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9.1 ELECTRIC CHARGE  
  
 Two kinds of electric charges are found to exist 
which were given the names positive and negative by 
Benjamin Franklin (1706-1790). As it is known, 
atoms are composed of three elementary particles: the 
negatively charged electrons, the positively charged 
protons and neutrons with no net electric charge. The 
negative charge of an electron and the positive charge 
of a proton have the same magnitude. Thus, an atom is 
electrically neutral when the number of electrons 
equals the number of protons. It is found, 
experimentally, that like charges repel each other and 
unlike charges attract each other.  
 When two materials are brought together it is 
possible, under certain conditions, that electrons move 
from one material to the other. The material that gains 
electrons is said to be negatively charged, while the 
material that loses electrons is said to be positively 
charged. This explains the observation that when a rod 
of glass is rubbed with silk, the silk becomes 
negatively charged while the glass becomes positively 
charged. It is clear now from the above discussion that 
electric charge is not created, i.e., electric charge is 
conserved. 
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9.2 CONDUCTORS AND  
 INSULATORS 
 
 According to their ability to conduct electric 
charge, substances are classified into two major 
classes: Conductors and insulators. A conductor is the 
substance that permits electric charge to move freely, 
whereas an insulator is the substance that does not 
permit electric charges to move. Silver, copper, and 
aluminum are examples of conductors while glass, 
plastic, and rubber are examples of insulators. There 
are substances that fall in an intermediate position 
between conductors and insulators. These substances 
are called semiconductors such as silicon and 
germanium. 

Figure 9.1 Charging by induction. (a) The charge on a conducting 
sphere is redistributed when a charged rubber rod is brought near the 
sphere. (b) The access negative charges leave the sphere as it is grounded. 
(c) The rubber and the ground connection are removed, and the sphere has 
a uniform positive charge.  

( b ) ( c ) ( a )  
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 With the properties of conductors and insulators 
in mind, one can charge a conductor by a technique 
called charging by induction, (see Figure 9.1).  
(i) A negatively charged rubber rod is brought near a 
conducting sphere that is isolated from ground. 
(ii) Some of the electrons on the sphere are repelled 
away from the rod leaving excess positive charges on 
the other part of the sphere. The electrons cannot 
escape from the sphere, why? Note that the sphere is 
still neutral. 
(iii) When the sphere connected to the ground 
(grounded), the electrons flow to the ground. 
(iv) After disconnecting the sphere from the ground, 
the rod is now removed and the excess positive charge 
distributed uniformly on the surface of the sphere due 
the repulsive force between the positive charges.  
 
9.3 COULOMB’S LAW 
  
 Using particle with small size compared to the 
distance between them (point charges), It is found the 
following: (i) The force is directly proportional to the 
magnitude of the charges of each particle. (ii) The 
force is inversely proportional to the square of the 
distance between the two particles. (iii) The direction 
of the force is along the line joining the two particles. 
(iv) The force is attractive if the charges are of 
opposite signs and repulsive if the charges have the 
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same signs. From these observations the magnitude of 
the force acting on a point charge q1 due to another 
point charge q2 can be expressed as 
 

 2
12

21
12 r

qq
kF =            9.1 

 
where r12 is the distance between the two charges, and 
k is the proportionality constant known as Coulomb’s 
constant. The direction of the force is determined 
according to the sign of the two charges. It is repulsion 
if the two charges are alike and attractive if they are 
unlike.  
 The proportionality constant, k, has a numerical 
value depends on the choice of units. The SI unit of 
charge is Coulomb (C), which is considered as the 
fourth primary unit beside meter, kilogram, and 
second. In this system k has the value 
 
 9100.9 ×≅k  N.m2/C2  
 
Coulomb’s constant is usually written as 
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1
πε

=k        9.2 
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with 12
o 108542.8 −×=ε  C2/N.m2, is called the 

permittivity of free space. The cgs unit of charge is 
statcoulomb or electrostatic unit (esu). In this system, 
the constant k is defined to be unity with no units.  
 As mentioned in Section 9.1, the magnitude of 
charge of an electron or a proton is the smallest unit of 
charge. This quantity, denoted by e, has the 
approximate value 
 
 19106.1 −×≅e C 
  
Electric charge is quantized. That is, it must be found 
as integral multiple of e, i.e., Neq= , where N is some 
integer. 
In vector form Equation 9.1 can be written as 
 

 122
12

21
12 r̂F

r
qqk=       9.3 

 
where 12r̂  is a unit vector directed from q2 to q1. It 
should be noted that the force given by Equation 9.3 is 
of the same form as the gravitational force. As the 
gravitational force is conservative, we conclude that 
the electrostatic force is also conservative. 
 If there are more than two charges, the total force 
acting on one charge due to the others is the vector 
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sum of the forces due to the individual charges. For 
example, if there are three charges, then the net force 
on particle 1 due to the other two particles is given as 
 
 13121 FFF +=       9.4 
 
Always remember that the electric force obeys 
Newton’s third law, that is  
 
 2112 FF −=       9.5 
 
Remark: Coulomb’s law applies only for point 
charges.  
 
 
Example 9.1 Two-
point charges lie along 
the x-axis as shown in 
Figure 9.2. C0.61 µ=q  is at 
the origin, and C0.42 µ=q  
is at x =  3.0 m. Find the electric force acting on charge 
q1. 
 
Solution Using Equation 9.1 we write  
 

q1=6.0µC  q2=4.0µC 

3.0m F12 

Figure 9.2 Example 9.1 
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The direction of the force as shown in Figure 9.2 is 
along the negative x-axis because the two charges are 
positive. The force on q1 is now written completely as 
 
 iF 024.012 −=  N. 
 
Example 9.2 Three 
point charges of  5.0 µC, -
4.0 µC, and 8.0 µC are 
located at the corners of an 
equilateral triangle of side 
2.0 m as shown in Figure 
9.3. Find the resultant 
electric force exerted on q1, 
the charge at the left corner 
of the triangle. 
 
Solution Here the charge q1 are affected by two forces, 
F12 due to q2 and F13 due to q3. Now we use Equation 
9.1 to obtain 

q1=5.0µC 

q2=-4.0µC 

q3=8.0µC 

F12 

F13 
60o 

Figure 9.3 Example 9.2 
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As shown in the figure, the direction of F12 is along 
the positive x-axis while F13 is directed 60o south of 
east. This means that we can write the two forces in a 
vector form as 
 
 N045.012 iF =  
and 

 
( )N078.0045.0

60sin09.060cos09.0 oo
13

ji=
jiF

−−
−−=

 

 
Now the resultant force acting on q1 is the sum of the 
two forces, i.e., 
 
 N108.7 2

13121 jFFF −×−=+=  
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Example 9.3 Two 
identical small charged 
spheres, each of mass 0.100 
kg and charge q are hanged 
in equilibrium as shown in 
Figure 9.4a. The length of 
each string is 1.20 m, and 
the separation distance 
between the two spheres is 
80.0 cm. Find the magnitude 
of the electric charge on 
each sphere. 
Solution It is enough to 
study the equilibrium state 
of one of the spheres. The 
forces acting on such a sphere is shown in the free-
body diagram shown in Figure 9.4b. The equilibrium 
conditions imply that 
 
 0=∑ xF   
and 
 0=∑ yF  
 
From the first condition we write 
 
 θsinTFe =   (1) 
 

1.2 m 
θ 

1.2 m 

0.8 m 
(a) 

mg 

Fe 
Tsinθ 

Tcosθ T 

(b) 
Figure 1.4 Example 1.3. 
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Here Fe is the electric force acting on the sphere by the 
other.  The second condition gives 
 
 θcosTmg=   (2) 
 
Dividing Equation (1) by Equation (2), we obtain 
 

 
mg
Fe=θtan   (3) 

 
It is clear from the triangle of Figure 9.4a that 
 

 
2.1
4.0sin =θ  , or o5.19=θ  

 
Substituting the values of m, g, and θ in Equation (3) 
we get 
 
 35.0=eF N 
 
The magnitude of the electric force Fe is obtained from 
Coulomb’s law as 
 

 2

2

r
qkFe =    
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Solving for q we get 
 

 C00.5
100.9

)8.0(35.0
9

22

µ=
×

==
k
rFq e  

 
9.4 THE ELECTRIC FIELD 
 
 In analogy to the concept of gravitational field, 
any charge has its own electric field within a region 
surrounding the charge. The electric field E at a point 
in space is a vector quantity defined as the electric 
force acting on a positive test charge qo placed at that 
point divided by the magnitude of the test charge, i.e., 
 

 
oq

FE=        9.6 

 
The test charge should be small enough to ensure that 
its presence does not affect the charge distribution that 
produces E. Since qo is always positive, the direction 
of E is the direction of F. The SI unit of E is Newton 
per Coulomb (N/C). If a charge q is placed at a point 
with an electric field E, this charge experiences an 
electric force given by 
 
 EF q=        9.7 
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Example 9.4 Find the electric force on an electron 
placed in an electric field of  1.5×103 N/C directed 
along the positive x-axis. 
 
Solution The force acting on the electron is obtained 
from Equation 9.7, that is, 
 
 EF q=  
 
But for the electron C106.1 19−×−== eq , so we 
obtain 
 
 N104.2)105.1)(106.1( 16319 iiF −− ×=××−=  
 
Example 9.5 An electron is projected, horizontally 
with initial speed of 5×108 m/s into a region of 
uniform electric field of 2×106 N/C and directed 
vertically upward. After traveling a horizontal distance 
of 5 cm, find 
a) the time required for the electron to travel this 
distance, 
b) the vertical displacement of the electron. 
 
Solution  Let us first find the acceleration of the 
electron. Using Newton’s second law we write 
 



ELECTRIC FIELD                 207 
  

 
m

q
m

EFa ==  

 
( ) jj 17

31

619
1051.3

1011.9
102106.1

×−=
×

××−
= −

−

 

 
where we have substituted for F from Equation 9.7. 
Since E is uniform then F and so a are constants.  
a) From the last result we conclude that ax =  0. This 
means that we can write 
 

 10
8 101

105
05.0 −×=

×
==

xv
xt s. 

 
b)  The vertical displacement can be calculated from 
the equation 
 
 2

2
1

0 tatvy yy +=  

 ( )( ) 18.01011051.3
21017

2
1 −=××= − cm. 
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9.5 ELECTRIC FIELD OF POINT 
CHARGES 

 
 Let us calculate the 
electric field arising from an 
isolated point charge q at a 
point p, a distance r from it. 
To do so we assume the 
existence of a test charge qo 
at point p, (see Figure 9.5). 
From Coulomb’s law 
(Equation 9.3) the force upon the test charge is  
 

 rF ˆ2
o

r
qq

k=  

 
where the unit vector directed from q to the point p. 
Using Equation 9.6 we conclude that the electric field 
at point p is given as 
 

 rE ˆ2r
qk=           9.8 

 
It is clear from the definition of r̂  that if q is positive 
the direction of E is outward from the charge, and if 
the charge is negative E is directed toward q. 

q 

qo 

r 

EP  

P 

Figure 1.5 The electric field at 
point P a distance r from a point 
charge q. 
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 The electric field at a point due to a group of 
point charges is the vector sum of the electric fields at 
that point due to each charge individually, i.e., if we 
have n charges the net electric field E is 
 
 nEEEE +⋅⋅⋅++= 21     9.10 
 
where E1, E2, and En are the electric fields due to the 
charges q1, q2, and qn, respectively. 
Finally, a spherical shell of uniform charge can be 
treated as if all its charge are concentrated at its center 
as far as we are concerned with the region outside the 
shell. This means that the electric field at a point 
outside a spherical shell with radius R and uniform 
charge Q is 
 

 Rr
r
Qk ≥= rE ˆ2             (9.11) 

The same approach holds for uniformly charged solid 
sphere since such a sphere can be considered as many 
concentric spherical shells. 
 
Example 9.6 Two point charges of 24 µC and 8.0 
µC are placed on the x-axis 0.3 m apart as shown in 
Figure 9.6. 
a) Find the electric field at the midpoint between the 
two charges 
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b) Calculate the electric force acting on a third charge 
of -4 µC placed at the midpoint. 

Solution a) Let us first calculate the magnitudes of the 
electric fields for each charge individually, E1 due to 
the 24-µC charge and E2 due to the 8-µC. 
 

 ( ) 6
2

6
9

2
1

1
1 106.9

)15.0(
1024100.9 ×=

×
×==

−

r
q

kE N/

C 
and 

( ) 6
2

6
9

2
2

2
2 102.3

)15.0(
108100.9 ×=

×
×==

−

r
q

kE N/C 

 
Since the two charges are positives, E1 and E2  are 
directed outward from the respective charge as shown 
in Figure 9.6. Hence, we can write 
 
 iE 6

1 106.9 ×= N/C 
  
 iE 6

2 102.3 ×−= N/C 

q1=24µC  q2=8.0µC 

0.3 m 

E1 E2 

Figure 1.6 Example 1.6 
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The net electric field at the midpoint is now 
 
 iEEE 6

21 104.6 ×=+= N/C 
 
b) The electric force on the third charge can be 
calculated directly as 
 
 EF 3q=  
 
where E is the electric filed at the point where q3 is 
placed. So we found 
 
 ( )( ) 26104.6104 66 =iF ××−= − N 
 
9.6 THE ELECTRIC FIELD LINES 
 

The electric filed in a region is represented by 
imaginary lines known as electric field lines (lines of 
force) introduced by Michael Faraday (1791-1867). 
These lines have the following properties: 
1- The direction of the lines at any point is the 
direction of the electric field at that point. 
2- The lines must begin on positive charges and 
terminate at negative charges. 
3- The number of lines per unit area, perpendicular to 
E, is proportional to the magnitude of E in that region. 
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4- No two field lines can cross. 
Figure 9.- shows the electric field lines drawn for some 
common charge configurations.  
 
9.7 ELECTRIC DIPOLE 
 
 A configuration of 
two charges of magnitude q 
but of opposite sign, 
separated by a distance d is 
called electric dipole. Let 
us calculate the electric 
field due to the electric 
dipole shown in Figure 9.8 
at point P along the y-axis a 
distance y from the origin. 
The resultant electric field 
at P is −+ += EEE , where E+ 
and E- are the electric field at P due to the positive and 
the negative charge respectively. Since P is equidistant 
from the two charges the magnitude of E+ and E- are 
equal and are given by 
 

 2r
qkEE == −+  

 

q -q 

E- 

E+ 

y 

θ θ 

θ 
θ 

r  

Figure 1.8 The electric field due to 
an electric dipole at a point P. 
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 As it is clear from the directions of the two fields 
shown in Figure 9.6, the y-components of E+ and E- 
cancel each other. The net electric field at P is, 
therefore   
 
 ( )iE θθ coscos −+ += EE  
 
From the figure we see that rd 2cos =θ , so we find 
 

 iE 32 cos2
r
qdk

r
qk == θ     1.11 

 
Now  

 
2

3

2
2

3

4 







+= ydr  

 
 If dy〉〉 we can neglect the first term in the 
bracket so that r3 is approximated to 33 yr ≈ . 
Equation 9.10 can be written as  
 

 33 y
k

y
qdk p=iE =      9.12 
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where ip qd=  is called the electric dipole moment. 
The direction of p is taken to be from the negative 
charge to the positive charge. 
Consider an electric dipole exists in an external 
uniform electric filed E that makes an angle θ  with 
the dipole moment p. A force EF q=+ in the direction 
of E is exerted on the positive charge; and a force 

EF q=− in a direction opposite to E is exerted on the 
negative charge. The net force acting on the dipole is 
zero. However, since the two forces do not have the 
same line of action, these two forces exert a torque τ 
on the dipole about its center of mass. This torque is 
expressed as 
 

 θθθτ sinsin
2

sin
2

qEddFdF =+= −+  9.13 

 
Noting that pqd = , Equation 9.12 can be written as 
 
 θτ sinpE=       9.14 
 
Equation 9.13 can be generalized to be written as 
 
 Ep×=τ        9.15 
 
This means that this torque tends to rotate the dipole 
into the direction of E. 
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9.8 CONDUCTORS AT 

ELECTROSTATIC QUILIBRIUM 
 
 As mentioned in section 9.2 a conductor is the 
substance that permits electric charge to move freely. 
Charged Conductors with no motion of charges are 
said to be in electrostatic equilibrium. Such 
conductors have the following property: 
1) The electric field inside a conductor is zero. 
If it is not the case, the free electrons inside the 
conductor will be affected by an electric force (F=qE) 
and so will move which violate the equilibrium 
condition.   
2) Any excess charge will reside entirely on the 
outer surface of an isolated conductor.  
If a conductor is charged, charges will move a way 
from each other due to the repulsion force between 
them. For the charges to be as far away from each 
other as they can, they will move to the outer surface 
of the conductor. 
3) The electric field just outside a conductor is 
always perpendicular to the surface of conductors. 
If this is not the case, the free charges will move along 
the surface and again this violates the condition of 
equilibrium. 
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For special case the electric field just outside a 
spherical conductor of radius R can be calculated 
using Equation 9.11 as 
 

 rrE ˆ
4

ˆ 22 R
Q

R
Qk

oπε
==  

Which directed as it clear radially. Now defining the 
surface charge density σ as charge per unit area we 

have 24 R
Q

A
Q

π
σ == . From which the electric field on 

the surface of the conducting sphere can be expressed 
as  

 
o

E
ε
σ

=       (9.16) 

 
Even though Equation 9.16 is derived for spherical 
conductor, it is valid for any conductor. That is the 
magnitude of the electric filed on the surface of a 
conductor is given by Equation 9.16 
  


