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Electric Potential



Electric Potential

Electromagnetism has been connected to the study of forces in previous 
chapters.

In this chapter, electromagnetism will be linked to energy.

By using an energy approach, problems could be solved that were insoluble 
using forces.

The concept of potential energy is of great value in the study of electricity.

Because the electrostatic force is conservative, electrostatic phenomena can be 
conveniently described in terms of an electric potential energy.

This will enable the definition of electric potential.

Introduction



Electrical Potential Energy

When a test charge is placed in an electric field, it experiences a force.

§

§ The force is conservative.

If the test charge is moved in the field by some external agent, the work done by 
the field is the negative of the work done by the external agent.

is an infinitesimal displacement vector that is oriented tangent to a path 
through space.
§ The path may be straight or curved and the integral performed along this 

path is called either a path integral or a line integral.
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Electric Potential Energy, cont

The work done within the charge-field system by the electric field on the charge is

As this work is done by the field, the potential energy of the charge-field system 
is changed by ΔU =

For a finite displacement of the charge from A to B, the change in potential 
energy of the system is

Because the force is conservative, the line integral does not depend on the path 
taken by the charge.
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Electric Potential

The potential energy per unit charge, U/qo, is the electric potential.
§ The potential is characteristic of the field only.

§ The potential energy is characteristic of the charge-field system.

§ The potential is independent of the value of qo.

§ The potential has a value at every point in an electric field.
The electric potential is 
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Electric Potential, cont.

The potential is a scalar quantity.

§ Since energy is a scalar

As a charged particle moves in an electric field, it will experience a change in 
potential.

The infinitesimal displacement is interpreted as the displacement between two 
points in space rather than the displacement of a point charge.
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Electric Potential, final

The difference in potential is the meaningful quantity.

We often take the value of the potential to be zero at some convenient point in 
the field.

Electric potential is a scalar characteristic of an electric field, independent of any 
charges that may be placed in the field.

The potential difference between two points exists solely because of a source 
charge and depends on the source charge distribution.
§ For a potential energy to exist, there must be a system of two or more 

charges.
§ The potential energy belongs to the system and changes only if a charge is 

moved relative to the rest of the system.
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Work and Electric Potential

Assume a charge moves in an electric field without any change in its kinetic 
energy.

The work performed on the charge is

W = ΔU = q ΔV

Units:1 V ≡ 1 J/C

§ V is a volt.
§ It takes one joule of work to move a 1-coulomb charge through a potential 

difference of 1 volt.

In addition, 1 N/C = 1 V/m
§ This indicates we can interpret the electric field as a measure of the rate of 

change of the electric potential with respect to position.
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Voltage

Electric potential is described by many terms.

The most common term is voltage.

A voltage applied to a device or across a device is the same as the potential 
difference across the device.

§ The voltage is not something that moves through a device.
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Electron-Volts

Another unit of energy that is commonly used in atomic and nuclear physics is 
the electron-volt.

One electron-volt is defined as the energy a charge-field system gains or loses 
when a charge of magnitude e (an electron or a proton) is moved through a 
potential difference of 1 volt.

§ 1 eV = 1.60 x 10-19 J
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Problem 25.2

Section  25.1

Problems 787

25.24. When the grounding wire is touched to the right-
most point on the sphere in Figure 23.4c, electrons are
drained away from the sphere to leave the sphere posi-
tively charged. Suppose instead that the grounding wire is

touched to the leftmost point on the sphere. Will electrons
still drain away, moving closer to the negatively charged
rod as they do so? What kind of charge, if any, will remain
on the sphere?

Section 25.1 Potential Difference and Electric Potential

1. How much work is done (by a battery, generator, or some
other source of potential difference) in moving Avogadro’s
number of electrons from an initial point where the elec-
tric potential is 9.00 V to a point where the potential is
! 5.00 V? (The potential in each case is measured relative
to a common reference point.)

2. An ion accelerated through a potential difference of 115 V
experiences an increase in kinetic energy of 7.37 " 10!17 J.
Calculate the charge on the ion.

(a) Calculate the speed of a proton that is accelerated
from rest through a potential difference of 120 V. (b) Cal-
culate the speed of an electron that is accelerated through
the same potential difference.

4. What potential difference is needed to stop an electron
having an initial speed of 4.20 " 105 m/s?

Section 25.2 Potential Differences in a Uniform 
Electric Field

5. A uniform electric field of magnitude 250 V/m is directed
in the positive x direction. A #12.0-$C charge moves from
the origin to the point (x, y) % (20.0 cm, 50.0 cm).
(a) What is the change in the potential energy of the
charge–field system? (b) Through what potential differ-
ence does the charge move?

6. The difference in potential between the accelerating plates
in the electron gun of a TV picture tube is about 25 000 V. If
the distance between these plates is 1.50 cm, what is the mag-
nitude of the uniform electric field in this region?

An electron moving parallel to the x axis has an initial
speed of 3.70 " 106 m/s at the origin. Its speed is reduced
to 1.40 " 105 m/s at the point x % 2.00 cm. Calculate the
potential difference between the origin and that point.
Which point is at the higher potential?

8. Suppose an electron is released from rest in a uniform
electric field whose magnitude is 5.90 " 103 V/m.
(a) Through what potential difference will it have passed
after moving 1.00 cm? (b) How fast will the electron be
moving after it has traveled 1.00 cm?

9. A uniform electric field of magnitude 325 V/m is directed
in the negative y direction in Figure P25.9. The coordi-
nates of point A are (! 0.200, ! 0.300) m, and those of

7.

3.

point B are (0.400, 0.500) m. Calculate the potential differ-
ence VB ! VA, using the blue path.

1, 2, 3 = straightforward, intermediate, challenging = full solution available in the Student Solutions Manual and Study Guide

= coached solution with hints available at http://www.pse6.com = computer useful in solving problem             

= paired numerical and symbolic problems
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10. Starting with the definition of work, prove that at every
point on an equipotential surface the surface must be per-
pendicular to the electric field there.

11. Review problem. A block having mass m and charge # Q
is connected to a spring having constant k. The block lies
on a frictionless horizontal track, and the system is
immersed in a uniform electric field of magnitude E,
directed as shown in Figure P25.11. If the block is
released from rest when the spring is unstretched (at
x % 0), (a) by what maximum amount does the spring
expand? (b) What is the equilibrium position of the
block? (c) Show that the block’s motion is simple
harmonic, and determine its period. (d) What If? Repeat
part (a) if the coefficient of kinetic friction between
block and surface is $k.
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P25.3 (a) Energy of the proton-field system is conserved as the proton moves from high to low
potential, which can be defined for this problem as moving from 120 V down to 0 V.
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(b) The electron will gain speed in moving the other way,
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Section 25.2 Potential Difference in a Uniform Electric Field

P25.5 (a) We follow the path from (0, 0) to (20.0 cm, 0) to (20.0 cm, 50.0 cm).

∆U = − (work done)

∆U = − (work from origin to (20.0 cm, 0)) – (work from (20.0 cm, 0) to (20.0 cm, 50.0 cm))

Note that the last term is equal to 0 because the force is perpendicular to the displacement.
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Potential Difference in a Uniform Field

The equations for electric potential between two points A and B can be simplified 
if the electric field is uniform:

The displacement points from A to B and is parallel to the field lines.

The negative sign indicates that the electric potential at point B is lower than at 
point A.

§ Electric field lines always point in the direction of decreasing electric 
potential.

B B
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Energy and the Direction of Electric Field

When the electric field is directed 
downward,  point B is at a lower 
potential than point A.

When a positive test charge moves 
from A to B, the charge-field system 
loses potential energy.

Electric field lines always point in the 
direction of decreasing electric 
potential.
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More About Directions

A system consisting of a positive charge and an electric field loses electric 
potential energy when the charge moves in the direction of the field.
§ An electric field does work on a positive charge when the charge moves in 

the direction of the electric field.

The charged particle gains kinetic energy and the potential energy of the charge-
field system decreases by an equal amount.
§ Another example of Conservation of Energy
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Directions, cont.

If qo is negative, then ΔU is positive.

A system consisting of a negative charge and an electric field gains potential 
energy when the charge moves in the direction of the field.

§ In order for a negative charge to move in the direction of the field, an 
external agent must do positive work on the charge.
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Equipotentials

Point B is at a lower potential than point 
A.

Points B and C are at the same 
potential.

§ All points in a plane perpendicular 
to a uniform electric field are at the 
same electric potential.

The name equipotential surface is 
given to any surface consisting of a 
continuous distribution of points having 
the same electric potential.
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Example 25.1 The Electric Field Between Two Parallel Plates of 
Opposite Charge
The separation between the plates is

d = 0.3 cm. Find the magnitude of the 
electric field between the plates.
Sol:

We use

to get

Section  25.2
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Example 25.1 The Electric Field Between Two Parallel Plates of Opposite Charge

uniform. (This assumption is reasonable if the plate separa-
tion is small relative to the plate dimensions and if we do not
consider locations near the plate edges.) Find the magnitude
of the electric field between the plates.

Solution The electric field is directed from the positive
plate (A) to the negative one (B), and the positive plate is at
a higher electric potential than the negative plate is. The
potential difference between the plates must equal the
potential difference between the battery terminals. We can
understand this by noting that all points on a conductor in
equilibrium are at the same electric potential1; no potential
difference exists between a terminal and any portion of the
plate to which it is connected. Therefore, the magnitude of
the electric field between the plates is, from Equation 25.6,

The configuration of plates in Figure 25.5 is called a
parallel-plate capacitor, and is examined in greater detail in
Chapter 26.

4.0 ! 103  V/mE "
! VB # VA!

d
"

12 V
0.30 ! 10#2 m

"

A battery produces a specified potential difference $V
between conductors attached to the battery terminals. A 12-V
battery is connected between two parallel plates, as shown in
Figure 25.5. The separation between the plates is d " 0.30 cm,
and we assume the electric field between the plates to be

2.8 ! 106  m/s"

 " √ #2(1.6 ! 10#19 C)(#4.0 ! 104 V)
1.67 ! 10#27 kg

 v " √ #(2e  $V  )
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2 # 0) % e  $V " 0 

 $K % $U " 0

+ –
∆V = 12 V
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d

Figure 25.5 (Example 25.1) A 12-V battery connected to two
parallel plates. The electric field between the plates has a mag-
nitude given by the potential difference $V divided by the plate
separation d .

Example 25.2 Motion of a Proton in a Uniform Electric Field

Solution The charge–field system is isolated, so the mech-
anical energy of the system is conserved:

A proton is released from rest in a uniform electric field that
has a magnitude of 8.0 ! 104 V/m (Fig. 25.6). The proton
undergoes a displacement of 0.50 m in the direction of E.

(A) Find the change in electric potential between points A
and B.

Solution Because the positively charged proton moves in
the direction of the field, we expect it to move to a position
of lower electric potential. From Equation 25.6, we have
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Figure 25.6 (Example 25.2) A proton accelerates from A to B
in the direction of the electric field.

What If? What if the situation is exactly the same as that
shown in Figure 25.6, but no proton is present? Could both
parts (A) and (B) of this example still be answered?

1 The electric field vanishes within a conductor in electrostatic equilibrium; thus, the path integral
between any two points in the conductor must be zero. A more complete discussion of this point is
given in Section 25.6.

Interactive

#4.0 ! 104 V$V " #Ed " #(8.0 ! 104 V/m)(0.50 m) "

(B) Find the change in potential energy of the proton–field
system for this displacement.

Solution Using Equation 25.3,

The negative sign means the potential energy of the system
decreases as the proton moves in the direction of the elec-
tric field. As the proton accelerates in the direction of the
field, it gains kinetic energy and at the same time the system
loses electric potential energy.

(C) Find the speed of the proton after completing the
0.50 m displacement in the electric field.

#6.4 ! 10#15 J"

 " (1.6 ! 10#19 C)(#4.0 ! 104 V)

$U " q 0   $V " e   $V

B B
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Chapter 26.
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A proton is released from rest in a uniform electric field that
has a magnitude of 8.0 ! 104 V/m (Fig. 25.6). The proton
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(B) Find the change in potential energy of the proton–field
system for this displacement.

Solution Using Equation 25.3,

The negative sign means the potential energy of the system
decreases as the proton moves in the direction of the elec-
tric field. As the proton accelerates in the direction of the
field, it gains kinetic energy and at the same time the system
loses electric potential energy.

(C) Find the speed of the proton after completing the
0.50 m displacement in the electric field.
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Charged Particle in a Uniform Field, Example

A proton is released from rest in a 
uniform electric field that has a 
magnitude of 8.0 x 104 V/m. The proton 
undergoes a displacement of 0.50 m in 
the direction of E.
(A) Find the change in electric potential 

between points A and B.

(B) Find the change in potential energy 
of the proton–field system for this 
displacement.

Section  25.2
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has a magnitude of 8.0 ! 104 V/m (Fig. 25.6). The proton
undergoes a displacement of 0.50 m in the direction of E.

(A) Find the change in electric potential between points A
and B.

Solution Because the positively charged proton moves in
the direction of the field, we expect it to move to a position
of lower electric potential. From Equation 25.6, we have
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Figure 25.6 (Example 25.2) A proton accelerates from A to B
in the direction of the electric field.

What If? What if the situation is exactly the same as that
shown in Figure 25.6, but no proton is present? Could both
parts (A) and (B) of this example still be answered?

1 The electric field vanishes within a conductor in electrostatic equilibrium; thus, the path integral
between any two points in the conductor must be zero. A more complete discussion of this point is
given in Section 25.6.

Interactive

#4.0 ! 104 V$V " #Ed " #(8.0 ! 104 V/m)(0.50 m) "

(B) Find the change in potential energy of the proton–field
system for this displacement.

Solution Using Equation 25.3,

The negative sign means the potential energy of the system
decreases as the proton moves in the direction of the elec-
tric field. As the proton accelerates in the direction of the
field, it gains kinetic energy and at the same time the system
loses electric potential energy.

(C) Find the speed of the proton after completing the
0.50 m displacement in the electric field.
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uniform. (This assumption is reasonable if the plate separa-
tion is small relative to the plate dimensions and if we do not
consider locations near the plate edges.) Find the magnitude
of the electric field between the plates.

Solution The electric field is directed from the positive
plate (A) to the negative one (B), and the positive plate is at
a higher electric potential than the negative plate is. The
potential difference between the plates must equal the
potential difference between the battery terminals. We can
understand this by noting that all points on a conductor in
equilibrium are at the same electric potential1; no potential
difference exists between a terminal and any portion of the
plate to which it is connected. Therefore, the magnitude of
the electric field between the plates is, from Equation 25.6,

The configuration of plates in Figure 25.5 is called a
parallel-plate capacitor, and is examined in greater detail in
Chapter 26.

4.0 ! 103  V/mE "
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d
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12 V
0.30 ! 10#2 m

"

A battery produces a specified potential difference $V
between conductors attached to the battery terminals. A 12-V
battery is connected between two parallel plates, as shown in
Figure 25.5. The separation between the plates is d " 0.30 cm,
and we assume the electric field between the plates to be

2.8 ! 106  m/s"

 " √ #2(1.6 ! 10#19 C)(#4.0 ! 104 V)
1.67 ! 10#27 kg
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Figure 25.5 (Example 25.1) A 12-V battery connected to two
parallel plates. The electric field between the plates has a mag-
nitude given by the potential difference $V divided by the plate
separation d .

Example 25.2 Motion of a Proton in a Uniform Electric Field

Solution The charge–field system is isolated, so the mech-
anical energy of the system is conserved:

A proton is released from rest in a uniform electric field that
has a magnitude of 8.0 ! 104 V/m (Fig. 25.6). The proton
undergoes a displacement of 0.50 m in the direction of E.

(A) Find the change in electric potential between points A
and B.

Solution Because the positively charged proton moves in
the direction of the field, we expect it to move to a position
of lower electric potential. From Equation 25.6, we have

d

B
A

+
+

+

+

+

+

+

+

–

–

–

–

–

–

–

vvA = 0

E

Figure 25.6 (Example 25.2) A proton accelerates from A to B
in the direction of the electric field.

What If? What if the situation is exactly the same as that
shown in Figure 25.6, but no proton is present? Could both
parts (A) and (B) of this example still be answered?

1 The electric field vanishes within a conductor in electrostatic equilibrium; thus, the path integral
between any two points in the conductor must be zero. A more complete discussion of this point is
given in Section 25.6.
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(B) Find the change in potential energy of the proton–field
system for this displacement.

Solution Using Equation 25.3,

The negative sign means the potential energy of the system
decreases as the proton moves in the direction of the elec-
tric field. As the proton accelerates in the direction of the
field, it gains kinetic energy and at the same time the system
loses electric potential energy.

(C) Find the speed of the proton after completing the
0.50 m displacement in the electric field.
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$U " q 0   $V " e   $V

S ECT I O N  25 . 2 •  Potential Differences in a Uniform Electric Field 767

Example 25.1 The Electric Field Between Two Parallel Plates of Opposite Charge

uniform. (This assumption is reasonable if the plate separa-
tion is small relative to the plate dimensions and if we do not
consider locations near the plate edges.) Find the magnitude
of the electric field between the plates.

Solution The electric field is directed from the positive
plate (A) to the negative one (B), and the positive plate is at
a higher electric potential than the negative plate is. The
potential difference between the plates must equal the
potential difference between the battery terminals. We can
understand this by noting that all points on a conductor in
equilibrium are at the same electric potential1; no potential
difference exists between a terminal and any portion of the
plate to which it is connected. Therefore, the magnitude of
the electric field between the plates is, from Equation 25.6,

The configuration of plates in Figure 25.5 is called a
parallel-plate capacitor, and is examined in greater detail in
Chapter 26.
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A battery produces a specified potential difference $V
between conductors attached to the battery terminals. A 12-V
battery is connected between two parallel plates, as shown in
Figure 25.5. The separation between the plates is d " 0.30 cm,
and we assume the electric field between the plates to be

2.8 ! 106  m/s"

 " √ #2(1.6 ! 10#19 C)(#4.0 ! 104 V)
1.67 ! 10#27 kg

 v " √ #(2e  $V  )
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Figure 25.5 (Example 25.1) A 12-V battery connected to two
parallel plates. The electric field between the plates has a mag-
nitude given by the potential difference $V divided by the plate
separation d .

Example 25.2 Motion of a Proton in a Uniform Electric Field

Solution The charge–field system is isolated, so the mech-
anical energy of the system is conserved:

A proton is released from rest in a uniform electric field that
has a magnitude of 8.0 ! 104 V/m (Fig. 25.6). The proton
undergoes a displacement of 0.50 m in the direction of E.

(A) Find the change in electric potential between points A
and B.

Solution Because the positively charged proton moves in
the direction of the field, we expect it to move to a position
of lower electric potential. From Equation 25.6, we have
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Figure 25.6 (Example 25.2) A proton accelerates from A to B
in the direction of the electric field.

What If? What if the situation is exactly the same as that
shown in Figure 25.6, but no proton is present? Could both
parts (A) and (B) of this example still be answered?

1 The electric field vanishes within a conductor in electrostatic equilibrium; thus, the path integral
between any two points in the conductor must be zero. A more complete discussion of this point is
given in Section 25.6.

Interactive

#4.0 ! 104 V$V " #Ed " #(8.0 ! 104 V/m)(0.50 m) "

(B) Find the change in potential energy of the proton–field
system for this displacement.

Solution Using Equation 25.3,

The negative sign means the potential energy of the system
decreases as the proton moves in the direction of the elec-
tric field. As the proton accelerates in the direction of the
field, it gains kinetic energy and at the same time the system
loses electric potential energy.

(C) Find the speed of the proton after completing the
0.50 m displacement in the electric field.

#6.4 ! 10#15 J"

 " (1.6 ! 10#19 C)(#4.0 ! 104 V)

$U " q 0   $V " e   $V



Charged Particle in a Uniform Field, Example

A proton is released from rest in a 
uniform electric field that has a 
magnitude of 8.0 x 104 V/m. The proton 
undergoes a displacement of 0.50 m in 
the direction of E.
(C) Find the speed of the proton after 
completing the 0.50 m displacement in 
the electric field.

Section  25.2
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uniform. (This assumption is reasonable if the plate separa-
tion is small relative to the plate dimensions and if we do not
consider locations near the plate edges.) Find the magnitude
of the electric field between the plates.

Solution The electric field is directed from the positive
plate (A) to the negative one (B), and the positive plate is at
a higher electric potential than the negative plate is. The
potential difference between the plates must equal the
potential difference between the battery terminals. We can
understand this by noting that all points on a conductor in
equilibrium are at the same electric potential1; no potential
difference exists between a terminal and any portion of the
plate to which it is connected. Therefore, the magnitude of
the electric field between the plates is, from Equation 25.6,

The configuration of plates in Figure 25.5 is called a
parallel-plate capacitor, and is examined in greater detail in
Chapter 26.
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A battery produces a specified potential difference $V
between conductors attached to the battery terminals. A 12-V
battery is connected between two parallel plates, as shown in
Figure 25.5. The separation between the plates is d " 0.30 cm,
and we assume the electric field between the plates to be

2.8 ! 106  m/s"

 " √ #2(1.6 ! 10#19 C)(#4.0 ! 104 V)
1.67 ! 10#27 kg
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Figure 25.5 (Example 25.1) A 12-V battery connected to two
parallel plates. The electric field between the plates has a mag-
nitude given by the potential difference $V divided by the plate
separation d .

Example 25.2 Motion of a Proton in a Uniform Electric Field

Solution The charge–field system is isolated, so the mech-
anical energy of the system is conserved:

A proton is released from rest in a uniform electric field that
has a magnitude of 8.0 ! 104 V/m (Fig. 25.6). The proton
undergoes a displacement of 0.50 m in the direction of E.

(A) Find the change in electric potential between points A
and B.

Solution Because the positively charged proton moves in
the direction of the field, we expect it to move to a position
of lower electric potential. From Equation 25.6, we have
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Figure 25.6 (Example 25.2) A proton accelerates from A to B
in the direction of the electric field.

What If? What if the situation is exactly the same as that
shown in Figure 25.6, but no proton is present? Could both
parts (A) and (B) of this example still be answered?

1 The electric field vanishes within a conductor in electrostatic equilibrium; thus, the path integral
between any two points in the conductor must be zero. A more complete discussion of this point is
given in Section 25.6.
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(B) Find the change in potential energy of the proton–field
system for this displacement.

Solution Using Equation 25.3,

The negative sign means the potential energy of the system
decreases as the proton moves in the direction of the elec-
tric field. As the proton accelerates in the direction of the
field, it gains kinetic energy and at the same time the system
loses electric potential energy.

(C) Find the speed of the proton after completing the
0.50 m displacement in the electric field.
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uniform. (This assumption is reasonable if the plate separa-
tion is small relative to the plate dimensions and if we do not
consider locations near the plate edges.) Find the magnitude
of the electric field between the plates.

Solution The electric field is directed from the positive
plate (A) to the negative one (B), and the positive plate is at
a higher electric potential than the negative plate is. The
potential difference between the plates must equal the
potential difference between the battery terminals. We can
understand this by noting that all points on a conductor in
equilibrium are at the same electric potential1; no potential
difference exists between a terminal and any portion of the
plate to which it is connected. Therefore, the magnitude of
the electric field between the plates is, from Equation 25.6,

The configuration of plates in Figure 25.5 is called a
parallel-plate capacitor, and is examined in greater detail in
Chapter 26.
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A battery produces a specified potential difference $V
between conductors attached to the battery terminals. A 12-V
battery is connected between two parallel plates, as shown in
Figure 25.5. The separation between the plates is d " 0.30 cm,
and we assume the electric field between the plates to be

2.8 ! 106  m/s"

 " √ #2(1.6 ! 10#19 C)(#4.0 ! 104 V)
1.67 ! 10#27 kg
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Figure 25.5 (Example 25.1) A 12-V battery connected to two
parallel plates. The electric field between the plates has a mag-
nitude given by the potential difference $V divided by the plate
separation d .

Example 25.2 Motion of a Proton in a Uniform Electric Field

Solution The charge–field system is isolated, so the mech-
anical energy of the system is conserved:

A proton is released from rest in a uniform electric field that
has a magnitude of 8.0 ! 104 V/m (Fig. 25.6). The proton
undergoes a displacement of 0.50 m in the direction of E.

(A) Find the change in electric potential between points A
and B.

Solution Because the positively charged proton moves in
the direction of the field, we expect it to move to a position
of lower electric potential. From Equation 25.6, we have
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Figure 25.6 (Example 25.2) A proton accelerates from A to B
in the direction of the electric field.

What If? What if the situation is exactly the same as that
shown in Figure 25.6, but no proton is present? Could both
parts (A) and (B) of this example still be answered?

1 The electric field vanishes within a conductor in electrostatic equilibrium; thus, the path integral
between any two points in the conductor must be zero. A more complete discussion of this point is
given in Section 25.6.

Interactive

#4.0 ! 104 V$V " #Ed " #(8.0 ! 104 V/m)(0.50 m) "

(B) Find the change in potential energy of the proton–field
system for this displacement.

Solution Using Equation 25.3,

The negative sign means the potential energy of the system
decreases as the proton moves in the direction of the elec-
tric field. As the proton accelerates in the direction of the
field, it gains kinetic energy and at the same time the system
loses electric potential energy.

(C) Find the speed of the proton after completing the
0.50 m displacement in the electric field.
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Problem 25.6

Section  25.1

Problems 787

25.24. When the grounding wire is touched to the right-
most point on the sphere in Figure 23.4c, electrons are
drained away from the sphere to leave the sphere posi-
tively charged. Suppose instead that the grounding wire is

touched to the leftmost point on the sphere. Will electrons
still drain away, moving closer to the negatively charged
rod as they do so? What kind of charge, if any, will remain
on the sphere?

Section 25.1 Potential Difference and Electric Potential

1. How much work is done (by a battery, generator, or some
other source of potential difference) in moving Avogadro’s
number of electrons from an initial point where the elec-
tric potential is 9.00 V to a point where the potential is
! 5.00 V? (The potential in each case is measured relative
to a common reference point.)

2. An ion accelerated through a potential difference of 115 V
experiences an increase in kinetic energy of 7.37 " 10!17 J.
Calculate the charge on the ion.

(a) Calculate the speed of a proton that is accelerated
from rest through a potential difference of 120 V. (b) Cal-
culate the speed of an electron that is accelerated through
the same potential difference.

4. What potential difference is needed to stop an electron
having an initial speed of 4.20 " 105 m/s?

Section 25.2 Potential Differences in a Uniform 
Electric Field

5. A uniform electric field of magnitude 250 V/m is directed
in the positive x direction. A #12.0-$C charge moves from
the origin to the point (x, y) % (20.0 cm, 50.0 cm).
(a) What is the change in the potential energy of the
charge–field system? (b) Through what potential differ-
ence does the charge move?

6. The difference in potential between the accelerating plates
in the electron gun of a TV picture tube is about 25 000 V. If
the distance between these plates is 1.50 cm, what is the mag-
nitude of the uniform electric field in this region?

An electron moving parallel to the x axis has an initial
speed of 3.70 " 106 m/s at the origin. Its speed is reduced
to 1.40 " 105 m/s at the point x % 2.00 cm. Calculate the
potential difference between the origin and that point.
Which point is at the higher potential?

8. Suppose an electron is released from rest in a uniform
electric field whose magnitude is 5.90 " 103 V/m.
(a) Through what potential difference will it have passed
after moving 1.00 cm? (b) How fast will the electron be
moving after it has traveled 1.00 cm?

9. A uniform electric field of magnitude 325 V/m is directed
in the negative y direction in Figure P25.9. The coordi-
nates of point A are (! 0.200, ! 0.300) m, and those of

7.

3.

point B are (0.400, 0.500) m. Calculate the potential differ-
ence VB ! VA, using the blue path.

1, 2, 3 = straightforward, intermediate, challenging = full solution available in the Student Solutions Manual and Study Guide

= coached solution with hints available at http://www.pse6.com = computer useful in solving problem             

= paired numerical and symbolic problems

P R O B L E M S

x

y

B

A

E

Figure P25.9

k
m, Q

E

x = 0
Figure P25.11

10. Starting with the definition of work, prove that at every
point on an equipotential surface the surface must be per-
pendicular to the electric field there.

11. Review problem. A block having mass m and charge # Q
is connected to a spring having constant k. The block lies
on a frictionless horizontal track, and the system is
immersed in a uniform electric field of magnitude E,
directed as shown in Figure P25.11. If the block is
released from rest when the spring is unstretched (at
x % 0), (a) by what maximum amount does the spring
expand? (b) What is the equilibrium position of the
block? (c) Show that the block’s motion is simple
harmonic, and determine its period. (d) What If? Repeat
part (a) if the coefficient of kinetic friction between
block and surface is $k.
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P25.2 ∆ ∆K q V= 7 37 10 11517. × =− qa f

q = × −6 41 10 19.  C

P25.3 (a) Energy of the proton-field system is conserved as the proton moves from high to low
potential, which can be defined for this problem as moving from 120 V down to 0 V.
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(b) The electron will gain speed in moving the other way,

from Vi = 0  to Vf = 120 V : K U E K Ui i f f+ + = +∆ mech

0 0 0
1
2

2+ + = +mv qVe

0
1
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From which, ∆V = −0 502.  V .

Section 25.2 Potential Difference in a Uniform Electric Field

P25.5 (a) We follow the path from (0, 0) to (20.0 cm, 0) to (20.0 cm, 50.0 cm).

∆U = − (work done)

∆U = − (work from origin to (20.0 cm, 0)) – (work from (20.0 cm, 0) to (20.0 cm, 50.0 cm))

Note that the last term is equal to 0 because the force is perpendicular to the displacement.

∆ ∆U qE xx= − = − × = − ×− −b g e jb ga f12 0 10 250 0 200 6 00 106 4. . . C  V m  m  J

(b) ∆
∆

V
U
q

= = −
×
×

= − = −
−

−
6 00 10

50 0 50 0
4

6
.

. .
 J

12.0 10  C
 J C  V

P25.6 E
V
d

= =
×

×
= × =−

∆ 25 0 10

1 50 10
1 67 10 1 67

3

2
6.

.
. .

 J C

 m
 N C  MN C



Potential and Point Charges

An isolated positive point charge 
produces a field directed radially 
outward.

The potential difference between points 
A and B will be

1 1
B A e

B A

V V k q
r r
é ù

- = -ê ú
ë û
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Potential and Point Charges, cont.

The electric potential is independent of the path between points A and B.

It is customary to choose a reference potential of V = 0 at rA = ∞.

Then the potential due to a point charge at some point r is 

e
qV k
r

=
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Electric Potential of a Point Charge

The electric potential in the plane 
around a single point charge is shown.

The red line shows the 1/r nature of the 
potential.
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Electric Potential with Multiple Charges

The electric potential due to several point charges is the sum of the potentials 
due to each individual charge.
§ This is another example of the superposition principle.
§ The sum is the algebraic sum

§ V = 0 at r = ∞

i
e

i i

qV k
r

= å
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Electric Potential of a Dipole

The graph shows the potential (y-axis) 
of an electric dipole.

The steep slope between the charges 
represents the strong electric field in 
this region.
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Potential Energy of Multiple Charges

The potential energy of the system is                      .

If the two charges are the same sign, U is positive and work must be done to 
bring the charges together.

If the two charges have opposite signs, U is negative and work is done to keep 
the charges apart.

1 2

12
e
q qU k
r

=
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U with Multiple Charges, final

If there are more than two charges, 
then find U for each pair of charges and 
add them.
For three charges:

§ The result is independent of the 
order of the charges.

1 3 2 31 2

12 13 23
e

q q q qq qU k
r r r

æ ö
= + +ç ÷

è ø
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Example 25.3 The Electric Potential Due to Two Point Charges

A charge q1= 2.00 µC is located at the 
origin, and a charge q2 = - 6.00 µC is 
located at (0, 3.00) m, as shown in the 
Figure.
(A) Find the total electric potential due 

to these charges at the point P, 
whose coordinates are (4.00, 0) m.

Section  25.3
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external agent to remove the charge from point P back to
infinity.

What If? You are working through this example with a
classmate and she says, “Wait a minute! In part (B), we ig-
nored the potential energy associated with the pair of
charges q1 and q2!’’ How would you respond?

Answer Given the statement of the problem, it is not nec-
essary to include this potential energy, because part (B) asks
for the change in potential energy of the system as q3 is
brought in from infinity. Because the configuration of
charges q1 and q2 does not change in the process, there is
no !U associated with these charges. However, if part (B)
had asked to find the change in potential energy when all
three charges start out infinitely far apart and are then
brought to the positions in Figure 25.12b, we would need to
calculate the change as follows, using Equation 25.14:

" #5.48 $ 10#2  J

%
(3.00 $ 10#6 C)(#6.00 $ 10#6 C)

5.00 m ! 

 %
(2.00 $ 10#6 C)(3.00 $ 10#6 C)

4.00 m

$ " (2.00 $ 10#6 C)(#6.00 $ 10#6 C)
3.00 m

 " (8.99 $ 109 N&m2/C2)

U " ke   " q 1q 2

r 12
%

q 1q 3

r 13
%

q 2q 3

r  23
! 

A charge q1 " 2.00 'C is located at the origin, and a charge
q2 " # 6.00 'C is located at (0, 3.00) m, as shown in Figure
25.12a.

(A) Find the total electric potential due to these charges at
the point P, whose coordinates are (4.00, 0) m.

Solution For two charges, the sum in Equation 25.12 gives

(B) Find the change in potential energy of the system of
two charges plus a charge q3 " 3.00 'C as the latter charge
moves from infinity to point P (Fig. 25.12b).

Solution When the charge q3 is at infinity, let us define
Ui " 0 for the system, and when the charge is at P,
Uf " q3VP ; therefore,

Therefore, because the potential energy of the system has
decreased, positive work would have to be done by an

#1.89 $ 10#2 J"

!U " q 3VP # 0 " (3.00 $ 10#6 C)(#6.29 $ 103 V)

#6.29 $ 103  V"

$ " 2.00 $ 10#6 C
4.00 m

#
6.00 $ 10#6 C

5.00 m !
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Explore the value of the electric potential at point P and the electric potential energy of the system in Figure 25.12b at the
Interactive Worked Example link at http://www.pse6.com.
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Figure 25.12 (Example 25.3) (a) The electric potential at P due to the two charges q1
and q2 is the algebraic sum of the potentials due to the individual charges. (b) A third
charge q3 " 3.00 'C is brought from infinity to a position near the other charges.
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external agent to remove the charge from point P back to
infinity.

What If? You are working through this example with a
classmate and she says, “Wait a minute! In part (B), we ig-
nored the potential energy associated with the pair of
charges q1 and q2!’’ How would you respond?

Answer Given the statement of the problem, it is not nec-
essary to include this potential energy, because part (B) asks
for the change in potential energy of the system as q3 is
brought in from infinity. Because the configuration of
charges q1 and q2 does not change in the process, there is
no !U associated with these charges. However, if part (B)
had asked to find the change in potential energy when all
three charges start out infinitely far apart and are then
brought to the positions in Figure 25.12b, we would need to
calculate the change as follows, using Equation 25.14:
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A charge q1 " 2.00 'C is located at the origin, and a charge
q2 " # 6.00 'C is located at (0, 3.00) m, as shown in Figure
25.12a.

(A) Find the total electric potential due to these charges at
the point P, whose coordinates are (4.00, 0) m.

Solution For two charges, the sum in Equation 25.12 gives

(B) Find the change in potential energy of the system of
two charges plus a charge q3 " 3.00 'C as the latter charge
moves from infinity to point P (Fig. 25.12b).

Solution When the charge q3 is at infinity, let us define
Ui " 0 for the system, and when the charge is at P,
Uf " q3VP ; therefore,

Therefore, because the potential energy of the system has
decreased, positive work would have to be done by an

#1.89 $ 10#2 J"

!U " q 3VP # 0 " (3.00 $ 10#6 C)(#6.29 $ 103 V)
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Explore the value of the electric potential at point P and the electric potential energy of the system in Figure 25.12b at the
Interactive Worked Example link at http://www.pse6.com.
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Figure 25.12 (Example 25.3) (a) The electric potential at P due to the two charges q1
and q2 is the algebraic sum of the potentials due to the individual charges. (b) A third
charge q3 " 3.00 'C is brought from infinity to a position near the other charges.
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A charge q1= 2.00 µC is located at the 
origin, and a charge q2 = - 6.00 µC is 
located at (0, 3.00) m, as shown in the 
Figure.
(A) Find the change in potential energy 

of the system of two charges plus a 
charge q3 = 3.00 µC as the latter 
charge moves from infinity to point 
P.

Section  25.3
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external agent to remove the charge from point P back to
infinity.

What If? You are working through this example with a
classmate and she says, “Wait a minute! In part (B), we ig-
nored the potential energy associated with the pair of
charges q1 and q2!’’ How would you respond?

Answer Given the statement of the problem, it is not nec-
essary to include this potential energy, because part (B) asks
for the change in potential energy of the system as q3 is
brought in from infinity. Because the configuration of
charges q1 and q2 does not change in the process, there is
no !U associated with these charges. However, if part (B)
had asked to find the change in potential energy when all
three charges start out infinitely far apart and are then
brought to the positions in Figure 25.12b, we would need to
calculate the change as follows, using Equation 25.14:
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A charge q1 " 2.00 'C is located at the origin, and a charge
q2 " # 6.00 'C is located at (0, 3.00) m, as shown in Figure
25.12a.

(A) Find the total electric potential due to these charges at
the point P, whose coordinates are (4.00, 0) m.

Solution For two charges, the sum in Equation 25.12 gives

(B) Find the change in potential energy of the system of
two charges plus a charge q3 " 3.00 'C as the latter charge
moves from infinity to point P (Fig. 25.12b).

Solution When the charge q3 is at infinity, let us define
Ui " 0 for the system, and when the charge is at P,
Uf " q3VP ; therefore,

Therefore, because the potential energy of the system has
decreased, positive work would have to be done by an

#1.89 $ 10#2 J"

!U " q 3VP # 0 " (3.00 $ 10#6 C)(#6.29 $ 103 V)
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Explore the value of the electric potential at point P and the electric potential energy of the system in Figure 25.12b at the
Interactive Worked Example link at http://www.pse6.com.
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Figure 25.12 (Example 25.3) (a) The electric potential at P due to the two charges q1
and q2 is the algebraic sum of the potentials due to the individual charges. (b) A third
charge q3 " 3.00 'C is brought from infinity to a position near the other charges.
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external agent to remove the charge from point P back to
infinity.

What If? You are working through this example with a
classmate and she says, “Wait a minute! In part (B), we ig-
nored the potential energy associated with the pair of
charges q1 and q2!’’ How would you respond?

Answer Given the statement of the problem, it is not nec-
essary to include this potential energy, because part (B) asks
for the change in potential energy of the system as q3 is
brought in from infinity. Because the configuration of
charges q1 and q2 does not change in the process, there is
no !U associated with these charges. However, if part (B)
had asked to find the change in potential energy when all
three charges start out infinitely far apart and are then
brought to the positions in Figure 25.12b, we would need to
calculate the change as follows, using Equation 25.14:
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A charge q1 " 2.00 'C is located at the origin, and a charge
q2 " # 6.00 'C is located at (0, 3.00) m, as shown in Figure
25.12a.

(A) Find the total electric potential due to these charges at
the point P, whose coordinates are (4.00, 0) m.

Solution For two charges, the sum in Equation 25.12 gives

(B) Find the change in potential energy of the system of
two charges plus a charge q3 " 3.00 'C as the latter charge
moves from infinity to point P (Fig. 25.12b).

Solution When the charge q3 is at infinity, let us define
Ui " 0 for the system, and when the charge is at P,
Uf " q3VP ; therefore,

Therefore, because the potential energy of the system has
decreased, positive work would have to be done by an

#1.89 $ 10#2 J"
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Explore the value of the electric potential at point P and the electric potential energy of the system in Figure 25.12b at the
Interactive Worked Example link at http://www.pse6.com.
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Figure 25.12 (Example 25.3) (a) The electric potential at P due to the two charges q1
and q2 is the algebraic sum of the potentials due to the individual charges. (b) A third
charge q3 " 3.00 'C is brought from infinity to a position near the other charges.
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Problem 25.16

788 C H A P T E R  2 5 •  Electric Potential

12. On planet Tehar, the free-fall acceleration is the same as
that on Earth but there is also a strong downward electric
field that is uniform close to the planet’s surface. A 2.00-kg
ball having a charge of 5.00 !C is thrown upward at a
speed of 20.1 m/s, and it hits the ground after an interval
of 4.10 s. What is the potential difference between the
starting point and the top point of the trajectory?

13. An insulating rod having linear charge density " #
40.0 !C/m and linear mass density ! # 0.100 kg/m is
released from rest in a uniform electric field E # 100 V/m
directed perpendicular to the rod (Fig. P25.13). (a) Deter-
mine the speed of the rod after it has traveled 2.00 m.
(b) What If? How does your answer to part (a) change if
the electric field is not perpendicular to the rod? Explain.

Section 25.3 Electric Potential and Potential Energy
Due to Point Charges

15. (a) Find the potential at a distance of 1.00 cm from a
proton. (b) What is the potential difference between two
points that are 1.00 cm and 2.00 cm from a proton?
(c) What If? Repeat parts (a) and (b) for an electron.

16. Given two 2.00-!C charges, as shown in Figure P25.16, and
a positive test charge q # 1.28 $ 10%18 C at the origin,
(a) what is the net force exerted by the two 2.00-!C
charges on the test charge q? (b) What is the electric field
at the origin due to the two 2.00-!C charges? (c) What is
the electric potential at the origin due to the two 2.00-!C
charges?

Note: Unless stated otherwise, assume the reference level
of potential is V # 0 at r # &.

λ  µ

EE

,

Figure P25.13

14. A particle having charge q # ' 2.00 !C and mass
m # 0.010 0 kg is connected to a string that is L # 1.50 m
long and is tied to the pivot point P in Figure P25.14. The
particle, string and pivot point all lie on a frictionless hori-
zontal table. The particle is released from rest when the
string makes an angle ( # 60.0° with a uniform electric
field of magnitude E # 300 V/m. Determine the speed of
the particle when the string is parallel to the electric field
(point a in Fig. P25.14).
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0 x = 0.800 mx = –0.800 m
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4.00 cm

q

–q –q

Figure P25.19

At a certain distance from a point charge, the magnitude
of the electric field is 500 V/m and the electric potential
is % 3.00 kV. (a) What is the distance to the charge?
(b) What is the magnitude of the charge?

18. A charge ' q is at the origin. A charge % 2q is at x # 2.00 m
on the x axis. For what finite value(s) of x is (a) the electric
field zero? (b) the electric potential zero?

The three charges in Figure P25.19 are at the vertices of
an isosceles triangle. Calculate the electric potential at the
midpoint of the base, taking q # 7.00 !C.

19.

17.
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12. On planet Tehar, the free-fall acceleration is the same as
that on Earth but there is also a strong downward electric
field that is uniform close to the planet’s surface. A 2.00-kg
ball having a charge of 5.00 !C is thrown upward at a
speed of 20.1 m/s, and it hits the ground after an interval
of 4.10 s. What is the potential difference between the
starting point and the top point of the trajectory?

13. An insulating rod having linear charge density " #
40.0 !C/m and linear mass density ! # 0.100 kg/m is
released from rest in a uniform electric field E # 100 V/m
directed perpendicular to the rod (Fig. P25.13). (a) Deter-
mine the speed of the rod after it has traveled 2.00 m.
(b) What If? How does your answer to part (a) change if
the electric field is not perpendicular to the rod? Explain.

Section 25.3 Electric Potential and Potential Energy
Due to Point Charges

15. (a) Find the potential at a distance of 1.00 cm from a
proton. (b) What is the potential difference between two
points that are 1.00 cm and 2.00 cm from a proton?
(c) What If? Repeat parts (a) and (b) for an electron.

16. Given two 2.00-!C charges, as shown in Figure P25.16, and
a positive test charge q # 1.28 $ 10%18 C at the origin,
(a) what is the net force exerted by the two 2.00-!C
charges on the test charge q? (b) What is the electric field
at the origin due to the two 2.00-!C charges? (c) What is
the electric potential at the origin due to the two 2.00-!C
charges?

Note: Unless stated otherwise, assume the reference level
of potential is V # 0 at r # &.
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Figure P25.13

14. A particle having charge q # ' 2.00 !C and mass
m # 0.010 0 kg is connected to a string that is L # 1.50 m
long and is tied to the pivot point P in Figure P25.14. The
particle, string and pivot point all lie on a frictionless hori-
zontal table. The particle is released from rest when the
string makes an angle ( # 60.0° with a uniform electric
field of magnitude E # 300 V/m. Determine the speed of
the particle when the string is parallel to the electric field
(point a in Fig. P25.14).
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At a certain distance from a point charge, the magnitude
of the electric field is 500 V/m and the electric potential
is % 3.00 kV. (a) What is the distance to the charge?
(b) What is the magnitude of the charge?

18. A charge ' q is at the origin. A charge % 2q is at x # 2.00 m
on the x axis. For what finite value(s) of x is (a) the electric
field zero? (b) the electric potential zero?

The three charges in Figure P25.19 are at the vertices of
an isosceles triangle. Calculate the electric potential at the
midpoint of the base, taking q # 7.00 !C.

19.

17.

56     Electric Potential

P25.14 Arbitrarily take V = 0  at point P. Then (from Equation 25.8) the potential at the original position of
the charge is − ⋅ = −E s EL cos . At the final point a, V EL= − . Suppose the table is frictionless:
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Thus, the difference in potential between the two points is ∆V V V= − = − × −
2 1

87 19 10.  V .

(c) The approach is the same as above except the charge is − × −1 60 10 19.  C . This changes the
sign of each answer, with its magnitude remaining the same.

That is, the potential at 1.00 cm is − × −1 44 10 7.  V .

The potential at 2.00 cm is − × −0 719 10 7.  V , so ∆V V V= − = × −
2 1

87 19 10.  V .

P25.16 (a) Since the charges are equal and placed symmetrically, F = 0 .

(b) Since F qE= = 0 , E = 0 .
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Problem 25.17

56     Electric Potential

P25.14 Arbitrarily take V = 0  at point P. Then (from Equation 25.8) the potential at the original position of
the charge is − ⋅ = −E s EL cos . At the final point a, V EL= − . Suppose the table is frictionless:
K U K Ui f+ = +a f a f

0
1
2

2 1 2 2 00 10 300 1 50 1 60 0

0 010 0
0 300

2

6

− = −

=
−

=
× − °

=
−

qEL mv qEL

v
qEL

m

cos

cos . . cos .

.
.

a f e jb ga fa f C  N C  m

 kg
 m s

Section 25.3 Electric Potential and Potential Energy Due to Point Charges
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(b) The potential at 2.00 cm is V k
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Thus, the difference in potential between the two points is ∆V V V= − = − × −
2 1

87 19 10.  V .

(c) The approach is the same as above except the charge is − × −1 60 10 19.  C . This changes the
sign of each answer, with its magnitude remaining the same.

That is, the potential at 1.00 cm is − × −1 44 10 7.  V .

The potential at 2.00 cm is − × −0 719 10 7.  V , so ∆V V V= − = × −
2 1

87 19 10.  V .

P25.16 (a) Since the charges are equal and placed symmetrically, F = 0 .

(b) Since F qE= = 0 , E = 0 .
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788 C H A P T E R  2 5 •  Electric Potential

12. On planet Tehar, the free-fall acceleration is the same as
that on Earth but there is also a strong downward electric
field that is uniform close to the planet’s surface. A 2.00-kg
ball having a charge of 5.00 !C is thrown upward at a
speed of 20.1 m/s, and it hits the ground after an interval
of 4.10 s. What is the potential difference between the
starting point and the top point of the trajectory?

13. An insulating rod having linear charge density " #
40.0 !C/m and linear mass density ! # 0.100 kg/m is
released from rest in a uniform electric field E # 100 V/m
directed perpendicular to the rod (Fig. P25.13). (a) Deter-
mine the speed of the rod after it has traveled 2.00 m.
(b) What If? How does your answer to part (a) change if
the electric field is not perpendicular to the rod? Explain.

Section 25.3 Electric Potential and Potential Energy
Due to Point Charges

15. (a) Find the potential at a distance of 1.00 cm from a
proton. (b) What is the potential difference between two
points that are 1.00 cm and 2.00 cm from a proton?
(c) What If? Repeat parts (a) and (b) for an electron.

16. Given two 2.00-!C charges, as shown in Figure P25.16, and
a positive test charge q # 1.28 $ 10%18 C at the origin,
(a) what is the net force exerted by the two 2.00-!C
charges on the test charge q? (b) What is the electric field
at the origin due to the two 2.00-!C charges? (c) What is
the electric potential at the origin due to the two 2.00-!C
charges?

Note: Unless stated otherwise, assume the reference level
of potential is V # 0 at r # &.
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Figure P25.13

14. A particle having charge q # ' 2.00 !C and mass
m # 0.010 0 kg is connected to a string that is L # 1.50 m
long and is tied to the pivot point P in Figure P25.14. The
particle, string and pivot point all lie on a frictionless hori-
zontal table. The particle is released from rest when the
string makes an angle ( # 60.0° with a uniform electric
field of magnitude E # 300 V/m. Determine the speed of
the particle when the string is parallel to the electric field
(point a in Fig. P25.14).
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Figure P25.19

At a certain distance from a point charge, the magnitude
of the electric field is 500 V/m and the electric potential
is % 3.00 kV. (a) What is the distance to the charge?
(b) What is the magnitude of the charge?

18. A charge ' q is at the origin. A charge % 2q is at x # 2.00 m
on the x axis. For what finite value(s) of x is (a) the electric
field zero? (b) the electric potential zero?

The three charges in Figure P25.19 are at the vertices of
an isosceles triangle. Calculate the electric potential at the
midpoint of the base, taking q # 7.00 !C.

19.
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Problem 25.20
Problems 789

20. Two point charges, Q 1 ! " 5.00 nC and Q 2 ! # 3.00 nC,
are separated by 35.0 cm. (a) What is the potential energy
of the pair? What is the significance of the algebraic sign
of your answer? (b) What is the electric potential at a point
midway between the charges?

21. Compare this problem with Problem 57 in Chapter 23. Four iden-
tical point charges (q ! " 10.0 $C) are located on the
corners of a rectangle as shown in Figure P23.57. The
dimensions of the rectangle are L ! 60.0 cm and
W ! 15.0 cm. Calculate the change in electric potential en-
ergy of the system as the charge at the lower left corner in
Figure P23.57 is brought to this position from infinitely far
away. Assume that the other three charges in Figure P23.57
remain fixed in position.

22. Compare this problem with Problem 20 in Chapter 23. Two
point charges each of magnitude 2.00 $C are located
on the x axis. One is at x ! 1.00 m, and the other is at
x ! # 1.00 m. (a) Determine the electric potential on
the y axis at y ! 0.500 m. (b) Calculate the change in
electric potential energy of the system as a third charge
of # 3.00 $C is brought from infinitely far away to a posi-
tion on the y axis at y ! 0.500 m.

Show that the amount of work required to assemble
four identical point charges of magnitude Q at the corners
of a square of side s is 5.41keQ2/s.

24. Compare this problem with Problem 23 in Chapter 23. Five equal
negative point charges # q are placed symmetrically
around a circle of radius R. Calculate the electric potential
at the center of the circle.

25. Compare this problem with Problem 41 in Chapter 23. Three
equal positive charges q are at the corners of an equilateral
triangle of side a as shown in Figure P23.41. (a) At what
point, if any, in the plane of the charges is the electric
potential zero? (b) What is the electric potential at the
point P due to the two charges at the base of the triangle?

26. Review problem. Two insulating spheres have radii
0.300 cm and 0.500 cm, masses 0.100 kg and 0.700 kg, and
uniformly distributed charges of # 2.00 $C and 3.00 $C.
They are released from rest when their centers are sepa-
rated by 1.00 m. (a) How fast will each be moving when
they collide? (Suggestion: consider conservation of energy
and of linear momentum.) (b) What If? If the spheres
were conductors, would the speeds be greater or less than
those calculated in part (a)? Explain.

27. Review problem. Two insulating spheres have radii r1 and
r2, masses m1 and m2, and uniformly distributed charges
# q1 and q2. They are released from rest when their centers
are separated by a distance d. (a) How fast is each moving
when they collide? (Suggestion: consider conservation of en-
ergy and conservation of linear momentum.) (b) What If?
If the spheres were conductors, would their speeds be
greater or less than those calculated in part (a)? Explain.

28. Two particles, with charges of 20.0 nC and # 20.0 nC, are
placed at the points with coordinates (0, 4.00 cm) and
(0, # 4.00 cm), as shown in Figure P25.28. A particle with
charge 10.0 nC is located at the origin. (a) Find the
electric potential energy of the configuration of the

23.

three fixed charges. (b) A fourth particle, with a mass of
2.00 % 10#13 kg and a charge of 40.0 nC, is released from
rest at the point (3.00 cm, 0). Find its speed after it has
moved freely to a very large distance away.

20.0 nC

10.0 nC

–20.0 nC

40.0 nC

4.00 cm

3.00 cm

4.00 cm

Figure P25.28

a

a

x

y

Q >O

Q

Figure P25.30

31. A small spherical object carries a charge of 8.00 nC. At
what distance from the center of the object is the potential
equal to 100 V? 50.0 V? 25.0 V? Is the spacing of the
equipotentials proportional to the change in potential?

29. Review problem. A light unstressed spring has length d.
Two identical particles, each with charge q, are connected
to the opposite ends of the spring. The particles are held
stationary a distance d apart and then released at the same
time. The system then oscillates on a horizontal frictionless
table. The spring has a bit of internal kinetic friction, so
the oscillation is damped. The particles eventually stop
vibrating when the distance between them is 3d. Find the
increase in internal energy that appears in the spring
during the oscillations. Assume that the system of the
spring and two charges is isolated.

30. Two point charges of equal magnitude are located along
the y axis equal distances above and below the x axis, as
shown in Figure P25.30. (a) Plot a graph of the potential
at points along the x axis over the interval # 3a & x & 3a.
You should plot the potential in units of keQ /a. (b) Let
the charge located at #a be negative and plot the poten-
tial along the y axis over the interval # 4a & y & 4a.
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The minus sign means it takes 3 86 10 7. × −  J  to pull the two charges apart from 35 cm to a
much larger separation.
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