
Chapter 22
Electric Fields



Electricity and Magnetism

The laws of electricity and magnetism play a central role in the operation of many 
modern devices. 

The interatomic and intermolecular forces responsible for the formation of solids 
and liquids are electric in nature.

Introduction



Electricity and Magnetism – Forces

The concept of force links the study of electromagnetism to previous study. 
The electromagnetic force between charged particles is one of the fundamental 
forces of nature.

Introduction



Electric Charges

There are two kinds of electric charges 

▪ Called positive and negative 
▪ Negative charges are the type possessed by electrons. 
▪ Positive charges are the type possessed by protons. 

Charges of the same sign repel one another and charges with opposite signs 
attract one another.
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Electric Charges, 2

The rubber rod is negatively charged. 

The glass rod is positively charged. 

The two rods will attract.
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Electric Charges, 3

The rubber rod is negatively charged. 

The second rubber rod is also 
negatively charged. 

The two rods will repel.

Section  22.1



More About Electric Charges

Electric charge is always conserved in an isolated system. 

▪ For example, charge is not created in the process of rubbing two objects 
together. 

▪ The electrification is due to a transfer of charge from one object to another.

Section  22.1



Conservation of Electric Charges

A glass rod is rubbed with silk. 

Electrons are transferred from the glass 
to the silk. 

Each electron adds a negative charge 
to the silk. 

An equal positive charge is left on the 
rod.
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Quantization of Electric Charges

The electric charge, , is said to be quantized. 

▪  is the standard symbol used for charge as a variable. 

▪ Electric charge exists as discrete packets. 

▪  
▪  is an integer 

▪  is the fundamental unit of charge 

▪  

▪ Electron:  

▪ Proton: 

q
q

q = ± Ne
N
e
|e | = 1.6 × 10−19 C

q = − e
q = + e
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Conductors

Electrical conductors are materials in which some of the electrons are free 
electrons. 

▪ Free electrons are not bound to the atoms. 

▪ These electrons can move relatively freely through the material. 

▪ Examples of good conductors include copper, aluminum and silver. 

▪ When a good conductor is charged in a small region, the charge readily 
distributes itself over the entire surface of the material.
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Insulators

Electrical insulators are materials in which all of the electrons are bound to 
atoms.  

▪ These electrons can not move relatively freely through the material. 

▪ Examples of good insulators include glass, rubber and wood. 

▪ When a good insulator is charged in a small region, the charge is unable to 
move to other regions of the material.
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Semiconductors

The electrical properties of semiconductors are somewhere between those of 
insulators and conductors. 

Examples of semiconductor materials include silicon and germanium. 

▪ Semiconductors made from these materials are commonly used in making 
electronic chips. 

The electrical properties of semiconductors can be changed by the addition of 
controlled amounts of certain atoms to the material.
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Charging by Induction

Charging by induction requires no 
contact with the object inducing the 
charge. 

Assume we start with a neutral metallic 
sphere.  

▪ The sphere has the same number 
of positive and negative charges.

Section  22.2



Charging by Induction, 2

B:  

A charged rubber rod is placed near the 
sphere. 

▪ It does not touch the sphere. 

The electrons in the neutral sphere are 
redistributed. 

C: 

The sphere is grounded. 

Some electrons can leave the sphere 
through the ground wire.
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Charging by Induction, 3

The ground wire is removed. 

There will now be more positive 
charges. 

The charges are not uniformly 
distributed. 

The positive charge has been induced 
in the sphere.
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Charging by Induction, 4

The rod is removed. 

The electrons remaining on the sphere 
redistribute themselves. 

There is still a net positive charge on 
the sphere. 

The charge is now uniformly 
distributed. 

Note the rod lost none of its negative 
charge during this process.
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Charge Rearrangement in  Insulators

A process similar to induction can take 
place in insulators. 

The charges within the molecules of the 
material are rearranged. 

The proximity of the positive charges 
on the surface of the object and the 
negative charges on the surface of the 
insulator results in an attractive force 
between the object and the insulator.
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Charles Coulomb

1736 – 1806 
French physicist 
Major contributions were in areas of 
electrostatics and magnetism 
Also investigated in areas of 

▪ Strengths of materials 
▪ Structural mechanics 
▪ Ergonomics
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Coulomb’s Law

Charles Coulomb measured the 
magnitudes of electric forces between 
two small charged spheres. 

The force is inversely proportional to 
the square of the separation r between 
the charges and directed along the line 
joining them. 

The force is proportional to the product 
of the charges, q1 and q2, on the two 
particles. 

The electrical force between two 
stationary point charges is given by 
Coulomb’s Law.
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Point Charge

The term point charge refers to a particle of zero size that carries an electric 
charge. 

▪ The electrical behavior of electrons and protons is well described by 
modeling them as point charges.
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Coulomb’s Law, cont.

The force is attractive if the charges are of opposite sign. 

The force is repulsive if the charges are of like sign. 

The force is a conservative force.
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Coulomb’s Law, Equation

Mathematically, 

 

The SI unit of charge is the coulomb. 

 is called the Coulomb constant. 

▪  

▪  is the permittivity of free space. 

▪

Fe = ke
q1 q2

r2

ke

ke = 8.9876 × 109 N ⋅ m2/C2 = 1/(4πϵo)
ϵo

ϵ0 = 8.8542 × 10−12 C2/N ⋅ m2
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Coulomb's Law, Notes

Remember the charges need to be in coulombs. 

▪  is the smallest unit of charge. 
▪ except quarks 

▪  

▪ So  needs  electrons or protons 

Typical charges can be in the  range. 

Remember that force is a vector quantity.

e

e = 1.6 × 10−19C
1 C 6.24 × 1018

μC
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Particle Summary

The electron and proton are identical in the magnitude of their charge, but very 
different in mass. 

The proton and the neutron are similar in mass, but very different in charge.

Section  22.3

Table 22.1 Charge and Mass of the Electron, Proton, and Neutron

Particle Charge (C) Mass (kg)
Electron (e) −1.602 176 6 × 10−19 9.109 4 × 10−31

Proton (p) +1.602 176 6 × 10−19 1.672 62 × 10−27

Neutron (n) 0 1.674 93 × 10−27



Section  22.3

The electron and proton of a hydrogen atom are separated (on the average) by 
a distance of approximately . Find the magnitudes of the electric 
force and the gravitational force between the two particles.

5.3 × 10−11 m

Example 22.01: The Hydrogen Atom

Use Coulomb’s law to find the magnitude of the electric force 

 

Use Newton’s law of universal gravitation to find the magnitude of the gravitational force: 

Fe = ke
|e∥ − e |

r2
= (8.988 × 109 N ⋅ m2/C2) (1.60 × 10−19C)2

(5.3 × 10−11 m)2

= 8.2 × 10−8 N

Fg = G
memp

r2

= (6.674 × 10−11 N ⋅ m2/kg2) (9.11 × 10−31 kg) (1.67 × 10−27 kg)
(5.3 × 10−11 m)2

= 3.6 × 10−47 N
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In the Bohr theory of the hydrogen atom, an electron moves in a circular orbit about a proton, where 
the radius of the orbit is . (a) Find the magnitude of the electric force exerted on 
each particle. (b) If this force causes the centripetal acceleration of the electron, what is the speed of 
the electron?

5.29 × 10−11 m

Problem 22.09:

(a)  

 toward the other particle. 

(b) We have  from which 

F =
kee2

r2 = (8.99 × 109 N ⋅ m2/C2) (1.60 × 10−19C)2

(0.529 × 10−10 m)2 = 8.22 × 10−8 N

F = mv2

r

v =
Fr
m

= (8.22 × 10−8 N) (0.529 × 10−10 m)
9.11 × 10−31 kg

= 2.19 × 106 m/s



Vector Nature of Electric Forces

In vector form,  

 

 is a unit vector directed from  to 
. 

The like charges produce a repulsive 
force between them.

F12 = ke
q1q2

r2
̂r12

̂r12 q1
q2
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Vector Nature of Electrical Forces, cont.

Electrical forces obey Newton’s Third Law. 

The force on  is equal in magnitude and opposite in direction to the force on 
 

▪   

With like signs for the charges, the product  is positive and the force is 
repulsive.

q1
q2

F21 = − F12

q1q2
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Vector Nature of Electrical Forces, 3

Two point charges are separated by a 
distance . 

The unlike charges produce an 
attractive force between them. 
With unlike signs for the charges, the 
product  is negative and the force 
is attractive.

r

q1q2
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A Final Note about Directions

The sign of the product of  gives the relative direction of the force between 
 and . 

The absolute direction is determined by the actual location of the charges.

q1q2
q1 q2
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Multiple Charges

The resultant force on any one charge equals the vector sum of the forces 
exerted by the other individual charges that are present. 

▪ Remember to add the forces as vectors. 

The resultant force on  is the vector sum of all the forces exerted on it by other 
charges. 

For example, if four charges are present, the resultant force on one of these 
equals the vector sum of the forces exerted on it by each of the other charges. 

 

      

q1

∑ F1 = F21 + F31 + F41
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Consider three point charges located at the corners of a right triangle as shown in 
the figure, where , and . Find the 
resultant force exerted on .

q1 = q3 = 5.00μC, q2 = − 2.00μC a = 0.100 m
q3

Example 22.02: Find the Resultant Force

Find the magnitude of 





Find the magnitude of 








Find the components of the resultant force acting on 


F23

F23 = ke
q2 q3

a2

= (8.988 × 109 N ⋅ m2 /C2) (2.00 × 10−6C) (5.00 × 10−6C)
(0.100 m)2 = 8.99 N

F13

F13 = ke
q1 q3

( 2a)2

= (8.988 × 109 N ⋅ m2 /C2) (5.00 × 10−6C) (5.00 × 10−6C)
2(0.100 m)2 = 11.2 N

F13x = (11.2 N)cos 45.0∘ = 7.94 N
F13y = (11.2 N)sin 45.0∘ = 7.94 N

q3

F3x = F13x + F23x = 7.94 N + (−8.99 N) = − 1.04 N
F3y = F13y + F23y = 7.94 N + 0 = 7.94 N

F3 = (−1.04 ̂i + 7.94 ̂j)N

   22.3 Coulomb’s Law 595

direction; that is, F
S

21 5 2F
S

12. Finally, Equation 22.6 shows that if q1 and q2 have 
the same sign as in Figure 22.7a, the product q1q2 is positive and the electric force 
on one particle is directed away from the other particle. If q1 and q2 are of opposite 
sign as shown in Figure 22.7b, the product q1q2 is negative and the electric force on 
one particle is directed toward the other particle. These signs describe the relative 
direction of the force but not the absolute direction. A negative product indicates 
an attractive force, and a positive product indicates a repulsive force. The absolute 
direction of the force on a charge depends on the location of the other charge. For 
example, if an x axis lies along the two charges in Figure 22.7a, the product q1q2 is 
positive, but F

S
12 points in the positive x direction and F

S
21 points in the negative x 

direction.
When more than two charges are present, the force between any pair of them is 

given by Equation 22.6. The resultant force on any one of them is given by a superpo-
sition principle and equals the vector sum of the forces exerted by the other individ-
ual charges. For example, if four charges are present, the resultant force exerted by 
particles 2, 3, and 4 on particle 1 is

o F
S

1 5 F
S

21 1 F
S

31 1 F
S

41

Q UICK QUIZ 22.3  Object A has a charge of 12 �C, and object B has a charge  
of 16 �C. Which statement is true about the electric forces on the objects?  
(a) F

S
AB 5 23F

S
BA  (b) F

S
AB 5 2F

S
BA  (c) 3F

S
AB 5 2F

S
BA  (d) F

S
AB 5 3F

S
BA  

(e)  F
S

AB 5 F
S

BA   (f) 3F
S

AB 5 F
S

BA

Figure 22.7 Two point charges 
separated by a distance r exert a 
force on each other that is given 
by Coulomb’s law. The force F

S
21 

exerted by q2 on q1 is equal in 
magnitude and opposite in  
direction to the force F

S
12, exerted 

by q1 on q2.

r

q1

q2

r12ˆ

When the charges are of the 
same sign, the force is repulsive.

a b

F12
S

F21
S

!

!

q1

q2

When the charges are of opposite 
signs, the force is attractive.

F12
S

F21
S

!

"

 Example 22.2     Find the Resultant Force

Consider three point charges located at the corners of a right triangle as shown in 
Figure 22.8, where q1 5 q3 5 5.00 �C, q2 5 22.00 �C, and a 5 0.100 m. Find the 
resultant force exerted on q3.

S O L U T I O N

Conceptualize  Think about the net force on q3. Because charge q3 is near two other 
charges, it will experience two electric forces. These forces are exerted in different 
directions as shown in Figure 22.8. Based on the forces shown in the figure, estimate 
the direction of the net force vector.

Categorize  Because two forces are exerted on charge q3, we categorize this example 
as a vector addition problem.

Analyze  The individual forces exerted by q1 and q2 on q3 have a direction determined by the pairs of charges; the forces are 
either attractive or repulsive. The vector forces on q3 are shown in Figure 22.8. The force F

S
23 exerted by q2 on q3 is attractive 

because q2 and q3 have opposite signs. In the coordinate system shown in Figure 22.8, the attractive force F
S

23 is to the left (in the neg-
ative x direction). continued

!

!

"

F13
S

F23
S

q3

q1

q2

a

a

y

x

2a

Figure 22.8  (Example 22.2) The 
force exerted by q1 on q3 is F

S
13. The 

force exerted by q2 on q3 is F
S

23.  
The resultant force F

S
3 exerted on q3 

is the vector sum F
S

13 1 F
S

23.
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Section  22.3

Three point charges lie along the  axis as shown in the figure. The positive charge 
 is at , the positive charge  is at the origin, and 

the net force acting on  is zero. What is the  coordinate of ?

x
q1 = 15.0μC x = 2.00 m q2 = 6.00μC

q3 x q3

Example 22.03: Where Is the Net Force Zero?

Write an expression for the net force on charge  when it is in equilibrium:

















q3

∑ F3 = F23 + F13 = − ke

q2 q3

x2
̂i + ke

q1 q3

(2.00 − x)2
̂i = 0

ke

q2 q3

x2
= ke

q1 q3

(2.00 − x)2

(2.00 − x)2 q2 = x2 q1

(2.00 − x) q2 = ± x q1

x =
2.00 q2

q2 ± q1

x =
2.00 6.00 × 10−6C

6.00 × 10−6C + 15.0 × 10−6C
= 0.775 m

596 Chapter 22 Electric Fields

22.2 c o n t i n u e d

 The force F
S

13 exerted by q1 on q3 is repulsive because both charges are positive. The repulsive force F
S

13 makes an angle 
of 45.08 with the x axis. The magnitudes of the forces  F

S
13 and F

S
23 are determined using the absolute magnitudes of the 

charges in Equation 22.1.

Finalize  The net force on q3 is upward and toward the left in Figure 22.8. If q3 moves in response to the net force, the dis-
tances between q3 and the other charges change, so the net force changes. Therefore, if q3 is free to move, it can be modeled 
as a particle under a net force as long as it is recognized that the force exerted on q3 is not constant. As a reminder, we display 
most numerical values to three significant figures, which leads to operations such as 7.94 N 1 (28.99 N) 5 21.04 N above. If 
you carry all intermediate results to more significant figures, you will see that this operation is correct.

W H A T  I F ? What if the signs of all three charges were changed to the opposite signs? How would that affect the 

result for F
S

3?

Answer  The charge q3 would still be attracted toward q2 and repelled from q1 with forces of the same magnitude. There-
fore, the final result for F

S
3 would be the same.

Use Equation 22.1 to find the magni-
tude of F

S
23:

F23 5 ke 
uq2uuq3u

a 2   

 5 s8.988 3 109 N ? m2yC2d 
s2.00 3 1026 Cds5.00 3 1026 Cd

s0.100 md2 5 8.99 N

Find the magnitude of the force F
S

13: F13 5 ke 
uq1uuq3u

sÏ2 ad2
 

 5 s8.988 3 109 N ? m2yC2d 
s5.00 3 1026 Cds5.00 3 1026 Cd

2s0.100 md2 5 11.2 N

Find the x and y components of the force F
S

13: F13x 5 (11.2 N) cos 45.08 5 7.94 N
F13y 5 (11.2 N) sin 45.08 5 7.94 N

Find the components of the resultant force acting on q3: F3x 5 F13x 1 F23x 5 7.94 N 1 (28.99 N) 5 21.04 N
F3y 5 F13y 1 F23y 5 7.94 N 1 0 5 7.94 N

Express the resultant force acting on q3 in unit-vector form: F
S

3 5 s21.04i
⁄

1 7.94j
⁄d N

 Example 22.3     Where Is the Net Force Zero?

Three point charges lie along the x axis as shown in Figure 22.9. The positive charge 
q1!5 15.0 �C is at x 5 2.00 m, the positive charge q2 5 6.00 �C is at the origin, and the 
net force acting on q3 is zero. What is the x coordinate of q3?

S O L U T I O N

Conceptualize  Because q3 is near two other charges, it experiences two electric forces. 
Unlike the preceding example, however, the forces lie along the same line in this prob-
lem as indicated in Figure 22.9. Because q3 is negative and q1 and q2 are positive, the 
forces F

S
13 and F

S
23 are both attractive. Because q2 is the smaller charge, the position of q3 

at which the force is zero should be closer to q2 than to q1.

Categorize  Because the net force on q3 is zero, we model the point charge as a particle in 
equilibrium.

2.00 m

x

q1

x

y

q3q2

2.00 ! x 

"" !
F13
S

F23
S

Figure 22.9  (Example 22.3) Three 
point charges are placed along the  
x axis. If the resultant force acting 
on q3 is zero, the force F

S
13 exerted 

by q1 on q3 must be equal in magni-
tude and opposite in direction to!the 
force F

S
23 exerted by q2 on q3.

Analyze  Write an expression for the net force on charge 
q3 when it is in equilibrium:

o F
S

3 5 F
S

23 1 F
S

13 5 2ke 
uq 2uuq 3u

x2  i
⁄

1 ke 
uq1uuq3u

s2.00 2 xd2 i
⁄

5 0

Move the second term to the right side of the equation and 
set the coefficients of the unit vector i

⁄
 equal:

ke 
uq 2uuq3u

x 2 5 ke 
uq1uuq3u

s2.00 2 xd2
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Section  22.3

Particle A of charge  is at the origin, particle B of charge  is at 
(  ), and particle C of charge  is at . We wish to find the net 
electric force on C .  

(a) What is the  component of the electric force exerted by A on C? 

(b) What is the  component of the force exerted by A on C ?  

(c) Find the magnitude of the force exerted by B on C .  

(d) Calculate the  component of the force exerted by B on C .  

(e) Calculate the  component of the force exerted by B on C.  

(f) Sum the two  components from parts (a) and (d) to obtain the resultant  component of the 
electric force acting on C.  

(g) Similarly, find the  component of the resultant force vector acting on C.  

(h) Find the magnitude and direction of the resultant electric force acting on C.

3.00 × 10−4C −6.00 × 10−4C
4.00 m,0 1.00 × 10−4C (0,3.00 m)

x

y

x

y

x x

y

Problem 22.12:



Section  22.3

Problem 22.12:

(a) 


(b)

(FAC)x
= 0

(FAC)y
= FAC = ke

qA qC

r2
AC

(FAC)y
= (8.99 × 109 N ⋅ m2 /C2) (3.00 × 10−4C) (1.00 × 10−4C)

(3.00 m)2

= 30.0 N

© 2019 Cengage Learning, Inc. May not be scanned, copied or duplicated, or posted to a publicly accessible website, in whole or in part.  

P22.12 Charge C is attracted to charge B and repelled by charge A, as shown 

in  

ANS. FIG. P22.12. In the sketch,  

   

 and 

   

 (a)  

 (b)  

   

 (c)  

 (d)  

 (e)  

 (f)  

 (g)  

 (h)  

ANS. FIG. P22.12 
θ = tan−1 ( 3.00 m

4.00 m ) = 36.9∘

rBC = (4.00 m)2 + (3.00 m)2 = 5.00 m

(c) 


(d) 


(e) 


(f) 


(g) 


(h) 


Both components are positive, placing the force in the first quadrant:





Therefore,  at  above the  direction.

FBC = ke

qB qC

r2
BC

= (8.99 × 109 N ⋅ m2 /C2) (6.00 × 10−4C) (1.00 × 10−4C)
(5.00 m)2

= 21.6 N

(FBC)x
= FBC cos θ = (21.6 N)cos (36.9∘) = 17.3 N

(FBC)y
= − FBC sin θ = − (21.6 N)sin (36.9∘) = − 13.0 N

(FR)x
= (FAC)x

+ (FBC)x
= 0 + 17.3 N = 17.3 N

(FR)y
= (FAC)y

+ (FBC)y
= 30.0 − 13.0 N = 17.0 N

FR = (FR)2
x

+ (FR)2
y

= (17.3 N)2 + (17.0 N)2 = 24.3 N

φ = tan−1
(FR)y

(FR)x

= tan−1 ( 17.0 N
17.3 N ) = 44.5∘

FR = 24.3 N 44.5∘ +x



Section  22.3

A particle with charge  is at the origin, and a particle with negative charge of 
magnitude  is at . A third particle with a positive charge is in equilibrium 
at . What is  ?

−3.00 nC
Q x = 50.0 cm

x = 20.9 cm Q

Problem 22.30:

The positive charge, call it , is  from charge . The force on  
from the  charge balances the force on  from the  charge:





which then gives


q 50.0 cm − 20.9 cm = 29.1 cm Q q
−3.00 nC q −Q

ke(3.00nC)q
(0.209 m)2

=
keQq

(0.291 m)2

Q = (3.00nC)( 0.291 m
0.209 m )

2

= 5.82nC



Section  22.3

Four identical charged particles (  ) are located on the corners of a rectangle as shown in 
the figure. The dimensions of the rectangle are  and  . Calculate (a) the 
magnitude and (b) the direction of the total electric force exerted on the charge at the lower left corner by 
the other three charges.

q = + 10.0μC
L = 60.0 cm W = 15.0 cm

Problem 22.38:




(a) 


(b) 

F1 = (8.99 × 109 N ⋅ m2 /C2) (10.0 × 10−6C)2

(0.150 m)2

= 40.0 N

F2 = (8.99 × 109 N ⋅ m2 /C2) (10.0 × 10−6C)2

(0.618 m)2
= 2.35 N

F3 = (8.99 × 109 N ⋅ m2 /C2) (10.0 × 10−6C)2

(0.600 m)2
= 2.50 N

Fx = − F3 − F2 cos 14.0∘ = − 2.50 − 2.35 cos 14.0∘ = − 4.78 N
Fy = − F1 − F2 sin 14.0∘ = − 40.0 − 2.35 sin 14.0∘ = − 40.5 N

Fnet  = F2
x + F2

y = (−4.78 N)2 + (−40.5 N)2 = 40.8 N

tan ϕ =
Fy

Fx
= −40.5 N

−4.78 N → ϕ = 263∘

36. Two point charges qA 5 212.0 �C and qB 5 45.0!�C and a 
third particle with unknown charge qC are located on the x 
axis. The particle qA is at the origin, and qB is at x 5 15.0 cm. 
The third particle is to be placed so that each particle is in 
equilibrium under the action of the electric forces exerted 
by the other two particles. (a)!Is this situation possible? If so, 
is it possible in more than one way? Explain. Find (b) the 
required location and (c) the magnitude and the sign of the 
charge of the third particle.

37. Two small spheres hang in equilibrium at the bot-
tom ends of threads, 40.0 cm long, that have their top 
ends tied to the same fixed point. One sphere has mass  
2.40 g and charge 1300 nC. The other sphere has the same 
mass and charge 1200 nC. Find the distance between the 
centers of the spheres.

38. Four identical charged particles (q 5 110.0 �C) are located 
on the corners of a rectangle as shown in Figure P22.38. 
The dimensions of the rectangle are L 5 60.0 cm and W 5 
15.0 cm. Calculate (a) the magnitude and (b) the direction 
of the total electric force exerted on the charge at the lower 
left corner by the other three charges.

!

!

!

!q q

qq

y

x
L

W

Figure P22.38

39. Review. Two identical blocks resting on a frictionless, 
horizontal surface are connected by a light spring hav-
ing a spring constant k 5 100 N/m and an unstretched 
length Li! 5 0.400 m as shown in Figure P22.39a.  
A charge Q is slowly placed on each block, causing the 
spring to stretch to an equilibrium length L 5 0.500 m as 
shown in Figure P22.39b. Determine the value of Q , model-
ing the blocks as charged particles.

k QQ

k

a

b

Li

L

Figure P22.39 Problems 39 and 40

40. Review. Two identical blocks resting on a frictionless, hor-
izontal surface are connected by a light spring having a 
spring constant k and an unstretched length Li as shown in 
Figure P22.39a. A charge Q is slowly placed on each block, 
causing the spring to stretch to an equilibrium length L as 
shown in Figure P22.39b. Determine the value of Q , mod-
eling the blocks as charged particles.

41. Three identical point charges, each of mass m 5  
0.100 kg, hang from three strings as shown in Figure P22.41. 
If the lengths of the left and right strings are each L 5 30.0 
cm and the angle � is 45.08, determine the value of q.

L L

!q !q

mmm

!q

θ θ

! !!

Figure P22.41
42. Why is the following situation impossible? An electron enters a 

region of uniform electric field between two parallel plates. 
The plates are used in a cathode-ray tube to adjust the posi-
tion of an electron beam on a distant fluorescent screen. 
The magnitude of the electric field between the plates is  
200 N/C. The plates are 0.200 m in length and are separated 
by 1.50 cm. The electron enters the region at a speed of  
3.00 3 106 m/s, traveling parallel to the plane of the plates 
in the direction of their length. It leaves the plates heading 
toward its correct location on the fluorescent screen.

43. Two hard rubber spheres, each of mass m 5 15.0 g, are 
rubbed with fur on a dry day and are then suspended with 
two insulating strings of length L 5 5.00 cm whose sup-
port points are a distance d 5 3.00 cm from each other as 
shown in Figure P22.43. During the rubbing process, one 
sphere receives exactly twice the charge of the other. They  
are observed to hang at equilibrium, each at an angle of  
� 5 10.08 with the vertical. Find the amount of charge on 
each sphere.

L

d

u u

m m

Figure P22.43

44. Two identical beads each have a mass m and charge q. When 
placed in a hemispherical bowl of radius R with frictionless, 
nonconducting walls, the beads move, and at equilibrium, 
they are a distance d apart (Fig. P22.44). (a)!Determine the 
charge q on each bead. (b) Determine the charge required 
for d to become equal to 2R.

d

R R

!!
mm

Figure P22.44
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 Thus the distance to three digits is 0.259 m =  

P22.38 The magnitude of the electric force is 

given by . The angle θ  in  

ANS. FIG. P22.38 is found from 

   

 
  

   

r 0.640 – r2 – 1901 r6 

0 +0.64 

0.5 –29.3 

0.2 +0.48 

0.3 –0.84 

0.24 +0.22 

0.27 –0.17 

0.258 +0.013 

0.259 –0.001 

ANS. FIG. P22.38 
θ = tan−1 ( 15.0

60.0 ) = 14.0∘



Electric Field – Introduction

The electric force is a field force. 

Field forces can act through space. 

▪ The effect is produced even with no physical contact between objects. 

Faraday developed the concept of a field in terms of electric fields.

Section  22.4



Electric Field – Definition 

An electric field is said to exist in the region of space around a charged object. 

▪ This charged object is the source charge. 

When another charged object, the test charge, enters this electric field, an 
electric force acts on it.

Section  22.4



Electric Field – Definition, cont

The electric field vector, , at a point in space is defined as the electric force    
acting on a positive test charge, , placed at that point divided by the test 
charge:  

E
qo

E ≡ F
q0

Section  22.4



Electric Field, Notes

 is the field produced by some charge or charge distribution, separate 
from the test charge. 

The existence of an electric field is a property of the source charge. 

▪ The presence of the test charge is not necessary for the field to exist. 

The test charge serves as a detector of the field.

E

Section  22.4



Electric Field Notes, Final

The direction of  is that of the force 
on a positive test charge. 

The SI units of  are . 

We can also say that an electric field 
exists at a point if a test charge at that 
point experiences an electric force.

E

E N/C

Section  22.4



Relationship Between F and E

  
▪ This is valid for a point charge only. 

▪ One of zero size 

▪ For larger objects, the field may vary over the size of the object. 

If  is positive, the force and the field are in the same direction. 

If  is negative, the force and the field are in opposite directions.

Fe = qE

q
q

Section  22.4



Electric Field, Vector Form

Remember Coulomb’s law, between the source and test charges, can be 
expressed as  

 

Then, the electric field will be  

Fe = ke
qqo

r2
̂r

E =
Fe

q0
= ke

q
r2

̂r

Section  22.4



More About Electric Field Direction

a)  is positive, the force is directed away from . 

b) The direction of the field is also away from the positive source charge. 

c)  is negative, the force is directed toward . 

d) The field is also toward the negative source charge.

q q

q q

Section  22.4



Electric Fields from Multiple Charges

At any point , the total electric field due to a group of source charges equals the 
vector sum of the electric fields of all the charges. 

P

E = ke ∑i
qi

r2
i

̂ri

Section  22.4



Section  22.3

A water droplet of mass  is located in the air near the ground during a stormy day. An 
atmospheric electric field of magnitude  points vertically downward in the vicinity of the 
water droplet. The droplet remains suspended at rest in the air. What is the electric charge on the 
droplet?

3.00 × 10−12 kg
6.00 × 103 N/C

Example 22.05: A Suspended Water Droplet

Write Newton’s second law from the particle in equilibrium model in the vertical direction











∑ Fy = 0 → Fe − Fg = 0

q(−E ) − mg = 0

q = −
mg
E

q = − (3.00 × 10−12 kg) (9.80 m/s2)
6.00 × 103 N/C

= − 4.90 × 10−15C



Section  22.3

Charges  and  are located on the  axis, at distances  and , respectively, from the origin 
as shown in the figure. 

(A) Find the components of the net electric field at the point , which is at position .

q1 q2 x a b

P (0,y)

Example 22.06: Electric Field Due to Two Charges




(1) 


(2) 

E1 = ke

q1

r2
1

= ke

q1

a2 + y2

E2 = ke

q2

r2
2

= ke

q2

b2 + y2

E1 = ke

q1

a2 + y2
cos ϕ ̂i + ke

q1

a2 + y2
sin ϕ ̂j

E2 = ke

q2

b2 + y2
cos θ ̂i − ke

q2

b2 + y2
sin θ ̂j

Ex = E1x + E2x = ke
q1

a2 + y2 cos ϕ + ke
q2

b2 + y2 cos θ

Ey = E1y + E2y = ke
q1

a2 + y2 sin ϕ − ke
q2

b2 + y2 sin θ

602 Chapter 22 Electric Fields

(B) Evaluate the electric field at point P in the special case that uq1u 5 uq2u and a 5 b.

S O L U T I O N

Conceptualize  Figure 22.14 shows the situation in this special case. Notice the symmetry in the situation and that the charge 
distribution is now an electric dipole.

Categorize  Because Figure 22.14 is a special case of the general case shown in Figure 22.13, we can categorize this example as 
one in which we can take the result of part (A) and substitute the appropriate values of the variables.

 Example 22.6     Electric Field Due to Two Charges

Charges q1 and q2 are located on the x axis, at distances a and b, respectively, from the origin as 
shown in Figure 22.13.

(A) Find the components of the net electric field at the point P, which is at position (0, y).

S O L U T I O N

Conceptualize  Compare this example with Exam ple 
22.2. There, we add vector forces to find the net force 
on a charged particle. Here, we add electric field vec-
tors to find the net electric field at a point in space. If 
a charged particle were placed at P, we could use the 
particle in a field model to find the electric force on 
the particle.

Categorize  We have two source charges and wish to find the resultant electric field, so we categorize this example as one in 
which we can use the superposition principle represented by Equation 22.10.

f

f u

u

! "

E
S

 

E1
S

E2
S

P

y

x
ba q

r2
r1

2q1

Figure 22.13  (Example 22.6) The total 
electric field E

S
 at P equals the vector sum 

E
S

1 1 E
S

2, where E
S

1 is the field due to the 
positive charge q1 and E

S
2 is the field due 

to the negative charge q2.

Analyze  Find the magnitude of the electric field at  
P due to charge q1:

E 1 5 ke 
uq1u
r1

2 5 ke 
uq1u

a 2 1 y 2 

Find the magnitude of the electric field at P due to 
charge q2:

 E 2 5 ke 
uq2u
r2

2 5 ke 
uq2u

b 2 1 y 2

Write the electric field vectors for each charge in 
unit-vector form:

 E
S

1 5 ke 
uq1 u

a 2 1 y 2  cos � i
⁄

1 ke 
uq 1u

a 2 1 y 2  sin � j
⁄

 E
S

2 5 ke 
uq 2u

b 2 1 y 2  cos � i
⁄

2 ke 
uq 2u

b 2 1 y 2  sin � j
⁄

Write the components of the net electric field 
vector:

(1)   Ex 5 E1x 1 E 2x 5  ke 
uq1u

a 2 1 y 2  cos � 1 ke 
uq 2u

b 2 1 y 2  cos �

(2)   Ey 5 E 1y 1 E 2y 5  ke 
uq1u

a 2 1 y 2  sin � 2 ke 
uq2u

b 2 1 y 2  sin �

Analyze  Based on the symmetry in Figure 
22.14, evaluate Equations (1) and (2) from part 
(A) with a 5 b, uq1u 5 uq2u 5 q, and � 5 �:

(3)    Ex 5 ke 
q

a 2 1 y 2  cos � 1 ke 
q

a 2 1 y 2  cos � 5 2ke 
q

a 2 1 y2  cos �

 E y 5 ke 
q

a 2 1 y 2  sin � 2 ke 
q

a 2 1 y 2  sin � 5 0

From the geometry in Figure 22.14, evaluate 
cos �:

(4)    cos � 5
a
r

5
a

sa 2 1 y 2d1y2

Substitute Equation (4) into Equation (3): Ex 5 2ke 
q

a 2 1 y 2 3 a
sa 2 1 y 2d1y24 5   ke 

2aq

sa 2 1 y 2d3y2
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Section  22.3

(B) Evaluate the electric field at point  in the special case that  and .P q1 = q2 a = b

Example 22.06: Electric Field Due to Two Charges

(3)   


(4)   

Ex = ke
q

a2 + y2
cos θ + ke

q
a2 + y2

cos θ = 2ke
q

a2 + y2
cos θ

Ey = ke
q

a2 + y2
sin θ − ke

q
a2 + y2

sin θ = 0

cos θ =
a
r

=
a

(a2 + y2)1/2

Ex = 2ke
q

a2 + y2

a

(a2 + y2)1/2 = ke
2aq

(a2 + y2)3/2

602 Chapter 22 Electric Fields

(B) Evaluate the electric field at point P in the special case that uq1u 5 uq2u and a 5 b.

S O L U T I O N

Conceptualize  Figure 22.14 shows the situation in this special case. Notice the symmetry in the situation and that the charge 
distribution is now an electric dipole.

Categorize  Because Figure 22.14 is a special case of the general case shown in Figure 22.13, we can categorize this example as 
one in which we can take the result of part (A) and substitute the appropriate values of the variables.

 Example 22.6     Electric Field Due to Two Charges

Charges q1 and q2 are located on the x axis, at distances a and b, respectively, from the origin as 
shown in Figure 22.13.

(A) Find the components of the net electric field at the point P, which is at position (0, y).

S O L U T I O N

Conceptualize  Compare this example with Exam ple 
22.2. There, we add vector forces to find the net force 
on a charged particle. Here, we add electric field vec-
tors to find the net electric field at a point in space. If 
a charged particle were placed at P, we could use the 
particle in a field model to find the electric force on 
the particle.

Categorize  We have two source charges and wish to find the resultant electric field, so we categorize this example as one in 
which we can use the superposition principle represented by Equation 22.10.

f

f u

u

! "

E
S

 

E1
S

E2
S

P

y

x
ba q

r2
r1

2q1

Figure 22.13  (Example 22.6) The total 
electric field E

S
 at P equals the vector sum 

E
S

1 1 E
S

2, where E
S

1 is the field due to the 
positive charge q1 and E

S
2 is the field due 

to the negative charge q2.

Analyze  Find the magnitude of the electric field at  
P due to charge q1:

E 1 5 ke 
uq1u
r1

2 5 ke 
uq1u

a 2 1 y 2 

Find the magnitude of the electric field at P due to 
charge q2:

 E 2 5 ke 
uq2u
r2

2 5 ke 
uq2u

b 2 1 y 2

Write the electric field vectors for each charge in 
unit-vector form:

 E
S

1 5 ke 
uq1 u

a 2 1 y 2  cos � i
⁄

1 ke 
uq 1u

a 2 1 y 2  sin � j
⁄

 E
S

2 5 ke 
uq 2u

b 2 1 y 2  cos � i
⁄

2 ke 
uq 2u

b 2 1 y 2  sin � j
⁄

Write the components of the net electric field 
vector:

(1)   Ex 5 E1x 1 E 2x 5  ke 
uq1u

a 2 1 y 2  cos � 1 ke 
uq 2u

b 2 1 y 2  cos �

(2)   Ey 5 E 1y 1 E 2y 5  ke 
uq1u

a 2 1 y 2  sin � 2 ke 
uq2u

b 2 1 y 2  sin �

Analyze  Based on the symmetry in Figure 
22.14, evaluate Equations (1) and (2) from part 
(A) with a 5 b, uq1u 5 uq2u 5 q, and � 5 �:

(3)    Ex 5 ke 
q

a 2 1 y 2  cos � 1 ke 
q

a 2 1 y 2  cos � 5 2ke 
q

a 2 1 y2  cos �

 E y 5 ke 
q

a 2 1 y 2  sin � 2 ke 
q

a 2 1 y 2  sin � 5 0

From the geometry in Figure 22.14, evaluate 
cos �:

(4)    cos � 5
a
r

5
a

sa 2 1 y 2d1y2

Substitute Equation (4) into Equation (3): Ex 5 2ke 
q

a 2 1 y 2 3 a
sa 2 1 y 2d1y24 5   ke 

2aq

sa 2 1 y 2d3y2
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Section  22.3

(c) Find the electric field due to the electric dipole when point  is a distance  from the 
origin.

P y ≫ a

Example 22.06: Electric Field Due to Two Charges

In the solution to part (B), because , neglect  compared with  
and write the expression for  in this case:


(5) 

y ≫ a a2 y2

E

E ≈ ke
2aq
y3

602 Chapter 22 Electric Fields

(B) Evaluate the electric field at point P in the special case that uq1u 5 uq2u and a 5 b.

S O L U T I O N

Conceptualize  Figure 22.14 shows the situation in this special case. Notice the symmetry in the situation and that the charge 
distribution is now an electric dipole.

Categorize  Because Figure 22.14 is a special case of the general case shown in Figure 22.13, we can categorize this example as 
one in which we can take the result of part (A) and substitute the appropriate values of the variables.

 Example 22.6     Electric Field Due to Two Charges

Charges q1 and q2 are located on the x axis, at distances a and b, respectively, from the origin as 
shown in Figure 22.13.

(A) Find the components of the net electric field at the point P, which is at position (0, y).

S O L U T I O N

Conceptualize  Compare this example with Exam ple 
22.2. There, we add vector forces to find the net force 
on a charged particle. Here, we add electric field vec-
tors to find the net electric field at a point in space. If 
a charged particle were placed at P, we could use the 
particle in a field model to find the electric force on 
the particle.

Categorize  We have two source charges and wish to find the resultant electric field, so we categorize this example as one in 
which we can use the superposition principle represented by Equation 22.10.

f

f u

u

! "

E
S

 

E1
S

E2
S

P

y

x
ba q

r2
r1

2q1

Figure 22.13  (Example 22.6) The total 
electric field E

S
 at P equals the vector sum 

E
S

1 1 E
S

2, where E
S

1 is the field due to the 
positive charge q1 and E

S
2 is the field due 

to the negative charge q2.

Analyze  Find the magnitude of the electric field at  
P due to charge q1:

E 1 5 ke 
uq1u
r1

2 5 ke 
uq1u

a 2 1 y 2 

Find the magnitude of the electric field at P due to 
charge q2:

 E 2 5 ke 
uq2u
r2

2 5 ke 
uq2u

b 2 1 y 2

Write the electric field vectors for each charge in 
unit-vector form:

 E
S

1 5 ke 
uq1 u

a 2 1 y 2  cos � i
⁄

1 ke 
uq 1u

a 2 1 y 2  sin � j
⁄

 E
S

2 5 ke 
uq 2u

b 2 1 y 2  cos � i
⁄

2 ke 
uq 2u

b 2 1 y 2  sin � j
⁄

Write the components of the net electric field 
vector:

(1)   Ex 5 E1x 1 E 2x 5  ke 
uq1u

a 2 1 y 2  cos � 1 ke 
uq 2u

b 2 1 y 2  cos �

(2)   Ey 5 E 1y 1 E 2y 5  ke 
uq1u

a 2 1 y 2  sin � 2 ke 
uq2u

b 2 1 y 2  sin �

Analyze  Based on the symmetry in Figure 
22.14, evaluate Equations (1) and (2) from part 
(A) with a 5 b, uq1u 5 uq2u 5 q, and � 5 �:

(3)    Ex 5 ke 
q

a 2 1 y 2  cos � 1 ke 
q

a 2 1 y 2  cos � 5 2ke 
q

a 2 1 y2  cos �

 E y 5 ke 
q

a 2 1 y 2  sin � 2 ke 
q

a 2 1 y 2  sin � 5 0

From the geometry in Figure 22.14, evaluate 
cos �:

(4)    cos � 5
a
r

5
a

sa 2 1 y 2d1y2

Substitute Equation (4) into Equation (3): Ex 5 2ke 
q

a 2 1 y 2 3 a
sa 2 1 y 2d1y24 5   ke 

2aq

sa 2 1 y 2d3y2
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Section  22.3

What are the magnitude and direction of the electric field that will balance the weight of (a) an 
electron and (b) a proton?

Problem 22.15:

For equilibrium,  or . 
Thus,





(a) For an electron,





$Fe = − Fg$ qE = − mg(− ̂j)

E =
mg
q

̂j .

E =
mg
q

̂j = (9.11 × 10−31 kg) (9.80 m /s2)
−1.60 × 10−19C

̂j

= − (5.58 × 10−11 N/C) ̂j

(b) For a proton, which is 1836 times more massive 
than an electron,


E =
mg
q

̂j = (1.67 × 10−27 kg) (9.80 m/s2)
−1.60 × 10−19C

̂j

= (1.02 × 10−7 N/C) ̂j



Section  22.3

Two  point charges are located on the  axis. One is at , and the other is at .  

(a) Determine the electric field on the  axis at . 

(b) Calculate the electric force on a  charge placed on the  axis at .

2.00 − μC x x = 1.00 m x = − 1.00 m
y y = 0.500 m

−3.00 − μC y y = 0.500 m

Problem 22.20:

(a) 


The  components of the two fields cancel and the  components 
add, giving








(b) The electric force at this point is given by


E =
keq

r2 = (8.99 × 109 N ⋅ m2 /C2)(2.00 × 10−6C)
(1.12 m)2 = 14400 N/C

x y

Ex = 0 and Ey = 2(14400 N/C)sin 26.6∘ = 1.29 × 104 N/C

 so E = 1.29 × 104 ̂j N/C. 

F = qE = (−3.00 × 10−6C) (1.29 × 104 N/C ̂j)
= − 3.86 × 10−2 ̂j N

© 2019 Cengage Learning, Inc. May not be scanned, copied or duplicated, or posted to a publicly accessible website, in whole or in part.  

P22.19 Call Q = 3.00 nC and q = |–2.00 nC|= 2.00 nC,  

and r = 4.00 cm = 0.040 0 m. Then,  

    and   

 Then,  

    

 (a)  

 (b) The electric force on a point charge placed at point P is 

     

P22.20 (a) The distance from each charge to the point at y 

= 0.500 m is  

     

 the magnitude of the electric field from  

each charge at that point is then given by 

    

  The x components of the two fields cancel and the y components 

add, giving  

    and  

ANS. FIG. P22.19 

G
E

G
E

ANS. FIG. P22.20
d = (1.00 m)2 + (0.500 m)2 = 1.12 m

θ = tan−1 ( 0.5
1 ) = 26.6∘



Section  22.3

Three point charges are arranged as shown in the figure. 

(a) Find the vector electric field that the  and  charges together create at the origin. 

(b) Find the vector force on the  charge.

6.00 − nC −3.00 − nC
5.00 − nC

Problem 22.21:

(a) The electric field at the origin due to each of the charges is given by





and their sum is


E1 =
ke q1

r2
1

(− ̂j)

= (8.99 × 109 N ⋅ m2 /C2) (3.00 × 10−9C)
(0.100 m)2

(− ̂j)

= − (2.70 × 103 N/C) ̂j

E2 =
ke q2

r2
2

(− ̂i)

= (8.99 × 109 N ⋅ m2 /C2) (6.00 × 10−9C)
(0.300 m)2

(− ̂i)

= − (5.99 × 102 N/C) ̂i

E = E2 + E1 = − (5.99 × 102 N/C) ̂i − (2.70 × 103 N/C) ̂j

19. Three point charges are located on a circular arc as shown 
in Figure P22.19. (a) What is the total electric field at P, the 
center of the arc? (b) Find the electric force that would be 
exerted on a 25.00-nC point charge placed at P.

!

!

"

!3.00 nC

4.00 cm

4.00 cm

!3.00 nC

30.0#

30.0#

"2.00 nC
P

Figure P22.19

20. Two 2.00-�C point charges are located on the x axis. 
One is at x 5 1.00 m, and the other is at x 5 21.00 m.  
(a) Determine the electric field on the y axis at y 5 0.500!m. 
(b) Calculate the electric force on a 23.00-�C charge placed 
on the y axis at y 5 0.500 m. 

21. Three point charges are arranged as shown in Fig-
ure P22.21. (a) Find the vector electric field that the  
6.00-nC and 23.00-nC charges together create at the origin. 
(b) Find the vector force on the 5.00-nC charge.

Figure P22.21

0.100 m
x

–3.00 nC

5.00 nC 0.300 m 6.00 nC

y

!!

"

22. Consider the electric dipole shown in Figure P22.22.  
Show that the electric field at a distant point on the  
1x axis is Ex < 4keqa/x 3.

2a

x
–q q

y

!"

Figure P22.22

SECTION 22.5  Electric Field Lines

23. Three equal positive charges q 
are at the corners of an equilat-
eral triangle of side a as shown in 
Fig ure! P22.23. Assume the three 
charges together create an electric 
field. (a)!Sketch the field lines in the 
plane of the charges. (b)! Find the 
location of one point (other than `) 
where the electric field is zero. What 

are (c)!the magnitude and (d) the direction of the electric 
field at P due to the two charges at the base?

SECTION 22.6  Motion of a Charged Particle  
in a Uniform Electric Field

24. A proton accelerates from rest in a uniform electric field of 
640 N/C. At one later moment, its speed is 1.20!Mm/s (non-
relativistic because v is much less than the speed of light). 
(a) Find the acceleration of the proton. (b)!Over what time 
interval does the proton reach this speed? (c)!How far does 
it move in this time interval? (d)!What is its kinetic energy at 
the end of this interval?

25. A proton moves at 4.50 3 105 m/s in the horizontal direc-
tion. It enters a uniform vertical electric field with a magni-
tude of 9.60 3 103 N/C. Ignoring any gravitational effects, 
find (a) the time interval required for the proton to travel 
5.00 cm horizontally, (b) its vertical displacement during 
the time interval in which it travels 5.00 cm horizontally, 
and (c) the horizontal and vertical components of its veloc-
ity after it has traveled 5.00 cm horizontally.

26. Protons are projected with an initial speed vi 5 
9.55! km/s from a field-free region through a plane 
and into a region where a uniform electric field  
E
S

5 2720j
⁄
 NyC is present above the plane as shown 

in Figure P22.26. The initial velocity vector of the  
protons makes an angle � with the plane. The protons 
are to hit a target that lies at a horizontal distance of  
R 5 1.27 mm from the point where the protons cross 
the plane and enter the electric field. We wish to find 
the angle � at which the protons must pass through the  
plane to strike the target. (a) What analysis model describes 
the horizontal motion of the protons above the plane? (b) 
What analysis model describes the vertical motion of the 
protons above the plane? (c) Argue that Equation 4.20 
would be applicable to the protons in this situation. (d) Use 
Equation 4.20 to write an expression for R in terms of vi , 
E, the charge and mass of the proton, and the angle �. (e) 
Find the two possible values of the angle �. (f) Find the time 
interval during which the proton is above the plane in Fig-
ure P22.26 for each of the two possible values of �.

R
Target!

Proton
beam

u
vi
S

ˆE ! "720 j  N/C
S

E ! 0 below the plane
S

Figure P22.26

27. You are still fascinated by the process of inkjet printing, 
as described in the opening storyline for this chapter. You 
convince your father to take you to his manufacturing  
facility to see the machines that print expiration dates on 
eggs. You strike up a conversation with the technician oper-
ating the machine. He tells you that the ink drops are cre-
ated using a piezoelectric crystal, acoustic waves, and the 
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(b) The vector electric force is


F = qE = (5.00 × 10−9C)(−599 ̂i − 2700 ̂j)N/C

F = (−3.00 × 10−6 ̂i − 13.5 × 10−6 ̂j) N = (−3.00 ̂i − 13.5 ̂j)μN



Section  22.3

Three charged particles are aligned along the  axis as shown in the figure. Find the electric field at 

(a) the position  

(b) the position .

x
(2.00 m,0)
(0,2.00 m)

Problem 22.35:

(a)  



E1 =
keq
r2

̂r = (8.99 × 109 N ⋅ m2/C2) (−4.00 × 10−9C)
(2.50 m)2

̂i

= − 5.75 ̂i N/C

E2 =
keq
r2

̂r = (8.99 × 109 N ⋅ m2/C2) (5.00 × 10−9C)
(2.00 m)2

̂i

= 11.2 N/C ̂i

E3 = (8.99 × 109 N ⋅ m2/C2) (3.00 × 10−9C)
(1.20 m)2

̂i = 18.7 N/C ̂i

ER = E1 + E2 + E3 = 24.2 N/C in  + x direction 
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Plateau–Rayleigh instability, which creates uniform drops 
of mass m 5 1.25 3 1028 g. While you don’t understand 
the fancy words, you do recognize mass! The technician 
also tells you that the drops are charged to a controllable 
value of q and then projected vertically downward between 
parallel deflecting plates at a constant terminal speed of  
18.5 m/s. The plates are , 5 2.25 cm long and have a 
uniform electric field of magnitude E 5 6.35 3 104 N/C 
between them. Noting your interest in the process, the tech-
nician asks you, “If the position on the egg at which the drop 
is to be deposited requires that its deflection at the bottom 
end of the plates be 0.17 mm, what is the required charge on 
the drop?” You quickly get to work to find the answer.

28. You are working on a research project in which you must 
control the direction of travel of electrons using deflec-
tion plates. You have devised the apparatus shown in Fig-
ure P22.28. The plates are of length , 5 0.500 m and are 
separated by a distance d 5 3.00 cm. Electrons are fired at  
vi 5 5.00 3 106 m/s into a uniform electric field from the 
left edge of the lower, positive plate, aimed directly at the 
right edge of the upper, negative plate. Therefore, if there is 
no electric field between the plates, the electrons will follow 
the broken line in the figure. With an electric field existing 
between the plates, the electrons will follow a curved path, 
bending downward. You need to determine (a) the range of 
angles over which the electron can leave the apparatus and 
(b) the electric field required to give the maximum possible 
deviation angle.

!
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Figure P22.28

ADDITIONAL PROBLEMS

29. Consider an infinite number of identical particles, each 
with charge q, placed along the x axis at distances a, 2a, 3a, 
4a, . . . from the origin. What is the electric field at the ori-
gin due to this distribution? Suggestion: Use

1 1
1
22 1

1
32 1

1
42 1 . . . 5

�2

6

30. A particle with charge 23.00 nC is at the origin, and 
a particle with negative charge of magnitude Q is at  
x 5 50.0 cm. A third particle with a positive charge is in 
equilibrium at x!5 20.9 cm. What is Q?

31. A small block of mass m and charge Q is placed on an insu-
lated, frictionless, inclined plane of angle � as in Figure 
P22.31. An electric field is applied parallel to the incline. (a) 
Find an expression for the magnitude of the electric field 
that enables the block to remain at rest. (b) If m 5 5.40 g,  

Q 5 27.00 �C, and �!5 25.08, 
determine the magnitude 
and the direction of the elec-
tric field that enables the 
block to remain at rest on the 
incline.

32. A small sphere of charge 
q1! 5 0.800 �C hangs from 
the end of a spring as in Fig-
ure P22.32a. When another small sphere of charge q2! 5 
20.600! �C is held beneath the first sphere as in Figure 
P22.32b, the spring stretches by d 5 3.50!cm from its orig-
inal length and reaches a new equilibrium position with a 
separation between the charges of r 5 5.00 cm. What is the 
force constant of the spring?

d

r

k k

!

!

"

a b

q1
q1

q2

Figure P22.32

33. A charged cork ball of mass 
1.00! g is suspended on a light 
string in the presence of a uni-
form electric field as shown 
in Figure P22.33. When E

S
5

s3.00 i
⁄

1 5.00 j
⁄d 3 105 NyC, the 

ball is in equilibrium at � 5 
37.08. Find (a) the charge on 
the ball and (b) the tension in 
the string.

34. A charged cork ball of mass m 
is suspended on a light string 
in the presence of a uniform 
electric field as shown in Figure P22.33. When E

S
5 A i

⁄
1 B j

⁄
, 

where A and B are positive quantities, the ball is in equilib-
rium at the angle �. Find (a) the charge on the ball and (b) 
the tension in the string.

35. Three charged particles are aligned along the x axis as 
shown in Figure P22.35. Find the electric field at (a) the posi-
tion (2.00 m, 0) and (b) the position (0, 2.00 m).
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y
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x""!

Figure P22.35
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 (a) Substituting  into equation [2], we obtain 

    

  Isolating q on the left,  

    

 (b) Substituting this value into equation [1], we obtain 

    

  If we had solved this general problem first, we would only need 

to substitute the appropriate values in the equations for q and T to 

find the numerical results needed for problem 24. If you find this 

problem more difficult than problem 24, the little list at the first 

step is useful. It shows what symbols to think of as known data, 

and what to consider unknown. The list is a guide for deciding 

what to solve for in the analysis step, and for recognizing when 

we have an answer. 

P22.35 (a) Refer to ANS. FIG. P22.35(a). The field, E1, due to the 4.00 ! 10–9 C 

charge is in the –x direction. 

     

 

ANS. FIG. P22.35(a) 



Section  22.3

Three charged particles are aligned along the  axis as shown in the figure. Find the electric field at 

(a) the position  

(b) the position .

x
(2.00 m,0)
(0,2.00 m)

Problem 22.35:




The components of the resultant electric field are





then, the magnitude of the resultant electric field is





and is directed at


E1 =
keq
r2

̂r = (−8.46 N/C)(0.243 ̂i + 0.970 ̂j)

E2 =
keq
r2

̂r = (11.2 N/C)(+ ̂j)

E3 =
keq
r2

̂r = (5.81 N/C)(−0.371 ̂i + 0.928 ̂j)

Ex = E1x + E3x = − 4.21 ̂i N/C Ey = E1y + E2y + E3y = 8.43 ̂j N/C

ER = 9.42 N/C

θ = tan−1
Ey

Ex
= tan−1 ( 8.43 N/C

4.21 N/C ) = 63.4∘ above  − x axis 
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Plateau–Rayleigh instability, which creates uniform drops 
of mass m 5 1.25 3 1028 g. While you don’t understand 
the fancy words, you do recognize mass! The technician 
also tells you that the drops are charged to a controllable 
value of q and then projected vertically downward between 
parallel deflecting plates at a constant terminal speed of  
18.5 m/s. The plates are , 5 2.25 cm long and have a 
uniform electric field of magnitude E 5 6.35 3 104 N/C 
between them. Noting your interest in the process, the tech-
nician asks you, “If the position on the egg at which the drop 
is to be deposited requires that its deflection at the bottom 
end of the plates be 0.17 mm, what is the required charge on 
the drop?” You quickly get to work to find the answer.

28. You are working on a research project in which you must 
control the direction of travel of electrons using deflec-
tion plates. You have devised the apparatus shown in Fig-
ure P22.28. The plates are of length , 5 0.500 m and are 
separated by a distance d 5 3.00 cm. Electrons are fired at  
vi 5 5.00 3 106 m/s into a uniform electric field from the 
left edge of the lower, positive plate, aimed directly at the 
right edge of the upper, negative plate. Therefore, if there is 
no electric field between the plates, the electrons will follow 
the broken line in the figure. With an electric field existing 
between the plates, the electrons will follow a curved path, 
bending downward. You need to determine (a) the range of 
angles over which the electron can leave the apparatus and 
(b) the electric field required to give the maximum possible 
deviation angle.
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Figure P22.28

ADDITIONAL PROBLEMS

29. Consider an infinite number of identical particles, each 
with charge q, placed along the x axis at distances a, 2a, 3a, 
4a, . . . from the origin. What is the electric field at the ori-
gin due to this distribution? Suggestion: Use

1 1
1
22 1

1
32 1

1
42 1 . . . 5

�2

6

30. A particle with charge 23.00 nC is at the origin, and 
a particle with negative charge of magnitude Q is at  
x 5 50.0 cm. A third particle with a positive charge is in 
equilibrium at x!5 20.9 cm. What is Q?

31. A small block of mass m and charge Q is placed on an insu-
lated, frictionless, inclined plane of angle � as in Figure 
P22.31. An electric field is applied parallel to the incline. (a) 
Find an expression for the magnitude of the electric field 
that enables the block to remain at rest. (b) If m 5 5.40 g,  

Q 5 27.00 �C, and �!5 25.08, 
determine the magnitude 
and the direction of the elec-
tric field that enables the 
block to remain at rest on the 
incline.

32. A small sphere of charge 
q1! 5 0.800 �C hangs from 
the end of a spring as in Fig-
ure P22.32a. When another small sphere of charge q2! 5 
20.600! �C is held beneath the first sphere as in Figure 
P22.32b, the spring stretches by d 5 3.50!cm from its orig-
inal length and reaches a new equilibrium position with a 
separation between the charges of r 5 5.00 cm. What is the 
force constant of the spring?

d

r

k k

!

!

"

a b

q1
q1

q2

Figure P22.32

33. A charged cork ball of mass 
1.00! g is suspended on a light 
string in the presence of a uni-
form electric field as shown 
in Figure P22.33. When E

S
5

s3.00 i
⁄

1 5.00 j
⁄d 3 105 NyC, the 

ball is in equilibrium at � 5 
37.08. Find (a) the charge on 
the ball and (b) the tension in 
the string.

34. A charged cork ball of mass m 
is suspended on a light string 
in the presence of a uniform 
electric field as shown in Figure P22.33. When E

S
5 A i

⁄
1 B j

⁄
, 

where A and B are positive quantities, the ball is in equilib-
rium at the angle �. Find (a) the charge on the ball and (b) 
the tension in the string.

35. Three charged particles are aligned along the x axis as 
shown in Figure P22.35. Find the electric field at (a) the posi-
tion (2.00 m, 0) and (b) the position (0, 2.00 m).
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ANS. FIG. P22.35(b) 

P22.36 (a) The two given charges exert equal 

size forces of attraction on each other. 

If a third charge, positive or negative, 

were placed between them they 

could not be in equilibrium. If the third charge were at a point  

x > 15.0 cm, it would exert a stronger force on the 45.0-µC charge 

than on the –12.0-µC charge, and could not produce equilibrium 

for both. Thus the third charge must be at x = –d < 0. 

 

 (b)  The equilibrium of the third charge requires  

    

  Solving, 

    

  The third charge is at . 

 (c) The equilibrium of the –12.0-µC charge requires 

    

  solving, 

    

ANS. FIG. P22.36 

θ1 = tan−1 ( 2
0.5 ) = 75.96∘

θ3 = tan−1 ( 2
0.8 ) = 68.20∘



Electric Field Lines

Field lines give us a means of representing the electric field pictorially. 

The electric field vector is tangent to the electric field line at each point. 

▪ The line has a direction that is the same as that of the electric field vector. 

The number of lines per unit area through a surface perpendicular to the lines is 
proportional to the magnitude of the electric field in that region.

Section  22.5



Electric Field Lines, General

The density of lines through surface A 
is greater than through surface B. 
The magnitude of the electric field is 
greater on surface A than B. 
The lines at different locations point in 
different directions. 

▪ This indicates the field is 
nonuniform.

Section  22.5



Electric Field Lines, Positive Point Charge

The field lines radiate outward in all 
directions. 

▪ In three dimensions, the 
distribution is spherical. 

The lines are directed away from the 
source charge. 

▪ A positive test charge would be 
repelled away from the positive 
source charge.

Section  22.5



Electric Field Lines, Negative Point Charge

The field lines radiate inward in all 
directions. 

The lines are directed toward the 
source charge. 

▪ A positive test charge would be 
attracted toward the negative 
source charge.

Section  22.5



Electric Field Lines – Rules for Drawing

The lines must begin on a positive charge and terminate on a negative charge. 

▪ In the case of an excess of one type of charge, some lines will begin or 
end infinitely far away. 

The number of lines drawn leaving a positive charge or approaching a negative 
charge is proportional to the magnitude of the charge. 

No two field lines can cross. 

Remember field lines are not material objects, they are a pictorial 
representation used to qualitatively describe the electric field.

Section  22.5



Electric Field Lines – Dipole 

The charges are equal and opposite. 

The number of field lines leaving the 
positive charge equals the number of 
lines terminating on the negative 
charge.

Section  22.5



Electric Field Lines – Like Charges

The charges are equal and positive. 
The same number of lines leave each 
charge since they are equal in 
magnitude. 
At a great distance, the field is 
approximately equal to that of a single 
charge of 2q. 

Since there are no negative charges 
available, the field lines end infinitely far 
away.

Section  22.5



Electric Field Lines, Unequal Charges

The positive charge is twice the 
magnitude of the negative charge. 
Two lines leave the positive charge for 
each line that terminates on the 
negative charge. 
At a great distance, the field would be 
approximately the same as that due to 
a single charge of .+q

Section  22.5



Motion of Charged Particles

When a charged particle is placed in an electric field, it experiences an electrical 
force. 
If this is the only force on the particle, it must be the net force. 
The net force will cause the particle to accelerate according to Newton’s second 
law.

Section  22.6



Motion of Particles, cont

  
If  the field  is uniform, then the acceleration is constant. 

The particle under constant acceleration model can be applied to the motion of 
the particle. 

▪ The electric force causes a particle to move according to the models of 
forces and motion. 

If the particle has a positive charge, its acceleration is in the direction of the field. 
If the particle has a negative charge, its acceleration is in the direction opposite 
the electric field.

Fe = qE = m a

Section  22.6



Electron in a Uniform Field, Example

The electron is projected horizontally 
into a uniform electric field. 

The electron undergoes a downward 
acceleration. 

▪ It is negative, so the acceleration is 
opposite the direction of the field. 

Its motion is parabolic while between 
the plates.

Section  22.6



Section  22.3

A uniform electric field  is directed along the  axis between parallel plates of charge separated by a distance  as 
shown in the figure. A positive point charge  of mass  is released from rest at a point (A) next to the positive plate and 
accelerates to a point (B) next to the negative plate. 
(A) Find the speed of the particle at (B) by modeling it as a particle under constant acceleration.

E x d
q m

Example 22.07: An Accelerating Positive Charge: Two Models

v2
f = v2

i + 2a (xf − xi) = 0 + 2a(d − 0) = 2ad

vf = 2ad = 2 ( qE
m )d =

2qEd
m
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 Example 22.7     An Accelerating Positive Charge: Two Models

A uniform electric field E
S

 is directed along the x axis between parallel plates of charge separated 
by a distance d as shown in Figure 22.20. A positive point charge q of mass m is released from rest 
at a point � next to the positive plate and accelerates to a point � next to the negative plate.

(A) Find the speed of the particle at � by modeling it as a particle under constant acceleration.

S O L U T I O N

Conceptualize  When the positive charge is placed at �, it experi-
ences an electric force toward the right in Figure 22.20 due to the 
electric field directed toward the right. As a result, it will acceler-
ate to the right and arrive at � with some speed.

Categorize  Because the electric field is uniform, a constant elec-
tric force acts on the charge. Therefore, as suggested in the dis-
cussion preceding the example and in the problem statement, the 
point charge can be modeled as a charged particle under constant acceleration.

Analyze  Use Equation 2.17 to express the velocity of the  vf
2 5 vi

2 1 2a(xf 2 xi) 5 0 1 2a(d 2 0) 5 2ad 
particle as a function of position:

Solve for vf and substitute for the magnitude of the  vf 5 Ï2ad 5Î2SqE
m Dd 5 Î2qEd

macceleration from Equation 22.11:

(B) Find the speed of the particle at � by modeling it as a nonisolated system in terms of energy.

S O L U T I O N

Categorize  The problem statement tells us that the charge is a nonisolated system for energy. The electric force, like any force, 
can do work on a system. Energy is transferred to the system of the charge by work done by the electric force exerted on the 
charge. The initial configuration of the system is when the particle is at rest at �, and the final configuration is when it is 
moving with some speed at �.

Analyze  Write the appropriate reduction of the  W 5 DK 
conservation of energy equation, Equation 8.2, for  
the system of the charged particle:

Replace the work and kinetic energies with values  Fe Dx 5 K�2 K� 5 1
2mvf

2 2 0   S   vf 5Î2Fe Dx

mappropriate for this situation:

Substitute for the magnitudes of the electric force  vf 5Î2sqEdsdd
m

5 Î2qEd
m

 
Fe from the particle in a field model and the  
displacement Dx:

Finalize  The answer to part (B) is the same as that for part (A), as we expect. This problem can be solved with different 
approaches. We saw the same possibilities with mechanical problems.

!
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Figure 22.20  (Example 22.7) A 
positive point charge q in a uni-
form electric field E

S
 undergoes 

constant acceleration in the direc-
tion of the field.

 Example 22.8     An Accelerated Electron

An electron enters the region of a uniform electric field as shown in Figure 22.21, with vi 5 3.00 3 106 m/s and  
E!5 200!N/C. The horizontal length of the plates is , 5 0.100 m.

(A) Find the acceleration of the electron while it is in the electric field.
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(B) Find the speed of the particle at (B) by modeling it as a nonisolated system in 
terms of energy.

W = ΔK

FeΔx = KB − KA =
1
2

mv2
f − 0 → vf =

2FeΔx
m

vf =
2(qE )(d )

m
=

2qEd
m



Section  22.3

An electron enters the region of a uniform electric field as shown in the figure, with  and . 
The horizontal length of the plates is . 

(A) Find the acceleration of the electron while it is in the electric field.

vi = 3.00 × 106 m /s E = 200 N/C
ℓ = 0.100 m

Example 22.08: An Accelerated Electron

ay = −
eE
me

ay = − (1.60 × 10−19C)(200 N/C)
9.11 × 10−31 kg

= − 3.51 × 1013 m /s2

(B) Assuming the electron enters the field at time , find the time at which it 
leaves the field.

t = 0


xf = xi + vxt → t =
xf − xi

vx

t =
ℓ − 0

vx
=

0.100 m
3.00 × 106 m /s

= 3.33 × 10−8 s

   22.6 Motion of a Charged Particle in a Uniform Electric Field  607

22.8 c o n t i n u e d

S O L U T I O N

Conceptualize  This example differs from the preceding one because 
the velocity of the charged particle is initially perpendicular to the elec-
tric field lines. (In Example 22.7, the velocity of the charged particle is 
always parallel to the electric field lines.) As a result, the electron in this 
example follows a curved path as shown in Figure!22.21. The motion of 
the electron is the same as that of a massive particle projected horizon-
tally in a gravitational field near the surface of the Earth.

Categorize  The electron is a particle in a field (electric). Because the 
electric field is uniform, a constant electric force is exerted on the 
electron. To find the acceleration of the electron, we can model it as a  
particle under a net force.

Analyze  From the particle in a field model, we know that the direc-
tion of the electric force on the electron is downward in Figure!22.21, 
opposite the direction of the electric field lines. From the particle 
under a net force model, therefore, the acceleration of the electron  
is downward.

(0, 0)

!

(x, y)

vi î
!

!
vS

x

y

The electron undergoes a downward 
acceleration (opposite E), and its motion 
is parabolic while it is between the plates.

S

E
S

 

" " " " " " " " " " " "

! ! ! ! ! ! ! ! ! ! ! !

Figure 22.21 (Example 22.8) An electron is projected 
horizontally into a uniform electric field produced by 
two charged plates.

The particle under a net force model was used to develop 
Equation 22.11 in the case in which the electric force on a 
particle is the only force. Use this equation to evaluate the 
y component of the acceleration of the electron:

ay 5 2 

eE
me

 

(B) Assuming the electron enters the field at time t 5 0, find the time at which it leaves the field.

S O L U T I O N

Categorize  Because the electric force acts only in the vertical direction in Figure!22.21, the motion of the particle in the hor-
izontal direction can be analyzed by modeling it as a particle under constant velocity.

Analyze  Solve Equation 2.7 for the time at which  xf 5 xi 1 vx t   S   t 5
xf 2 xi

vx

 
the electron arrives at the right edges of the plates:

Substitute numerical values: t 5
/ 2 0

vx

5
0.100 m

3.00 3 106 mys
5  3.33 3 1028 s

(C) Assuming the vertical position of the electron as it enters the field is yi 5 0, what is its vertical position when it leaves the field?

S O L U T I O N

Categorize  Because the electric force is constant in Figure 22.21, the motion of the particle in the vertical direction can be 
analyzed by modeling it as a particle under constant acceleration.

Analyze  Use Equation 2.16 to describe the position of  yf 5 yi 1 vyi t 1 1
2ayt

2 
the particle at any time t :

Substitute numerical values: yf 5 0 1 0 1 1
2 s23.51 3 1013 mys2ds3.33 3 1028 sd2 

 5 20.019 5 m 5   21.95 cm

Finalize  If the electron enters just below the negative plate in Figure 22.21 and the separation between the plates is less than 
the value just calculated, the electron will strike the positive plate.
 Notice that we have used four analysis models to describe the electron in the various parts of this problem. We have 
neglected the gravitational force acting on the electron, which represents a good approximation when dealing with atomic 
particles. For an electric field of 200!N/C, the ratio of the magnitude of the electric force eE to the magnitude of the gravita-
tional force mg is on the order of 1012 for an electron and on the order of 109 for a proton.

Substitute numerical values: ay 5 2
s1.60 3 10219 Cds200 NyCd

9.11 3 10231 kg
5  23.51 3 1013 m/s2
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(C) Assuming the vertical position of the electron as it enters the field is , 
what is its vertical position when it leaves the field?

yi = 0


yf = yi + vyit +
1
2

ayt2

yf = 0 + 0 +
1
2 (−3.51 × 1013 m /s2) (3.33 × 10−8 s)2

= − 0.0195 m = − 1.95 cm



Section  22.3

A proton accelerates from rest in a uniform electric field of . At one later moment, its speed is  (nonrelativistic 
because  is much less than the speed of light). 

(a) Find the acceleration of the proton. (b) Over what time interval does the proton reach this speed? (c) How far does it move in 
this time interval? (d) What is its kinetic energy at the end of this interval?

640 N/C 1.20Mm /s
v

Problem 22.24:

(a) We obtain the acceleration of the proton from the particle under a net force model, with  representing the electric force:





(b) The particle under constant acceleration model gives us , from which we obtain





(c) Again, from the particle under constant acceleration model,





(d) The final kinetic energy of the proton is


F = qE

a =
F
m

=
qE
m

= (1.602 × 10−19C)(640 N/C)
1.67 × 10−27 kg

= 6.14 × 1010 m/s2

vf = vi + at

t =
vf − 0

a
=

1.20 × 106 m /s
6.14 × 1010 m /s2

= 19.5μ s

Δx = vit +
1
2

at2 = 0 +
1
2 (6.14 × 1010 m /s2) (19.5 × 10−6 s)2

= 11.7 m

K =
1
2

mv2 =
1
2 (1.67 × 10−27 kg) (1.20 × 106 m /s)2 = 1.20 × 10−15 J



Section  22.3

A proton moves at  in the horizontal direction. It enters a uniform vertical electric field with a magnitude of 
. Ignoring any gravitational effects, find (a) the time interval required for the proton to travel 5.00 cm 

horizontally, (b) its vertical displacement during the time interval in which it travels 5.00 cm horizontally, and (c) the horizontal 
and vertical components of its velocity after it has traveled 5.00 cm horizontally.

4.50 × 105 m /s
9.60 × 103 N/C

Problem 22.25:

 is directed along the  direction; therefore,  and .


(a) 


(b) 








(c) 


E y ax = 0 x = vxit

t = x
vxi

= 0.0500 m
4.50 × 105 s

= 1.11 × 10−7 s = 111 ns

ay = qE
m =

(1.602 × 10−19C)(9.60 × 103 N/C)
1.67 × 10−27 kg

= 9.21 × 1011 m /s2

yf − yi = vyit +
1
2

ayt2 :

yf =
1
2 (9.21 × 1011 m /s2) (1.11 × 10−7 s)2

= 5.68 × 10−3 m = 5.67 mm

vx = 4.50 × 105 m /s

vyf = vyi + ayt = (9.21 × 1011 m /s2) (1.11 × 10−7 s) = 1.02 × 105 m /s

v = (450 ̂i + 102 ̂j)km /s


