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Building Conceptual Understanding

Chapter Opening Outline
At the beginning of each chapter is an outline presenting the section heads within the chapter. The 
outline also includes the titles of the Examples and Solved Problems found in the chapter. At a quick 
glance, you will know if a desired topic, example, or problem is in the chapter.
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 ■ An electric field represents the electric force at different 
points in space. 

 ■ Electric field lines represent the net force vectors 
exerted on a unit positive electric charge. They originate 
on positive charges and terminate on negative charges. 

 ■ The electric field of a point charge is radial, proportional 
to the charge, and inversely proportional to the square of 
the distance from the charge. 

 ■ An electric dipole consists of a positive charge and a 
negative charge of equal magnitude. 

 ■ The electric flux is the electric field component normal 
to an area times the area. 

 ■ Gauss’s Law states that the electric flux through a 
closed surface is proportional to the net electric charge 

enclosed within the surface. This law provides simple 
ways to solve seemingly complicated electric field 
problems.

 ■ The electric field inside a conductor is zero. 
 ■ The magnitude of the electric field due to a uniformly 

charged, infinitely long wire varies as the inverse of the 
perpendicular distance from the wire. 

 ■ The electric field due to an infinite sheet of charge does 
not depend on the distance from the sheet. 

 ■ The electric field outside a spherical distribution of 
charge is the same as the field of a point charge with the 
same total charge located at the sphere’s center.

WHaT We Will learn 

22.1 Defi nition of an electric Field 
In Chapter 21, we discussed the force between two or more point charges. When determin-
ing the net force exerted by other charges on a particular charge at some point in space, 
we obtain diff erent directions for this force, depending on the sign of the charge that is the 
reference point. In addition, the net force is also proportional to the magnitude of the refer-
ence charge. Th e techniques used in Chapter 21 require us to redo the calculation for the 
net force each time we consider a diff erent charge. 

Dealing with this situation requires the concept of a fi	eld, which can be used to 
describe certain forces. An electric fi eld, E(r), is defi ned at any point in space, �r , as the 
net electric force on a charge, divided by that charge: 

� �
� �

E r F r
q

( ) ( ) .=  (22.1)

Th e units of the electric fi eld are newtons per coulomb (N/C). Th is simple defi nition elimi-
nates the cumbersome dependence of the electric force on the particular charge being 
used to measure the force. We can quickly determine the net force on any charge by using � � � �F r qE r( ) ( ),=  which is a trivial rearrangement of equation 22.1. 

Th e electric force on a charge at a point is parallel (or antiparallel, depending on the 
sign of the charge in question) to the electric fi eld at that point and proportional to the 
magnitude of the charge. Th e magnitude of the force is given by F q E= . Th e direction of the 
force on a positive charge is along 

� �E r( ); the direction of the force on a negative charge is in 
the direction opposite to 

� �E r( ). 
If several sources of electric fi elds are present at the same time, such as several point 

charges, the electric fi eld at any given point is determined by the superposition of the elec-
tric fi elds from all sources. Th is superposition follows directly from the superposition of 
forces introduced in our study of mechanics and discussed in Chapter 21 for electrostatic 
forces. Th e superposition principle for the total electric fi eld, 

�
Et , at any point in space with 

coordinate �r , due to n electric fi eld sources can be stated as 
� � � � � �

�
� �E r E r E r E rnt =( ) ( ) ( ) ( ).1 2+ + +  (22.2)

22.2 Field lines 
An electric fi eld can (and in most applications does) change as a function of the spatial 
coordinate. Th e changing direction and strength of the electric fi eld can be visualized by 
means of electric fi eld lines. Th ese graphically represent the net vector force exerted on a 
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 25.8 Diodes: One-Way Streets in Circuits 
Section 25.4 stated that many resistors obey Ohm’s Law. It was noted, how-
ever, that there are also non-ohmic resistors that do not obey Ohm’s Law. 
A very common and extremely useful example is a diode. A diode is an 
electronic device that is designed to conduct current in one direction and 
not in the other direction. Remember that Figure 25.2c showed that a light 
bulb was still shining with the same intensity when the battery it was con-
nected to was reversed. If a diode (represented by the symbol ) is added 
to the same circuit, the diode prevents the current from flowing when the 
potential difference delivered by the battery is reversed; see Figure 25.24. 
The diode acts like a one-way street for the current. 

Figure 25.25 shows current versus potential difference for a 3- ohmic 
resistor and a silicon diode. The resistor obeys Ohm’s Law, with the current 
flowing in the opposite direction when the potential difference is negative. 
The plot of current versus potential difference for the resistor is a straight 
line with a slope of 13  . The silicon diode is wired so that it will not conduct 

Substituting this expression for the current and that for the resistance from equation (iii) into 
equation (i) for the lost power gives 
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The fraction of lost power relative to total power, f, is 
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Solving this equation for the diameter of the wire gives

d P L
f V

= 4 .Cu
2

�

� �( )

C A L C U L A T E  Putting in the numerical values gives us 

d =
4 6300 10 W 1.72 10 m 800 10 m

0.25 1.20 10 V
=0.0175099 m.

6 –8 3

6 2
�

�( )( )( )
( )( )

⋅ ⋅ ⋅

⋅

 

R O U N D  Rounding to three significant figures gives us the minimum diameter of the copper 
wire:

d =1.75 cm.

D O U B L E - C H E C K  To double-check our result, let’s calculate the resistance of this 
transmission line. Using our calculated value for the diameter, we can find the cross-sectional 
area and then, using equation 25.11, obtain 

R L
d

L
d
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= 4 =
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=57.2 .Cu 2
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The current transmitted is 

i P
V

= = 6300 10 W
1.20 10 V

=5250 A.
6

6
⋅
⋅

 

The power lost is then 

P i R= = 5250 A 57.2 =1580 MW,2 2
( )( )  

which is close (within rounding error) to 25% of the total power of 6300 MW. Thus, our result 
seems reasonable. 

Silicon diode

3-� resisto
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0
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FIGURE 25.25  Current as a function of potential difference 
for a resistor (red) and a diode (blue). 

FIGURE 25.24  (a) The circuit of 
Figure 25.2c, but with a diode included. 
(b) Reversing the potential difference from 
the battery causes the current to stop 
flowing and the light bulb to stop shining. 

(b)(a)
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bau13881_ch25.indd   787 5/4/12   2:27 PM

78725.8 Diodes: One-Way Streets in Circuits 

FIRST PAGES

 25.8 Diodes: One-Way Streets in Circuits 
Section 25.4 stated that many resistors obey Ohm’s Law. It was noted, how-
ever, that there are also non-ohmic resistors that do not obey Ohm’s Law. 
A very common and extremely useful example is a diode. A diode is an 
electronic device that is designed to conduct current in one direction and 
not in the other direction. Remember that Figure 25.2c showed that a light 
bulb was still shining with the same intensity when the battery it was con-
nected to was reversed. If a diode (represented by the symbol ) is added 
to the same circuit, the diode prevents the current from flowing when the 
potential difference delivered by the battery is reversed; see Figure 25.24. 
The diode acts like a one-way street for the current. 

Figure 25.25 shows current versus potential difference for a 3- ohmic 
resistor and a silicon diode. The resistor obeys Ohm’s Law, with the current 
flowing in the opposite direction when the potential difference is negative. 
The plot of current versus potential difference for the resistor is a straight 
line with a slope of 13  . The silicon diode is wired so that it will not conduct 

Substituting this expression for the current and that for the resistance from equation (iii) into 
equation (i) for the lost power gives 

P P
V

L
d

P L
V d

=
/4

= 4 .lost

2

Cu 2

2
Cu
2 2

�
�

�

�� �( )


















 

The fraction of lost power relative to total power, f, is 

P
P

P L
V d
P

P L
V d

f=

4

= 4 = .lost

2
Cu
2 2

Cu
2 2

�

� �

�

�

�

( )

( )











  

Solving this equation for the diameter of the wire gives

d P L
f V

= 4 .Cu
2

�

� �( )

C A L C U L A T E  Putting in the numerical values gives us 

d =
4 6300 10 W 1.72 10 m 800 10 m

0.25 1.20 10 V
=0.0175099 m.

6 –8 3

6 2
�

�( )( )( )
( )( )

⋅ ⋅ ⋅

⋅

 

R O U N D  Rounding to three significant figures gives us the minimum diameter of the copper 
wire:

d =1.75 cm.

D O U B L E - C H E C K  To double-check our result, let’s calculate the resistance of this 
transmission line. Using our calculated value for the diameter, we can find the cross-sectional 
area and then, using equation 25.11, obtain 

R L
d

L
d

=
/4

= 4 =
4 1.72 10 m 800 10 m

1.75 10 m
=57.2 .Cu 2

Cu
2

–8 3

–2 2�
�

�

� �

�
�

( )( )
( )

⋅ ⋅

⋅

 

The current transmitted is 

i P
V

= = 6300 10 W
1.20 10 V

=5250 A.
6

6
⋅
⋅

 

The power lost is then 

P i R= = 5250 A 57.2 =1580 MW,2 2
( )( )  

which is close (within rounding error) to 25% of the total power of 6300 MW. Thus, our result 
seems reasonable. 

Silicon diode

3-� resisto
r

10.5 0.70–0.5–1

i (
A

)

V (V)

0.4

0.2

0

–0.2

–0.4

FIGURE 25.25  Current as a function of potential difference 
for a resistor (red) and a diode (blue). 

FIGURE 25.24  (a) The circuit of 
Figure 25.2c, but with a diode included. 
(b) Reversing the potential difference from 
the battery causes the current to stop 
flowing and the light bulb to stop shining. 

(b)(a)

����

bau13881_ch25.indd   787 5/4/12   2:27 PM

What We Will Learn / What We Have Learned
Each chapter of University Physics is organized like a good research seminar. It was once said, “Tell 
them what you will tell them, then tell them, and then tell them what you told them!” Each chapter 
starts with What We Will Learn—a quick 
summary of the main points, without any 
equations. And at the end of each chap-
ter, What We Have Learned/Exam Study 
Guide contains key concepts, including 
major equations.

Conceptual Introductions
Conceptual explanations are provided in the text prior to any mathematical explanations, formulas, 
or derivations in order to establish why the concept or quantity is needed, why it is useful, and why 
it must be defined accurately. The authors then move from the conceptual explanation and defini-
tion to a formula and exact terms.

33911.2 Examples Involving Static Equilibrium 
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PROBLEM 1
What friction force must act on the bottom of the ladder to keep it from 
slipping? Neglect the (small) force of friction between the smooth wall and 
the ladder. 

SOLUTION 1
Let’s start with the free-body diagram shown in Figure 11.12c. Here R

�
 = –Rx̂ 

is the normal force exerted by the wall on the ladder, 
�

N  = Nŷ is the normal 
force exerted by the floor on the ladder, and Wm

�
 = –mm gŷ and Wl

�
 = –ml gŷ are 

the weights of the student and the ladder: mm g = (62.0 kg)(9.81 m/s2) = 608. N 
and ml g = (13.3 kg)(9.81 m/s2) = 130. N. 

We’ll let f f x= ˆs s
�

 be the force of static friction between the floor and 
the bottom of the ladder, which is the answer to the problem. Note that 
this force vector is directed in the positive x-direction (if the ladder slips, 
its bottom will slide in the negative x-direction, and the friction force must 
necessarily oppose that motion). As instructed, we neglect the force of fric-
tion between wall and ladder. 

The ladder and the student are in translational and rotational equilib-
rium, so we have the three equilibrium conditions introduced in equations 
11.5 through 11.7: 

F F=0, = 0, = 0.x i
i

y i
i

i
i

, , �∑ ∑ ∑  

Let’s start with the equation for the force components in the horizontal direction: 

F f R R f= – =0 = .x i
i

, s s∑ ⇒  

From this equation, we learn that the force the wall exerts on the ladder and the friction force 
between the ladder and the floor have the same magnitude. Next, we write the equation for the 
force components in the vertical direction: 

F N m g m g N g m m= – = 0 = ( ).y i
i

, m l m l∑ − ⇒ +  

The normal force that the floor exerts on the ladder is exactly equal in magnitude to the sum 
of the weights of ladder and man: N = 608. N + 130. N = 738. N. (Again, we neglect the fric-
tion force between wall and ladder, which would otherwise have come in here.) 

Now we sum the torques, assuming that the pivot point is where the ladder touches the 
ground. This assumption has the advantage of allowing us to ignore the forces acting at that 
point, because their moment arms are zero. 

 m g m g r R= ( )
2

sin ( ) sin – cos = 0.i
i

l m� � � �∑ 





 +
�

�   (i)

Note that the torque from the wall’s normal force acts counterclockwise, whereas the two 
torques from the weights of the student and the ladder act clockwise. Also, the angle between 
the normal force, R

�
, and its moment arm, 

�
�, is 90° – , and sin (90° – ) = cos . Now we solve 

equation (i) for R: 

R
m g m g r

m g m g r=
( ) sin ( ) sin

cos
= tan .

1
2 l m 1

2 l m
� �

�
�

+
+









�
� �

 

Numerically, we obtain 

R = (130. N) (608. N)1.43 m
3.04 m

(tan24.8° =162. N.1
2 )+









 

However, we already found that R = fs, so our answer is fs = 162. N. 

PROBLEM 2
Suppose that the coefficient of static friction between ladder and floor is 0.31. Will the ladder slip? 

SOLUTION 2
We found the normal force in the first part of this example: N = g(mm + ml) = 738. N. It is 
related to the maximum static friction force via fs,max = sN. So, the maximum static friction 

(a) (b) (c)

R

N

fs

r

�

�

Wl

Wm

Wl

Wm

N

fs

Ry

x

FIGURE 11.12  (a) Student standing on a ladder. (b) Force 
vectors superimposed. (c) Free-body diagram of the ladder. 

Concept Check 11.2
What can the student in Example 11.4 
do if he really has to get up just a bit 
higher than the maximum height 
allowed by equation (ii) for the given 
situation?

a) He can increase the angle  
between the wall and the ladder. 

b) He can decrease the angle  
between the wall and the ladder. 

c) Neither increasing nor decreasing 
the angle will make any 
difference.

– Continued
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Self-Test Opportunities
In each chapter, a series of questions focus on major con-
cepts within the text to encourage students to develop an 
internal dialogue. These questions will help students think 
critically about what they have just read, decide whether 
they have a grasp of the concept, and develop a list of fol-
low-up questions to ask in class. The answers to the Self-
Tests are found at the end of each chapter.

Concept Checks
Concept Checks are designed to be used with 
personal response system technology. They will 
appear in the text so that you may begin contem-
plating the concepts. Answers will only be avail-
able to instructors. 

Student Solutions Manual
The Student Solutions Manual contains answers and worked-out solutions to selected end-of-chap-
ter Questions and Exercises (those indicated by a blue number). Worked-out solutions for all items 
in Chapters 1 through 13 follow the complete seven-step problem-solving method introduced in 
Section 1.5. Chapters 14 through 40 continue to use the seven-step method for challenging (one 
bullet) and most challenging (two bullet) exercises, but present more abbreviated solutions for the 
less challenging (no bullet) exercises.

56318.8 Modes of Thermal Energy Transfer
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S I M P L I F Y  We can solve this equation for T. First, we divide through by A and then 
multiply both sides by LCuLAl

k L T T k L T T– = – .Cu Al h Al Cu c( )( )  

Next, we multiply through on both sides and collect all terms with T on one side: 

k L T k L T k L T k L T
k L T k L T k L T k L T
T k L k L k L T k L T

=
=

( )=

Cu Al h Cu Al Al Cu Al Cu c

Al Cu Cu Al Cu Al h Al Cu c

Al Cu Cu Al Cu Al h Al Cu c

− −
+ +
+ +

 

T k L T k L T
k L k L

= .Cu Al h Al Cu c

Cu Al Al Cu

+
+

 

Substituting this expression for T into equation (i) gives us the thermal energy flow through 
the copper/aluminum bar. 

C A L C U L A T E  Putting in the numerical values gives us 

T k L T k L T
k L k L

=

=
386 W/(mK) (0.100 m)(373K) 220.W/(mK) (0.900 m)(274 K)

386 W/(mK) (0.100 m) 220.W/(mK) (0.900 m)
= 290.1513K.

Cu Al h Al Cu c

Cu Al Al Cu

[ ] [ ]
[ ] [ ]

+
+

+

+
 

Putting this result for T into equation (i) gives us the thermal energy flow through the copper 
segment 

( )( )



 ⋅

P k AT T
L

= –

= 386 W/ mK 3.00 10 m 373 K–290.1513 K
0.900 m

=10.6599W.

Cu Cu
h

Cu

–4 2  

R O U N D  We report our result to three significant figures:
P =10.7W.Cu  

D O U B L E - C H E C K  To double-check, let’s calculate the thermal energy flow through the 
aluminum segment:

( )( )



 ⋅P k AT T

L
= – = 220 W/ m K 3.00 10 m

290.1513 K – 274 K
0.100 m

=10.7 W.Al Al
c

Al

–4 2  

This agrees with our result for the copper segment. 

E X A M P L E  18.7 Roof Insulation 

Suppose you insulate above the ceiling of a room with an insulation material having an R fac-
tor of R-30. The ceiling measures 5.00 m by 5.00 m. The temperature inside the room is 21.0 °C, 
and the temperature above the insulation is 40.0 °C. 

PROBLEM
How much heat enters the room through the ceiling in a day if the room is maintained at a 
temperature of 21.0 °C? 

SOLUTION
We solve equation 18.16 for the heat: 

Q At T T
R

= – .h c

Putting in the numerical values, we obtain (1 day has 86,400 s): 

( )( )⋅ ⋅Q = 5.00 m 5.00 m 86,400 s 313K – 294 K
(30/5.678) m K/W

=7.77 10 J.2
6  

Concept Check 18.4
If you double the temperature 
(measured in kelvins) of an object, the 
thermal energy transferred away from 
it per unit time will

a) decrease by a factor of 2.

b) stay the same.

c) increase by a factor of 2.

d) increase by a factor of 4.

e) will change by an amount that 
cannot be determined without 
knowing the temperature of the 
object’s surroundings.

bau13881_ch18.indd   563 5/11/12   10:10 AM

788 Chapter 25 Current and Resistance

FIRST PAGES

any current when there is a negative potential difference. This silicon diode, like 
most, will conduct current if the potential difference is above 0.7 V. For potential 
differences above this threshold, the diode is essentially a conductor; below this 
threshold, the diode will not conduct current. The turn-on of the diode above the 
threshold potential difference increases exponentially; it can be close to instanta-
neous, as is visible in Figure 25.25. 

Diodes are very useful for converting alternating current to direct current, 
as we’ll see in Chapter 30. The fundamental physics principles that underlie the 
functioning of diodes require an understanding of quantum mechanics. 

One particularly useful kind of diode is the light-emitting diode (LED), 
which not only regulates current in a circuit but also emits light of a single wave-
length in a very controlled way. LEDs that emit light of many different wave-
lengths have been manufactured, and they emit light much more efficiently than 
conventional incandescent bulbs do. Light intensity is measured in lumens (lm). 
Light sources can be compared in terms of how many lumens they produce per 

watt of electrical power. During the last decade, intensive research into LED technology 
has resulted in huge increases in LED output efficiency, which has reached values of 130 to  
170 lm/W. This compares very favorably with conventional incandescent lights (which are in the 
range from 5 to 20 lm/W), halogen lights (20 to 30 lm/W), and even fluorescent high-efficiency 
lights (30 to 95 lm/W). Prices for LEDs (in particular, “white” LEDs) are still comparatively high 
but are expected to decrease significantly. The United States uses over 100 billion kW h of elec-
trical energy for lighting alone each year, which is approximately 10% of the total U.S. energy 
consumption. Universal use of LED lighting could save 70% to 90% of those 100 billion kW h, 
approximately the annual energy output of 10 nuclear power plants (~1 GW power each). 

LEDs are also used in large display screens, where high light output is desirable. Per-
haps the most impressive of these was showcased during the opening ceremony of the 2008 
Beijing Olympics (Figure 25.26). It used 44,000 individual LEDs and measured an astound-
ing 147 m by 22 m. 

FIGURE 25.26  Giant LED screen used during the 
opening ceremony of the 2008 Olympic Games in 
Beijing. 

Self-Test Opportunity 25.4
Suppose the battery in Figure 25.24 
has a potential difference of 1.5 V 
across its terminals and the diode is 
a silicon diode like the one in Figure 
25.25. What are the potential drops 
across the diode and the light bulb in 
parts (a) and (b) of Figure 25.24?

WHAT WE HAVE LEARNED |  E X A M  S T U D Y  G U I D E

 ■ Current, i, is defined as the rate at which charge, q, flows 

past a particular point: i dq
dt

= .  

 ■ The magnitude of the average current density, J, at a given 

cross-sectional area, A, in a conductor is given by J i
A

= .

 ■ The magnitude of the current density, J, is related to the 

magnitude of the drift velocity, vd, of the current-carrying 
charges, –e, by J i

A
nev= =– ,d  where n is the number of 

charge carriers per unit volume. 

 ■ The resistivity, , of a material is defined in terms of the 
magnitudes of the electric field applied across the material, 
E, and the resulting current density, J: E

J
= .  

 ■ The resistance, R, of a specific device having resistivity , 

length L, and constant cross-sectional area A, is R L
A

= .  

 ■ The temperature dependence of the resistivity of a 
material is given by  – 0 = 0(T – T0), where  is 
the final resistivity, 0 is the initial resistivity,  is the 

temperature coefficient of electric resistivity, T is the final 
temperature, and T0 is the initial temperature. 

 ■ The electromotive force, or emf, is a potential difference 
created by a device that drives current through a circuit. 

 ■ Ohm’s Law states that when a potential difference, V, 
appears across a resistor, R, the current, i, flowing through 

the resistor is i V
R

= .  

 ■ Resistors connected in series can be replaced with 
an equivalent resistance, Req, given by the sum of the 

resistances of the resistors: R R= .i
i

n

eq
=1

∑
 ■ Resistors connected in parallel can be replaced with an 

equivalent resistance, Req, given by 
R R
1 = 1 .

ii

n

eq =1
∑  

 ■ The power, P, dissipated by a resistor, R, through which a 

current, i, flows is given by P i V i R
V
R

= = = ,2
2


( )

 where 

V is the potential drop across the resistor. 
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