charges move on the individual spheres,
or on any conductor. They distribute themselves so that the net force on each
charge is zero. With no force, there is no electric field along the surface of the
conductor. Thus, there is no electric potential difference anywhere on the
surface. The surface of a conductor is, therefore, an equipotential surface.

If a charged body is grounded by touching Earth, almost any amount of
charge can flow to Earth until the electric potential difference between that
body and Earth is reduced to zero. Gasoline trucks, for example, can
become charged by friction. If the charge on a gasoline truck were to jump
to Earth through gasoline vapor, it could cause an explosion. To prevent
this, a metal wire on the truck safely conducts the charge to the ground, 
as shown in Figure 21-12. Similarly, if a computer is not grounded, an
electric potential difference between the computer and Earth can occur. If a
person then touches the computer, charges could flow through the computer
to the person and damage the equipment or hurt the person.

Electric Fields Near Conductors
The charges on a conductor are spread as far apart as they can be to

make the energy of the system as low as possible. The result is that all
charges are on the surface of a solid conductor. If the conductor is hollow,
excess charges will move to the outer surface. If a closed metal container is
charged, there will be no charges on the inside surfaces of the container. In
this way, a closed metal container shields the inside from electric fields. For
example, people inside a car are protected from the electric fields generated
by lightning. Likewise, on an open coffee can, there will be very few
charges inside and none near the bottom. Even if the inner surface of an
object is pitted or bumpy, giving it a larger surface area than the outer sur-
face, the charge still will be entirely on the outside.

On the outside of a conductor, however, the electric field often is not
zero. Even though the surface of a conductor is at an equipotential, the
electric field around the outside of it depends on the shape of the conduc-
tor, as well as on the electric potential difference between it and Earth. The
charges are closer together at sharp points of a conductor, as indicated in
Figure 21-13. Therefore, the field lines are closer together and the field is
stronger. This field can become so strong that when electrons are knocked
off of atoms by passing cosmic rays, the electrons and resulting ions are
accelerated by the field, causing them to strike other atoms, resulting in more
ionization of atoms. This chain reaction is what results in the pink glow,

576 Chapter 21 Electric Fields

B

A

a

c

b

■ Figure 21-13 On a conducting
sphere, (a), the charge is evenly
distributed around the surface.
The charges on the hollow sphere,
(b), are entirely on the outer
surface. In irregular shapes, (c),
the charges will be closest
together at sharp points.

Tim Courlas

Discussion
Question Why is it a good idea
to touch a metal pole, or a similar
conductor, before fueling up your
car?

Answer It grounds any electric
charge build-up on your body, thus
preventing a spark that could ignite
the gasoline fumes and cause an
explosion. Explain to students that
they should not get into and out
of a car while fueling it because
sliding on the seats can charge
them.

576

Ionized Air
Estimated Time 5 minutes

Materials tesla coil, safety 
goggles

Procedure Turn on a standard
tesla coil or adjust a hand tesla
coil to produce its highest voltage
output. Darken the room. Observe
the tip of the operating tesla coil.
A small blue glow should appear.
Ask students, “What causes the
blue glow?” A strong electric field
ionizing the air molecules. Ask
students if they detect any smell
and what it might be. It is the
ozone produced by forming O3
molecules in the air.

Nerves and Muscles The application of an electric stimulus causes a series of changes in the
resting membrane potential (RMP) of nerve and muscle cells. A stimulus that is applied at one
point on a cell causes a small region of the cell to become depolarized. This is called local
potential. If large enough, the local potential can cause an action potential, which is a larger
depolarization of the RMP. This spreads without changing its magnitude over the entire 
cell membrane.
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such as that seen inside a gas-discharge sphere. If the field is strong enough,
when the particles hit other molecules they will produce a stream of ions
and electrons that form a plasma, which is a conductor. The result is a
spark, or, in extreme cases, lightning. To reduce discharges and sparking,
conductors that are highly charged or that operate at high potentials are
made smooth in shape to reduce the electric fields.

In contrast, a lightning rod is pointed so that the electric field will be
strong near the end of the rod. As the field accelerates electrons and ions,
they form the start of a conducting path from the rod to the clouds. As a
result of the rod’s sharply pointed shape, charges in the clouds spark to the
rod, rather than to a chimney or other high point on a house or other
building. From the rod, a conductor takes the charges safely to the ground.

Lightning usually requires a potential difference of millions of volts
between Earth and the clouds. Even a small gas-discharge tube operates at
several thousand volts. Household wiring, on the other hand, does not nor-
mally carry a high enough potential difference to cause such discharges.

Storing Charges: The Capacitor
When you lift a book, you increase its gravitational potential energy.

This can be interpreted as storing energy in a gravitational field. In a simi-
lar way, you can store energy in an electric field. In 1746, Dutch physician
and physicist Pieter Van Musschenbroek invented a small device that could
store a large electric charge. In honor of the city in which he worked, it was
called a Leyden jar. Benjamin Franklin used a Leyden jar to store the charge
from lightning and in many other experiments. A version of the Leyden jar
is still in use today in electric equipment. This new device for storing a
charge has a new form, is much smaller in size, and is called a capacitor.

As charge is added to an object, the electric potential difference between
that object and Earth increases. For a given shape and size of an object, the
ratio of charge stored to electric potential difference, q/�V, is a constant
called the capacitance, C. For a small sphere far from the ground, even a
small amount of added charge will increase the electric potential differ-
ence. Thus, C is small. A larger sphere can hold more charge for the same
increase in electric potential difference, and its capacitance is larger. 

Capacitors are designed to have specific capacitances. All capacitors are
made up of two conductors that are separated by an insulator. The two
conductors have equal and opposite charges. Capacitors are used today in
electric circuits to store charge. Commercial capacitors, such as those
shown in Figure 21-14, typically contain strips of aluminum foil separated
by thin plastic that are tightly rolled up to conserve space.

The capacitance of a capacitor is independent of the charge on it, and
can be measured by first placing charge q on one plate and charge �q on
the other, and then measuring the electric potential difference, �V, that
results. The capacitance is found by using the following equation, and is
measured in farads, F. 

Capacitance C � �
�

q
V
�

Capacitance is the ratio of charge on one plate to potential difference.

■ Figure 21-14 Various types of
capacitors are pictured below.

Section 21.2 Applications of Electric Fields 577
Horizons Companies 

Concept Development
Total Charge Clarify that the
word charge in the definition of
capacitance refers to the absolute
value of charge on either plate. As
a complete device, a charged
capacitor has zero net charge
because each plate has an equal
but opposite charge. The charges
cancel each other out.

Critical Thinking
Earth’s Electric Field Remind
students that Earth has an electric
field. Propose that a lightning
storm could be understood as a
giant capacitor arrangement. Ask
students to explain the parts of
this capacitor. Earth acts as one of
the charged plates; the clouds make
up the other charged plate; the air
between them is the insulator (or
dielectric).

577

Electric Fields Around Objects Students can use pith balls to explore the electric field around
objects with different shapes. First students charge a piece of polyfoam sheet by rubbing it with
a piece of wool. Then they suspend a metal sphere on an insulating thread and touch it to the
piece of charged polyfoam. Students should find that the sphere repels the pith ball equally in all
directions. Next, have students suspend a metal rod from the insulating thread and touch it to
the charged polyfoam. Ask students what they observe. The pith ball should be repelled equally
along the entire length of the rod, from both left and right as well as top to bottom.

Kinesthetic

Construct a 
Capacitor
Purpose to construct a capacitor

Materials handcrank generator,
voltmeter, alligator clips (leads),
aluminum foil, plastic wrap

Procedure 

1. Use aluminum foil separated by
plastic wrap to construct a capacitor.
Alternate the layers of foil and plas-
tic wrap. Let every other layer of foil
stick out on one side. Press the lay-
ers together, then attach leads to
each side where the foil sticks out.

2. Connect the generator to capac-
itor; then connect the capacitor to
the voltmeter.

3. When cranking the generator,
keep the applied voltage below 4 V.

4. Monitor the voltage. Put a volt-
meter across the capacitor and
watch it carefully. Be sure it is posi-
tive and below 4 V.

Assessment As students charge
their capacitors with the hand
cranked generator, they can actu-
ally feel the capacitor “filling up.”
Ask them what could they do to
increase the capacitance. increas-
ing the area of the foil sheets and
decreasing the thickness of the
insulation
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Finding Capacitance A sphere has an electric potential difference

between it and Earth of 40.0 V when it has been charged to 

2.4�10�6 C. What is its capacitance?

Analyze and Sketch the Problem
• Draw a sphere above Earth and label the charge and 

potential difference.

Known: Unknown:

�V � 40.0 V C � ?
q � 2.4�10�6 C

Solve for the Unknown

C � �
�

q
V
�

� �
2.4

4
�
0
1
.0
0�

V

6 C
� Substitute �V � 40.0 V, q � 2.4�10�6 C

� 6.0�10�8 F 
� 0.060 �F

Evaluate the Answer
• Are the units correct? C/V = F. The units are farads.
• Is the magnitude realistic? A small capacitance would 

store a small charge at a low voltage.

3

2

1

q � 2.4�10�6 C

�V � 40.0 V

30. A 27-�F capacitor has an electric potential difference of 45 V across it. What is the
charge on the capacitor?

31. Both a 3.3-�F and a 6.8-�F capacitor are connected across a 24-V electric potential
difference. Which capacitor has a greater charge? What is it? 

32. The same two capacitors as in problem 31 are each charged to 3.5�10�4 C. Which has
the larger electric potential difference across it? What is it? 

33. A 2.2-�F capacitor first is charged so that the electric potential difference is 6.0 V. How
much additional charge is needed to increase the electric potential difference to 15.0 V?

34. When a charge of 2.5�10�5 C is added to a capacitor, the potential difference increases
from 12.0 V to 14.5 V. What is the capacitance of the capacitor?

The farad as a unit of measure One farad, F, named after Michael
Faraday, is one coulomb per volt, C/V. Just as 1 C is a large amount of
charge, 1 F is also a fairly large capacitance. Most capacitors used in mod-
ern electronics have capacitances between 10 picofarads (10�10�12 F) and
500 microfarads (500�10�6 F). However, memory capacitors that are used
to prevent loss of memory in some computers can have capacitance from
0.5 F to 1.0 F. Note that if the charge is increased, the electric potential dif-
ference also increases. The capacitance depends only on the construction
of the capacitor, not on the charge, q.

Math Handbook

Operations with
Significant Digits
pages 835—836

Reinforcement
Capacitors Define an electrical
capacitor as two conducting com-
ponents separated from each
other and charged with different
amounts of charge, q1 and q2. Ask
students, “How is an electrical
capacitor able to store energy?”
Because the two conducting compo-
nents of the capacitor are charged
with different amounts of charge, q1
and q2, an electric field must exist
between them. It is this electric field
that stores the energy. Typically, q1
and q2 have the same absolute
value, but are opposite in sign. 

578

Question A
sphere has an
electric potential
difference between
itself and Earth of 76.0 V when it 
has been charged to 3.8�10�4 C.
What is its capacitance?

Answer Use C � q/�V and solve
for C.
�V � 76.0 V
q � 3.8�10�4 C
C � 3.8�10�4 C/76.0 V

� 5.0�10�6 F � 5.0 �F

30. 1.2�10�3 C

31. the 6.8-�F capacitor,
1.6�10�4 C

32. �V � �
C
q

�, so the smaller 

capacitor has the larger
potential difference.
�V � 1.1�102 V

33. 2.0�10�5 C

34. 1.0�10�5 F

Supercaps Fairly new technology makes it possible to construct high-capacitance capacitors, or
“supercaps,” that can have a capacitance of 1 F to 5 F. The energy stored in these capacitors can
light a flashlight bulb for a few seconds. Available from many supply houses, supercaps effec-
tively demonstrate that a capacitor can store a large amount of energy and retain it for days.
Several capacitors wired in parallel can be charged and will operate a radio for several minutes.
Make sure the capacitor is completely discharged at the end of all demonstrations and caution
students not to touch the capacitor while in use.
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35. Potential Difference What is the difference
between electric potential energy and electric
potential difference?

36. Electric Field and Potential Difference Show
that a volt per meter is the same as a newton per
coulomb.

37. Millikan Experiment When the charge on an oil
drop suspended in a Millikan apparatus is
changed, the drop begins to fall. How should the
potential difference on the plates be changed to
bring the drop back into balance? 

38. Charge and Potential Difference In problem 37,
if changing the potential difference has no effect
on the falling drop, what does this tell you about
the new charge on the drop?

39. Capacitance How much charge is stored on a
0.47-�F capacitor when a potential difference of 
12 V is applied to it?

40. Charge Sharing If a large, positively charged,
conducting sphere is touched by a small, negatively
charged, conducting sphere, what can be said
about the following?

a. the potentials of the two spheres

b. the charges on the two spheres

41. Critical Thinking Referring back to Figure 21-3a,
explain how charge continues to build up on the
metal dome of a Van de Graaff generator. In partic-
ular, why isn’t charge repelled back onto the belt 
at point B?

21.2 Section Review

Varieties of capacitors Capacitors have many shapes and sizes, as shown
in Figure 21-14. Some are large enough to fill whole rooms and can store
enough charge to create artificial lightning or power giant lasers that
release thousands of joules of energy in a few billionths of a second.
Capacitors in television sets can store enough charge at several hundred
volts to be very dangerous if they are touched. These capacitors can remain
charged for hours after the televisions have been turned off. This is why 
you should not open the case of a television or a computer monitor even
if it is unplugged.

The capacitance of a capacitor is controlled by varying the surface area
of the two conductors, or plates, within a capacitor, by the distance
between the plates, and by the nature of the insulating material. Capacitors
are named for the type of insulator, or dielectric, used to separate the
plates, and include ceramic, mica, polyester, paper, and air. Higher capaci-
tance is obtained by increasing the surface area and decreasing the separa-
tion of the plates. Certain dielectrics have the ability to effectively offset
some of the charge on the plates and allow more charge to be stored. 

The plates of a capacitor attract each other because they carry opposite charges.
A capacitor consisting of two parallel plates that are separated by a distance, d,
has capacitance, C.

1. Derive an expression for the force between the two plates when the capacitor has
charge, q.

2. What charge must be stored on a 22-�F capacitor to have a force of 2.0 N between
the plates if they are separated by 1.5 mm?

���

�

�

�

�

�

�

�

�

��

�

�

�

�

�

�

�

d

3 ASSESS

Check for Understanding
Electric Field Have students
explain how they can use a posi-
tive charge to measure the magni-
tude of an electric field. Then ask
what they would need to do to
measure the potential difference
between two points in this electric
field. They would have to measure
the work done in moving the charge
between the two points.

Extension
Capacitor Tell students that a
capacitor has a label with a value
known as the breakage potential.
Ask students whether it would be
possible to break a capacitor by
placing too much charge on it.
Yes. Excess charge would result in
too high a potential difference, �V,
between the capacitor’s conducting
components. If this potential differ-
ence is above the breakage potential,
the resulting electric discharge will
break down the dielectric in the
capacitor, destroying its function.

579

35. Electric potential energy changes when
work is done to move a charge in an
electric field. It depends on the amount
of charge involved. Electric potential dif-
ference is the work done per unit
charge to move a charge in an electric
field. It is independent of the amount of
charge that is moved.

36. V/m � J/C�m � N�m/C�m � N/C
37. The potential difference should be

increased.
38. The drop is neutral.
39. 5.6�10�6 C
40. a. The spheres will have equal poten-

tials.
b. The large sphere will have more

charge than the small sphere, but
they will be the same sign. The sign

of the charge will depend on which
sphere had more charge to begin
with.

41. The charges on the metal dome pro-
duce no field inside the dome. The
charges from the belt are transferred
immediately to the outside of the dome,
where they have no effect on new
charges arriving at point B.

21.2 Section Review

1. Combining several equations:
F � Eq, E � �V/d, and 
�V � q/C, we ha.ve
F � Eq � (�V/d )q �

((q/C )/d )q � q2/Cd

2. F � �
C
q
d

2
�

so q � �FCd�
� �(2.0 N�)(2.2��10�5 F�)�. . .

. . . (1.5�10�3 m)
� 2.6�10�4 C
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Charging of Capacitors
A capacitor is an electric device that is made from two conductors, or plates, that
are separated by an insulator. It is designed to have a specific capacitance. The
capacitance depends on the physical characteristics and geometric arrangement 
of the conductors and the insulator. In the circuit schematic, the capacitor appears
to create an open circuit, even when the switch is in the closed position. However,
because capacitors store charge, when the switch is closed, charge from the battery
will move to the capacitor. The equal, but opposite charges on the two plates
within the capacitor establishes a potential difference, or voltage. As charge is
added to the capacitor, the electric potential difference increases. In this labora-
tory activity you will examine the charging of several different capacitors.

QUESTION
How do the charging times of different capacitors vary with capacitance?

Alternate CBL instructions
can be found on the 
Web site.

physicspp.com

■ Collect and organize data on the rate of
charge of different capacitors.

■ Compare and contrast the rate of charging 
for different capacitances.

■ Make and use graphs of potential difference
versus time for several capacitors.

9-V battery voltmeter 
9-V battery clip 47-k� resistor 
hook-up wires stopwatch
switch capacitors: 1000 �F, 

500 �F, 240 �F

1. Before you begin, leave the switch open (off).
Do not attach the battery at this time. 
CAUTION: Be careful to avoid a short circuit,
especially by permitting the leads from the
battery clip to touch each other. Connect 
the circuit, as illustrated. Do this by connecting
either end of the resistor to one side of the
switch. The resistor is used to reduce the
charging of the capacitor to a measurable rate.
Connect the other end of the resistor to the
negative side of the 9-V battery clip. Inspect
your 1000-�F capacitor to determine whether
either end is marked with a negative sign, or an
arrow with negative signs on it, that points to
the lead that is to be connected to the negative
side of the battery. Connect this negative lead
to the other side of the switch. Attach the
unconnected (positive) lead of the capacitor 
to the positive lead from the battery clip. 

2. Connect the positive terminal of the voltmeter
to the positive side of the capacitor and the
negative terminal to the negative side of the
capacitor. Compare your circuit to the photo 
to verify your connections. Attach the battery
after your teacher has inspected the circuit.

3. Prepare a data table having columns for time
and potential difference on each of the three
different capacitors.

4. One person should watch the time and another
should record potential difference at the desig-
nated times. Close the switch and measure the
voltage at 5-s intervals. Open the switch after
you have collected data.

Procedure

Materials

Safety Precautions

Objectives

Horizons Companies

Time Allotment
one laboratory period

Process Skills collect and organize
data, infer, compare and contrast,
make and use graphs

Safety Precautions Do not allow
the battery leads to touch or short out,
because the battery’s energy is dissi-
pated internally and the battery could
become very hot.

Alternative Materials Some older
classroom voltmeters have such a low
internal resistance that they drain
charge from the capacitor, giving lower
readings. To measure voltages, one
may also use a digital voltmeter, a volt-
meter on an electronic multimeter, or a
CBL voltmeter, and a small DC power
supply. To facilitate wiring, use alligator
leads instead of hook-up wires.

Teaching Strategies
• Allow students time to study and

work through the figures show-
ing how to assemble the circuit.
This may be their first experience
in wiring a circuit; with patience,
they should be successful.

• This lab works very well using
CBL or Lab Pro apparatus and
when taking readings every one
to two seconds.

580

Voltage Voltage Voltage
(V) across (V) across (V) across

Time 1000 100 10
(s) �F �F �F

0 0 0 0
10 1.7 7.5 1.3
20 2.9 8.6 8.9
30 3.8 8.7 9
40 4.7 8.8 9
50 5.3 8.8 9

Voltage Voltage Voltage
(V) across (V) across (V) across

Time 1000 100 10
(s) �F �F �F
60 5.9 8.8 9
70 6.4 8.8 9
80 6.7 8.8 9
90 7.0 8.9 9

100 7.3 8.9 9
110 7.6 9 9
120 7.8 9 9

Voltage Voltage Voltage
(V) across (V) across (V) across

Time 1000 100 10
(s) �F �F �F
130 7.9 9 9
140 8.1 9 9
150 8.2 9 9
160 8.3 9 9
170 8.4 9 9
180 8.4 9 9
190 8.5 9 9

Sample Data
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Data Table
Time (s) Voltage (V) 

across 1000 �F
Voltage (V) 

across 500 �F
Voltage (V) 

across 240 �F
Time (s) Voltage (V) 

across 1000 �F
Voltage (V) 

across 500 �F
Voltage (V) 

across 240 �F

0 55

5 60

10 65

15 70

20 75

25 80

30 85

35 90

40 95

45 100

50 105

5. When you have completed the trial, take a short
piece of wire and place it across both ends of
the capacitor. This will cause the capacitor to
discharge.

6. Replace the 1000-�F capacitor with a 500-�F
capacitor. Repeat steps 4–5 and enter data into
the appropriate columns of your data table for
the 500-�F capacitor.

7. Replace the 500-�F capacitor with a 240-�F
capacitor. Repeat steps 4–5 and enter data into
the appropriate column of your data table for
this last capacitor.

1. Observe and Infer Does each capacitor
charge to 9 V? Propose an explanation for the
observed behavior.

2. Make and Use Graphs Prepare a graph that
plots the time horizontally and the potential dif-
ference vertically. Make a separate labeled line
for each capacitor. 

1. Interpret Data Does the voltage on the
capacitor immediately jump to the battery’s
potential difference (9-V)? Explain the reason
for the observed behavior.

2. Infer Does the larger capacitor require a
longer time to become fully charged? Explain
why or why not.

1. The time for a capacitor to charge to the volt-
age of the battery depends upon its capaci-
tance and the opposition to the flow of charge
in the circuit. In this lab, the opposition to the
flow of charge was controlled by the 47-k�
resistor that was placed in the circuit. In circuits
with a capacitor and resistance, such as in 
this activity, the time in seconds to charge the
capacitor to 63.3 percent of the applied voltage
is equal to the product of the capacitor and
resistance. This is called the time constant.
Therefore, T � RC, where T is in seconds, 
R is in ohms, and C is in microfarads. Calculate
the time constant for each of the capacitors
with the 47-k� resistor. 

2. Compare your time constants to the values
from your graph.

Explain Small, disposable, flash cameras, as well
as regular electronic flash units, require time
before the flash is ready to be used. A capacitor
stores the energy for the flash. Explain what might
be going on during the time you must wait to take
your next picture.

Real-World Physics

Going Further

Conclude and Apply

Analyze

To find out more about electric fields, visit the
Web site: physicspp.com

Analyze
1. Answers will vary. Many capacitors

may not charge to 9 volts. They may
reach an equilibrium at a lower
voltage with the energy leaking off
as quickly as it is flowing onto the
capacitor, especially in the presence
of high humidity.

2. Graphs will vary depending on stu-
dent data, or they may be defective.

581

To Make this Lab an Inquiry Lab: To help develop science process skills and critical thinking skills,
change the question to “How does time affect the charging of a capacitor?” A resistor is necessary to
limit the charge rate of the capacitor so that it can be measured. Supply the circuit and different resis-
tors. Then allow students to devise a method of measuring potential difference.
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Conclude and Apply
1. No, because it takes time to build

up charges on the capacitor depend-
ing upon its capacitance. The
increase is non-linear. The voltage
equals the charge/capacitance.

2. The larger capacitor requires more
time to become fully charged.

Note: Many larger capacitors are
called electrolytic capacitors and have
as much as 100% variance in their
stated value of capacitance, so it is
possible that some of the capacitors
students use may have different results
for same stated capacitance.

Going Further
1.

2. Answers will vary because of vari-
ance in actual capacitance value.
Sample data time constants match
well.

Real-World Physics
The capacitor must charge to a set
value before the flash is ready to work.
The factors contributing to the time it
takes to charge the flash include the
size (capacitance) of the capacitor, and
the available current.

Note that the flash tends to charge
more quickly with fresh batteries than
with old ones.

Capacitor Time Constant
(�F) (s)
1000 47
100 4.7
10 0.47
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■ Purpose
Students will learn how lightning
rods protect structures.

■ Background
Storm clouds are often compared
to giant capacitors. Scientists do
not entirely agree on the mecha-
nism that causes the initial sepa-
ration of charges within the
cloud. Students studied the uni-
form electric field between two
plates. Unlike these electric fields,
the fields formed in nature are
not uniform. This is one reason
that lightning bolts are not
straight—the non-uniform field
causes the step leaders to propa-
gate in crooked lines. When the
step leaders are 10 m–100 m away
from Earth, positive charges arc
up and complete the conducting
path.

■ Visual Learning
Use a Van de Graaff generator to
demonstrate a lightning strike.
Connect a metal can to ground
and set it on an insulating table.
Show students the spark that
forms between the generator and
can. Then, form a lightning rod
by taping a wire to the can. Bring
the generator to the same posi-
tion. There should be no spark.
Instead, the wire dissipates charge,
preventing the spark. This will
show students one aspect of a
lightning rod’s ability to protect a
structure. However, there is too
much charge in a thundercloud to
be dissipated by a lightning rod,
so rods cannot prevent lightning.

■ Extensions
Have students estimate the maxi-
mum electric field near the tip of
a lightning rod.

Step
leader

Positive
arc

Lightning
rod

3

2 The strong electric field 
accelerates electrons and 
ions, causing a chain reaction 
in the air, forming plasma. 
The ionized air is a conductor, 
and it branches out from the 
cloud forming what are called 
step leaders.

4 The current 
travels safely 
through the 
conductor to 
the ground 
terminal.

Positive charges spark out from the 
lightning rod, meeting the step 
leader. The conducting path is 
complete and current neutralizes the 
separation of charges. Even if the 
strike does not hit the lightning rod 
directly, the massive current still can 
leap to the rod, which is the path of 
least resistance to the ground.

1 In a thunderstorm, 
negative charges 
accumulate in the 
lowest regions of 
clouds. The negative 
electric field from the 
clouds repels electrons 
on the ground, 
inducing a positive 
charge terminal.

Lightning Rods

Lightning can be very destructive because it creates
huge currents in materials that are poor conductors
and generates a great deal of heat. In addition to
protecting a structure by dissipating some of the
charge before lightning strikes, lightning rods are
excellent conductors that provide a safe path for
the current. Benjamin Franklin is credited with
inventing the lightning rod in the 1750s.

1. Hypothesize Along what path would
the current travel if a house without a
lightning rod were struck by lightning?

2. Evaluate Should the resistance
between the ground terminal and 
Earth be high or low?

3. Infer What are the dangers of an
incorrectly installed lightning rod 
system?

Thinking Critically

582 How It Works

582

Thinking Critically

1. If an unprotected house is struck, current
travels to Earth along the path of least
resistance. This may include pipes, wires,
or metal reinforcements.

2. The resistance between the ground termi-
nal and Earth should be low so that the

current does not follow another, possibly
more damaging path.

3. The lightning rod will still be struck, but
damage to a structure can occur if the
conductor or ground terminal does not
safely conduct the current to ground.
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21.1 Creating and Measuring Electric Fields

Vocabulary
• electric field (p. 563)

• electric field line (p. 567)

21.2 Applications of Electric Fields

Vocabulary
• electric potential 

difference (p. 569)

• volt (p. 569)

• equipotential (p. 570)

• capacitor (p. 577)

• capacitance (p. 577)

Key Concepts
• An electric field exists around any charged object. The field produces forces

on other charged objects.

• The electric field is the force per unit charge. 

• The direction of the electric field is the direction of the force on a tiny,
positive test charge.

• Electric field lines provide a picture of the electric field. They are directed
away from positive charges and toward negative charges. They never cross,
and their density is related to the strength of the field.

E � �
q
F
�
�

Key Concepts
• Electric potential difference is the change in potential energy per unit charge

in an electric field.

• Electric potential differences are measured in volts.

• The electric field between two parallel plates is uniform between the plates,
except near the edges. In a uniform field, the potential difference is related
to the field strength by the following.

• Robert Millikan’s experiments showed that electric charge is quantized. 

• Robert Millikan also showed that the negative charge carried by an electron
is 1.60�10�19 C.

• Charges will move in a conductor until the electric potential is the same
everywhere on the conductor.

• Grounding makes the potential difference between an object and Earth
equal to zero.

• Grounding can prevent sparks resulting from a neutral object making
contact with objects that have built-up charge on them.

• Electric fields are strongest near sharply pointed conductors.

• Capacitance is the ratio of the charge on an object to its electric potential
difference.

• Capacitance is independent of the charge on an object and the electric
potential difference across it.

• Capacitors are used to store charge.

C � �
�

q
V
�

�V � Ed

�V � �
W
q�

�

583physicspp.com/vocabulary_puzzlemaker

Visit physicspp.com
/self_check_quiz
/vocabulary_puzzlemaker
/chapter_test
/standardized_test

For additional help
with vocabulary, have
students access the

Vocabulary PuzzleMaker
online.

physicspp.com/
vocabulary_puzzlemaker

Key Concepts
Summary statements can be
used by students to review the
major concepts of the chapter.
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42. Complete the concept map below using the
following terms: capacitance, field strength, J/C, work.

Mastering Concepts
43. What are the two properties that a test charge must

have? (21.1)

44. How is the direction of an electric field defined? (21.1)

45. What are electric field lines? (21.1)

46. How is the strength of an electric field indicated
with electric field lines? (21.1)

47. Draw some of the electric field lines between each
of the following. (21.1)
a. two like charges of equal magnitude
b. two unlike charges of equal magnitude
c. a positive charge and a negative charge having

twice the magnitude of the positive charge
d. two oppositely charged parallel plates

48. In Figure 21-15, where do the electric field lines
leave the positive charge end? (21.1)

49. What SI unit is used to measure electric potential
energy? What SI unit is used to measure electric
potential difference? (21.2)

50. Define volt in terms of the change in potential
energy of a charge moving in an electric field. (21.2)

51. Why does a charged object lose its charge when it is
touched to the ground? (21.2)

52. A charged rubber rod that is placed on a table
maintains its charge for some time. Why is the
charged rod not discharged immediately? (21.2)

53. A metal box is charged. Compare the concentration
of charge at the corners of the box to the charge
concentration on the sides of the box. (21.2)

54. Computers
Delicate parts 
in electronic
equipment, such
as those pictured
in Figure 21-16,
are contained
within a metal
box inside a
plastic case. 
Why? (21.2)

Applying Concepts
55. What happens to the strength of an electric field

when the charge on the test charge is halved? 

56. Does it require more energy or less energy to move
a constant positive charge through an increasing
electric field? 

57. What will happen to the electric potential energy of
a charged particle in an electric field when the
particle is released and free to move? 

58. Figure 21-17 shows three
spheres with charges of
equal magnitude, with
their signs as shown.
Spheres y and z are held
in place, but sphere x is
free to move. Initially,
sphere x is equidistant
from spheres y and z.
Choose the path that
sphere x will begin to
follow. Assume that no 
other forces are acting 
on the spheres. 

�

Concept Mapping

584 Chapter 21 Electric Fields For more problems, go to Additional Problems, Appendix B.

force

test charge

Electric Field
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C/V

potential
difference
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■ Figure 21-16

■ Figure 21-17■ Figure 21-15

Horizons Companies

Concept Mapping
42. See Solutions Manual.

Mastering Concepts
43. The test charge must be small

in magnitude relative to the
magnitudes of the charges pro-
ducing the field and be positive.

44. The direction of an electric field
is the direction of the force on a
positive charge placed in the
field. This would be away from a
positive object and toward a
negative object.

45. lines of force

46. The closer together the electric
field lines are, the stronger the
electric field.

47. a. See Solutions Manual.
b. See Solutions Manual.
c. See Solutions Manual.
d. See Solutions Manual.

48. They end on distant negative
charges somewhere beyond the
edges of the diagram.

49. electric potential energy: joule;
electric potential: volt

50. A volt is the change in electric
potential energy, �PE, resulting
from moving a unit test charge,
q, a distance d of 1 m in an
electric field, E, of 1 N/C.
�V � �PE/q � Ed

51. The charge is shared with the
surface of Earth, which is an
extremely large object.

52. The table is an insulator, or at
least a very poor conductor.

53. The concentration of charge is
greater at the corners.

54. The metal box shields the parts
from external electric fields,
which do not exist inside a hol-
low conductor.

Applying Concepts
55. Nothing. Because the force on

the test charge would also be
halved, the ratio F�/q� and the
electric field would remain the
same.

584
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59. What is the unit of electric potential difference in
terms of m, kg, s, and C? 

60. What do the electric field lines look like when the
electric field has the same strength at all points in 
a region? 

61. Millikan Oil-Drop Experiment When doing a
Millikan oil-drop experiment, it is best to work 
with drops that have small charges. Therefore, 
when the electric field is turned on, should you 
try to find drops that are moving rapidly or 
slowly? Explain. 

62. Two oil drops are held motionless in a Millikan 
oil-drop experiment. 
a. Can you be sure that the charges are the same? 
b. The ratios of which two properties of the oil

drops have to be equal? 

63. José and Sue are standing on an insulating platform
and holding hands when they are given a charge, as
in Figure 21-18. José is larger than Sue. Who has
the larger amount of charge, or do they both have
the same amount?

64. Which has a larger capacitance, an aluminum
sphere with a 1-cm diameter or one with a 
10-cm diameter? 

65. How can you store different amounts of charge in 
a capacitor?

Mastering Problems 
21.1 Creating and Measuring Electric Fields

The charge of an electron is �1.60�10�19 C. 

66. What charge exists on a test charge that experiences
a force of 1.4�10�8 N at a point where the electric
field intensity is 5.0�10�4 N/C? 

67. A positive charge of 1.0�10�5 C, shown in 
Figure 21-19, experiences a force of 0.30 N when 
it is located at a certain point. What is the electric
field intensity at that point? 

68. A test charge experiences a force of 0.30 N on it
when it is placed in an electric field intensity of
4.5�105 N/C. What is the magnitude of the charge? 

69. The electric field in the atmosphere is about 150 N/C
downward. 
a. What is the direction of the force on a negatively

charged particle? 
b. Find the electric force on an electron with charge

�1.6�10�19 C. 
c. Compare the force in part b with the force 

of gravity on the same electron 
(mass � 9.1�10�31 kg). 

70. Carefully sketch each of the following.

a. the electric field produced by a �1.0-�C charge
b. the electric field resulting from a �2.0-�C charge

(Make the number of field lines proportional to
the change in charge.)

71. A positive test charge of 6.0�10�6 C is placed in an
electric field of 50.0-N/C intensity, as in Figure 21-20.
What is the strength of the force exerted on the test
charge? 

72. Charges X, Y, and Z all are equidistant from each
other. X has a �1.0-�C charge, Y has a �2.0-�C
charge, and Z has a small negative charge. 
a. Draw an arrow representing the force on 

charge Z. 
b. Charge Z now has a small positive charge on it.

Draw an arrow representing the force on it.

q � 6.0�10�6 C

E � 50.0 N/C

1.0�10�5 C

0.30 N

Chapter 21 Assessment 585physicspp.com/chapter_test

■ Figure 21-18

■ Figure 21-19

■ Figure 21-20

56. Energy is proportional to the
force, and the force is propor-
tional to the electric field.
Therefore, it requires more
energy.

57. The electric potential energy of
the particle will be converted
into kinetic energy of the parti-
cle.

58. Sphere x will follow path C. It
will experience forces shown by
D and B. The vector sum is C.

59. V � J/C � N�m/C �
(kg�m/s2)(m/C) � kg�m2/s2�C

60. They are parallel, equally spaced
lines.

61. Slowly. The larger the charge,
the stronger the force, and thus
the larger the (terminal) velocity.

62. a. No. Their masses could be
different.

b. charge to mass ratio, q/m
(or m/q)

63. José has a larger surface area,
so he will have a larger amount
of charge.

64. The 10-cm diameter sphere has
a larger capacitance because
the charges can be farther
apart, reducing potential rise as
it is charged.

65. Change the voltage across the
capacitor.

Mastering Problems
21.1 Creating and Measuring

Electric Fields

Level 1
66. 2.8�10�5 C

67. 3.0�104 N/C in the same direc-
tion as the force (up)

68. 6.7�10�7 C

69. a. Upward
b. 2.4�10�17 N directed

upward
c. 8.9�10�30 N (downward),

more than one trillion times
smaller

585
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73. In a television picture tube, electrons are accelerated
by an electric field having a value of 1.00�105 N/C. 
a. Find the force on an electron. 
b. If the field is constant, find the acceleration of

the electron (mass � 9.11�10�31 kg). 

74. What is the electric field strength 20.0 cm from a
point charge of 8.0�10�7 C? 

75. The nucleus of a lead atom has a charge of 
82 protons.
a. What are the direction and magnitude of the

electric field at 1.0�10�10 m from the nucleus? 
b. What are the direction and magnitude of the

force exerted on an electron located at this
distance? 

21.2 Applications of Electric Fields
76. If 120 J of work is performed to move 2.4 C of

charge from the positive plate to the negative plate
shown in Figure 21-21, what potential difference
exists between the plates? 

77. How much work is done to transfer 0.15 C of charge
through an electric potential difference of 9.0 V? 

78. An electron is moved through an electric potential
difference of 450 V. How much work is done on the
electron? 

79. A 12-V battery does 1200 J of work transferring
charge. How much charge is transferred?

80. The electric field intensity between two charged
plates is 1.5�103 N/C. The plates are 0.060 m apart.
What is the electric potential difference, in volts,
between the plates? 

81. A voltmeter indicates that the electric potential
difference between two plates is 70.0 V. The plates
are 0.020 m apart. What electric field intensity exists
between them? 

82. A capacitor that is connected to a 45.0-V source
contains 90.0 �C of charge. What is the capacitor’s
capacitance? 

83. What electric potential difference exists across a 
5.4-�F capacitor that has a charge of 8.1�10�4 C?

84. The oil drop shown in Figure 21-22 is negatively
charged and weighs 4.5�10�15 N. The drop is
suspended in an electric field intensity of 
5.6�103 N/C. 
a. What is the charge on the drop? 
b. How many excess electrons does it carry? 

85. What is the charge on a 15.0-pF capacitor when it is
connected across a 45.0-V source? 

86. A force of 0.065 N is required to move a charge of
37 �C a distance of 25 cm in a uniform electric
field, as in Figure 21-23. What is the size of the
electric potential difference between the two points? 

87. Photoflash The energy stored in a capacitor with
capacitance C, and an electric potential difference,
�V, is represented by W � �

1
2

�C�V2. One application
of this is in the electronic photoflash of a strobe
light, like the one in Figure 21-24. In such a unit, a
capacitor of 10.0 �F is charged to 3.0�102 V. Find
the energy stored. 

88. Suppose it took 25 s to charge the capacitor in
problem 87. 
a. Find the average power required to charge the

capacitor in this time. 
b. When this capacitor is discharged through the

strobe lamp, it transfers all its energy in
1.0�10�4 s. Find the power delivered to the lamp. 

c. How is such a large amount of power possible?

25 cm

0.053 N

37 �C

�� � � � � � �

8.5�10�15 N

���

�

�

�

�

�

�

��

�

�

�

�

�

�

2.4 C
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■ Figure 21-21

■ Figure 21-22

■ Figure 21-23

■ Figure 21-24

Horizons Companies

70. a. See Solutions Manual.
b. See Solutions Manual.

71. 3.0�10�4 N

Level 2
72. a. See Solutions Manual.

b. See Solutions Manual.

73. a. �1.60�10�14 N
b. �1.76�1016 m/s2

74. 1.8�105 N/C 

75. a. 1.2�1013 N/C, outward
b. �1.9�10�6 N, toward the

nucleus

21.2 Applications of Electric
Fields

Level 1
76. 5.0�101 V

77. 1.4 J

78. �7.2�10�17 J

79. 1.0�102 C

80. 9.0�101 V

81. 3500 N/C

82. 2.00 �F

83. 1.5�102 V

84. a. 8.0�10�19 C
b. 5 electrons

85. 6.75�10�10 C

86. 4.4�102 V

87. 0.45 J

88. a. 1.8�10�2 W
b. 4.5�103 W
c. Power is inversely propor-

tional to the time. The
shorter the time for a given
amount of energy to be
expended, the greater the
power.
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89. Lasers Lasers are used to try to produce controlled
fusion reactions. These lasers require brief pulses of
energy that are stored in large rooms filled with
capacitors. One such room has a capacitance of
61�10�3 F charged to a potential difference of 10.0 kV.
a. Given that W � �

1
2

�C�V2, find the energy stored 
in the capacitors. 

b. The capacitors are discharged in 10 ns 
(1.0�10�8 s). What power is produced? 

c. If the capacitors are charged by a generator with
a power capacity of 1.0 kW, how many seconds
will be required to charge the capacitors? 

Mixed Review
90. How much work does it take to move 0.25 �C

between two parallel plates that are 0.40 cm apart 
if the field between the plates is 6400 N/C?

91. How much charge is stored on a 0.22-�F parallel
plate capacitor if the plates are 1.2 cm apart and the
electric field between them is 2400 N/C?

92. Two identical small spheres, 25 cm apart, carry
equal but opposite charges of 0.060 µC, as in
Figure 21-25. If the potential difference between
them is 300 V, what is the capacitance of the system?

93. The plates of a 0.047 �F capacitor are 0.25 cm apart
and are charged to a potential difference of 120 V.
How much charge is stored on the capacitor?

94. What is the strength of the electric field between the
plates of the capacitor in Problem 93 above?

95. An electron is placed between the plates of the
capacitor in Problem 93 above, as in Figure 21-26.
What force is exerted on that electron?

96. How much work would it take to move an
additional 0.010 �C between the plates at 120 V 
in Problem 93?

97. The graph in Figure 21-27 represents the charge
stored in a capacitor as the charging potential
increases. What does the slope of the line represent?

98. What is the capacitance of the capacitor
represented by Figure 21-27?

99. What does the area under the graph line in Figure
21-27 represent?

100. How much work is required to charge the capacitor
in problem 98 to a potential difference of 25 V?

101. The work found in Problem 100 above is not equal
to q�V. Why not?

102. Graph the electric field strength near a positive
point charge as a function of distance from it.

103. Where is the field of a point charge equal to zero?

104. What is the electric field strength at a distance of
zero meters from a point charge? Is there such a
thing as a true point charge?

Thinking Critically
105. Apply Concepts Although a lightning rod is

designed to carry charge safely to the ground, 
its primary purpose is to prevent lightning from
striking in the first place. How does it do that?

106. Analyze and Conclude In an early set of
experiments in 1911, Millikan observed that the
following measured charges could appear on a
single oil drop. What value of elementary charge
can be deduced from these data? 
a. 6.563�10�19 C f. 18.08�10�19 C 
b. 8.204�10�19 C g. 19.71�10�19 C 
c. 11.50�10�19 C h. 22.89�10�19 C
d. 13.13�10�19 C i. 26.13�10�19 C 
e. 16.48�10�19 C
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■ Figure 21-25

■ Figure 21-27

■ Figure 21-26

89. a. 3.1�106 J
b. 3.1�1014 W
c. 3.1�103 s

Mixed Review
90. 6.4�10�6 J

91. 6.3 �C

92. 2.0�10�10 F

93. 5.6 �C

94. 4.8�104 V/m

95. 7.7�10�15 N

96. 1.2�10�6 J

97. capacitance of the capacitor

98. C � slope � 0.50 �F

99. work done to charge the 
capacitor

100. 160 �J

101. The potential difference is not
constant as the capacitor is
charged. Therefore, the area
under the graph must be used
to find work, not just simple
multiplication.

102. See Solutions Manual.

103. Nowhere, or at an infinite dis-
tance from the point charge.

104. Infinite. No.

Thinking Critically
105. The sharp point on the end of

the rod leaks charge into the
atmosphere before it has the
chance to build up enough
potential difference to cause a
lightning strike.

106. Dividing 1.63�10�19 C into
each piece of data yields
nearly whole number quo-
tients, indicating it is the value
of an elementary charge.
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107. Analyze and Conclude Two small spheres, A and
B, lie on the x-axis, as in Figure 21-28. Sphere A 
has a charge of �3.00�10�6 C. Sphere B is 0.800
m to the right of sphere A and has a charge of
�5.00�10�6 C. Find the magnitude and direction
of the electric field strength at a point above the 
x-axis that would form the apex of an equilateral
triangle with spheres A and B.

108. Analyze and Conclude In an ink-jet printer, drops
of ink are given a certain amount of charge before
they move between two large, parallel plates. The
purpose of the plates is to deflect the charges so
that they are stopped by a gutter and do not reach
the paper. This is shown in Figure 21-29. The
plates are 1.5-cm long and have an electric field of
E � 1.2�106 N/C between them. Drops with a
mass m � 0.10 ng, and a charge q � 1.0�10�16 C,
are moving horizontally at a speed, v � 15 m/s,
parallel to the plates. What is the vertical
displacement of the drops when they leave the
plates? To answer this question, complete the
following steps. 
a. What is the vertical force on the drops? 
b. What is their vertical acceleration?
c. How long are they between the plates? 
d. How far are they displaced?

109. Apply Concepts Suppose the Moon had a net
negative charge equal to �q, and Earth had a net
positive charge equal to �10q. What value of q
would yield the same magnitude of force that you
now attribute to gravity?

Writing in Physics
110. Choose the name of an electric unit, such as

coulomb, volt, or farad, and research the life and
work of the scientist for whom it was named.
Write a brief essay on this person and include a
discussion of the work that justified the honor 
of having a unit named for him.

Cumulative Review
111. Michelson measured the speed of light by sending

a beam of light to a mirror on a mountain 35 km
away. (Chapter 16)

a. How long does it take light to travel the
distance to the mountain and back?

b. Assume that Michelson used a rotating octagon
with a mirror on each face of the octagon. Also
assume that the light reflects from one mirror,
travels to the other mountain, reflects off of a
fixed mirror on that mountain, and returns to
the rotating mirrors. If the rotating mirror has
advanced so that when the light returns, it
reflects off of the next mirror in the rotation,
how fast is the mirror rotating?

c. If each mirror has a mass of 1.0�101 g and
rotates in a circle with an average radius of
1.0�101 cm, what is the approximate centripetal
force needed to hold the mirror while is it
rotating? 

112. Mountain Scene You can see an image of a distant
mountain in a smooth lake just as you can see a
mountain biker next to the lake because light from
each strikes the surface of the lake at about the
same angle of incidence and is reflected to your
eyes. If the lake is about 100 m in diameter, the
reflection of the top of the mountain is about in
the middle of the lake, the mountain is about 
50 km away from the lake, and you are about 2 m
tall, then approximately how high above the lake
does the top of the mountain reach? (Chapter 17)

113. A converging lens has a focal length of 38.0 cm. If
it is placed 60.0 cm from an object, at what distance
from the lens will the image be? (Chapter 18)

114. A force, F, is measured between two charges, Q and
q, separated by a distance, r. What would the new
force be for each of the following? (Chapter 20)

a. r is tripled
b. Q is tripled
c. both r and Q are tripled
d. both r and Q are doubled
e. all three, r, Q, and q, are tripled

E � 1.2�106 N/C

1.5 cm

Gutter
q

m v

0.800 m

�3.00�10�6 C �5.00�10�6 C

A B

588 Chapter 21 Electric Fields For more problems, go to Additional Problems, Appendix B.

■ Figure 21-28

■ Figure 21-29
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107. See Solutions Manual; E �
6.14�104 N/C at � � �23.4°

108. a. 1.2�10�10 N
b. 1.2�103 m/s2

c. 1.0�10�3 s
d. 0.60 mm

109. q � 1.8�1013 C

Writing in Physics
110. Student answers will vary

depending on the scientist
selected.

Cumulative Review
111. a. 2.3�10�4 s

b. 5.4�102 rev/s
c. 1.2�104 N

112. hmountain � 2000 m

113. The image is 104 cm from the
lens.

114. a. F/9
b. 3F
c. F/3
d. F/2
e. F
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1. Why is an electric field measured only by a
small test charge?

so the charge doesn’t disturb the field

because small charges have small
momentum

so its size doesn’t nudge the charge to be
measured aside

because an electron always is used as the
test charge and electrons are small

2. A force of 14 N exists on charge q, which is
2.1�10�9 C. What is the magnitude of the
electric field?

0.15�10�9 N/C 29�10�9 N/C

6.7�10�9 N/C 6.7�109 N/C

3. A positive test charge of 8.7 �C experiences a
force of 8.1�10�6 N at an angle of 24° N of E.
What are the magnitude and direction of the
electric field strength at the location of the test
charge?

7.0�10�8 N/C, 24° N of E

1.7�10�6 N/C, 24° S of W

1.1�10�3 N/C, 24° W of S

9.3�10�1 N/C, 24° N of E

4. What is the potential difference between two
plates that are 18 cm apart with a field of
4.8�103 N/C?

27 V 0.86 kV

86 V 27 kV

5. How much work is done on a proton to move 
it from the negative plate to a positive plate 
4.3 cm away if the field is 125 N/C?

5.5�10�23 J 1.1�10�16 J

8.6�10�19 J 5.4 J

6. How was the magnitude of the field in Millikan’s
oil-drop experiment determined?

using a measurable electromagnet

from the electric potential between the
plates

from the magnitude of the charge

by an electrometer

7. In an oil drop experiment, a drop with a weight
of 1.9�10�14 N was suspended motionless
when the potential difference between the
plates that were 63 mm apart was 0.78 kV.
What was the charge on the drop?

�1.5�10�18 C �1.2�10�15 C

�3.9�10�16 C �9.3�10�13 C

8. A capacitor has a capacitance of 0.093 �F. If the
charge on the capacitor is 58 �C, what is the
electrical potential difference?

5.4�10�12 V 6.2�102 V

1.6�10�6 V 5.4�103 V

Extended Answer
9. Assume 18 extra electrons are on an oil drop.

Calculate the charge of the oil drop, and
calculate the potential difference needed to
suspend it if it has a weight of 6.12�10�14 N
and the plates are 14.1 mm apart.

63 mm

�

�

�

�

�

�

�

�

�

�

0.78 kV

4.3 cm

125 N/C

��
��
��
��

�

Multiple Choice

Use the Buddy System

Study in a group. A small study group works well
because it allows you to draw from a broader base 
of skills and content knowledge. Keep your group
small, question each other, and stay on target.  
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Points Description

4 The student demonstrates a
thorough understanding of 
the physics involved. The
response may contain minor
flaws that do not detract from
the demonstration of a thor-
ough understanding.

3 The student demonstrates 
an understanding of the 
physics involved. The re-
sponse is essentially correct
and demonstrates an essential
but less than thorough under-
standing of the physics.

2 The student demonstrates 
only a partial understanding 
of the physics involved.
Although the student may
have used the correct
approach to a solution or 
may have provided a correct
solution, the work lacks an
essential understanding of 
the underlying physical 
concepts.

1 The student demonstrates a
very limited understanding of
the physics involved. The
response is incomplete and
exhibits many flaws.

0 The student provides a 
completely incorrect solution
or no response at all.

Rubric
The following rubric is a sample
scoring device for extended
response questions.

Extended Response

Multiple Choice
1. A
4. C
7. A

2. D
5. B
8. C

3. D
6. B

Extended Answer
9. a. (18)(1.60�10�19) � 2.88�10�18 C

b. (6.12�10�14 N)� � �

3.00�102 V

1.41�10�2 m
��
2.88�10�18 C

562-589 PhyTWEC21-845814  7/14/04  12:49 AM  Page 589

http://www.physicspp.com/standardized_test

	Physics Principles and Problems
	Tools For Teaching Physics
	Table of Contents
	Student Edition
	Teacher Wraparound Edition
	Teacher Classroom Resources
	Technology Resources
	National Science Education Standards
	Pacing Options
	Lab Safety
	Equipment List
	Lab Suppliers


	Student Edition Table of Contents
	Chapter 1
	A Physics Toolkit
	Launch Lab Do all objects fall at the same rate?

	Section 1.1 Mathematics and Physics
	Mini Lab Measuring Change

	Section 1.2 Measurement
	Section 1.3 Graphing Data
	Physics Lab Exploring Objects in Motion


	Chapter 2
	Representing Motion
	Launch Lab Which car is faster?

	Section 2.1 Picturing Motion
	Section 2.2 Where and When?
	Section 2.3 Position-Time Graphs
	Section 2.4 How Fast?
	Mini Lab Instantaneous Velocity Vectors
	Physics Lab Creating Motion Diagrams


	Chapter 3
	Accelerated Motion
	Launch Lab Do all types of motion look the same when graphed?

	Section 3.1 Acceleration
	Mini Lab A Steel Ball Race

	Section 3.2 Motion with Constant Acceleration
	Section 3.3 Free Fall
	Physics Lab Acceleration Due to Gravity


	Chapter 4
	Forces in One Dimension
	Launch Lab Which force is stronger?

	Section 4.1 Force and Motion
	Section 4.2 Using Newton’s Laws
	Section 4.3 Interaction Forces
	Mini Lab Tug-of-War Challenge
	Physics Lab Forces in an Elevator


	Chapter 5
	Forces in Two Dimensions
	Launch Lab Can 2 N + 2 N = 2 N?

	Section 5.1 Vectors
	Section 5.2 Friction
	Section 5.3 Force and Motion in Two Dimensions
	Mini Lab What’s Your Angle?
	Physics Lab The Coefficient of Friction


	Chapter 6
	Motion in Two Dimensions
	Launch Lab How can the motion of a projectile be described?

	Section 6.1 Projectile Motion
	Mini Lab Over the Edge

	Section 6.2 Circular Motion
	Section 6.3 Relative Velocity
	Physics Lab On Target


	Chapter 7
	Gravitation
	Launch Lab Can you model Mercury’s motion?

	Section 7.1 Planetary Motion and Gravitation
	Section 7.2 Using the Law of Universal Gravitation
	Mini Lab Weightless Water
	Physics Lab Modeling the Orbits of Planets and Satellites


	Chapter 8
	Rotational Motion
	Launch Lab How do different objects rotate as they roll?

	Section 8.1 Describing Rotational Motion
	Section 8.2 Rotational Dynamics
	Section 8.3 Equilibrium
	Mini Lab Spinning Tops
	Physics Lab Translational and Rotational Equilibrium


	Chapter 9
	Momentum and Its Conservation
	Launch Lab What happens when a hollow plastic ball strikes a bocce ball?

	Section 9.1 Impulse and Momentum
	Section 9.2 Conservation of Momentum
	Mini Lab Rebound Height
	Physics Lab Sticky Collisions


	Chapter 10
	Energy, Work, and Simple Machines
	Launch Lab Does direction of a force matter?

	Section 10.1 Energy and Work
	Section 10.2 Machines
	Mini Lab Wheel and Axle
	Physics Lab Stair Climbing and Power


	Chapter 11
	Energy and Its Conservation
	Launch Lab How can you analyze a bouncing basketball?

	Section 11.1 The Many Forms of Energy
	Section 11.2 Conservation of Energy
	Mini Lab Energy Exchange
	Physics Lab Conservation of Energy


	Chapter 12
	Thermal Energy
	Launch Lab What happens when you provide thermal energy by holding a glass of water?

	Section 12.1 Temperature and Thermal Energy
	Section 12.2 Changes of State and the Laws of Thermodynamics
	Mini Lab Melting
	Physics Lab Heating and Cooling


	Chapter 13
	States of Matter
	Launch Lab Does it float or sink?

	Section 13.1 Properties of Fluids
	Mini Lab Pressure

	Section 13.2 Forces Within Liquids
	Section 13.3 Fluids at Rest and in Motion
	Section 13.4 Solids
	Physics Lab Evaporative Cooling


	Chapter 14
	Vibrations and Waves
	Launch Lab How do waves behave in a coiled spring?

	Section 14.1 Periodic Motion
	Section 14.2 Wave Properties
	Section 14.3 Wave Behavior
	Mini Lab Wave Interaction
	Physics Lab Pendulum Vibrations


	Chapter 15
	Sound
	Launch Lab How can glasses produce musical notes?

	Section 15.1 Properties and Detection of Sound
	Section 15.2 The Physics of Music
	Mini Lab Sounds Good
	Physics Lab Speed of Sound


	Chapter 16
	Fundamentals of Light
	Launch Lab How can you determine the path of light through air?

	Section 16.1 Illumination
	Section 16.2 The Wave Nature of Light
	Mini Lab Color by Temperature
	Physics Lab Polarization of Light


	Chapter 17
	Reflection and Mirrors
	Launch Lab How is an image shown on a screen?

	Section 17.1 Reflection from Plane Mirrors
	Mini Lab Virtual Image Position

	Section 17.2 Curved Mirrors
	Physics Lab Concave Mirror Images


	Chapter 18
	Refraction and Lenses
	Launch Lab What does a straw in a liquid look like from the side view?

	Section 18.1 Refraction of Light
	Section 18.2 Convex and Concave Lenses
	Mini Lab Lens Masking Effects

	Section 18.3 Applications of Lenses
	Physics Lab Convex Lenses and Focal Length


	Chapter 19
	Interference and Diffraction
	Launch Lab Why does a compact disc reflect a rainbow of light?

	Section 19.1 Interference
	Section 19.2 Diffraction
	Mini Lab Retinal Projection Screen
	Physics Lab Double-Slit Interference of Light


	Chapter 20
	Static Electricity
	Launch Lab What forces act over a distance?

	Section 20.1 Electric Charge
	Section 20.2 Electric Force
	Mini Lab Investigating Induction and Conduction
	Physics Lab Charged Objects


	Chapter 21
	Electric Fields
	Launch Lab How do charged objects interact at a distance? 

	Section 21.1 Creating and Measuring Electric Fields
	Section 21.2 Applications of Electric Fields
	Mini Lab Electric Fields
	Physics Lab Charging of Capacitors


	Chapter 22
	Current Electricity
	Launch Lab Can you get a lightbulb to light?

	Section 22.1 Current and Circuits
	Mini Lab Current Affairs

	Section 22.2 Using Electric Energy
	Physics Lab Voltage, Current, and Resistance


	Chapter 23
	Series and Parallel Circuits
	Launch Lab How do fuses protect electric circuits?

	Section 23.1 Simple Circuits
	Mini Lab Parallel Resistance

	Section 23.2 Applications of Circuits
	Physics Lab Series and Parallel Circuits


	Chapter 24
	Magnetic Fields
	Launch Lab In which direction do magnetic fields pull?

	Section 24.1 Magnets: Permanent and Temporary
	Mini Lab 3-D Magnetic Fields

	Section 24.2 Forces Caused by Magnetic Fields
	Physics Lab Creating an Electromagnet


	Chapter 25
	Electromagnetic Induction
	Launch Lab What happens in a changing magnetic field?

	Section 25.1 Electric Current from Changing Magnetic Fields
	Section 25.2 Changing Magnetic Fields Induce EMF
	Mini Lab Motor and Generator
	Physics Lab Induction and Transformers


	Chapter 26
	Electromagnetism
	Launch Lab From where do radio stations broadcast?

	Section 26.1 Interactions of Electric and Magnetic Fields and Matter
	Mini Lab Modeling a Mass Spectrometer

	Section 26.2 Electric and Magnetic Fields in Space
	Physics Lab Electromagnetic Wave Shielding


	Chapter 27
	Quantum Theory
	Launch Lab What does the spectrum of a glowing lightbulb look like?

	Section 27.1 A Particle Model of Waves
	Mini Lab Glows in the Dark

	Section 27.2 Matter Waves
	Physics Lab Modeling the Photoelectric Effect


	Chapter 28
	The Atom
	Launch Lab How can identifying different spinning coins model types of atoms?

	Section 28.1 The Bohr Model of the Atom
	Mini Lab Bright-Line Spectra

	Section 28.2 The Quantum Model of the Atom
	Physics Lab Finding the Size of an Atom


	Chapter 29
	Solid-State Electronics
	Launch Lab How can you show conduction in a diode?

	Section 29.1 Conduction in Solids
	Section 29.2 Electronic Devices
	Mini Lab Red Light
	Physics Lab Diode Current and Voltage


	Chapter 30
	Nuclear Physics
	Launch Lab How can you model the binding energy of the nucleus?

	Section 30.1 The Nucleus
	Section 30.2 Nuclear Decay and Reactions
	Mini Lab Modeling Radioactive Decay

	Section 30.3 The Building Blocks of Matter
	Physics Lab Exploring Radiation



	Labs
	Launch Lab
	Chapter 1 Do all objects fall at the same rate?
	Chapter 2 Which car is faster?
	Chapter 3 Do all types of motion look the same when graphed?
	Chapter 4 Which force is stronger?
	Chapter 5 Can 2 N + 2 N = 2 N?
	Chapter 6 How can the motion of a projectile be described?
	Chapter 7 What is the shape of the orbit of the planet Mercury?
	Chapter 8 How do different objects rotate as they roll?
	Chapter 9 What happens when a hollow plastic ball strikes a bocce ball?
	Chapter 10 Does direction of a force matter?
	Chapter 11 How can you analyze a bouncing basketball?
	Chapter 12 What happens when you provide thermal energy by holding a glass of water?
	Chapter 13 Does it float or sink?
	Chapter 14 How do waves behave in a coiled spring?
	Chapter 15 How can glasses produce musical notes?
	Chapter 16 How can you determine the path of light through air?
	Chapter 17 How is an image shown on a screen?
	 Chapter 18 What does a straw in a liquid look like from the side view?
	Chapter 19 Why does a compact disc reflect a rainbow of light?
	Chapter 20 What forces act over a distance?
	Chapter 21 How do charged objects interact at a distance?
	Chapter 22 Can you get a lightbulb to light?
	Chapter 23 How do fuses protect electric circuits?
	Chapter 24 In which direction do magnetic fields pull?
	Chapter 25 What happens in a changing magnetic field?
	Chapter 26 From where do radio stations broadcast?
	Chapter 27 What does the spectrum of a glowing lightbulb look like?
	Chapter 28 How can identifying different spinning coins model types of atoms?
	Chapter 29 How can you show conduction in a diode?
	Chapter 30 How can you model the binding energy of the nucleus?

	Physics Lab
	Chapter 1 Internet Physics Lab Exploring Objects in Motion
	Chapter 2 Physics Lab Creating Motion Diagrams
	Chapter 3 Internet Physics Lab Acceleration Due to Gravity
	Chapter 4 Internet Physics Lab Forces in an Elevator
	Chapter 5 Physics Lab The Coefficient of Friction
	Chapter 6 Design Your Own Physics Lab On Target
	Chapter 7 Physics Lab Modeling the Orbits of Planets and Satellites
	Chapter 8 Physics Lab Translational and Rotational Equilibrium
	Chapter 9 Internet Physics Lab Sticky Collisions
	Chapter 10 Physics Lab Stair Climbing and Power
	Chapter 11 Physics Lab Conservation of Energy
	Chapter 12 Physics Lab Heating and Cooling
	Chapter 13 Physics Lab Evaporative Cooling
	Chapter 14 Design Your Own Physics Lab Pendulum Vibrations
	Chapter 15 Physics Lab Speed of Sound
	Chapter 16 Physics Lab Polarization of Light
	Chapter 17 Physics Lab Concave Mirror Images
	Chapter 18 Physics Lab Convex Lenses and Focal Length
	Chapter 19 Design Your Own Physics Lab Double-Slit Interference of Light
	Chapter 20 Design Your Own Physics Lab Charged Objects
	Chapter 21 Physics Lab Charging of Capacitors
	Chapter 22 Physics Lab Voltage, Current, and Resistance
	Chapter 23 Physics Lab Series and Parallel Circuits
	Chapter 24 Design Your Own Physics Lab Creating an Electromagnet
	Chapter 25 Physics Lab Induction and Transformers
	Chapter 26 Physics Lab Electromagnetic Wave Shielding
	Chapter 27 Physics Lab Modeling the Photoelectric Effect
	Chapter 28 Physics Lab Finding the Size of an Atom
	Chapter 29 Physics Lab Diode Current and Voltage
	Chapter 30 Design Your Own Physics Lab Exploring Radiation

	Mini Lab
	Chapter 1 Measuring Change
	Chapter 2 Instantaneous Velocity Vectors
	Chapter 3 A Steel Ball Race
	Chapter 4 Tug-of-War Challenge
	Chapter 5 What’s Your Angle?
	Chapter 6 Over the Edge
	Chapter 7 Weightless Water
	Chapter 8 Spinning Tops
	Chapter 9 Rebound Height
	Chapter 10 Wheel and Axle
	Chapter 11 Energy Exchange
	Chapter 12 Melting
	Chapter 13 Pressure
	Chapter 14 Wave Interaction
	Chapter 15 Sounds Good
	Chapter 16 Color by Temperature
	Chapter 17 Virtual Image Position
	Chapter 18 Lens Masking Effects
	Chapter 19 Retinal Projection Screen
	Chapter 20 Investigating Induction and Conduction
	Chapter 21 Electric Fields
	Chapter 22 Current Affairs
	Chapter 23 Parallel Resistance
	Chapter 24 3-D Magnetic Fields
	Chapter 25 Motor and Generator
	Chapter 26 Modeling a Mass Spectrometer
	Chapter 27 Glows in the Dark
	Chapter 28 Bright-Line Spectra
	Chapter 29 Red Light
	Chapter 30 Modeling Radioactive Decay


	Real-World Physics
	Technology and Society
	Chapter 5 Roller Coasters
	Chapter 8 The Stability of Sport-Utility Vehicles
	Chapter 11 Running Smarter
	Chapter 14 Earthquake Protection
	Chapter 16 Advances in Lighting
	Chapter 22 Hybrid Cars
	Chapter 26 Cellular Phones

	Future Technology
	Chapter 1 Computer History and Growth
	Chapter 6 Spinning Space Stations
	Chapter 9 Solar Sailing
	Chapter 17 Adaptive Optical Systems
	Chapter 20 Spacecraft and Static Electricity
	Chapter 28 Atom Laser
	Chapter 30 Thermonuclear Fusion

	How it Works
	Chapter 4 Bathroom Scale
	Chapter 10 Bicycle Gear Shifters
	Chapter 12 The Heat Pump
	Chapter 19 Holography
	Chapter 21 Lightning Rods
	Chapter 23 Ground Fault Circuit Interrupters (GFCI)
	Chapter 25 How a Credit-Card Reader Works
	Chapter 27 Scanning Tunneling Microscope

	Extreme Physics
	Chapter 2 Accurate Time
	Chapter 3 Time Dilation at High Velocities
	Chapter 7 Black Holes
	Chapter 13 A Strange Matter
	Chapter 15 Sound Waves in the Sun
	Chapter 18 Gravitational Lenses
	Chapter 24 The Hall Effect
	Chapter 29 Artificial Intelligence


	Applying Math and Physics
	Problem-Solving Strategies
	Chapter 1 Plotting Line Graphs
	Chapter 4 Force and Motion
	Interaction Pairs

	Chapter 5 Vector Addition
	Chapter 6 Motion in Two Dimensions
	Chapter 10 Work
	Chapter 11 Conservation of Energy
	Chapter 17 Using Ray Tracing to Locate Images Formed by Curved Mirrors
	Chapter 19 Thin-Film Interference
	Chapter 20 Electric Force Problems
	Chapter 22 Drawing Schematic Diagrams
	Chapter 23 Series-Parallel Circuits
	Chapter 27 Units of hc and Photon Energy

	Connecting Math to Physics
	Chapter 1
	Chapter 2
	Chapter 3
	Chapter 5
	Chapter 7
	Chapter 11
	Chapter 15
	Chapter 16
	Chapter 17
	Chapter 19
	Chapter 25
	Chapter 27

	Applying Physics
	Chapter 1 Distance to the Moon
	Chapter 2 Speed Records
	Chapter 3 Drag Racing
	Chapter 4 Shuttle Engine Thrust
	Chapter 5 Causes of Friction
	Chapter 6 Space Elevators
	Chapter 7 Geosynchronous Orbit
	Chapter 8 The Fosbury-Flop
	Chapter 9 Running Shoes
	Chapter 10 Tour de France
	Chapter 11 Potential Energy of an Atom
	Chapter 12 Steam Heating
	Chapter 13 Plants
	Chapter 14 Foucault Pendulum
	Chapter 15 Hearing and Frequency
	Chapter 16 Illuminated Minds
	Age of the Universe

	Chapter 17 Hubble Trouble
	Chapter 18 Contacts
	Chapter 19 Nonreflective Eyeglasses
	Chapter 20 Conductor or Insulator?
	Chapter 21 Static Electricity
	Chapter 22 Resistance
	Chapter 23 Testing Resistance
	Chapter 24 Electromagnets
	Chapter 25 Common Units
	Chapter 26 Frequencies
	Chapter 27 Temperature of the Universe
	Chapter 28 Laser Eye Surgery
	Chapter 29 Diode Laser
	Chapter 30 Forces
	Radiation Treatment



	Resources
	Additional Challenge Problems
	Chapter 1-5 Resources
	Chapter 6-10 Resources
	Chapter 11-15 Resources
	Chapter 16-20 Resources
	Chapter 21-25 Resources
	Chapter 26-30 Resources
	Connecting Math to Physics
	Cooperative Learning in the Science Classroom
	Cultural Diversity
	Forensics Lab Manual
	Student Edition
	Annotated Teacher Edition

	Guide to Using the Internet in the Science Classroom
	Laboratory Management and Safety in the Science Classroom
	Laboratory Manual
	Student Edition
	Annotated Teacher Edition

	Performance Assessment in the Science Classroom
	Physics Test Prep: Studying for the EOC Exam
	Student Edition
	Annotated Teacher Edition

	Pre-AP/Critical Thinking Problems
	Probeware Lab Manual
	Student Edition
	Annotated Teacher Edition

	Solutions Manual
	Supplemental Problems
	Teaching Transparencies


	Help
	Internet Link
	Previous Document
	Search - Document
	Search - Full
	Page Navigator
	Exit



