
• Introduction
The ancient Greeks were the first to observe the phenomenon of 
electrical attraction. They found that when amber was rubbed, it 
attracted small objects such as straw or feathers. In fact, the word 
“electric” comes from the Greek word for amber, elektron.

Electrical nature of matter. Electric charge
Electric charge is a fundamental property of matter and two types 
of charge exist: positive and negative. Two bodies with the same 
type of charge repulse each other, whereas if they are of opposite 
charge they attract each other.

Quantification and conservation of electric charge
The electric charge is always a multiple of the elementary charge 
or quantum of electric charge, whose value is given by: 

e = 1.602177 x 10-19 C
which is the absolute value of the charge on an electron.
In all processes that take place in nature, the total or net charge of 
an isolated system remains constant.

• Coulomb’s law: Electric force between point charges
Coulomb’s law expresses the electric force F exerted by a point 
charge q on another point charge q’:

      

€ 

F = K e
q ′ q 

r2 ur

where r is the vector starting at q and ending at q’ and ur = r/r. 
Ke is the constant:

    

€ 

K e =
1

4πε0
= 9 ×109  N C-2m2

This force is inversely proportional to the square of the distance, 
and is a force of attraction between charges of opposite signs and 
of repulsion between charges of the same sign.

• Electric field
Electric field of a point charge
If an electric charge experiences a force due to the presence of 
other charges in the region, an electric field is created. The 
electric field E generated by a charge distribution is the force F 
exerted by the distribution on a test particle divided by the 
charge  q of the test particle:

    

€ 

E =
F
q

F = qE

For a point charge:

      

€ 

E = Ke
q

r2 ur

where ur is the unit vector that points along the line from the 
charge q to the point where the field E is evaluated. 

Principle of superposition
The electric field created by a system of point charges is equal to 
the sum of the electric fields produced by each individual charge.

Electric field lines
The spatial characteristics of an electric field may be illustrated 
by drawing lines of force or electric field lines. The tangent of a 
line of force at each point indicates the direction of the field E at 
that point. 
The electric field lines start at the positive charges and end at the 

negative charges. A uniform field has the same intensity and 
direction at all points in space and is represented by rectilinear 
field lines that are parallel and equidistant.

Electric field created by a continuous charge distribution
For a continuous charge distribution (in volume, surface or 
line) the electric field is calculated as follows:
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E = Ke
dq

r2∫ ur

This may be applied, for example, to determine the field created 
by a ring or a disk at points on its axes or the field created by a 
rectilinear segment at points on its perpendicular bisector.

Movement of charge in an electric field
If an electric force is the only force acting on a particle of mass 
m  and charge q,  according to Newton's second law the 
acceleration is given by a = qE/m. When a particle moves in a 
uniform electric field, its motion is described by the kinematics 
of motion with constant acceleration. It is of particular interest 
to study the motion of a charge that enters a region where there 
is a uniform electric field perpendicular to the velocity vector of 
the charge. 

• Potential electric energy and electric potential
The electric force between two point charges is directed along a 
line joining the two charges and is inversely proportional to the 
square of the distance between them, as is the force of gravity 
between two masses. Like the force of gravity, the electric force 
is conservative. Thus, there is a potential energy function 
associated with the electric force. If a test point charge is placed 
in an electric field, its potential energy is proportional to its 
charge. The electric potential energy per unit of charge is a 
function of the position of the charge in space and is called 
electric potential.
The electric force is conservative. The electric potential energy 
of a test particle in the field created by various fixed particles qi 
is given by:

  

€ 

Ep = K eq
qi
rii

∑

(taking the origin of potential energy at infinity).
The electric potential of a charge q is defined as:

  

€ 

V =
Ep
q

Ep = qV

The SI unit of potential is called one volt (V):
1 V = 1 J/C

Electric potential of a point charge
For a point charge (with the origin of potential at infinity):

  

€ 

V = Ke
q
r

For a system of point charges (with the origin of potential at 
infinity):

  

€ 

V = Ke
qi
rii

∑

Electric potential of a continuous charge distribution  
For a continuous charge distribution:
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€ 

V = ke
dq
r∫

Applying this equation, it is possible to calculate the potential 
of, for example, a ring charged along its axis.

Potential difference 
The difference in potential ∆V between two points 1 and 2 is 
related to the work W done by the electric field:

W = - ∆Ep = Ep1 - Ep2 = q(V1 - V2) = - q∆V
Gives:

        

€ 

ΔV = V2 −V1 =− E ⋅dl
1

2
∫

The potential difference V1 - V2 is the negative work per unit of 
charge done by the electric field on a positive test charge when 
the latter moves from point 1 to point 2. The potential 
difference ∆V is also the positive work per unit of charge that 
must be done against the electric field in order to move the 
charge from 1 to 2.

• Relation between electric potential and electric field
The relation between electric field E and electric potential V is 
given by: 

dV = -E.dl

The electric field lines point in the direction in which the 
potential decreases. If the expression for E is known, the 
potential V at a point P may be obtained by means of the line 
integral of E:

      

€ 

V = − E ⋅dl
∞

P
∫

If V is known, the field E  may be found by means of the 
gradient of V:

E = - gradV  = -∇V
If the electric field is constant along a direction (for example, 
along the X axis):

  

€ 

Ex =−
dV
dx

If the potential depends solely on the module of r (that is, r):

  

€ 

E = −
dV
dr

Equipotential surfaces
Surfaces that have the same electric potential at their points, 
that is V = constant, are known as equipotential surfaces. The 
field lines are perpendicular to equipotential surfaces. For a 
point charge, equipotential surfaces are spherical surfaces 
concentric with the charge.

• Electric flux. Gauss’s law
The electric field flux over a surface S is defined as the surface 
integral of the electric field vector over the whole surface:

    

€ 

ΦE = E ⋅dS
S
∫

When the flux across a closed surface is calculated, this surface 
is known as a Gaussian surface. Field lines may be used to 
visualize the flux across a surface. The total flux may be 
positive, negative or zero. When it is positive, the flux is 
outgoing and when negative, incoming.
 Gauss’s law states that the total electric flux through any 
closed surface is equal to the total (net) electric charge inside 
the surface divided by ε0:

      

€ 

ΦE =
q
ε0

E ⋅dS =
q
ε0S

∫

Calculation of electric field using Gauss’s law
Gauss’s law may be used to find the electric field produced by 
highly symmetrical charge distributions such as infinite lines, 
planes or spheres. The crucial step in this process is to select 
the Gaussian surface.

• Properties of conductors
Experimentally it is shown that certain substances have the 
property of allowing the movement of electric charges through 
them, whereas others prevent this flow. The former are called 
conductors and the latter insulators or dielectrics. Metals and 
their alloys, aqueous solutions of acids, bases and salts, etc are 
conductors; however, only metallic conductors will be studied. 
These are made up of positive ions occupying fixed positions in 
a crystalline lattice and electrons that have become detached from 
the metal ions and circulate freely and randomly within the 
conductor, giving rise to a kind of “electron gas” which causes 
the phenomenon of electric conduction.

General properties of conductors in electrostatic equilibrium
(i) The electric field inside a conductor in electrostatic 
equilibrium is zero
(ii) The net electric charge of a conductor in electrostatic 
equilibrium is found on its surface.
(iii) The electric field on the surface of a conductor in 
electrostatic equilibrium is perpendicular to the surface.
(iv) The surface of a conductor in electrostatic equilibrium is an 
equipotential surface.

Electric field in the proximities of a conductor in electrostatic 
equilibrium
The electric field at points near the surface of a conductor is 
perpendicular to the surface and is given by:

  
E =

σ
ε0

which is known as Coulomb's theorem. This is the field created 
by the total charge of the conductor and may be considered to be 
the sum of the field created by a small disk of area dS and that 
created by the rest of the conductor. The field E1 created by a 
small disk at nearby points is:

  

€ 

E1 =
σ
2ε0

 

then the field E2 created by the rest of the surface charges on the 
conductor is:

  

€ 

E2 =
σ
2ε0

therefore, E = E1 + E2.

Conductors in an electric field
When a conductor is placed in an electric field, the field inside 
the conductor must be cancelled in order for the conductor to be 
in electrostatic equilibrium. This results in the charges in the 
conductor being reordered to create an electric field inside the 
conductor to compensate the applied electric field.

Dielectric breakdown and the point effect
Many non-conducting materials are ionized in very high electric 
fields and become conductors. This phenomenon is known as 
dielectric breakdown and the dielectric limit of an insulator is 
the maximum electric-field magnitude, Emax, that can exist in 
this material without producing dielectric breakdown. This value 
of the field is also known as the dielectric strength. When 
dielectric breakdown takes place the molecules of the material are 
ionized and the material starts to conduct. In a gaseous material 
such as air Emax ≈ 3 x 106 V/m and this effect is accompanied by 
the emission of light due to the recombination of electrons with 
the ionized molecules, a phenomenon known as arc discharge. 
When a conductor is non-spherical in shape, its surface is 
equipotential but the surface charge density and the electric field 
just outside the conductor varies from one point to another. The 
electric field is stronger at the points near the regions of smaller 
radius of curvature of the conductor (point effect). If the 
conductor has very small radius of curvature points, the dielectric 
surrounding it may break down at relatively low potentials. 
Lightning conductors extract the charge from nearby clouds 
before the potential of the cloud reaches a destructively high 
value.
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• Capacitance
A conductor with charge Q and potential V, has a capacitance:

  

€ 

C =
Q
V

• Capacitors 
A capacitor is an electric device used in circuits to store charge 
and electric energy. It is made up of two conductor plates with a 
potential difference ∆V between them. The capacitance of a 
capacitor is given by:

  

€ 

C =
Q
ΔV

In the SI capacity is measured in farads (1 F = 1 C/V). The 
capacity depends on the geometric design of the capacitor and the 
nature of the dielectric between its plates or within its housing. 
For a parallel-plate capacitor in vacuum (a capacitor with two 
planoparellel conductirg plates, each with area S, separated by a 
distance d), the capacitance is:

    

€ 

C =
ε0S
d

Capacitors in series and parallel
The equivalent capacitance of various capacitors connected 
together is the capacitance of a single capacitor which, when used 
on its own, produces the same external effect. The equivalent 
capacitance of various capacitors in series is:
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1
Ceq

=
1

C1
+

1
C2

+ ... =
1

Cii
∑

When various capacitors are in parallel the equivalent capacitance 
of the system is calculated using the equation:

    

€ 

Ceq = C1 + C2 + ... = Ci
i
∑

• Electrostatic energy
The potential electric energy U stored in a charged capacitor is 
calculated as the work required to charge it:

    

€ 

U =
1
2

Q2

C
=

1
2

CV 2 =
1
2

QV

When this energy is associated with an electric field E, the 
electric energy density uE in the space occupied by the field (in 
a vacuum) is:

    

€ 

uE =
1
2
ε0E2

In a material medium, ε0 may be substituted by ε. The total 
electric-field energy U in a volume V may be calculated using 
the integral:

    

€ 

U = uEdV
V
∫

• Dielectrics
Electrostatic properties of dielectrics
When a dielectric is placed within the housing of a capacitor in 
which there was a vacuum between the plates, the capacitance 
increases so that:

    

€ 

C = εrC0

whereas the potential difference and electric field decrease::

    

€ 

V =
V0
εr

E =
E0
εr

where εr = εr/ε0.
There are polar and non-polar dielectrics. The molecules of the 
former have no electric dipolar moment, whereas those of the 
latter have a permanent electric dipolar moment.
When a non-polar dielectric is placed in an electric field, its 
atoms or molecules become electric dipoles oriented in the 
direction of the electric field. If the dielectric is polar, its 
permanent dipolar moments are oriented in parallel to the 
external field.
When the electric dipoles of a substance line up spontaneously 
(ferroelectric substances) or due to the action of an external 
electric field, the substance is said to be polarized.
A polarized dielectric has charges on its surface and, unless the 
polarization is uniform, in its volume as well. These 
polarization charges, however, are frozen in the sense that they 
are bound to atoms or molecules and are not free to move in the 
dielectric. In a conductor, the charges are capable of moving 
freely and are called free charges.
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