
MODULE-1 

OSCILLATIONS AND WAVES 

Oscillations and vibrations play a more significant role in our lives than we realize. When you strike a 

bell, the metal vibrates, creating a sound wave. All musical instruments are based on some method to 

force the air around the instrument to oscillate. Oscillations from the swing of a pendulum in a clock 

to the vibrations of a quartz crystal are used as timing devices. When you heat a substance, some of 

~ the energy you supply goes into oscillations of the atoms. Most forms of wave motion involve the 
~ 
L oscillatory motion of the substance through which the wave is moving. Despite the enormous variety J3 of systems that oscillate, they have many features in common with the simple system of a mass on a 
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mean position. 

For a SHM Restoring force a - displacement 

F = -kx 

Here k is the proportionality constant known as spring constant. It represents the amount of restoring 

force produced per unit elongation and is a relative measure of stiffness of the material. 

Department of Physics, CITech. Page 6 



-L 
~ 
0. 
C, 

a.. 
0 

CJ) 

·-0\ ·-0 
@) 

Here m0 is angular velocity = 2.n.f 

The Solution is of the form 

This can also be expressed as x( t 

external forces, the 
frequency 
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Since mg= klwe have k =mg/land substituting this value ofk in equation (4) we have 
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VIBRATION OF SPRING MASS SYSTEM WHEN TWO OR MORE SPRINGS ARE USED 

A) Springs in series 

In case if the mass is connected to a spring which consists of two different springs of different 

stiffness factor, the time period can be calculated as below. 

Let the stiffness factor of spring S1 and S2 be k1 and k2 respectively and he increase in the length of 

the spring S1 be x1 and that of S2 be x2. Ifx is the total increase in the length of the spring system 

because of mass mas shown in the figure (1.2). 

Therefore, mg= k1 x i'ifrrrl aticffug = k2 x2 

Orx1=-andx2=- CAM la R[ TI) CG lE 
INSTITUTE OF TECHNOLOGY 

u, If keq is the equivalent stiffness factor of the combination we have, 

t Mg~k,q X or fifi 
z ·-0\ Substituting the values ofx, x1 and x2 in equation (1) we have ·-0 
@) -= -+ - or-= -

From equation (2) we can say in general, if a number of springs of different stiffness are connected in 

series the multi spring system can be regarded as consisting of single spring of equivalent stiffness 

factor. 
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B) Springs in parallel 
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@ This frequency is called the natural frequency of the pendulum. The pendulum whenever set to 

vibrate freely without any resistance; it will always vibrate with same frequency given by the above 
relation. 

The frequency with which a body vibrates freely at its own is called its natural frequency. 

Free vibrations can be defined as the vibrations in which the body vibrates with its own natural 
frequency when left free to itself 
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DAMPED OSCILLATIONS: A body executing vibrations the amplitude keeps on decreasing 

because of frictional resistance to the motion and hence the vibrations die out after some time. The 

motion is said to be damped by friction and is called damped oscillations. 

The resisting frictional force is proportional to the velocity of the body. 

EXPRESSION FOR TIME PERIOD AND AMPLITUDE OF DAMPED VIBRATIONS 

The damped system is subjected to 

(i) A restoring force which is proportional to displacement but oppositely directed. This is 

(ii) 

y=Ae 
at 

Differentiating e 

Aa2 eat + 2bAa eat + al A eat = 0 

Or Aeat (a2+2ba+ro2)=0 

As Aeat#O, therefore a 2+2ba+ro2=0 

This gives a =-b±,J(b2 -w2
) t 

The general solution of eq(l) is given by 

y = A exp[-b+.J(b2 -w2
) t + A2 exp[-b-.J(b2 -w2

) t .............. (3) 
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Where A1and A,, are arbitrary constants 

Depending upon the relative values ofb and ro following three cases are possible. 

Case 1: When b2 > w 

In this case '1(b 2 -w2
) 1s real and less than b. Now the powers -b+✓(b2 -w2

) and 

-b-'1(b2 -w2
) are both negative. Thus the displacement y consists of two terms, both dying off 

V) Ifwe put 
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Where p-(A, +~ llfi J~l~!IJJE OF TECHNOLOGY 

It is clear from eq~ t~ cre!Gils, the factor +qt) ·ncreas@ ut ~ factor e-" decreases. In 

this case the particle tends to acquirci;s position of equilibrium much more rapidly than case I. Such 

a motion is called Critical damped motion. This type of motion is exhibited by many pointer 

instruments such as voltmeter, ammeter etc. in which the pointer moves to the correct position and 

comes to rest without any oscillation. 

Case III: When < w 

Where p = ✓cw2 -b2
) and i = H. 
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Then eq (3) becomes y = A1 exp[ ( -b + i P)t + ~ exp[ ( -b - i P) t 

= e-bt [ A1 ( cos Pt+ i sin Pt)+~ ( cos Pt -i sin Pt)] 

= e-bt [a sin ¢cos pt+ acos¢sinpt] 

Where 

the amplitude also 

per period. INSTITUTE OF TECHNOLOGY 

Where P is the power dissipated and Tis the periodic time 

E 27lT 
.'. Q =27l---=- =OJT 

(EI r)T T 
(·:P =EI r) 

OJ= (21l IT)= angular frequency where 

So it is clear that higher is the value of Q, higher would be the value of relaxation time 't i.e., lower 
damping. 
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In case of low damping m = m0 , so Q = mr (constant of damped motion) 

If k be the force constant and m, the mass of the vibrating system, then 

a>o =land r=ll2b 

:. Q = ;b xl This also shows that for low damping the quality factor is higher 

FORCED VIBRATIONS 
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of the particle 

an::: ins~ eol[je~ration i o , 

m-- =- µ y -r--,... ) sm 
dt2 dt 

d 2 d 
Or m ----t" + µ y + r -----2'.'.. = F sin pt 

dt dt 

Or 
d 2y r dy µ F . 
--+--+-y=-smpt 
dt2 m dt m m 

d2y dy z . 
Or -

2 
+2b-+m y = fs1npt ........................................ (1) 

dt dt 
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r µ F 
Where -=2b;-=aiand-=f 

m m m 

Eq. (1) is the differential equation of the motion of the particle. 

In this case, when the steady state is set up, the particle vibrates with the frequency of applied force, 

and not with its own natural frequency. The solution of eq. (1) must be of the type 

y =A sin(pt -0) ....................................... (2) 

Where A is the steady amplitude of vibrations and 0 is the angle by which the displacement y lags. 

Differentiating (2) we have 

dy = Ap cos(pt - 0) 
dt 

Squaring equations (3) and (4) we ge 

A2(ai -p2)2 +4b2A2p2 =f2 

A2{(ai-p2)2 + 4b2p2}=f2 

f 
A=--;:::======= 

✓{(m2 _ p2)2 + 4b2p2} 

............................... (5) 
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While on dividing eq. (4) by eq. (3) we get 

tan0 = 2bAp 
a(ai - p 2

) 

0- tan-' ( (,/!p')) ................................. (6) 

given by 
. , the amplitude of vibration is 

~ 
a. A =_l_ 
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Thus the amplitude of vibration is governed by damping and for small damping forces, the amplitude 

of vibration is quite large. The displacement lags behind the force by tr I 2. 

Case III: When p>>ro, the frequency of force is greater than the natural frequency ro of the 
body. 
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the influence of another 

===::i;;,;;::;u;;:i. a particula ., ue of p, 'anrpfrttitlrlecomes maximum. This 

phenomenon is known (Gp , d~ ~m~ . R [ TI) (G JE 
EXAMPLES OF RESONAi ... ~-E~ITUTE OF TECHNOLOGY 

2. Sodium chloride crystal has alternately Sodium and Chloride ions. If an electric field is applied on 
the crystal, the charges would oscillate back and forth. The natural frequency is in Infrared range. 

HEMHOLTZ RESONANTOR 

It is used to analyze complex note. It consists of a hollow sphere of thin glass or brass with an 
opening through a narrow neck. It is filled with air. The opening receives exciting sound waves and 
the ears are kept close to the neck. When air is pushed into the sphere and released, the pressure will 
drive it out. The volume of air in the container behaves as a mass on a spring which is pulled down 
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and released. Compressed air tends to move out and creates low pressure inside. The air will oscillate 
into and out of the container at its natural frequency given by the expression 

J-f_ {A 
2,r \/7;; 

V is the velocity of sound, 1 the length, A the area of the opening, v the volume of the resonator 

f- MACH NUMBER 

~ > In aerodynamics the speeds ofbodte 
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0\ Q Acoustic waves can be classified into the following three types depending upon their frequency. 

@ 1) Infrasonic: These acoustic waves have frequency less than 20Hz. The human ear cannot detect 
these waves. 

2) Audible: These acoustic waves have frequency between 20Hz to 20K Hz. The human ear is 
sensitive to these waves. They cause sensation of hearing in human beings. 

3) Ultrasonic: These acoustic waves have frequency more than 20K Hz. The human ear is not 
sensitive to these waves. 

* An acoustic wave is sound wave. 
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* It moves with a speed of 333m/s in air at STP 
*Sound waves have frequencies between 20 Hz to 20K Hz. 
* Amplitude of Acoustic wave is very small. 

Ultrasonic waves: Ultrasonic waves are pressure waves having frequencies beyond 20K Hz. But 
they travel with the same speed as that of sound . The Mach number = I 

• Amplitude of ultrasonic wave is also small. 

~ Subsonic wave: If the speed of mechanical wave or body moving in the fluid is lesser than that of 
L sound, such a speed is referred to as subsonic wave. The Mach number <I. 
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o~ c! cal energy in a medium 

,(nu ·bi in a fluid medium in which it is 

in pressure and temperature in the medium 
Ex: The shock waves created by the explosion of crackers, bursting of an automobile tire, 

during lighting thunder, during nuclear explosion. 

• For strong shock waves Mach no. is high. 

• For weaker shock waves the Mach no. is low( lesser than 1) 

APPLICATIONS OF SHOCK WAVES 

• They are used in the treatment of kidney stones. 

• Cell information 
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• Wood preservation 
• Use in pencil industry 
• Gas dynamic studies 

• Shock waves assisted needle less drug delivery 
• Treatment of dry bore wells. 

BASIC LAWS OF CONSERVATION OF MASS, MOMENTUM AND ENERGY 

~ 
~ Conservation means the maintenance of certain quantities unchanged during physical process. 
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• 

• Moving shock wave: such shock waves travel in fluids which are either stationary or move 
with small speeds with respect to the observer. 

• Normal shock wave: if the shock wave is perpendicular to the flow of gas, it is known as 
normal shock wave. 

• Oblique shock wave: if the shock wave is at some angle ( other than 90°) to the flow of gas it 
is known as oblique shock waves. 
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DERIVATION OF NORMAL SHOCK RELATIONSHIP USING SIMPLE BASIC 
CONSERVATION EQUATIONS (RANKINE-HUGONIT EQUATIONS) 

Consider a shock wave propagating with a speed W in a shock tube. 

The conditions of the shock wave at the downstream end can be determined by solving the equations 

for conservation of mass, momentum and energy, as applied to the shock region. These equations are 

known as Rankine-Hugonit relations. 

t * Consider two regions with reference to the shock front, one which is head of the shock front and the 

C, other behind it. 
w 
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*Both the regions are at far enough dis~~efr1.0hill 
prevail the two regions where, th:.~~c ,I,··c', nr t)b 

fht ck front so that equilibrium conditions 

ci/~~ ressure, density etc. are uniform. 
f'....~ 

Shock front +- • w End w a ll 

CJ> Then, the three c , 

II) 

~ 

1; And 

z ·-0\ ·-
~ PV=RT------ (4) 

Lie at the roots of all the aerodynamic problems and applications. Using the above equations, the 

following normal shock relations called Rankine-Hugonit equations can be derived in which P 5 and 

T 5 represent pressure and temperature at the downstream and behind the reflected shock wave. 

1) - = [ ] 
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METHODS OF CREATING SHO 

(a) Using a Reddy shock tube 

• 

• 

studies. 

DESCRIPTION 

Reddy tube is a hand operated shock tube capable of producing shock waves by using human energy. 

It is a long cylindrical tube with two separated by a diaphragm. 

Its one end is fitted with a piston and the other end is closed. 
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❖ The driver gas is CID 

diaphragm 
❖ 

section 

rre-dri-wer gas whic is held at a relatively 
of the pi:s· -~- •ill-1=:tJ~ 

RITDCG JE 
Gtlijfs?'@ ,, G\i' into the driver tube until the 

gas towards the far 

❖ The shockwave instantaneously raises the temperature and pressure of the driven gas as the 
shock moves over it. 

❖ The propagating primary shock wave is reflected from the downstream end. After the 
reflection, the test gas undergoes compression which boosts its temperature and pressure to 
still higher values by the reflected shockwaves. This state of high values of pressure and 
temperature is sustained at the downstream end until an expansion wave reflected from the 
upstream end of the driver tube arrives there and neutralizes the compressions partially 
expansion waves are created at the instant the diaphragm is ruptured and they travel in a 
direction opposite to that of the shock wave. 

Department of Physics, CITech. Page 23 



-L 
~ 
0. 
C, 

a.. 
0 

CJ) 

·-0\ ·-0 
@) 

❖ The period over which the extreme temperature and pressure conditions at the downstream 
end is sustained, is typically in the order of millisecond, however, the actual duration depends 
on the properties of the driver and test gases and dimension of the shock tube. 

❖ The pressure rise caused by the primary shock waves and also the reflected shock wave are 
sensed as signals by the sensors S1 and S2 respectively, and they are recorded in a digital 
cathode ray oscilloscope. 

❖ Since the experiment involve typically, millisecond duration measurements, the rise time of 
the oscilloscope should be a few microsecond. Hence an oscilloscope with a band width of 
1MHz or more is required. From the recording in the CRO, the shock arrival times are found 

data so obtained, Mach number, 

<CAMJaRITDCGJE 
INSTITUTE OF TECHNOLOGY 
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MODULE-2 
ELASTIC PROPERTIES OF MATERIALS 

ELASTICITY: Property by virtue of which materials regain their original shape and size after the 

removal of deforming forces. 

STRESS AND STRAIN: When a body is subjected to deforming force, a restoring force is 
developed in the body. The restoring force per unit area is known as stress (T). This restoring force is 

~ equal in magnitude but opposite in direction to the applied force. If F is the force applied and A is the 
L area of cross section of the body, then T = FIA. 
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·-0\ Shearing Stress: If a deforming force is applied parallel to the surface area of the body, ·-0 there is relative displacement between opposite faces. The restoring force per unit area developed 
@ due to applied tangential force is known as tangential or shearing stress. 

Longitudinal strain: The ratio of change in the length (AL) to the original length (L) of the 
body is known as longitudinal strain. 

Longitudinal strain= AL/ L 

Shearing strain: As a result of applied tangential force, there is relative displacement Ax between 

opposite faces of the body as shown in figure. The strain so produced is known as shearing strain. 
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Shearing strain is defined as the ratio of relative displacement of the faces !).x to the height 'h'. 
i.e., Shearing strain= tan0 = !).x /h 

where, 0 is the angular displacement of the surface from the vertical (original position). Usually 0 
is very small and hence tan0 :::::: 0 = !).x /h 

Volumetric strain: If forces are applied normal to the surface of a body in all directions it 

undergoes change in volume. The ratio of change in volume (I). V) to the original volume (V), 
without any change in shape is called volumetric strain and stress causing is called normal stress. 

It states that Stress · 
Stress \ 

Young's Modulus is 

same as that of stress i.e. N 

V 

__ J __ ,.., 
~---~I, I 

F 

Y-AV 

tress to longitudinal strain 
1t of Young's Modulus is the 

-~ For metals like iron, steel, copper, aluminum etc., the Young's moduli are very large. 
0 Therefore, these materials require a large force to produce small change in length. 
@) 
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0 5\ possible makes that material hard. 
·-0 
@) EFFECT OF ANNEALING 

Annealing (heating and cooling gradually) favors gram growth in a particular crystallographic 
direction results in large grains or less grain boundaries in the body, generally result in a decrease in 
their elastic properties or an increase in the softness (plasticity) of the material. Metals with smaller 
grains are stronger than those with larger grains. 
Sir Lawrence Bragg said "in order to be strong, a metal must be weak" 
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EFFECT OF IMPURITIES 
Suitable impurities deliberately added can alter elastic properties of metals as they settle between the 
grains and brings connectivity between two grains. 
Increase or decrease in elastic properties depends on the elastic or plastic property of the impurity 
added respectively. Carbon is added to molten iron to increase the elasticity of iron. 

EFFECT OF TEMPERATURE 
Increase in temperature generally decreases the elastic property. 
Elastic properties of Invar steel are not affected by any change in temperature. 

Plasticity: Is the 
rupture. 

Elastic after effec · 

called the shear modulus or Rigidity modulus of the material. 
F/A N -2 11=- m 

(J 

F is the tangential force and 0 is the shear strain. 

anently without any 

BULK MODULUS (K): Bulk Modulus is defined as the ratio of normal stress to volumetric strain 
with in the elastic limit. 

K=-
v 

F/A is the normal stress, vis the change in volume and Vis the original volume. 
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K is also referred as incompressibility and compressibility represents strain per unit stress. 

a is increase in length per unit length per unit stress in the direction of the stress and ~ is decrease in 

length per unit length per unit stress in a direction perpendicular to the stress. 

p is lateral strain per unit stress and a is the longitudinal strain per unit stress. 

POISSON'S RATIO (u) is the ratio of lateral strain to the longitudinal strain 

~ u=~/a 
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Bulk modulus is th 
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z Ty 

Consider a unit cube (OX= OY =OZ= 1). The initial volume of the unit cube= V = I 
Let the cube be subjected to tensile stresses Tx, Ty , T z along the X, Y and Z axes. Each of these 
stresses is tensile along the direction in which it is applied and compressive in directions 
perpendicular to it. T x produces extension of the side OX and Ty and T z produce compression of OX. 

Let a represents the linear strain per unit stress and ~ is the lateral strain per unit stress. 
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Due to these stresses the dimensions of OX, OY and OZ are altered and can be written as 

OX = I +aTc PT y- PTz {linear Strain/T = a } 

OY = 1 +aTy- PTz- PTx 

OZ= l+aTz- PTx- PTy 

Final volume = {I+ ( a-2P)(T x + Ty+ T z)} (Neglecting higher order terms of a and P) 

Using Tx= Ty= Tz = T 
Final volume = {I+ ( a-2P)(3T)} 
Volume strain = Final volume - Initial Volume = { ( a-2P)(3T)} 

Bulk Modulus 'K' = ---

K=--­

Expression for Young's modulus 
Y = Linear stress/ linear strain 
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Under the action of the tangential force, the cube gets deformed to A'B' CD. The shear strain is 

equal to 0 and is given by the ratio, 0 = BB' /BC= l/L 

The tangential stress is equal to a tensile stress T along BD and compressive stress T along AC. 

These tensile and compressive stresses produce extension of the diagonal BD. 
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The increase in length of diagonal BD = MB' 

If a is linear strain per unit stress and pis the lateral strain per unit stress, 

The strain produced along the diagonal BD = T( a+ P) = MB' /BD 

MB'= BB' cos (BB'M) = BB' cos 45° = l/✓2 

Therefore T ( a + ~) = --= 

Or -=---=n 

We know that 

THEORETICAL LIMITS OF u 

The elastic moduli are positive, so (1 - 2a) is positive and it places a upper limit equal to 0.5 on the 
value of cr. Similarly we can deduce the lower limit to be equal to -1 from eqn. (ii). 
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TORSION OF A CYLINDER 

Consider a cylinder oflength 'L' and radius 'R'. Let the cylinder be clamped at the upper end and a 

twisting couple be applied at the lower end. Let 8 be the angle of twist. 
-----

, 'r 
( "-.D' 
\ 

' 

L 

P' 

~ 

dimensions. 

We can calculate the twisting couple on the co-a ial c~linder o~ iufe?B (OB= x) and integrate the 

ex~ression between th€* ,,, x ' t~'ll. l& ~ dfilf the twisting couple on the 
cylmder. 

INSTITUTE OF TECHNOLOGY 
We can write fro~~o~ of the figme, 

BB'=x0=L<p ~ l!:::d) 
Or, <p = x 0/ L ---------------(i) 

If o F is the tangential force acting on a cylindrical shell of radius 'x' and thickness, ' dx ', 

The tangential stress= oF /area of the shell= oF /21tX dx --------(ii) 

The rigidity modulus= tangential stress/shear strain 

n = oF /27tX dx) /<p ------(iii) 

oF = 2n n x dx. <p ---------(iv) 
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Twisting couple on the hollow cylinder of radius 'x' and thickness, 'dx' can be written as 

6C = tangential force x distance= n. <p. 2nx dx. x ----------(v) 

n, is the rigidity modulus of the material and is given by the ratio of tangential stress to shear strain. 

Substitute for cp in eqn. ii to obtain 

6C = 2n n 8 x2dx. x L = 2nn8 x3 dx L -------------------------------(vi) 

Twisting couple on the solid cylinder of radius 'R', 

C = 2nn.8 f.R x3dx = 2,m8 [R4 / 4] = ,rnR
4

8 ~ 
L O L 2L ·u'>. 

9;>r \J U I A//: 
TORSIONAL PENDULUM -<Q --,( :)~ 

s axis of rotation for a regular 

Angular acceleration= -(C /1) 0 

represents the simple harmonic equation for torsional oscillations. 

From the above equation, we can get the time period for torsional oscillations 
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Period= 2n ✓ (displacement/acceleration) 

For a given wire, C is constant and hence the ratio I/T2 are constant irrespective of the body or the 
axis of rotation. This principle is used to determine the moment of inertia of the irregular objects and 
rigidity modulus of the material wire using n = (8nl/r4)(1/T2

) 

BENDING MOMENT OF A BEAM 

A beam is a structural member whose 

simple theory of bending of bea~~e 
stresses are considered. -<Q 

Under the applied load 
and the lower filaments will 

0 Let ABCD be a section of the beam. EF is the neutral axis. Under the action of the external couple, 
@) the section will bend into an arc without any change in length of neutral axis. 

A a'' b' B 

El l 11 

IF 
I 

e I f 

D C 
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a' b' 

A' 

a'b' is another 

In the absence of 

e neutral axis and Y is the 
Youngs modulus, 

&F/ ,6A 
Y= ---

z/ R 

Force acting on the filament, ~F = Y z oA R and Moment of the force about neutral axis= Y z . 

z The bending moment of the beam is obtained by summing over the moments of all the filaments 
above and below the neutral axis 

Bending'Moment = L!. ,&A z2 =! }:aAz2 =Yl,,../R 
II: II: "' 

111 = E 6A z'l. = A k2 
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is the geometrical moment of inertia and depends on the area of cross section, A of the beam and the 
radius of gyration k of the area about the neutral axis. 

For rectangular cross section, lg = .b d3 / 12 

where, b is the breadth and d is the thickness of the beam. 

For circular cross section, where, r is the radius 

·· • \ ~ PQ is at a distance :i:eTIF-t:1:re=f~ed end. ~ 
I 

Radius of curvature of r(6a!JA· s JL ~ ~ t~ f : D ((jj JE 
The radius of curvature of tfi 

...-. -

i = [ [:: ~~:;,/z] = ::; ---------[i) 

dy/dx is very small and the higher power can be neglected. 

The moment of applied force acting on the element PQ = W( 1-x) ------(ii) 

The restoring couple due to the elasticity of the beam =Ylg!R ---------(111) 

At equilibrium, these two are equal and opposite, 

So, 
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. . d 2y - - . 
Yl0 / R = Y 10 • r:h:2 = W(f- ') . - --------- iv) 

d2 
Y/9 f cJ. dx = wf(l - x )dx 

On integration, we obtain the expression 

YID dy = w ,lx - x2/2 ._ + C where C ts the ccmsrant o integration. 
d:1r 

The deflection is zero at x = 0 and dy/dx = 0 implies C=O. 

Therefore 

----- - -( v) 

Y = 4Mgl3 /bd 3 li 
~ 

<CAMJaRITDCGJE 
INSTITUTE OF TECHNOLOGY 
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MODULE-3 

MAXWELL'S EQUATIONS- EM WAVES 

INTRODUCTION: 

Electromagnetics is the subject that deals with the theory and applications of electric and magnetic 
fields. The concept of electromagnetics is of prime importance in almost all fields of engineering, 

~ especially electromagnetic communication which forms the foundation of Mobile communication, 
~ 
L Satellite Communication, Optical fiber communication etc. J3 In all these applications, Electric and Magnetic field properties are utilized to transfer the 

(\) 
~ 
f-

~ 
V) 

-t; Physical quantities 

a. 
C, 

0.. 
0 
~ 

u, 
(\) 
~ 
0 z ·-0\ ·-D 

@) 

• 

• Antenna detects electric field arriving in a specific direction 
• Deflection of electrons in CRO depends on the direction of electric and magnetic fields 
• 

SCALAR PRODUCT OR DOT PRODUCT: 

The scalar product of two vectors is defined as the product of the magnitude of the two vectors and 
the cosine of the smaller angle between them. It is represented by a dot between the vectors so it is 
also called as dot product. We can write 

A . B=AB cos0 
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AX B = IAI-IBl.sin0.n 

OPERATION: 

'Del' is a vector differential operator represented by the symbol V (Nabla). 
When applied to a function defined on ~~ne~ , Jf,siena d;~ain,it denotes its standard derivative as 
defined in calculus•. o o o 
When applied to a field (a function defined on a multi-dimensional domain), del may denote 
the gradient (locally steepest slope) of-;_ sc far field' (; r sometimes of a vec or field, as in the Navier­
Stokes equations), the divergence of a vector field, or the curl (rotation) of a vector field, depending 
on the way it is applied. 

GRADIENT: 

Gradient operation is performed to find the spatial variation of a scalar quantity such as temperature, 
height etc. 

't"7T BT A BT A BT A 

v =-a +-a +-a 
Bxx By y Bz 2 
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Gradient operation on a scalar yields a vector. 

Ex: Electric field is expressed as gradient of potential 

- (av A av A av A ) E=-VV=--a +-a +-a ax X cry y az z 

Gradient vector always points in a direction showing maximum change of the scalar function. 

dT =VT. di = lvr1.1&1. cos 0 

DIVERGENCE: 

This operation is used to evaluat 
volume. From the definition of div rg 

V•ci= Bax 
ax 

Ex- Positive charge i 
Negative char 
Tip of a fountai 

CURL: 
~ A I\ I\ Tr\) ir\') 1T ~ ~ ~ 

In vector calculus, the curl is a vector operator that describes the infinitesimal rotation of a vector 
field in three-dimensional Euclidean space. At every point in the field, the curl of that point is 
represented by a vector. The attributes of this vector (length and direction) characterize the rotation at 

that point. 

The direction of the curl is the axis of rotation, as determined by the right-hand rule, and the 
magnitude of the curl is the magnitude of rotation. 

If the vector field represents the flow velocity of a moving fluid, then the curl is the circulation 
density of the fluid. A vector field whose curl is zero is called irrotational. The curl is a form 
of differentiation for vector fields. 

The curl of a vector field F, denoted by curl F, or V x F, or rot F, at a point is defined in terms of its 

projection onto various lines through the point. If ii is any unit vector, the projection of the curl 
of F onto ii is defined to be the limiting value of a closed line integral in a plane orthogonal to ii as 
the path used in the integral becomes infinitesimally close to the point, divided by the area enclosed. 

V x Fis, for F composed of [Fx, Fy, Fz]: 
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V x 
iJ iJ t3 

- - -
& 01 oz 
F~ F_, R 

~ 

where i, j, and k are the unit vectors for the x-, y-, and z-axes, respectively. 

Physical significance: 

1. 

2. 
3. 

By "line" we mean a 
integral. 

Surface integral 

?1ven a vector field A, ~ nu . us iR_ a}\eg~<o~ contai rlf1ng1t~ ~ m~ sm-ace S, we define the surface 
mtegral or the flux of A ~ U ; J ~ ID) R11 u ~ 

Volume integral 

If/ JfJ~(~!r'e1Jj= ~a!if HNOLOGY 

ID)o~o (Q) ~ 

Closed surface defines a volume for which we define the integral 

fpVdV 
V 

As the volume integral of the scalar Pv over the volume V 
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LAWS OF ELECTROSTATICS: 

Coulomb's law 

The electrostatic force of Interaction between two point charges is 
a. directly proportional to the product of their charges 
b. inversely proportional to the square of the separating di stance 
c. acts along the position vector joining the two charges 

~ d. is attractive for unlike charges and repulsive for like charges. 
~ 
L a w 
(\) 
~ 
f-

~ 
V) 

-L 
(\) 
a. a 

0.. 
0 
~ 

u, 
(\) 
~ 
0 z ·-0\ ·-D 

@) 

• 

• 

Lines of force emanate from positive charge and converge on negative charge. 

• Faradays Law of electric flux (not to be confused with the law of electromagnetic 

induction): 

The number oflines of force emanating from a charge is directly proportional to the quantity of 

charge. 

• Electric flux density (D): [Electric displacement] 
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• It represents the lines of force crossing unit area normally. 

z = flux( <1>) 
area(A) 

If the flux lines are inclined to the normal, then 

flux(<l>) 
D=-------

area( A) • cos 0 

- -D=e E 

The total electric flux over a close 

- - Q " D =eE =--a 
41rr2 n 

<CAMJER 
INSTITUTE OF TEi 

.2' Total flux <I> = Q 

D V•D=p 
@) 

7 

0 

Applications: are only few..... Applicable only for symmetric charge distribution 
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Gauss Divergence Theorem: 

Statement: "The volume integral of the divergence of a vector field A taken over any volume V 
bounded by a closed surface S is equal to the surface integral of A over the surface S." 
Or 

The volume integral of the divergence of a vector field over the volume enclosed by surface Sis 
equal to the flux of that vector field taken over that surface S." 

~ Hence, this theorem is used to convert volume integral into surface integral. 
~ a Mathematically, 

W .[fJv div Adv = J JJv (t. .A) d v = J Js A .ds 

(\) 
~ f- Proof: Let a volume V) e enclosed a surface S of any arbitrary shape. 

~ 
V) 

-L 
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r 

A 

R R' R" 

FIGURE 7.13 

CJ> Let a small volume element PQRT T'P'Q'R' of volume dV lies within surface S as shown in Figure 

u, 
(\) 
~ 
0 z ·-0\ ·-D 

@) 

7.13. As we know that flux diverging per unit volume per second is given by div Ai therefore, for 
volume element dV the flux diverging will be div AdV. If V be the volume enclosed by the surface S, 
then the total flux diverging through volume V will be equal to the volume integral. 

.DJv div A dV 

Now consider a surface element dS and n a unit vector normal to dS. Let 0 be the angle between A 
and iz at dS, then A.dS will give the flux through the surface element dS. Where dS = n dS = area 
vector along n. Therefore, the total flux passing through the surface S may be obtained by the 
integral. 

JJs A .n d s = J JS A .dS 

But the total flux through the entire surface S [given by Equation (2)] must be equal to the total flux 
diverging from the volume V enclosed by surface S [given by Equation (1)] and therefore 

.DJv div A Dv = J JS A . Ds 

Department of Physics, C!Tech. Page 44 



-L 
(\) 
a. 
C, 

0.. 
0 
~ 

·-0\ ·-D 
@) 

Stokes theorem: 

Curl of a vector over a surface is equal to the line integral of the vector along the line enclosing the 

surface. 

ff VXH.ds = f H.dl 
s l 

Gauss flux theorem 

We know that there is always a static electric field around a positive or negative electrical charge and 

in that static electric field there is a flow_ 9~ ~n_e;ID' ~ube or flux. Actually this flux is radiated 

/emanated from the electric charge..:. ~ ow_ an_10~nt_ o~ t~is fl.9:w of flux depends upon the quantity of 

charge it is emanating from. TC? _!in~ <?Ut _th~s . re~a~io?, ~he_ ~ ~uss's theorem was introduced. This 
theorem can be considered as on~ of ~tI:e most powei_:fu_l an_? most useful theorem in the field of 
electrical science. We can find out the amount of flux radiated through the surface area surrounding 

the charge from this theorem. gt1f"11111~~1111~~ 
This theorem states t~at th~ !Otal __ e_l_~.c~ric flu~ through ~~Y.. ~~ose9 J Urfa~e surrounding a charge is 

equal to the net positi ';e C~'!_r_ge_ e~~l_<?.~~d by_ th~t. s_urface. -~~.PI?~S~ t~_e_ cha:ges Q 1, Q2 ____ Qi, __ _ 

:• are e:clos/ 7~ 't;;' ti reor ~ be ]r'~(~ly by suITace inregral 

Where, Dis the f1.!::lli. density in coulombs/m2 and dS is the outwardly directed vector. 

Gauss law of Mag .: statics· .----~ z' / 
In physics, Gauss's law.for_ m~gne~i_s~. is ~~-e ~f !~e rou~_M_'1:x~ell:S ~guations that underlie classical 
electrodynamics. It states that the magnetic field B has divergence equal to zero. 

~~ ~.,_.., - - - - - - -
INSTITUTE OF TECHNOLOGY 

The integral around a closed path of the component of the magnetic field tangent to the direction of 

the path equals µ times the current intercepted by the area within the path 

[(]B.dl = µIP 

B=µH 

[(]H.dl = I 
p 
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Biot-Savart's Law 
(Magnetic Counterpart of Coulomb's law) 

The magnitude of the flux density at a point due to a current element is directly proportional to the 
product of the current (I), the length of the current element (dl) and the sine of the angle (sin0) 
between the current element and the position vector to the point from the current element and it is 
inversely proportional to the square of the distance between the point and the current element. 

p 

dB = :,, Id/~2 CAM JR Rli ID G IE 
F TECHNOLOGY .................................................................................................................... 

dtp 
e =--

dt 
e =rn E • dl=ff dB _ds 

dt 

Jf v XE.ds =-ff! .ds 

VXE =-BB 
at 
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EQUATION OF CONTINUITY 

(A fundamental equation in fluid dynamics) 

The total amount (of the conserved quantity mass, energy, charge, momentum .. .) inside any region 

can only change by the amount that passes in or out of the region through the boundary. For ex: 

1. Amount Water flowing out of a tank= Net decrease in quantity of water in the tank 

-- ---- ---- ---- s l. 

2. 

current density 

op a 
'V•J =--=--(VD )) at at 

'V •(J + oD) = O at 

Department of Physics, C!Tech. 
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p. If there is any 
where J is the 

e decreases with time. 

ecrease in the net char~e inside the volume 

(Q) ~ ~ 
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Amperes law yields a result which is not in accordance with Equation of Continuity. 

Ampere's law: 

VxH=J 

Take divergence on both sides 

V•(VxFT) = V•J 

Since the divergence of a curl is zero (,.~ 1 

~~ 
~ 

V•J=O 

Divergence of current density is ze o 

Equation of Continuity: 

op 
V•J=-­ot 

In a dielectric the above contribution to displacement current is present too, but a major contribution 
to the displacement current is related to the polarization of the individual molecules of the dielectric 
material. Even though charges cannot flow freely in a dielectric, the charges in molecules can move a 
little under the influence of an electric field . The positive and negative charges in molecules separate 
under the applied field, causing an increase in the state of polarization, expressed as the polarization 
density P. A changing state of polarization is equivalent to a current. 

J= 
8 D 

at 

•en Maxwell found that if a new term an known as displacement current density is added to the 

·-~ right hand side of Ampere's law, it bgiomes adequate. 

an 
VxH=J+--at 

Take divergence on both sides 
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Since the divergence of a curl is zero 

EQUATION OF CONTINUITY: 

ap 
V•J=---

8t 

From Gauss Law 

These equations descfrb-e711Ustuf'the natural p ~0 ena. In Diff-erentra -urm, Maxwell's equations 
are given as 

• 

V•D=p 

• 

V•B=O 

• 

• an 
VXH=J+-

8t 

• 

• 8B 
VXE=--

8t 

CCAM JE RIT ID CG IE 
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ELECTROMAGNETIC WAVES 

Wave equation for electric field: 

BB 
VxE=-­

Bt 

Vx(VxE) =-µ !( VxH) 

(p) 2 a[ BE] V - -V E=-µ- J+&-
& at at 

2 a2 E BJ (p) 
V E-JJE-=µ-+V -

Bt2 Bt & 

niform over a plane 

BHZ" 
+&-Z at 

CAMI R ia = ~ IE 
INSTITUTE OF TECHNOLOGY 

0 

gJ 
BE. " BEY " BE " VxH=&-x x +µ- y +µ-z z at at at 

H =-&VE =-lE X y y µ 
E AND HARE PERPENDICULAR: 

E•H =(Ey.Y+ E,.i )(H, Y+H,.i)= EYHY + E,H, = E, (-t)E, + E, (:)E, = 0 
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TRANSVERSE NATURE OF EM WAVES: 

In an electromagnetic wave, electric and magnetic field vectors are perpendicular to each other and at 

the same time are perpendicular to the direction of propagation of wave. This nature of 

electromagnetic wave is known as Transverse nature. 

Maxwell proved that both the electric and magnetic fields are perpendicular to each other in the 

direction of wave propagation. He considered an electromagnetic wave propagating along positive x-

~ axis. When a rectangular parallelepiped was placed parallel to the three co-ordinate axis, the electric 

t and magnetic fields propagate sinusoidal with x-axis and are independent of y and z axis. 

J3 The figure shows rectangular parallelepiped along positive direction. 
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111111 Ill.. 

The rectangular parallelepiped does not enclose any charge thus the total electric flux across it must 

be zero. This law is C 1 a1ss'sUait\\ ~.e. l UJl 1~ mu1 di\ ~ 
~~E.~ds=O ~u~\ '-V ;U ~ > / 
Have you ever anchored one end of a rope and held the other end in your hand? You can create a 

transverse wave by 1'fl~~ands in ~ tion. 1 1 

The electric field remains the same at different points on x-axis; this proves that the electric field is 

static in nature. It is kn~!h~dj_@m~4tat~ ~ ' Jhi.ce Ex= 0. 

INSTITUTE OF TECHNOLOGY 
0 

r'nl 
The polarization state is one of the fundamental characteristics that is required to study light. There 

are three states of polarization that sed to describe light: 

1. Linear Polarization 
2. Circular Polarization 
3. Elliptical Polarization 

1. Linear polarization 

If the polarization of all the electromagnetic waves in a light beam can be made so that each of the 

electric or magnetic field vector to have the same orientation, then the light beam is said to be 

polarized. Because of this, there is then a unique plane which contains all the directions of the electric 
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or magnetic field along with the light rays. This type of polarization 1s referred to as plane 
polarization or linear polarization. 

2. Circular Polarization 

The second polarization state is referred to as circular polarization. Circular polarization can be 
described as the vectors of the electric field is rotated at a point in space in the direction that is 
perpendicular to the plane of propagation, instead of fixed orientation oscillation. The electric field 
vector magnitude also remains unchanged. 

Circular polarization can be further classified according to the rotation. Looking at the oncoming light 
wave, if the electric field vector of the light appears to be rotated in a clockwise direction, then the 
wave is referred to as right-circularly polarized. On the other hand, if the light vector appears to rotate 

in a counterclockwise direction, -~ w v · o ~ · cularly polarized. 

3. Elliptical Polarization ~~ ~~ 
The third state of polrization is called elliptical polariztion. Elliptically polarized light consists of two 
light waves that are linearly polarized and having unequal amplitudes but has the same frequency . 
This results in a light wave with electric vectors that both rotates and changes its magnitude. An 
elliptical shape can be traced out by the tip of the electric field vector, and therefore it is referred to as 
elliptical polarization. It is also worthy to mention that circular polarization is a special case of 
elliptical polarization. The polarization of a uniform plane wave refers to the time varying behavior of 

the electric field•: ~ Pili ?i'td t ~ J }Liv;;( · ~ 
7 

Ey= constant .Ex 

•E-, 

E = co nst an .Ex 

Linear polarization 

E,. 

E, 

Phase difference between the X and Y 
components of electric field will be 

out of phase (not equal to 90°) 

Elliptical polarization 

Department of Physics, C!Tech. 
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Phase difference between the 
components of electric field will be 

out of phase by 90° 

Circular polarization 
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OPTICAL FIBERS 

• Fiber optics is an overlap of science and technology which deals with transmission of 

light waves into optical fibers, their emission and detection. 

• It is a waveguide through which light can be transmitted with very little leakage through 

the sidewalls. 

• These are essentially light guides used in optical communications as waveguides. 

• The principle behind the transmission of light waves an optical fiber is TIR( Total 
internal Reflection) 

• They are transparent dielectrics ~ abl · t ide visible and infrared light over long 

distances. ~(,. Pur&. 
CONSTRUCTION OF OPTI ."-~ ~/ ~ 

Polyurethane jackr' /d<ling ~' 

- • C= 

Cladding 

Core 

Cladding 

• 

·:s=ealied cladding. Cladding 

A 

The incident ray AO makes an angle 01 with the normal in the medium of refractive index n 1. 

The same AO undergoes refraction into the medium of refractive index n2 and it bends away 

from the normal , since n1 > n2 . 02 is the angle made by the refracted ray with the normal. 
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A nt 

X. 

• Optical fibers work on the principle of total internal reflection (TIR) 

• For total internal reflection there are two essential conditions, they are 
1) The light ray must pass from denser to rarer medium. 

2) The angle of incidence must be greater than the critical angle i > c 
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Light ray 

~y, 

• A waveguide is a tubular~ ru tu,¥_,.-.,_,,.. 

the form of waves. 

• The waveguide as a light 

APERTURE 

• 

• 

than that of its core to 

NUMERICAL 

e fiber axis. Then it is 
alls at critical angle of 

become greater than the critical angle of incidence and hence undergoes total internal 
reflection. 
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A l 

n o (5 
A ccepta~c; - - -0o _>-
cone ___.. \ 

A Incide nt ray 

Air 

• 

Let n0, ni, n2 bet \ refractive i~ i-Ges-G- . .,i,tenn, ee e and claddi g respectively. 

For refraction at the p6firto ent"f'y of the ray ~ 0 into the core, we can apply Snell's law, i.e., 

at point A <CAM JE RIT JO) (Gr IE 
nosin 80 = n1 sin 81 INS ____ tciTE OF TECHNOLOGY 

(sin 90°= 1) 

Cos 01= - ------- (2) 

Equation (1) can be written as 

Sin 0o = ....! sin 01 
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Sin00=F 
If the medium surrounding the fi 

Le. , 

(Or) sin 0i < n n 

sin Oi < N.A 
~condition for propag 

0 

differ©nce ~ een the core and 

cladding to the refractive index of core of an optical fiber. 

n -nz 
=- ---(3) 

n1 
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RELATION BETWEEN N.A. AND 

From equation (3) (n1 - n2) = n1 fl ------- (4) 

N.A = .Jn1 2 - n 

= ,Jen; +nz) (n1 -n2) 

from eq(4) 

i.e N.A =,fin 

N.A = n1 
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-c@re within the waveguide 

des will be sustained for 

INSTITUTE OF TECHNOLOGY 
V-NUMBER: 

"The number of 
number." 

V - Number is given by 

V=n-d .Jn1 2 - n 

Where, dis the diameter of the core, 

n1 is the RI of the core 
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n2 is the RI of the cladding 
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(Or) V= n:d N.A 

If the fiber is surrounded by a medium of RI n0, then the expression is 

V_n:d ~ 
✓----;;;;-

~ 
~ ForV>>l 
L a w 
(\) 
~ 
f-

-L 
(\) 
a. a 

0.. 
0 
~ 

·-

~~ 
TYPES OF OPTICAL FIBERS4P 

• Optical fibers are classifi 

• 

a) 

b) 

c) 

. ased on the materials used for 

the RI. profile of the fibers. 

g ha 

.2' • Diameter of the core is 8 to 10 µm and diameter of the cladding is around 60- 70 µm. 
D Since the core is very narrow, it can guide just a single mode. Hence it is called single 

@) mode fiber. 

• These are the most extensively used ones and constituent 80% of all the fibers that are 

manufactured. 

• They need lasers as the source of light 

• It is less expensive, but very difficult to splice. 

• Used in submarine cable system. 
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60to O µm 1 ___ _ _ , 

StolOe- ~@ 

- _,_ 

JOO to -:t O µm 1 _____ .,. 1 

50to200µm 

~: l 'fi I "4' 
~Ii 
"1 ,_...J.. ---~ 

~did J)l,r:a11a,ce 
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• Here, the core material has uniform refractive index value. 

• Cladding also has uniform refractive index but of little lesser value than that of the core. 

This results in a sudden increase in the value of RI. from cladding to core. 

• RI. profile takes the shape of a step. 

• Diameter of the core is 50 to 200 µm and diameter of cladding is I 00- 250 µm. 

• Here the core material has a much larger diameter, which supports propagation oflarge 

number of modes. 

• RI. profile is also similar to single mode optical fiber. 

• Uses LED or laser as source oflight. . 

• It is least expensive all and ~~• ~f[;Jf ·i;as lower band width requirements 

Graded index multimode optica:,/i~ 0.,Jl ~ 
- ~ ~ 

l 00 to SO ru-mi ; ____ , 
Oto..:.00 µm 

___ .--1..._, __ _ 

• It is also denoted as GRIN. 

• The geometry of GRIN is same as that of step index multimode fiber. 

• The special feature of the core is that; its RI. value decreases in the radially outward 

direction from the axis, and becomes equal to that of the cladding at the interface. But the 

RI. of the cladding remains uniform. 

• Diameter of the core 50 to 200 µm and diameter of cladding I 00- 250 µm. 

• Uses LED or laser as source oflight 

• Application is in the telephone trunk between central offices. 
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ATTENUATION (POWER LOSS OR FIBER LOSS): 

The power loss suffered by the signal when it propagates through the fiber is called Attenuation. 
It is also known as fiber loss. 

Types of losses in fiber are: 

~ i) Absorption 
L 
CJ ii) Scattering w 

iii) Radiation loss 

i) Absorption loss: 

-L X. ii) Scattering loss: 
a 

0.. 
0 
~ ./,------, the signal are 

u, 
I) 
+-
0 z ·-0\ ·-D 

@) 
Scattered 
photons 

b. Others: Scattering also occurs due to trapped gas bubbles, unreacted starting materials 

and some crystallized region in the glass. 

iii) Radiation loss: 

It is due to the bending of fibers and it can be explained as follows: 
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a) Macroscopic bending: They are the bends with radii much larger compared to fiber 
diameter. It occurs while wrapping the fiber on a spool or turning it around a corner. If 

the bending is too sharp then the power loss becomes very high. 

Escaping 
~ :pbotoo 

~ 
L a w 
(\) 
~ 

f- b) Microscopic bending: 

-L 
(\) 
a. a 

0.. 
0 
~ 

u, 
(\) 
~ 
0 z ·-0\ ·-D 

@) 

manufacturing. Because o 

Leakage of pbotons 
I 

By lamberts law "The rat 

the initial intensity P". 

Where a is a constant called Attenuation co-efficient. 

- =-adL 

By integrating both sides we have 

f - = - a f dL ------- (2) 
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~ 

An optical fiber of length L 

If Pin is the initial intensity with which the light is launched into the fiber and Pout is the intensity 

of the light received as output end of the fiber. 

Equation (2) fpin - = - a f0 dL 

t = - a L (Apply the lower limit and upper limit) 
a w 
(\) 
~ Cl= - - loge [..£!!!] 
f-

-L 
(\) 
a. a 

0.. 

1) 

2) 

(l = - - log10 [ out] 

V Kilometer (dB/Km). hence it 

~ FIBERS: 

u, 
(\) 
+-
0 z ·-0\ ·-D 

@) 

Transmitter 

information such 
as voice analog 
form 

t------i Coder 
Electrical l 
signal 

, Optical dJ ~'[ Transmitter t----
1; t ~-------' 
Light sour ce 

Binary -f--------, Decoder 
Photo 
detector Electrical 

'--------' signal 

Information 
Again in 
Analog form 

voice 

~eceiver 

Optical fiber communication is the transmission of information by propagation of optical 

signal through optical fibers over the required distance which involves driving optical signal 
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from electrical signal at the transmitting end and conversion of optical signal back to electrical 

signal at the receiving end. 

• Firstly we have analog information such as voice of a telephone user. The voice gives rise 

to electrical signals in analog form coming out of the transmitter section of the telephone. 

• The analog signal is converted to binary data (digital) with the help of an electronic 

~ system called coder. 

t • These electrical pulses are converted into optical pulses by modulating the light emitted 
a w 

-L 
(\) 
a. a 

0.. 
0 
~ 

• 
• 

• 

• 

1. 

total internal reflection. 

distortion. Delay distorti 

within the half angle acceptance 
, o ,· ga ·tDn within the fiber by means of 

dergoes attenuation and delay 

~"1-~:!.Y.!~~~~~r::·!tr lity of signal with time. These 

tical signal into 

:3 2. 
+- 3. 
0 z ·-0\ D 4. Since the signal is optical no sparks are generated as it could be in the case of electrical 

@) signal , hence it leads to protection from corrosive and flammable environments. 

DEMERITS OF OPTICAL FIBERS 

1. Fibers cannot be bent too sharply, for sharper bends either the fiber gets broken or light 

fails to undergo Total Internal Reflection. 

2. The optic connectors used to connect two fibers (splicing) are highly expensive. 
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3. Whenever a fiber suffers a line break the operations required to reestablish the 
connections are highly skillful and time consuming. 

4. Fibers undergo expansion and contraction with temperature that upset some critical 
alignments which leads to loss in signal power. 

CCAM JE RIT ID CG IE 
INSTITUTE OF TECHNOLOGY 
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MODULE-4 
QUANTUM MECHANICS 

Quantum Mechanics is a new branch of study in physics which is indispensable in 
understanding the mechanics of particles or bodies in the atomic and the subatomic scale. The 
term quantum mechanics was first introduced by Max Born inl924.Within the field of 

engineering, quantum mechanics plays an important role. The study of quantum mechanics has 
led to many new inventions that include the laser, the diode, the transistor, the electron 

microscope, and magnetic resonance imaging. Flash memory chips found in USB drives also use 

quantum ideas to erase their memory eel~ ff!cp,nce of Nanotechnology is based on the 

quantum mechanics. ~(,. Ur&. 

WAVENATUREOFPARTIC ~ --c..._ ~ 

D "It is impossible to determine precisely and simultaneously both the position and 
@) momentum of a particle." 

Further, "in any simultaneous determination of the position and momentum of a 
particle, the product of the corresponding uncertainties in the measurement is equal to, or 
greater than (h/4tr) ". 
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~ 

Where Ax represents the uncertainty in the measurement of the position of the particle and Ap 
represents the uncertainty in the measurement of its momentum. 

Heisenberg's uncertainty principle could also be expressed in terms of the uncertainties involved 

in the measurement of the physical variable-pair, energy (E) and time (t) and also angular 
displacement (0) and angular momentum (L). 

t If~ and At are the uncertainties involved in determining the energy and time respectively, then 

a w 
(\) 
~ 
f-

~ 
V) 

-L 
(\) 
a. a 

0.. 
0 
~ 

u, 
(\) 
+-
0 z ·-0\ ·-D 

@) 

minimum uncertainty 

• and 

functions named 

exist inside the nucleus with certain energy, and the same energy appears as their kinetic 
energy when they are emitted?" 
According to Einstein's relativistic energy-momentum equation 

E2 = c2 [p2 + mo2c4] ······· ····· ·· ·· ·(l) 
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where 
mo= rest mass of electron= 9. lxl0-31kg, 
p = momentum and 
c = speed of light = 3x 108 m/s. 

Now, for an electron to exist inside the nucleus, the uncertainty ~x in its position cannot be 
greater than the nuclear radius. The nuclear radius is in the order of 5 X 10-15 m. We can take this 
value to be approximately the maximum space of confinement. Thus the maximum value for 
uncertainty in position can be taken as 

(~x)max ~ 5 X 10-15 m 

By uncertainty principle, 

This means to say that, for electrons to exist inside the nucleus, it must have a minimum 
energy of about 20.6 MeV. But beta-decay studies indicate that the kinetic energy of ~-particles 
is of the order of 3 to 4 MeV. Hence, we can conclude that electrons cannot exist inside the 
nucleus. 

WA VE FUNCTION: 

In quantum mechanics, because of the wave-particle duality, the properties of particles can be 
described by a wave. Therefore its quantum state can be represented by a wave of any arbitrary 
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shape. This is called a Wave function. 

The variable quantity characterizing matter waves is known as wave function. It gives complete 
information about the system .It is also called state function as it speaks about the physical state 
of the system. 

Wave function is obtained by solving a fundamental equation called Schrodinger equation. 

• It varies w.r.t position and time. 

• It is denoted by a symbol ('P) 

values at the sam 

I 

i: ~4 
I 

p X 

Figur . 

Property 2: f/1 is finite ~ eM JE R IT JO) (G IE 
A function f(x) which is n .--u · .. ..._ ,,,., = R, f(x) = oo. Thus, if f(x) 

:3 were to be a wav 
+- location (x = R), 
0 z unacceptable. 

·-0\ ·-D 
@) 

i 
R X 

Figure: 2 

Property 3: f/1 and its first derivatives with respect to its variable are continuous everywhere. 

Department of Physics, C!Tech. Page 70 



-L 
(\) 
a. 
C, 

0.. 
0 
~ 

·-0\ ·-D 
@) 

A function f(x) which is discontinuous at Q is shown in Fig. 3. At x = Q, f(x) is truncated at A, 

and restarts at B. The function is not defined between A & B. If f(x) is taken to be a wave 

function, then the state of the system at x = Q cannot be ascertained. Hence the wave function is 

not acceptable. 

fl 
~ U2 

i 
~ A 

---~ 

I 
I 
I 

also be continuous, because, if t e 
finite. 

c) If we consider an el ~tr n e 1 • , • re .io o v u e ]Ethen I 'I' I 2dV gives the 

probability of finding th 1' e o i· · fi eg10n o ol m cl 

d) The certainty of finding l~~i{cJcJJ'fu~hQfntlr~~tf~Q-\CJ~ Vis given by 

Probability density: 

According to Max born approximation, probability of locating a particle at a point is 

directly propotional to I 'I' I 2. This is called probability density. 

If I 'I' 1 2 = l ; then we are sure that particle is present. 

If I 'I' 1 2 = O; then the particle is completely absent. 
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c:::J dv 

Consider a particle inside the volume V. Let dV be the infinitesimally small element in V. If\jl is 

the wave function associated with the particle, then I \If I 2 is the probability per unit volume of 

\JI* is the complex conjugate of 

Probability density is given by 

This value 1 for p ~bability me~ °S, ·-t-+s- a ly 
locating the particle aw w.h€ra€-i .. the given ~ 11'1,M'i:>Af en it is ~tl-€.e:lea- e present somewhere 

~h:~ace. Then the probtCAR l plitlroD hG m universe must be unity. 

E OF TECHNOLOGY 
o I \j/ I 

This condition is known as the normalization condition. A wave function that satisfies the above 
condition is said to be normalized. 

Eigen function and eigen value 

Eigen functions are those functions which possess the properties of that they are single 
valued & finite everywhere and also their first derivatives with respect to their variables are 
continuous everywhere 
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To find 'I' Schrodinger's wave equation has to be solved. Since it is a second order 

differential equation, hence it has many numbers of solutions. But all of them may not be the 

correct solutions in such a case we have to choose only a permitted function. These permitted 

functions are called Eigenfunction the corresponding energy values are called Eigenvalues 

Operator. 

t An operator(A) is a symbol or a code which directs one to perform an operation on the 

J3 Eigenfunction ('l')to get the information (Eigen value)(A) 

(\) 
~ 
f-

~ 
V) 

-L 
(\) 
a. 
C, 

0.. 
0 
~ 

u, 
(\) 
+-
0 z ·-0\ ·-

Schrodinger equation is a fa 
determining the wave function 'I' or 

According to de- Bro 
length A is given b 

The de- Broglie 

D Now again differentiate (3) w.r.t. time 't' twice, we get 

@) d\f = (-iro) Aei(kx-rot) 'I' 
dt 
2 

d q, = (-iro) (-iro) Aei(kx-rot) 'I' 
dt 2 
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2 
d 'P = -ro 2 e-irot 'I' _____________ ( 5) 

dt2 

The equation for a travelling wave in differential form can be written as, 

d 2 y I d 2 y 
--=---
dx 2 v 2 dt 2 

Then by analogy, the wave equation for a de Broglie wave for the motion of a free particle can 

be written as 

-L 

displacement at time 't' . 
Substituting equations ( 4) and (5) 

X. But, we know that 
C, 

0.. 
0 

CJ) But, we have, 

We know that, 
Total Energy = Kinetic 
E=KE+PE 

E=-

·-0\ Substitute eq. (9) in (8), then ·-D 
@) 

This is known as time independent Schrodinger wave equation in one dimension. 
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APPLICATIONS OF SCHRODINGER'S EQUATION 

PARTICLE IN ONE DIMENSIONAL POTENTIAL WELL OF INFINITE HEIGHT 

Consider a particle of mass 'm' moving inside a box along the X - direction between two rigid 

walls A and B. The particle is free to move between the walls of the box at x = o and x = a. The 

potential energy of the particle is considered to be zero inside the box and infinity at all points 

outside the box. This means that 

V=co 

~ ll I,,,,-

: ~ 
I 

Vo.O 

x = O x=a J 
1. 

Take, --------------- (lA) 

Then, equation (1) becomes 

The general solution for equation (2) is of the form 

\II= A Sin kx + B Cos kx --------------- (3) 
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where A and B are constants. The values of these constants can be evaluated by applying the 

following boundary conditions. 

The particle cannot penetrate the walls. Hence 

(i) \jJ = 0 at X = 0 

:. (3) • 0 = A sin O + B cos 0 

• O=O+B • IB=O I 

• •• \jJ = A Sinkx ------------- ( 4) 

Again, (ii) \jJ = 0 at X = a (,.~ 10 TH£ Pu 
(3)• 0=ASinka ~~ r~ 

~ 
But A -:f. 0 ; because if A = 0, then e 

Therefore, Sin ka = 0 = Sin mt 

• 

Equation (4) bee 

n 21t2 1t 2rnE 
• -- = ....l=.,~=,---

a 2 i h::±" === 

• En= ;~:: {C-- ~ )]E RIT ID CG IE 
where n = 1, i ;i ... . TUTE OF TECHNOLOGY 

This energy is called the zero-point energy. Also, 

h2 4h 2 9h 2 
E1=--= E 0 E2=-- E3= --

8ma2 8ma2 8ma 2 

For each value of 'n' there is an energy level. The possible allowed values of energy obtained 
from equation (7) i.e. , E1, E2, E3 etc are called Eigen values and the corresponding wave 

function \j/11 is called the Eigen function. 
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F5 n=5 

E4 n=4 

El n=J 
Excited state 

E2 n=2 
Ground state 

n=l El 

x=O x=L 

-L 
(\) We have, 
a. 
C, 

0.. 
0 
~ 

·-0\ ·-D 
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The constant A o 

CCAM JE RIT ID CG IE 
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We know that 

Then 

J -(1 

-[Jc 
-[x] 

0 

. gJ 
-) 

f-dx] 
--[-] 
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-[-] 0 =>S 

=>A f-......... (8) 

J-

Figure 

0 0 

0 0 

3a.14 

'¥ 1 n:=I 

t 
khJ n~l~l 
0 .l O O _.l 0 

2 2 
Wave fimeti.on Prnba:bilify 

Case (1) 

For n = 1, the eigenfunction is 

\j/ 1 = A sin (: ) x and \j/ 1 is maximum at x = a/2. 
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Thus a plot of \j/1 versus x will be as shown in figure and a plot of probability density I \j/1 1 2 

versus xis as shown in figure. The probability of finding the particle is zero both at x = 0 and x = 

a. It is maximum at x = a/2. This means that in the ground state, the probability of finding the 

particle is maximum, at the center of the box. 
h2 

Also, the ground state energy, E1 =-8 2 = E 0 
ma 

Case (2) 

At n=2, the eigenfunction for the first excited state is 

. 21t 
\j/2 = A sm - x 

a 
\j/2 = 0 at x = 0, a/2 and a. 

Case (3) 

. 31r 
\j/3 = A sm - x, _...,.,= ­

a 

A plot of \j/3 versus x a 

n there is an energy leve 

offi in fig. For each value of 

0 

· nij Eigen value. The 

Eigen value for the corresponding wave function \j/ 11 is called the Eigen function. The energy 

values that are permissible in any system are obtained from the solution of the Schrodinger's 
equation and are called Eigen Values. 
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LASER 

LASER: Light Amplification by Stimulated Emission of Radiation. 

• It was invented by American Scientist Maiman in the year 1960. 

• Today there are about hundred different kinds of lasers. 

~ 
~ Characteristics of Laser beam 
L a w 
(\) 1) 
~ 
f--

-L 
(\) 
a. a 

0.. 
0 
~ 

·-

2) 

3) 

4) 

n 
E2 ---------,~-----

ilE = hv 

cavity. Hence light 
source of light. 

.2' fu order to understand the manner in which radiation can interact with matter, consider two 
D energy states E 1 and E2 of a system. If the energy difference between the two energy levels is 
@) AE, 

Max planck suggested that if an electromagnetic radiation of frequency 'v' with value 

v= - = _2 __ 1 -------(1) 
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• Induced Absorption 

• Spontaneous Emission 

• Stimulated Emission 

Where Atom* ind~fWn 

iE.:--------

Before Absorption After Absorption 

~ 
S ontaneous Emission: A i L\ ~ Tri) 1T lT)) ~ IE 

n is a process in iGi4iJh~e~ u! a t-tafe u~ goes transition to the ground 
state by emitting a photon 1 1ft Jll{fiel '1 exTema:Ili~Qf .. Q~own in the figure, consider 

an atom in the excr ea tate E:2 . I makes a trans'tion toJ1s; ground state 1 by the emission of a 

photon of energy ti . t I ar_, re rese 1 ~ d as (Q) U ~ ~ 

Atom* -+ Ji.i. 0 · + Photon 

B-efore ernissi on 
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Stimulated Emission: 

It is a process in which an atom in the excited state undergoes transition to the ground 
state by the influence of a passing photon. During this process a stimulated photon is emitted 
along with the incident photon and these photons are found to be coherent. 

Atom*+ Photon • atom+ 2 Photons (Photon+ Photon) 

• 

Before Emission 

A 

After Emission 
Coherent radiation 
from exdte4 atoms 

* Let be the energy (Stx o r ' · nl R IT IO) (G IE 
1. Induced Absorption: INSTITUTE OF TECHNOLOGY 

underglles~ sition to~ til)gher energy state 

per unit volume 1s called Rate of induced 
absorption. 

Rate of induced absorption 

= B12 N 1 EV ••••••••••••• (1) 

Where N 1 is number of atoms in the state E 1, 

is the energy density in frequency range v and v + dv and 
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B12 is called Einstein coefficient of induced absorption. 

~ 

t 2. Spontaneous Emission: 
a w 
(\) 
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f-
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V) 

-L 
(\) 
a. a 

0.. 
0 
~ 

u, 
(\) 
+-
0 z ·-0\ ·-D 

@) 

Rate of spontaneous emission oc 

------.---- E ·-

---- -A--- E1 

In this case, an atom · e rgirer energy sta ndergoes tfairsrtro11- ro'='the lower energy state 

E1 under the influence ocEJfirM JE R IT JO) (Gr IE 
During this process a stimu1~%1fl°Mft1B~e1re.~~et1a~ent photon. 

0 

f~ 
E2 

~ '1/VWV'-

A El 

A fter Emi ssion 

The number of such stimulated emissions per unit time per unit volume in called the Rate of 
stimulated emission. 

Rate of stimulated emission oc N2 

= B21 N2 ------ (3) 
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Where, B21 is called the Einstein coefficient of stimulated emission 

At thermal equilibrium, the number of upward transitions must be equal to the number of 
downward transitions. 

Rate of absorption = Rate of spontaneous emission + Rate of stimulated emission 

=-----

z[- 1] 

By Boltzmann law, 

(4)becomes, q 
E~ = A:u I! 1 J ---------------(5) 

En [ Bn :; _ 1 I 

821 
e ~ ~JL~\l. 1U) RIT ID (G IE 

According to Planck's law,....,,~,,,"'..+tl,',f ·1, . . cerfon at given temperature, 
IS 

0 

Ev = arm_ : v3 [-:--]I __________________ (6) 
,C3 .KT.- •.1 , ,e . 

Comparing equation (5) and (6), we get 

This means that the probability of induced absorption is equal to the probability of stimulated 
emission. By neglecting the subscripts, A21 and B21 can be represented as A and B respectively 

i.e., A21 = A and B21 = B. 
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Then at thermal equilibrium, the equation for energy density is 

E A 
·v·= [ lnr ]I 

B eKT-1. 

Energy states of atoms: 

~ CONDITION FO :. -L 
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a. 
C, 
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excitation o:f atoms 

E~dt-ed state 

\ metastabie state 

----- hy 
h laser beam ---• ., 

firnund state 

7 

Atoms in the ground state undergo transition to the higher energy state E 3 by absorbing 
incident photons. Since E3 state is ordinary excited state, atoms in the E3 state don't stay over a 
long time, as a result the atoms immediately undergoes spontaneous downward transitions to the 
E2 state. Since E2 is metastable state, atoms in the E2 state stay over a long duration of about 10·2 

to 10·3 seconds. Under these conditions a stage will be reached where the population in E 2 

overtakes that of E1. This condition is called population inversion. 
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REQUISITES OF A LASER SYSTEM: 

There are three requisites of laser systems. 
1. An excitation source for pumping action 
2. An Active medium to achieve population Inversion 
3. An Optical resonant cavity or laser cavity 

1. 

2. 

excitation of atoms 

L--1 \ 

Active medium r~ , rs to the meC'T'""--~. 

the atoms or molecul!'€1 
about the energy level 

population inversion Ca.i"~'q.s 

The process of supplying energy to the 

optical pumping, electrical 

Excited state 

metastable state 

----.&r 
·h fas:er beam --- -r 

e mirrors reflect 
A photon moving in a particular direction 

represents a light wave moving in the same direction. Thus, the two mirrors along with the 
active medium form a laser cavity. 

right moving w .• n re left moving wa e 

< 

Constructive 

Department of Physics, C!Tech. Page 86 



-L 

" 0. 
C, 

a.. 
0 

CJ) 

·-°' ·-CJ 
@) 

) 

Not in phase 

Reflecting 

Fully silvered mirror 

Destructive 

Semi transparent 

mirror 

Active 

Medium 

Brewsters window 

n 

- -;;g-v 

·scharge tube 

Resultant (Zero) 

LASER 

,. 
,· 
:-

polarized bem light 

- - - - - - - - ;: ~ 
:i . 
,; 

'~ partially silvered mirror 

-._.__...-v--w 

1) A CO2 laser consists of a discharge tube of length Sm and diameter nearly 2.5cm. 
2) The tube is filled with a mixture of CO2 , N2 and He gases in the ratio of 1 :2:3 
3) The pressure inside the tube is 6-17 torr. 

4) Also water vapour is added to the discharge tube. Water vapour additives help to 
deoxidize CO to CO2 in case CO2 molecules break into CO and O during discharge. 

5) The two ends of the tube are sealed with flat Quartz plate which functions as Brewster 
window( to get the linearly plane polarized light). 
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6) Two optically plane mirrors are fixed on either sides of the tube, one of the mirrors is 
fully silvered and can reflect the light 100% and other is partially silvered helps to 
transmission of laser beam. 

Working: 

When the suitable voltage is applied across the two electrodes, a glow discharge of the gases is 

seconds. 

jNit rogen l 

Y = 1 metastable 

lco2I 
A ssymetric I 
stretch mode B ending mode I Symmetric mod e 

- - ---=---------
F2 Es (001) ~ .6µm 

E 3 
(020) 1/ 

(100) 

y=O 

F1 l 
(010) 

G round state Groun d state 

~ V 

There is a close coincidence in energy of 001 state of CO 2 and v =1 state of N2• Therefore, N/ 
collides with CO2 at ground state. This leads to the transition of CO2 to 001 state and de­
excitation ofN2 to ground state. This type of collision belongs to collision of 2nd kind. 001 state 
is metastable state for CO2 molecule. Hence population inversion is achieved in CO2 molecule in 
001 state. This process can be represented by 

N2* + C02 • C02* +N2 

Where, N/ and N2 are energies ofN2 molecule in v = 1 state and ground state respectively, and 
CO2 and CO/ are energies of CO2 molecule in ground state and 001 state respectively. Let us 
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designate the (010) state, (020) state, (100) state and (001) state as E 2, E3, E4, Es levels 

respectively as shown in the figure. 

Once population inversion is established in Es level the CO2 molecule undergoes stimulated 

emission to E3 and E4 levels: 

(a) Transition from Es level to E4 with a wavelength of 10.6 which is in far IR region. 

(b) From Es level to E3 level with a wavelength of 9.6 which is also in far IR region. 

different modes of vibr -ti~ ,, 

0 yg·n n Oxyg n 

C)+-----0-----·+-0 

+{)----- ()+----+{) 

6--------9---------0 

ymmetric 
m des (100) 

Asymmetric 
mod . (001) 

B nding 
m de (010) 

u 

It has 3 

1) n this mode, oxygen atoms vibrate along the molecular 

axis, either approaching towards or departing from the carbon atom . The carbon atoms 

remain stationary. The vibration state is given by (100) 

2) Asymmetric stretching mode : During the vibration in this mode, all the 3 atoms 

oscillate along the molecular axis. But, the two oxygen atoms move in one direction 

while the carbon atom moves in the opposite direction. This vibrational state represented 

as (001). 

Department of Physics, C!Tech. Page 89 



-L 
(\) 
a. 
C, 

0.. 
0 
~ 

·-0\ ·-D 
@) 

3) Bending mode: In bending mode, all the 3 atoms oscillate normal to the molecular axis. 
While vibrating, the two oxygen atoms pull together in one direction as the carbon atom 
is displaced in the opposite direction. The state is (010). 

SEMICONDUCTOR LASER (GALLIUM ARSENIDE LASER): 

Principle: A Semiconductor diode laser is a specially fabricated p-n junction diode which emits 
light when it is forward biased. The 'n' junction is the active medium. Recombination is the 
process wherein electrons and holes meet each and result in the release of heat energy. It's 

actually the transition of an electron Ci~eonEi ',, 1)-nd to valence band Recombination 
occurs due to forward biasing the "-sts~m n o§ r rn hep- , junction (depletion region) Hence 
it is called as active medium. W ~ u ti: c B /~ and degenerate semiconducting 

materials r--c 
Direct band gap semiconductor a , -~ re is no loss of energy and the 
released energy will b · __ visil,·~q~~~~~md~~fi~~ ·ghly doped are called 

Construction: 

Power 
Supply Polished 

Metal Contact 

Partially 
-+--•polished 

e===============i· face 
p .,,,,~,..._+--+ Laser 

Output 

Face +- t=n==::::;:::========~,r~-• Metal Contact 

pn junction 

Roughened Face 

• GaAs diode is a single crystal of Ga and As. 

• Consists of heavily doped n and p sections. 

• N-section is formed by doping with Tellurium and p-section with Zinc. 

• Doping concentration is 1017 to 1019 dopant atoms/cm3 

• Size of the diode is very small. Sides are Imm and junction width is lµm to lO0µm. 
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• A pair of parallel planes is polished and these play the role of reflecting mirrors. They 

provide sufficient reflection to sustain the lasing action. 

• Other two sides are roughed surface to suppress the reflections of the photons. 

• End surfaces of p-n sections parallel to the plane of junction are provided with the 

electrodes in order to facilitate application of a forward bias voltage with the help of 

voltage source. 

Working: 

• 

• 
• At 

em1ss10n 

• 

P-type 
I Active 1 

I regio11 : 

t----------E ~. Fn 
/ ••• :1 

EC--------+•<••• .. •-. electroos 

~ : 1· ~:.._; ----- Ee 

I , 
I I 

I 
I 
I I 

Ev------- 1 

~~; _______ Ev 
Holes -------+ 0 0 0 _,,. 

,n .... ~, ,., I 

r-
Applications of semiconductor laser: 

1) Used in optical communication 

2) Used as reading devices for compact disc players. 

3) Semiconductor lasers are used in laser printers. 

4) Semiconductor lasers are used in medicine, interferometry and barcode scanners. 
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APPLICATIONS OF LASER 

Laser range finder 
Laser rangefinders have numerous applications such as measuring of rooms and buildings in the 
construction sector, to determine the depth of snow in inaccessible areas, Cloud base height for 
atmospheric study, air pollutant distribution, attitude characterization of space debris, trajectory 

of aircraft, satellites. Laser technology is more cost effective. The laser range finder uses a laser 
signal is transmitted and returned from a target. The time delay between transmission and receipt 

of the signal is used to determine the distance to the target based on the speed of light. The 

receiver consists of reflector, photo ;~t~ • · · 'l'j.(/ 
Lasers in data storage ~ '-rt,; 
In a compact disc, series of microsc . ic . If s ~ formed by burning. Laser light 
is reflected from the disc surface an · · · -:;:;.,,~;;:.:;:;,.;.J:° ho ,f o · es. The amount of light received 
by the diodes varies according to th 

entire volume of the 
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MODULE-5 

MATERIAL SCIENCE 

QUANTUM FREE ELECTRON THEORY OF METALS 

Review of classical free electron theory: (drude - lorentz theory) 

Postulates: 

1. 

2. 

electric field is kn 

Where e - charge on the eleo ... 

Mean Collision 'F·· • 

electrons. 

Relaxation time: It is the time taken for the drift velocity to decay to (1/e) times after the 

removal of electric field. 
r r =----

r (l-cos0) 

Mean free path (A): The average distance traveled by the electrons between two successive 

collisions. 

Expression for the electric current through a metal: Electric current I= neAVct 
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EXPRESSION FOR ELECTRICAL CONDUCTIVITY (o-): 

From Ohms law J = o- E 

Mobility of electrons: 

It is net drift velocity acquired per unitc}-e:c 
very much higher than that in Silico ~ 

~lit Mobility of electrons in Graphene is 

:rO: 

1. Prediction of · 

3 
Cv=-R. 

2 

From the assu 

~~ ~ 

<CAMJaRITDCGJE 
INSTITUTE OF TECHNOLOGY 

voc ✓T 

Also mean collision time -r is inversely proportional to velocity, 
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1 
TOC-
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07 /ohm m and .15 x 107 /ohm m 

-~ 3. The electric potential throughout the lattice is taken to be constant. 
Q 
@) 4. The attraction and the repulsion between the lattice points and electrons ( or) lattice points 

themselves ( or) electrons themselves are ignored. 
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DENSITY OF STATES 

Energy levels of electrons in a solid will look like bands. On a closer look we see that the energy 
levels in the band are not uniformly distributed. The number of energy levels/unit energy range is 
explained by density of states. 

"Density of states is the number of allowed energy levels m infinitesimally small energy 
increment dE in the valence band of the material. 

Given by, g(E)dE~-h3-

g(E)a -

At T=0K, energy e 

completely filled .. _.....:==----' 

ENERGY 

(Probability of occupation 0~JJu.1{[nl;~PJate~ 1tffc?JsQtGXik and t>0k, on the basis of 

fermi factor) ~ ¢ o 

Fermi-Dirac Stat~\~er:mits tUe evaluat10n of prob!bil~ o1: flmii111g ~ ctrons occupying 
energy levels in a certain energy range. This is done through a function called Fermi Factor 
f(E).It is given by, 

f(E)=---
e 

"Fermi factor is the probability of occupation of a given energy state for a material in thermal 
equilibrium" 

Probability of occupation is considered for following cases; 
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i) 

If, E<Ep , E-Ep 

• 
• 

ii) Probabilit t =O 

If E>Ep, (E-Ep) r~?tf0ff ME aail0tic'tiNOLOGY 

• All the energy levels above Fermi level are unoccupied. 1.e, 0% probability for the 
electrons to occupy the energy level above the Fermi level 

iii) Probability of occupation at ordinary temperature. 
At ordinary temperature, though value of probability remains I for E<<Ep, it starts 
decreasing from I as the value of E become closer to EF 

For E=Ep, 
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f(E)=--= 

f(E)= -

There is 50% probability for the electrons to occupy the Fermi energy level. 

EXPRESSION FOR ELECTRICAL CONDUCTIVITY AS PER QUANTUM FREE 
ELECTRON THEORY 

Cv=(-)RT 

Ex., For Ep=5eV 

ne a---• 

<CAMJaRITDCGJE 
INSTITUTE OF TECHNOLOGY 

This confirms with the experimentally observed values. 

2. Temperature dependence of electrical conductivity. 

of such electrons 

The experimental fact that the electrical conductivity cr has dependence on - and not on 

--= is explained here, 

We have, cr=--........ (1) 
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The dependence of cr on Tis analyzed as follows, 

The free electrons are subjected to scattering due to vibration of ion in the lattice. If 'r' is the 
amplitude of vibration ,it is same in all the directions then the ions can be considered to be 
present effectively in a circular cross-section of area Ilr2.The value of mean free path ')..., 

decreases when IIr2 increases. i.e, 11,a~ ......... (2) 

Now consider the facts, 

• 

L 3.Electrical con · 
~ 
0. 
C, 

a.. 
0 

CJ) 

·-0\ ·-0 
@) 

Department of Physics, CITech. Page 99 



-L 
~ 
0. 
C, 

a.. 
0 

CJ) 

·-0\ ·-0 
@) 

PHYSICS OF SEMICONDUCTOR 

Semiconductors have conductivity in the range intermediate between those of conductors and 
insulators. The resistivity of semiconductors lie in the range 10-6 to 10+80m. Elements such as 
Silicon (Si), Germanium (Ge), Selenium (Se) and compounds such as Gallium Arsenide (GaAs), 
Gallium Phosphide (GaP) are some examples of semiconductors. 

Electron density in conduction band is given by 

3 

n =2 e e kT 
(

2mn*ktJ2 _Ec-EF 

e h2 

3 3 

(
2 *k J2 _ Ec-Ep (2 *kTJ2 _ Ep-Ev 

2 1Une t kT _ 2 1Unh kT 
2 e - 2 e 

h h 
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is called 

Where is the effective ~ e 

-~ Tis the absolute temperature and 
Q 
@ his the Planck's constant. 

In general, the number of charge carriers per unit volume of the material is called carrier 
concentration. 

The charge carriers, both electrons and holes contribute to the conductivity of the semiconductor. 

The conductivity of a semiconductor is given by the expression 
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where Ne and Nh are the carrier concentrations of electrons and holes respectively. 

µe and µhare mobility of electrons and holes respectively and 'e' is the magnitude of charge of 
the electron. 

HALL EFFECT When a conductor carrying current is placed in magnetic field, an electric field 
is produced inside the conductor in a direction normal to both current and the magnetic field. 

fij Consider a rectan 
CL Magnetic field B is 
C, 

a.. 
0 

CJ) 

·-0\ ·-0 
@) VH=lEH=BlV 

C d 
. I I 

urrent ens1ty J = n ev = -- = -
. e Area ld 

Current density J I .............. . (1) 
v=--

neld 
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BLI 
Hence VH =-- ............ (2) 

neld 

1 
. BI 

E ectron concentrat10n n = -­
e V d 

H 

Expression for Hall coefficient (RH} 

Hall field is directly proportional to current density (J) and Magnetic field(B). 

R = EH =-1 
H JB ne 

Ex 

Mobility 

Current density J 

Simplifying (1) and (2) (CAM Ja R [ TI) (G JE 
µ= crRH 

INSTITUTE OF TECHNOLOGY 

1. 
2. 
3. 
4. 
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DIELECTRIC MATERIALS 

A dielectric ( or dielectric material) is an electrical insulator that can be polarized by an 
applied electric field. When a dielectric is placed in an electric field, electric charges do not flow 
through the material as they do in an electrical conductor but only slightly shift from their 
average equilibrium positions causing dielectric polarization . 

Dipole: Two equal and opposite charges separated by a small distance constitutes a dipole. 

Polarization: The separation of effective centre <?f positive and negative charges in a substance 

by the application of electric field is kne,_~'as o afi~i0.n. 

~~ YJ>f/. 

00 0 0 
0 0 0 0 

Atomic polarizability p = 

Polarization P= Dipole 

Polar dielectrics: 
nature. 

Non Polar dielectrics 

~ - ~ 
, r--,.....,,.."'-1"'..---------~+ 

+ 
~r-::::::._ =_ =_ =_ =_ -:....:.--;:. '== == == t=,t= == -:....:.-:::;i ~rt:::::::i + 

ll""'""--l----..'4,,<...-4------' + 

These are the materials which do not possess permanent dipole moment. They get polarized only 
in the presence of external electric field. Ex: 0 2, N2, He, Ne 
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EXPRESSION FOR STATIC DIELECTRIC CONSTANT 

(a)In the absence of a dielectric 

C 
. C Q aA A 

apac1tance without dielectric= V = ad = 6 0 d 

the absence of a dielectric. 

DIFFERENT POLA ' 

2. 

3. 

4. 

a 
a a a 

a a @ a a a @ 
a a a 

a 

£ 

a 

a a 

a 

Electronic polarizability ae = 60 (er -I) 
N 

0 

a 
a 

a 

Where, N is number of dipoles per unit volume which is independent of temperature. 
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Ionic polarization: 

This is exhibited by ionic compounds. 

When ionic compounds are kept in an electric field, displacement of positive and negative ions 
occurs developing a dipole moment. 

No Electric Field 

Space charge polarization: 

- ,,..-d -.jd, 

~EX:)~ 
0€CDE+- -f -- ro ro0- , .. -0 
0 ~- ~- _;_ --, BS) 

E 

Electric Field (E) 

n electric field, 

This polarization exists in materials possessmg different phases due to difference in 
temperatures. In such materials charge carriers drift and accommodate in certain regions of 
higher conductivity (electrodes) causing dipole moment. It occurs in ferrites and semiconductors. 
Its magnitude is very small compared to other mechanisms. 
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No Field Field Applied 

• E 

Space Charge PolarizaUon 

©8©80 (±)(±)888 
80808 080(!)8 
®8©8@ (±)(±)(±)80 
80008 00008 

0 

j{'~AMIB>RliDGJE 
~o INSTITIJTE OF TECHNOLOGY 

The dipole is ass~ ~ be .gL dimensional array : is oriented in the same 

0\ direction. ·-0 
@) The electric field at O due to dipole A 1 is given by 

E µ cos 0 µ sin 0 _ µ as 0 = 0 Al~--+--- --
27r&d3 41r&d3 21r&d3 

The electric field at O due to A2 
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EA2 = µ as all dipoles are oriented in the same direction. 
27rEd 3 

Field at O due to A1 and A2 is E Al A2 = _!!:__ = E1 , 7rEd3 

~ Similarly field at O due to B 1 and B2 is= (µ )3 = E2 
L 7rE 2d 
C, 
w 
~ 
~ 
I-
~ 
> 
C, 

V) 

-L 
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Hence 

& -I Na _r_=-
&r +2 3&o 

Where, N is the number of atoms per unit volume 
a is the polrisability of the atom 
Er is the relative permittivity of the medium 
s0 is the permittivity of free space. 
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Proof: 

If there are N atoms per unit volume, the electric dipole moment per unit volume -known as 
polarization is given by 

P=NaE 
By the definition of polarization P, it can be shown that 

~ P = e 0 E(er -1) = NaEi 
~ 
L 
C, e0erE-e0E = NaEi w 
~ 
~ 
I-
~ 
> 
C, 

V) 
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SOLID DIELECTRICS 

• Jacketing Materials 

• Moulding Materials 

• Filling Materials 
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• Moulding Materials: These are used for mechanically rigid forms of insulation, for 
example, insulators, bushings and so on e.g. are ceramics, glass (toughened glass), fiber 
glass reinforced plastics and epoxy - resins. 

• Jacketing Materials: Jacketing on a conductor for insulation. Polymers have been found 
suitable for providing extruded insulating jackets to the conductors. For example, 
polyethylene (PE), polyvinylchloride (PVC), natural and synthetic (ethylene propylene) 
rubber are extruded on the conductor in power cables. Polypropylene and paper are used 

• 

• 

• 

• 

e · , i ea in transformers, circuit breakers 
~ ~~~tfflffl1~ ~ -~ aper (thin paper laminates), wood 

as m 

·-0 dielectric 

@) • Arc extinction in circuit breakers 

• Possess a very high electric strength and their viscosity and permittivity vary in a wide 
range. 
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CLASSIFICATION OF LIQUID DIELECTRICS 

• Organic and Inorganic. 

• Organic dielectrics are basically chemical compounds containing carbon. Among the 

main natural insulating materials of this type are petroleum products and mineral oils, 

insulating materials are asphalt, vegetable oils, wax, natural resins, wood. A large number 

of synthetic organic insulating materials are also produced. These are nothing but 

• 
~ -u.~ ry times more expensive. 

• ing liquids. They have excellent 

• 

• 

I\ L\ Tro 17')) TT ~ ~ TE 
By applying a sensible electrical field, the dielectric gases can be polarized. Vacuum, Solids, 

Liquids and Gases can be ~_ci_i~l~~ti:i~.1:1-~~e!i_~l. ~ --~i-~l~~!i_:_i~_g~s_i~ also called as an insulating 
gas. It is a dielectric material in J;aseou~ s!.ate ~ hich can prevent electri_cal discharge. Dry air, 

sulfur hexafluori~~ __(S_!: 6)_ etc..:. ~r~ t~e _ e~ampl e~ £f ~as~o~ _dielect_!:ic_ 112.aterials. Gaseous 
dielectrics are not practically free_ of ~ ~ c!ri~ally _£harged _particles3 ~ n_ el~ct_!:ic field is applied 
to a gas, the free electrons are formed. A few gases such as SF 6 are strongly attached (the 

electrons are powerfully attached to the molecule), some are weakly attached for e.g., oxygen 

and some are not at all attached for e.g. N 2 . Examples of dielectric gases are Ammonia, Air, 

Carbon dioxide, sulfur hexafluoride (SF 6), Carbon Monoxide, Nitrogen, Hydrogen etc. The 

moisture content in dielectric gases may alter the properties to be a good dielectric. 

Breakdown in Gases 

When subjected to high voltages, gases undergo ionization producing free electrons and begin to 

conduct. 
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Properties of Dielectric Gases 

The preferred properties of an excellent gaseous dielectric material are as follows 

• Utmost dielectric strength. 
• Fine heat transfer. 
• Incombustible. 
• Chemical idleness against the construction material used. 
• Inertness. 
• Environmentally non-poisonous. 
• Small temperature of condensation. 
• High thermal constancy. 
• Acquirable at low cost 

Switchgears, high 

conditions. 

-~ is cooled, and reenters the main tank at the bottom. In self-cooled transformers this cycle is 
0 governed naturally by convection. Natural convection can also be assisted by a series of fans 
@ directing air against the radiators increasing the rate of heat transfer and subsequent rate of 

cooling in the windings. In some large power transformers it is also possible to have a level of 
forced oil circulation where a pump assists in the circulation of the fluid. This generally provides 
a lower top oil temperature and more uniform temperatures within the windings. Mixtures of 
polychlorinated biphenyls (PCBs) used as a transformer dielectric fluid because of their non­
flammable nature and chemical stability. 
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