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Maxwell’s Equations
1873 
▪ James Clerk Maxwell used observations and other experimental facts as 

a basis for formulating the laws of electromagnetism. 
▪Unified electricity and magnetism 

The goal of this class is to understand Maxwell’s 
equations.

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.
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Buy or borrow this book if you can 
(not mandatory but strongly suggested)
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An atom
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Particles Summary

Two kinds of electric charges: positive and negative 
▪Negative charges are the type possessed by electrons. 
▪Positive charges are the type possessed by protons.

What is the charge of a natural atom?
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Electric charges

Charge is quantized = it exists as discreet packets

symbol for charge = q 

▪N is an integer = the number of charges 
▪e is the fundamental unit of charge 
▪ |e| = 1.6 x 10-19 C 
▪unit of charge is the Coulomb C

▪Electron: q = -e 
▪Proton: q = +e

q = ± Ne
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Example

What is the total charge of a material containing 20 electrons and 
10 protons?

Q = 20 x -e + 10 x e 


    = 10 x -e


    =  10 x -1.6 x 10-19


      = -1.6 x 10-18  C
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Electric charges
Charges of the same sign repel one another and charges with 
opposite signs attract one another.
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Conservation of charge q
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.

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.
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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. 
▪ When a good conductor is charged in a small region, the charge 

readily distributes itself over the entire surface of the material. 

▪ metals are conductors
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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. 
▪ 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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Conductor and Insulator
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Semi-Conductors
The electrical properties of semiconductors are somewhere between 
those of insulators and conductors. 

The electrical properties of semiconductors can be changed by the 
addition of controlled amounts of certain atoms to the material: 
dopants

Examples of semiconductor 
materials include silicon and 
germanium. 
▪ Semiconductors made 

from these materials are 
commonly used in 
making electronic chips.
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Induction (in conductors)
Charging by induction requires no contact with the object inducing the charge. 

▪ the bar does not touch the sphere. 
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Induction (in conductors)
Charging by induction requires no contact with the object inducing the charge. 

The sphere is grounded. The positive charge has been 
induced in the sphere.
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Induction (in conductors)
Charging by induction requires no contact with the object inducing the charge. 

There is still a net 
positive charge on 
the sphere. 
The charge is now 
uniformly 
distributed.
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Induction (in conductors)
Charging by induction requires no contact with the object inducing the charge. 

▪ the bar does not touch the sphere. The sphere is grounded. 

There is still a net 
positive charge 
on the sphere. 
The charge is now 
uniformly 
distributed.

The positive charge has been 
induced in the sphere. https://javalab.org/en/electroscope_en/

https://javalab.org/en/electroscope_en/
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Charge rearrangements 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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Conductor and Insulator
https://javalab.org/en/conductor_and_insulator_en/

https://javalab.org/en/conductor_and_insulator_en/
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Coulomb’s law

▪ e = 1.6 x 10-19 C

q = ± Ne

= how to define electrical force

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

= 1 2
2e e

q q
F k

r

▪ !o is the permittivity of free 
space = describes how well 
vacuum conducts electricity 

▪ !o = 8.8542 x 10-12 C2 / N.m2

ke is called the Coulomb constant. 

▪ ke = 8.9876 x 109 N.m2/C2 = 1/(4π!o)
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Vector nature of the EM force

~F12 = ke
q1q2
r2

r̂12
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Vector nature of the EM force

~F12 = ke
q1q2
r2

r̂12
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Newton’s 3rd law!
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<latexit sha1_base64="VVb398lCPPRd7s2OIlPow/tQcmY=">AAACGXicbVDLSsNAFJ34rPVVdekmWAQ3lqQIuhGKgrisYB/QxDCZ3rRDJ4/OTAplyG+48VfcuFDEpa78G6dtFtp6YOBwzrncucdPGBXSsr6NpeWV1bX1wkZxc2t7Z7e0t98UccoJNEjMYt72sQBGI2hIKhm0Ew449Bm0/MH1xG+NgAsaR/dynIAb4l5EA0qw1JJXspwREHWTecquZpcDD5yAY6JOh5499KqZ4g/VzOljqfgsUvRKZatiTWEuEjsnZZSj7pU+nW5M0hAiSRgWomNbiXQV5pISBlnRSQUkmAxwDzqaRjgE4arpZZl5rJWuGcRcv0iaU/X3hMKhEOPQ18kQy76Y9ybif14nlcGFq2iUpBIiMlsUpMyUsTmpyexSDkSysSaYcKr/apI+1tVIXeakBHv+5EXSrFZsq2LfnZVrV3kdBXSIjtAJstE5qqFbVEcNRNAjekav6M14Ml6Md+NjFl0y8pkD9AfG1w88sKBq</latexit><latexit sha1_base64="VVb398lCPPRd7s2OIlPow/tQcmY=">AAACGXicbVDLSsNAFJ34rPVVdekmWAQ3lqQIuhGKgrisYB/QxDCZ3rRDJ4/OTAplyG+48VfcuFDEpa78G6dtFtp6YOBwzrncucdPGBXSsr6NpeWV1bX1wkZxc2t7Z7e0t98UccoJNEjMYt72sQBGI2hIKhm0Ew449Bm0/MH1xG+NgAsaR/dynIAb4l5EA0qw1JJXspwREHWTecquZpcDD5yAY6JOh5499KqZ4g/VzOljqfgsUvRKZatiTWEuEjsnZZSj7pU+nW5M0hAiSRgWomNbiXQV5pISBlnRSQUkmAxwDzqaRjgE4arpZZl5rJWuGcRcv0iaU/X3hMKhEOPQ18kQy76Y9ybif14nlcGFq2iUpBIiMlsUpMyUsTmpyexSDkSysSaYcKr/apI+1tVIXeakBHv+5EXSrFZsq2LfnZVrV3kdBXSIjtAJstE5qqFbVEcNRNAjekav6M14Ml6Md+NjFl0y8pkD9AfG1w88sKBq</latexit><latexit sha1_base64="VVb398lCPPRd7s2OIlPow/tQcmY=">AAACGXicbVDLSsNAFJ34rPVVdekmWAQ3lqQIuhGKgrisYB/QxDCZ3rRDJ4/OTAplyG+48VfcuFDEpa78G6dtFtp6YOBwzrncucdPGBXSsr6NpeWV1bX1wkZxc2t7Z7e0t98UccoJNEjMYt72sQBGI2hIKhm0Ew449Bm0/MH1xG+NgAsaR/dynIAb4l5EA0qw1JJXspwREHWTecquZpcDD5yAY6JOh5499KqZ4g/VzOljqfgsUvRKZatiTWEuEjsnZZSj7pU+nW5M0hAiSRgWomNbiXQV5pISBlnRSQUkmAxwDzqaRjgE4arpZZl5rJWuGcRcv0iaU/X3hMKhEOPQ18kQy76Y9ybif14nlcGFq2iUpBIiMlsUpMyUsTmpyexSDkSysSaYcKr/apI+1tVIXeakBHv+5EXSrFZsq2LfnZVrV3kdBXSIjtAJstE5qqFbVEcNRNAjekav6M14Ml6Md+NjFl0y8pkD9AfG1w88sKBq</latexit><latexit sha1_base64="VVb398lCPPRd7s2OIlPow/tQcmY=">AAACGXicbVDLSsNAFJ34rPVVdekmWAQ3lqQIuhGKgrisYB/QxDCZ3rRDJ4/OTAplyG+48VfcuFDEpa78G6dtFtp6YOBwzrncucdPGBXSsr6NpeWV1bX1wkZxc2t7Z7e0t98UccoJNEjMYt72sQBGI2hIKhm0Ew449Bm0/MH1xG+NgAsaR/dynIAb4l5EA0qw1JJXspwREHWTecquZpcDD5yAY6JOh5499KqZ4g/VzOljqfgsUvRKZatiTWEuEjsnZZSj7pU+nW5M0hAiSRgWomNbiXQV5pISBlnRSQUkmAxwDzqaRjgE4arpZZl5rJWuGcRcv0iaU/X3hMKhEOPQ18kQy76Y9ybif14nlcGFq2iUpBIiMlsUpMyUsTmpyexSDkSysSaYcKr/apI+1tVIXeakBHv+5EXSrFZsq2LfnZVrV3kdBXSIjtAJstE5qqFbVEcNRNAjekav6M14Ml6Md+NjFl0y8pkD9AfG1w88sKBq</latexit>

The sign of the product of q1q2 gives the relative direction of the 
force between q1 and q2. 

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

Matthew Szydagis
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More than 2 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. 

     

0.50 m   1.50 m

~F3 = ~F13 + ~F23

F3 = F13 � F23

F3 = ke
|q1||q3|
r2

� ke
|q2||q3|
r2

F3 = ke(
1⇥ 1

0.52
� 1⇥ 1

1.52
)

F3 = 8.9876⇥ 109 ⇥ 3.56

F3 = 3.2⇥ 1010N
<latexit sha1_base64="rskLuSCkOSoC9URl+5d5yGr5lCs="></latexit><latexit sha1_base64="rskLuSCkOSoC9URl+5d5yGr5lCs="></latexit><latexit sha1_base64="rskLuSCkOSoC9URl+5d5yGr5lCs="></latexit><latexit sha1_base64="rskLuSCkOSoC9URl+5d5yGr5lCs="></latexit>

What is the resultant force on q3?

Matthew Szydagis
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Electrical force with other forces

Matthew Szydagis
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Example Problem 1
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Section 23.2 Charging Objects by Induction 

Section 23.3 Coulomb’s Law 

*P23.3 The force on one proton is 
    


F = keq1q2

r2  away from the other proton. Its 

magnitude is 
   

 
8.99 × 109  N ⋅m C2( ) 1.60 × 10−19  C

2 × 10−15  m
⎛
⎝⎜

⎞
⎠⎟

2

= 57.5 N
 

*P23.4 In the first situation, 
    


FA  on B,1 =

ke qA qB

r1
2 î.  In the second situation,  qA  

and  qB  are the same. 
   

    


FB  on A ,2 = −


FA  on B = ke qA qB

r2
2 −î( )

F2

F1

= ke qA qB

r2
2

r1
2

ke qA qB

F2 =
F1r1

2

r2
2 = 2.62 µN( ) 13.7 mm

17.7 mm( )2

= 1.57 µN

 

 Then 
    


FB  on A ,2 = 1.57 µN to the left .  

*P23.5 The electric force is given by 

   

  

F = ke
q1q2

r12( )2 = 8.99 × 109  N ⋅m2/C2( ) +40 C( ) −40 C( )
2 000 m( )2

= −3.60 × 106  N (attractive) = 3.60 × 106  N  downward

 

P23.6 (a) The two ions are both singly charged,   q = 1e , one positive and 
one negative. Thus, 

   

  

F =
ke q1 q2

r2 = kee
2

r2

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

0.500× 10−9  m( )2

= 9.21× 10−10  N

 

 (b) No. The electric force depends only on the magnitudes of the two 
charges and the distance between them. 

Matthew Szydagis
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P23.10 (a) 

  

Fe =
keq1q2

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

3.80 × 10−10  m( )2

= 1.59 × 10−9  N  repulsion( )

 

 (b) 

  

Fg =
Gm1m2

r2 =
6.67 × 10−11  N ⋅m2 / C2( ) 1.67 × 10−27  kg( )2

3.80 × 10−10  m( )2

= 1.29 × 10−45  N

 

  The electric force is 
 
larger by 1.24 × 1036  times .  

 (c) If 
  
ke

q1q2

r2 = G
m1m2

r2  with q1 = q2 = q and m1 = m2 = m, then 

   
  

q
m

=
G
ke

=
6.67 × 10−11  N ⋅m2 / kg2

8.99 × 109  N ⋅m2 / C2 = 8.61× 10−11  C/kg  

P23.11 The particle at the origin 
carries a positive charge of 
5.00 nC. The electric force 
between this particle and 
the –3.00-nC particle 
located on the –y axis will 
be attractive and point 
toward the –y direction 
and is shown with    


F3  in 

the diagram, while the electric force between this particle and the 6.00-
nC particle located on the x axis will be repulsive and point toward the 
–x direction, shown with    


F6  in the diagram. The resultant force should 

point toward the third quadrant, as shown in the diagram with    

FR.  

Although the charge on the x axis is greater in magnitude, its distance 
from the origin is three times larger than the –3.00-nC charge. We 
expect the resultant force to make a small angle with the –y axis and be 
approximately equal in magnitude with F3. 

 From the diagram in ANS. FIG. P23.11, the two forces are 
perpendicular, and the components of the resultant force are  

  

  

Fx = −F6 = − 8.99× 109  
N ⋅m2

C2

⎛
⎝⎜

⎞
⎠⎟

6.00× 10−9  C( ) 5.00× 10−9  C( )
0.300 m( )2

= −3.00× 10−6  N    to the left( )

 

ANS. FIG. P23.11 
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P23.10 (a) 

  

Fe =
keq1q2

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

3.80 × 10−10  m( )2

= 1.59 × 10−9  N  repulsion( )

 

 (b) 

  

Fg =
Gm1m2

r2 =
6.67 × 10−11  N ⋅m2 / C2( ) 1.67 × 10−27  kg( )2

3.80 × 10−10  m( )2

= 1.29 × 10−45  N

 

  The electric force is 
 
larger by 1.24 × 1036  times .  

 (c) If 
  
ke

q1q2

r2 = G
m1m2

r2  with q1 = q2 = q and m1 = m2 = m, then 

   
  

q
m

=
G
ke

=
6.67 × 10−11  N ⋅m2 / kg2

8.99 × 109  N ⋅m2 / C2 = 8.61× 10−11  C/kg  

P23.11 The particle at the origin 
carries a positive charge of 
5.00 nC. The electric force 
between this particle and 
the –3.00-nC particle 
located on the –y axis will 
be attractive and point 
toward the –y direction 
and is shown with    


F3  in 

the diagram, while the electric force between this particle and the 6.00-
nC particle located on the x axis will be repulsive and point toward the 
–x direction, shown with    


F6  in the diagram. The resultant force should 

point toward the third quadrant, as shown in the diagram with    

FR.  

Although the charge on the x axis is greater in magnitude, its distance 
from the origin is three times larger than the –3.00-nC charge. We 
expect the resultant force to make a small angle with the –y axis and be 
approximately equal in magnitude with F3. 

 From the diagram in ANS. FIG. P23.11, the two forces are 
perpendicular, and the components of the resultant force are  

  

  

Fx = −F6 = − 8.99× 109  
N ⋅m2

C2

⎛
⎝⎜

⎞
⎠⎟

6.00× 10−9  C( ) 5.00× 10−9  C( )
0.300 m( )2

= −3.00× 10−6  N    to the left( )

 

ANS. FIG. P23.11 
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Fy = −F3 = − 8.99× 109  
N ⋅m2

C2

⎛
⎝⎜

⎞
⎠⎟

3.00× 10−9  C( ) 5.00× 10−9  C( )
0.100 m( )2

= −1.35× 10−5  N   downward( )

 

 (a) The forces are perpendicular, so the magnitude of the resultant is  

   
  FR = F6( )2 + F3( )2 = 1.38 × 10−5  N  

  (b) The magnitude of the angle of the resultant is  

   
  
θ = tan−1 F3

F6

⎛
⎝⎜

⎞
⎠⎟
= 77.5°  

  The resultant force is in the third quadrant, so the direction is  
   

  
77.5° below − x  axis

 

P23.12 The forces are as shown in ANS. FIG. P23.12. 

 

ANS. FIG. P23.12 
  

  

F1 =
keq1q2

r12
2 = 8.99× 109  

N ⋅m2

C2

⎛
⎝⎜

⎞
⎠⎟

6.00× 10−6  C( ) 1.50× 10−6  C( )
3.00× 10−2  m( )2

= 89.9 N

  

 

  

F2 =
keq1 q3

r13
2 = 8.99× 109  

N ⋅m2

C2

⎛
⎝⎜

⎞
⎠⎟

6.00× 10−6  C( ) 2.00× 10−6  C( )
5.00× 10−2  m( )2

= 43.2 N

 

 

  

F3 =
keq2 q3

r23
2 = 8.99× 109  

N ⋅m2

C2

⎛
⎝⎜

⎞
⎠⎟

1.50× 10−6  C( ) 2.00× 10−6  C( )
2.00× 10−2  m( )2

= 67.4 N

 

 (a) The net force on the 6 µC charge is  

   
  
F6µC( ) = F1 − F2 = 46.7 N  to the left  

 (b) The net force on the 1.5 µC charge is  
   

  
F1.5µC( ) = F1 + F3 = 157 N  to the right

  

 (c) The net force on the –2 µC charge is  

   
  
F −2µC( ) = F2 + F3 = 111 N  to the left   

Matthew Szydagis
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P23.10 (a) 

  

Fe =
keq1q2

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

3.80 × 10−10  m( )2

= 1.59 × 10−9  N  repulsion( )

 

 (b) 

  

Fg =
Gm1m2

r2 =
6.67 × 10−11  N ⋅m2 / C2( ) 1.67 × 10−27  kg( )2

3.80 × 10−10  m( )2

= 1.29 × 10−45  N

 

  The electric force is 
 
larger by 1.24 × 1036  times .  

 (c) If 
  
ke

q1q2

r2 = G
m1m2

r2  with q1 = q2 = q and m1 = m2 = m, then 

   
  

q
m

=
G
ke

=
6.67 × 10−11  N ⋅m2 / kg2

8.99 × 109  N ⋅m2 / C2 = 8.61× 10−11  C/kg  

P23.11 The particle at the origin 
carries a positive charge of 
5.00 nC. The electric force 
between this particle and 
the –3.00-nC particle 
located on the –y axis will 
be attractive and point 
toward the –y direction 
and is shown with    


F3  in 

the diagram, while the electric force between this particle and the 6.00-
nC particle located on the x axis will be repulsive and point toward the 
–x direction, shown with    


F6  in the diagram. The resultant force should 

point toward the third quadrant, as shown in the diagram with    

FR.  

Although the charge on the x axis is greater in magnitude, its distance 
from the origin is three times larger than the –3.00-nC charge. We 
expect the resultant force to make a small angle with the –y axis and be 
approximately equal in magnitude with F3. 

 From the diagram in ANS. FIG. P23.11, the two forces are 
perpendicular, and the components of the resultant force are  

  

  

Fx = −F6 = − 8.99× 109  
N ⋅m2

C2

⎛
⎝⎜

⎞
⎠⎟

6.00× 10−9  C( ) 5.00× 10−9  C( )
0.300 m( )2

= −3.00× 10−6  N    to the left( )

 

ANS. FIG. P23.11 
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Fy = −F3 = − 8.99× 109  
N ⋅m2

C2

⎛
⎝⎜

⎞
⎠⎟

3.00× 10−9  C( ) 5.00× 10−9  C( )
0.100 m( )2

= −1.35× 10−5  N   downward( )

 

 (a) The forces are perpendicular, so the magnitude of the resultant is  

   
  FR = F6( )2 + F3( )2 = 1.38 × 10−5  N  

  (b) The magnitude of the angle of the resultant is  

   
  
θ = tan−1 F3

F6

⎛
⎝⎜

⎞
⎠⎟
= 77.5°  

  The resultant force is in the third quadrant, so the direction is  
   

  
77.5° below − x  axis

 

P23.12 The forces are as shown in ANS. FIG. P23.12. 

 

ANS. FIG. P23.12 
  

  

F1 =
keq1q2

r12
2 = 8.99× 109  

N ⋅m2

C2

⎛
⎝⎜

⎞
⎠⎟

6.00× 10−6  C( ) 1.50× 10−6  C( )
3.00× 10−2  m( )2

= 89.9 N

  

 

  

F2 =
keq1 q3

r13
2 = 8.99× 109  

N ⋅m2

C2

⎛
⎝⎜

⎞
⎠⎟

6.00× 10−6  C( ) 2.00× 10−6  C( )
5.00× 10−2  m( )2

= 43.2 N

 

 

  

F3 =
keq2 q3

r23
2 = 8.99× 109  

N ⋅m2

C2

⎛
⎝⎜

⎞
⎠⎟

1.50× 10−6  C( ) 2.00× 10−6  C( )
2.00× 10−2  m( )2

= 67.4 N

 

 (a) The net force on the 6 µC charge is  

   
  
F6µC( ) = F1 − F2 = 46.7 N  to the left  

 (b) The net force on the 1.5 µC charge is  
   

  
F1.5µC( ) = F1 + F3 = 157 N  to the right

  

 (c) The net force on the –2 µC charge is  

   
  
F −2µC( ) = F2 + F3 = 111 N  to the left   

Matthew Szydagis
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P23.15 The force exerted on the 7.00-µC charge by the 2.00-µC charge is  
     

    


F1 = ke

q1q2

r2 r̂

=
(8.99 × 109  N ⋅m2/C2 )(7.00 × 10–6  C)(2.00 × 10–6  C)

(0.500 m)2

                                                            × (cos 60°î+ sin 60°ĵ)

F1 = (0.252 î+ 0.436 ĵ) N

 

  Similarly, the force on the 7.00-µC charge by the –4.00-µC charge is 
    

     

F2 = ke
q1q3

r2 r̂

= –
(8.99× 109  N ⋅m2/C2 )(7.00× 10–6  C)(–4.00× 10–6  C)

(0.500 m)2

                                                              × (cos 60°î− sin 60°ĵ)

F2 = (0.503î − 0.872 ĵ) N

 

 Thus, the total force on the 7.00-µC charge is  

      

F =

F1 +

F2 = (0.755 î− 0.436 ĵ) N  

 We can also write the total force as:  
    

   


F = 0.755 N( ) î− 0.436 N( ) ĵ= 0.872 N at an angle of 330°

 

 

 ANS. FIG. P23.15 

P23.16 Consider the free-body diagram of one of the 
spheres shown in ANS. FIG. P23.16. Here, T is 
the tension in the string and Fe is the repulsive 
electrical force exerted by the other sphere.  

   
  Fy∑ = 0 ⇒  T cos5.0° = mg   

 or   
  
T =

mg
cos5.0°

 

   
  Fx∑ = 0 ⇒  Fe = T sin 5.0° = mg tan 5.0°  

 At equilibrium, the distance separating the two spheres is 

  r = 2Lsin 5.0°.  

 

ANS. FIG. P23.16 

14     Electric Fields 
 

© 2014 Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly accessible website, in whole or in part. 

 Thus,    Fe = mg tan 5.0°  becomes 
  

keq
2

2 L sin 5.0°( )2 = mg tan 5.0° , which yields 

   

  

L =
keq

2

mg tan 5.0° 2 sin 5.0°( )2

=
8.99 × 109  N ⋅m2/C2( ) 7.20 × 10−9  C( )2

0.200 × 10−3  kg( ) 9.80 m/s2( )tan 5.0° 2 sin 5.0°( )2 = 0.299 m

 

P23.17 (a) 
  
F =

kee
2

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

0.529 × 10−10  m( )2 = 8.22 × 10−8  N  

toward the other particle.  

 (b) We have 
  
F =

mv 2

r
 from which 

   

  

v =
Fr
m

=
8.22 × 10−8  N( ) 0.529 × 10−10  m( )

9.11× 10−31  kg

= 2.19 × 106  m/s

 

P23.18 Charge C is attracted to charge B and 
repelled by charge A, as shown in ANS. 
FIG. P23.18. In the sketch,  

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

 and 

  
 
θ = tan−1 3.00 m

4.00 m
⎛
⎝⎜

⎞
⎠⎟ = 36.9°  

 (a)   FAC( )x
= 0  

 (b) 
  

FAC( )y
= FAC = ke

qA qC

rAC
2  

  

  

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

3.00 m( )2

= 30.0 N

 

ANS. FIG. P23.18 
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P23.15 The force exerted on the 7.00-µC charge by the 2.00-µC charge is  
     

    


F1 = ke

q1q2

r2 r̂

=
(8.99 × 109  N ⋅m2/C2 )(7.00 × 10–6  C)(2.00 × 10–6  C)

(0.500 m)2

                                                            × (cos 60°î+ sin 60°ĵ)

F1 = (0.252 î+ 0.436 ĵ) N

 

  Similarly, the force on the 7.00-µC charge by the –4.00-µC charge is 
    

     

F2 = ke
q1q3

r2 r̂

= –
(8.99× 109  N ⋅m2/C2 )(7.00× 10–6  C)(–4.00× 10–6  C)

(0.500 m)2

                                                              × (cos 60°î− sin 60°ĵ)

F2 = (0.503î − 0.872 ĵ) N

 

 Thus, the total force on the 7.00-µC charge is  

      

F =

F1 +

F2 = (0.755 î− 0.436 ĵ) N  

 We can also write the total force as:  
    

   


F = 0.755 N( ) î− 0.436 N( ) ĵ= 0.872 N at an angle of 330°

 

 

 ANS. FIG. P23.15 

P23.16 Consider the free-body diagram of one of the 
spheres shown in ANS. FIG. P23.16. Here, T is 
the tension in the string and Fe is the repulsive 
electrical force exerted by the other sphere.  

   
  Fy∑ = 0 ⇒  T cos5.0° = mg   

 or   
  
T =

mg
cos5.0°

 

   
  Fx∑ = 0 ⇒  Fe = T sin 5.0° = mg tan 5.0°  

 At equilibrium, the distance separating the two spheres is 

  r = 2Lsin 5.0°.  

 

ANS. FIG. P23.16 

heres is
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Example Problem 4
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Example Problem 4 - Solution

38     Electric Fields 
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P23.59 The electric field is given by the sum of the fields due to each of the n 
particles: 

   

    


E = keq

r2 r̂∑ = keq
a2 −î( ) + keq

2a( )2 −î( ) + keq
3a( )2 −î( ) +

= −keqî
a2 1+ 1

22 +
1
32 +

⎛
⎝⎜

⎞
⎠⎟

    = − π
2keq

6a2 î

 

P23.60 The positive charge, call it q, is 50.0 cm – 20.9 cm = 29.1 cm from charge 
Q. The force on q from the –3.00 nC charge balances the force on q from 
the –Q charge:  

   

  

ke 3.00 nC( )q
0.209 m( )2 = keQq

0.291 m( )2

 

 which then gives 
   

  
Q = 3.00 nC( ) 0.291 m

0.209 m
⎛
⎝⎜

⎞
⎠⎟

2

= 5.82 nC
 

P23.61 (a)  Take up the incline as the positive x direction. Newton’s second 
law along the incline gives 

   
  Fx∑ = −mgsinθ + Q E = 0  

  solving for the electric field gives 
   

  
E = mg

Q
sinθ

 

 (b) The electric force must be up the incline, so the electric field must 
point down the incline because the charge is negative. 

   

  

E = mg
Q

sinθ =
5.40× 10−3( ) 9.80( )

7.00× 10−6 sin 25.0°

= 3.19× 103  N/C, down the incline

 

P23.62 The downward electric force on the 0.800 µC charge is balanced by the 
upward spring force:  

   

  

keq1q2

r2 = kx   
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 solving for the spring constant gives 

   

  

k = keq1q2

xr2

=
8.99× 109  N ⋅m2 /C2( ) 0.800× 10−6  C( ) 0.600× 10−6  C( )

0.0350 m( ) 0.0500 m( )2

= 49.3 N/m

 

P23.63 We integrate the expression for the incremental electric field to obtain 

   

    


E = d


E∫ =

keλ0x0dx −î( )
x 3

⎡

⎣

⎢
⎢

⎤

⎦

⎥
⎥x0

∞

∫ = −keλ0x0î x −3 dx
x0

∞

∫

= −keλ0x0î − 1
2x 2

x0

∞⎛

⎝⎜
⎞

⎠⎟

= keλ0

2x0

−î( )

 

*P23.64 (a) The gravitational force exerted on the upper  
sphere by the lower one is negligible in  
comparison to the gravitational force  
exerted by the Earth and the downward  
electrical force exerted by the lower sphere.  
Therefore, 

    
  Fy∑ = 0     →      T − mg − Fe = 0   

   or 
  
T = mg +

ke q1 q2

d2
  

  substituting numerical values, 
    

  

T = 7.50× 10−3  kg( ) 9.80 m/s2( )
   +

8.99× 109  N ⋅m2/C2( ) 32.0× 10−9  C( ) 58.0× 10−9  C( )
2.00× 10−2  m( )2

= 0.115 N

 

 (b) Once again, from the particle under a net force model, 
    

  Fy∑ = 0     →      T − mg − Fe = 0  

  or  
  

ke q1 q2

d2 = T − mg  

 

ANS. FIG. P23.64 
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Electric field

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.

Definition: The space around an electrified object - 
a space in which electric forces act

Matthew Szydagis
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Electric field (cont.)
An electric field is the field produced by some charge or charge 
distribution. 
▪ This charged object is the source charge. 
▪ If you have a charge you have a field 
▪ The presence of the test charge is not necessary for the 

field to exist. 

When another charged object, the test charge, enters this electric 
field, an electric force acts on it. The test charge serves as a 
detector of the field. 
While the field can exist anywhere, if you don’t have a test 
charge you can’t detect it.

Matthew Szydagis
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Force and Electric Field
• A source charge creates a field  
• A test charge detects the field : the test charge FEELS the effect of the field. 
• How do particles feel anything? Through force. 
• The test charge FEELS the effect of the field through the electric force.  

• There is therefore a clear connection between electric force and electric field.

~E =
~F

q0
<latexit sha1_base64="g/FdmNDGcC4gCIFOxrz5Ys1MGi4=">AAACBHicbVDLSsNAFL3xWesr6rKbwSK4KokIuhGKorisYB/QhDKZTtqhk4czk0IJWbjxV9y4UMStH+HOv3GaZqGtBy6cOede5t7jxZxJZVnfxtLyyuraemmjvLm1vbNr7u23ZJQIQpsk4pHoeFhSzkLaVExx2okFxYHHadsbXU399pgKyaLwXk1i6gZ4EDKfEay01DMrzpiS9Dq7cHyBSZq/brIsfehZWc+sWjUrB1okdkGqUKDRM7+cfkSSgIaKcCxl17Zi5aZYKEY4zcpOImmMyQgPaFfTEAdUuml+RIaOtNJHfiR0hQrl6u+JFAdSTgJPdwZYDeW8NxX/87qJ8s/dlIVxomhIZh/5CUcqQtNEUJ8JShSfaIKJYHpXRIZYp6F0bmUdgj1/8iJpndRsq2bfnVbrl0UcJajAIRyDDWdQh1toQBMIPMIzvMKb8WS8GO/Gx6x1yShmDuAPjM8fYVOYjQ==</latexit><latexit sha1_base64="g/FdmNDGcC4gCIFOxrz5Ys1MGi4=">AAACBHicbVDLSsNAFL3xWesr6rKbwSK4KokIuhGKorisYB/QhDKZTtqhk4czk0IJWbjxV9y4UMStH+HOv3GaZqGtBy6cOede5t7jxZxJZVnfxtLyyuraemmjvLm1vbNr7u23ZJQIQpsk4pHoeFhSzkLaVExx2okFxYHHadsbXU399pgKyaLwXk1i6gZ4EDKfEay01DMrzpiS9Dq7cHyBSZq/brIsfehZWc+sWjUrB1okdkGqUKDRM7+cfkSSgIaKcCxl17Zi5aZYKEY4zcpOImmMyQgPaFfTEAdUuml+RIaOtNJHfiR0hQrl6u+JFAdSTgJPdwZYDeW8NxX/87qJ8s/dlIVxomhIZh/5CUcqQtNEUJ8JShSfaIKJYHpXRIZYp6F0bmUdgj1/8iJpndRsq2bfnVbrl0UcJajAIRyDDWdQh1toQBMIPMIzvMKb8WS8GO/Gx6x1yShmDuAPjM8fYVOYjQ==</latexit><latexit sha1_base64="g/FdmNDGcC4gCIFOxrz5Ys1MGi4=">AAACBHicbVDLSsNAFL3xWesr6rKbwSK4KokIuhGKorisYB/QhDKZTtqhk4czk0IJWbjxV9y4UMStH+HOv3GaZqGtBy6cOede5t7jxZxJZVnfxtLyyuraemmjvLm1vbNr7u23ZJQIQpsk4pHoeFhSzkLaVExx2okFxYHHadsbXU399pgKyaLwXk1i6gZ4EDKfEay01DMrzpiS9Dq7cHyBSZq/brIsfehZWc+sWjUrB1okdkGqUKDRM7+cfkSSgIaKcCxl17Zi5aZYKEY4zcpOImmMyQgPaFfTEAdUuml+RIaOtNJHfiR0hQrl6u+JFAdSTgJPdwZYDeW8NxX/87qJ8s/dlIVxomhIZh/5CUcqQtNEUJ8JShSfaIKJYHpXRIZYp6F0bmUdgj1/8iJpndRsq2bfnVbrl0UcJajAIRyDDWdQh1toQBMIPMIzvMKb8WS8GO/Gx6x1yShmDuAPjM8fYVOYjQ==</latexit><latexit sha1_base64="g/FdmNDGcC4gCIFOxrz5Ys1MGi4=">AAACBHicbVDLSsNAFL3xWesr6rKbwSK4KokIuhGKorisYB/QhDKZTtqhk4czk0IJWbjxV9y4UMStH+HOv3GaZqGtBy6cOede5t7jxZxJZVnfxtLyyuraemmjvLm1vbNr7u23ZJQIQpsk4pHoeFhSzkLaVExx2okFxYHHadsbXU399pgKyaLwXk1i6gZ4EDKfEay01DMrzpiS9Dq7cHyBSZq/brIsfehZWc+sWjUrB1okdkGqUKDRM7+cfkSSgIaKcCxl17Zi5aZYKEY4zcpOImmMyQgPaFfTEAdUuml+RIaOtNJHfiR0hQrl6u+JFAdSTgJPdwZYDeW8NxX/87qJ8s/dlIVxomhIZh/5CUcqQtNEUJ8JShSfaIKJYHpXRIZYp6F0bmUdgj1/8iJpndRsq2bfnVbrl0UcJajAIRyDDWdQh1toQBMIPMIzvMKb8WS8GO/Gx6x1yShmDuAPjM8fYVOYjQ==</latexit>

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

The electric field E is defined as the electric force on a positive 
test charge per unit charge. 

~E =
~F

q0
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E⃗ is the electric field vector 

F⃗ is the electric force 
q0 is a positive test charge 
SI units of E⃗ : N/C

F⃗
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Force and Electric Field Vector

The direction of E⃗ is that of the force on a positive test charge. 
q0 is the charge upon which the field acts.

~E =
~F

q0
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The electric field vector, E⃗, at a point in space is defined as the 
electric force acting on a positive test charge, qo, placed at 
that point, divided by the test charge. 

E⃗ is the electric field vector 

F⃗ is the electric force 

q0 is a positive test charge 
SI units of E⃗ : N/C

F⃗
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▪ This is valid for a point charge only = zero size 
▪ For larger objects, the field may vary over the size of the object. 
▪ If q is positive, the force and the field are in the same direction. 
▪ If q is negative, the force and the field are in opposite directions.

Force and Electric Field

~F = q ~E
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Corollary: if you are given the electric field at a point, how can you 
find the electric force?

The electric force acting on a charge q placed in a field E is:

q

Matthew Szydagis
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Electric field, vector form

~Fe = ke
qq0
r2

r̂
<latexit sha1_base64="aF1l8YBmPcP9HqGD7hU0FQZfKAU=">AAACDXicbVDLSsNAFJ34rPUVdelmsAquSlIE3QhFQVxWsA9oaphMb9qhk0dnJoUS8gNu/BU3LhRx696df+O0zUJbD1w4nHMv997jxZxJZVnfxtLyyuraemGjuLm1vbNr7u03ZJQICnUa8Ui0PCKBsxDqiikOrVgACTwOTW9wPfGbIxCSReG9GsfQCUgvZD6jRGnJNY+dEdD0JnPhcuCC4wtC0+HQtbJUPFQyp09UKjLXLFllawq8SOyclFCOmmt+Od2IJgGEinIiZdu2YtVJiVCMcsiKTiIhJnRAetDWNCQByE46/SbDJ1rpYj8SukKFp+rviZQEUo4DT3cGRPXlvDcR//PaifIvOikL40RBSGeL/IRjFeFJNLjLBFDFx5oQKpi+FdM+0YkoHWBRh2DPv7xIGpWybZXtu7NS9SqPo4AO0RE6RTY6R1V0i2qojih6RM/oFb0ZT8aL8W58zFqXjHzmAP2B8fkDhmaceQ==</latexit><latexit sha1_base64="aF1l8YBmPcP9HqGD7hU0FQZfKAU=">AAACDXicbVDLSsNAFJ34rPUVdelmsAquSlIE3QhFQVxWsA9oaphMb9qhk0dnJoUS8gNu/BU3LhRx696df+O0zUJbD1w4nHMv997jxZxJZVnfxtLyyuraemGjuLm1vbNr7u03ZJQICnUa8Ui0PCKBsxDqiikOrVgACTwOTW9wPfGbIxCSReG9GsfQCUgvZD6jRGnJNY+dEdD0JnPhcuCC4wtC0+HQtbJUPFQyp09UKjLXLFllawq8SOyclFCOmmt+Od2IJgGEinIiZdu2YtVJiVCMcsiKTiIhJnRAetDWNCQByE46/SbDJ1rpYj8SukKFp+rviZQEUo4DT3cGRPXlvDcR//PaifIvOikL40RBSGeL/IRjFeFJNLjLBFDFx5oQKpi+FdM+0YkoHWBRh2DPv7xIGpWybZXtu7NS9SqPo4AO0RE6RTY6R1V0i2qojih6RM/oFb0ZT8aL8W58zFqXjHzmAP2B8fkDhmaceQ==</latexit><latexit sha1_base64="aF1l8YBmPcP9HqGD7hU0FQZfKAU=">AAACDXicbVDLSsNAFJ34rPUVdelmsAquSlIE3QhFQVxWsA9oaphMb9qhk0dnJoUS8gNu/BU3LhRx696df+O0zUJbD1w4nHMv997jxZxJZVnfxtLyyuraemGjuLm1vbNr7u03ZJQICnUa8Ui0PCKBsxDqiikOrVgACTwOTW9wPfGbIxCSReG9GsfQCUgvZD6jRGnJNY+dEdD0JnPhcuCC4wtC0+HQtbJUPFQyp09UKjLXLFllawq8SOyclFCOmmt+Od2IJgGEinIiZdu2YtVJiVCMcsiKTiIhJnRAetDWNCQByE46/SbDJ1rpYj8SukKFp+rviZQEUo4DT3cGRPXlvDcR//PaifIvOikL40RBSGeL/IRjFeFJNLjLBFDFx5oQKpi+FdM+0YkoHWBRh2DPv7xIGpWybZXtu7NS9SqPo4AO0RE6RTY6R1V0i2qojih6RM/oFb0ZT8aL8W58zFqXjHzmAP2B8fkDhmaceQ==</latexit><latexit sha1_base64="aF1l8YBmPcP9HqGD7hU0FQZfKAU=">AAACDXicbVDLSsNAFJ34rPUVdelmsAquSlIE3QhFQVxWsA9oaphMb9qhk0dnJoUS8gNu/BU3LhRx696df+O0zUJbD1w4nHMv997jxZxJZVnfxtLyyuraemGjuLm1vbNr7u03ZJQICnUa8Ui0PCKBsxDqiikOrVgACTwOTW9wPfGbIxCSReG9GsfQCUgvZD6jRGnJNY+dEdD0JnPhcuCC4wtC0+HQtbJUPFQyp09UKjLXLFllawq8SOyclFCOmmt+Od2IJgGEinIiZdu2YtVJiVCMcsiKTiIhJnRAetDWNCQByE46/SbDJ1rpYj8SukKFp+rviZQEUo4DT3cGRPXlvDcR//PaifIvOikL40RBSGeL/IRjFeFJNLjLBFDFx5oQKpi+FdM+0YkoHWBRh2DPv7xIGpWybZXtu7NS9SqPo4AO0RE6RTY6R1V0i2qojih6RM/oFb0ZT8aL8W58zFqXjHzmAP2B8fkDhmaceQ==</latexit>

~E =
~Fe

q0
= ke

q

r2
r̂

<latexit sha1_base64="YOjXZgnJ7UlqUf5CvraVcn2lOas=">AAACHnicbVDLSgMxFM34rPU16tLNYBFclRlRdCOIorhUsCp0xiGT3rGhmUeTTKGEfIkbf8WNC0UEV/o3ptMutPXAhZNz7iX3nihnVEjX/bampmdm5+YrC9XFpeWVVXtt/UZkBSfQIBnL+F2EBTCaQkNSyeAu54CTiMFt1Dkd+Lc94IJm6bXs5xAk+CGlMSVYGim09/0eEHWmj/yYY6LK13kIWqtu6OqjTghDo6sVv9/VfhtLxXVo19y6W8KZJN6I1NAIl6H96bcyUiSQSsKwEE3PzWWgMJeUMNBVvxCQY9LBD9A0NMUJiECV52ln2ygtJ864qVQ6pfp7QuFEiH4Smc4Ey7YY9wbif16zkPFhoGiaFxJSMvwoLpgjM2eQldOiHIhkfUMw4dTs6pA2NnFIk2jVhOCNnzxJbnbrnlv3rvZqxyejOCpoE22hHeShA3SMLtAlaiCCHtEzekVv1pP1Yr1bH8PWKWs0s4H+wPr6AcRBpB8=</latexit><latexit sha1_base64="YOjXZgnJ7UlqUf5CvraVcn2lOas=">AAACHnicbVDLSgMxFM34rPU16tLNYBFclRlRdCOIorhUsCp0xiGT3rGhmUeTTKGEfIkbf8WNC0UEV/o3ptMutPXAhZNz7iX3nihnVEjX/bampmdm5+YrC9XFpeWVVXtt/UZkBSfQIBnL+F2EBTCaQkNSyeAu54CTiMFt1Dkd+Lc94IJm6bXs5xAk+CGlMSVYGim09/0eEHWmj/yYY6LK13kIWqtu6OqjTghDo6sVv9/VfhtLxXVo19y6W8KZJN6I1NAIl6H96bcyUiSQSsKwEE3PzWWgMJeUMNBVvxCQY9LBD9A0NMUJiECV52ln2ygtJ864qVQ6pfp7QuFEiH4Smc4Ey7YY9wbif16zkPFhoGiaFxJSMvwoLpgjM2eQldOiHIhkfUMw4dTs6pA2NnFIk2jVhOCNnzxJbnbrnlv3rvZqxyejOCpoE22hHeShA3SMLtAlaiCCHtEzekVv1pP1Yr1bH8PWKWs0s4H+wPr6AcRBpB8=</latexit><latexit sha1_base64="YOjXZgnJ7UlqUf5CvraVcn2lOas=">AAACHnicbVDLSgMxFM34rPU16tLNYBFclRlRdCOIorhUsCp0xiGT3rGhmUeTTKGEfIkbf8WNC0UEV/o3ptMutPXAhZNz7iX3nihnVEjX/bampmdm5+YrC9XFpeWVVXtt/UZkBSfQIBnL+F2EBTCaQkNSyeAu54CTiMFt1Dkd+Lc94IJm6bXs5xAk+CGlMSVYGim09/0eEHWmj/yYY6LK13kIWqtu6OqjTghDo6sVv9/VfhtLxXVo19y6W8KZJN6I1NAIl6H96bcyUiSQSsKwEE3PzWWgMJeUMNBVvxCQY9LBD9A0NMUJiECV52ln2ygtJ864qVQ6pfp7QuFEiH4Smc4Ey7YY9wbif16zkPFhoGiaFxJSMvwoLpgjM2eQldOiHIhkfUMw4dTs6pA2NnFIk2jVhOCNnzxJbnbrnlv3rvZqxyejOCpoE22hHeShA3SMLtAlaiCCHtEzekVv1pP1Yr1bH8PWKWs0s4H+wPr6AcRBpB8=</latexit><latexit sha1_base64="YOjXZgnJ7UlqUf5CvraVcn2lOas=">AAACHnicbVDLSgMxFM34rPU16tLNYBFclRlRdCOIorhUsCp0xiGT3rGhmUeTTKGEfIkbf8WNC0UEV/o3ptMutPXAhZNz7iX3nihnVEjX/bampmdm5+YrC9XFpeWVVXtt/UZkBSfQIBnL+F2EBTCaQkNSyeAu54CTiMFt1Dkd+Lc94IJm6bXs5xAk+CGlMSVYGim09/0eEHWmj/yYY6LK13kIWqtu6OqjTghDo6sVv9/VfhtLxXVo19y6W8KZJN6I1NAIl6H96bcyUiSQSsKwEE3PzWWgMJeUMNBVvxCQY9LBD9A0NMUJiECV52ln2ygtJ864qVQ6pfp7QuFEiH4Smc4Ey7YY9wbif16zkPFhoGiaFxJSMvwoLpgjM2eQldOiHIhkfUMw4dTs6pA2NnFIk2jVhOCNnzxJbnbrnlv3rvZqxyejOCpoE22hHeShA3SMLtAlaiCCHtEzekVv1pP1Yr1bH8PWKWs0s4H+wPr6AcRBpB8=</latexit>
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Example Problem 5
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Example Problem 5 - Solution

18     Electric Fields 
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 (a) For an electron, 

   

    


E = mg

q
ĵ=

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

ĵ

= − 5.58× 10−11  N C( ) ĵ

 

 (b) For a proton, which is 1 836 times more massive than an electron, 

   

    


E = mg

q
ĵ=

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

ĵ

= 1.02 × 10−7  N C( ) ĵ

 

P23.24 In order for the object to “float” in the electric field, the electric force 
exerted on the object by the field must be directed upward and have a 
magnitude equal to the weight of the object. Thus, Fe = qE = mg , and 
the magnitude of the electric field must be 

 
  
E =

mg
q

=
3.80 × 10−3  kg( ) 9.80 m/s2( )

18.0 × 10−6  C
= 2.07 × 103  N/C  

 The electric force on a negatively charged object is in the direction 
opposite to that of the electric field. Since the electric force must be 
directed upward, the electric field must be directed  downward .  

P23.25 We sum the electric fields from each of the other charges using 
Equation 23.7 for the definition of the electric field. 

 The field at charge q is given by   

  
    


E =

keq1

r1
2 r̂1 +

keq2

r2
2 r̂2 +

keq3

r3
2 r̂3  

 (a) Substituting for each of the charges gives 
   

    


E =

ke 2q( )
a2 î+

ke 3q( )
2a2 îcos 45.0° + ĵsin 45.0°( ) + ke 4q( )

a2 ĵ

= keq
a2 2 + 3

2
cos 45.0°⎛

⎝⎜
⎞
⎠⎟ î+ 3

2
sin 45.0° + 4⎛

⎝⎜
⎞
⎠⎟ ĵ⎡

⎣⎢
⎤
⎦⎥

= keq
a2 3.06î + 5.06ĵ( )

  

 (b) The electric force on charge q is given by 
   

    


F = q


E = keq

2

a2 3.06î + 5.06ĵ( )
 

Matthew Szydagis
43



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 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.

You can find field lines by imagining where a positive charge would go if 
you dropped it in the field. 

Matthew Szydagis
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Field Lines - Rules
• The lines must begin on a positive charge 

• Field lines stretch infinitely away unless there is a negative charge in the 
vicinity, where the lines will terminate 

• 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. 

• The field exists between the lines as well. 

• Electric field lines are always perpendicular to the surface of a conductor in 
equilibrium 

• The electric field vector is always tangent to the lines at any point

Matthew Szydagis
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More field lines

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

The same number of lines leave 
each charge since they are 
equal in magnitude.

dipole

Matthew Szydagis
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Field Lines - Unequal Charges
F = ke

q2q

r2
<latexit sha1_base64="BXOSjVNRHyf3VdthLJ0Ggpnti9Y=">AAAB/XicbVDLSsNAFL2pr1pf8bFzEyyCq5IUQTdCURCXFewD2hgm00k7dDJJZyZCDcFfceNCEbf+hzv/xmmbhbYeuHA4517uvcePGZXKtr+NwtLyyupacb20sbm1vWPu7jVllAhMGjhikWj7SBJGOWkoqhhpx4Kg0Gek5Q+vJn7rgQhJI36nxjFxQ9TnNKAYKS155sH1xdAj3UAgnI6qoywV99XMM8t2xZ7CWiROTsqQo+6ZX91ehJOQcIUZkrLj2LFyUyQUxYxkpW4iSYzwEPVJR1OOQiLddHp9Zh1rpWcFkdDFlTVVf0+kKJRyHPq6M0RqIOe9ifif10lUcO6mlMeJIhzPFgUJs1RkTaKwelQQrNhYE4QF1bdaeIB0EkoHVtIhOPMvL5JmteLYFef2tFy7zOMowiEcwQk4cAY1uIE6NADDIzzDK7wZT8aL8W58zFoLRj6zD39gfP4AVRWVIw==</latexit><latexit sha1_base64="BXOSjVNRHyf3VdthLJ0Ggpnti9Y=">AAAB/XicbVDLSsNAFL2pr1pf8bFzEyyCq5IUQTdCURCXFewD2hgm00k7dDJJZyZCDcFfceNCEbf+hzv/xmmbhbYeuHA4517uvcePGZXKtr+NwtLyyupacb20sbm1vWPu7jVllAhMGjhikWj7SBJGOWkoqhhpx4Kg0Gek5Q+vJn7rgQhJI36nxjFxQ9TnNKAYKS155sH1xdAj3UAgnI6qoywV99XMM8t2xZ7CWiROTsqQo+6ZX91ehJOQcIUZkrLj2LFyUyQUxYxkpW4iSYzwEPVJR1OOQiLddHp9Zh1rpWcFkdDFlTVVf0+kKJRyHPq6M0RqIOe9ifif10lUcO6mlMeJIhzPFgUJs1RkTaKwelQQrNhYE4QF1bdaeIB0EkoHVtIhOPMvL5JmteLYFef2tFy7zOMowiEcwQk4cAY1uIE6NADDIzzDK7wZT8aL8W58zFoLRj6zD39gfP4AVRWVIw==</latexit><latexit sha1_base64="BXOSjVNRHyf3VdthLJ0Ggpnti9Y=">AAAB/XicbVDLSsNAFL2pr1pf8bFzEyyCq5IUQTdCURCXFewD2hgm00k7dDJJZyZCDcFfceNCEbf+hzv/xmmbhbYeuHA4517uvcePGZXKtr+NwtLyyupacb20sbm1vWPu7jVllAhMGjhikWj7SBJGOWkoqhhpx4Kg0Gek5Q+vJn7rgQhJI36nxjFxQ9TnNKAYKS155sH1xdAj3UAgnI6qoywV99XMM8t2xZ7CWiROTsqQo+6ZX91ehJOQcIUZkrLj2LFyUyQUxYxkpW4iSYzwEPVJR1OOQiLddHp9Zh1rpWcFkdDFlTVVf0+kKJRyHPq6M0RqIOe9ifif10lUcO6mlMeJIhzPFgUJs1RkTaKwelQQrNhYE4QF1bdaeIB0EkoHVtIhOPMvL5JmteLYFef2tFy7zOMowiEcwQk4cAY1uIE6NADDIzzDK7wZT8aL8W58zFoLRj6zD39gfP4AVRWVIw==</latexit><latexit sha1_base64="BXOSjVNRHyf3VdthLJ0Ggpnti9Y=">AAAB/XicbVDLSsNAFL2pr1pf8bFzEyyCq5IUQTdCURCXFewD2hgm00k7dDJJZyZCDcFfceNCEbf+hzv/xmmbhbYeuHA4517uvcePGZXKtr+NwtLyyupacb20sbm1vWPu7jVllAhMGjhikWj7SBJGOWkoqhhpx4Kg0Gek5Q+vJn7rgQhJI36nxjFxQ9TnNKAYKS155sH1xdAj3UAgnI6qoywV99XMM8t2xZ7CWiROTsqQo+6ZX91ehJOQcIUZkrLj2LFyUyQUxYxkpW4iSYzwEPVJR1OOQiLddHp9Zh1rpWcFkdDFlTVVf0+kKJRyHPq6M0RqIOe9ifif10lUcO6mlMeJIhzPFgUJs1RkTaKwelQQrNhYE4QF1bdaeIB0EkoHVtIhOPMvL5JmteLYFef2tFy7zOMowiEcwQk4cAY1uIE6NADDIzzDK7wZT8aL8W58zFoLRj6zD39gfP4AVRWVIw==</latexit>

E- = field due to charge -q acting on charge +2q 
E+ = field due to charge +2q acting on charge -q 
More source charge means more field: E+ = 2E- 

The field on -q is twice the field on 2q 
The field that leaves the positive charges is twice 
as strong 
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.

E+ = F
− q

= ke
2q
r2 E− = F

2q
= ke

− q
r2

Matthew Szydagis
47



Electric Field Lines - Examples

From: a student’s guide to Maxwell’s equations
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Example Problem 6
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Field lines are created by charges, but I said they are not real.
What is actually happening then? What “communicates” the electric force over distance?



Example Problem 6 - Solution

32     Electric Fields 
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E = 2keQî

R2h
d+ h − d− d+ h( )2 + R2( )1 2

+ d2 + R2( )1 2⎡
⎣⎢

⎤
⎦⎥


E = 2keQî

R2h
h + d2 + R2( )1 2

− d+ h( )2 + R2( )1 2⎡
⎣⎢

⎤
⎦⎥

 

 
 

 

Section 23.6 Electric Field Lines 
P23.47 The field lines are shown in ANS. FIG. 

P23.47, where we’ve followed the rules 
for drawing field lines where field lines 
point toward negative charge, meeting 
the rod perpendicularly and ending 
there. 

P23.48 For the positively charged disk, a side view of the field lines, 
pointing into the disk, is shown in ANS. FIG. P23.48. 

 

ANS. FIG. P23.48 

P23.49 Field lines emerge from positive charge and enter negative charge.  

 (a) The number of field lines emerging from positive q2 and entering 
negative charge q1 is proportional to their charges:  

   
  

q1

q2

=
−6
18

= −
1
3

 

 (b) From above, 
  

q1  is negative, q2  is positive .  

P23.50 (a) The electric field has the general appearance shown in ANS. FIG. 
P23.50 below. 

 (b) It is zero 
 

at the center , where (by symmetry) one can see that 

the three charges individually produce fields that cancel out. 

  In addition to the center of the triangle, the electric field lines in 
the second panel of ANS. FIG. P23.50 indicate three other points 
near the middle of each leg of the triangle where E = 0, but they 
are more difficult to find mathematically.  

 

ANS. FIG. P23.47 

Matthew Szydagis
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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.

• 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.

~F = q ~E = m~a
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Example: electron in uniform field

The electron is projected 
horizontally into a uniform 
electric field. 

The electron undergoes a 
downward acceleration. 
▪ an electron has a 

negative charge, so its 
acceleration is opposite 
the direction of the field. 

Its motion is parabolic while 
between the plates.

~F = q ~E = m~a
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You can apply equations of motion like in physics 1!
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Electric fields from multiple charges

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

~E = ke
X

i

qi
r2i

r̂i
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E field - Continuous Charge Distribution

For the individual charge elements:

The distances between charges in a group of charges may be much 
smaller than the distance between the group and a point of interest. 
→ the system of charges can be modeled as continuous.

The system of closely spaced charges is 
equivalent to a total charge that is 
continuously distributed along some line, 
over some surface, or throughout some 
volume.

� ~E = ke
�q

r2
r̂
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Δ
= =∑ ∫E r r
!
E⃗ =

Because the charge distribution is 
continuous, the total electric field is:
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Charge densities

Volume charge density: when a charge is distributed evenly throughout a 
volume V 

▪ ρ ≡ Q / V         with units C/m3 

Surface charge density: when a charge is distributed evenly over a surface 
area A 

▪ σ ≡ Q / A         with units C/m2 

Linear charge density: when a charge is distributed along a line of length l 

▪ λ ≡ Q / ℓ           with units C/m

= how charge is uniformly distributed over a volume, surface or line

Q is the total charge 
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Amount of charge in a small 
volume

If the charge is nonuniformly distributed over a 
volume, surface, or line, the amount of charge, dq, is 
given by: 

▪ For the volume:                  dq = ρ dV 
▪ For the surface:                  dq = σ dA 
▪ For the length element:      dq = λ dℓ
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Electric field of a sphere
On the outside of a conducting or insulating sphere

On the inside of an insulating sphere

The sphere has total charge Q.

q is the charge in the inside volume.
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Electric field due to infinite line charge

We will go back to this next class.

There are many ways to solve an E&M 
problem.

They are not all equal (this is the hard way).
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Electric field equations for 
simple objects

From: a student’s guide to Maxwell’s equations
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Electric field due to charge rod 
of length l

▪ dq = λ dℓ
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E field of a uniform ring of charge
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E field of uniformly charged disk

$2 r2$2
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Example Problem 7
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Why do we use continuous integration instead of discrete summation,
when we know that individual protons and electrons exist?



Example Problem 7 - Solution

Chapter 23     29 
 

© 2014 Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly accessible website, in whole or in part. 

  and 

   
  
Ey = dEy∫ = dEcosθ∫    where   

  
cosθ =

d

d 2 + x 2
 

  Therefore, 

   

  

Ex = −ke
Q
L

xdx

d2 + x2( )3 2
0

L

∫ = −ke
Q
L

−1
d2 + x2( )1 2

⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥

0

L

Ex = −ke
Q
L

−1
d2 + L2( )1 2 −

−1
d2 + 0( )1 2

⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥

   

Ex = −ke
Q
L

1
d
− 1

d2 + L2( )1 2

⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥

 

  and 

   

  

Ey = ke
Qd
L

dx

d2 + x 2( )3 2
0

L

∫ = ke
Qd
L

x

d2 d2 + x 2( )1 2

⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥

0

L

Ey = ke
Q
Ld

L

d2 + L2( )1 2 − 0
⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥

     →      Ey = ke
Q
d

1

d2 + L2( )1 2

 

 (b) When d >> L,  

   

  

Ex = −ke
Q
L

1
d
−

1

d2 + L2( )1 2

⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥
→ −ke

Q
L

1
d
−

1

d2( )1 2

⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥
→ Ex ≈ 0  

  and 

   
  
Ey = ke

Q
d

1

d2 + L2( )1 2 → ke
Q
d

1

d2( )1 2 → Ey ≈ ke
Q
d2  

  

  

which is the field of a point charge Q at a distance d along the
y axis above the charge.

 

P23.43 (a) Magnitude 
  
E =

kedq
x2∫ , where   dq = λ0dx  

   
  
E = keλ0

dx
x 2

x0

∞

∫ = keλ0 −
1
x

⎛
⎝⎜

⎞
⎠⎟

x0

∞

=
keλ0

x0
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ANS. FIG. P23.44 
 

ANS. FIG.  

P23.45 
 

 (b) The charge is positive, so the electric field points away from its 
source,  to the left .  

P23.44 (a) The electric field at point P, due to each 

element of length dx, is 
  
dE = kedq

x2 + d2  and is 

directed along the line joining the element to 
point P. By symmetry, 

     Ex = dEx∫ = 0   

  and since   dq = λdx,  

     E = Ey = dEy∫ = dEcosθ∫   

  where 
  
cosθ = y

x 2 + d 2
.  

  Therefore, 
   
E = 2keλd

dx
x 2 + d2( )3 2

0

 2

∫ = 2keλ sinθ0

d
 

  with 

   

sinθ0 =
 2

 2( )2 + d 2
.   

 (b) For a bar of infinite length,  θ0 = 90°  and 
  
Ey =

2keλ
d

.  

P23.45 Due to symmetry, 
  
Ey = dEy∫ = 0 , and 

  
Ex = − dEsinθ∫ = −ke

dqsinθ
r2∫  where  dq = λds = λrdθ ; the 

component Ex is negative because charge q = –7.50 µC, 
causing the net electric field to be directed to the left.  

   
  
Ex = −

keλ
r

sinθdθ
0

π

∫ = −
keλ
r

− cosθ( ) 0

π = −
2keλ

r
  

 where 
 
λ =

q
L

 and 
 
r =

L
π

. Thus, 

   

  

Ex = −
2ke q π

L2 = −
2 8.99× 109  N ⋅m2 /C2( ) 7.50× 10−6  C( )π

0.140 m( )2

Ex = −2.16× 107  N/C

 

 (a)  magnitude   E = 2.16 × 107  N/C  
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The particle strikes the negative plate after moving a horizontal
distance of 0.961 mm.

 

P23.57   

E  is directed along the y  direction; therefore, ax = 0 and x = v xit. 

  (a) 
  
t =

x
v xi

=
0.050 0 m

4.50 × 105  s
= 1.11× 10−7  s = 111 ns  

 (b) 
  
ay =

qE
m

=
1.602 × 10−19  C( ) 9.60 × 103  N/C( )

1.67 × 10−27  kg
= 9.21× 1011  m/s2  

  

  
y f − yi = v yit +

1
2

ayt
2 :

 

  

  

y f =
1
2

9.21× 1011  m/s2( ) 1.11× 10−7  s( )2

= 5.68 × 10−3  m = 5.67 mm

 

 (c)   v x = 4.50 × 105  m/s      
  

  v yf = v yi + ayt = 9.21× 1011  m/s2( ) 1.11× 10−7  s( ) = 1.02 × 105  m/s
 

  
   

v = 450î + 102 ĵ( ) km/s  

 
 

Additional Problems 

P23.58 (a) The whole surface area of the cylinder is 

  A = 2π r2 + 2π rL = 2π r r + L( ) . 
   

  

Q = σA

= 15.0 × 10−9  C/m2( )2π 0.025 0 m( ) 0.025 0 m + 0.060 0 m[ ]
    = 2.00 × 10−10  C

 

 (b) For the curved lateral surface only, A = 2π rL. 
   

  

Q = σA = 15.0 × 10−9  C/m2( ) 2π 0.025 0 m( ) 0.060 0 m( )⎡⎣ ⎤⎦

= 1.41× 10−10  C

 

 (c) 

  

Q = ρV = ρπ r2L = 500 × 10−9  C/m3( ) π 0.025 0 m( )2 0.060 0 m( )⎡
⎣

⎤
⎦

    = 5.89 × 10−11  C
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Example Problem 9 - Solution50     Electric Fields 
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P23.79 The charges are q and 2q. The magnitude of the  
repulsive force that one charge exerts on the other is  

  
  
Fe = 2ke

q2

r2
 

 From Figure P23.79 in the textbook, observe that  
the distance separating the two spheres is  

    r = d+ 2Lsin 10°  

 From the free-body diagram of one sphere given  
in ANS. FIG. P23.79, observe that  

  
  Fy∑ = 0 ⇒  T cos10° = mg   or   T = mg/cos10°  

 and  
  

  
Fx∑ = 0 ⇒  Fe = T sin10° = mg

cos10°
⎛
⎝⎜

⎞
⎠⎟ sin10° = mg tan10°

 

 Thus,  

  
  

2ke

q2

r2 = mg tan 10°     →      2ke

q2

d+ 2Lsin 10°( )2 = mg tan 10°  

 or  

 

  

q =
mg d+ 2Lsinθ( )2 tan 10°

2ke

=
0.015 kg( ) 9.80 m/s2( ) 0.0300 m + 2 0.0500 m( )sin 10°[ ]2

tan 10°
2 8.99 × 109  N ⋅m2 / C2( )

= 5.69 × 10−8  C

 

 giving  
 
1.14 × 10−7 C on one sphere and 5.69 × 10−8 C on the other.  

P23.80 (a) The bowl exerts a normal force on each bead, directed along the 
radius line at angle θ above the horizontal. Consider the free-
body diagram shown in ANS. FIG. P23.80 for the bead on the left 
side of the bowl: 

   

  
Fy = nsinθ − mg = 0∑   →   n = mg

sinθ

 

  Also, 

     Fx∑ = −Fe + ncosθ = 0  

 

ANS. FIG. P23.79 
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P23.79 The charges are q and 2q. The magnitude of the  
repulsive force that one charge exerts on the other is  

  
  
Fe = 2ke

q2

r2
 

 From Figure P23.79 in the textbook, observe that  
the distance separating the two spheres is  

    r = d+ 2Lsin 10°  

 From the free-body diagram of one sphere given  
in ANS. FIG. P23.79, observe that  

  
  Fy∑ = 0 ⇒  T cos10° = mg   or   T = mg/cos10°  

 and  
  

  
Fx∑ = 0 ⇒  Fe = T sin10° = mg

cos10°
⎛
⎝⎜

⎞
⎠⎟ sin10° = mg tan10°

 

 Thus,  

  
  

2ke

q2

r2 = mg tan 10°     →      2ke

q2

d+ 2Lsin 10°( )2 = mg tan 10°  

 or  

 

  

q =
mg d+ 2Lsinθ( )2 tan 10°

2ke

=
0.015 kg( ) 9.80 m/s2( ) 0.0300 m + 2 0.0500 m( )sin 10°[ ]2

tan 10°
2 8.99 × 109  N ⋅m2 / C2( )

= 5.69 × 10−8  C

 

 giving  
 
1.14 × 10−7 C on one sphere and 5.69 × 10−8 C on the other.  

P23.80 (a) The bowl exerts a normal force on each bead, directed along the 
radius line at angle θ above the horizontal. Consider the free-
body diagram shown in ANS. FIG. P23.80 for the bead on the left 
side of the bowl: 

   

  
Fy = nsinθ − mg = 0∑   →   n = mg

sinθ

 

  Also, 

     Fx∑ = −Fe + ncosθ = 0  

 

ANS. FIG. P23.79 
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