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UNIT I
STATIC ELECTRIC FIELD 

Vector Algebra, Coordinate Systems, Vector differential operator, Gradient, Divergence, 
Curl, Divergence theorem, Stokes theorem, Coulombs law, Electric field intensity, Point, Line, 
Surface and Volume charge distributions, Electric flux density, Gauss law and its applications, 
Gauss divergence theorem, Absolute Electric potential, Potential difference, Calculation of 
potential differences for different configurations. Electric dipole, Electrostatic Energy and 
Energy density.  

 
1. INTRODUCTION 

Electromagnetics (EM) is a branch of physics or electrical engineering in which 
electric and magnetic phenomena are studied. Field is a function that specifies a quantity 
everywhere in a region or a space. If at each point of a region or space there is a corresponding 
value of some physical function then region is called a field. If the field produced due to the 
magnetic effect  it is called magnetic field. There are two types of electric charges, positive and 
negative. Such an electric charge produces a field around it which is called an electric field.  

Moving charges produces a current and a current carrying conductor produce a 
magnetic field. In such a case electric and magnetic fields are related to each other. Such a field 
is called electromagnetic field. An electromagnetic field, sometimes referred to as an EM field, 
is generated when charged particles, such as electrons, are accelerated. All electrically charged 
particles are surrounded by electric fields. Charged particles in motion produce magnetic fields. 
When the velocity of a charged particle changes, an EM field is produced. Electromagnetic 
(EM) may be regarded as the study of the interactions between electric charges at rest and in 
motion. It entails the analysis, synthesis, physical interpretation, and application of electric and 
magnetic fields. 
 Natural sources of electromagnetic field: Electromagnetic fields are present everywhere in 
our environment but are invisible to the human eye. Electric fields are produced by the local 
build-up of electric charges in the atmosphere associated with thunderstorms. The earth's 
magnetic field causes a compass needle to orient in a North-South direction and is used by birds 
and fish for navigation 

Some of the branches of study where electromagnetic principles find application are 
RF communication, Microwave Engineering ,Antennas ,Electrical Machines, Satellite 
Communication, Atomic and nuclear research, Radar Technology, Remote sensing, EMI EMC, 
Quantum Electronics etc. 

 
1.1. VECTOR ALGEBRA 

Vector algebra is a mathematical shorthand. Any physical quantity can be represented 
either as a scalar or a vector. 

A scalar is a quantity that has only magnitude. Quantities such as time, mass, distance, 
temperature, entropy, electric potential, and population are scalars. 

A vector is a quantity that has both magnitude and direction. Vector quantities include 
velocity, force, displacement, and electric field intensity. Another class of physical quantities is 
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called tensors, of which scalars and vectors are special cases. For most of the time, we shall be 
concerned with scalars and vectors 

To distinguish between a scalar and a vector it is customary to represent a vector by a letter 

with an arrow on top of it, such as  and  or by a letter in boldface type such as A and B. A 
scalar is represented simply by a letter e.g., A and B. EM theory is essentially a study of some 
particular fields. 

A field is a function that specifies a particular quantity everywhere in a region. If the 
quantity is scalar (or vector), the field is said to be a scalar (or vector) field. Examples of scalar 
fields are temperature distribution in a building, sound intensity in a theater, electric potential in 
a region, and refractive index of a stratified medium. The gravitational force on a body in space 
and the velocity of raindrops in the atmosphere are examples of vector fields. 
Unit Vector 

A vector A has both magnitude and direction. The magnitude of A is a scalar written 
as A or |A|. A unit vector  along A is defined as a vector whose magnitude is unity (i.e., 1) 
and its direction is along A, that is, 

Unit vector aA=  

 Note that |aA| = 1. Thus we may write A as A = A A. which completely specifies A in 
terms of its magnitude A and its direction A. 
 
1.1.1. Sum and Difference of two Vector 
Vector Addition 
Vector addition has a very simple geometrical interpretation. To add vector  to vector , we 

simply place the tail of  at the head of . The sum is a vector  from the tail of  to the head 

of . Thus, we write  =   + . The same result is obtained if the roles of   are reversed . 

That is,  =   +   =   + . This commutative property is illustrated below with the 
parallelogram construction. 

 
Fig 1.1. Vector addition 

Since the result of adding two vectors is also a vector, we can consider the sum of 
multiple vectors. It can easily be verified that vector sum has the property of association, that is, 
(   + ) +  =   +( + ). 
Vector subtraction 

Since     =   ), in order to subtract  
and then add. 
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Fig 1.2. Vector Subtraction 

 
1.1.2. Multiplication of Scalar and Vector 
Vector Multiplication 

When two vectors  and  are multiplied, the result is either a scalar or a vector 
depending on how they are multiplied. Thus there are two types of vector multiplication: 

i. Scalar (or dot) product:   

ii. Vector (or cross) product:  X .  
i.  

The dot product of two vectors and , written as  . is defined geometrically as 

the product of the magnitudes of  and  and the cosine of the angle between them. Thus:

     = AB cos AB 

where AB is the smaller angle between A and B. The result of   is called either the scalar 
product because it is scalar, or the dot product due to the dot sign. 
the vectors A and B when they are drawn with a common origin.  

 
Fig 1.3. Vector Multiplication 

 Commutative law:  -  =  . A 

 Distributive law:  (  + ) =   +   

.  = |A|2 = A2 

ii. Vector (or cross) product  
The cross product of two vectors  and B. written as  X . is a vector quantity 

whose magnitude is ihe area of the parallopiped formed by  and , and is in the direction of 

advance of a right-handed screw as  is turned into B. 

Thus     X  = AB sin AB  
Where   is a unit vector normal to the plane containing A and B. The direction of an 

is taken as the direction of the right thumb when the fingers of the right hand rotate from  to . 

The vector multiplication of and   is called cross product due to the cross sign; it is also 
called vector product.  
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 X   

 X ( + ) =  X  +  X  

 X  = 0 
Also note that 

X  =  

 X  =  

X  =  
X  =  

S.NO LAWS ADDITION MULTIPLICATION 
1. 

 
Commutative    + =  +    k    = (   k 

2. 
 

Associative (   + (  + ) = (   + ) +  k(l(   ) = (kl) (    

3. 
 

Distributive k(  + ) = k  + k   

where k and l are scalars. 
 
1.1.3. Differentiation 

The differential vector operator  is called del or nelba defined as 

There are three possible operations with . 
1. Gradient 
2. Divergence 
3. Curl 
 

1.1.4. Solenoidal and irrotational vector 

A vector  is said to be solenoidal if its divergence is zero. i.e,  then  is said 
to be Solenoidal.  

A vector  is said to be irrotational if the curl is zero. . Then is said to be 
irrotational. 

Identical vector: 
 Two vectors are identical if there difference is zero. Thus  are 

identical  if  
 

1.2. COORDINATE SYSTEMS 
1.2.1. rectangular co ordinate system 
In rectangular co ordinate system three co ordinates axes are at right angle to each other and call 
it x,y,z axes. These three axes are intersect at a common point is an origin of the system. At any 
point P(x,y,z) is specified as the intersection of three planes.  
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Fig 1.4 Co ordinate Systems 

The x ,y ,z values are constant being the co ordinates value of the point. The unit vector along 
the three co ordinate axis are given as x , y , z. The components vectors have unit magnitude 
and direction. The unit vector have unit magnitude and directed along the co ordinate axis. A 
unit vector is given direction is a vector in that direction divided by its magnitude. It is given 
by, 

 

 

Consider a point P(x,y,z) in Cartesian coordinate system as shown in fig. Then the position 
vector of point P is represented by the direction of point P from the origin. If the three 
coordinate axes with the magnitude x,y,z. Thus the position vector of point P can be represented 
as. 

  

The magnitude of the three vectors are, 

 

 
Fig 1.5 Rectangular co ordinate system 

Consider the points P(x ,y ,z) and Q(x+dx ,y+dy ,z+dz) in rectangular co ordinate system.  

Displacement vector  

Differential Volume dv = dxdydz 
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Figure1.5 shows the six planes define a rectangular parallel piped. The differential 
length dl from P to Q is the diagonal of the parallel piped is given by, 

 
Fig.1.6. differential length and differential elements in Cartesian co ordinate system 

The differential area           ds1 = dxdy (normal to z direction) 
ds2 = dydz (normal to x direction) 
ds3 = dzdx (normal to y direction) 

The differential volume dv = dxdydz 
1.2.2. Cylindrical  Coordinate System 

One coordinate system that we work in is the standard Cartesian (x,y,z) system. But, if 
you are doing a problem with either spherical symmetry (going out the same distance in the x, 
y, and z directions is the same) or cylindrical symmetry (this means symmetry about one axis), 
using different coordinate systems may make the problem easier. For example, suppose you are 
trying to calculate the electric field due to a line of charge lying on the z-axis. The electric field 
at (1, 0, 0) is the same as the electric field at (0, 1, 0). The only thing that matters is the distance 
from the z-axis. For this problem, it may be Easier to work in cylindrical coordinates. 

 
Fig 1.7 Cylindrical co ordinate system 



1. Static Electric Field 

Ponjesly College Of Engineering               1.7             Electromagnetic Fields 

  
The cylindrical co ordinate system is the three dimensional version of the polar co 

ordinate of analytical geometry. In this system consider any points as the intersection of three 
mutually perpendicular surfaces.  

 
Fig 1.9. Analytical geometry of cylindrical co ordinate system 

The surface used to defined the cylindrical co ordinate system are, 
i. Plane of constant z which parallel to xy plane. 
ii. A cylinder of radious r with z axis as the axis of the cylinder. 

iii. A half perpendicular to xy plane and at an angle  with respect to xy plane. 

The angle  is called azimuth angle, 
The ranges of variable, 

 

  
-  
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They are a circular cylinder ( = constant) a plane (  = constant) and another plane (z = 

constant). The co ordinates are , ,z. A differential volume element in cylindrical co ordinates 

may be obtained by increasing    ,  and z by the differential increments   d , d  and dz. 

 
Fig 1.10. differential increments   d , d  and dz 

The differential length dl =  

The shape of this small volume is truncated. As the volume element becomes very small, its 

shape approaches that of a rectangular parallelo piped. It has side of the length d , d ,dz. 
Unit Vectors:  

The unit vectors in the cylindrical coordinate system are functions of position. It is 
convenient to express them in terms of the cylindrical coordinates and the unit vectors of the 
rectangular coordinate system which are not themselves functions of position. 

 

 
 

The differential length in  and z direction are d  and dz respectively. In direction 
d  there exists as differential are length in  direction. This differential length due to d  in 

direction is  as shown in fig. 
Thus the differential length are, 

= differential length in direction 
=differential length in  direction 

Dz= differential length in z direction. 

The differential length  

The differential area      ds = d dz ( ,z plane) 

           ds = d d  ( ,  plane) 

       ds = d dz ( ,z plane) 
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Fig 1.11 Differential Volume element in cylindrical co ordinate system 

The differential volume dv = d d dz 
1.2.3. Spherical co ordinate system 
 In this system consider any point as the point of intersection of the spherical surface 

(radious r= constant) (  = angle between r and z) (  = constant).  

 
Fig 1.12. Spherical co ordinate system 

i. The sphere radius r origin as the center of the sphere. 
ii. A right circular cone with its apex at the origin and its axis as z axis. Its half angle 

is . It rotate about z axis and  varies from 0 to 180. 

iii. A half plane perpendicular to xy plane containing z axis, making an angle  with 
the xz plane. 

The co ordinate of this systems are r, , . 
The ranges of variable are, 
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Fig 1.14 Spherical co ordinate system 

The differential volume element may be obtained in spherical co ordinate by increasing r, ,  

by dr,d  and d . The side of this volume elements are dr, rd , rsin  d . 

The differential length  

The differential area    ds = r dr d                      (r,  plane) 

ds = rsin  d  dr               (r,  plane) 

ds = r2sin  d  d      ( ,  plane) 

The differential volume  

 
Fig 1.15 Differential Volume in Spherical co ordinate system 
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Table : Differential lengths, surface area, and volume elements for each geometry. The surface 
element is subscripted by the coordinate perpendicular to the surface. 
 

 
Cartesian 

coordinate system 
Cylindrical coordinate 

system 
Spherical co ordinate system 

The 
differential 

length 

dl= 

 

 

dl=

 

dl=

 

The 
differential 

area 

ds1=dxdy(x,yplane) 
ds2=dydz(y,zplane) 
ds3=dzdx(z,xplane) 

ds = d dz      ( ,z plane) 

ds = d d  ( ,  plane) 

ds = d dz   ( ,z plane) 

ds = r dr d              (r,  plane)                                                           

ds = rsin  d  dr       (r,  plane)                                                          

ds = r2sin  d  d     ( ,  plane) 

The 
differential 

volume 
 

dv = dxdydz 
dv = d d dz 

 
dv = r2sin  dr d  d  

 

 
1.2.4.  VECTOR TRANSFORMATION 

It is necessary to transform a vector from one co ordinate system to another co ordinate 
system. Transformation of a vector between Cartesian and cylindrical co ordinate system, 
Cartesian and spherical system are carried out. 
(i)Transformation between Cartesian and Cylindrical coordinates:  

Let us consider A = A  + A  + Az  is to be expressed in Cartesian co 
ordinate as A = Ax +Ay +Az  in doing so that 

 
Fig 1.16: Relationship between (x, y, z) and ( , ,z). 

x = cos , y =  sin , z = z 

= , =tan-1  , z = z 

In matrix form, the transformation of vector A from (Ax,Ay,Az) to(A , A , Az) as 
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The inverse of the transformation (A , A , Az) to (Ax,Ay,Az) 

 

 (ii)Transformation between Cartesian and Spherical coordinates:  
The space variables (x, y, z) in Cartesian coordinates can be related to variables (r, , 

) of a spherical coordinate system. Given a vector  A = Ar +  in the spherical 

polar coordinate system, its component in the Cartesian coordinate system can be found out as 
follows                    

r= , =tan-1    ,  =tan-1  

(or) 

x = r sin  cos , y = r sin  sin , z = r cos  

In matrix form, the (Ax, Ay, Az)  (Ar, A , A ) vector transformation is performed according 
to  

 
Fig1.17 Relationships between space variables (x, y, z), (r, , ) and ( , , z). 

 

The inverse transformation (Ar, A , A )  (Ax, Ay, Az) is similarly obtained, 

 

Thus we see that a vector in one coordinate system is transformed to another coordinate system 
through two-step process:  i. Finding the component vectors        ii. variable transformation.  
(iii)Transformation between cylindrical and Spherical coordinates:  

Point transformation between cylindrical and spherical coordinates is obtained using 

r= r=  , =tan-1  , =  
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=rsin , z=rcos , =  

In matrix form, the (Ar, A , A ) to (A ,A ,Az )vector transformation is performed according to  

 

 

In matrix form, the (A ,A ,Az)to  (Ar, A , A ) vector transformation is performed according to 

 

 
1.3. VECTOR DIFFERENTIAL OPERATOR 

In Cartesian coordinates, 

This vector differential operator, otherwise known as the gradient operator, is not a vector in 
itself, but when it operates on a scalar function, for example, a vector ensues. The operator is 
useful in  

1. The gradient of a scalar , written, as W 

2. The divergence of a vector A, written as   

3. The curl of a vector A, written as  X A 

4. The Laplacian of a scalar V, written as 2 V 
Each of these will be defined in detail in the subsequent sections. Before do that, it is 

appropriate to obtain expressions for the del operator V in cylindrical and spherical coordinates. 

 in cylindrical coordinates: 

To obtain  in terms of , ,z and 

= , =tan-1  

Hence 

 

 

 =   

 in spherical coordinates: 

r= , =tan-1    ,  =tan-1   
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The unit vectors are placed to the right of the differential operators because the unit vectors 
depend on the angles. 
1.4. CURL , DIVERGENCE, GRADIENT  

1.4.1. Definition Of  Curl 
The curl of A is an axial (or rotational) vector whose magnitude is the maximum 

circulation of A per unit area as the area lends to zero and whose direction is the normal 
direction of the area when the area is oriented so as to make the circulation maximum. 

 The circulation of a vector field around a closed path is given by curl of a vector. 
Mathematically it is defined as, 

                                 

Where SN  Planar area enclosed by the closed line integral 
The subscript N indicates that the components of the curl is that component which is normal to 
the surface enclosed by the closed path. The maximum circulation of h per unit area tends to 
zero whose direction is normal to the surface is called curl of  H. 

Symbolically represented as Curl H =  x H 

In rectangular co ordinate system x,y and z of the curl H are given by, 

                  Curl H   x H =  

 

In cylindrical co ordinates 

  Curl H   x H =  

 

 In spherical co ordinates 

  Curl H   x H =  

 

Thus maximum circulation of  per unit area tends to zero whose direction is normal to the 

surface is called curl of .  
Note the following properties of the curl: 

 The curl of a vector field is another vector field. 

 The curl of a scalar field V,  X V, makes no sense. 



1. Static Electric Field 

Ponjesly College Of Engineering               1.15             Electromagnetic Fields 

 X(A + B) =  X A +  X B 

  X (A X B) = A(  - B(  A - )B 

  X (VA) = V  X A + V X A 

 The divergence of the curl of a vector field vanishes, that is,   X A) = 0. 

 The curl of the gradient of a scalar field vanishes, that is,  X V = 0. 
1.4.2.  Divergence 

Divergence of vector field D at a point P is the outward flux per unit volume as the 
volume shrinks about point P. i.e, representing differential volume element at 
point P. 

Divergence of D = div D =  

Div A = .D  divergence of D 

= vector operator = +  

The divergence of vector flux density A is the outflow of flux from a small closed 

surface per unit volume as the volume shrinks to zero. i.e, . A = 0. The positive divergence for 
any vector quantity indicates a source of that vector quantity at a point. Similarly a negative 
divergence indicates a sink.  

 .D = +  This is the divergence of D in Rectangular system. 

In cylindrical system 

 

In spherical System 

 

The vector field having its divergence zero is called solenoidal field. .  = 0 for  to be  
solenoidal 
Note the following properties of the divergence of a vector field: 

 It produces a scalar field (because scalar product is involved). 

 The divergence of a scalar V, div V, makes no sense. 

     

   V 
1.4.3. Gradient 
 The gradient of a scalar is a vector. Consider V be the unique function of x,y,z             
coordinates in rectangular system. This is the scalar function and denoted as V(x,y,z). The 

vector operates in Cartesian system denoted  called del.  

The vector operator,  =   

The scalar operator, .V =      i.e, 

.V = grad V 
In rectangular co ordinate system, 
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In cylindrical system, 

 

In spherical system, 

 

Properties of Gradient: 

 The gradient V gives the maximum rate of change of V per unit distance. 

 The gradient V always indicates the direction of the maximum rate of change of V 
1.5. DIVERGENCE THEOREM 
 Statement 
 The volume integral of the divergence of a vector field over a volume is equal to the 
surface integral of the normal component of this vector over the surface bounding this volume.  

ds.AdvA.  

Proof: Let us consider a volume V enclosed by a surface S . Let us subdivide the 
volume in large number of cells. Let the kth cell has a volume V and the corresponding surface 
is denoted by Sk. Interior to the volume, cells have common surfaces. Outward flux through 
these common surfaces from one cell becomes the inward flux for the neighboring cells. 
Therefore when the total flux from these cells is considered, get the net outward flux through 
the surface surrounding the volume. The divergence theorem can be applied to any field but 
partial derivatives of that vector must exist. The divergence theorem is applied to the flux 
density. Both sides of the divergence theorem give the net charge enclosed by the closed 
surface. It converts the surface integral into volume integral provided that the closed surface 
encloses certain volume. It is applied with Gauss law. 
The divergence of any vector A is given by  

A.  =
z

Az

y

Ay

x

Ax , 

 
Fig 1.18 Divergence theorem 

Take volume Integral on both sides,  



1. Static Electric Field 

Ponjesly College Of Engineering               1.17             Electromagnetic Fields 

dvA. = dxdydz
z

Az

y

Ay

x

Ax  

Consider an element volume in x direction,  

dzdydx
x

Ax = dzdydx
x

Ax
.  

But,  

dx
x

Axx

x

2

1

=Ax2  Ax1 = Ax 

Then,  

dzdydx
x

Ax
=

s

dzdyAx = 

s

xdsAx  

 Where dsx = x component of surface area ds.  

dzdydx
y

Ay = dsyAy
s

 

dzdydx
z

Az
= dszAz

s

 

 dvA. = dxdydz
z

Az

y

Ay

x

Ax  

                           =
s

dszAzAydsydsxAs )(  

= dsA.  

 dvA. = dsA.  

Hence proved. 
 

1.6. STOKES THEOREM 
Statement  
 Stokes's theorem states that the circulation of a vector field A around a (closed) path 
is equal to the surface integral of the curl of A over the open surface S bounded by L provided 

that A and  X A are continuous S. 
The line integral of a vector around a closed path is equal to surface integral of the 

normal component of its equal to the integral of the normal component of its curl ever any 
closed surface.  

dl.H  = dsH
s

 

Proof Consider an arbitrary surface. This is broken up into incremental surfaces of areas s 
as shown in Fig.  
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If H is any field vector, then by definition of the curl to one of these incremental 
surfaces. The Stokes theorem relates the line integral. It states that, The line integral of H 
around a closed path L is equal to the integral of curl of H over the open surface S enclosed by 
the closed path L. Mathematically it is expressed as, 

  dl- Perimeter of total surface S 

 
Fig 1.19 Stokes theorem 

 Stokes theorem is applicable only when H and xH are continuous on the surface S. The path 
L and open surface S enclosed by the path L. 

NHx
s

sdlH
)(

.
 

Where N indicates normal to the surface and dl s indicate that the closed path of an 

incremental area s.  
 The curl of H normal to the surface can be written as  

s

sdlH .
 = ,).( aNHx  

s

sdlH .
 = saNHx ).(  

=( xH). s. 

Where aN is a unit vector normal to s.   
The closed integral for whole surface S is given by the surface s integral of the normal 

component of curl H.  

dlH .  = ds.H
s

 

 Hence proved 
1.7. COULOMBS LAW 

Coulomb's law is an experimental law formulated in 1785 by the French colonel, 
Charles Augustin de Coulomb. It deals with the force a point charge exerts on another point 
charge. By a point charge we mean a charge that is located on a body whose dimensions are 
much smaller than other relevant dimensions. For example, a collection of electric charges on a 
pinhead may be regarded as a point charge. Charges are generally measured in coulombs (C). 
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Coulomb's law states that the force f between two point charges (Q1 and Q2 is):

 Along the line joining them 

 Directly proportional to the product Q1Q2of the charges 

 Inversely proportional to the square of the distance R between them. 
Point charge is a hypothetical charge located at a single point in space. It is an 

idealized model of a particle having an electric charge.  
 

Q1     Q2 
     R 
                                            Fig 1.20 Two point charges  
Consider two point charges Q1 and Q2 as shown in figure separated by a distance R. 

The force acting along the line joining Q1 and Q2. The force exerted between them is repulsive 
if the charges a same polarity. While it is attractive if the charges are of different polarity. 

Mathematically, 

 

Q1 and Q2 are expressed in Coulombs (C) and R is in met        

                                                         

Where k is the proportionality constant.  

 

 is called the permittivity of free space. = 0 r 

0  permitivity in free space = 8.854 x10-12 =  

r  Relative permitivity 
(If the charges are any other dielectric medium, we will use instead where is called the relative 
permittivity or the dielectric constant of the medium). 

 
Fig 1.21 Coulomb vector force on point changes Qy and Q2. 

Consider the two point charges Q1 and Q2 located at the points having r1 and r2. The 
force exerted by Q1 and Q2 act along the direction R12. Where a12 is the unit vector form can be 
expressed as, 

Q
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- unit vector along    

R12 =  

  

It is worthwhile to note that 
The force expressed by coulombs law is a mutual force for each of the two charges 

experiences a force of the same magnitude but opposite direction 

 

Coulombs law is linear if any one charge is increased n times then the force exerted 
also increased by n times. Then the force exerted also increased by n times 

    n- scalar 

 
Fig.1.22.  Signs of Q1 and Q2 

 Like charges (charges of the same sign) repel each other while unlike charges attract.  

 The distance R between the charged bodies Q1 and Q2 must be large compared with  
 the linear dimensions of the bodies; that is, Q1 and Q2 must be point charges. 

 Q1 and Q2 must be static (at rest). 

 The signs of Q1 and Q2 must be taken into account. 
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1.8. ELECTRIC FIELD INTENSITY
The electric field intensity (or electric field strength) K is the force per unit charge 

when placed in the electric field. 

Thus     E=  

or simply  

  

 
Fig1.23.  Electric field intensity 

The electric field intensity E is obviously in the direction of the force F and is 
measured in Newton/coulomb or volts/meter. The electric field intensity at point r due to a point 
charge located at r1 is readily obtained using  

 

 

 
Fig.1.24.  due to n number of charges 
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For N point charges Q1 Q2,. . ., QN located at r1, r2,. . . , rN, the electric field intensity at point 
r is obtained from 

 

or 

 

 
1.9. POINT, LINE, SURFACE AND VOLUME CHARGE DISTRIBUTIONS 

The forces and electric fields due to point charges, which are essentially charges 
occupying very small physical space. It is also possible to have continuous charge distribution 
along a line, on a surface, or in a volume as illustrated in Figure. It is customary to denote the 

line charge density, surface charge density, and volume charge density by L (in C/m), s (in 

C/m2), and v (in C/m3), respectively. These must not be confused with  (without subscript) 
used for radial distance in cylindrical coordinates. The charge element dQ and the total charge 
Q due to these charge distributions are obtained.  

Line charge density is denoted as  L. it is the ratio of total charge in coulomb to total 
length in meters 

 

 Surface charge density is denoted as s. it is the ratio of total charge in coulomb to total 
Surface area in meter2 

 

Volume charge density is denoted as  L. it is the ratio of total charge in coulomb to 
total Volume in meter3 

 

 
Point charge           Line charge               Surface charge                Volume charge 

Fig 1.25. Various charge distributions and charge elements. 

 (line charge) 

 (surface charge) 
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 (volume charge) 

The electric field intensity due to each of the charge distributions L, s, and v may 
be regarded as the summation of the field contributed by the numerous point charges making up 
the charge distribution. Thus by replacing Q , with charge element  

Integrating, 

 

It should be noted that R2 and vary as the integrals are evaluated. 
i. Point Charge 
The point is very small compared to the surrounding surface area. 

ii. A Line Charge 

 
Fig.1.26  line charge 

Consider a line charge with uniform charge density pL extending from A to B along the 
z-axis as shown in Figure. The charge element dQ associated with element dl = dz of the line is 

dQ = LdL= LdZ 
 And hence the total charge Q is 
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Fig 1.27. Evaluation of the E field due to line Charge 

iii. A Surface Charge 

 
Fig.1.28  surface charge 

Consider an infinite sheet of charge in the xy-plane with uniform charge density ps. The 
charge associated with an elemental area dS is 

dQ = SdS = s  d  d  
and hence the total charge is 

 

The contribution to the E field at point P(0, 0, h) by the elemental surface 1 shown in Figure, 
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Fig1.29. Evaluation of the E field due to an infinite sheet of charge 

iv. A Volume Charge 

 
Fig.1.30. volume charge 

Let the volume charge distribution with uniform charge density pv be as shown in Figure. 
The charge dQ associated with the elemental volume dv is  

dQ = v dv 
and hence the total charge in a sphere of radius a is 

 

The electric field dE at P(0, 0, z) due to the elementary volume charge is,  

 

 



1. Static Electric Field 

Ponjesly College Of Engineering               1.26             Electromagnetic Fields 

 
Fig1.31. Evaluation of the E field due to a volume charge distribution. 

1.10. ELECTRIC FLUX DENSITY 

 
Fig.1.32 flux line 

The flux due to the electric field E can be calculated using the general definition of 
flux.      

            
Fig.1.33 flux line 

 For practical reasons, however, this quantity is not usually considered as the most 
useful flux in electrostatics. Also the electric field intensity is dependent on the medium in 
which the charge is placed. Suppose a new vector field D independent of the medium is defined 
by 

                                                                    D = E 

D =  

Electric flux f in terms of  , 

 =  
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In SI units, one line of electric flux emanates from +1 C and terminates on - 1 C. 
Therefore, the electric flux is measured in coulombs. Hence, the vector field D is called the 
electric flux density and is measured in coulombs per square meter. For historical reasons, the 
electric flux density is also called electric displacement.  
A volume charge distribution 

 

D is a function of charge and position only; it is independent of the medium. 

 
Fig.1.34 Electric Flux density 
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1.11. GAUSS LAW AND ITS APPLICATIONS 
Gauss Law 

Gauss's law states that the total electric flux   through any closed surface is equal to 

the total charge enclosed by that surface.   = Qenc 

=  

Total charge enclosed Q =  

 

 
Fig 1.35. Flux through irregular surface area 
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Gauss's law provides an easy means of finding E or D for symmetrical charge distributions such 
as a point charge, an infinite line charge, an infinite cylindrical surface charge, and a spherical 
distribution of charge. A continuous charge distribution has rectangular symmetry if it depends 

only on x (or y or z), cylindrical symmetry if it depends only on  or, spherical symmetry if it 

depends only on r (independent of  and ). It must be stressed that whether the charge 
distribution is symmetric or not, Gauss's law always holds. 
 
Applications 

The procedure for applying Gauss's law to calculate the electric field involves first 
knowing whether symmetry exists. Once symmetric charge distribution exists, we construct a 
mathematical closed surface (known as a Gaussian surface). The surface is chosen such that D 
is normal or tangential to the Gaussian surface. When D is norma dS = D dS 

dS = 0. Thus we 
must choose a surface that has some of the symmetry exhibited by the charge distribution.  
i. Point Charge (Proof of gauss law) 

Suppose a point charge Q is located at the origin. To determine D at a point P, it is easy to 
see that choosing a spherical surface containing P will satisfy symmetry conditions.  

Thus, a spherical surface centered at the origin is the Gaussian surface in this case and is 
shown in Figure1.18. Since D is everywhere normal to the Gaussian surface, that is, D = Drar 

applying Gauss's law (  = Q enclosed) gives  

 
Fig1.36. Gaussian surface about a point charge. 

 
Q =  

where § dS =   is the surface area of the Gaussian surface. Thus 

D =  
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Fig 1.37 Proof of gauss law 

 
ii. Infinite Line Charge  

Suppose the infinite line of uniform charge pL C/m lies along the z-axis. To determine D at 
a point P, choose a cylindrical surface containing P to satisfy symmetry condition as shown in 

Figure. D is constant on and normal to the cylindrical Gaussian surface; that is, D = D a . If 
we apply Gauss's law to an arbitrary length l of the line 

 
Fig 1.38. Gaussian surface about an infinite line charge 

Q =  

 is the surface area of the Gaussian surface. Note that  evaluated on the 
top and bottom surfaces of the cylinder is zero since D has no z-component; that means that D 
is tangential to those surfaces. Thus 

D =  

iii. Infinite Sheet of Charge  
Consider the infinite sheet of uniform charge s C/m2 lying on the z = 0 plane. To 

determine D at point P, we choose a rectangular box that is cut symmetrically by the sheet of 



1. Static Electric Field 

Ponjesly College Of Engineering               1.31             Electromagnetic Fields 

charge and has two of its faces parallel to the sheet as shown in Figure. As D is normal to the 
sheet, D = Dzaz, and applying Gauss's law gives 

s =Q = bottom  

 
Fig 1.38. Gaussian surface about an infinite line sheet of charge. 

dS evaluated on the sides of the box is zero because D has no components along 
ax and ay. If the top and bottom area of the box each has area A,  

sA = DZ(A+ A) 
and thus 

 

iv. Uniformly Charged Sphere 
Consider a sphere of radius a with a uniform charge v C/m3. To determine D everywhere, 

construct Gaussian surfaces for cases r   a and r  a separately. Since the charge has spherical 
symmetry, it is obvious that a spherical surface is an appropriate Gaussian surface. 

 
Fig 1.39. Gaussian surface for a uniformly charged sphere when: (a) r  a and (b) r  a. 

For r  a, the total charge enclosed by the spherical surface of radius r, 

Qenc =  

=  

And = =  

=  

Hence  = Qenc gives  
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 =  

Or    =      0 < r   a 

For r  a, the Gaussian surface is shown in Figure. The charge enclosed by the surface is the 
entire charge in this case, that is, 

Qenc =  

=  

While = =  

=  

 = Qenc 

 

 

Thus from above equations D everywhere is given by, 

D =  

and |D| is as sketched 

 
Fig 1.40. Sketch of |D| against r for a uniformly charged sphere. 

 
1.12. GAUSS DIVERGENCE THEOREM 
 According to Gauss law, 

Q =   

= Total charge enclosed Q =  

Q =   

By applying divergence theorem to the middle term, 

 

Comparing the two volume integrals,  
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volume  charge density is the same as the divergence of the electric flux density. This  should 
not be surprising to us from the way we defined the divergence of a vector. Gauss's law is an 
alternative statement of Coulomb's law; proper application of the divergence theorem to 
Coulomb's law results in Gauss's law. 
 
1.13. ABSOLUTE ELECTRIC POTENTIAL 

E=  

VAB=  

 

VAB=  

VAB= VB- VA 
where VB and VA are the potentials (or absolute potentials) at B and A, respectively. Thus the 
potential difference VAB may be regarded as the potential at B with reference to A. In problems 
involving point charges, it is customary to choose infinity as reference; that is, assume the 

potential at infinity is zero. Thus if VA = 0 as rA , the potential at any point (rB  r) due to a 
point charge Q located at the origin is 

V= aR 

E points in the radial direction, any contribution from a displacement in the  or  direction is 

dl = E cos  dl = E dr. Hence the potential difference VAB is 
independent of the path as asserted earlier. 

The potential at any point is the potential difference that point and a chosen point at 
which the potential is zero  

In other words, by assuming zero potential at infinity, the potential at a distance r from 
the point charge is the work done per unit charge by an external agent in transferring a test  
charge from infinity to that point. Thus 

V  

Considered the electric potential due to a point charge. The same basic ideas apply to 
other types of charge distribution because any charge distribution can be regarded as consisting 
of point charges. The superposition principle, which we applied to electric fields, applies to 
potentials. For n point charges  ,Qn located at points with position vectors r b r2,. . ., 
rn, the potential at r is 

V= aR1 + a aRn 

V= aRk 

E = -  V 
The electric field intensity is the gradient of V. The negative sign shows that the direction of E 
is opposite to the direction in which V increases; E is directed from higher to lower levels of V. 
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Since the curl of the gradient of a scalar function is always zero (  X V = 0), E must be a 
gradient of some scalar function. 
 
1.14. POTENTIAL DIFFERENCE 

To move a point charge Q from point A to point B in an electric field E as shown in 
Figure. From Coulomb's law, the force on Q is F = QE so that the work done in displacing the 
charge by dl is 

 
Fig 1.41. Displacement of point charge Q in an electrostatic field E. 

dW = - dl = -  
The negative sign indicates that the work is being done by an external agent. Thus the total 
work done, or the potential energy required, in moving Q from A to B is 

W = -Q -Q  
Dividing W by Q gives the potential energy per unit charge. This quantity, denoted by VAB, is 
known as the potential difference between points A and B. Thus 

VAB=   

 In determining VAB,  A is the initial point while B is the final point. 

 If VAB is negative, there is a loss in potential energy in moving Q from A to B; this 
implies that the work is being done by the field. However, if VAB is positive, there is a gain in 
potential energy in the movement; an external agent performs the work. 

 VAB is independent of the path taken (to be shown a little later). 

 VAB is measured in joules per coulomb, commonly referred to as volts (V). 
The potential difference between points A and B is independent of the path taken. Hence, 

VAB=- VBA 

 

1.15. CALCULATION OF POTENTIAL DIFFERENCES FOR DIFFERENT 
CONFIGURATIONS 

For continuous charge distributions, Consider a general system composed of point 

charges q1, q2, q3 linear charge with density L coulomb /m, surface charge with density s 

coulomb /m2 and volume charge distribution with v coulomb /m3. The potential at any point is 
then given by summation of contribution of each of the above.  

 Potential at  due to point charges Q1, Q2, Q3 is given by, 
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V  = 
3

3
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1

1
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r
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N rN

QN

104

1  

 

 
Fig.1.42. Potential due to several points 

Potential at  due to line charge of density L , differential length dL is given by  

 
Fig.1.43. Potential due to line 

VL = dL
r

L

04

1  

Potential at  due to surface charge of density s, differential surface dS is given by 

 
Fig.1.44 Potential due to surface 

Vs = ds
r

s

04

1
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Potential at is  due to volume charge of density v, differential volume dV is given by  

 
Fig.1.45 Potential due to volume 

Vv = dv
r

v

04

1  

By principle of superstition 
 Total Electric Potential is sum of all the potential due to point, line, surface and 
volume charge.  

V =
r

dvv
ds

r

s
dL

r

L

rn

n

n

3

104

1
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1.16. ELECTRIC DIPOLE
          An electric dipole is two equal and opposite charges separated by small distance.  

 
Fig1.46.  An electric dipole. 

 Consider a dipole with  and -   Let point  be at a distance r1, and r2 from +  and -  

and r from origin. The potential at  is zero when +  and -  are superposed. So r1=0.  

 But as r1  r2, the potential be non zero being the sum of the contribution by the two 
charges taken separately.  

Potential at  due to + =
104 r

Q  Potential at  due to - =
204 r

Q  

Resultant Potential at  is  

 V = 
2

1

1

1

04 rr

Q  

To find value of r1 and r2  

  
  Fig1.47.  An electric dipole to distant point P.  

r1  = r - Cos
d

2
 

r2  = r + Cos
d

2
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 V   = 

cos
2

1

cos
2

1

04 d
r

d
r

Q  

=

cos
2

cos
2

cos

04 d
r

d
r

dQ  

= Cos
d

ras
r

dQ

2

cos

04 2
 

V = 
204 r

CosQd  

V= Volts
r

Cos
204

 

Where   - Dipole moment = Qd. 
1.17. ELECTROSTATIC ENERGY AND ENERGY DENSITY 
             To determine the energy present in an assembly of charges, first determine the amount 
of work necessary to assemble them. Suppose to position three point charges Q1, Q2, and Q3 in 
an initially empty space shown shaded in Figure. No work is required to transfer Q1 from 
infinity to Pl because the space is initially charge free and there is no electric field. The work 
done in transferring Q2 from infinity to P2 is equal to the product of Q2 and the potential V21 at 
P2 due to Q1. Similarly, the work done in positioning Q3 at P3 is equal to Q3(V32 + V31), where 
V32 and V31 are the potentials at P3 due to Q2 and Q1 respectively. Hence the total work done in 
positioning the three charges is 

 
Figure 1.48 Assembling of charges. 

Where V23 is the potential at P2 due to Q3, V12 and V13 are, respectively, the potentials at P1 due 
to Q2 and Q3. Adding gives 

where V1, V2, and V3 are total potentials at P1. P2, and P3, respectively. In general, if there are n 
point charges,  
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If, instead of point charges, the region has a continuous charge distribution, the summation  
becomes integration; 

Since v =   

But for any vector A and scalar V, the identity 

V + V(   
or 

(   - V 
holds. Applying the identity we get 

 

By applying divergence theorem to the first term on the right-hand side of this equation, we 
Have 

  

 

  

and since E = - V and D = oE 

   

 
From this, define electrostatic energy density WE (in J/m3) as 

WE =  
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PROBLEMS
Example:1.1 

 
Example:1.2 
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Example 1.3:

 
Example1.4: 
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Example1.5:

 
Example 1.6: 
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Example1.7:

 
Example1.8: 
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Example 1.9:
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Example 1.10: 
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Example: 1.11:

 

 
 
Example: 1.12 
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Example: 1.13

 

 
Example: 1.14 
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Example: 1.15

 
Example: 1.16 
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Example: 1.17

 
Example: 1.18 
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Example: 1.19
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SUMMARY 

 A field is a function that specifies a quantity in space. For example, (x, y, z) is a vector field 
whereas V(x, y, z) is a scalar field. 

 A vector  is uniquely specified by its magnitude and a unit vector along it, that is, A = A . 

 The three common coordinate systems we shall use throughout the text are the Cartesian (or 
rectangular), the circular cylindrical, and the spherical. 

 Cartesian 
coordinate system 

Cylindrical coordinate 
system 

Spherical co ordinate 
system 

 
The 

differential 
length 

 

dl= 

 

 
 

dl=

 

dl=

 

The 
differential 

area 

ds1=dxdy(x,yplane) 
ds2=dydz(y,zplane) 
ds3=dzdx(z,xplane) 

ds = d dz      ( ,z plane) 

ds = d d  ( ,  plane) 

ds = d dz   ( ,z plane) 

ds = r dr d          (r,  plane)                                                           

ds = rsin  d  d   (r,  plane) 

ds = r2sin  d  d ( , plane) 

The 
differential 

volume 
 

dv = dxdydz dv = d d dz 
 

dv = r2sin  dr d  d  
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 Multiplying two vectors and  results in either a AB cos AB or a 

vector  X  = AB sin ABan. Multiplying three vectors , , and ) yields a scalar    X ) 

or a vector  X (   X ). 

 The scalar projection (or component) of vector ,  onto ,  is AB = aB whereas 

vector projection of ,  onto  is AB = ABaB. 

 Vector Transformation: 

In matrix form, the transformation of vector A from (Ax,Ay,Az) to(A , A , Az) as 

 

The inverse of the transformation (A , A , Az) to (Ax,Ay,Az) 

 

In matrix form, the (Ax, Ay, Az)  (Ar, A , A ) vector transformation is performed according 
to  

 

The inverse transformation (Ar, A , A )  (Ax, Ay, Az) is similarly obtained, 

 

In matrix form, the (Ar, A , A ) to (A ,A ,Az )vector transformation is performed according to  

 

In matrix form, the (A ,A ,Az)to  (Ar, A , A ) vector transformation is performed according to 

 

 Fixing one space variable defines a surface; fixing two defines a line; fixing three 
defines a point. 

 

  

 The volume integral of the divergence of a vector field over a volume is equal to the 
surface integral of the normal component of this vector over the surface bounding this volume.  

ds.AdvA.  
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 Stokes's theorem states that the circulation of a vector field A around a (closed) path is 
equal to the surface integral of the curl of A over the open surface S bounded by L provided that 

A and  X A are continuous S. 

dl.H  = dsH
s

 

 Coulomb's law states that the force f  between two point charges (Q1 and Q2 is): 
i.Along the line joining them 

ii.Directly proportional to the product Q1Q2of the charges 
iii.Inversely proportional to the square of the distance R between them. 
iv.Point charge is a hypothetical charge located at a single point in space. It is an idealized 

 

 The electric field intensity (or electric field strength) K is the force per unit charge 
when placed in the electric field. 

E=  

 Point, Line, Surface And Volume Charge Distributions 

dQ = LdL Q =  (line charge) 

dQ = SdS Q =  (surface charge) 

dQ = VdS Q =  (volume charge) 

 The flux due to the electric field E can be calculated using the general definition of flux.                       
For practical reasons, however, this quantity is not usually considered as the most useful flux in 

electrostatics   D = E 

D =  

 Gauss's law states that the total electric flux   through any closed surface is equal to 
the total charge enclosed by that surface. 

 = Qenc 

=  

 To move a point charge Q from point A to point B in an electric field E as shown in 
Figure. From Coulomb's law, the force on Q is F = QE so that the work done in displacing the 
charge by dl is 

 An electric dipole is two equal and opposite charges separated by small distance.  
define electrostatic energy density WE (in J/m3) as 

WE =  =  =  =  

WE =  

 
 
 
 
 


