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UNIT I               

  ELECTROSTATICS 

ELECTROSTATICS :  

Study of Electricity in which electric charges are static i.e. not moving, is called electrostatics • STATIC CLING • An 
electrical phenomenon that accompanies dry weather, causes these pieces of papers to stick to one 
another and to the plastic comb. • Due to this reason our clothes stick to our body. • ELECTRIC 
CHARGE : Electric charge is characteristic developed in particle of material due to which it exert force 
on other such particles. It automatically accompanies the particle wherever it goes. • Charge cannot 
exist without material carrying it • It is possible to develop the charge by rubbing two solids having 
friction. • Carrying the charges is called electrification. • Electrification due to friction is called 
frictional electricity. Since these charges are not flowing it is also called static electricity. There are 
two types of charges. +ve and –ve. • Similar charges repel each other, • Opposite charges attract 
each other. • Benjamin Franklin made this nomenclature of charges being +ve and –ve for 
mathematical calculations because adding them together cancel each other. • Any particle has vast 
amount of charges. • The number of positive and negative charges are equal, hence matter is 
basically neutral. • Inequality of charges give the material a net charge which is equal to the 
difference of the two type of charges. 

                        Electrostatic series :If two substances are rubbed together the former in series acquires the positive 
charge and later, the –ve. (i) Glass (ii) Flannel (iii) Wool (iv) Silk (v) Hard Metal (vi) Hard rubber (vii) 
Sealing wax (viii) Resin (ix) Sulphur Electron theory of Electrification • Nucleus of atom is positively 
charged. • The electron revolving around it is negatively charged. • They are equal in numbers, 
hence atom is electrically neutral. • With friction there is transfer of electrons, hence net charge is 
developed in the particles. • It also explains that the charges are compulsorily developed in pairs 
equally . +vein one body and –ve in second. • It establish conservation of charges in the universe. • 
The loss of electrons develops +ve charge. While excess of electrons develop –ve charge • A proton 
is 1837 times heavier than electron hence it cannot be transferred. Transferring lighter electron is 
easier. • Therefore for electrification of matter, only electrons are active and responsible. Charge 
and Mass relation • Charge cannot exist without matter. • One carrier of charge is electron which 
has mass as well. • Hence if there is charge transfer, mass is also transferred. • Logically, negatively 
charged body is heavier then positively charged body. Conductors, Insulators and Semiconductors • 
Conductors : Material in which electrons can move easily and freely. Ex. Metals, Tap water, human 
body. Brass rod in our hand, if charged by rubbing the charge will move easily to earth. Hence Brass 
is a conductor. The flow of this excess charge is called discharging • Insulator : Material in which 
charge cannot move freely. Ex . Glass, pure water, plastic etc. 

   



                 

                          

 



 

 



 

 

 

  

              representing four scalar partial differential equations. 



 

 



 

 

        Gauss's Law. 

 The total of the electric flux out of a closed surface is equal to the charge enclosed divided by the 
permittivity. The electric flux through an area is defined as the electric field multiplied by the 
area of the surface projected in a plane perpendicular to the field. 



 

  

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 



 

 
Poisson’s and laplace equations 



 

 



 



 

 
 

 
 



 
 

UNIT III   
MAGNETOSTATICS           

Force on a current element           
• We know that current flowing in a conductor is nothing but the drift of free electron's from 

lower potential end of the conductor to the higher potential end 
• when a current carrying conductor is placed in a magnetic field ,magnetic forces are exerted 

on the moving charges with in the conductor 
• Equation -1 which gives force on a moving charge in a magnetic field can also be used for 

calculating the magnetic force exerted by magnetic field on a current carrying conductor (or 
wire) 

• Let us consider a straight conducting wire carrying current I is placed in a magnetic field 
B(x).Consider a small element dl of the qire as shown below in the figure 

                                                            
or dF=I(dl X B)  

 
   or dF=I(dl X B)  
If a straight wire of length l carrying current I is placed in a uniform magnetic field then force 
on wire would be equal to 
     dF=I(L X B)     



 Direction of force when current element IdL and B are perpendicular to each other can also 
be find using either of the following rules 
 

Biot Savart’s law: 

 



      

 
 

Force Between Current Carrying Conductors 
• It is experimentally established fact that two current carrying conductors attract each 

other when the current is in same direction and repel each other when the current are 
in opposite direction 

• Figure below shows two long parallel wires separated by distance d and carrying 
currents I1 and I2  

     
Consider fig 5(a) wire A will produce a field B1 at all near by points .The magnitude of B1 due 
to current I1 at a distance d i.e. on wire b is 
B1=μ0I1/2πd  

• According to the right hand rule the direction of B1 is in downward as shown in 
figure (5a) 

• Consider length l of wire B and the force experienced by it will be (I2lXB) 
whose magnitude is 



       
           Similarly force per unit length of A due to current in B is 

          
• and is directed opposite to the force on B due to A. Thus the force on either 

conductor is proportional to the product of the current 
• We can now make a conclusion that the conductors attract each other if the 

currents are in the same direction and repel each other if currents are in 
opposite direction 

 
• Let there be a circular coil of radius R and carrying current I. Let P be any 

point on the axis of a coil at a distance x from the center and which we have 
to find the field 

• To calculate the field consider a current element Idl at the top of the coil 
pointing perpendicular towards the reader 

• Current element Idl and r is the vector joining current element and point P as 
shown below in the figure  

      

  
From Biot Savart law, the magnitude of the magnetic field due to this current element at P is 

               
• where Φ is the angle between the length element dl and r 
• Since Idl and r are perpendicular to each other so Φ=90.Therefore 

       
• Resolving dB into two components we have dBsinθ along the axis of the loop 

and another one is dBcosθ at right angles to the x-axis 
• Since coil is symmetrical about x-axis the contribution dB due to the element 

on opposite side ( along -y axis ) will be equal in magnitude but opposite in 
direction and cancel out. Thus we only have dBsinθ component 

• The resultant B for the complete loop is given by, 
                                                    B=∫dB 



                                             

       

Ampere’s law 
Ampere's Law states that for any closed loop path, the sum of the length elements 
times the magnetic field in the direction of the length element is equal to the 
permeability times the electric current enclosed in the loop. 

 

 

 
 

 

 
Important Notes  

• In order to apply Ampère’s Law all currents have to be steady (i.e. do not change with time ) 
 • Only currents crossing the area inside the path are taken into account and have some contribution 
to the magnetic field 
 • Currents have to be taken with their algebraic signs (those going “out” of the surface are positive, 
those going “in” are negative)- use right hand’s rule to determine directions and signs 
 



Magnetic potential 
The term magnetic potential can be used for either of two quantities in classical 
electromagnetism: the magnetic vector potential, A, (often simply called the vector potential) and 
the magnetic scalar potential, ψ. Both quantities can be used in certain circumstances to 
calculate the magnetic field. 

The more frequently used magnetic vector potential, A, is defined such that the curl of A is the 
magnetic field B. Together with the electric potential, the magnetic vector potential can be used 
to specify the electric field, E as well. Therefore, many equations of electromagnetism can be 
written either in terms of the E and B, or in terms of the magnetic vector potential and electric 
potential. In more advanced theories such as quantum mechanics, most equations use the 
potentials and not the E and B fields. 

The magnetic scalar potential ψ is sometimes used to specify the magnetic H-field in cases when 
there are no free currents, in a manner analogous to using the electric potential to determine the 
electric field in electrostatics. One important use of ψ is to determine the magnetic field due 
to permanent magnets when their magnetization is known. With some care the scalar potential 
can be extended to include free currents as well. 

Historically, Lord Kelvin first introduced the concept of magnetic vector potential in 1851. He also 
showed the formula relating magnetic vector potential and magnetic field 

The magnetic vector potential A is a vector field defined along with the electric 
potential ϕ (a scalar field) by the equations 

            

where B is the magnetic field and E is the electric field. In magnetostatics where there is no time-
varying charge distribution, only the first equation is needed. (In the context of electrodynamics, 
the terms vector potential and scalar potential are used for magnetic vector potential and electric 
potential, respectively. In mathematics, vector potential and scalar potential have more general 
meanings.) 

Defining the electric and magnetic fields from potentials automatically satisfies two of Maxwell's 
equations: Gauss's law for magnetism and Faraday's Law. For example, if A is continuous and 
well-defined everywhere, then it is guaranteed not to result in magnetic monopoles. (In the 
mathematical theory of magnetic monopoles, A is allowed to be either undefined or multiple-
valued in some places; see magnetic monopole for details). 

Starting with the above definitions: 
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Boundary conditions at the magnetic surfaces 

Consider a Gaussian pill-box at the interface between two different media, arranged as in the 

figure above. The net enclosed (free) magnetic charge density is zero so as the height of the 

pill-box ∆h tends to zero so the integral form of Gauss’s law tells us that 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



UNIT IV  

  MAGNETOSTATICS APPLICATIONS 

In 1831, Michael Faraday, an English physicist gave one of the 
most basic laws of electromagnetism called Faraday's law of 
electromagnetic induction. This law explains the working 
principle of most of the electrical motors, generators, electrical 
transformers and inductors. This law shows the relationship 
between electric circuit and magnetic field. Faraday performs an 
experiment with a magnet and coil. During this experiment, he 
found how emf is induced in the coil when flux linked with it 
changes. He has also done experiments in electro-chemistry 
and electrolysis. 

 

In this experiment, Faraday takes a magnet and a coil and 
connects a galvanometer across the coil. At starting, the magnet 
is at rest, so there is no deflection in the galvanometer i.e needle 
of galvanometer is at the center or zero position. When the 
magnet is moved towards the coil, the needle of galvanometer 
deflects in one direction. When the magnet is held stationary at 
that position, the needle of galvanometer returns back to zero 
position. Now when the magnet is moved away from the coil, 
there is some deflection in the needle but in opposite direction 
and again when the magnet becomes stationary, at that point 
with respect to coil, the needle of the galvanometer returns back 
to the zero position. Similarly, if magnet is held stationary and 
the coil is moved away and towards the magnet, the 
galvanometer shows deflection in similar manner. It is also seen 
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that, the faster the change in the magnetic field, the greater will 
be the induced emf or voltage in the coil. 

Faraday's Laws 

Faraday's First Law 

Any change in the magnetic field of a coil of wire will cause an 
emf to be induced in the coil. This emf induced is called induced 
emf and if the conductor circuit is closed, the current will also 
circulate through the circuit and this current is called induced 
current.  
Method to change magnetic field: 

1. By moving a magnet towards or away from the coil 
2. By moving the coil into or out of the magnetic field. 
3. By changing the area of a coil placed in the magnetic field 
4. By rotating the coil relative to the magnet. 

Faraday's Second Law 

It states that the magnitude of emf induced in the coil is equal to 
the rate of change of flux that linkages with the coil. The flux 
linkage of the coil is the product of number of turns in the coil 
and flux associated with the coil. 
 

 
 

 

Inductance of a Solenoid 
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Inductor in Series Circuit 

 

The current, ( I ) that flows through the first inductor, L1 has no other way to go but pass 
through the second inductor and the third and so on. Then, series inductors have a Common 
Current flowing through them, for example: 

IL1 = IL2 = IL3 = IAB …etc. 
  

 

In the example above, the inductors L1, L2 and L3 are all connected together in series between 

points A and B. The sum of the individual voltage drops across each inductor can be found 

using Kirchoff’s Voltage Law (KVL) where, VT = V1 + V2 + V3 and we know from the 

previous tutorials on inductance that the self-induced emf across an inductor is given 

as: V = L di/dt. 



So by taking the values of the individual voltage drops across each inductor in our example 

above, the total inductance for the series combination is given as: 

 
  

By dividing through the above equation by di/dt we can reduce it to give a final expression 

for calculating the total inductance of a circuit when connecting inductors together in series 

and this is given as: 

Inductors in Series Equation 

Ltotal = L1 + L2 + L3 + ….. + Ln etc. 

Then the total inductance of the series chain can be found by simply adding together the 

individual inductances of the inductors in series just like adding together resistors in series. 

However, the above equation only holds true when there is “NO” mutual inductance or 

magnetic coupling between two or more of the inductors, (they are magnetically isolated 

from each other). 

One important point to remember about inductors in series circuits, the total inductance ( LT ) 

of any two or more inductors connected together in series will always be GREATER than 

the value of the largest inductor in the series chain 

Mutually Connected Inductors in Series 

When inductors are connected together in series so that the magnetic field of one links with 

the other, the effect of mutual inductance either increases or decreases the total inductance 

depending upon the amount of magnetic coupling. The effect of this mutual inductance 

depends upon the distance apart of the coils and their orientation to each other. 

Mutually connected series inductors can be classed as either “Aiding” or “Opposing” the total 

inductance. If the magnetic flux produced by the current flows through the coils in the same 

direction then the coils are said to be Cumulatively Coupled. If the current flows through the 

coils in opposite directions then the coils are said to be Differentially Coupled as shown 

below. 

Cumulatively Coupled Series Inductors 



 
  

While the current flowing between points A and D through the two cumulatively coupled 

coils is in the same direction, the equation above for the voltage drops across each of the coils 

needs to be modified to take into account the interaction between the two coils due to the 

effect of mutual inductance. The self inductance of each individual 

coil, L1 and L2 respectively will be the same as before but with the addition of M denoting the 

mutual inductance. 

Then the total emf induced into the cumulatively coupled coils is given as: 

  

 
Where: 2M represents the influence of coil L1 on L2 and likewise coil L2 on L1. 

By dividing through the above equation by di/dt we can reduce it to give a final expression 

for calculating the total inductance of a circuit when the inductors are cumulatively connected 

and this is given as: 

Ltotal = L 1 + L 2 + 2M 

If one of the coils is reversed so that the same current flows through each coil but in opposite 

directions, the mutual inductance, M that exists between the two coils will have a cancelling 

effect on each coil as shown below. 

Differentially Coupled Series Inductors 

 
  



The emf that is induced into coil 1 by the effect of the mutual inductance of coil 2 is in 

opposition to the self-induced emf in coil 1 as now the same current passes through each coil 

in opposite directions. To take account of this cancelling effect a minus sign is used 

with M when the magnetic field of the two coils are differentially connected giving us the 

final equation for calculating the total inductance of a circuit when the inductors are 

differentially connected as: 

Ltotal = L 1 + L 2 – 2M 

Then the final equation for inductively coupled inductors in series is given as: 

 

Inductors in Parallel Circuit 

 
  

In the previous series inductors tutorial, we saw that the total inductance, LT of the circuit was 

equal to the sum of all the individual inductors added together. For inductors in parallel the 

equivalent circuit inductance LT is calculated differently. 

The sum of the individual currents flowing through each inductor can be found using 

Kirchoff’s Current Law (KCL) where, IT = I1 + I2 + I3 and we know from the previous 

tutorials on inductance that the self-induced emf across an inductor is given as: V = L di/dt 

Then by taking the values of the individual currents flowing through each inductor in our 

circuit above, and substituting the current i for i1 + i2 + i3 the voltage across the parallel 

combination is given as: 

 
  

By substituting di/dt in the above equation with v/L gives: 

 
  



We can reduce it to give a final expression for calculating the total inductance of a circuit 

when connecting inductors in parallel and this is given as: 

Parallel Inductor Equation 

 

Here, like the calculations for parallel resistors, the reciprocal ( 1/Ln ) value of the individual 

inductances are all added together instead of the inductances themselves. But again as with 

series connected inductances, the above equation only holds true when there is “NO” mutual 

inductance or magnetic coupling between two or more of the inductors, (they are 

magnetically isolated from each other). Where there is coupling between coils, the total 

inductance is also affected by the amount of coupling. 

This method of calculation can be used for calculating any number of individual inductances 

connected together within a single parallel network. If however, there are only two individual 

inductors in parallel then a much simpler and quicker formula can be used to find the total 

inductance value, and this is: 

 

One important point to remember about inductors in parallel circuits, the total inductance 

( LT ) of any two or more inductors connected together in parallel will always be LESS than 

the value of the smallest inductance in the parallel chain. 

Mutually Coupled Inductors in Parallel 

When inductors are connected together in parallel so that the magnetic field of one links with 

the other, the effect of mutual inductance either increases or decreases the total inductance 

depending upon the amount of magnetic coupling that exists between the coils. The effect of 

this mutual inductance depends upon the distance apart of the coils and their orientation to 

each other. 

Mutually connected inductors in parallel can be classed as either “aiding” or “opposing” the 

total inductance with parallel aiding connected coils increasing the total equivalent 

inductance and parallel opposing coils decreasing the total equivalent inductance compared to 

coils that have zero mutual inductance. 

Mutual coupled parallel coils can be shown as either connected in an aiding or opposing 

configuration by the use of polarity dots or polarity markers as shown below. 

Parallel Aiding Inductors 



 
  

The voltage across the two parallel aiding inductors above must be equal since they are in 

parallel so the two currents, i1 and i2 must vary so that the voltage across them stays the same. 

Then the total inductance, LT for two parallel aiding inductors is given as: 

 
  

Where: 2M represents the influence of coil L 1 on L 2 and likewise coil L 2 on L 1. 

If the two inductances are equal and the magnetic coupling is perfect such as in a toroidal 

circuit, then the equivalent inductance of the two inductors in parallel 

is L as LT = L1 = L2 = M. However, if the mutual inductance between them is zero, the 

equivalent inductance would be L ÷ 2 the same as for two self-induced inductors in parallel. 

If one of the two coils was reversed with respect to the other, we would then have two 

parallel opposing inductors and the mutual inductance, M that exists between the two coils 

will have a cancelling effect on each coil instead of an aiding effect as shown below. 

Parallel Opposing Inductors 

 
  

Then the total inductance, LT for two parallel opposing inductors is given as: 



 
  

This time, if the two inductances are equal in value and the magnetic coupling is perfect 

between them, the equivalent inductance and also the self-induced emf across the inductors 

will be zero as the two inductors cancel each other out. 

This is because as the two currents, i1 and i2 flow through each inductor in turn the total 

mutual flux generated between them is zero because the two flux’s produced by each inductor 

are both equal in magnitude but in opposite directions. 

Then the two coils effectively become a short circuit to the flow of current in the circuit so 

the equivalent inductance, LT becomes equal to ( L ± M ) ÷ 2. 

  Mutual inductance of series and parallel circuits 

 

 

Energy stored in magnetic fields 

When a conductor carries a current, a magnetic field surrounding the 

conductor is produced. The resulting magnetic flux is proportional to the 

current. If the current changes, the change in magnetic flux is proportional 

to the time-rate of change in current by a factor called inductance (L). Since 

nature abhors rapid change, a voltage(electromotive force, EMF) produced in 

https://www.boundless.com/physics/definition/conductor/
https://www.boundless.com/physics/definition/voltage/
https://www.boundless.com/physics/definition/force/


the conductor opposes the change in current, which is also proportional to 

the change in magnetic flux. Thus, inductors oppose change in current by 

producing a voltage that,in turn, creates a current to oppose the change in 

magnetic flux; the voltage is proportional to the change in current. 

Energy Stored in Magnetic Field 
Let's consider Fig 1 , an example of a solenoid (ℓ: length, N: number of turns, I: current, A: 

cross-section area) that works as an inductor. From Eq. 1, the energy stored in the magnetic 

field created by the solenoid is: 

 

 

Energy Stored in Inductor 

Due to energy conservation, the energy needed to drive the original current 

must have an outlet. For an inductor, that outlet is the magnetic field—the 

energy stored by an inductor is equal to the work needed to produce a 

current through the inductor. The formula for this energy is given as: 

Energy is "stored" in the magnetic field is 
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 Forces and torques on closed circuits 

 

 

 

 

 

 

 

 

 



UNIT V 

 

   

  

 

 

 



 

wave equation 

The wave equation is an important second-order linear hyperbolic partial 

differential equation for the description ofwaves—as they occur in classical physics—such 

as soundwaves, light waves and water waves. It arises in fields like acoustics, 

electromagnetics, and fluid dynamics. 

                                                       

Plane waves in free space 

comprise the plane with normal vector . Thus, the points of equal field value of always form 

a plane inspace. ... A homogeneous plane wave is one in which the planes of constant 

phase are perpendicular to the direction of propagation . 

plane waves in free space 

 

 

 



Polarization 

 

It is possible to transform unpolarized light into polarized light.Polarized light waves are 

light waves in which the vibrations occur in a single plane. The process of transforming 

unpolarized light into polarized light is known as polarization. There are a variety of 

methods of polarizing light. 

reflection and transmission of waves 

 

When the medium through which a wave travels suddenly changes, the wave often 
experiences partial transmission and partial refection at the interface. Reflection is a wave 
phenomenon that changes the direction of a wavefront at an interface between two different 
media so that the wavefront returns into the medium from which it originated. Transmission 
permits the passage of wave, with some or none of the incident wave being absorbed. 
Reflection and transmission often occur at the same time . 

 

 

 



Consider a long string made by connecting two sub-strings with different density μ1,μ2 . 

When the string is driven by an external force, partial reflection and transmission occurs as 

in Figure 18426. For the incoming, reflected, and transmitted waves, we can try a solution of 

the following forms: 

 

 

  

k1 and k2 are determined by the speed of the wave in each medium. We choose 

our coordinates such that the junction of two sub-strings is located at x=0. In choosing a trial 

solution for the waves, we assumed that the incident and transmitted waves travel to the 

right, while the reflected waves travel to the left. (This is why the '+' sign is chosen 

before ωt in the reflected wave. On the left side of the junction, we have 
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Energy in electromagnetic fields 

It is clear, from the above, that half the energy in an electromagnetic wave is 

carried by the electric field, and the other half is carried by the magnetic field. 

As an electromagnetic field propagates it transports energy. Let  be the power 

per unit area carried by an electromagnetic wave: i.e.,  is the energy transported 

per unit time across a unit cross-sectional area perpendicular to the direction in 

which the wave is traveling. Consider a plane electromagnetic wave propagating 

along the -axis. The wave propagates a distance  along the -axis in a time 

interval . If we consider a cross-sectional area  at right-angles to the -axis, 

then in a time  the wave sweeps through a volume  of space, 

where . The amount of energy filling this volume is  

 

It follows, from the definition of , that the power per unit area carried by the 

wave is given by  

 

so that  

 

Since half the energy in an electromagnetic wave is carried by the electric field, 

and the other half is carried by the magnetic field, it is conventional to convert the 

above expression into a form involving both the electric and magnetic field 

strengths. Since, , we have  

 



Thus,  

 

 specifies the power per unit area transported by an electromagnetic wave at any 

given instant of time. The peak power is given by  

 

where  and  are the peak amplitudes of the oscillatory electric and magnetic 

fields, respectively. It is easily demonstrated that the average power per unit area 

transported by an electromagnetic wave is halfthe peak power, so that  

 

 

 

The quantity  is conventionally termed the intensity of the wave. 


