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Your Essential Class 12
Physics Formula Resource

Master all key formulas, equations, and laws from the Class 12 Physics syllabus with this
comprehensive and student-friendly eBook. Whether you're preparing for your board exams or

looking for a quick revision guide, this resource is designed to meet your academic needs.

What You'll Find Inside:
Chapter-wise Coverage:

This eBook compiles all important formulas, laws, and equations from each chapter of the Class

12 Physics syllabus, including Electrostatics, Current Electricity, Magnetism, Optics, and Modern

Physics—ideal for school exams and last-minute prep.

Clear and Concise Presentation:

Each formula is listed in a simple, easy-to-understand format with brief explanations and relevant

context to aid conceptual clarity and retention.

Visual Aids for Better Understanding:
Diagrams, tables, and illustrations are added wherever necessary to help you visualize core concepts

and strengthen understanding.

Real-Life Examples and Solved Questions:
To boost your problem-solving skills, the book includes practical examples and previously asked

exam-style questions, helping you apply formulas effectively.

Designed for Quick Revision:
With a well-organized index and chapter-wise format, this eBook allows you to instantly find the formula

you need, making it a perfect tool for quick revisions before exams or class tests.
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Who Can
Benefit From This eBook?

Students:
This eBook is crafted for Class 11 and 12 students preparing for Engineering (JEE) and Medical

(NEET) entrance exams. It's equally useful for students who have completed Class 12 and are
revising Physics thoroughly. Whether you're tackling assignments, preparing for competitive exams,
or brushing up on fundamentals, this book serves as a complete formula companion.

Teachers:

Teachers can utilize this eBook as a supplementary teaching aid. It's an excellent tool for lesson
planning, classroom explanation, and student revision, offering a concise reference of all essential

formulas and laws across the Class 11 and 12 Physics syllabus.

Parents:

Parents can support their children’s academic journey by providing them with this structured and
reliable study guide. With this eBook, students will have access to the core formulas and principles

needed to excel in Physics for both school and entrance exams.

Why
Choose Our eBook?

This eBook has been expertly curated by experienced Physics educators to meet the needs of both
JEE and NEET aspirants. It ensures effective revision of all Class 11 and 12 Physics chapters,
helping students build a strong conceptual foundation and solve numerical problems with speed
and accuracy.

A solid grasp of Physics is essential for success in both engineering and medical entrance exams
—and this eBook is your trusted tool to master it all.

Start your journey with confidence.

Download “Important Formulas for Physics — Class 11 & 12" now and boost your preparation for

JEE, NEET, and Board exams!
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Physics and Measurement

Important Formulae

1. Physical quantity-

¢ One physical quantity can be represented in terms of one or more units.
Amount of physical quantity(Q)=nu
n= numerical value or magnitude
u= unit
Types of the physical quantity
1) Scalar Quantity
¢ The quantities having magnitude only are known as scalar quantities.
o It does not specify the direction.
¢ Examples-Distance, time, work, energy, etc
2) Vector Quantity
¢ The quantities having both directions as well as magnitude are known as vector quantities.
o It has a specific direction.
¢ Examples - Displacement, force, velocity, acceleration, momentum, etc.
3) Tensor Quantity
Scalar and vector are special cases of a tensor.
o Tensors are represented in the multi-dimensional array, i.e., in different directions, tensors will have different magnitudes.
o If a tensor has only magnitude and no direction, it is called a scalar (a tensor of rank zero).
o If a tensor has magnitude and one direction, it is called a vector (a tensor of rank one).
o Examples are stress, The moment of inertia, coefficient of viscosity.
4) Ratio Quantity
‘When a physical quantity is the ratio of two similar quantities.

density of object

eq. Relative density =
g 4 density of waterat 4°¢

2. Fundamental and Derived Quantities -

1) Fundamental Quantities

¢ Those physical quantities are independent of all other quantities and cannot be expressed in terms of other basic quantities.
¢ Length, mass, time, electric current, temperature, amount of substance and luminous intensity.

2) Derived Quantities
o Derived Quantities are products and ratios of the fundamental quantities that exist in a system of units and these quantities can be expressed in terms of
other basic quantities.
e e.g., Area, Density, Force, Pressure, etc.
Fundamental and derived units:-

Fundamental units:- The units of fundamental or basic quantities are called fundamental units or base units.

Derived units:- The units of those physical quantities which can be expressed as the combination of fundamental units are called derived units.

3. System of unit-

A complete set of units, for all kinds of physical quantities (both fundamental and derived ), is known as a system of units.
Types of System of Unit

¢ C.G.S. system- In this system, fundamental units are centimetres (cm), grams (g) and second (s).
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¢ M.K.S. System- In this system, fundamental units are meter(m), kilogram(kg) and second (s).
¢ F.P.S. system- In this system foot(ft), pound(lb) and second(s) are used for the measurement of length, mass and time respectively.

o S.I. System- It is known as the International System of Units. There are seven fundamental quantities in this system.

Fundamental Quantity Fundamental Units Symbol

Length meter m
Mass Kilogram Kg
Time second S
Electric current Ampere A
Temperature Kelvin K
Amount of substance  mole mol
Luminous Intensity candela cd

1. Practical units of length

Name Symbol Conversion in m
1 fermi 1fm 107 %m

1 X-ray unit 1XU 107 %m

1 Angstrom 14 107 %m

1 micron Lym 1075

1 Astronomical unit 1 AU
1 Light year 1ly

1 Parsec 1 Pc

1.5+ 10Mm =~ 10%km
0.46 « 109 m
3.26 light year

2. Practical units of mass

Name Symbol Conversion in kilogram (Kg)

2.8 x 10%}g
1 Chandra Shekhar Unit 1 CSU
= 1.4 times the mass of the sun

1 Metric tonne 1000 kg
1 Quintal 100 kg
1 amu 1.67 x 1072 kg

1 Metric tonne
1 Quintal

1 Atomic mass unit

3. Practical Units of Time

1 year =365.25 days =3.156 x 107 Sec

Lunar Month- 29.53 days (29 days 12 hours and 44 minutes)

1 Solar year- 366.25 sidereal days = 365.25 average solar day
( 1 rh)
1 Average Solar Day= 365.25 part of the solar year

1

( rh)
1 solar second = \ 836400 part of the mean solar day

4. Dimension-

The dimension of physical quantity may be defined as the power to which fundamental quantities must be raised in order to express the given physical
quantities.

For representing dimensions of different quantities, we use the following symbols:
1.Mass -M
2.Length-L
3.Time - T

4. Electric current - A
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5. Temperature - K
6. Amount of substance- mol
7. Luminous intensity - cd
Dimension formula and SI units for some important physical quantities-
« Frequency, angular frequency, angular velocity, velocity gradient
All these quantities will have the same dimensional formula which is equal to MY L7~
While the SI unit of Frequency and velocity gradient is sec™! ,
And ST unit of angular frequency and angular velocity is T adians per sec
Note:- Angle is a dimensionless quantity
¢ Work, Potential Energy, Kinetic Energy, Torque
All these quantities will have the same dimensional formula which is equal to M L27T 2
All these quantities will have the same unit in the SI system which is equal to N-m or Joule
¢ Momentum, Impulse, Angular momentum, Angular impulse

Momentum and Impulse both have the same dimensional formula which is equal to M LT~

. —1
And Both have the same SI unit which is equal to kgms

Angular Momentum and Angular Impulse have the same dimensional formula which is equal to M L2T
it which i kg(m)?(sec)™
and have the same SI unit which is equal to "g177 )7L 5€C)
¢ Dimensionless Quantities
The quantities which do not have dimensions are known as Dimensionless Quantities.

Because these quantities are the ratio of two similar quantities.

Example.
1. Strain
2. Refractive index
3. Relative density
4. Poisson's ratio
So all these quantities are dimensionless.
Or they have a dimensional formula which is equal to M” LT,
And all these quantities are unitless.
« Heat, Latent heat, Specific heat capacity and Temperature
1. Temperature-
Dimensional formula- A" LT K Y(where K represents Kelvin)
SI unit- Kelvin
2. Heat
Dimensional formula- M L2772
SI unit- Joule
3. Latent heat
Its dimensional formula is equal to ML 2
And its ST unit is equal to m°s > or J/kg
4. Specific heat capacity

Dimensional formula- MY L2725 !
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J
SI unit- kg

¢ Surface tension
Dimensional formula- M LT ~2
e — 2
SI unit- kg3

e Vander waals constant (a and b)

2
(P + ’{f) (V —nb) = nRT

Where a and b are called Vander Waal's constant.
1) Vander Waal's constant (a)
Dimension- M L*T 2
Unit- Newton —m*
2) Vander waal 's constant (b)
Dimension- M"L*T"
Unit- mr*
¢  Voltage, Resistance and resistivity
1) Voltage (V)
Dimension- M L*T—3A~!
Unit- Volt
2) Resistance (R)
Dimension- M LT A2
Unit- Ohm
3) Resistivity ()
Dimension- M L¥T—3A~2
Unit- Ohm - meter
¢ Permittivity of free space and dielectric constant (k)
1) The permittivity of free space( f«)
Dimension- M 1 L7442
Unit- €2 N'm~ or farad/metre
2) dielectric constant (k)
Dimension- M LT?
Unit- Unitless
e Magnetic Field ,Permeability of free space, Magnetic flux and self inductance
1) Magnetic Field (B)
Dimension- M*LT~2 A~}
newton or volt — second
Unit- ampere — metre metre?
2)Permeability of free space
The dimension of permeability of free space (Ho)-M L' T2 472

newton hen ry
2 o
SI unit- ampere? metre
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3) Magnetic flux (@)

Dimension- M L*T~2A!

Unit- Weber or Volt-second

4) Coefficient of self-induction (L)
Dimension- M L*T~2A~2

Unit- Henry
5. Application of Dimensional analysis-

¢ To find the dimension of the physical constant

We can find the dimension of a physical constant by substituting the dimensions of physical quantities in the given equation

1. Gravitational constant

P Grm:n; N Fr*
r2 M1ty
G = M — [‘.1[—'153]‘—3]

[M][M]
F — force of Gravitation

G — Universal Gravitational Constant
r — distance between two masses

My, Mg — two masses

2. Planck's Constant(h):-

Ezhtlz:»fr:E
tl

Dimensional formula- A'L?7T!
SI unit- Joule-sec
3. Rydberg constant (R)
1

1 9 (|
N2 (n% -

vatal T

)

Dimension- M L~17T"
Unit- m !
« To convert a physical quantity from one system to another
As we know, the measure of a physical quantity is constant, i.e., nu=constant.
ny [ty] = ng o]
My Lng_}" ]

1f the dimensi ity is M DT gna imension is |
e dimension of a quantity in one system is and in another system, the dimension is

] 2] [
then My} [ Lo] [To

e Check the dimensional correctness

It is based on the principle of homogeneity. According to this principle, both sides of an equation must be the same.
L.HS =RHS
It also states that only those physical quantities with the same dimensions can be added or subtracted.
If the dimension of each term on both sides is the same, then the equation is dimensionally correct, otherwise not.
A dimensionally correct equation may or may not be physically correct.

¢ To find the unit of physical quantity in a given system
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Let physical quantity be a force
So [Fl=M LT *
If we replace M, L, and T in the dimensional formula of the physical quantity with fundamental units of the required system, we will get the unit of that

physical quantity.
Now we want to find the unit of Force in the SI system

-2

Which is K977 (sec )or Newton
¢ As aresearch tool to derive new relations

For example, we can derive a relation for the Time period of a simple pendulum.

i T = Km®%g*

where
T = time period

[ =length
g = acceleration due to gravity

So Equating exponents of similar quantities
a=0,b=1/2,c=-1/2

We get

6. Significant Figures:-

Significant figures are the figures of a number that express a magnitude to a specified degree of accuracy.

1) All non-zero digits are significant

For example-
42.3 -Three significant figure
238.4 -Four significant figure

33.123 -five significant figure

2) Zero becomes a significant figure if it exists between two non-zero digits

For example-
2.09 - Three significant figures

8.206 -Four significant figures

6.002 -Four significant figures
3) For leading zero(s), the zero(s) to the left of the first non-zero digits are not significant.

For example-
0.543 - three significant figures
0.069 - two significant figures
0.002 -one significant figure
4) The trailing zero(s) in a number without a decimal point are not significant. But if the decimal point is there then they will be counted in significan

figures.

For example-

4.330- Four significant figures
10

433.00- five significant figures
343.000- six significant figures

Back to Index @
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5) Exponential digits in scientific notation are not significant.

For example- 1.32 X 102 -three significant figures

7. Rounding Off:-

Rounding off figures during calculation helps to make the calculation of big digits easier. While rounding off measurements, we use the following rules
by convention:

(1) If the digit to be dropped is less than 5, then the preceding digit is left unchanged.

Example: x=7.82 is rounded off to 7.8, again x=3.94 is rounded off to 3.9.

(2) If the digit to be dropped is more than 5, then the preceding digit is raised by one.

Example: x = 6.87 is rounded off to 6.9, again x = 12.78 is rounded off to 12.8.

(3) If the digit to be dropped is 5 followed by digits other than zero, then the preceding digit is raised by one.
Example: x = 16.351 is rounded off to 16.4, again x = 6.758 is rounded off to 6.8.

(4) If the digit to be dropped is 5 or 5 followed by zeros, then the preceding digit is left unchanged if it is even.
Example: x = 3.250 becomes 3.2 on rounding off, again x = 12.650 becomes 12.6 on rounding off.

(5) If the digit to be dropped is 5 or 5 followed by zeros, then the preceding digit is raised by one if it is odd.

Example: x = 3.750 is rounded off to 3.8, and again x = 16.150 is rounded off to 16.2.

« Significant Figures in Calculation:-

1. Rules for addition and subtraction-

The result of an addition or subtraction in the number having different precisions should be reported to the same number of decimal places as are prese:
in the number having the least number of decimal places.

For example:-

1) 33.343.1140.313=36.723 but here the answer should be reported to one decimal place as the 33.3 has the least number of decimal place(i.e. only one
decimal place), therefore the final answer=36.7

2) 3.1421+0.241+0.09=3.4731 but here the answer should be reported to two decimal places as the 0.09 has the least number of the decimal place(i.e.
two decimal places), therefore the final answer=3.47

2 Rules for multiplication and division-

The answer to a multiplication or division is rounded off to the same number of significant figures as is possessed by the least precise term used in the
calculation:-

For example:-

1) 142.06 x 0.23=32.6738 but here the least precise term is 0.23 which has only two significant figures, so the answer will be 33.

8. Errors of measurements

If @1, @ @3.........lly are a measured value

Ay + o+ ......0,
il e ———
then n

where a,, = true value

then
1)Absolute Error for nt! reading =Aa, =y — @y = true value - measured value
So Aap = By —
Aay = (g — Q9

2) Mean absolute error

[Aay| + |Aag| + ... |Aa,
n

Aa =

3) Relative error or Fractional error

The ratio of mean absolute error to the mean value of the quantity measured.
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An

Relative error =
ﬂ'”l

Aa = mean absolute error

a,, = mean value

4) Percentage error

Aa .
Percentage error = — x 100%
m

8.1- Error in sum and Error in difference of two physical quantities
1) Error in sum (x=a+b)
¢ Absolute error in x is is given by

Ar =+ (Aa + Ab)

where
Aun= absolute error in measurement of a
Ab= absolute error in measurement of b
A= absolute error in measurement of x

o The percentage error in the value of x is is given by

2) Error in difference (x=a-b)
¢ Absolute error in x is is given by

Ar =+ (Aa + Ab)

¢ Percentage error in the value of x is is given by

8.2- Error in product and Error in division of two physical quantities
1) Error in product # = ab

¢ Maximum fractional error is given by

Ar_, (20,20
T a ]

where
Aa= absolute error in measurement of a
Ab= absolute error in measurement of b
Ax= absolute error in measurement of x
¢ The percentage error in the value of x is given by

A—m*lﬂﬂ=ﬂ:(j*lﬂﬂ+£*l[}ﬂ)
T il ]

e

(=)

2) Error in division T E

¢ The maximum fractional error in X is given by

ar_, (22, 8)
T a b

o The percentage error in the value of x is given by
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% # 100 = £ (%* 100 + % # l[][])

8.3- Error in quantity raised to some power

a”

r= —

For b’

o The maximum fractional error in x is given by

Az ( Aa AFJ)
— =X (n—+m—

T a b

o Percentage error in the value of x is given by

(L

Axr Aa Ab
— %100 = £ | n— % 100 + mT * 100
T )

Kinematics

Important Formulae

Kinematics- In kinematics, we study ways to describe motion without going into the causes of motion.

1. Rest And Motion

1. Rest body is said to be at rest if it does not change its position with respect to its surroundings with the passage of time.

e.g.: A book lying on the table.
2. Motion- Motion is known as a change in the position of an object with time.
e.g. Amoving bus.
¢ Note - Rest and motion are relative to each other.
e.g. All passengers sitting inside the moving bus are at rest with respect to one another.

But all appear to be in motion to a man standing outside the bus.

2.Types Of Motion

1. One Dimensional (1-D)-

¢ If only one coordinate is used to describe the motion of an object.
¢ Motion is a straight line is 1-D.
e E.g: Train running on singletrack, Apple falling from a tree

II. Two Dimensional (2-D)-
e When two coordinates are used to describe the motion of an object.
¢ Motion in-plane is 2-D.
¢ E.g Earth revolves around the sun.

III. Three Dimensional -

When all three coordinates are used to describe the motion of an object.
Motion in space is 3-D.
e.g: object moving in space.

3.Mathematical tools ( Differentiation and Integration)

1. Differentiation
Differentiation is very useful when we have to find rates of change of one quantity compared to another.
o If y is one quantity and we have to find the rate of change of y with respect to x which is another quantity

dy
Then the differentiation of y w.r.t x is given as dz

e Foray V/s x graph
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‘We can find the slope of graph using differentiation

dy

Le Slope of 'y V/s x graph = da

* Some important Formulas of differentiation

d _

—_— (:f!“) = n;r:“ 1
dx
L gne = cosx
L Sine = cosx
2 eose = —sinz
I cos = —sinw

i R
or tane = sec”

i [
e cotr = —csc*x

% secr = secax tana

1
Lescr = —cscacot®

o
dx™

d z__ =
At =a Ina

In|z| = %

d
dx

(3]

. Integration

Opposite process of differentiation is known as integration.

Let x,y are two quantities

dy

Using differentiation we can find the rate of change of y with respect to x i.e dx

But using integration we can get direct relationship between quantities x and y

dy K
Soletdr where K is constant

Or we can write 4y = Kdx

Now integrating on both sides we get direct relationship between x and y

14



[rﬂy :[Kd,-r:
Ie

y=Ke+C
Where C is some constant
e Foray V/s x graph

We can find the area of graph using integration

/ y=fx)

1™

b
= Area = | f(x)dx

¢ Some important Formulas of integration

m'.ll—l
f;r:”(&r: = —+
n+1

JE=In|z|+C
[etde ="+ C

fatde = La® +C

Ina

fln wdr =axlne —x +C

[sinzde = —cosz+ C

[ coszde = sinz + C

Jtanzde = —In|cosz| + C

[ cotwdr = In|sinz| + C

[ secwde = In|secx + tanz| + C
[ escaxde = —In|cscx + cota| + C

[ sec? zde = tanz + C

[ esc? wde = —cotw + C

[ secwtan zde = seca + C
f escxcot wde = —cscx + O

e =sin I+

Vai—z? 1

dr N s \
f = a8ec ﬂ +C

Ty/rd—al

4.Scalars and vectors

1. Scalars
Physical quantities can be described completely by their magnitude only but no particular direction.
Examples- Distance, speed, work, charges, temperature, etc.

Tips for scalars-
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Scalar quantities can be positive, negative or zero.

Represented by alphabet only A, B, C.
o These physical quantities follow normal algebraic rules of addition.
2. Vectors
Physical quantities can be described by their magnitude and direction.
Physical quantities like Displacement, force, velocity etc. are vectors.

Tips of vectors-

Vectors can be positive, negative or zero.

Represented by alphabet having an arrow on their head.

A BC

o These physical quantities follow the laws of vector addition.

¢ Types of vectors

—_

. Equal vectors-
Two vectors are said to be equal if they have equal magnitude and the same directions.
The angle between these two vectors E is equal to zero.
2. Negative vectors-
Two vectors are said to be negative with respect to each other if they have equal magnitude but opposite directions.
The angle between negative vectors is equal to 180. i.e @ = 180°
3. Collinear vectors-
Two vectors are said to be collinear if they have a common line of action.
a. If two vectors are collinear and parallel then the angle between them is zero.
b. If two vectors are collinear and anti-parallel then the angle between them is 180°.
4. Co-initial vectors-

Two vectors are said to be Co-initial vectors if they have the same initial point.

5. Vector addition and Vector Subtraction

1. Vector addition-
Vector quantities are not added according to simple algebraic rules, because their direction matters.
Case I- For the simple case in which both vectors have the same direction

When two vectors are in the same direction then upon addition the direction of the resultant vector is the same as any of the two vectors, while the
magnitude of the resultant vector is simply the algebraic sum of two vectors.

Case II -For the case when both vectors do not have the same direction use the following laws

1. Triangle law of vector addition

If two vectors are represented by both magnitude and direction by two sides of a triangle taken in the same order then their resultant is represented by
side of the triangle.

The figure represents the triangle law of vector addition

So resultant side C is given by
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c=+va?+ b2+ 2abcosd

Where f= angle between two vectors.
2. Parallelogram law of vector addition

o If two vectors are represented by both magnitude and direction by two adjacent sides of a parallelogram taken from the same point then
their resultant is also represented by both magnitude and direction taken from the same point but by the diagonal of the parallelogram.

D

B

C

The figure represents the law of parallelogram Vector Addition

Note- Commutative law-

The Sum of vectors remains the same in whatever order they may be added.
P+@G=Q+P

& -

A i il oo o
b

Fig shows the Commutative law of vector addition.
2) Vector Subtraction-
Vector subtraction of 13 from A is equal to Vector addition of Aand negative vector of B.
A-B=A+(-B)
6. Unit vector-

A vector having a magnitude of one unit is called a unit vector. It is represented by a cap/hat over the letter. Eg—R is called a unit vector of .ﬁ Its direction is along
the £ and magnitude is unit.

Unit vector along Ris

« Orthogonal unit vectors-

|'.:01

_ﬁ:

Tl

It is defined as the unit vectors described under the three-dimensional coordinate system along X, y, and z-axis. The three unit vectors are denoted by i, j and k
respectively.
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Any vector (Let us say f?) can be written as

ﬁ:;rzf-i—y}—i—zf‘

Where x, y and z are components of [ along x, y and z direction respectively.

Magnitude of R-

%]

‘ﬁ‘ = ;r:2+y2+3
Unit vector-

zi + yjl\' + 3i‘
vl g+ 2t

7. Multiplication of vectors

R=

1.If a vector is multiplied by any scalar
Z =1n- }_’:

n=1,273.)
Vector *Scalar= Vector

We get again a vector.

2.If a vector is multiplied by any real number (e.g. 2 or -2) then again, we get a vector quantity

3. Scalar or Dot or Inner Product

—

Scalar product of two vectors & I3 written as A . B

A . Bis ascalar quantity given by the product of the magnitude of A’ & I3 and the cosine of a smaller angle between them.

ie A-B=AB-cos®

A
=)

B

Figure showing the representation of scalar products of vectors.

Important results-

TTT
1.1 = JJ =kk=1
AB=BA

4. Vector or cross-product

Vector or cross product of two vectors A & B written asA x B

A x B is a single vector whose magnitude is equal to the product of the magnitude of A & B and the sine of the smaller angle f! between them.

Back to Index @
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ie Ax B =ABsinf

The figure shows the representation of the cross-product of vectors.

Important results-

1 X
1%

A

kojxk=i, k
jxj=kxk=

FEIFR.
Il

xB=-BxA

8. Distance and displacement

1. Position vector

The position of a point, in space, is an important physical quantity which is also known as a position vector.

Representation of position vector r=wi+yj + 2k
Its magnitude is the distance between the initial point (tail) and the final point (head).
(Generally, we take the initial point as the origin)

Its direction is from the initial point and the final point.
Magnitude of © = \/m

E.g. If A=3i- 4; + 2k then its magnitude

= VEEF 7+ (2

=Vo+16+4

a =429

. Distance or Path length

¢ Length of the actual path between the initial and final positions of the body.

o E.g. Distance travelled along a circle for one complete rotation is 27
¢ Tips of distance

1. Distance is a scalar quantity.

2.1t is always positive.

3. S.I. Unit: meter (m).

4. Dimension [L]

5. Distance depends on the path followed by the body.

. Displacement
The shortest path is between the initial and final positions.
Tips for Displacement.

. Displacement is a vector quantity.

. It can be positive, zero or negative.

. Displacement is independent of the path.

. S.I. unit: Meter (m)
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5. Dimension (L)
6. The magnitude of Displacement = Distance.

e E.g.Foracircle

Distance = mr while Displacement = 2r
9. Speed and velocity
I. Speed

¢ Rate of change of distance with time.
e Formula-

Change in distance

Speed = S—
change in time

distance

u

time
o Tips of Speed-

1

1. S.I. unit— 725~ or meters per second.

2. Dimensions=LT !

3. Speed is a scalar quantity.

¢ E.g: Abody covers a distance of 18m in I sec
then speed is given by

distance 18m
= Ty 18m/s
time ls

(4

II. Average Speed and Instantaneous Speed
1. Average Speed-
¢ Amount of total distance covered in total time.
¢ Formula-

total distance covered

Average speed =
g€ P total time taken

5

Ugpy = —

, t

¢ E.g. Abody covers a total distance of 50 m with variable speed in 5 sec.

=3
Vgpy — —

H0m.

= 10m/s

55
Average Speed = 10 m/s
e Tips for average speed-
If an object or body covers s distance in t; time and s, distance in t, time then average speed is calculated by the

s _S1ts2
Formula- t1 + t2

2. Instantaneous Speed-

o It is the speed at that particular instant or small interval of time.

e Formula-

I; Az
Vinst = Hm —
ST AL0 AL
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III. Velocity
¢ Rate of change of displacement with time.
e Formula-

v displacement

time

Tips For Velocity-

1.S.I unit — m/s

2. Dimensions-LT !

3. Velocity is a vector quantity.

4. Velocity is also called speed in a definite (particular) direction.
IV. Average Velocity and Instantaneous Velocity

1. Average Velocity-

o Amount of total displacement covered in total time.

Formula-

Total Displacement

Average Velocity = Total Time Taken

1‘; = et
avg ’

by

2. Instantaneous Velocity-

It is Velocity at that particular instant or small interval of time.

e Formula-
. A
Vipst = lim —
msE T NS0 At

10. Acceleration

Definition: Rate of change of velocity with time.

change in velocity v — v

a= - =
time taken t

Tips for Acceleration-
1. The body is said to have undergone acceleration if there is a change in velocity i.e.
o Change in speed
o Change in direction
o Change in both
2.1t is a vector quantity
3. Dimension = LT 2
4.STunit= ms 2
Types of acceleration-
¢ Average acceleration- Total change in velocity per unit time taken is the average acceleration

AT

Avg. acceleration{du,) = —
g. @ L (Img) At

« Instantaneous acceleration - Infinitesimal change in velocity per unit time taken is the average acceleration

di

dt

Inst. acceleration(@mst) =
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¢ Uniform acceleration- Change in velocity per unit time is constant.
¢ Non-uniform acceleration- Change in velocity per unit time is not constant.

11. Kinematics graphs-

I. Position time graph-

The slope of the position-time graph represents the velocity of the particle

1. Position time graph when the body is at rest

XA

>

object at rest t
Figure -1

Figure 1 shows the position-time graph when the body is at rest

2. Position time graph for uniform motion

XA

»
Uniform motion 1
Figure -2

Figure 2 shows a position time graph for uniform motion.

Here the object is moving along a straight line and covers equal distances in equal intervals of time.

3. Position — time graph For an object in non-uniform motion

XA

= |

Figure -3
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XA

~V

Figure-4

The figure-3.4 shows a position-time graph for non-uniform motion.

In figure-3, acceleration is positive and in Figure-4, acceleration is negative.

II. Velocity Time Graph

The graph is plotted by taking time t along the x-axis and the velocity of the particle on the y-axis.

o The area of the velocity v/s time graph for the particular time interval gives the displacement and distance travelled by the body for a given time
interval.

o The slope of the velocity-time graph represents the acceleration of the particle.

1. When a particle is moving with constant velocity.

VA

>

Uniform motion t
Figure -5

Figure 5 shows constant velocity and zero acceleration.

2. For uniform acceleration of the particle

VA

=
Uniform acceleration t

Figure - 6

Figure 6 shows constant positive acceleration.
III. Acceleration-Time graph
The graph is plotted by taking time t along the x-axis and the acceleration of the particle on the y-axis.
o The area of the acceleration v/s time graph for the particular time interval gives the change in velocity of the body for a given time interval.

o The slope of the acceleration-time graph represents the jerk.
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1. When a particle has Constant acceleration

aA

>
t

Uniform acceleration
Figure-7

Figure 7 represents uniform positive acceleration

2. A particle having uniformly increasing acceleration

ah

>

Uniformly increasing
acceleration

Figure-8
Figure 8 represents positive and uniformly increasing acceleration.

12. Equation of motions

There are three equations of motion
1. The first kinematical equation of motion (velocity-time equation)
Formula-
v =u+at
v = Final velocity
u = Initial velocity
a= acceleration
t =time
2. The second kinematical equation of motion (Position-time equation)

Formula-
— ut 1 £2
5= ut+ ia.

s — Displacement
u —+Initial velocity
@1 —racceleration

t — time

3. The third kinematical equation of motion (Velocity-displacement equation)
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Formula-

v? —u? = 2as

v — Final Velocity
s — Displacement

1 —+Initial velocity

1 —racceleration

Displacement in the n" second

) a, -
Sp=u+—(2n—1)
Formula: 2

Where © = Initial velocity

a = uniform acceleration

13. Uniform circular motion

13.1-Introduction -

Circular motion is one of the examples of motion in two dimensions. In the case of circular motion, the particle moves in a circular path on the circumference
of a circle. The velocity of a particle moving on a circular path is along the tangent at that point.

Vv

13.2-Terms related to circular motion-

Reference
line

Radius vector
e The vector joining the centre of the circular path to the position on the circular path is called a radius vector
Angular position-
o The angle made by the radius vector with a reference line (arbitrarily chosen diameter) is called angular position.
o The direction of angular position can be clockwise or anticlockwise depending upon the choice of frame of reference.
e The angular position of the particle at position "P" is denoted by angle # in the diagram above.
Angular displacement-
¢ The change in angular position is called angular displacement.
o It is the angle through which the radius vector rotates during the given circular motion.
o The angular displacement between positions 'P' and 'Q' is denoted by A# in the diagram above.
o S.I unit of angular position and angular displacement is Radian.
Angular velocity-

¢ Denoted by w (omega)

¢ w-Rate of change of angular displacement.
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¢ Average angular velocity-

o _Af

. Wavg — At

¢ Instantaneous angular velocity-
s

o T dt

o S.I. units- Radian per second (rad per sec )
e L is a vector quantity
o The direction of w is given by the Right-hand rule.

e According to the right-hand rule, if you hold the axis with your right hand and rotate the fingers in the direction of motion of the rotating body then the
thumb will point in the direction of the angular velocity.

« Relation between angular velocity and linear velocity-
o U=wWx T

Angular Acceleration-

o The rate of change of angular velocity with time is said to be Angular Acceleration.

o= Bw
. AL

e STunits- 7ad. (sec)™?
e Angular Acceleration is a vector quantity.
o The direction of Angular Acceleration
a) If angular velocity is increasing then the direction of Angular Acceleration
is in the direction of angular velocity.
b) If angular velocity is decreasing then the direction of Angular Acceleration
is in the direction which is opposite to the direction of angular velocity.
Time period-
¢ Time is taken to complete one rotation

e Formula-

T =

£y

Where «w = angular velocity

If N= no. of revolutions and total time then

t . 2T N )

:FOI‘ i

T

e S.I unit seconds (s)
5. Frequency-
e  The total number of rotations in one second.

e  Formula-

1
v=—
T
e S.I. unit = Hertz
e We can write the relation between angular frequency and frequency as

w = 27

6. Centripetal acceleration and Tangential acceleration -
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a. Centripetal acceleration-

e Formula-

]

1':
1, = —
T
Where @c=Centripetal acceleration,

V= linear velocity

r = radius

Figure Shows Centripetal acceleration
b. Tangential acceleration -

During circular motion, if the speed is not constant, then along with centripetal acceleration there is also a tangential

acceleration, Which is equal to the rate of change of magnitude of linear velocity.

duw
= —

dt
¢ Relation between angular acceleration and tangential acceleration-
ay = aXT

a;

Where @t = tangential acceleration

r = radius vector

o = angular acceleration

c. Total acceleration-

¢ The vector sum of Centripetal acceleration and tangential acceleration is called Total acceleration.

e Formula-
2
iy = \NLE + ay

d. Angle between Net acceleration and tangential acceleration (/)
¢ From the above diagram-
.

a;

tantl =
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13. Motion of Body Under Gravity (Free Fall)

Sign convention:

o Upward direction and right direction is taken as positive
¢ Downward direction and left direction is taken as negative

There are three cases basically in this -
1) If a body dropped from some height (initial velocity zero)
u=0

a=g

v =gt
h = Lgt?
v? = 2gh

hy = 5(2n - 1)

2) If a body is projected vertically downward with some initial velocity

Equation of motion: v=wu+ gt
h= ut+ %gﬁg
v’ u® + 2gh
Ty u+%(2n—1)

3) If a body is projected vertically upward.

(i) Apply equation of motion :
Take initial position as origin and the direction of motion (vertically up) as
a= —g [asacceleration due to gravity is downwards]
So, if the body is projected with velocity w,
and after time t it reachesup to height h then ,

v=u-—gt; h=ut-—§gt-2;v2=112—2gh

(i) For the case of maximum height v =0
So from the above equation
u=gt
1 42
h=3gt
and u? = 2gh

14. Projectile Motion

"Uz=ucos0 |
< R ‘:I

1. Projectile Projected at an angle #/

o Initial Velocity- u

Horizontal component = tr = ucost
Vertical component = 4 = usinf

¢ Final velocity =V
Horizontal component = Vi = ucost

Vertical component = Vy = usint —g.t
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So,
V= 1"\1.2 + 1";2

e Displacement = S

Horizontal component = Sy = ucost.t

. 1
) S, = usinf.t — Z.g.t
Vertical component = 2

S=,/52

_|_
=13

and,
e Acceleration = a
Horizontal component = 0
Vertical component = -g
So,a=-g
Parameters in Projectile motion -
1. Maximum Height -
B U2 sin? 6
o Formula- 29
¢ When the velocity of the projectile increases 'n' time then the Maximum height is increased by a factor of n?
o Special Case-
If U is doubled, H becomes four times provided # & g is constant.
2) Time of Flight
¢ Formula-
T_ 2usind
1. v

2. Time of ascent =

3. Time of descent =

T
trf:;

¢ When the velocity of the projectile increased 'n' time then the Time of ascent becomes n times
e When the velocity of the projectile increased 'n' time then Time of descent becomes n times

e When the velocity of the projectile increased 'n' time then the time of flight becomes n times.
3. Horizontal Range-

¢ Formula-

T .
u” sin 26
g

R =

¢ Special case of horizontal range
1. For maximum horizontal range.
f = 45"
wsin2(45) w?fx 1 f

R?rm;r' = —
b g b

2. Range remains the same whether the projectile is thrown at an angle ! with the horizontal or at an angle & with vertical (90-f) with horizontal
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3. When the velocity of the projectile increases 'n' time then the horizontal range is increased by a factor of n?

4. When the horizontal range is n times the maximum height then

4
tanf = —
n

4. Equation of trajectory-

o

Parabolic
3 *path
BT X
gz’
= ztanf — —=—
4 2u?cos’t

2. Projectile motion when projected horizontally
1. Important equations
o Initial Velocity- u
Horizontal component = sz = U
Vertical component = "y = 0

¢ Velocity 'v' after time 't' sec-

Horizontal component = ¥'r = U

Vertical component = Uy = 9

— 2 2
and., U= fvp+ uy

ie: v =/ u+ (gt)?
t
tan/d = g
L
Where, 8= angle that velocity makes with horizontal
¢ Displacement=S

.
Horizontal component = Sp=ut

—~

1
. Sy =59 2
Vertical component = 2

oo ) v
i, 5= NETERT

e Acceleration = a

[}

Horizontal component= 0
Vertical component = g

So,a=¢g
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« Equation of path of a projectile

X
= —>
>N 1
~N 1
\\:
—— » P(xy)
\
\
\
A 4
g 2
v = ﬂf‘

9 =  Acceleration due to gravity
1 — initial velocity

2. Important Terms

+— > —>
’/

«<—R—
1. Time of flight

e Formula-

2h
t=/—
4q

where 1t = time of flight

h = Height from which projectile is projected
2. Range of projectile

e Formula-

Where Fi = Range of projectile
1t = horizontal velocity of projection from height h

3. Velocity at which projectile hit the ground
v = Jul+2gh
Where ¢ = velocity at which projectile hit the ground.

15. Projectile on an inclined plane

1. Important equations
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7

g :
gsinp E'
g gcosp
U=Speed of projection

«v = The angle of projection above-inclined plane (measured from the horizontal line)

f) = The angle of projection above-inclined plane (measured from the inclined plane)
1 = The angle of inclination.

a) Initial Velocity- U
Component along x or along inclined plane = U, = Ucostl

Component along y or perpendicular to inclined plane = Uy = USind

b) Final velocity =V
Component along x or along inclined plane = V. = Ucost — (gsinf3).t

Component along y or perpendicular to inclined plane = Vy = Usinf — (gcosp).t

¢) Displacement=S

. 1
. . Sy = Ut + _“;r'-tz
Component along x or along inclined plane = 2

F

;)

. L Sy = Uyt + —(Ly.f.z
Component along y or perpendicular to inclined plane = 2

S SZ+ S
And b

]
EE b

d) Acceleration = a

Component along x or along inclined plane= @z = —gsin
Component along y or perpendicular to inclined plane = %y = —59¢¢ 543
So a=-g

2. Important Terms
a) Time of flight
Formula-

T_ 20 sinf

geos
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b) Range along incline plane
Formula-

202 sin (o — 3) - cos o

R =
gc052 3

16. Relative Velocity

o The rate of change in the position of one object with respect to another object with time is defined as the relative velocity of one object with another.

e Formula-

Relative velocity of object A with respect to object B.

Vap =Va—Vg
o The relative velocity of A with respect to B is the velocity of A as observed by B.

Case of Relative Velocity-

1. When A and B are moving along a straight line in the same direction.

=
Va = Velocity of object A.

-
Vi = Velocity of object B.

Then, the relative velocity of A w.rt B is

Vap =Vi— Vg

Vap. Va, VB all are in the same direction. (It Vy> L"]3)

And Relative velocity of B wrt Ais

Vpa = ‘?B —Vy

& Vap =—Vga
2. When A & B are moving along with straight line in the opposite direction.

Relative velocity of A with respect to B is.

fap =V — Vg

-

Vap=Va+Vp
3. Relative Velocity when bodies moving at an angle / to each other

o Relative velocity of a body, A with respected body B

Vap = \/ V3 + VE + 2VaV cos (180 — )

= V2 + V& —2ViVis cos (6)

Vi =wvelocityof A
Ve = velocity of B
Where, ! = angle between A and B

o If 1',-18 makes an angle 3 with the direction of 1"-1 , then

Vi sin (180 — #)
Va + Vg cos (180 — )
Vg -sinf

tan 7 =

tand = ————
! Va4 — Vg cost

o If two bodies are moving at right angles to each other.
Relative Velocity of A with respect to B is

Vip =
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17. Boat river Problem

1. Important terms

d = width of river
{7 = speed of river
V" = Speed of Boat w.r.t. River

and Vb = Speed of boat w.r.t. Ground

So, the relation between u,v and 1'"3- is

Vi=U+V
Let's try to find out V4 in some important cases

I) When the boat travels downstream (u and v have the same direction)

J
v u A
I

Then, Vo = (U + V)i

II) When the boat travels upstream (u and v has opposite direction)

Then, Vi = (U = V)i

IID) If the boat travels at some angle f/ with river flow (u)

| &

vsin @

vcos 8+ u
Now resolve v in two-component
Component of v along U = vz = veosti
U=uwv, = vsinflj

Component of v perpendicular to ™'

So. Vs = (veost + u)i + vsind

and, Vil = VuZ + 0% + Zuvcost

Now if the time taken to cross the river is t

d
f= —
Then, vsinf

Here @ = drift
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u + veost)d
x = (u+ veost)t = g
And, vsint

2. Important cases-

I) To cross the river in the shortest time

A

This means v is perpendicular to u
Or Sinfl = 1 = § = 90"
so, [V = VuZ + 2

d

tmin = —
Time taken

(i )
(4

II) To cross the river in the shortest path

=
Drift along river flow, (

Y

} V2=
-\B

Means drift =0
—iL

z = (u+veos#)t =0 = costl = —

o
=l —u?

Vo
_d
The time taken to cross the river is " wsind
d
t =
Ve — u”
18. Rain - Man Problem

¢ Terminology-

T
Vin = velocity of man in the horizontal direction
7 N

‘r = velocity of rain w.r.t ground

s
Vim = velocity of rain w.r.t man

¢ The velocity of rain w.r.t man is given by
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o For a Special case when the Velocity of rain falling vertically

i Vi
tan® = =
Then, Vi

Where © = angle which relative velocity of rain with

respect to man makes with the vertical

Laws of motion

Important Formulae
1.Inertia-

1. Definition- Inertia is the property of a body by which it continues to remain in its existing state of rest or uniform motion in a straight line unless an
external force acts on it.

o It is a dimensionless and unitless quantity.
2. Types of inertia:-
o The inertia of rest- Inability of a body to change its state of rest by itself.
Ex- Person standing in the bus thrown backward when the bus starts suddenly.
. The inertia of motion- Inability of a body to change its state of motion by itself.
Ex- Person standing in a moving bus thrown forward when the bus stops suddenly.
¢ The inertia of direction- Inability of a body to change its direction of motion by itself.

Ex- The raindrops falling vertically downwards cannot change their direction of motion.

2. Common forces in mechanics

Force-

1. Definition- Force is defined as an effect which causes a body to change its state.

_ 2 {2
orce on 1 kg mass in the presence of gravity (4 — -2/ 5 ) is 1 kg-f=9.
F 1k in th f gravity (9 = 9-8m/57) js | kg-f=08 N

Unit of force-

. In SI unit- Newton(N)
. In CGS- 1 dyne (1 newton = 100000 dyne)

o —

1 Newton(N) is the force needed to accelerate an object with a mass of 1 kg at a rate of 1 m/s? (IN=1kg- m/sz)
Types of forces-
a) Contact forces-

o Contact forces are due to direct physical contact between objects.
Types of contact forces-

e Tension

¢ Normal reaction

e Spring force

¢ Friction
b) Non-contact forces-

o These forces act without the necessity of physical contact between objects.

¢ They depend on the presence of a “field” in the region of space surrounding the body under consideration.
Types of non-contact forces-

¢ Gravitational force

¢ Electrostatic force

¢ Magnetic force

c¢) Weak forces-
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¢ Vanderwaal force
d) Nuclear forces
Fructear > Feteetro > Fgravitation
F./F,=10%
F.>>F,

Therefore,
Common forces in mechanics-
1. Gravitational force (Weight):-
¢ Definition- Force with which earth attracts an object.
o It always acts towards the centre of the earth

o It is denoted by W=mg, where m=mass of the body and g= acceleration due to gravity.

2. Normal Reaction(N ):-
¢ Definition- A contact force between two bodies in physical contact which acts perpendicular to common surface in contact.
¢ Normal reaction is always a push force

Examples of Normal reaction acting on a block kept on horizontal surface and inclined plane is shown in figures below-

Examples of Normal reaction acting on a rod resting between the ground and wall is shown in the figures below-
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A

3. Tension(T):-

o Force exerted by taut string, rope or chain against pulling force along the length.

e It acts away from the point of contact.

e It is always a pull force

¢ Tension remains the same as long as the string is the same only in case of a massless string.
4. Spring Force:-
Spring force is a type of restoring force which tries to come back to its natural length.

1. Spring force is given by:

F —kAz

sp—
where,
Fsp=spring force
k= spring constant
Ax=net elongation or compression in the spring
2. Force at every point in a massless spring remains same, so we can solve questions of spring by considering it as string and spring force as tension.
1
) ko—
3. Spring constant:- l
Where, k=spring constant

I=length of spring

4. Combination of Spring:-

e Series combination:-

e Parallel combination:-
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}“[Eq’ = }“l + }“2
Equilibrium of concurrent forces-

¢ Concurrent Forces- If all the forces working on a body are acting on the same point then they are said to be concurrent.

o Three forces will be in equilibrium if they are represented by three sides of a triangle taken in order.

¢ For equilibrium,

ZF:MZO ,
WZE,.:O.ZEJ:O.ZFZ:O

o Lami’s theorem: It states that for three concurrent forces in equilibrium,

since  sinf3 sinsy

3. Newton’s First law of motion

Newton’s 1st law of motion states that if the (vector) sum of all the forces acting on a particle is zero, then and only then does the particle remain
unaccelerated, i.e., remains at rest or move with constant velocity.

o If F, =0 = a,,=0 = forces in all directions are zero,i.e, Z £ =0, Z £y =0, Z F-=0

e Newton’s first law is also called the law of inertia.
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e Newton’s laws are valid in an inertial frame of reference but are not valid in a non-inertial frame of reference.
Frame of reference
¢ A frame of reference is a system of coordinate systems and clocks.
o Types of frame of reference:
1. Inertial frame of reference- A frame which is at rest or moving with uniform velocity.
Example- 1. Car moving with velocity v on a straight road.
2. Lift at rest.
2. A non-inertial frame of reference- a frame which is accelerated and does not have a constant velocity.
Example- 1. The frame travelling in a straight line but speeding up or slowing down.

2. The frame travelling along a curved path.

4. Linear Momentum

1. The linear momentum of a body is the quantity of motion contained in the body.

2. It is measured in terms of the force required to stop the body in a unit of time.

3.If a body of mass m is moving with velocity ¥/, then its linear momentum Pis given by p=mi,
4. It is a vector quantity and its direction is the same as the direction of the velocity of the body.

5.S.I. Unit : kg-m/sec

6. Dimension- MLT"!
7.1If two objects of different masses have the same momentum, the lighter body possesses greater velocity.
As p=m v =mjv,=constant

W 19 . 1
= — =V a —
B m

5. Newton’s Second and Third Law of motion

Newton’s second law of motion:-

o [t states that the acceleration of the particle measured from an inertial frame is given by the (vector) sum of all the forces acting on the particle divided
by its mass (only when mass is constant), i.e.,

a=—=F=ma
m

Impulse:
t2

I= / F - dt
1. The quantity ty is known as the impulse of the force F during the time interval t; to t, and

Is equal to the change in the momentum of the body on which it acts,

Py
dP
Pf—PJ:f t’fP:/—*(h‘.:/F(h‘.
ie. Py dt => Area under force and time graph is an impulse.
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2. Dimension- MLT"!
3. Unit- kg-m/sec
¢ Impulse Momentum Theorem- Newton’s 2nd law can also be written as:

Rate of change in momentum = Force Applied

Inertial mass:

o This is defined by Newton's 2nd law- F = ma, which states that when a force F is applied to an object, it will accelerate proportionally, and that constar
of proportion is the mass of that object.

o To determine the inertial mass, you apply a force of F Newtons to an object, measure the acceleration in m/s?

Inertial mass(kg) = —
a
Newton’s third law of motion:-
o [t states that "If a body A exerts a force F on another body B, then B exerts a force (-F) on A."

e Action and reaction never act on the same body.

Law of Conservation of Linear Momentum:

~ dp

F==
¢ As we know, dt , If the net external force acting on the system is zero then the change in momentum of system=0
« = Ap=0
o Psystem = P1 T P2 T P3 = constant

6. Acceleration of Block on the horizontal smooth surface

1. When the pull is horizontal, and no friction

Balance forces-

the body is moving along the x-axis

cF, =0
R=mg & F=ma
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2. Pull Acting at Angle (Upward)

Balancing forces in both X and Y directions,
R+ Fsinfl = mg

R =mg— Fsinf along Y-axis

Freost! = ma along X-axis

Feost
i1 =
m

3. Push Acting at Angle (Downward)

Fzinf

Balancing forces in both X and Y directions,
R =mg+ Fsinf along Y-axis
Feosf
h =

m  along X-axis

7.Acceleration of Block on Smooth Inclined Plane

1. When an Inclined Plane is at rest

R =mgcost along with normal to the incline
my sinfl = ma along the incline
a = g sinfl

2. When an Inclined Plane is given Acceleration 'b’
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i

b
ra—

+mb sin @

R = mg costl + mb sinfl

ma = mg sinfl — mb cost)

a = g sinfl — b cosf

# Condition for the body to be at rest relative to the inclined plane.
a=gsinfl —beost =0

b = g tanf

8. Motion of Block in Contact

-

F

Use Fh. = ma
F.ll[it
°n=——"
my + 1

1. When 2 Blocks are in Contact

a
—_—
F ™t
B —fmg e —

A

e s
—_— my

F—f=mua
f=man
F
a=—
my +ms
makF

f=

M + 12

2. When 3 Blocks are in Contact
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E [m]
—_ LUTE B

E a
! 2 —
fl fz
e | TR e
A it

Use Foe = ma

F

ﬂ" =
1y + e + g

(mg +my) F
1y + 1Me + 1Ty
mg
] + e+ 1M

fhi=
fr=

9. Motion of blocks when connected with string

1. Two blocks connected with a string on smooth horizontal surface

m, m,

Let accelereration of the blocks be 'a’, and Tension in the string be T.
F.B.D of both blocks combined-

i

F

From Fug = Myysa
F = {mi +m2)a
F

= a=———..(1
! 1y + g ( )

F.B.D of block of mass m -
_a_b

[m '
From Fo = Myysa

T =mia

From equation{1)

myF
- T=—1 .2
My + Ma

2. Three blocks connected with a string on the smooth horizontal surface

[ m—{ m}

Let acceleration of the blocks be 'a', the tension in the string between m; and m, be T, and tension between m, and m3 be T,.

F.B.D of all the blocks combined-

8,

J
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F:-"o-m Emg = fl'fsysa
F = (m1+mz+m3)a
F

. S
M + Mg + 1y

F.B.D of block m_

From Feg = Msysa

T = mia

From equation (1) —
m1F

—T=—"" (9
My + 1Me + 1y

F.B.D of mj_

T [, F
From Fnet = fl'fsysa
F—T: =man

1 + 1Tig + 1y

(3)

=>T2=

10. Motion of connected blocks over a pulley

Frictionless case, neglecting pulley mass

Equation of  Free-body
mation for  diagram

m for
Fig=1 = me T
= "716
..... Hll
{ ma
‘ mg
mg

a= amef’eratbnl

Equation of motion for 7%1
Foa=T- myg =ma
Equation of Motion for 72
Foo = meg — T =moa

[my —mi g

n=
My + Mg

o 2mimag
My + 1Ma

11. Apparent weight of the body in a lift

If mass m is placed on a weighing machine which is placed in the lift.
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Free-body Equation of
diagram mation for
for 1y ms

TT Fia=mg-=T

= Hljﬂ

]

el
m.g ?

s

ng
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Actual weight = mg
Apparent weight = Reaction force

R — Reaction force is given by reading of weighing machine.

—_

. Lift is at Rest
V=0,a=0
wse Fner = md
R—mg=0
R=mg
Apparent weight = Actual weight
2. Lift is moving upward or down with constant Velocity
v =rconst,a =10
R=mg
Apparent weight = Actual weight

3. Lift is accelerating Upward with acceleration = a

v = variable,

a < q

R —mg=ma
R =m(g+a)

Apparent weight > Actual weight
4. Lift is moving up witha=g
R —mg=mg
R =2mg
Apparent weight = 2 (Actual weight)

5. Lift accelerating down with 'a' (% = )

V= variable

a < q

mg — R = ma
R=m(g—a)

Apparent weight << Actual weight

6. Lift is moving down witha=g

a=g
mg — R =mg
R=0

Apparent weight = 0 (weightlessness)
7. Lift is moving down at the rate 'a>g'

V' = Variable

a=q
mg — R =ma
R=—uve

The body will rise from the floor of the lift & stick to the ceiling of the lift.

12. Recoiling of Gun
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Let us consider a case of a gun held at rest. Let the mass of the gun be mg, the mass of the bullet be my,, the velocity of the bullet after firing the gun be V}, an
the recoil velocity of the gun be V.

Assuming the net external force acting on the bullet and gun system is zero.

= Foy =10

Since the net external force on the gun and bullet system is zero the total momentum of the system will be constant.
Assuming the gun and bullet to be at rest initially, Initial momentum=0

Final momentum=""6V5 + 114Vg

So from momentum conservation, we get-

0=myV, + m.g‘;;

e -ve sign indicates that Vo s opposite to that of the velocity of the bullet

- J.
Vi o —
¢ Higher the mass of gun lesser will be recoil velocity i.e Mg

¢ When the body of the shooter and the gun behave as one body/system
1

. -
Then M+ Monan

)

wher e, Mpyan — mass of person holding gun

o If n bullet each of mass m is fired per unit time from a gun

Then

Fevg =V (mn)
= Vrel di - M

F =mnuv

F = force requiredto hold the gun

n =no.of bullets

13. Rocket Propulsion

Let us assume a rocket of total initial mass (rocket + fuel) m, starts moving upward due to the thrust force of the fuel jet. Assuming the velocity of the fuel je

with respect to the rocket to be u (assumed to be constant for this discussion) in a vertically downward direction and the mass of jet fuel emerging out of the
dm

rocket per unit time to be ¢t . Let the velocity of the rocket after t time of motion be v and the acceleration of the rocket be a in vertically upward direction.

Forces Acting on a Rocket in Flight

a v

.

acceleration velocity

Thrust
acts upwards

mass of
rocketis m

Weight
acts downwards

1. Thrust on the rocket

udm
dt

Where F= Thrust
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dm o
i rate of ejection of the fuel
dt

u=velocity of exhaust gas with respect to rocket
m=mass of the rocket at time t

Net force on rocket-

udm
Foe=— it —myg
Im
B [if gravity neglected)]

dt

2. Acceleration of Rocket (a)

o If g is neglected then

u dm

a=—-———

mdi

3. Instantaneous Velocity of Rocket (v)

If g is neglected then-
u dm
a=———
m di
dv u dm
dt ~  m dt

v m l
/ dv = —i{/ —dm
0 T m

m,

= v=ulog. (—)

1

U= 309[5(&) = 2.303u Eogm(&)
m m

4. Burnt speed of Rocket

o It is the speed attained by the rocket when complete fuel gets burnt.

o Itis the maximum speed attained by the rocket

e Formula

. . My
b LT U Loe (I’?l,\>

Vi — burnt speed

m, — residual mass of empty container

14. Friction

o The friction of the moving object is proportional to the normal force( numerically equal to the pressing force).

fxN

It acts tangentially along with the contact.

Types of friction;-

o Static Friction
e Kinetic Friction

Kinetic Friction-

The friction experienced by the object is dependent on the nature of the surface it is in contact with.
Friction is independent of the area of contact as long as there is an area of contact(as for solid apparent area is not equal to actual area of contact).

The direction of friction is always opposite to the direction of relative motion.
It can be also defined as the component of contact force which is parallel to the surfaces in contact.
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(5]

W
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. Kinetic friction occurs when there is relative motion between two bodies that are in contact.
. When two bodies slip over each other, the force of friction is called kinetic friction.
. It is a constant friction force, i.e, it does not depend upon the speed of relative motion.
. The magnitude of the kinetic friction is proportional to the normal force acting between the two bodies.
. It is denoted by:-
fraN
[ = peN
fK = the kinetic friction
HK = coefficient of kinetic friction is constant
N = reaction
Coefficient of friction (/1k);
It is unitless and dimensionless.
It depends on the nature and material of the two bodies in contact.
It doesn't depend on the speed of the sliding bodies.
. It occurs when there is a tendency of relative motion, i.e, the body is still at rest and is just about to move.
. When two bodies do not slip over each other, then the force of friction is called static friction.
. It is a variable force or self-adjusting force as it changes itself according to the applied force.
_Ttis denoted by fs and the static friction is in between:- 0 < fs < hi
where [f1is limiting friction.
5. Limiting friction is the maximum static friction that a body can exert on the other body in contact with
It and is given by:-
fia R o fi=pR
fi= limiting friction
Hs = coefficient of friction
R =reaction force
6. Generally,
fk < F

M =< Hs

The graph between Applied Force and the Force of Friction & Angle of Friction

Force of friction

1.

A

7

g/;_[::‘sﬁ c
l

o

Applied force

At A static friction is the maximum
OA = Represents static friction

Beyond A, the force of friction decreases slightly
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g

The angle between the normal reaction and resultant contact force is called the angle of friction

F
tanfl = —
an 7
tantl = p,
R |
R Hs

R = Reaction,
Fi = Force of limiting friction

6 = tan™ (py)

me
S=VF2+R?

S =/ (pmg)? + (mg)?
S=mgy/p+1

S = Resultant force

H = Coefficient of friction

If #= O, S(will be minimum), l.e S =mg

Angle of Repose-

The angle of repose is defined as the angle of the inclined plane with horizontal such that the body is placed on it just begins to slide.
Here « is the angle of repose, F is the limiting friction, R is a normal reaction.

From the figure,

R = mgcosa

F = mgsina ypq

we know that

= tano

== =l

= iy = tanfl = tana

tana = g, = a = tan~! (ju,)
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15. Calculation of Required force in different situations

Case 1:- Minimum pulling force P at an angle v from the horizontal

By resolving P in the horizontal and vertical direction, we get:

f
$ Psing
|
|

W

where F is the friction force.

"I"‘-"'I".

Frose

Ed

For the condition of equilibrium,
F=Peosa

R=W — P sin «

By substituting these values in F= puR, we get:
Peosa = u(W — Psina)

Use = p = tanf

= Pcosa = .w.n.E?“__I___. — Psina)
cosf!
Wsind
p=
cos(a — 8)

where P is the pulling force,
R is a normal reaction
W is the weight

Case 2:- Minimum pushing force P at an angle cx from the horizontal

B A

By resolving P in the horizontal and vertical direction, we get:
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F FCos e

l Fsina
W
For the condition of equilibrium,
F = Pcosa
R =W + Psina
By substituting these values in F=pR, we get:
Peosae = (W + Psina)
Use = p = tanf

sinf

2 (W + Psina)

= Pcosa =
cos

_ Wsinfl
" cos(a+6)

Case 3:- Minimum pulling force P to move the body upwards on an inclined plane

By resolving P in the direction of the plane and perpendicular to the plane, we get:

R + Psina

P cosa

For the condition of equilibrium
R+ Psinae = WeosA = R = Weosh — Psina
F+ WsinA = Peosae = F = Peosa — WsinA

Back to Index @
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By substituting these values in F=pR, we get:

_ Wsin(8 + \)
T cos(a —6)

Where £ is the angle of friction such that, H = tanfl

Case 4:- Minimum force to move a body in a downward direction along the surface of the inclined plane

By resolving P in the direction of the plane and perpendicular to the plane, we get:

A+ Pesing

For the condition of equilibrium,
R+ Psinae = WeosA = R = Weosh — Psina
F = Pcosa + Wsin
By substituting these values in F=pR, we get:
Wsin(f — )
= Tcos(a—6)
Where f is the angle of friction such that, i = tanfl

Case 5:- Minimum force to avoid sliding of a body down on an inclined plane

As the block has a tendency to slip downward, friction force will act up the incline. For the minimum value of P, the friction force is limiting and the block is
in equilibrium.

Free Body Diagram of the block-
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mgsinA

mgcosA

For the condition of equilibrium-

R + Psina = mgeosA
= R = mgcosA — Psina
Limiting friction—

fi = uR

= fi = p(mgcosA — Psina).....(1)
fi = mgsinA — Pcosa ...(2)

From equation (1) and (2)-

mgsinA — Pcosae = p(mgeosh — Psina)

! — angle of friction

p = tand

P{cosa — tanfsina) = mg(sinA — tanflcos))

_ mgsin(# — A)

= cos(f + «)

Case 6:- Minimum Force of Motion along the horizontal surface and its direction

P

FTTTPTETILLPREEEPEL L LA FISILEL LA

Let the force P be applied at an angle a with the horizontal.
Let the friction force on the block be F.

F.B.D of the block-

R A P
Psina 4 /('

[ Pcosa

mgv

For vertical equilibrium,

R + Psina = mg
=.". R = mg — Psina

and for horizontal motion,

Pcosa = F = Peosa = puR
Substituting the value of R, we get:-

Peosa > pu(mg — Psine)
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- P> pmg
~ cosa + psina

For the force P to be minimum (€OS® + HSINA) gt be maximum ie.,

d
—|cosav + psine| =0
d

.

= —sina + peosa = 00

Cotanoe = p

= a=tan'(u)- angle of friction.

i.e. For the minimum value of P, its angle from the horizontal should be
equal to the angle of friction.

As tana = it so from the figure,

. I 1
sine = —— cosa =

m and m

By substituting these values,

P pmg
=71 . 2 L

~p>_Hmg

16. Acceleration of block against friction

Case 1:- Acceleration of a block on a horizontal surface
¢ When the body is moving under the application of force P, then kinetic friction opposes its motion.

Let a is the net acceleration of the body.

AR a,
P
fi >
k @
Rl TS LSS O

v mg

From the figure,
P —fx =ma

_P— i

1

ﬂ'.

Case 2:- Acceleration of a block sliding down over a rough inclined plane

¢ When the angle of the inclined plane is more than the angle of repose, the body placed on the inclined plane slides down with an acceleration a.
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From the figure,

ma = mg sinfl — fi,
ma = mg sinfl — puR
ma = mg sinfl — pmgcosf
a = g[sinf — pcosf]
Forft =0 .. a=gsinf
Case 3:- Retardation of a block sliding up over a rough inclined plane

¢ When the angle of the inclined plane is less than the angle of repose, then for the upward motion (with some initial velocity)

ma = mg sinf + fi,

ma = mg sinfl + pmg cosfl
ma = g[sinf + pcost]

a = g[sinfl + picost]

Forft =0

a =g sinf
17. Motion of an Insect in the Rough Bowl-

As the insect crawls up, limiting friction friction force decreases and the component of weight along the suface (driving force) will decrease. Let's

assume the insect can crawl upto height 'h' before it starts slipping. At that moment the frictional force will be limiting friction force as shown in the
figure.

mgcosd vymg

Let m=mass of the insect, r=radius of the bowl, pu= coefficient of friction for limiting condition at point A
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R = mgcosf ...(i)
Limiting friction—
fi = pR = pmgceosf
fi = mgsind ...(ii)

From equation (1) and (2)-

mg sinf! = pmgeost
tantl = p

tan’d = p°

(r2 —y%)

18. Centripetal Force and Centrifugal Force

1. Centripetal Force-

o Force acts on the body along the radius and towards the center.

[

4
F = 4mrin?r
Fe -lm.;‘zn‘r
Where

F = Centripetal force
w = Angular velocity
n = frequency
2. Centrifugal Force
o It is a fictitious force which has significance only in the rotating frame of reference.

¢ Itis an Imaginary force due to the incorporated effects of inertia.
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19. Sticking of Person with the wall of Rotor(Death well)

F = weight of person (mg)

pR =mg
uk, =mg
o2 _
MW, T = 1My
R
. Whiin = —
pr

Where F = friction force

F, = centrifugal force

Wynin = Minimum angular velocity
H =coefficient of friction

r = radius of Rotor

20. Skidding of Vehicle

Skidding of Vehicle on a Level Road-

ek r

Frictional force = Req. centripetal Force

www.careers360.com | Back to Index @



1’:;;:_{'[5 = Wurg
L'.r

safe —Safe vector move
r = radius of the curve
H = coefficient of friction
o Viafe is the maximum velocity by which vehicle can turn on a circular path of radius r.
Skidding of object on a Rotating Platform-
Centrifugal force = Force of friction
mw?r = pmy

Ky

T =It is the maximum angular velocity of rotation of the platform, so that object will not skid on it.

- Wingr =

w =Angular velocity
r = radius

H = coefficient of friction

21.Bending a Cyclist

From figure.
mu?
Rsinfl = — )
®
Rcost = mg (i)
(i) & (ii)
v’
tan) = —
rg
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2
6 = tan™! (E—)
rg

V = velocity
r = radius of track

! = angle with which cycle leans

22. Banking of Road

1. Without friction

From figure

Rcosfl =mg @

2

. mu”
Rsinfl = — B
r (ii)

h = height of outer edge from the ground level
[ =width of the road
r = radius

2. If friction is also present

Centre of
circular path

Vv?  + tanfl

e = 1= tamb
Where ! = angle of banking
H = coefficient of friction
V = velocity

. Maximum speed on a banked frictional road

v rglp+ tanf)
N 1 — ptant
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23. Force in non-uniform Circular Motion

2
my*
F.=ma, = = —n
‘ c - (F, L)
F, = ma,
: 2
Fou= m\fnf +al
m = mass

a= centripetal acceleration
a = tangential acceleration

F. = centripetal force

Work Energy and Power
1. Work Important Formulae

Work-
L]
Work is said to be done when a force applied on the body displaces the body through a certain distance along the direction of the force.

* Work done by a constant force-

— —
1. The scalar product of the force vector ( F') and the displacement vector ( 5 )

i

il

W =F.

2. The product of the magnitude of force (F )magnitude of displacement (S) and cosine of the angle between them (©)

W =FScos©

3.1f the number of forces 1. £2, Fiooeney Fn, are acting on a body and it shifts from position vector lto position vector 2
1[':(FJ—FQ+F3 ......... +F;|)'(_:2_FJ\J:F‘HFF'}:;IFF
Then
4. Units-

o SI Unit-Joule
¢ CGS Unit- Erg
o 1 Joule = 107Frg
5. Dimension- M ? T2
6. Dependence of work done by a constant force
Nature of Work Done-
1. Positive Work-

¢ Positive work means that force (or its component) is parallel to displacement.

T
e Means 2
Where 6 is the angle between force vectors and displacement vector
o Maximum work = Winar = F'S. When 6 = 0°
¢ E.g When you move a block by pulling it then work done by you on the block is positive
2. Negative Work

e Negative work means that force (or its component) is opposite to displacement.
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¢ Means E
Where © is the angle between force vectors and displacement vector
o Minimum work= Winin = —FS, When 8 = 1800
¢ E.g When a body is made to slide over a rough surface, the work done by the frictional force is negative
3. Zero work
e Under three conditions, Work can be zero

a. If the force is perpendicular to the displacement

o=
Means

Lo =

E.g-When a body moves in a circle the work done by the centripetal force is always zero.
b. If there is no displacement (means s = 0)
E.g- When a person tries to displace a wall by applying a force and can't able to move the wall
So the work done by the person on the wall is zero.
c. If there is no force acting on the body (means F=0)
E.g-Motion of an isolated body in free space.

Work done by variable force-

¢ Force is a vector quantity. So it has a magnitude as well as direction. A variable force means when its magnitude or its direction or both varies with
position.

And work done by the variable force is given by -

wz/ﬁﬁ

Where F is a variable force and ds is a small displacement
¢ When Force is time-dependent

And we can write ds = idt

wszﬁm
So,

Where F and ¥ are force and velocity vector at any instant.
¢ Work Done Calculation by Force Displacement Graph
The area under the force-displacement curve with the proper algebraic sign represents work done by the force.
Work done by the frictional force-
1. Work done by the frictional force is zero -
When the force applied on a body is insufficient to overcome the friction.
2. Work done by the frictional force is negative
When the force is large enough to overcome the friction
3. Work done by the frictional force is positive
When force is applied on a body, which is placed above another body ,the work done by the frictional force on the lower body
maybe positive.
Work Done in Conservative and Non-Conservative Field-
1. Conservative field-
¢ In the conservative field, work done by the force depends only upon the initial and final position.
¢ In the conservative field, work done by the force does not depend on the path.

o In the conservative field, work done by the force along a closed path is zero.
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2. Conservative force-
o The forces of these type of fields are known as conservative forces.
Example: Electrostatic forces, gravitational forces, the spring force
3. Non-Conservative field-
¢ In Non- conservative field, work done by the force depends on the path followed between any two positions/points.
¢ In Non-conservative field, work done by the force along a closed path is non-zero.
4. Non-Conservative Force-
¢ The forces corresponding to Non-Conservative field are known as non-conservative forces.
¢ Non-Conservative Force is dissipative.

Example: Frictional force, Viscous force

2. Energy

Energy-
1. The energy of a body is defined as its capacity for doing work.
2. Itis a scalar quantity
3. Dimension- M L*T?
4. Unit-
SI unit - Joule
CGS - Erg
and, 1 Joule = 107 Erg
5. Mass energy equivalence-
Einstein’s special theory of relativity shows that material particle itself is a form of energy.
The relation between the mass of a particle m and its equivalent energy is given as
E=md
Where ¢ = velocity of light in vacuum.
E.g-Ifm=lkgthen E = 9% 10'5.J
6. Various forms of energy
e Mechanical energy (Kinetic and Potential)
¢ Chemical energy
o FElectrical energy
¢ Sound energy
¢ Heat energy
e Light energy
7. Transformation of energy-
Conversion of energy from one form to another is possible through various devices and processes.
Examples are -
¢ Bulb- Electrical energy gets converted into light energy.
o Speaker-Electrical energy gets converted into sound energy.
o Heater- Electrical energy gets converted into heat energy
Mechanical Energy-

Mechanical energy is the sum of potential energy and kinetic energy. It is the energy associated with the motion and
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position of an object.

3. Kinetic energy

Kinetic energy-
The energy possessed by a body by virtue of its motion is called kinetic energy.
E.g-Moving vehicle possesses kinetic energy.

1. The expression for kinetic energy

. 1
K.E = -mv?
2

‘Where 11t — 1110155
v — velocity
2. Kinetic Energy is always positive.
3. Work-energy theorem-

Net work done by all the forces acting on a particle is equal to a change in its kinetic energy.

2

-

W = Zm? — Eﬂlf.‘{]z
W = }"f _ ;‘,%_
Where 1t = mass of the body

initial velocity

vy
v = final velocity
This theorem is valid for a system in the presence of all types of forces (external or internal, conservative or non-conservative).
5. Relation of kinetic energy with linear momentum

??H'g
b= ——
2 .

and,P=mv or v=p/m ..... (2)

put this value of v in equation (1)

Put we get 2m
Where P — momentum

M — 1mMass

4. Potential energy-

¢ Definition-
Potential energy is defined only for conservative forces.
In the space occupied by conservative forces, every point is associated with a certain energy which is called the energy of
position or potential energy.
¢ Change in potential energy -
Change in potential energy between any two points is defined as the work done by the associated conservative force

in displacing the particle between these two points without any change in kinetic energy.

ST
{.-"3' — Uf = /, f (] (1)

Where, U — final potential energy

U; — initial potential ener gy
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f = force
ds — small displacement
r; — initial position
ry — final pasition
We can define a unique value of potential energy only by assigning some arbitrary value to a fixed point called the reference
point.
Whenever and wherever possible, we take the reference point at infinite and assume potential energy to be zero there.

ie;iftake i = 0 and "/ = 7 then from equation (1)

U, = - ] fodr=-w

o0
In the case of conservative force (field), potential energy is equal to the negative of work done in shifting the body from
reference position to the given position.
« Types of potential energy-
Potential energy generally is of three types:
Elastic potential energy, Electric potential energy, and Gravitational potential energy

1. Potential Energy stored when a particle displaced against gravity
U=—- / fdr =— ] (mg)dw cos180"
Where Mt = mass of body
g = acceleration due to gravity
dx = small displacement
2. Potential Energy stored in the spring-
¢ Restoring force = f=—kx (or spring force)
Where Kk is called the spring constant.
¢ Work done by restoring the force
1
W = —= ka?
2
¢ Potential Energy

U= L ka?
2

Where [t = spring constant
& = elongation or compression of spring from natural position.
¢ The relation between Conservative Force and Change in potential energy -

For only conservative fields F equals the Negative of the rate of change of potential energy with respect to position.

—dU

F= dr

The three-dimensional formula for potential energy-

For only conservative fields F equals the negative gradient (=) of the potential energy.

F=—vU

Where * is del operator

s Liy L5 L
And, VT dyj dz
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F=-W;, Wy, dU
So,  dx  dy dz

dl
Where du =Partial derivative of U w.rt. x (keeping y and z constant)

dU

@Y =Partial derivative of U wur.t. y (keeping x and z constant)

dU
‘dz =Partial derivative of U w.rt. Z (keeping x and y constant)

+ Potential energy curve
A graph plotted between the potential energy of a particle and its displacement from the center of force is called a potential energy curve.

The figure shows a graph of the potential energy function U(x) for one-dimensional motion. As we know that negative gradient of the potential energy
gives force.

R

da
U(x)]

A

B o
0 -

e Nature of force-

1. Attractive force -

e If dx is positive (means on increasing x, U is increasing)
Then F is negative in direction i.e. force is attractive in nature.
¢ In the graph, this is represented in region BC.

2. Repulsive force-

e If dwx is negative (means on increasing x, U is decreasing)
Then F is positive in direction i.e. force is repulsive in nature.

o In the graph, this is represented in the region AB.

W

Zero force

U

e If dx iszero (means on increasing x, U is not changing ) then F is zero

Points B, C, and D represent the point of zero force.

¢ These points can be termed as a position of equilibrium.

¢ Types of equilibrium
If the net force acting on a particle is zero, it is said to be in equilibrium.

dll 0

Means For equilibrium E N
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Equilibrium of particles can be of three types-
1. Stable equilibrium

¢ When a particle is displaced slightly from a position, then a force acting on it brings it back to the initial position, it is said to be in the
stable equilibrium position.

277
d-U -0

> ) »
o dz* is positive.

dly

i.e; the rate of change of dr is positive
¢ Potential energy is minimum.
¢ A marble is placed at the bottom of a hemispherical bowl.
2. Unstable equilibrium

e When a particle is displaced slightly from a position, then a force acting on it tries to displace the particle further away from the equilibrium
position, it is said to be in unstable equilibrium.

d*U
o da? is negative
dl7
i.e; rate of change of d is negative
¢ Potential energy is maximum.
¢ A marble balanced on top of a hemispherical bowl.
3. Neutral equilibrium

e When a particle is slightly displaced from a position then it does not experience any force acting on it and continues to be in equilibrium in the
displaced position, it is said to be in neutral equilibrium.
d*U _

o dr?

0

i.e; the rate of change of dx is zero.
¢ Potential energy is constant.

¢ A marble is placed on a horizontal table.

5. Conservation of Energy-

1. Conservation of Mechanical Energy
Mechanical energy is the sum of potential energy and kinetic energy.
According to Conservation of Mechanical Energy, If only conservative forces act on a system,

The total mechanical energy remains constant.

V-
, AK = / Flds
By work-energy theorem, we have W= ;"f — ki or T (1)

L
Ui —Us = / f-ds
T

And the change in potential energy in a conservative field is i

-
—i\E-":/ }f-rfs
Or r 2)

From equation (1) and (2)
We get, AR = —AU
AK +AU =0
Means, I + U = E (constant)

Or, E is constant in a conservative field
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i.e.; if the kinetic energy of the body increases its potential energy will decrease by an equal amount and vice versa.
2. Law of conservation of total energy-

If some non-conservative force like friction is also acting on the particle, the mechanical energy is no more constant.

It changes by the amount of work done by non-conservative forces.

ie; AR+ AU = AF =Wy,

The lost energy is transformed into heat or in other forms of energy. But the total energy remains constant.

So, according to the Law of conservation of total energy “Energy may be transformed from one kind to another but it cannot be created or destroyed.
The total energy in an isolated system is constant.”

6. Vertical circular motion

o This is an example of non-uniform circular motion.
A particle of mass m is attached to a light and inextensible string. The other end of the string is fixed at O and
the particle moves in a vertical circle of radius r is equal to the length of the string as shown in the figure.

« Tension at any point on the vertical loop

~P mgcose

Consider the particle when it is at the point P and the string makes an angle 0 with vertical.
Forces acting on the particle are:
T = tension in the string along its length,
And, mg = weight of the particle vertically downward.

Hence, the net radial force on the particle is

F, =T —mgcost

2
mu
Fr=——
And, T
Where r = length of the string
mv?
=T —mgrost

So, r
Or, Tension at any point on the vertical loop

2
my

T =

+ mygcost!

Since the speed of the particle decreases with height,

Hence, tension is maximum at the bottom, where cos 0 = 1 (as 0 =0).
mu?

Bottom

-Fr:rm.r- - T myg

Similarly,

2
MUTg,

Thin = —mg

¢ Velocity at any point on the vertical loop-
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If u is the initial velocity imparted to the body at the lowest point then, the velocity of the body at height h is given by
v = /ul —2gh = \/u —2gr(1 — cosf)

¢ Velocity at the lowest point (A) for the various conditions in Vertical circular motion.

1. Tension in the string will not be zero at any of the points and the body will continue the circular motion.

g =/ dgr

2. Tension at highest point C will be zero and the body will just complete the circle.
w4 = /ogr

3. A particle will not follow the circular motion. Tension in the string becomes zero somewhere between points B and C whereas velocity
remains positive. Particle leaves the circular path and follows a parabolic trajectory

\/% < Uy < 4/ Dgr
4. Both velocity and tension in the string become zero between A and B and the particle will oscillate along a semi-circular path.
ug =/ 2gr
5. The velocity of the particle becomes zero between A and B but the tension will not be zero and the particle will oscillate about the point A.
Uy < V/ﬂ
¢ Critical Velocity-

It is the minimum velocity given to the particle at the lowest point to complete the circle.

uq = \/dgr

7. Power-

1. Definition-
Power is defined as the rate at which work is done or energy is transferred.
2. Dimension -
ML*T
2. Units-
o SI- Watt or Joule/sec
¢ CGS- Erg/sec

4. Average power-

_%_,ﬁ;p-dt

Pf[‘l' -
At [hdt

5. Instantaneous power-

_W _p_F.p
df

Where, F = force

v — velocity
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i.e. power is equal to the scalar product of force with velocity

6. Power expressed as the rate of change of kinetic Energy

_dk
T odt

Where, @k — change in kinetic energy

dt — interval of time

8. Collision

The interaction between two or more objects is called a collision.And during this interaction strong force acts between two or more bodies for a short
time as a result of which the energy and momentum of the interacting particle change.

o Stages of collision-
There are three distinct identifiable stages in collision
1. Before the collision.-
The interaction forces are zero
2. During the collision-

The interaction forces are very large and this forces act for a very short time. And because of this interaction forces the energy and
momentum of the interacting particle change.

3. After the collision-
The interaction forces are zero
¢ Momentum and energy conservation in collision

The magnitude of the interacting force is often unknown, therefore, Newton’s second law cannot be used. But the law of conservation of momentum is
useful in relating the initial and final velocities.

1. Momentum conservation-
In a collision the effect of external forces such as gravity or friction is not taken into account as due to small duration of collision (t)
average impulsive force responsible for collision is much larger than external force acting on the system and since this impulsive force is
'Internal’ therefore the total momentum of the system always remains conserved.

2. Energy conservation-

In a collision 'total energy' is also always conserved. Here total energy includes all forms of energy such as mechanical energy, internal
energy, excitation energy, radiant energy, etc.

But in a collision Kinetic energy may or may not be conserved.
o Coefficient of restitution-

The ratio of the relative velocity of separation to the relative velocity of approach.

vy — Relative velocity of separation

€= = - - -
Uy — sy Relative velocity of approach

Types of collision-
1. On the basis of conservation of Kkinetic energy
a. Perfectly elastic collision
o Inthis collision, (K- Elinitiat = (K.E.) pinai

e Coefficient of restitution e = 1

¢ Ex- Bouncing of ball with same velocity after the collision with ground.

b. Inelastic collision
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* In this collision (K.E)initiat # (K.E.) final
e Coefficient of restitution 0 <e < 1
o As K E)initiar = (K. E.) finai
The loss in kinetic energy appears in other forms, such as heat , sound etc.
Ex- Collision between two billiard balls. All majority of collision belong to this category.
c. Perfectly inelastic collision.
¢ If in a collision two bodies stick together or move with same velocity after the collision, the collision is said to be perfectly inelastic.
¢ Coefficient of restitution e = 0

¢ Ex-Collision between a bullet and a block of wood is an example of perfectly inelastic collision, if after collision the bullet remains
embedded in the block, and block and bullet move together.

2. On the basis of the direction of colliding bodies
a. Head-on or one-dimensional collision
¢ In a head-on collision the motion of colliding particles before and after the collision is along the same line .

b. Oblique collision

e If directions of motion of colliding particles after collision is not along the initial line of motion of colliding particles , then the collision is
called oblique.

¢ Example : Collision of billiard balls.
Perfectly Elastic Head on Collision-
¢ In Perfectly Elastic Collision,

Law of conservation of momentum and that of Kinetic Energy hold good.

()-8 —@—

Before Collision _/”Urer Collision

o L, 1 +1
—1r Uy —1Tatls = JE' me E'
g TRy T 9T :

MUy + 1Mally = 1] + 7als
My, Mg | Masses
uy, v - indtial and final velocity of the mass my
ug, vy @ indtial and final velocity of the mass ma
From equation (1) and (2)
We get, tl] — Uz =tz — U1 . (3)
Or, we can say Relative velocity of approach = Relative velocity of separation

vg — vy Relative velocity of separation
e= =

And w —us  Relative velocity of approach

So in Perfectly Elastic Collision

e=1,
From equations (1),(2), (3)
We get
M — Mg 2maily
vy = 1
1y + g my e 4)
Mg — 171 2y
tlg = tig
Similarly, my + 1My my +Mmsz . (5)

¢ Special cases of head-on elastic collision
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1. Equal mass in case of perfectly elastic collision
Then, 1 = Uz and vy = 1y
Or, Velocity mutually interchange
2. If a massive projectile collides with a light target (i.e 7111 == 1712)
Since M1 >> M2 so we use M2 =0
Putting 7112 = 0in equation (4) and (5)

We get it = and Uy = 2{{1 — Uz

(95}

. If the target particle is massive in case of elastic collision (i.e; 172 == 7111)

Since Mg === M1y

So, the lighter particle recoil with same speed and the massive target particle remain practically at rest.
ie; Uz =l

= —1 1
Perfectly elastic oblique collision-

e Let two bodies moving as shown in figure.

v
my
Uq 2l
2
b
% - \\“\\ i i
Before . After Collision
Collision @

\"i;!
By law of conservation of momentum
Along x-axis-
My + matty = Mmyvycost + movgcosg 1)
Along y-axis-
0 = myvysinf! — movasing )

By law of conservation of kinetic energy

L S S U S S S
5ty + Sty = Sy + —mavy

2 2 ...3)
And In Perfectly Elastic Oblique Collision
Value of e=1
So along line of impact (here along in the direction of ¥'2)
We apply e=1

T vicos(f + ¢)
e=l=—
And we get U COSH — UsCOSEH

So we solve these equations (1),(2),(3),(4) to get unknown.
¢ Special condition
if my=myandu; =0

Then, from equation (1), (2) and (3)

0+0=

[ ]

We get,

i.e; after perfectly elastic oblique collision of two bodies of equal masses (if the second body is at rest), the scattering angle ' + & would be
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Head on inelastic collision-

1. In Inelastic Collision Law of conservation of momentum hold good but kinetic energy is not conserved .

Uy — uz TN v V2

Before Collision After Collision

émlf{% + %H.‘.gf!% #* émlu% + émgu%

nily + Mgty = MU + Mgty (1)
My, Mo | MASSES

wy, vy @ indtial and final velocities o f mass my

Uy, vy ¢ initial and final velocities of mass my

2. In inelastic collision (0 <e<1)
g — 1
uyp —wuz L 2)

e =

From equations (1),(2)

We get,
my — ems (1+ €e)ms
M = i+ 15
1y + 1y my+ms 3)
Mo — €M l+e)m
Uy = 2 L g + ( ) lfcl
Similarly, My + g my 1y (@)

3. Special case

A sphere of mass m moving with velocity u hits inelastically with another stationary sphere of same mass.

tly — 11
£f=———
As, t] — uz
g — i
= - )
So, u or, ue=1vy—1 ...(5)

By conservation of momentum
As, MUy + Mgty = MUy + 17
So Uz + U =1 ....(6)
From equation (5) and (6)
vy l—e

We get, U2 Cl+e

4. Loss in kinetic energy

Loss in K.E = Total initial kinetic energy — Total final kinetic energy

, 1 1 1 L
AKE = (iﬂlli{% + Emgu%) — (5”’-1“% + E?’?.‘.gi,l%) o

From equation (3) , (4) and (7)
We can write, Loss in kinetic energy in terms of e as

MNKE = i( s 11— e?) (g — ug)?

2 'mq +mg

Perfectly inelastic collision-
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In Perfectly Inelastic Collision - Two bodies stick together after the collision ,so there will be a final common velocity (v)
1. When the colliding bodies are moving in the same direction
¢ By the law of conservation of momentum
mity + matty = (M + Mg )v

M + Motz

(121 4+ 1m2)

¢ Loss in kinetic energy

AKF (—m]u, + —mm;) — (
1
2

My . 9
AKFE = ——— | (w1 — u2)
my 4+ my

2. When the colliding bodies are moving in the opposite direction

(m1 + ma) 1'"2)

SR

¢ By the law of conservation of momentum
may 4+ me (—uz) = (my + ma) v

My — stz

mi + ma
If v is positive then the combined body will move along the direction of motion of mass 7771
If v is negative then the combined body will move in a direction opposite to the motion of mass 771

e Loss in kinetic energy

1 1 1. g
AK.E (5 nJuJ m;u;) - (§ (11 + ma) 1"2)
1
2

Mg 2
AKE = —— ) (w1 + uz)”
my + mag

Rotational Motion

Important Formulae

1. Rigid body rotation

* Rigid body-
It is defined as a system of particles in which the distance between each pair of particles remains constant.
This means the shape & size do not change during the motion.

¢ Translation motion-
If a body is moving such that a line drawn between any two of its internal points remain parallel to itself.
All the particles of the body move along parallel paths.
All the particles of the body follows 1 D motion.
Example- Motion of a body along a straight line.

« Rotational motion-

A rigid body is said to be in pure rotation if every particle of the body moves in a circle and centre of all the circles lie on a straight line called the

axis of rotation.
The line joining any two internal points does not remain parallel.
Example-motion of wheels, gears, motors.

¢ Some important terms-

1. System-

A system is a collection of any number of particles interacting with one another and are under observation for analysing the situation.

2. Internal forces-



shvetank
Line


Internal forces are all the forces exerted by various particles of the system on one another. Internal forces between two particles are equal in
magnitude and opposite in direction.

3. External forces-

External forces are the forces that we have to apply on the object/system from outside to move or stop the object/system.

2.Center of mass

1. Definition-

¢ Centre of mass of a body is defined as a single point at which the whole mass of the body or system is imagined to be concentrated and all
external forces are applied there.

o [t is the point where if a force is applied it moves in the direction of the force without rotating.
2.X,Yy, and z coordinates of the centre of mass

¢ For a system of N discrete particles

mie] + mary.......

Tem =

My + ma.......

MY + M2Y2 + M3Y3.eoonen.

Yem —
w1 4+ mae g ...

M1z + maza + mM3s........

Zem =
My + 1m0 4+ ...

Where 77t1, 102, ... are mass of each particle and 1, T2 .........] Yi, 42 1, #2 are respectively X, y, & z coordinates of particles.
o It is the unique point where the weighted relative position of the distributed mass sums to zero.
e Centre of Mass of a continuous Distribution

[ zdm [ ydm [ zdm

Tem — ~—F 7+ HYem = s Sem —
f dm ' 7 f dm f dm

Where dm is mass of small element. x, y, z are the coordinates of dm part.
3. Important points about position of centre of mass
o Its position is independent of the coordinate system chosen.
o Its position depends upon the shape of the body and distribution of mass.
And depending on this it may lies inside of the body as well as outside the body.
e For symmetrical bodies having the homogenous distribution of mass ,the centre of mass coincides with the geometrical centre of the body.
o It changes its position only under the translatory motion whereas there is no effect on its position because of rotatory motion of the body.
4. Centre of gravity-

o Centre of gravity of a body is a point, through which the resultant of all the forces experienced by various particles of the body due to the
attraction of earth, passes irrespective of the orientation of the body.

o If the body is located in a uniform gravitational field,then the centre of mass coincides with the centre of gravity of body, and if not then its centt
of mass and centre of gravity will be at two different locations.

5. For a 2-dimensional body with uniform negligible thickness formulae for finding the position of the centre of mass can be rewritten :
myT) + maery...  pAytr] + pAgtrh... Ay + Ao
T = = =
e my + ma.... pAit + pAst.... A+ 4q

Where, 7t = p. A1

6. Centre of mass when some mass is added in the body

mT] + Mafa
Tem —

my + s

Where 711 & 71 are mass and position of the centre of mass for the whole body. 1712 & T3 are mass and position of the centre of mass of added
mass.

7. Position of centre of mass when some mass is removed
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M T] — M3y
Tem =
my — Mz

Where "t1is value of whole mass and 7'lis position of centre of mass for whole mass.Similarly 77?2 & T2 are values for mass which has been
removed.

3. Center of mass of various bodies

1.The uniform rod

Suppose a rod of mass M and length L is lying along the x-axis with its one end at x = 0 and the other atx =L

AY

(

—. 0.0
So the coordinates of COM of the rod are * 2" )

Means it lies at the centre of the rod.

AY

cC.om

2. Rectangular plate

3. Square plate

4. Circular plate
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5. Semicircular ring-

Have a look at the figure of the semicircular ring.

ch‘

R

Since it is symmetrical about the y-axis on both sides of the origin
So we can say that its Lem = 0

And its Zem = Oas z-coordinate is zero for all particles of semicircular ring.

2R

Yem =
and

il
6. Semicircular disc

Have a look at the figure of the semicircular disc

LY
Yem, @
P— g X
R

Since it is symmetrical about y-axis on both sides of the origin
So, we can say that its Tem = 0

And its Zem = (as z-coordinate is zero for all particles of semicircular ring.

iR
Yem = 3_

And il
7.Semicircular annular ring

Have a look at the figure of the semicircular annular ring

7



O

It has inner radius as 111 and outer radius as 12 and centre as O
Since it is symmetrical about y-axis on both sides of the origin
So we can say that its Lem = 0

And its Zem = (as z-coordinate is zero for all particles of semicircular ring.

(B3 — Ri)

4
= — X —e—
Yom = S R )

And
8. Triangular plate

Have a look at the figure of A triangular plate as shown in figure.

ALY
1]

A

m
o
'Ii
O

Since it is symmetrical about y-axis on both sides of the origin
So we can say that its Zem = 0

And its Zem = U as z-coordinate is zero for all particles of semicircular ring.

H
¥Yem =
and 3 from base
9. Hollow Hemisphere

Have a look at the figure of Hollow Hemisphere
AY
1
LM
1
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Since it is symmetrical about y-axis

So we can say that its Lem = 0 and Zem =0

= — from base
g V=3 I

10.Solid Hemisphere

Have a look at the figure of solid Hemisphere
AY

1
LM
1

Since it is symmetrical about y-axis

So we can say that its Lem = 0 and zem = 0
3R

and Yom = ? from base

11. Hollow Cone

Have a look at the figure of Hollow Cone

y
R

@

Since it is symmetrical about y-axis

So we can say that its Fem = 0and zem =0

_ 2H
And Yem = 3 fromO.

12. Solid cone

Have a look at the figure of a solid cone
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e E—
R
Since it is symmetrical about y-axis
So we can say that its Fem = 0 and Zem = 0
H
And, Yem = Z from bottom O
3h

Or, Centre of Mass of a solid cone will lie at distance T from the tip of the cone.

4. Motion of the centre of mass

1. Velocity of the centre of mass

. myv] + Mmatig........
oM =
M+ Mo,

my, my ------- are mass of all the particles '1: V'2------are velocities of all the particles.

P.\_!}.\ = Muy,

Similarly momentum of the system =
2. Acceleration of centre of mass

B ] + Mg ........
acM = ——
My + Mo........

m;, my are mass of all the particles @1 @2.---are their respective acceleration.

Similarly Net force on the system = Fret = Magy
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And Fret = Forr + Fing

And we know that both the action and reaction of an internal force must be within the system. In this way, vector summation will cancel all internal
forces and hence net internal force on the system is zero.

So Fmit = ﬂfﬂ'{‘?ﬂ

3. If External Force =0

Ei;r'ﬁ =0= ﬂfﬁ"{‘?ﬂ =0= (_’:ﬂn =0
if e = 0 = vy = constant

If Yem = constant = Py, = constant

So it implies that the total momentum of the system must remain constant.
i.e. if no external force is acting on the system, the net momentum of the system remains constant. This is nothing but the principle of conservation of
momentum in absence of external forces. Which says if resultant external force is zero on the system, then the net momentum of the system must remai
constant.

¢ Special case

If External Force = 0 and Velocity of Centre of Mass =0

Then centre of mass remains at rest. Individual components of a system may move and have non zero momentum due to mutual forces but the net
momentum of the system remains zero.

5.Equations of Linear Motion and Rotational Motion.

Linear Motion Rotational Motion

If linear acceleration =a=0 If angular acceleration=cx = 0
I Then u = constant Then w = constant

ands=ut. and # = w.t

If linear acceleration= a = constant

. If angular acceleration=cx = constant

1. t P ]
1. t

2.0 =u+ at
- QW =wp +at
s =ut+ ;at‘

1
3. B = wpt + -t
11 U+ u 3. 2
5 = * 1
4. 2 \ g— I ';‘W'i vt
5.0 —u? = 2as ’ -
- I Y, S
6. 5.WF W = 2af)
S = ("(9 1) f :w-+2(2n.— 1)
-”—EC+§ Zn — 6. " i D)

If li leration= a 7 P
inear acceleration= a 7 constant . angular acceleration=C" # constant

—— L8
L. dt .o dt
I | 2,
o=t _de do 0
2z = — = —
2 dat dt 2.0 At ar
3.vdv = ads 3w = ov.df

¢ Relation between linear and angular properties

Ly
Il
o
x

1. T

=1

[\S]
I
3
%1
!
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Ed=axr
6. Torque

o Vector product of Force vector and position vector is known as torque.
—=— X —
T T F

o Its direction is always perpendicular to the plane containing vector r and F and with the help of right hand screw rule we can find it.
¢ The magnitude of torque is calculated by using either
e T=mForT=r-F

1 = perpendicular distance from origin to the line of force.

Fi= component of force perpendicular to line joining force.
o T =r1.Fsingd

Where @ is the angle between vector rand F

o Tae = . F (when ¢ = 00"

o Trin = 0 (when ¢ = 0")

o SI Unit- Newton-metre

o Dimension- M L2T~2

e If abody is acted upon by more than one force, then we get the resultant torque by doing vector sum of each torque.
T =

TI T T21T T

1T 72T

o Just like force is the cause of translatory motion similarly Torque is the cause of rotatory motion.

7. Rotational Equilibrium

For Translational equilibrium Z F=0

And For Rotational equilibrium Z =4

o For rotational equilibrium of system the resultant torque acting on it must be zero.

o Z =20

¢ Various cases of equilibrium

I.ZﬁzoandZ’::O

Forces are equal and act along the same line.

Body will be in both Translational and Rotational equilibrium.

i.e., It will remain stationary if initially it was at rest.

2.ZF:UandZT#U

Forces are equal and does not act along the same line.

—

F +—
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Rotation of body will happen i.e. spinning of body.

3.ZF#0andZ’::0

Forces are unequal and act along the same line.

Body will be in Translational motion.

i.e., slipping of body

4.ZF#0andZT#O

Forces are unequal and does not act along the same line.

— ,.-"I

Body will be in both Rotation and translation motion.
i.e. rolling of a body.
8.Couple Force-
1. A couple is defined as combination of two equal and oppositely directed force but not acting along the same line.

i.e.,ZFZOandZT#O

2. Torque by a couple is given by

T=rxF

F
3. In case of couple both the forces are externally applied .
4. Work done by torque in twisting the wire is given by
o1
W =-Cf
2
Where C is the coefficient of twisting
9. Moment of inertia

1. Definition

¢ Moment of inertia (I) of a body is a measure of its ability to resist change in its rotational state of motion.

Moment of inertia play the same role in rotatory motion as is played by mass in translatory motion .

2. Formula

Moment of inertia of a particle

2
I =myr*

Where m is the mass of particle and r is the perpendicular distance of particle from rotational axis.
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¢ Moment of inertia for system of particle

2 2 2
I'=mri +mar; + ... Mgy,

n

a

= E nyr;
i=1

(This is Applied when masses are placed discreetly)

¢ Moment of inertia for continuous body

I = /rzdm

Where r is the perpendicular distance of a particle of mass dm of rigid body from axis of rotation
h 2
3. Dimension = (ML7]

4. SLunit=kg —m’

5.1t depends on mass, distribution of mass and on the position of the axis of rotation.

6. It does not depend on angular velocity, angular acceleration, torque, angular momentum and rotational kinetic energy.
7.1t is a tensor quantity.

8. Radius of gyration (K)-

Radius of Gyration of a body about an axis is the effective distance from the axis where the whole mass can be assumed to be concentrated so that moment «
inertia remains the same.

1
K =4/—
e Formula- M

or, I = MK?
o It does not depend on the mass of body
o It depends on the shape and size of the body, distribution of mass of the body w.r.t. the axis of rotation etc.
« Dimension- M°L1T®
e S.I. unit: Meter.

8. Moment of Inertia of Two Point Masses About Their Centre of Mass

o Centre of mass s

o O

— ) ————— T

Let two masses m; and m, at a distance r and from their centre of mass they are at a distance r| and r, respectively.

Then,

2.1 = mary | (2)

3. From equation (1) and (2)

T
r =————%T
my + g
1
g = ——— %7
And, My + 1Mg

4 I =L+ L=myr}+myd

1T Ty 9
= — k7"
5. i + 1y

6. I1=mal, and Iy =myl

10. Moment of Inertia of various bodies
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1.The uniform rod
I=Moment of inertia of an ROD about an axis through its centre and perpendicular to it

Consider a uniform straight rod of length L, mass M and having centre C

4

|
S | -
L2 L2 N

L L
_ e, ?flf_z __ﬂf ?_2__31’}_’,2
I_/df_/.r:dm_/_-_fL,rz *rﬂr:_L ;L,nrln_ B

i

2. Uniform rectangular lamina

I,

Y=Moment of inertia for uniform rectangular lamina about y-axis passing through its centre .

D

v

y  lyy=?

M2

="

Similarly

I = Moment of inertia for uniform rectangular lamina about the x-axis passing through its centre.

< ¢ =

A

x
-
b

dx

IXX =1

B

) M, M o[E o, M
Iox _/rﬂf _/;n dm = /‘_h T * (Dde = 5 /‘_Th atdr = 2

=z

3.RING
I=Moment of inertia of a RING about an axis through its centre and perpendicular to its plane

Consider a ring of mass M, radius R and centre O.

e ———
//"" _H-H__a-—'— ﬂ%

_
e S
et

I=MR?
4.DISC

I=Moment of inertia of a DISC about an axis through its centre and perpendicular to its plane
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Consider a circular disc of mass M, radius R and centre O.

1D
- ———
<D
<= b
=2 e
MR?
I =
2
5.Hollow cylinder

I= Moment of inertia of the hollow cylinder about its axis passing through its C.O0.M

Consider a cylinder of mass M, radius R and length L as shown in figure

Mass=M

= MR?
6.SOLID CYLINDER
I= Moment of inertia of the CYLINDER about an axis through its centre

Consider a cylinder of mass M, radius R and length L.

," kB ;dx £
{ Ay
/ \ R 7 T i .
| " f
L\ | | l—
] I [
et i { {
) F) y /
MR?

7. Hollow sphere

Let I = Moment of inertia of a hollow SPHERE about an axis through its centre

And 1 = Moment of inertia of a hollow SPHERE about x- axis through its centre

And I ¥= Moment of inertia of a hollow SPHERE about y- axis through its centre
And = Moment of inertia of a hollow SPHERE about z- axis through its centre
As hollow sphere is symmetric about any axis passing through its centre

So it will be symmetric about X, y, z axis passing through its centre

L=1I,=1L=1I

So we can say that
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8.SOLID SPHERE
I=Moment of inertia of a SOLID SPHERE about an axis through its centre

Consider a sphere of mass M, radius R and centre O.

2
I =Z-MR?
5

9. Solid cone
I=Moment of inertia of a solid cone about an axis through its C.O.M
Consider a solid cone of mass M, base radius R, and Height as h
As shown in Figure I is about the x-axis and through its C.O.M

4 X

I= 32 x MR?
10

11. Angular Momentum

Angular Momentum-

e The moment of linear momentum of a body with respect to any axis of rotation is known as angular momentum. If P is the linear momentum of a
particle and its position vector from the point of rotation is r then angular momentum is given by the vector product of linear momentum and position
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vector.

L=rxP
L=rxP=7xmV)=m(Fx V)
‘E‘:rpsmﬁ

, where # is the angle between r and p.
|L| = mursing
o Its direction is always perpendicular to the plane containing vector r and P and with the help of right hand screw rule we can find it.
Its direction will be perpendicular to the plane of rotation and along the axis of rotation
o Lpge =7 % P (when 6 = 90"
o Lpin =0 (when 6 = 07)
« SI Unit- Joule-sec or K9 — mzx’f-‘?
« Dimension- M L2T~!

e In case of circular motion

axis of

: =rx
rotation L =T &P

As# L 7 and v = wrand [ = mr?
L=mvr =mriw = Iw
So in vector form L = I &
e The net angular momentum of a system consisting of n particles is equal to the vector sum of angular momentum of each particle.
E.,m = El aF Eg ....... + Eﬂ

¢ Analogy Between Translatory Motion and Rotational Motion for Common Terms

Translatory motion Rotatory motion
1 Mass (m) Moment of Inertia (I)
Linear momentum Angular Momentum
2
P=mV L=1w
5 Force Torque
F=ma =1

Conservation Of angular momentum-
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dL did Ja_ 7
— —_— = —=ltn=T
e From L = I'&J we get dt dt

i.e. the rate of change of angular momentum is equal to the net torque acting on the particle.
This is Rotational analogue of Newton's second law

J= /F{Et: AL

¢ Angular impulse =

—

or, /=1 (wy — @)

i.e., Angular impulse is equal to change in angular momentum

e As Tt

T

So if the net external torque on a particle is zero then for that particle

ﬁ =0= f = constant
dt
= L;‘ = Lf

Similarly in case of system consists of n particles

If the net external torque on a system is zero then for that system

iL
dt

= 0= L = constant
or, Luet = L1+ La...... + L, = constant
I.e Angular momentum of a system remains constant if resultant torque acting on it zero.
This is known as the law of conservation of angular momentum.

o For a system if Tnet = 0 then its

—

L = 14d = Constant

1
To—
Or, w

Example-In a circus during performance an acrobat try to bring the arms and legs closer to body to increase spin speed. On bringing the arms and legs
closer to body, his moment of inertia I decreases. Hence w increases.

12. Work, Energy and Power for Rotating Body

—_

. Work-
W= / Fds
For translation motion

W= / Tdf
So for rotational motion

(3]

. Rotational Kinetic energy-

The energy of a body has by virtue of its rotational motion is called its rotational kinetic energy.

Rotational kinetic energy Translatory kinetic energy

- L SR S
. _l(i;g = E.{u} .h-]" = 5?’?11
2. 1 . 1.,
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L- P?
Kp=— Ky = —
3 =3 T~ om

3. Power =Rate of change of Kinetic energy

For translation motion P = F.V

So for rotational motion

r flf' 2 ;
P= d(Kr) = 7”{2 ) szﬂzfnwzrw
di dt dt

Oor P=74d

13. Combined rotation and translation motion

1. Pure Translational motion-

If each particle of it has the same velocity/acceleration at a particular instant of time then A body is said to have pure translational motion.

- e
e

— v

» Slipping-
It is a motion in which the body slides on a surface without rotation.

Example- Motion of a wheel on a frictionless surface.

Here friction between the body and surface =f=0

Wheel possess only translatory kinetic energy

. 1
) Ky = Zmu?
ie.,- 2

2. Pure rotational motion-
When a body rotates such that its axis of rotation does not move then that body is said to have pure rotational motion.
In pure rotational motion, each particle of the body has the same angular velocity/acceleration about its axis of rotation at a particular instant of time.

Example- Spinning of the wheel about a fixed axis

Here axis of rotation of a wheel is fixed.
Here body possesses only rotatory kinetic energy.

1
Kp = -Iu?
le A 2

—

Here Rotational angular momentum = [, = [
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Where I = Moment of inertia about a fixed axis of rotation
w = angular velocity of rotation
Another example is the motion of blades of a fan
3. Combined rotation and translation motion
In this type of motion, the body is having both rotation and translation motion.
¢ Rolling
In the case of rolling motion, a body rotates about a fixed axis, and the axis of rotation also moves.

Example- Rolling of football on the ground

Here friction between the body and surface = [#0

—_

. Kinetic energy-

The total kinetic energy of the body is the sum of both translational and rotational kinetic energy.
. . . 1 5 1.4
-hmet = h']" + hR = ;??.'.1" “+ ;Im“

Using V = wR and I = mK>

- - - 1 2 firz
Ky =Kr+Ki= Eml' (1+ ﬁ)
2. Net Velocity at a point-

ll?l[iﬁ = I’"h‘ﬂﬂ.mrhml + 1’":‘ommm
Where, Vit = 7w

¢ Angular momentum in case of Combined rotation and translation motion

Angular momentum is always calculated at a particular point.
The net Angular momentum of a body is the sum of angular momentum due to both translational and rotational motion.

L= Legm +m (7 X vegm)

= L =1Iond+m(r X vegm)

Where Lcom represents the angular momentum of the body about the centre of mass and r is the position vector about which we have to calculate the angular
momentum.

14. Rolling Without Slipping

o The linear velocity of different points

In pure Translation-
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In pure Rotation-

Le te
¢ During Rolling motion
If Vem = Bw — slipping motion

it Ve = Rw — pure rolling

If Vem < Rw — skidding motion

When the object rolls across a surface such that there is no relative motion of object and surface at the point of contact, the motion is called rolling
without slipping.

Here the point of contact is P.

Friction force is available between object and surface but work done by it is zero because there is no relative motion between body and surface at the
point of contact.

Or we can say No dissipation of energy is there due to friction.

IL.e., Energy is conserved.

. . . 1 3 1. 9
Koot = K+ Kg=-mV=+ =Jw"
Whichis "~ T TR T g 2
Now using V' = w. R

(I + mszwz

SR

- I o1
. -kmet - —T?.'.L'z + _}w2 _
And using 2 5

Where I = moment of inertia of the rolling body about its centre ‘O’
And using the Parallel axis theorem

2
We can write 1p = { + mR

- 1
. -kmit = __!{sz
So we can write 2

Where 1 P=moment of inertia of the rolling body about point of contact ‘P’.

So this Rolling motion of a body is equivalent to a pure rotation about an axis passing through the point of contact (here through P) with the same
angular velocity w.

Here axis passing through the point of contact P is also known as Instantaneous axis of rotation.
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(Instantaneous axis of rotation-Motion of an object may look as pure rotation about a point that has zero velocity.)
¢ Net Kinetic Energy for different rolling bodies

Kot = Ky + Ky = 2mV2(1 + E)
As net — 4T R — 2 3 Rz
K?

So the quantity ﬁ will have different values for different bodies.

Rolling bod K
oliimg body ﬁ Lnet
Ring
I mV?2
Or Cylindrical shell
Disc 1 3 .
- —-mV*
Orsolid cylinder 2 4
. 27 o
Solid sphere - —mV-
5 10
2 5 5
Hollow sphere Z ZmVe
3 6

The direction of friction-

Kinetic friction will always oppose the rolling motion. While Static friction on the other hand only opposes the tendency of an object to move.
1. When an external force is in the upward diametric part

If K2 = R then no friction will act

If K? = Rx then Friction will act in the backward direction

1f X2 < R then Friction will act in a forward direction

2.If an external force is in the lower diametric part,

Then friction always act backwards

15.Rolling without slipping on an Inclined Plane

When a body of mass m and radius R rolls down an inclined plane having an angle of inclination (£) and at height ‘h’

Rotation

B
A
'J"i'mt.\'.l’.htum//
¥
y
S h
(¢}
€
By conservation of mechanical energy
1, K?
mgh = iml (1+ ﬁ)

Where V=Velocity at the lowest point

v 2gh 2
L+ 5

And,

Similarly using V2 = u? + 2as
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) gsin ©
Acceleration = a = ‘_’f e

+ 5z

And angular acceleration = o = Ry
And we know that 7 = [ox

T=fR=1Ia= mI%(Ra)

And torque due to friction force =
. mgsin©
f=—"Tm
So, KT
As [ = pN = pmgeost
So Condition for pure rolling on an inclined plane
tan ©
bs 2 R

KT

Where #s = limiting coefficient of friction
And let t= time taken by the body to reach the lowest point

So using V' = u + at

oL f&(l [ED
We get, sine\a g R2

Grayvitation

Important Formulae

1. Newton's law of Gravitation

o According to Newton's law of gravitation, the gravitational force is directly proportional to the product of their masses and inversely proportional to
the square of the distance between their centres.

Due to gravitational force, Each particle in this universe attracts every other particle.
The direction of this force is along the line joining the particles.
Let two particles of masses 771 and 77?2 separated by a distance r exert a Force F on each other

And Magnitude of F is given as

1Ty
z

Fa

Gimyma
F=—13

2
Or, r

Where
F — Force
(& — Gravitational constant
1y, 112 —* Masses
r — Distance between masses

¢ The vector form of formula
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According to Newton's law of gravitation

— —Gmyma, .
Fiy = T(Ql)

—Gimyma

Fip = — (1)

Or T

Where 721 — Position vector

Here negative sign indicates that the direction of F, 12 is opposite to that of 721
And T12 = —T21
So, F 12 = —F 21

Means Gravitational force between two bodies form an action and reaction pair.

i.e. the forces are equal in magnitude but opposite in direction.

This is in accordance with Newton's third law of motion

e Universal Gravitational Constant (G)
If 71 =m2 =1 kg and r=1 m then F=G

I.e Universal gravitational constant is equal to the Gravitational force between two bodies each having unit mass and their centers are placed unit
distance apart.

Value of Gis 067 x 10711 N —m?hg™ (S.1)

Af—173p—2
Its Dimension Formula is [M' L°r ]
Value of G does not depend upon the nature & size of bodies

Also, it is also independent of the nature of medium between two bodies.

Properties of Gravitational Force
1. Always attractive

2. It is the central force

3. Weakest force (Ratio of F g to Fe between two electrons is 10_43)
4. Itis a conservative force

5. Itis independent of the medium between the particles.

6. Gravitational force is long range-force.

7. Principle of superposition is valid for Gravitational Force

The gravitational force between two particles is independent of the presence or absence of other particles.
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F.-
M
Force on a particle (m) due to the number of particles (1771, 71121723 | etc)

is the resultant of forces due to individual particles (Fl, FZ,F;i, etc)

I.e—f:ﬁl-i-lﬁg-i-f;j ..........

2. Acceleration due to gravity

The Gravitational Force exerted by the earth on a body is known as the gravitational pull of gravity. And this force will produce an acceleration in the motion
of a body.

And this is known as the acceleration due to gravity.

This is denoted by g.

T

f?jl_g}"q.ir 7

Earth

_GM

it is given by formula 9= R?

And in term of £ 7 density of earth

2 P A2 o 2
o Its average value is 9.8m/s” or 98lemfsec or 32feet 5%, the surface of the earth.

e Itis a vector quantity and its direction is always towards the centre of the earth/Planet.

« Dimension- LT 2

o Its value depends upon the mass, radius, and density of the Earth/Planet.

o Itis independent of mass, shape and density of the body situated on the surface of the Earth/planet.

i.e Value of g will be the same for a light as well as heavy body if both are situated on the surface of the Earth/planet.

3. Factors affecting the value of acceleration due to gravity (g)

The value of acceleration due to gravity (g) changes its value due to the following factors
1. The shape of the earth
2. Height above the earth's surface
3. Depth below the earth's surface
4. Axial rotation of the earth.

Variation of 'g' due to the shape of the earth
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Earth has an elliptical shape as shown in fig.

Where Equatorial radius is about 21 km longer than the polar radius.
Or R > RP
Where /e — Radius of the equator
RP — Radius of pole
So Ip = Ge
Infact9p = Je + 0.018m/5*
Or we can say Weight increases as the body is taken from equator to pole.

Variation in 'g' due to height-

Value of g at the surface of the earth (at distance r=R from earth center)

aM
~RY

Value of g at height h from the surface of the earth (at a general distance r=R-+h from earth center)

Where 7 = R+ It
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As we go above the surface of the earth, the value of g decreases

. GM

Sog T

Where Q'j — gravity at a height h from the surface of the earth.
R — The radius of earth
It — height above the surface
e Value of 'g' at oo
if r=00 g =0
No effect of earth gravitational pull at infinite distance.

e Value of gwhenh <<R

e Formula
1. Value of g
I R 2 . I —2
= = 1 + —=] -
g g(RJrh) g+ 3)

, [1 Zh}
g =9|t—-——7
So R

2. The absolute decrease in the value of g with height

., 2h
ﬂ9=9—9=%

3. The fractional decrease in the value of g with height

Ag _g—g _2h
g g R

4. Percentage decrease in the value of g with height

Variation in 'g' due to depth-

Value of g at the surface of the earth (at d=0)

GM 4
= — = _—mpgR
q 2 3 P9

Value of g at depth d from the surface of the earth (at a general distance r=(R-d) from earth centre)=g'

And 9 x (R —d)
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Means Value of g' decreases on going below the surface of the earth.

, [1 rf}
g=g|l—F7%
So R

e Value of 'g' at the centre of the earth
At the centre
depth from surface(d) = R
-
Soy =0
i.e., Acceleration due to gravity at the centre of the earth becomes zero.

o The absolute decrease in the value of g with depth

o The fractional decrease in the value of g with depth

Ag g—4g d

g g R

The value of g decreases with depth.

o Percentage decrease in the value of g with depth

A I
29 2100 % = £ x 100 %
q R

Note- The rate of decrease of gravity outside the earth (h<<R) is double that of inside the earth

Variation in 'g' due to Rotation of earth-

<] _xw

mg mg

As the earth rotates about its axis
Let its angular velocity is t about an axis as shown in the figure..
As shown in the figure.
o A=The angle between the equatorial plane at that point and line joining that point to the centre of the earth.
« For the poles A=90 and for equator A=0
r = RCosh
F. = mw?r = mw?ReosA
From applying Newton's 2nd law along the line joining point P and centre.
mg — F.Cos\ = myg'

Where g' is the value of acceleration due to gravity at point P.
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2 2
Soweget!f =g—w Rcos* A

o The apparent weight of body decrease with an increase in angular velocity (w)

e Apparent weight of the body varies from point to point because each point has different latitude and magnitude of centrifugal force varies with the

latitude of the place.
« For Pole, A=90

So Ypele = 4

I.e value of g at the poles is independent of angular velocity of earth.
« For equator,A=0

Jequator = § — w’R

I.e Decrease in the value of g is maximum at the equator
¢ Weightlessness due to rotation of the earth-

Weightlessness means g'=0

Sod =g —wRcos® A

As A = 0 (For equator)

0 =g —w?Rcos’0

g—wlR=0
w= |9
YTV ER

Where w — Angular velocity for which a body at the equator will become weightless

o The time period of Rotation of earth for which body at the equator will become weightless

T= 2_7.- =27 E

W g
Where /i — Radius of earth
And using R = 6400 x 10%m
g=10m/s

1 rad
W=——
We get 800 sec

And T = 1.40 hr
¢ Relation of gravity at the poles and equator
After considering the effect of rotation, and the elliptical shape of the earth
y_ =9 {2
,(];1 = e + 0.052 mjs
Where 9p gravity at the pole

e = gravity at equator

4. Mass and Density of Earth

¢ Mass of Earth-
Using Newton’s law of gravitation we can estimate the mass of the earth

2
V- 9
M= G = 1025;‘(}

M — mass of earth

(G — Gravitational constant

¢ Density of Earth
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—_

4
=-mpGR
Asg 3Ilrj

Where £ — density of earth

39
So p= 47 GR

p = 54784 kg/m*
Inertial mass
Also known as the mass of material of body which measures its inertia.
From Newton’s second law of motion

F=ma

m; = —
So a

Where
My — inertial mass
F — external force
a — acc
. Gravity has no effect on inertial mass.
. Inertial mass is independent of size, shape, and state of the body.
Gravitational Mass-
It is mass which determines the gravitational pull acting upon it.
Let F= gravitational pull on a body of mass

applying Newton’s law of gravitation

_ GMmy
We have  RZ

F F
m, = —7 =

Soweget | GM/R®Z T
Where "*9 = Gravitational mass
I — Gravitational field intensity
Tip-Spring balance measure gravitational mass.
Mass (m)
. It is the quantity of matter contained in the body.

. Its SI unit- Kg

. Its dimension is [ﬂf ]
. Itis a scalar quantity.
. It Can never be zero
.Its value does not change with g.
Weight (W)
. It is an Attractive force exerted by the earth on anybody.

. S.I. Unit: Newton or Kg - wt

. Dimension—[*MLT_z]

. It is a vector quantity
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5.1t changes its value according to the value of g

6. Atoo and at the centre of earth g =0, So W is equal to zero there.

5.Gravitational field Intensity
¢ Gravitational field-

It is space or surrounding in which a material body feels the gravitational force of attraction.

o Gravitational field Intensity-

It is the force experienced by a unit mass at a point in the field.
It is denoted by I

If the mass of a body is m then I is given by

| ==

I=

!

I — G.field Intensity
m — massof object
[ = Gravitational Force
1. Itis a vector quantity
2. If the field is produced by a body M the direction of its Gravitational field Intensity is always towards the center of gravity of M.
Unit : 7'&:{;;”"(”} or 2

2

3. ‘g 5
4 Dimension : __U'[:'LT_z]
Gravitational field due to Point mass-

If the point mass M is producing the field and test mass is at distance r as shown in fig

Test mass

V4 m

Fo GmM

S P
So Force is given as re

And the corresponding I is given by

F GMm
I = — = 5
m rm
gy
2

Where G — Gravitational const
M — mass of earth
1

2

I

—_
-

Means As the distance (r) of test mass from point (M) Increases I decreases.
) I =0at (r =)

Superposition of Gravitational field-
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The net Intensity at a given point due to different point masses (M{,M;,M3...) can be calculated by doing the vector sum of their individual intensities

f;l[iﬂ:I_I+-G+f;j+ ........
¢ Point of zero intensity-

Let m; and m, are separated at a distance d from each other

< d >

A
X—>ee OX i

<—o—>
Th /7 /2 Tk

And P is the point where net Intensity:j;ust = I_I + L 2=0
Then P is the point of zero intensity
Let point P is at distance x from m1
Then For point P L = I + Do

Gimy Gma
4 (d— z)° =0

o vy d

Then o \//n_"l + \/ﬁ_.'g

(d—2) = g d
And V1T 1T

¢ Gravitational field line-

Field line of Isolated mass-

AN

Field lines are radially Inward
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I =
As r2
GM Ny
g=— =
g R2
So we can say that the intensity of the gravitational field at a point P in the field of Isolated mass is equal to the acceleration of test mass placed at that

point P.
Properties of Gravitational field line-
1. The line includes arrows which represent the direction of the gravitational field.
2. The magnitude of the gravitational field is proportional to the number of field lines crossing a unit area perpendicular to them.
The lines never cross

3. Lines do not form closed loops

6. Gravitational field due to various bodies

1. Gravitational field due to uniform circular ring

Intensity due to uniform circular ring

At the center of ring
I=0
At a point on its Axis

I GMr :
(a2 +r2)?
Where,
r — The distance of the point P along the Axis of the ring, from its center .
a= radius of the ring

2.Gravitational field Intensity due to uniform disc

For Uniform disc
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© — Angle with axis
@t — Radius of disc

At the center of the disc
I=0

At a point on its axis

2G]
I= 26 (1 — cosB)

2
a=

3.Gravitational field Intensity due to spherical shell/hollow sphere

Intensity due to spherical shell

Y
~

R — Radius of shell
1 — Position of Point
M — Mass of spherical shell
¢ Inside the surface
r< R
I=0
¢ on the surface
r=~R
_GM
=

. Outside the surface 7 = I

I
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_GM

2
e

I

4.Gravitational field Intensity due to uniform solid sphere

Intensity due to uniform solid sphere

Y
\ﬁ

e Inside surface © < R

GMr
="
¢ on the surface

r=H
GM
="

¢ Outside surface(‘" > R)

GM

2
re

I =

7.Gravitational Potential

In a gravitational field potential V at a point, P is defined as negative of work done per unit mass in changing the position of a test mass from some reference
point to the given point.

Note-usually reference point is taken as infinity and potential at infinity is taken as Zero.

W= / F-ar
‘We know that

V__E__/?E
So  om

1

|
| =1

And i
V= —/7’ dr

V' — Gravitational potential

=

I — Field Intensity

dr — small distance

dV

We can also write dr
Means a negative gradient of potential gives the intensity of the field .

The negative sign indicates that in the direction of intensity the potential decreases.
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o It is a scalar quantity.

o Unit — Joule/lg or m?sec®

. Dimension : [ﬂf”LzT_z]
Gravitational Potential at a distance 'r' -

If the field is produced by a point mass then

GM
I =
}"2
V—— / 7@
So
v GM
r

atr = oo V=0= 1’";rm;r'

Gravitational Potential difference -

In the gravitational field, the work done to move a unit mass from one position to the other is known as Gravitational Potential difference.
If the point mass M is producing the field

Point A and B are shown in the figure.

Vi=Gravitational potential at point A

Vp=Gravitational potential at point B

Va Ve

1< /8 >

TR — the distance of mass at B

T4 — distance of mass at A

AV=The gravitational potential difference in bringing unit mass m from point A to point B in the gravitational field produced by M.

AV = Vy — Vjy = 2428
m
AV = -GM [i — i}
s Ta

Superposition of Gravitational potential-

The net gravitational potential at a given point due to different point masses (M{,M;,M3...) can be calculated by doing a scalar sum of their individual

Gravitational potential.
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V=W+1Wm+V -

GMi GMy GM;

rl 2 T3
i=n
. M;
V=-G E !
r:
=1 !
M; — mass

i — distances
Point of zero potential-

Let m; and m, are separated at a distance d from each other

A B
P

—————— e —————

X——>0€<— d— X

e o |
< ral|

And P is the point where net Gravitational potential V = V1 + V5 =0
Then P is the point of zero Gravitational potential

Let point P is at distance x from m;

Then For point P

V=V+V=0

A Gmp  Gms

— =0
r1 2
Gm Gma _
oz d—z
myed
So  my—my

8. Gravitational potential due to various bodies

1. Gravitational potential due to Uniform circular ring-
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Q

P
®
<

r = distance from ring
@ —+ radius of Ring
V' — Potential

At a point on its Axis

V= GM
N v (:.2 + r2

At the centre

Ve _ GM

(L

2. Gravitational Potential due to Uniform disc-

1 — Radius of disc
M-mass of disc

e At the center of the disc

_2GM

(T

e At a point on its axis
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261
V= e U(\mz +a? —2)

2
=

3. Gravitational Potential due to spherical shell -

Potential due to spherical shell

R — Radius of shell
™ —+ distance from the center of the shell

¢ Inside the surface

GM

V=—
R

¢ on the surface
r=~R

GM

V=—
R

¢ Outside the surface

r=R
_Gﬂf

T

V=

4. Gravitational Potential due to Uniform solid sphere-

v r=R
i
0
-3GMIZR
|
i

R — Radius of sphere
M — Mass of sphere
r — distance from the center of sphere

o Inside the surface

r< R

-]

¢ on the surface
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. GM
1"..'s'urfm‘ti = - R

e Outside the surface

GM

r

V= —

; 3.
Veentre = =V sur face
o Tip- 2

9. Gravitational Potential Energy

It is the amount of work done in bringing a body from oC to that point against gravitational force.

o It is Scalar quantity

e SI Unit: Joule
P22
. Dimension:[‘UL r ]

Gravitational Potential energy at a point-

If the point mass M is producing the field

&

GMm

Then gravitational force on test mass m at a distance r from M is given by T2

And the amount of work done in bringing a body from o¢ to r

. "GMm GMm
W f fm
= 0 i e
And this is equal to gravitational potential energy
. GMm
U=-—
So r

U — gravitational potential energy
M — Mass of source-body
711 — mass of test body
r —+ distance between two
Note- U is always negative in the gravitational field because Force is attractive in nature.
Means As the distance r increases U becomes less negative
I.e U will increase as r increases
And for ¥ = oo, U=0 which is maximum
Gravitational Potential energy of discrete distribution of masses -

1T g SRS
+

U=-G

2 Ta3
' — Net Gravitational Potential Energy
712,723 — The distance of masses from each other
Change of potential energy -

if a body of mass m is moved from 71 to "2
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Then Change of potential energy is given as

. 1 1
AU =GMm [— — —}
™ ]
AU — change of energy
1,72 — distances

If "1 = T2then the change in potential energy of the body will be negative.

I.e To decrease potential energy of a body we have to bring that body closer to the earth.

The relation between Potential and Potential energy -

- —GMm [—Gﬂf}
U= =m
As r T
v _Gﬂf
But T
Soll =mV

Where V' — Potential
Ul — Potential energy
T — distance
Gravitational Potential Energy at the center of the earth relative to infinity-

Ueentre = mMVeentre
Vientre — Potential at centre

. 3GM
L" = 17 (—E R )

111 — mass of body

M — Mass of earth
The gravitational potential energy at height 'h' from the earth's surface -

_Gﬂfm
R+h

Using GM = gR?

Uy =

. gR*m
U, =—

"TR+h

. mgl

L

1+ il

Un — The potential energy at the height
R — Radius of earth
Relation between gravitational field and potential-

Gravitational field and potential are related as

= dv
E=-%2"
dr

Where E is Gravitational field
And V is Gravitational potential

And r is the position vector

And Negative sign indicates that in the direction of intensity the potential decreases.
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R T
Then dx dy dz

Work Done Against Gravity-
The gravitational potential energy at height 'h' from the earth's surface

mgR

U, =
SR

Is given by

So at the surface of earth put h=0

We get Uy, =—mgR

So if the body of mass m is moved from the surface of earth to a point at height h from the earth's surface
Then there is a change in its potential energy.

And this change in its potential energy is known as work done against gravity to move the body from earth surface to height h.
- . 1 1
W=AU=GMm |—— —
r T
Where W — work done
AU — change in Potential energy

71,72 = distances

Putting r{=R , and r,=R+h

W =AU =GMm [i = }

So R R+h

1. when 'h' is not negligible

Wo— .m‘qf;
I+ 5

2. when 'h' is very small

Wo— .m.gf:l
As L+ 5

But /i is small as compared to earth's radius

h
— 0
R—>

so W =mygh

3.If h =nR then

1

W = mgR
T T

10. Kepler’s Laws of Planetary Motion

Kepler gives three empirical laws which govern the motion of the planets which are known as Kepler’s laws of planetary motion.
As we know that planets are large natural bodies rotating around a star in definite orbits.

So, Kepler laws are-

(a) The law of Orbits:

It is Kepler's First Law.

Every planet moves around the sun in an elliptical orbit. And the sun will be at one of the foci of the ellipse.

(b) The law of Area:
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It is Kepler's 2nd law.
According to this, the line joining the sun to the planet sweeps out equal areas in equal intervals of time which clearly means that areal velocity is constant. Si
according to this law, a planet will move slowly when it is farthest from the sun and more rapidly when it is nearest to the sun. You can find it similar to the

law of conservation of angular momentum.

For the below figure

vt

dA

Area of velocity = dt

dA _1(r)(Vd) 1 .
dt 2 dt 2
Where

dA

_>
df Areal velocity

dA — small area traced

Kepler's 2nd law is Similar to the Law of conservation of momentum

L
As df 2m

where

L = muvr — Angular momentum

(c) The law of periods:

It is Kepler's 3rd law.

According to this, the square of the Time period of revolutions of any planet around the sun is directly proportional to
the cube of the semi-major axis of that particular orbit.

For the below figure

£

Peri Apogee
Al v(“r»i—j 8

8.
AB =AF + FB
2a =1+ 19
L+ T
0= ——
2

Where

. = semi major Axis

"1 = The shortest distance of the planet from the sun (perigee)
T2 = Largest distance of the planet from the sun (apogee)

So if T=Time period of revolution

Then according to Kepler's 3rd law.

5
T?ad®
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T2 (J“‘l +F‘2)J
o
or 2

11. Escape Velocity-

Escape velocity is defined as the minimum velocity an object must have in order to escape from the planets gravitational pull.

o Escape velocity (in terms of the radius of the earth)

. [2GM
ir'[5 - R

Using GM = gR®

We get Ve=/29R

Vi — Escape velocity

R —Radius of earth

4
- g=mpGR
And using 3
. 8
Vi.=R Eerp
For the earth

V. =11.2Km/s
o Escape velocity is independent of the mass of the body.
e Escape velocity is independent of the direction of projection of the body.
¢ Escape velocity depends on the mass and radius of the earth/planet.
« If the body projected with velocity less than escape velocity (V' < V%)
In this case, the first body will reach a certain maximum height (H mar)

And after that, it may either move in an orbit around the earth/planet or may fall back down towards the earth/planet.

V2
H‘arm;r' =R I:m}

Ve — escape velocity
V' — Projection velocity of the body
R — Radius of planet
« If a body is projected with a velocity greater than escape velocity (V' = V&)
Then By the law of conservation of energy

Total energy at surface = Total energy at infinity

—GMm 1 5 Lo
T + E?’?n‘-" =0+ En"'(" )
. [2GM
Ve =
And using R
We get
V= ./ V2= 1.-:52

new velocity of the body at infinity= 1"/
V' — projection velocity
Ve — Escape velocity

¢ Escape energy-
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Energy to be given to an object on the surface of the earth so that it's total energy is 0

GMm
R

M — Mass of planet

= Escape Energy

1M — mass of the body

( — Gravitational constant

12.0rbital Velocity of Satellite

Orbital velocity of a satellite is the velocity which is required to put the satellite into its orbit around the earth.

Satellite

A

GM

=

Where
r — Position of satellite from the centre of earth
v — Orbital velocity
e If r=(R+h) where R is the radius of the earth

then:

| gR? [ g Ne (N — P2 _
v = R—l—h:R P [AbGﬂf_gR andr—R—I—h]

* Dependence of Orbital Velocity

1. Orbital velocity is independent of the mass of satellite and is always along the tangent of the orbit.
2.It depends upon the mass of the central body and radius of orbit
means, Greater the value of radius of orbit, less be the orbital velocity
o If satellite is close to the earth’s surface,
As h<<<Rorh == 0

and using GM = 9H2

GM
l’ —

;o — /oR
So R g
V =+9.8 x 6.4 x 100

=79 kmfs =8 km/s

Where
V' — Orbital velocity

g— 98 m/s?
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R — Radius of Earth
¢ Angular momentum of satellite
L =mur
L=vVm2GMr
L = Angular momentum
1M — mass of satellite
v — Orbital velocity of the satellite

« Relation of escape velocity and orbital velocity

. [2GM
we know that T R ;
GM
V=
and R
o 1:
V=7
Where

V' — Orbital velocity
Ve — Escape velocity

or Vescape = V2V bitat
Or we can say that

If the speed of satellite is made \/i times the original speed, then it will escape from the gravitational pull of the earth.
« Shape of orbit of satellite

¥ 0=V <, , then satellite does not remain in it's circular path rather it traces a spiral path and falls on earth

V =1,  Satellite revolves in circular path

V =wv: satellite move along the parabolic path and will escape from gravitational pull.
V> v satellite will escape but now the of motion will be hyperbolic.

Here,

V= velocity of body
Us - orbital velocity of a body

Ue - escape velocity of a body

13.Time period and energy of a satellite

The time period of satellite-
It is the time taken by satellite to go once around the earth.

And the time period (T) of the satellite is given by

T:2W1!%}§£:2ﬁ\/§(1+%);ﬂ2 [Asr =R+ 4]

Where
r = radius of orbit
T — Time period
M — Mass of planet
o If the satellite is very close to the earth’s surface,

ie., h<<<R,
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'R
T =27, | — = 84.6 minutes
then g

orT = 1.4hr

o The time period of a satellite in terms of density

P — Density of planet

T — Time period

(' — Gravitational constant

p = 5478 4K g/m® tor carth
Height of Satellite-

. . ® = + Ry
As we know, time period of satellite T = 2my / 77 = 27 %’—
2

By squaring and rearranging both sides 9%]:— =(R+h)*

2 B2

= h= (_],__95_)1;3 - R

Axd
Putting the value of time period in the above formula we can calculate the height of the satellite from the surface of the earth.
The energy of Satellite-

When a satellite revolves around a planet in its orbit, it possesses both kinetic energy (due to orbital motion) and potential energy (due to its position against
the gravitational pull of earth).

And these energies are given by

i o 2
Potential energy: U = mV = —G;?h” = mf‘-’
. 2
Kinetic energy : K = émt'z = —G';im = 9,11,\'-’
. T o —GMm GMm _ —GMm _ —L%
Total energy : E=U+ K = r T T = T = T

Where
M — mass of planet
m — mass of satellite

And

e Energy Graph of satellite

k,«
>
=]
@0
0 /L/_ >
r
| ik
Where

E — Energyof satellite
K — Kinetic energy
U — Potential energy

¢ Energy distribution in an elliptical orbit
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Satellite

1
m
i
) £ !
oo, (a3 o
£E = i Semi major KE.=min
L FE = max

]
i axis
i
|
[

1/

i

fenin Frrax
In this Total Energy
GMm
E=- = const,
2a

Where @ = S€mi —major aris
¢ Binding Energy (B.E.)-

The minimum energy required to remove the satellite from its orbit to infinity is called Binding Energy.

And It is given by
GMm
BE=
2r
where

B.E — Binding energy
M — mass of planet
m — mass of satellite

e Work done in changing the orbit-

When the satellite is transferred to a higher orbit i.e (r2 > 71) a5 shown in the figure.

W = Eg — E‘l

o GMm [ 11 }
™ T2

Where

W — work done
ry — radius of 1st orbit

ry — radius o f 2nd orbit
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14.Weightlessness

There are basically three cases of weightlessness -
1. When objects fall freely under gravity -
When a man is in a free-falling lift, then he will feel the weightlessness.
2.When a satellite revolves in its orbit around the earth -
Because of this, the astronauts will feel weightlessness in the satellite.

3. When bodies are at null points in outer space -

As we go up from the earth’s surface the gravitational pull of the earth goes on decreasing and the gravitational pull of the moon’s increasing. There i
a point when both the gravitational force will be equal and opposite, that null the weight of the body and we feel weightlessness.

Weightlessness in a Satellite.

GM

The acceleration of the satellite is 7% towards the centre of the earth.

Let us suppose a body of mass m placed on a surface inside the satellite moving around the earth.
Then force on the body are -
(i) The gravitational pull of earth = %{ﬂ

(ii) The reaction by the surface = R
By Newton's law C—’,”;E — R=ma

Gm —R:m[%}i) R=0

s
As the reaction becomes 0.
And from the Laws of motion, we know that the reaction on a body will give its weight.

So, the body will feel weightlessness in the satellite.
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Mechanical Properties of Solids

Important Formulae

1. Elasticity

The property of matter by virtue of which a body tends to regain its original shape and size after the removal of deforming force is called elasticity.

2. Stress and its types-

Stress-

When a force is applied on a body, it is deformed to a small or large extent depending upon the nature of the material of the body and the magnitude of the
deforming force.

o The internal restoring force acting per unit area of the cross-section of the deformed body is called stress and is denoted by .

F

o
¢ The magnitude of stress, A
i N/ 2
e Unit of stress: ¥/ 7" or Pascal(Pa)

¢ Dimension of stress: [-UL_J -T_zl
Types of stress:
1. Longitudinal stress/ Normal stress: In Longitudinal stress, the force is applied normal to the surface.
o [t is of two types:
a. Tensile stress: Longitudinal stress produced due to increase in length of a body under a deforming force is called tensile stress.

b. Compressive stress: Longitudinal stress produced due to decrease in length of a body under a deforming force is called compressional
stress.

Fig: Tensile Stress Fig: Compressive Stress

2. Shearing stress/ tangential stress: If two equal and opposite deforming forces are applied parallel to the cross-sectional area of the cylinder, there is a
relative displacement between the opposite faces of the cylinder. The restoring force per unit area developed due to the applied tangential force is know
as tangential or shearing stress.
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¢ In this case, deforming force is applied tangential to one of the faces.

o Area for calculation is the area of the face on which force is applied.

¢ [t produces change in shape, volume remaining the same.

Fig:- Shearing stress
3. Volume stress:
o It produces change in volume and density, shape remaining the same.
o It occurs in solids, liquids or gases
¢ In case of fluids only bulk stress can be found.

o [t is equal to change in pressure because change in pressure is responsible for change in volume.

F
Vol stress = — = P
olume stress = —

3.Strain and it's types-

Strain -

o Strain is defined as the ratio of change in configuration to the original configuration.
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o It has no dimensions and units as it is the ratio of two similar kind of physical quantities.
Types of strain:-
1. Longitudinal strain:- If the deforming force produces a change in length alone, the strain produced in the body is called longitudinal strain.
o If the length increases from its natural length, the longitudinal strain is called tensile strain.

o If the length decreases from its natural length, the longitudinal strain is called compressive strain.

o _ A
Longitudinal strain = T

Fig: Tensile strain

Tﬁ =
i L

Fig: Compressive strain
2. Shear strain:- If the deforming force produces a change in the shape of the body without changing its volume, strain produced is called shearing strain

o Itis defined as angle in radians through which a plane perpendicular to the fixed surface of the cubical body gets turned under the effect of tangential
force.
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Fig:- Shearing strain
. . Az
Shearing strain = T

¢ Example:- when a book is pressed with the hand and pushed horizontally.

Fig:- A book subjected to a shearing stress

3. Volume Strain:- If the deforming force produces a change in volume alone the strain produced in the body is called volumetric strain.

Vv

.‘/
.$

S

)

Fig:- Volumetric strain

. AV
Volume strain = a

4. Stress-strain Curve.

o The relation between the stress and the strain or a given material under tensile stress can be plotted on a graph called the strain stress curve.
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Fig:-A typical stress-strain curve for a metal.
The stress-strain curves vary from material to material. These curves help us to understand how a given material deforms with increasing loads.

1. When the strain is small (i.e., in region OA) stress is proportional to strain. This is the region where the Hooke’s law is obeyed. The point A is called
proportional limit and slope of line OA gives the Young’s modulus (Y) of the material of the wire.

2. If the strain is increased a little bit, i.e., in the region AB, the stress is not proportional to strain. However, the wire still regains its original length after
the removal of stretching force. This behaviour is shown up to point B known as elastic limit or yield-point. The region OAB represents the elastic

behaviour of the material of wire.

3. If the wire is stretched beyond the elastic limit B, i.e., between BC, the strain increases much more rapidly and if the stretching force is removed the
wire does not come back to its natural length. Some permanent increase in length takes place.

4. If the stress is increased further by a very small amount, a very large increase in strain is produced (region CD) and after reaching point D, the strain
increases even if the wire is unloaded and ruptures at E. In the region DE, the wire literally flows. The maximum stress corresponding to D after which
the wire begins to flow and breaks is called breaking or tensile strength. The region BCDE represents the plastic behaviour of the material of wire.

Types of materials:-
a. Ductile material:- If the large deformation in the material takes place between elastic limit and fracture point (or)
if the material is having large plastic region, then that material is called ductile material.

a. Brittle material:- If the material breaks down soon after the elastic limit is crossed, it is called as brittle material.

b. Elastomers:- These materials only have elastic region (i.e., no plastic region). For example:- rubber

S.Hooke’s law
Hooke’s law states that if the deformation is small, the stress in a body is proportional to the corresponding strain, i.e.,
Stress o Strain
= Stress = E(Strain)

_ Stress

Strain

Where E is called as Modulus of elasticity and it depends on the nature of the material and temperature of the body and is independent of the dimensions of ti
body.

Unit of Modulus of elasticity= N/m?
Modulus of elasticity is of three types:-
a. Young's Modulus(Y):- It is defined as the ratio of longitudinal stress to longitudinal strain.

- longitudinal stress F/A Fi

" longitudinal strain ~ AL/L ~— AAL

b. Shear Modulus or Modulus of rigidity(G):- It is defined as the ratio of shearing stress to the shearing strain.

shearing stress F/A FI F

= =

shearing strain ~ z/L ~ Az A¢

¢. Bulk Modulus(B):- It is defined as the ratio of volume stress to the volume strain.
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Volumestress = — = Pressure

S

P

AV/V

where P=increase in pressure , V= original volume, AV =change in volume
The negative sign indicates that with the increase in pressure, volume decreases by AV,

¢ Compressibility(C):- The reciprocal of bulk modulus is called as compressibility.

1 AV/IV
= __=2""
B P

o Unit of compressibility:- Nlm?
« Poisson's ratio:- The ratio of lateral strain to longitudinal strain is called Poisson’s ratio (7).

a. Lateral strain : The ratio of change in radius or diameter to the original radius or diameter is called lateral strain.
b. Longitudinal strain : The ratio of change in length to the original length is called longitudinal strain.

__Ad/d
Al

where negative sign is due to decrease in the transverse length

6.Work done in stretching a wire

When a body is in its natural shape, its potential energy corresponding to the molecular forces is minimum. When deformed, internal forces appear and work
has to be done against these forces. Thus, the potential energy of the body is increased. This is called the elastic potential energy.

P77/ 77/ gz

F e

Suppose a wire having natural length L and cross-sectional area A is fixed at one end and is stretched by an external force applied at the other end.

The elastic potential energy of the stretched wire is:

YA
U=g7 (A

We can also write,
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W = é [};;;}L&L} AL = é(mr:;a!mmm stretching foree) x extension
W= %1, (AL) %} 2 = é x Y x Volume x (strain)*

W = é [%} 1%} (AL) = é x strain x (Ystrain) x Volume
W = é [%} 1%} (AL) = é % strain x stress x Volume

. . 1 .
Also, Patential energy per unit volume = 5 X strain X stress

7. Relation Between Volumetric Strain, Lateral Strain and Poisson’s Ratio

Let us long rod have a length L and radius 'r', then volume of this rod = 7r’L.....(1)
Now, Differentiating both the sides of [.1;', we get
dV = artdL + 72rLdr

Now, dividing both the sides by volume of rod , i.e., ar’L, we get,

dv ar2dL N m2rLdr  dL N dr )
VvV T oarill w2l L T 7Y

So we can say that,
Volumetric strain = Longitudinal strain + 2(Lateral strain)

3 i & .
Also, € quation(2) can be written as,

dV dL dL dL
=— 20— =(1-20)—
A Ay A ey
[ —dr/r dr dL]
T= = — = —0—
This is because , dL/L 7 L
Special case -
e When o = (1.5, then dl” = 0. It means that the substance is incompressible, so there is no change in volume.

o If a material having & = 0, it means lateral strain is zero. So, when a substance is stretched its length increases without any decrease in diameter.

For example - cork has @ = (). Also, in this case change in volume is maximum.

Mechanical Properties of Fluids

Important Formulae

1. Pressure In A Fluid

Fluids-
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Fluids are the substances which began to flow when an external force is applied to it.
Fluids examples are liquids and gases.

Fluids don't have their own shape but they take shape of the containing vessel.

In Hydrostatic branch we study fluids which are at rest with respect to containing vessel.

While in Hydrodynamics we study fluids which are in motion with respect to containing vessel. For example study of flowing water from the tap come:
under Hydrodynamics.

Ideal fluids- Assumption

—_

. It is Incompressible- Means the density and the specific volume of the fluid do not change during the flow.

2. It is Non-viscous- Layers of fluids does not exert any tangential force (especially friction force) on each other. And A true "non-viscous" fluid would
flow along a solid wall without any slowing down because of friction.

Pressure-
1. Normal force exerted by liquid/fluid at rest per unit Area of the surface is called pressure of a liquid/fluid.

If F is the normal force acting on a surface area A in a container with liquid.

F

then pressure exerted by the liquid on this surface is A

AT 2 o e 2
2. Units of pressure is N/fm or Pascal (S.I) and dyne/em (CG.S)
3. The dimension of pressure is M L1772

4. Atmospheric pressure- The pressure exerted by the atmosphere is called atmospheric pressure. 1 atm is the value of atmospheric pressure on the surface
of the earth at sea level.

And L atm = 1.01 x 10°N/m? = 1.01 x 10°Pascal = 1.01 bar = 760 torr

So Relation between bar and Pascal is Lbar = 10°Pa

2.Variation Of Pressure

1. Variation of pressure with depth

Here Py= Atmospheric pressure at the upper surface
And h= depth below the upper surface
P= density of liquid
P=Hydrostatic pressure for a point at depth h below the upper surface
Then P is given by P="F+pgh
Means Pressure increases with depth linearly.
« Hydrostatic pressure=Absolute Pressure="" = Fo +p gh
Absolute Pressure is always positive, It can never be zero.

From equation P=Py+pgh
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We can say that
1. Hydrostatic pressure depends on

¢ h=depth of the point below the surface

P=nature of liquid

g=acceleration due to gravity

2. Hydrostatic pressure does not depend on

amount of liquid

The shape of the container
From this, we can say that for the below figure where the liquid is filled in vessels of

different shapes to the same height,

A Pp B Pg

The pressure at the base in each vessel will be the same, though
The volume or weight of the liquid in different vessels will be different.
ILe. In the above figure Py=FPp=Fc
¢ Gauge Pressure- Gauge Pressure is known as the pressure difference between hydrostatic and atmospheric pressure.
So Gauge Pressure is given as P — Py = gauge pressure
In the equation P=Fy+pgh
The term 297 is known as pressure due to the liquid column of height h
We can rewrite the above equation as £ 9 h=P—F
Or we can say that Gauge Pressure = 7 & h=P-F
It may be positive or negative or zero
2. Variation of pressure along Horizontally
The pressure is uniform on a horizontal line.

For the below figure
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In horizontal line or in horizontal plane in stationary liquid

Py=Pp=Po

3. Pascal's Law

Pascal's law-

Pascal's law states that if the gravity effect is neglected then the pressure at a point in a fluid at rest is the same in all directions.
This law helps us to understand the isotropic nature of pressure.

Pascal's law can be also stated as

The increase in pressure at one point of the enclosed liquid in the equilibrium of rest is transmitted equally to all other points of the liquid and also to the wall
of the container, provided the effect of gravity is neglected.

The applications of this law can be seen in Hydraulic lift, hydraulic press, and hydraulic brakes, etc

Working of hydraulic lift-

A hydraulic lift is used to lift the heavy loads.
f

For the above figure

If a small force f is applied on the piston of C then the pressure exerted on the liquid

p=!

e

Where
a = Area of a cross-section of the piston in C

This pressure is transmitted equally to piston of cylinder D.

JIr—E::»F:f,»il

Soa A
Where F=Upward force acting on the piston of cylinder D.

A=Area of a cross-section of the piston in D
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Condition of Hydraulic Lift-
A == a therefore
F==f

So heavy load placed on the larger Piston is easily lifted upward.

4. Variation Of Pressure In An Accelerated Fluid

Case I- When Acceleration in the vertical direction
1. When the liquid container is moving with constant acceleration in an upward direction

Consider a cylindrical element of height h and Area A as shown in the below figure.

PA a
=] |

A

The force on the top face of the element =P A
The force on the bottom face of the element = 24
If a is the acceleration of the liquid then
and m is the mass of the element of the liquid and which is given by
m = phA
Where F=density of liquid

So using this we get

Py — Py = plg + a)h = pgessh

2. When the liquid container is moving with constant acceleration in a downward direction

I. constant downward acceleration (a< g)

So Jef1 for the below figure is given by Jeff = (9 — @)
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And Pressure at point A is given as
P = plg — a)h = pgegh
II. constant downward acceleration (a=g)
The pressure became zero everywhere when a=g
II1. Constant downward acceleration (a> g)

In this case, the fluid occupies the upper part of the container as shown in the figure.

a=g

Geff=a-9

Case II- When Acceleration in a Horizontal direction
If a liquid in the tank is moving on a horizontal surface with some constant acceleration a

Then the free surface of the liquid takes the shape as shown by the dotted line in the figure.
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So using Newton's second law for the element

Fl — Fg = 11
or PLA — PoA = ma

or (pg — pgy2) A = Alpa
Y1— Y2 @
r——" = — = tanfl

0
{

So we can say that

The free surface of the liquid makes an angle ! with horizontal

Or the free surface of the liquid orient itself perpendicular to the direction of net effective gravity.

So for the below figure, we can say that

Pressure will vary in the horizontal direction.
And the Pressure gradient in the x-direction is given as

dp
E = —pay

Where -ve sign indicates pressure increases in a direction opposite to the direction of acceleration.

5.Barometer And Manometer

Barometer-
Mercury Barometer was invented by Torricelli and it is a device used for measuring pressure.

Below is a figure showing the Mercury Barometer device
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Vacuum

From the figure we can say that

At Point C only atmospheric pressure is there.

So Po = Fy

Ans since B and C are at the same horizontal level

So Po = P = Pa+ pgh = 0+ pgh = pgh = Py = Atmospheric pressure
For mercury barometer h=76 cm and

And using 7 = 13-6 % 10%kg/m’

We get Fo = 1013 % 10°N/m* = 1 atm = 76 cm of Hg
Manometer-

Manometers are the devices used for measuring gauge pressure of fluids.
Simple Manometer-

The figure of Simple Manometer is given below

And from the figure we can say that
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The gauge pressure at point A in the vessel is
Py= pgh

Where P=density of the liquid

U-tube Manometer-

Figure of U-tube manometer is given below

m— .
A

And from the figure we can say that
Py=Pp

And The gauge pressure at point A is given by
Py = pgh

Where

P=density of the liquid

6.Archimedes Principle

Archimedes principle states that when a body is immersed partly or wholly in a fluid, then the liquid exerts an upward force/upthrust/buoyant force on the
body which is equal to the weight of the fluid displaced by the body.

Buoyant force-
¢ The buoyant force is given as
Fg=pVg
Where Fg=Buoyant force
P= density of the fluid

V= Volume of the solid body immersed in the liquid or Volume of the fluid displaced

m
_.'-1.-\' = —
P v

So we can write £ = m Y=weight of the fluid displaced

Where m=mass of the fluid displaced
o The buoyant force acts vertically upwards (opposite to the weight of the body)
¢ The buoyant force is independent of mass, size, the density of the body inside the fluid.
¢ The buoyant force depends upon the nature/density of the displaced fluid.

Apparent weight-
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o Apparent weight=(Actual weight)-(Buoyant force)

o The apparent weight of the body of density () when immersed in a liquid of density (&) is given by
Wapp =W —Fg=Vpg—Vog=Vpg(l — %1

Wepp = Wil —

Z)
I
Where W= Actual weight of the body
V= volume of the body immersed in a liquid
From this, we can say that
If a body of volume V is immersed in a liquid of density (<) Then its weight reduces
And Loss in weight is given by
Wigss =W =Wy =Vag
o The relative density of a body

RD— rh"nn:f'z‘.y r:_,.l" body
density of water

¢ Floatation-
When a body of density £ is immersed in a liquid of density &,
Then the body will float if the buoyant force on the body which is equal to the weight of the fluid displaced by the body. Means body is in equilibrium.
1. If the density of the body is equal to that of liquid ie £ = 7
Then the Weight of the body will be equal to upthrust.
And the body will float but the body will fully be submerged in liquid.
2. If the density of the body is less than that of liquid # = &
Then the Weight of the body will be less than upthrust.
And the body will float but the body will partially be immersed in liquid.
. If the density of the body is greater than that of liquid # = @

Then the Weight of the body will be greater than upthrust So body will sink.

7. Type Of Flow

o Steady flow-
In this type of flow fluid characteristics like Velocity, Pressure and density etc at a Point do not change with time.

dv dp dp
— =0, —=0, — =10
Le di dt dt

¢ Unsteady flow-

In this type of flow fluid Characteristics like Velocity, Pressure and density etc At a Point change with respect to time.

ﬂ. .d—pi().@i[)
Iedt ' dt dt

o Streamline flow-

Streamline the flow of a liquid is the type of fluid flow in which each particle of the fluid passing through a point travels along the same path and with the san
velocity as the preceding element passes through that point.

Or

Streamline flow is defined as the path (straight or curved), the tangent to which at any point gives the direction of the flow of liquid.
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(a)

(a) Stream-line in a liguid (b) Stream line flow of liguid.

For the above figure path ABC is streamlined.

And All the liquid particles passing through A, B, and C will have velocities as ¥1: V2 and Vi respectively.
Property of streamline flow-

1. The direction of velocity at any point on the flow line is along the tangent.

2. Two streamlines cannot cross each other.

¢ Laminar flow -

If a liquid is flowing over a horizontal surface with a steady flow and moves in the form of infinitesimal parallel layers of different velocities which do not mi
with each other, then the flow of liquid is called laminar flow.

This type of flow is also referred to as streamline flow.
In this flow, the velocity of liquid flow is always less than the critical
velocity of the liquid.
¢ Turbulent Flow-
When the velocity of liquid flow is greater than its critical velocity, then the motion of the particles of the liquid becomes disordered or irregular. Such :
flow is called turbulent flow.
In turbulent flow velocity of the fluid at a point is continuously undergoing changes in both magnitude and direction.

¢ Critical velocity-

Critical velocity is defined as that velocity of the liquid, flow up to which it's streamlined/laminar and above which it's flow become turbulent.

8.Equation Of Continuity

It is applied when fluid is an ideal fluid. (means fluid is Incompressible and Non-viscous)
The equation of continuity is derived from the principle of conservation of mass.

Have a look at the flow of ideal fluid through the tube AB.
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Equation of Continuity for the liquid flow in tube AB is given by

(1)1 = daat'a
or av = constant

Or the Equation of Continuity states that for the liquid flow in the tube, the product of cross-section area and velocity remains the same at all points in the tub
From the Equation of Continuity, we can say that

e The velocity of flow will increase if cross-section decreases and vice-versa.

9. Bernoulli's Theorem

For a point in a fluid flow, Bernoulli's Theorem relates between its pressure, its velocity and its height from a reference point.

Bernoulli's Theorem states that the total energy (Pressure energy, Potential energy, and Kinetic energy ) per unit volume or mass of an incompressible and
non-viscous fluid in steady flow through a pipe remains constant throughout the flow. (Provided that there is no source or sink of the fluid along the length of
the pipe).

Mathematically for a liquid flowing through a pipe.

We can write Bernoulli's equation as

Loy
P+ pgh+ - pv” = constant
P — Pressure energy per unit volume
pgh — Potential Enerqy per unit volume
1, S .
SPUT = Kinetic Energy per unit volume

Bernoulli's Theorem can be proved with the help of work-energy theorem.
Bernoulli's equation also represents the conservation of mechanical energy in the case of moving fluids.

¢ Bernoulli's theorem for the unit mass of liquid flowing through the pipe is given by

-

P J. 3

— + gh + —v* = constant
P2

If we divide the above equation by g we get

2
—+h+ - constant
Py 29

‘Where

h=gravitational head

P
— — Pressure head
£q9

2
v .
— — velocity head
29

o For the below figure
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With the help of Bernoulli's equation
We can write
Lo, Loy
P+ pghy + 5P = Py + pghs + 5Pv2 = constant

Applications of Bernoulli's Theorem-
1. The velocity of Efflux or Torricelli's Theorem-

If a liquid is filled in a vessel up to height H and a hole is made at a depth h below the free surface of the liquid as shown in Fig.

Now take the level of the hole as reference level (i.e., zero point of potential energy)
And by applying Bernoulli's equation we get

This v is called the Velocity of Efflux.

This formula is only valid when (Area of Hole) <<< (Area of the vessel)

Thus Torricelli's Theorem relates the speed of fluid flowing out of an orifice.

(Note- The speed that an object would acquire in falling

from rest through a distance h is equal to ¥ = \/ﬁ
And this is same as that of Velocity of Efflux.)
o The velocity of efflux is independent of the nature of liquid (), the quantity of liquid in the vessel and the area of the orifice/hole.
o The velocity of efflux depends on h (i.e depth below the free surface)
I.e Means Greater is the distance of the hole from the free surface of the liquid, greater will be the velocity of efflux
o As the distance of hole from the ground is (H-h) and its initial vertical velocity at hole is zero.
So Time taken by liquid to reach the Ground =t is given by

2(H — k)
9

T=

Where
H - the height of the vessel

And h= depth below the free surface
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* Range (x)-
During time t liquid is moving horizontally with constant velocity v,
And it will hit the base level at a horizontal distance x as shown in the above figure.
This horizontal distance x is also called a Horizontal range.
Using x=vt
We get Range as

x=R=2h(H —h)

h =
This range will be maximum when

il
2
And Maximum value of the range is H
Means Tmar = fpar = H
2.Venturimeter-
o It is adevice is used for measuring the rate of flow of liquid through pipes.

¢ This device based on application Bernoulli's theorem.

o The image of the Venturi Meter device is given below

O

T

For the above figure

a; and a, are an area of cross-section of tube A and B respectively

And v; and v, are the Velocities of the flow of liquid through A and B respectively
And P1 and P are the Liquid pressure at A and B respectively

and P= density of flowing liquid

And h=difference of fluid level between the vertical tube D and E

V=rate of the flow of liquid through pipe

And V is given by

V =

3. Aspirator pumps-
This works on the principle of Bernoulli's Theorem.

Example of Aspirator pumps is paint-gun, scent-spray or insect-sprayer, etc.
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In such devices, high-speed air is passed over a tube T with the help of motion of a piston P in a cylinder C and this helps to spray the liquid L as shown in th
above figure.

The high-speed air creates low pressure in the tube and because of the low-pressure liquid rise in it. And thus liquid gets sprayed with expelled air.
4. Change of plane of motion of spinning ball-

This can be with the help of the principle of Bernoulli's Theorem

Magnus effect- When a spinning ball is thrown it deviates from its usual path in flight. This effect is called the Magnus effect.

This effect plays a very important role in sports like cricket, tennis, and football, etc.

5.Working of an aeroplane-

This is also based on Bernoulli's principle.

6. During a tornado or hurricane, blowing off roofs by wind storms can be explained

with the help of the principle of Bernoulli's Theorem

10.Viscosity

¢ Viscosity-
Ideal fluids are non-viscous. But for real fluids, there is a viscous force between the adjacent layers of fluids which are in contact.

In case of a steady flow of a fluid when a layer of fluid slips or tends to slip on adjacent layers in contact, the tangential force/viscous force acting between tw
adjacent layers try to stop the relative motion between them.

So The property of a fluid due to which it opposes the relative motion between its different layers is called viscosity.
Viscosity is also known as fluid friction or internal friction.

¢ Velocity gradient -
It is defined as the ratio of change in velocity to change in height.

A ; ) chane in velocity
Velocity gradient = —
Le change in height

'Ir"idi"
M > N

o~
:Awdx’
C = vy > D
| I ¥
) 28
A -t LA

For the above figure
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Layer AB is at rest

While Layer CD is having velocity v and is at a distance x from layer AB

Similarly, Layer MN is having velocity (v+dv) and is at a distance (x+dx) from layer AB

dv

Velocity gradient = —

Then Velocity gradient is given as dir

Means Velocity gradient denotes the rate of change of velocity with distance x.

Viscous Force-

In case of a steady flow of fluid, the force between the fluid layers opposing the relative motion is called viscous force.

1

. Viscous force directly proportional to the area

Ie FaA

Where A is the area

2

F

Ie

. Viscous force directly proportional to the Velocity gradient

du

—
dx

So we can write

F(l_‘—:F = _J‘,L-‘l—

Adv Ldv

dr dx

Where A — Area

F—
=
1 —

T o—

Viscous force
Co— ef ficient of viscosity
Velocity of liquid

Distance from refrence point

And here Negative sign shows viscous force acts opposite to flow of liquid

Coefficient of viscosity-

F=-nA—

From the equation dx

IfA=1and d—i =1
da
then n=F

So the coefficient of viscosity is defined as the viscous force acting per unit area between two layers moving with unit velocity gradient.

1

2

And

And

3

4

. Coefficient of viscosity shows the nature of liquids.
f 9 < dyne — 5 — em ™2 or Poise ;
. Unit of viscosity is H71€ — § — €t = 07 [7015€ iy CGS system
Newton — S —m™2 or Poiseuille or decapoise i the S system
1 decapoise = 10 Poise
. The dimension of viscosity is M L1 7"
. The cause of viscosity in liquids is cohesive forces among molecule whereas, in gases, it is due to the diffusion of molecules.
. The viscosity of the liquid is much greater (about 100 times more) than that of gases.

. With an increase in pressure, the viscosity of liquids (except water) increases while For gases viscosity is practically independent of pressure. And the
viscosity of water decreases with increase in pressure.

. The viscosity of gases increases with the increase of temperature, because on increasing temperature the rate of diffusion increases.

. The viscosity of liquid decreases with the increase of temperature, because the cohesive force between the liquid molecules decreases with the
increase of temperature

Poiseuille’s Formula
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For the stream-line flow of liquid in capillary/narrow tube, If a pressure difference (P) is maintained across the two ends of a capillary tube of length 'l ' and
radius r as shown in figure

Then according to Poiseuille’s Formula
V= the volume of liquid coming out of the tube per second is
1. Directly proportional to the pressure difference (P).
2. Directly proportional to the fourth power of radius (r) of the capillary tube
3. Inversely proportional to the coefficient of viscosity (")) of the liquid.
4. Inversely proportional to the length (1) of the capillary tube.
And with the help of Dimension formula we get

_ K prt

Vv
nl

Where K is the constant of proportionality

!

K
And experimentally it is found that 8
So Poiseuille’s Formula is given as

7 Prt

V=-—
sl

11.Stokes' Law And Terminal Velocity

o Stokes' law-
When a body moves through a fluid then The fluid exerts a viscous force on the body to oppose its motion.
And according to Stokes' law, the magnitude of the viscous force depends on the shape and size of the body, its speed and the viscosity of the fluid.

So for the below figure

P oEm mm omm 6 Em omm s e mm mm s mm mm mm 8w o e 3 Em w

If a sphere of radius r moves with velocity v through a fluid of viscosity 7,

Then using Stokes' law the viscous force (F) opposing the motion of the sphere is given by

F = 6mprv
Where

n — coef ficient viscosity
r — radius
v — velocity

¢ Terminal Velocity-

‘When the spherical body is dropped in a viscous fluid, it is first accelerated and then it's acceleration becomes zero and it attains a constant velocity and this
constant velocity is known as terminal velocity.

For a spherical body of radius r is dropped in a viscous fluid, The forces acting on it are shown in the below figure.
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W

So Forces acting on the body are

1. Weight of Body (W)
. 4 .
W =mg= Efrr“‘pg

Where 2 — density o f body

2. Buoyant/ Thrust Force (T of F, E)
4 .
T=Fpg= Eﬂ‘r‘jog

where @ — density of fluid

3. Viscous force (F)

F = 6mnrv

So when the body attains terminal velocity the net force acting on the body is zero.
Apply force balance

Fgp+F=W

4 . 4 .
— By + Efrr“‘crg = E?rr‘jpg

4 .
— Gmyre = En‘r‘jg (p— o)

2}“2( —a
— Ut:ng)‘g

Where U = terminal velocity

From this formula, we can say that

Terminal velocity depends on the radius of the sphere/body.

Greater the density of solid greater will be the terminal velocity

Greater the density and viscosity of the fluid lesser will be the terminal velocity.
If @ > o then Terminal velocity will be positive.

I.e Spherical body attains constant velocity in a downward direction.
¢ If o < 0 then Terminal velocity will be negative.
I.e Spherical body attains constant velocity in an upward direction.

o Terminal velocity graph
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Terminal velocity

«— Acceleration

velocity —> <

Time —

12. Surface Tension and Surface energy

Surface tension-

Surface tension is the elastic tendency of a fluid surface which makes it acquire the least surface area.

If we draw an imaginary line on the free surface of the liquid as shown in the below figure.

Imaginary line

ah =
b

N

Then Surface tension of a liquid is measured by the force acting per unit
length on either side of an imaginary line.

So Surface tension of a liquid is given by

T=—
)

Where
F — force
[ — imaginary length

The direction of this force is perpendicular to the line and tangential to the free surface of the liquid.

e It depends only on the nature of liquid and is independent of the area of surface or length of the imaginary line considered.

o It is a scalar quantity.
e Unit of Surface Tension-

JN;' . .

— —in S.1. Unit

m

dyne o
—in c.g.s. Unit

cm

o Dimension- M7T 2
e Example-

Raindrops are spherical in shape because each drop tends to acquire minimum surface area due to surface tension, and for a given volume, the

surface area of the sphere is minimum.

o The surface tension of liquid decreases with the rise of temperature.
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Surface energy-

The molecules on the liquid surface experience net downward force. And because of this force, these molecules tend to move downwards. So to fill the space
we need to bring a molecule from the interior of the liquid to the free surface. And to do this some work is required to be done against the intermolecular forc
of attraction. This work will be stored as the potential energy of the molecule on the surface.

And this stored potential energy of surface molecules per unit area of the surface is called surface energy.

Surface energy is also defined as the amount of work done in increasing the area of the surface film through unity.

work done in increasing the sur face area

sur face energy = - - -
Le increase in sur face area

sur face energy = —.....(1)

or AA
Where W — work done

and AA — increase in area
And work done in increasing the surface area is given by
W =TxAA..(2)

where I — Surface tension

and AA — increase in area

So we rewrite equation (2) as
W
TAATT

So we can also define surface tension as the amount of work done in increasing the area of the liquid surface by unity against the force of surface tension.

T (3)
Or we can say that the surface tension of a liquid is numerically equal to its surface energy.
As

W =TAA

TfAA=1then T =W

T — Surface tension

13. Excess Pressure

Excess Pressure-
Definition-Difference of pressure between the two sides of the liquid surface is known as Excess Pressure.
Cause of Excess Pressure-
Drop or bubble tends to contract and so compresses the matter enclosed, due to the property of surface tension. Thus to prevent further contraction, internal
pressure inside Drop or bubble increases. This internal pressure increase until the equilibrium is achieved. So that is why in equilibrium the pressure inside a
bubble or drop is greater than outside. And this difference of pressure between the two sides of the liquid surface is called excess pressure.

o Excess pressure in different cases

1. Excess pressure for plane surface

AP=0
means No difference in pressure.

2. Excess pressure for concave surface

2T
AP =—
R

Where
T- Surface Tension
R- Radius

3. Excess pressure for a convex surface
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2T

AP
R

4. Pressure Difference in Water Droplet

14.

2T
AP =—
R

5. Change in Pressure of bubble in the air

2T 4T
= | — = —
AP (R)x_ 7

Excess pressure is inversely proportional to the radius of the bubble (or drop).

Contact Angle

The shape of the Liquid Meniscus-

e When a capillary tube is dipped in a liquid, the liquid surface becomes curved near the point of contact. The curved surface of the liquid is called the

—_

meniscus of the liquid.

This curved surface is due to the resultant of two forces i.e. the force of cohesion and the force of adhesion.

If liquid molecule A is in contact with solid (i.e. wall of capillary tube) then forces acting on molecule A are

. Force of adhesion (Fa)

This is force due to solid molecules on liquid molecules.

Here it will act outwards at a right angle to the wall of the tube.
. Force of cohesion (£0)

This is force due to liquid molecules on liquid molecules.

Here it will act at an angle 459 to the vertical and towards liquid.

So the resultant force (FV) will be given by

Fy=F.+F,
And If F'v makes an angle cv with F,
F.Sin(135) F,
tano = L =
Then F,+ F.Cos(135) /9F,— F,

As we know that the free surface of the liquid adjusts itself at a right angle to this resultant force.

So by knowing the direction of resultant force we can find out the shape of the meniscus.

. Shape of Liquid Meniscus in various cases.
CaseI- When Fe = V2F, a
As shown in the below figure
The resultant force acts vertically downwards.
Hence the liquid meniscus must be horizontal.

Example-Pure water in a silver-coated capillary tube.
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Casell- F: < \/EE:
As shown in the below figure
The resultant force is directed outside the liquid. Hence the liquid meniscus must be concave upward.

Example-Example: Water in glass capillary tube.

Case III- F > \/iFn
As shown in the below figure
The resultant force is directed inside the liquid. Hence the liquid meniscus must be convex upward.

Example: Mercury in glass capillary tube.
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The angle of Contact (7).

The angle of contact between a liquid and a solid is defined as the angle enclosed between the tangents to the liquid surface and the solid surface inside the
liquid.

While drawing tangent keeps following things in mind.
1.Both the tangents being drawn at the point of contact of the liquid with the solid.
2. Tangent to the liquid surface should be away from the solid surface.

3. Tangent to the solid surface should be towards the liquid surface.

o Its value lies between 0° and 180°
e When fe= ﬁFu then # = 90"

i.e plane meniscus.
In this case, Liquid does not wets the solid surface

e When Fe < ‘/iFu then # < 90"

i.e concave meniscus.
In this case, Liquid wets the solid surface
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e When Fe > ﬁE! then # = 90"

i.e Convex meniscus.
In this case, Liquid does not wet the solid surface.

¢ On increasing the temperature, angle of contact decreases.

15. Capillary Action

o Capillarity -

If a capillary tube is dipped in a liquid, it is found that the liquid in the capillary either ascends or descends relative to the surrounding liquid. This
phenomenon is called capillarity.

Examples of capillarity- A towel soaks water.
¢ Ascent Formula-

When one end of the capillary tube of radius r is immersed into a liquid of density / (For example- water and capillary tube of glass), And the shape of the
liquid meniscus in the tube becomes concave upwards as shown in the figure.
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Then the height h up to which the liquid level rises in the capillary tube is given by Ascent Formula

; 2T cos ©
=
which says PgT

where

R

T — sur face Tension

r — radius of capillary tube
p — liguid density

8 — Angle of contact

1. The capillary rise depends on the nature of liquid and solid both. L.e on T.p.8.r
2. For a given liquid and solid pair as T, p. ¥ are constat then o r . 1ie., lesser the radius of capillary greater will be the rise and vice-versa.
3. Capillary action for various liquid-solid pair
I. For © < 90° (ILe for water and capillary tube of glass)
So Meniscus will take Concave shape and liquid in the capillary will rise/ascend.

II. For © > 90° (Ie for Mercury and glass capillary tube)

So Meniscus will take Convex shape and liquid in the capillary will fall/descend.
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1. For © = 90° (I.e for Pure water and silver-coated capillary tube.)

So Meniscus will take Plane shape and liquid in the capillary will show No rise, no fall.

Thermal Properties of Matter

Important Formulae

1. Temperature And Its Scales

Temperature-
o Temperature is the degree of hotness or coldness of a body. Heat always flow from high temperature to low temperature if there is no external work is
applied.
o Temperature is one of the seven fundamental quantities and its dimension is [£]. S I. unit of temperature is Kelvin.

Scales of Temperature-

To construct any scale of temperature, we have to take two fixed points . First fixed point is the freezing point (ice point) of water. The second fixed point is
the boiling point (steam point) of water.

1. Celsius scale : In this scale ice point is taken 0° and steam point is taken 100°. The temperature measured on this scale all in degree Celsius(°C).

2. Farenheite scale : This scale of temperature has freezing point as 32°F and steam point as 212°F.

3. Kelvin scale : The Kelvin temperature scale is also known as thermodynamic scale. The temperature measured on this scale are in Kelvin (K).
Note - The triple point of water is also selected to be the zero of scale of temperature

Temperature on any scale can be converted into any other scale by using the following formula -

(Reading on any scale — Ice point)

(Steam point — ice point)

All the above mentioned temperature scale are related to each other by the following relationship -

g F—-32 K-273
D 9 ]

The below table shows the range of various temperature scale -

Scale Symbol for LFP urr Number of
each degree divisions on the

ncale
Celsius o L mad il
Fahrenheit F 3F 2zF B0
Reaumer ‘R R BO“R Ba
Rankine “Ra 460 Ra 672 Ra n2
Kelvin K TS5 K 37315 K Lo

2.Thermometer And Its Types

Thermometry:

A branch of science that deals with the measurement of the temperature of a substance is known as thermometry.

An instrument used to measure the temperature of a body is called a Thermometer. The principle on which it works is by absorbing heat from the body.
There are various kinds of thermometers which are briefly classified in three types -

¢ Liquid thermometers - In liquid thermometers, mercury is usually preferred over other liquids. The reason behind this is its expansion is large and
uniform. And the main reason behind all these is that it has high thermal conductivity and low specific heat.

Range of temperature :(freezing point of mercury) - ( boiling point of mercury) whichis —50"C" to 350°C’
f, |F - IF(]

The formula for calculation of temperature at any length I : f100 — o

% 100°C

Here - {= length of the mercury column at the given temperature .

lo= length of the mercury column at the 0°C’ temperature

www.careers360.com | 152



shvetank
Line


1100 = length of the mercury column at the 100°C’ temperature

¢ Gas thermometers : In this gases are used as thermometric material. Gas thermometers are more sensitive and accurate than liquid thermometers as th
expansion of gases is more than that of liquids. In this gas are used as a thermoelectric substances are called ideal gas thermometers. These are
basically of two types

(i) Constant pressure gas thermometers - If pressure is constant, then for ideal gas, volume is directly proportional to temperature. So,
VaT
= VN e
The formula for calculation of temperature at any volume V : Vigo — Vi
Here, V"= volume of the gas column at the given temperature .
Vo= volume of the gas column at the 0°C' temperature.
V100 = volume of the gas column at the 100°C' temperature.
(i) Constant volume gas thermometers - If the volume is constant, then for an ideal gas, pressure is directly proportional to temperature. So,
PaT
Sk K INRTYE
The formula for calculation of temperature at any pressure P : Pion — P
Here, P= pressure of the gas column at the given temperature .
Po= pressure of the gas column at the 0°C' temperature.
Proo = pressure of the gas column at the 100°C temperature.

¢ Resistance thermometers: Usually Platinum, Germanium is used in resistance thermometers due to high melting point and large value of temperatu:
coefficient of resistance. This type of thermometer can be used for high temperatures.

R— Ry -
t = —" x 100°C
The formula for calculation of temperature at any resistance R : Ry — Ro
Here, = Resistance of the material at the given temperature t.

Ro= Resistance of the material column at the 0°C' temperature.

R10n = Resistance of the material column at the 100°C' temperature.

3. Thermal Expansion

Thermal expansion is the tendency of material to change its shape, area, and volume in response to a change in temperature. So, if there is any change in
temperature every material has tendency to change its dimension and the amount of change depends on the type of materials.

Thermal expansion is minimum in case of solids but maximum in case of gases because the intermolecular force is maximum in solids but minimum in gases
So, solids can expand in one dimension, two dimension and three dimension while liquids and gases usually suffers change in volume only.
Thermal expanision is basically of three types -

¢ Linear expansion : When a solid is heated and it's length increases, then the expansion is called linear expansion.

Let us take an specimen of length L. There is two scenario, first is before heating and the second image shows after heating. So,
—Lb— I tAL=L——>
A - -

(i) Change in the length of the specimen is AL = LoaAT
(Here, L = Original length, AT = Temperature change)

(ii) Final length of the specimen is L = Ly(1 + aAT)

. - , AL
(iii) Co-efficient of linear expansion o =
Lo AT
(iv) Unit of v is °C~' or K~! . It's dimension is -9_1]
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¢ Superficial (areal) expansion : When the temperature of a 2-Dimensiuonal specimen is changed, it's area changes, then the expansion is called
superficial or areal expansion.

(i) Change in area is AA = A,8AT
(A = Original area, AT = Temperature change)

(i) Final area A = A, (1 + SAT)

AA
AgAT

(iii) Co-efficient of superficial expansion 3 =
(iv) Unit of 3is °C or K.

¢ Volume or cubical expansion : When a 3-Dimensional solid is heated and it's volume increases, then the expansion is called volume or cubical
expansion.

Now there is one relation between the ;3 and 7, which can be written as -

3 5 .
a=L=l=oa:8:v=1:2:3
2 3

A

Hence, for the same rise in temperature -

Percentage change in area = 2 times the percentage change in length.
Percentage change in volume = 3 times the percentage change in length.

Effects of thermal expansion on Solids-
(1) Bi-metallic strip : When two strips of equal lengths but of different materials (such that they have different value of coefficient of linear expansion) wher

join together, it is called “bi-metallic strip”, and it can be used in thermostat to break or make electrical contact. Bi-metallic strip has the characteristic
property of bending on heating. This is due to unequal linear expansion of the two metal. The strip will bend with metal of greater v on outer side.

Steei\g %_,-Bras.s

Room temperature Higher temperature

The above figure shows the condition before and after heating the bi-metallic strip.

(2) Effect of temperature on the time period of a simple pendulum : Let us suppose a pendulum clock keeps proper time at temperature . If the

U U
temperature is increased to 00 = 0) then due to linear expansion, length of pendulum and from the formula, we knows that the time period of simple
pendulum is directly proportional to the square root of length of the pendulum hence its time period will increase.

ELENON
2

Fractional change in time period T’

(i) In summer, the temperature will rise and due to this there will be increment in its time period. A pendulum clock becomes
slow and will lose time.
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AT = %nﬂ.l‘;‘f

Loss of time in a time period is given by -

1 1 R ANN
AT = —aAft = —aAH(R6400) = 432000 sec
(ii) Time lost by the clock in a day - 2 2

(Time in one complete day on earth = 86400 seconds)

4. Thermal Stress And Thermal Strain

Thermal stress in a rod which is rigidly fixed : When a rod which rigidly fixed at ends such as to prevent expansion or contraction, when its temperature is
increased or decreased. Due to preventing its thermal expansion or contraction, a compressive or tensile stress is developed in it. As the rod try to expand or
contracts, then it apply a reaction force on the rigid support. If the change in temperature of a rod of length L is /A# then -

AL AL 1
Thermal strain = — = aA#f [

7 Asa=—x —

L Af

i

&

B

i

« 6 6 1

(A) Heating (B) Cooling

As, If we know the strain then with the help of Hooke's law, we can find the stress also. If we know the stress , then we can find the force by multiplying cros:
sectional area with stress. Both stress and force can be written as -

So, Thermal stress = YaAd
or, Force on the supports F' =Y AaAf

5. Thermal Expansion In Liquids And Gases

Thermal Expansion in Liquids-

o Like solids, liquids do not have linear and superficial expansion but liquid only undergoes volume expansion.

¢ We always need some solid vessel to keep the liquid, so liquids are always to be heated along with a vessel which contains them so initially on heating
the system (System is liquid + vessel here). Initially, the level of liquid in the vessel falls (vessel expands more since it absorbs heat and liquid expands
less) as the volume expansion co-efficient of solid is more than that of liquid but later on, it starts rising due to faster expansion of the liquid (because
now solid transfer all the heat to liquid and that is the condition of steady-state)

PQ —» represents expansion of vessel
QR — represents the real expansion of
liquid

PR — represent the apparent
expansion of liquid

So, from above we can conclude that the actual increase in the volume of the liquid = The apparent increase in the volume of liquid + the increase in th
volume of the vessel.

Basically, liquids have two coefficients of volume expansion -

—_

. Co-efficient of apparent expansion 7a: It is due to an apparent (Apparent means that appears but not real) increase in the volume of liquid. This
happens when the expansion of the vessel containing the liquid is not taken into account.

Apparent expansion in volume  (AV),
[nitial vdume x Af TV x A

a —

2. Co-efficient of real expansion 7r : It is due to the actual increase in the volume of liquid due to heating. In this expansion of vessel containing
the liquid is taken into account.

Real increase in volume (AV)

Initial vdume x A# - Vo= A8

=

AV
Also coefficient of expansion of flask " TV X Al

So, TReal = TApporent T Vessel

www.careers360.com | 155




So the change (apparent change) in volume in liquid relative to the vessel is -
AVapp = VAappAI =V (TReat — Wessel) A = V (7 — 30) Af
Where, ® = Coefficient of linear expansion of the vessel.
Anomalous expansion of water:

Generally any material expands on heating and contracts on cooling. But in the case of water, it expands on heating if its temperature is greater than 4°C. In
the range 0°C to 4°C, water contracts on heating and expands on cooling, i.e. 7 is negative. So water has this special property, which is not found in any
existing natural material. This behaviour of water in the range from 0°C to 4°C is called anomalous expansion. You can see it with the help of a graph.
This is the anomalous behaviour of water which causes ice to form first at the surface of a lake in cold weather. So, as winter approaches, the water
temperature increases initially at the surface. It results in the water sinking because of its increased density. Consequently, the surface reaches 0°C first and
because of that the lake becomes covered with ice. This property of water makes the aquatic life survive the cold winter as the lake bottom remains unfrozen
a temperature of about 4°C.

At 4°C, density of water is maximum while its specific volume is minimum.

valimass —s
Anainalois
behaviour
Demsity —s

0°C 4°C  Temperature —» 0C 4°C  Temperature —s

Variation of Density with Temperature -

Most substances (solid and liquid) expand heat is supplied to them, i.e., the volume of a given mass of a substance increases on heating,

as pox - )
so the density should decrease ( v . It means that the density is inversely proportional to the volume. From that, we can deduce the expression of
density after heating or cooling as follows -
g v V V 1
ri

p VI V+AV V+VAG  1+4Af

I Iy . W1 Y. .
= = — = 1 "A91 = 1 - “.&91
So. P 1+ ".&9 P( +7 J 2L J /

Here, P and ' is the density before and after heating the material

Expansion of Gases -

As we know that the gases have no definite shape. It takes the shape of the vessel in which it is kept. Therefore gases have only volume expansion. Since the
expansion of the container (Because the container is solid) is negligible in comparison to the gases, therefore gases have only real expansion.

(1) Coefficient of volume expansion: At constant pressure, the unit volume of a given mass of a gas, increases with a 1°C rise of temperature, which it
called the coefficient of volume expansion.

AV 1

o = 7 X Y = Final volume V' = V(1 + aAf)

(2) Coefficient of pressure expansion :
AP 1
= — W —
P Af
.. Final pressure P' = P(1 + 3A#)

g

6.Heat

Heat -

e The form of energy which is exchanged among various bodies or system on account of temperature difference is defined as heat.So, we can say that the
driving potential for the heat energy is the temperature differnece.

o Temperature of a body can be changed by giving heat (temperature rises) or by removing heat (temperature falls) from body.

e The amount of heat (Q) is given to a body depends upon it's mass (m), change in it's temperature and nature of material (C) i.e., Q =mCA¥f ; wher
C = specific heat of material which depends on the material.

e There are various units of heat like Joule(J), erg, calorie(cal) etc.

o Heat is a scalar quantity.

e The calorie (cal) is defined as the amount of heat required to raise the temperature of 1 gram of water by 1°C.

l1cal=4.18617
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There are basically two types of specific heats -

1. Gram specific heat : It is defined as the amount of heat energy required to raise the temperature of unit mass of a body through 1°C (or K) is called
gram specific heat of the material of the body. Actually it depends on the mass of the body which is in Gram.

Q
o=
If Q heat changes the temperature of mass m by AAf! then specific heat is given as - mA#

Based on this equation we can calculate the unit and dimension of this -

; . Joule
ST unit is = —(
kg — K
rr2r—2g-1
Dimension is - _L e ]
2. Molar specific heat : Molar specific heat of a substance is defined as the amount of heat required to raise the temperature of one gram mole o

the substance through a unit degree. It is represented by C.

G 1 C

=M / = 1Q

It can be written as - mAf A
Here,
Q) = Heat supplied, M = Molecular mass, m = Actual mass of the substance, A =
Temperature dif ference

7.Change Of State

What is Phase?

‘We know that there are three states of matter. So, the term phase is used to describe a specific state of matter, such as solid, liquid or gas. A transition from on
phase to another is called a phase change. So we need to supply or extract heat from any substance to change its phase or state. For any given pressure a phas
change takes place at a definite temperature. So the temperature will not change during phase change.

Water is very common substance known to us. So at 0°c temperature ice and liquid water can change its phase and at 100°C the liquid water and steam can
change its phase to each other at the atmospheric pressure.

Heat taken (- A Q)

'
at ~
i

Heat given (+ A Q)
(A)
Heat taken (- A Q)

Liquid at 0°C

AA A A A A

Liquid at 100°C o
Hishfoen fa Ao Vapours at 100°C

(B)

Latent heat : Latent heat is also called hidden heat. In this there is no change in the temperature of the body and because of that it is said to be hidden or late
as we are not feeling any change in temperature of the body. The amount of heat required to change the state of the mass m of the substance is written as :

-1
@ = mL_ where L is the latent heat. It's unit is €@ [fgm or, J/k8 and Dimension: [L ]

Basically the latent heat is classified in two types -

(i) Latent heat of fusion : The latent heat of fusion is the heat energy required to change one kilogram of the material in its solid state at its melting
point to one kilogram of the material in its liquid state. The latent heat of fusion for water (or latent heat of ice) is -
Lp = Ly = 80 cal/gm = 60 kJ/mol = 336 kilo — joule/kg

(ii) Latent heat of vaporisation : The latent heat of vaporisation is the heat energy required to change one kilogram of the material in its liquid state at
its boiling point to one kilogram of the material in its gaseous state. The latent heat of vaporisation of water (latent heat of steam) is
Ly = Lo = 540 cal/gm = 40.8 kJ/mol = 2260 kilojoule/ kg

Latent heat of vaporisation is more than the latent heat of fusion. This is because when a substance gets converted from liquid to vapour, so the increase i

volume is large. Hence more amount of heat is required. But when a solid gets converted to a liquid, then there is negligible increase in volume. Hence very
less amount of heat is required.

8.Triple Point Of Water
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Some important terminologies -

o Melting (or fusion) /freezing (solidification) : The phase change of solid to liquid is called melting or fusion and the reverse phenomenon is call¢
freezing or solidification.

¢ Vaporisation / liquefication (condensation) : The phase change from liquid to vapour is called vaporisation. The reverse transition is callc
liquefication or condensation.

¢ Sublimation : Sublimation is the conversion of a solid directly into vapours. So, in this the solid is directly converted to vapor without entering in
liquid phase. Best example of this is the burning of Camphor.

TRIPLE POINT -

If we plot a graph between pressure and temperature for any material. Then there are three curves form on this graph, they are - fusion curve, vaporisatic
curve and sublimation curve. Following graph shows variation of pressure with temperature of water -

| e
i Critical
Liquid Lol
baqse point
=3 i
7] X5
2 & Vapor
i : ) Phase
ol Solid KRG
Phase
Triple
Point
Temperature

Now, some description about the curves -

(i) Sublimation curve which connects points at which vapour (V) and solid (S) exist in equilibrium.
(ii) Vapourization curve which shows vapour and liquid (L) existing in equilibrium.

(iii) Fusion curve which shows liquid and solid existing in equilibrium.

The three curves meet at a single point which is called the triple point.

Triple point is that point for a substance where all the three phases co-exist in equilibrium.

For water - Triple point exist at - Pressure = 0.0062 bar or, 62 Pascal

Temperature = 0.01°C or, 273.16 K

9.Joule's Law Of Heating

Joule's experiments conclusively established that heat is a form of energy. Spending a given amount of mechanical work, always the same amount of he
will be produced. It does not depend on what type of arrangement is used for doing mechanical work.

Importance of Joule’s Experiments:
o This experiment shows that heat is a form of energy.

o Always the same amount of heat was produced by spending a given amount of mechanical work. It does not depend on what type of arrangement is us¢
for doing mechanical work.

o [t develops the relationship between Joule and Calories.

Whenever heat is converted into mechanical work or mechanical work is converted into heat, then the ratio of work done to the heat produced always remain;
w

constant.ie. = @

This is Joule’s law and J is called the mechanical equivalent of heat.

10.Calorimetry Principle

Principle of Calorimetry -

Calorimetry means 'measurement of heat'.

When two bodies (both being liquid or one being solid and other liquid) at different temperatures are mixed or come in contact, heat will be transferred from
body at a higher temperature to a body at a lower temperature till both acquire the same temperature. The body at lower temperature absorbs heat while the
body at higher temperature release it.

The principle of calorimetry represents the law of conservation of heat energy.

The temperature of the mixture always lies between the temperature of the liquid having the lowest temperature and the temperature of the liquid having the
highest temperature.
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Mixing of two substances when temperature changes only: It means no phase change. Suppose two substances having masses
my and 1y, gram specific heat C, and C, and temperature ty and 83 then,

Hence, Heat lost = Heat gained

= mjycy {EI — Bmix ) = m3ac3 {EmL\: - EE)

myeqfly + maeatly
micy + maca

Omie =

Similarly, we can derive formulas for different cases. The different cases and its result is mentioned in the table given below -

Condition Temperature of mixture

If bodies are of same material B my 9‘1 . m292

0 mix =
ie Ci= Cz Tyt

If bodies are of same mass
cq 01+ €202

mix =
mi=m; g4 M2
If M4 =M3And C1=Co gm.m_ 01 + 03
) 2

11.Heating Curve

Heating Curve

If a solid of mass (m) is heated at a constant rate such that it is undergoing change of phase from solid to liquid and liquid to gas on a graph of Temperature

and time is called Heating curve.

t E
f r — L SO Boiling
g @E Boiling :’D point
g 5 !
&= T1__‘_q__ T B-Z‘f._',-_-_.-...-.--:------- Melting
‘Melting ! H H i
fo: E :, : point
olfef ¢ : : :
t > & Time

b,

Now we will discuss each phase one by one -
(1) In the region OA, temperature of solid is changing with time so, Q@ = megAT = PAt =megAT  [as = PA{]

Here, P is the power and At is the time interval.
1

Co X AT
So, from here we can deduce that - Slope of line 04

AT
Because the At is the slope of OA
(2) Now come to the region AB, here temperature is constant, so it represents change of phase, i.e., change of phase from

Now you can see that between A and B substance is partly solid and partly liquid.

1 L7 is the latent heat of fusion @ = MLy

L+~=w [as Q=P (ty— t,)]

i.e., Latent heat of fusion is proportional to the length of line of zero slope. So, this line is parallel to the time axis.

1

oL Slope of line BC

(3) In the region BC temperature of liquid increases so, again

Since it is sensible heat, so the temperature will change in this zone BC.

solid state to liquid stat

159
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(4) In the region CD temperature is again constant, so it represents the change of phase, i.e., boiling with boiling point T, . In this the liquid is

changing its phase from liquid to gas. The length of line CD is proportional to latent heat of vaporisation L,)
Here, @ = mL,
P (ty — t3) ) .
Ly=—1"8 [a5Q=P(t,—t5)]
So, m

So, Ly o< Length of line C'D 1t means that the line is parallel to the time axis.

(5) The line DE represents gaseous state of substance. Here, its temperature increases linearly with time. Just like solid and liquid, the reciprocal of
slope of line will be proportional to specific heat or thermal capacity of substance in vapour state.

12. Heat Transfer

Heat transfer is the process of transfer of heat from high temperature reservoir to low temperature reservoir. In terms of the thermodynamic system, heat
transfer is the movement of heat across the boundary of the system due to temperature difference between the system and the surroundings.

There are three modes of heat transfer which is described below -

1. CONDUCTION - The process of transmission of heat energy in which the heat is transferred from one particle to other particle ~ without
dislocation of the particle from their equilibrium position is called conduction.

2. CONVECTION - In this transfer of heat is by means of migration of material particles of medium is called convection. So, convection is the
combination of conduction and advection. So, advection is the bulk flow of the particle. It is generally happens in fluids (liquid and gases)

3. RADIATION The process of the transfer of heat from one place to another place without need of medium is called radiation. So, radiation does not
need any material medium to propogate. It is generally effective when a body is much higher temperature than the surroundings. In this the heat transfe
is directly proportional to the fourth power of the absolute temperature.

13. Staedy Conduction Heat Transfer

Properties of conduction -
(1) Heat flows from high temperature to low temperature. In this, the particles of the medium simply vibrate about their mean position but do not leave the

place.

(2) Conduction heat transfer is medium dependent.

(3) The temperature of the medium goes on increasing in the direction of heat transfer.
(4) Conduction mode of heat transfer is the process that is possible in all states of matter.
(5) In solids, the only mode of heat transfer is conduction.

(6) In metallic solids, free electrons carry is the heat energy carrier, therefore they are good conductors of heat.
Terminologies used in steady state or basics of conduction -

Steady-state: It means that the temperature in the system is not time-dependent. So, if we supply heat to a body then the temperature of the body
increases but after some time, a state is reached when the temperature of every cross-section of the body becomes constant. In this state, no heat is
absorbed by the body. This state of the body is called a steady state.

Isothermal surface : Any cross-section (within a conductor) having its all points at the same temperature, is called isothermal surface.

Temperature gradient : The rate of change of temperature with distance between two isothermal surfaces is called temperature gradient. It is denoted

by -
So,
Temperature gradient = _::‘ﬁ

The negative sign show that temperature # decreases as the distance x inereases in the direction of heat flow.
Thermal conductivity(K) - It is the measure of the ability of a substance to conduct heat through it. The magnitude of K depends only on nature of the

material. Substances which do not permit easy flow of heat are called bad conductors. They possess low thermal conductivity due to very few free
electrons.

14.Law Of Thermal Conductivity

Law of Thermal Conductivity -
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Consider a rod of length 'I', area of cross-section 'A' whose faces are maintained at temperature f1 and 2 respectively. In steady state the amount of heat

flowing from one face to the other face in time t is given by -

- KA((# — 92) t
N [
Q) = Amount of heat transfer

t = Time of heat flow
K = Thermal conductivity of the material

Q

So, from the above equation we can calculate the - Rate of flow of heat i.e. heat current which can be written as -

Q . KA(6 —6)
i l
In the differential form, this heat current can also be written as -
d . df
—Q =-KA—
df da

In case of non-steady state or variable cross-section, this is the more general equation can be used to solve problems.
Relation of thermal conductivity of some material -

Kag = Kew = Kai
Ksotid > Kriquid = Kgas
h.’t!:imfs > h;’\-’ml—?mam!s

Thermal resistance (Ryy,) : The thermal resistance of a body is defined as the measure of its opposition to the flow of heat through it. It is defined as the ratio

Q

of temperature difference to the heat current 1t .

R _bi=6_ _ 6i—0 I
"TTH T KA®G —6)/1 KA

15. Electrical Analogy For Thermal Conduction-

Electrical Conduction Thermal conduction

higher potential to lower potential lower temperature

1. Natural flow of electric charge is from| 1. Heat flows from higher temperature to

2. The rate of flow of charge is defined
as

. heat current.
electric current.

dg i.c.:Hzﬁ

ie, [ =
ie., 0t dt

2. The rate of flow of heat may is called as

3. Ohm's law gives the relation between
the electric current and the potential .
. difference as
difference g, — 0
Vi — Vs g=a 2
I=——> 7

related with the temperature

where, R is the electrical resistance of

the conductor the conductor

3. Similarly, the heat current may be

where R, is the thermal resistance of

where K = Thermal conductivity

4. From the above point the electrical 4 Similarly from the above point the
resistance is defined as thermal resistance may be
[ [
A oA defined as KA
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where, () ) —th KA
p = Resistivity I H= B 1 (61 — )

o = Electrical conductivity
(E_q - U _ gA

16. Combination Of Metallic Rods

SERIES COMBINATION OF ROD/SLABS IN HEAT CONDUCTION -

Let n slabs each of cross-sectional area A, lengths Iy, la, 13 K, respectively be connected in series -

8,

a

o Heat current: In the case of series combination, heat current is the same in all the conductors, So -

Yom=m=Hy _H,

KiA(0 —6) KAl —0y) K, A0, —6,)

So, by law of thermal conductivity - h Iy Iy

¢ Thermal resistance - Net thermal resistance is equal to the sum of thermal resistance of all the slabs/rods. So, -

Equivalent thermal resistance: R = Ry + Ry + ... . R,

¢ Thermal conductivity - From the above equation of equivalent thermal resistance, equivalent thermal conductivity can be calculated as-

From Rg= Ry + Ry + Rz + ...

h+b+... L h i l2 i + In
Kegdey — KiA KA 7 KA
ll + l2 + ... l‘.‘l

= Kepivalent =
.r!ﬂ'l (EHLETLE i‘._ iz_ il‘.i_
mtTR Tt 5

AegLeg = ALy + AgLo + Ay Ly + .. + Ay Ly,

L(if;:Ll+L2+L3+...+L

For series combination: n (for each slab having constant area of cross section)

4-[5{; S 4‘1-1 + 4‘1.2 + A.;j + ...+ f:].,,l

For parallel combination: (for each slab having same length of slab)

¢ The temperature of the interface of composite bar: For the calculation of this, let the two bars be arranged in series as shown in the figure -

& 0 &

I‘(—" f;—)l"'-“—fz—"l

Q Ki1A{#1—0) Ka2A{0—02)

18., T‘ = 1 = Iz
. 1+7=f2
By solving, we get = “e—2—
' ntm
1

PARALLEL COMBINATION OF ROD/SLABS IN HEAT CONDUCTION -

www.careers360.com | 162



Parallel combination : Let n slabs each of lengths [, cross-sectional area Ay, Az, Az Ay and conductivities 11, Ko, [ K, respectively be
connected in parallel -

¢ Heat current :If each slab will have different thermal conductivity, then Net heat current will be the sum of heat currents through individual slabs. i.e.,
H=H +Hy+Hy+.. H,

So, by law of thermal conductivity -

K (-"11 + A2+ ... -_-"1”] [91 — 92\]
)
K A (01 — ) KoAy (B — ) KA, (01 — )
- l ) o l
¢ Equivalent Thermal resistance - Net thermal resistance in parallel combination -
1 1 1 1 1
R, Ry R, Ry R,

¢ Thermal conductivity - From the above equation of equivalent thermal resistance, equivalent thermal conductivity can be calculated as-

KA+ A+ +A,) (6 — )
I

KA —6y) | KaAy (6 —6) A KA, (61 — 6s)

[ ) y [
- K y KA + Kods + KAy + . KA,
equivalent — A+ A+ Azt A

¢ Temperature of interface of composite bar : Temperature gradient Same across each slab.

17. Heat Transfer By Convection

Convection is the heat transfer due to the bulk movement of molecules within fluids such as gases and liquids. Convection is of two types -

1. Natural convection : The main cause of this is the difference of densities at two places and is a consequence of gravity because on account of gravit
the hot light particles rise up (density become less) and cold heavy particles (density become high) try setting down. It mostly occurs on heating a
liquid/fluid.

Convection &
current

2. Forced convection : If a fluid is forced(by means of fan or draught or any external means) to move to take up heat from a hot body then the
convection process is called forced convection. In this case Newton's law of cooling holds good. According to which rate of loss of heat from a hot
body due to moving fluid is directly proportional to the surface area of body and excess temperature of body over its surroundings.
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18.

Radi

Heat Transfer By Radiation

ation - The process of the transfer of heat from one place to another place without any requirement of the medium is called radiation. It means that the
radiation does not need any material medium to propagate.

Characteristics of Radiation -

The process of the transfer of heat from one place to another place without heating the medium is called radiation.
The wavelength of thermal radiations ranges from 7.8 x 107 "m to 4 x 107 'm. The radiation heat transfer belongs to the infra-red region of the
electromagnetic spectrum. That is why thermal radiations are also called infra-red radiations.
Every body whose temperature is above zero Kelvin emits thermal radiation. Practically it is not possible to reach 0 Kelvin in finite number of steps, sc
every material in this universe emit radiation.
The intensity of thermal radiation is inversely proportional to the square of the distance of the point of observation from the source

(T e )

(f o =)
As it is an electromagnetic wave, they follow laws of reflection, refraction, interference, diffraction, and polarisation.
Radiation pressure - When these thermal radiations fall on a surface then exert pressure on that surface, which is called Radiation pressure.
Radiation spectrum is obtained by quartz or rock salt prism because these materials do not have free electrons and interatomic vibrational frequency
greater than the radiation frequency, hence they do not absorb heat radiations.
Interaction of Radiation with Matter-

When thermal radiations (Q) fall on a body, they are partly reflected, partly absorbed and partly transmitted

So we can write

Q=0Qu+Q:+Qr

Q (2 i Qr (21

o Q@ Q Q7

or l=a+r+t

‘Where

Qa

Q

Qr

Q

Q

Q

So

3.

= a = Absorptance

=r = Reflactance

=t = Transmittance

Ifa=t=0andr=1 then body is perfect reflector
Ifr=t=0and a =1 then body is perfectly black body.
.If,a=r=0andt=1 then body is perfect transmitter
Ift=0=r+a=1lora=1—r
i.e. good reflectors are bad absorbers.
Prevost Theory of Heat Exchange-
. Every body emits heat radiations at all finite temperature (Except 0 K) as well as it absorbs radiations from the surroundings.
. The amount of heat emitted/absorbed depends on the nature of the body, the temperature of the body and the cross-section of the body through which

heat exchange is taking place.
The exchange of energy along various bodies takes place via radiation.

4. How the temperature of the body will vary will depend on the temperature of the surrounding
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I. If surrounding temperature= body temperature

then Qrumnaml = Qrtf1.~r»-f1r=rf

i.e the body will emit and absorbed at the same rate

the temperature of the body remains constant (thermal equilibrium)
II. If surrounding temperature > body temperature

then anunfpn < Qrtfjsr);l-fmrf

i.e temperature of the body increases and it appears hotter.
III. If surrounding temperature < body temperature

then @emission > Qabsorbed

i.e temperature of the body decreases and consequently the body appears colder.

19. Black Body Radiation

The radiation radiated by the black body is known as BLACK BODY RADIATION.
Properties of Black Bodies -

o A perfectly black body is that which absorbs completely the radiations of all wavelengths incident on it.

o As a perfectly black body neither reflects nor transmits any radiation, therefore the absorptance of a perfectly black body is unity. I.e a=1

¢ The colour of an opaque body is the colour (wavelength) of radiation reflected by it. As a black body reflects no wavelength, so it appears black.

¢ When a perfectly black body is heated to a suitable high temperature, it emits radiation of all possible wavelengths. For example, the Sun is an example
of a black body. As its temperature is very high and it emits all possible radiation.

o A perfectly black body is an ideal concept and it can’t be realized in practice. But materials
like Platinum black or Lampblack come close to being ideal black bodies. Such materials absorb 96% to 85% of the incident radiations.

20. Kirchhoff's Law

¢ Emissive power-
If the temperature of a body is more than it's surrounding then body emits thermal radiation.

1. Spectral emissive power- For a given surface Spectral emissive power is defined as the radiant energy emitted per sec per unit area of the surface

p 1 . L,
(A=) to (A+ =)
2

within a unit wavelength around A (i.e. lying between 2" . Spectral Emissive power for particular wavelength (A) is denoted by £:

Energy

ey = :
Area x time x wavelength

So If the wavelength is changed then the value of Spectral Emissive power will also change.

2.Total Emissive Power (e) -Total Emissive power is It is defined as the total amount of thermal energy emitted per unit time, per unit area of the body for
all possible wavelengths.

e =/ ey dA
0

e Absorptive Power

1. Spectral Absorptive power- It is defined as the ratio of the amount of the energy absorbed in a certain time to the total heat energy incident upon it in
the same time, both in the unit wavelength interval. It is denoted by @

2. Total Absorptive Power (a)- It defined as the total amount of thermal energy absorbed per unit time, per unit area of the body for all possible
wavelengths.

a :/ ay dA
0

o Emissivity L€/ -

The emissivity of a body at a given temperature is defined as the ratio of the total emissive power of the body (e) to the total emissive power of a
perfectly black body (E).

- f;

And itis given by - E

£ = 1 - for a perfectly black body
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£ = 0 - for polished body

(0<e<1). for practical bodies

e Kirchhoff's law

According to Kirchhoff's law, the ratio of emissive power to absorptive power is the same for all surfaces at the same temperature and is equal to the
emissive power of a perfectly black body at that temperature.

€1 €2 E

Te 1 as A

And as for a perfectly black body A = 1

e1 e E
So (11 - az - A
[&] 5]
i = E
1 (5]
[
or —=F

If emissive and absorptive powers are considered for a particular wavelength (’\)

£y
2 g
then

This law also implies that a good absorber is a good emitter.
21. Wien's Displacement Law

Wien’s displacement law states that the wavelength (i.e /\'arm;r') for which the emissive power of a black body is maximum is inversely proportional to
the absolute temperature (T) of the black body.

Or Mathematically we can write that
Mnar * 1 = b = constant
Where b is a constant of proportionality which is known as Wien's displacement constant.
Value of b is given as b = 2.89 % 107 m K
With the help of this law, we can say that

As the temperature of the body increases, the wavelength at which the spectral intensity (EA) is maximum shifts towards left, as shown in the below figure.

4

}\.

le

If T <hh<T;
Then Any = Mg = Ay

¢ Wien's displacement law is useful for determining the temperatures of hot radiant objects such as stars, and it is also useful for a determination of the
temperature of any radiant object whose temperature is far above that of its surroundings.

22. Stefan Boltzmann Law
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e According to Stefan Boltzmann's law, the radiant energy emitted by a perfectly black body per unit area per sec is directly proportional to the fourth
power of its absolute temperature,

or emissive power of the black body is directly proportional to the fourth power of its absolute temperature ().
ie Ea#
= E=ot!
where
o =Stefan's constant
and its value is
o = 5.67 x 1073W /m?K*
¢ For ordinary body
1. Emissive power is givenby ¢ = ¢F/
So according to Stefan Boltzmann law
e =eb =eot)!
where ¢ = represent emissivity of the material
2. Radiant energy-

If Q is the total energy radiated by the ordinary body then

e = A(i ;= eotf = Q= Aea 't

3. Radiant power (P): It is defined as the energy radiated per unit area.

P:%:Aeoﬂl

ie
4. If an ordinary body at temperature f is surrounded by a body at a temperature t

Then according to Stefan Boltzmann law

e =ceo(f —6))

23.Newton's Law Of Cooling
« Rate of Loss of Heat-

If an ordinary body at temperature f is placed in an environment of temperature to( and 8 < 0) then heat loss by radiation.
And Rate of Loss of Heat is given by

from Stefan Boltzmann law

_d@ 4 gl
Ry = 7 = Aeo (8 —6p) W

« Rate of Cooling-
If m is the body and c is the specific heat then @ = meAd
dQ Af

= me—
And df dt )
Comparing equation 1 and 2

we get Rate of Cooling as

Ro=20 AT gy

dt me
where
¢ = specific heat capacity

R.= Rate of cooling.
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As Mass = volume * density = m = pu

So We can also write

Aea ]
R.=—(0"—6;)
upc

o If two bodies of the same material under identical environments

(R)1 A
(Ro)2  Asy

¢ Dependence of the rate of cooling (Rr)

_ Ao _ Ao

R. (6" — 6)

As me vpc

(0 — 8y

So f: will depend on

. Nature of radiating surface i.e. greater the emissivity faster will be the cooling.

AN AW =

. Area of the radiating surface, i.e. greater the area of the radiating surface, faster will be the cooling.
. Specific heat of radiating body i.e. greater the specific heat of radiating body slower will be cooling.
. Mass of radiating body i.e. greater the mass of radiating body slower will be the cooling.

. The temperature of the radiating body i.e. greater the temperature of the body faster will be cooling.
. The temperature of surrounding i.e. greater the temperature of surrounding slower will be cooling.

Newton's Law of Cooling

According to Newton's Law of Cooling, if the temperature difference between the body and its surrounding is very small then the Rate of cooling is
directly proportional to the temperature difference between the body and its surrounding.

df!
Ile dt

—a(f — fy)

. Greater the temperature difference between the body and its surrounding greater will be the rate of cooling.

2 f:f = 9{] =

df}

dt

i.e. a body can never be cooled to a temperature lesser than its surrounding by radiation.

0 0
3. When the body Cools by Radiation from f,C to theta 18 in time t

[91 — 92] [91 + Iy :|
=k 5 —fo
Then t =

_ f 1+ 92
Where 2

Variation of curves for Newton's Law of Cooling-

According to Newton's Law of Cooling
df
(e — B
% aff — 6))
df
= k(6 — o)

or we can say that df
where

k is the proportionality constant

R= @ = Rate of cooling
dt

8 = Temperature of the body
By = Temperature of the surrounding

Using the above formula we can plot various curves

1.The curve between 109(0 — ) Vs time(t)
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As EO‘(}E(S - 9{]) = —kt+ec

So the graph will be

o log, (8- &) —

2. The curve between Temperature of body and time ie / Vs ¢
As B — Oy = Ae™

So the graph will be

df!
=— wus fl
3. The curve between rate of Cooling and body temperature I.e di
df
R=—=K{#—t)) = K- K0
As At L( (]) 0

So the graph will be

A

R
Kﬁul 6—

4. The curve between the Rate of Cooling (R) and the Temperature difference between body and Surrounding

df X
Le R = E 1 5 (9 — 9.[])

As Ra(f— 9{:)

So the graph will be

o

(0- &)~
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Kinetic theory of Gases

Important Formulae

1.States Of Matter

The matter is defined as any substance that has mass and takes up space by having volume.
A state of matter is one of the distinct forms in which matter can exist. The states of matter are broadly classified in three states -

1. Solid
2. Liquid
3. Gas

However there is a fourth state (Plasma) also, but that is not in the scope of our syllabus.

¢ Solid - A solid is a state of matter in which particles are arranged such that their shape and volume are relatively stable. In this, the constituents of a
solid tend to be packed together much closer than the particles in a gas or liquid.

¢ Liquid - A liquid is a state of matter which is a nearly incompressible fluid and it conforms to the shape of its container but retains a constant volume
independent of pressure. It means that the volume is not changing with pressure.

e Gas - A gas is defined as a state of matter consisting of particles that have neither a defined volume nor a defined shape.

Comparison Chart of Solids, Liquids and Gaseous States.

Property Solid Liquid Gas
i |

Shape | Definite’ |Notde’ﬁr§§9 Not defirite

Volume | Definite Definite Not definite

Dens'ty Maximum Less than solids but more | Minimum
than gases.

Compressibil'ty Incompressible Less than gases but more | Compressible
than solids. |

Crystallinity | Crystalline. Nan-crystalline !

Interatomic or | Constant MNon constant Non constant

intermolecular dist

Relation between kinetic K=U K=U K==l

energy K and potential

energy (U)

Intermolecular force | Strongest Less than solids but more | Weakest
than gases.

Freedom of motion Molecules have fimited | Molecules are fres to move.

Effect of temperature | Matter remains in solid form | Liquids are found at These are found at

' below a certain temperature. | temperatures more than ternperatures greater than

that of solid. that of solids and liquids.

2. Kinetic Theory Of Gases Assumptions

Ideal gas - It is a hypothetical gas (which is not real gas), whose molecules occupy negligible space and have no interactions (Force of interaction is very
less), and which consequently obeys the gas laws exactly.

So, the ideal gas does not exist in real, but for study we take some assumption to make the gas ideal and we can apply some laws which are only valid for idea
gases. These assumptions are -

1. The size of the molecules is negligible in comparison to intermolecular distance (10~ m).

. The molecules of a gas are identical, spherical, rigid and perfectly elastic point masses (It means that when they collide with each other, then there is no
loss of energy while collision).

. The molecules of a given gas are all identical but these molecules are different than those of another gas.

. The volume of molecules is negligible in comparison to the volume of gas.

. Molecules of a gas moves randomly in all possible direction with all possible velocities.

. The speed of gas molecules varies from zero and infinity.

. The gas molecules keep on colliding among themselves as well as with the walls of containing vessel. These collisions are perfectly elastic (no loss of
energy).

. The time spent in a collision between two molecules is negligible in comparison to time between two successive collisions (i.e., time required to
travel mean free path).
9. The number of collisions per unit volume in a gas remains constant.

10. No attractive or repulsive force acts between gas molecules.

11. Gravitational attraction among the molecules is negligible due to extremely small masses and very high speed of molecules.

12. Molecules constantly collide with the walls of container due to which their momentum changes. The change in momentum is transferred to the walls of

the container and due to this Pressure is exerted by gas molecules on the walls of the container.
13. The density of gas does not changes at any point of container.

NN AW [\

oo
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3.The Gas Laws

BOYLE'S LAW-
It states that, for a given mass of an ideal gas at constant temperature, the volume of a gas is inversely proportional to its pressure.

1

Vo —
*P
or, PV = constant
= PV = 15

‘We can also write the above equation as,
. m
PV =P (F) = constant

B

P A
= — = constant or — =
So, pn M 2]

We can represent the Boyle's law through the various graph, which is shown as -

CHARLE'S LAW -

It states that, if the pressure remaining constant, the volume of the given mass of a gas is directly proportional to its absolute temperature.

From the above statement we can conclude the following equations -

V « T
V'~ Constant
?— S QTLSTOTLT
i_ ke

so, i T

This equation can also be written in terms of density and temperature as -

1 - constant ( As volume V' = E)
T T o

or, pl = constant = p1T1 = p2T2

We can represent the Charle's law through the various graph, which is shown as -
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T T 1T

Gay-Lussac’s law or pressure law_ -
If the volume remains constant, then the pressure of a given mass of a gas is directly proportional to its absolute temperature.

So, We can conclude the above statement in the following equation -

P P P
PoxTor == constant = — = —
n 0

The graphical representation of Gay-Lussac's law is -
P1 PIT | prr |
o Tor 1T Por1/P
(A) (B) (€)
1/P B
> >
(D) (E) 1T

AVAGADRO'S LAW -

Equal volume of all the gases under similar conditions of temperature and pressure contain equal number of molecules.

It implies that -

J'\"l = J'\'Yg

N = Number of molecules in a particular gas.

GRAHAM’S LAW OF DIFFUSION

It states that when any two gases at the same pressure and temperature are allowed to diffuse into each other, then the rate of diffusion of each gas is inversely
proportional to the square root of the density of the gas.

So we can say that,
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1 1 .
PO — X o Vs

Ve VM
Where, r = rate of diffusion of gas
' = Density of the gas
M = Molecular weight of the gas
Vims= Root mean square velocity

Now, from the above equation, we can write,

r - V o - Vg,

DALTON'S LAW OF PARTIAL PRESSURE -

It states that the total pressure exerted by a mixture of non-reacting gases occupying a vessel is equal to the sum of the individual pressures which each gases
exert if it alone occupied the same volume at a given temperature.

Now, let us have a mixture of 'n' gases, so from the above statement we can conclude that -

Forngases P=P + PR+ P +....F

Here, P = Pressure exerted by the mixture of gases

PPyt P, = Partial pressure of the component gases.

4. Ideal Gas Equation

¢ Ideal gas equation-

The equation which relates the pressure (P), volume (V) and temperature (T) of the given state of an ideal gas is known as an ideal gas equation or
equation of state.

From Boyle’s law, we get P ..

and From Charle’s Law, we get V" oc T ....(2)
And from Avogadro’s Law, we get V" ocn ... (3)
And from equation (1), (2), (3)

we can write

vl
PV
or e = constant
PV . . .
or —5 = R (where R is proportionality constant)
or PV = nRT

So Ideal Gas Equation is given as
PV =nRT
where
T= Temperature
P= pressure of ideal gas
V= volume
n= numbers of mole
R = universal gas constant
¢ Universal gas constant (R)-

At S.TP. the value of the universal gas constant is the same for all gases.
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And its value is given as

Joule cal
R =831 =2
mole x Kelvin mole x Kelvin

And its Dimension is : [ﬂngT_gﬁ_l]
e Boltzman's constant (k)-

It is represented by per mole gas constant.

L B 8.31

e K= N T Gomxiom = X W0

e Specific gas constant (r)-

It is represented by per gram gas constant.

R
M

Le. r=

. . Joule
It's unit is ————
gm x kelvin

5. Real Gas And Equation

¢ Real gas- The gases which do not obey gas Laws are called Real gas.
Two main factors because of which Real gas deviates from ideal gas are:
1) Presence of force of attraction between molecules.
2) The size of molecules are not negligible.
The gases actually found in nature are called real gases.

From the ideal gas equation, we get
PV
For exactly one mole of an ideal gas RT
PV

The quantity /2T is called the compressibility factor and should be a unit for an ideal gas.
PV

Plotting the experimentally determined value of /21" for exactly one mole of various real gases as a function of pressure P

shows a deviation from identity as shown in the below graph.

3%}

N/?CH4
| __-H2

l— L

2 /5 e
Ideal ggis
/

0.5

N

0 200 400 600 800 1000

P(in atm)
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Similarly, real gases show deviation from ideal behaviour as a function of temperature as shown in the below graph.

500 K

15 L

1000 K
PV

o = |
Ideal gaLs

0.5

0 200 400 600 800 1000

P(in atm)
From the above graphs, we can say that A real gas behaves as an ideal gas most closely at low pressure and high temperature.

¢ Real gas equation- Real gas equation, For n moles of gas is given by

2
(P + "{f) (V —nb) = nRT

Where a and b are called Vander wall's constant having dimensions and units as follows:
Dimension : [a] = [M LT %] and [b] = [L*Dimension : [a] = [ML*T~¥ and [b] = [L]
Units :a =N xm and b=m? Units :a =N xm and b=m?

As we know the ideal gas equation as PV=nRT

...... 2
From equations (1) and (2) we can say that
The real gas equation is nothing but the ideal gas equation with two corrections (i.e Volume correction and Pressure correction)

These corrections are given by Vander Waal's. So the real gas equation is also known as Vander Waal's gas equation.

1. Volume correction- Due to the finite size of the molecules the effective volume of gas becomes (V —nb).

2. Pressure correction- Due to the presence of intermolecular force in real gases, the effective pressure of gas becomes

6. Pressure Of An Ideal Gas

Consider an ideal gas (consisting of N molecules each of mass m) enclosed in a cubical box of side L as shown in the below figure.
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i

Ay — O

z
1. Instantaneous velocity-
Any molecule of gas moves with velocity ¢’ in any direction
where ¥ = v,1+ e,'yj + .k

And Due to the random motion of the molecule

Up = Uy = U,

/ — 2 2 2
As v = jup +uy+ vz

2 2
= v =3v; = du, = v

2. The time during a collision-Time between two successive collisions with the wall A;

Te Af Distance travelled by molecule between two suecessive collision
£ L =

Velocity of molecule

or At = —

3. Collision frequency (n): It means the number of collisions per second.

1 .
Te n=—=-2L
CTTA T AL

4. Change in momentum: This molecule collides with A; wall (A1) with velocity v, and rebounds with velocity (-vy)
The change in momentum of the molecule is given by

Ap = (—muv,) — (mv,) = —2mu,
As the momentum remains conserved in a collision,

ﬂpsyshim =0
&psystmn = ﬂpﬁrwf ecule + ﬂpu'frﬂ =0
&pu'm‘f — _&p‘amﬂ[iruhi

the change in momentum of wall A is Ap = 2mu,
5. Force on the wall: Force exerted by a single molecule on the A; wall is equal to the rate at which the momentum is transferred to the wall by this molecul

2
Ap 2muy muy

Le. FSiuglc molecule = E = m = T

The total force on the wall A} due to N molecules

m m mN—
F,= E “;% = f (U:::'l + U:%'z + U\E:; R ) = Ij U;%
02—

where v2 = mean square of @ component of the velocity.

6. Pressure-As pressure is defined as force per unit area, hence the pressure on A wall

_F_mN— _ mN—

P= == T
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So Total pressure inside the container is given by

T’?J.J'\'“—g _ lmi\' 3

P = . (where vpms = ug)

1
E vV o T3V Urins
Using total mass= M=mN

Pressure due to an ideal gas is given as

1, 1 (M 9
P = E'O Ulins g I © Upmns

where

1m = mass of one molecule

N = Number of the molecule

2 >
2 VT + U5+

Urms =
: n

Urms = RMS velocity

7. The Maxwell Distribution Laws

Various types of speeds of ideal gases-

¢ Root mean square speed- It is defined as the square root of the mean of squares of the speed of different molecules.

) N R R R~
e, tms = = =V
N

1. As the Pressure due to an ideal gas is given as

P= %P Uigvrss
. P 5PV [SRT _ [3kT
Upns = (| — = — Vo
s P Mass of gas M m
Where

R = Universal gas constant
M = molar mass
P = pressure due to gas
P = density
2. Vpms & \/T I.e With the rise in temperature, rms speed of gas molecules increases.
1
Upms O ——
3. m I.e With the increase in molecular weight, rms speed of the gas molecule decreases.
4. The rms speed of gas molecules does not depend on the pressure of the gas (if the temperature remains constant)

¢ Most probable speed-This is defined as the speed which is possessed by maximum the fraction of the total number of molecules of the gas.

R (2P J2RT  [2iT
“mps T - 1 -
Le o M m

e Average speed-It is the arithmetic mean of the speeds of molecules in a gas at a given temperature.

v tug v+
Vaug = N

and according to the kinetic theory of gases
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M N N M Vaom

o The relation between RMS speed, average speed, and most probable speed
Vims = Vi q = 1".;”;1 5
Maxwell’s Law -

The V:ms (Root mean square velocity) gives us a general idea of molecular speeds in a gas at a given temperature. So, it doesn't mean that the speed of each
molecule is Vrms.

Many of the molecules have speed less than V»m: and many have speeds greater than Urms. So, Maxwell derived an equation that describes the distribution of
molecules in different speeds as -

m 3/2 mv?

dN = 47N (—) Ve B dv
S\ 27kT

where, d¥ = Number of molecules with speeds between v and v + dv

So, from this formula, you have to remember a few key points -

1IN

£ (a4 J'\"
1. du

dN o
2. dv

AN
. Al particular
dv " mpecaire
(Number of
molecules at
a particular

|
|
|
speed) :
|
|
|
|

Vimps Vavg Vims

Conclusions from this graph -

1. This graph is between number of molecules at a particular speed and speed of these molecules.

dN
2. You can observe that the dv is maximum at most probable speed.

3. This graph also represent that Vrms > Vaw = Unp,

4. This curve is asymmetric curve.

5. From this curve we can calculate number of molecules corresponds to that velocity range by calculating area bonded by this curve with speed axis.
Effect of temperature on velocity distribution :

With rising of temperature, the curve starts shifting right side and become broader as shown as -
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dv
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dN

dv

o bestperalnne g

speed v

8. Mean Free Path

On the basis of kinetic theory of gases, it is assumed that the molecules of a gas are continuously colliding against each other. So, the distance travelled by a
gas molecule between any two successive collisions is known as free path.

There are assumption for this theory that during two successive collisions, a molecule of a gas moves in a straight line with constant velocity. Now, let us
discuss the formula of mean free path -

Let At: Ag--: Ay be the distance travelled by a gas molecule during n collisions respectively, then the mean free path of a gas molecule is defined as -

Total distance travelled by a gas molecule between successive collisions

A= Total number of collisions

4{ www.careers360.com } 179



Here, A is the mean free path.

A_A1+A2+A3+“‘+Aﬂ

It can also be written as - n

Now, let us take d = Diameter of the molecule,
N = Number of molecules per unit volume.

Also, we know that, PV = nRT
n P

So, Number of moles per unit volume = vV RT

Also we know that number of molecules per unit mole = Ny =6.023x 10%
So, the number of molecules in 'n' moles = nN

PN,
So the number of molecules per unit volume is N' = RT

\___RT kT
So.  V2md?PN,  2nd?P

1 RT

kT

A= = =
If all the other molecules are not at rest then, V2TNd?  V2\:PN,  2rd2P

1

= — A=
Now, if V2N d? and m = mass of each molecule then we can write -

1
Ao —and Aocm
So, P

P)

5

9. Degree of freedom

1 m 1

V2r Nd? B ﬁ?r[m:’\.")rfz B Vard2p

The degree of freedom of systems is defined as the possible independent motions, systems can have.

Or

The degree of freedom of systems is defined as the number of independent coordinates required to describe the system completely.

The independent motions can be translational, rotational or vibrational or any combination of these.

So the degree of freedom is of three types :
(i) Translational degree of freedom

(ii) Rotational degree of freedom

(iii) Vibrational degree of freedom

The degree of freedom is denoted by f

And it is given by
f=3N-R
Where

N = no. of particle

R =no.of relation
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¢ Value of degree of freedom for
1.Monoatomic gas-
A monoatomic gas can only have a translational degree of freedom.
lef =3
Example- He, Ne, Ar
2. Diatomic gas
A diatomic gas can have three translational degrees of freedom and two rotational degrees of freedom.
le f=5
Example- H, , 0, ,N,
3. Triatomic gas-
A triatomic gas can have three translational degrees of freedom and three rotational degrees of freedom.
1e f=6
Example- H,O
¢ Note-
The above degrees of freedom are shown at room temperature. Further at high temperature, in the case of diatomic or polyatomic molecules,
the atoms within the molecule may also vibrate with respect to each other. In such cases, the molecule will have 2 additional degrees of freedom, due to
vibrational motion. I.e One for the potential energy and one for the kinetic energy of vibration.

So A diatomic molecule that is free to vibrate (in addition to translation and rotation) will have 7 degrees of freedom.

10. The Kkinetic energy of ideal gas-

In ideal gases, the molecules are considered as point particles. The point particles can have only translational motion and thus only
translational energy. So for an ideal gas, the internal energy can only be translational kinetic energy.

Hence kinetic energy (or internal energy) of n mole ideal gas
3RT 3

F= Lr_Ue'z = i}r.\f X —— = —nRT
2 s 2 M 2

1. kinetic energy of 1 molecule
3
E=-LT
2
where k = Boltzmann’s constant
and k= 1.38 x 1002 J/K

i.e Kinetic energy per molecule of gas does not depends upon the mass of the molecule but only depends upon the temperature of the gas.

2. kinetic energy of 1 mole ideal gas
3
E=—-RT
2
i.e Kinetic energy per mole of gas depends only upon the temperature of the gas.

3.AtT=0,E=0i.e. at absolute zero the molecular motion stops.

¢ The relation between pressure and Kinetic energy

1mN 1M 5 Iy
P=—c—uwu =-—v = FP=—pu
As we know 3V s 3 ms ‘31( ms )
1M, 1,
And K.E. per unit volume= = < 2)
2
So from equation (1) and (2), we can say that - E

i.e. the pressure exerted by an ideal gas is numerically equal to the two-third of the mean kinetic energy of translation per unit volume of the gas.
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¢ Law of Equipartition of Energy-

According to this law, for any system in thermal equilibrium, the total energy is equally distributed among its various degrees of freedom.

E=Lir
»

I.e Each degree of freedom is associated with energy 2

EL-T

1. At a given temperature T, all ideal gas molecules will have the same average translational kinetic energy as 2
2. Different energies of a system of the degree of freedom f are as follows

(i) Total energy associated with each molecule = '.EL'T
(ii) Total energy associated with N molecules = '%NL'T
(iii) Total energy associated with 1 mole = %RT

(iv) Total energy associated with n mole = ’—E;EI?T

11.Specific Heat Of A Gas

Specific heat - The specific heat is the amount of heat per unit mass required to raise the temperature by one Kelvin.
Now for gases, we have several types of specific heat, but here we will discuss basically two types of specific heat -

1. Specific heat at constant volume(c,) -It is defined as the quantity of heat required to raise the temperature of unit mass of gas through 1°C or 1 Kelvir
at constant volume.

(AQ)v
Cy —
Itis givenas- mAT

If 1 mole of gas is placed at the place of unit mass is considered, then this specific heat of gas is called molar specific heat at constant volume and is
represented by Cv (Here C is capital)

So, for molar specific heat -

M{AQ)y 1(AQ)y m
Cy = Mey = S Asp=2
! VT TmAT AT [ H _u}

2. Specific heat at constant pressure (cp) -1t is defined as the quantity of heat required to raise the temperature of unit mass of gas through 1°C or 1
Kelvin at constant pressure.

. _(AQ),

=
Itisgivenas- | mAT

If 1 mole of gas is placed at the place of unit mass is considered, then this specific heat of gas is called molar specific heat at constant pressure and is
represented by C,, (Here C is capital)

So, for molar specific heat at constant pressure -

M(AQ), 1(AQ), m
C, = Mec, = o —8%h [Aspu=2
PTEPTTLAT T 4 AT [ S _u}

12.Mayer's Formula

Molar Specific heat of the gas at constant volume=C

and Molar Specific heat capacity at constant pressurezq”

Mayer’s formula gives the relation between CT}J and Clv as Crfl =C,+R
or we can say that molar Mayer’s formula shows that specific heat at constant pressure is greater than that at constant volume.
o Specific Heat in Terms of Degree of Freedom
1.Molar Specific heat of the gas at constant volume (a-)

For a gas at temperature T, the internal energy
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U= %nRT = Change in energy AU = %nRAT. (1)

Also, as we know for any gas heat supplied at constant volume

(AQ)y = nCy AT = AU......_.(id)

From the equation (i) and (ii)

o IR
2
where

f = degree of freedom

R= Universal gas constant

2. Molar Specific heat of the gas at constant pressure (

C,=C,+R

From Mayer’s formula, we know that =

:>CP=C\-"+R:§R+R: (%+1)R

3. Atomicity or adiabatic coefficient (7)

It is the ratio of CP to Chy

; 2
"J-:&=1+—

Cy f

Value of 7 is always more than 1

5

for Monoatomic gas 3
for Diatomic gas

for Triatomic gas
Gaseous Mixture

If two non-reactive gases A and B are enclosed in a vessel of volume V.

C

In the mixture n; mole of Gas A (having Specific capacities as ~'P! and C , Degree of freedom f1 and Molar mass as M 1) is mixed with

n, mole of Gas B (having Specific capacities as sz and Ci2 ,.Degree of freedom Jf2 and Molar mass as M 2)

Then Specific heat of the mixture at constant volume will be

n1Cy, + n2Cly,
ni + na

Uiz

Similarly, Specific heat of the mixture at constant pressure will be

nlC-‘m + n.gC-‘m

]+ n2

Pmiz

And adiabatic coefficient () of the mixture is given by

(m Cp[ —‘.‘l-gf}_,.,)

G R 0, )
Jmixure — - -
C-Tl.mz ['?llf'z-l—‘l‘lzf:-z) (n.lc-l.L + H.gcl.z)
Ty +nz

Also

. Ly 7z

1 T s S P
iz — 1 1y + T

Similarly, the Degree of freedom of mixture is given as
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nif1 +nafs
Ty + g

.Jf.nu.r- =

Similarly, the molar mass of the mixture

My + nalMs

ny + na

-U’nu.r- =

Thermodynamics

Important Formulae

1.Introduction To Thermodynamics

Thermodynamics : It is a branch of science which deals with the exchange of energy in the form of heat or work between system and surroundings. It deals
with the conversion of the heat energy into mechanical energy and vice-versa.

Thermodynamic system and surroundings : The collection of an extremely large number of atoms or molecules which are confined within certain
boundaries (either fixed or moveable) such that it has a certain value of pressure, volume and temperature is called a thermodynamic system.

Anything outside the thermodynamic system to which energy or matter is exchanged is called its surroundings.

Example : Suppose there is Piston-cylinder arrangement which contains any gas within it, then the gas enclosed in a cylinder fitted with a piston forms the
thermodynamic system but the atmospheric air which is outside the cylinder, movable piston are surroundings.

Thermodynamic system are classified in three major categories -
(i) Open system : It exchange both energy and matter with the surroundings.
(ii) Closed system : It exchange only energy (not matter) with the surroundings.

(iii) Isolated system : It exchange neither energy nor matter with the surroundings.

2.Thermodynamic State Variables And Equation Of State

Thermodynamic variables : Any thermodynamic system can be described by specifying some of the variables i.e; its pressure(P), volume(V),
temperature(T), internal energy(U) and the number of moles(n). These parameters are called thermodynamic variables.

Extensive and Intensive properties/variables -
¢ Intensive properties do not depend on the amount of matter that is present. These are bulk properties. Examples of intensive properties are - Density,
Temperature ets.
o Extensive properties are those properties which depend on the amount of matter that is present. Examples of extensive properties are - Volume, Weight
etc.
Equation of state - The relation between the thermodynamic variables (P, V, T) of the system is called equation of state.

For n moles of an ideal gas, equation of state is PV = nRT

2
( ﬁ(l —nb)=nRT

+ —|
For n moles of a real gas equation of state is V2

Thermodynamic process : The process of change of state of a system involves change of thermodynamic variables such as pressure P, volume V and
temperature T of the system. The process is known as thermodynamic process.

Some important processes are -

(i) Isothermal process (ii) Adiabatic process (iii) Isobaric process (iv) Isochoric process

(v) Cyclic and non-cyclic process (vi) Reversible and irreversible process

Later, we will study all these process one by one in detail.

State and path function -

State or Point function does not depend on the path followed by the thermodynamic process but it depends on the final and initial position of the process.

Path function depends on the path followed by a thermodynamic process and not on the initial and final states of the system. Example of point function is
Internal energy and example of path function is Heat and work.

3.Thermodynamic Equilibrium

Thermodynamic equilibrium : When all the thermodynamic variables attain a steady value i.e. they do not change with respect to time, the system is said to
be in the state of thermodynamic equilibrium. For the system to attain thermodynamic equilibrium, the following equilibrium must be attained -

(i) Mechanical equilibrium : There is no unbalanced force between the system and its surroundings. There is no pressure gradient.
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(ii) Thermal equilibrium : There is a uniform temperature in all parts of the system and is same as that of surrounding. There is no temperature
gradient.

(iii) Chemical equilibrium : There is a uniform chemical composition throughout the system and the surrounding. There is no concentration gradient.

Quasi-static process - A quasi-static process is a thermodynamic process which happens slowly enough for the system such that each state will remain in
internal equilibrium.

Example of quasi-static compression - when the volume of a system changes at enough slow rate to allow the pressure to remain constant throughout the
system

Zeroth Law of Thermodynamics.

If systems A and B are each in thermal equilibrium and B and C are in thermal equilibrium with each other, then A and C are in thermal equilibrium with eact
other.

A in equilibrium with B B in equilibrium with C

Zeroth law leads to the concept of temperature. All bodies in thermal equilibrium must have a common property. This common property is called
temperature.

4.Heat, Internal Energy And Work - Thermodynamics

Quantities Involved in the First Law of Thermodynamics -
(a) Heat (Q) : It is the energy that is transferred between a system and its environment because of the temperature gradient.
(b) Work (W) : Work can be defined as the energy that is transferred from one body to the other owing to a force that acts between them.
(C) Internal energy (U) : Internal energy of a system is the energy possessed by the system due to molecular motion and molecular configuration.
Types of internal energy -
¢ Due to molecular motion internal energy is kinetic internal energy (UK).
¢ Due to molecular configuration, it is called internal potential energy (UP).
Important points :

1. Heat and work are path-dependent quantities and Internal energy is point function.

AW = PAV = P (V; = Vj)
AW = positive if V; = V] i.e. system expands against some external force.
5 AW = negative if V; < V] i.e. system contracts because of some external force exerted by the surrounding.

3. The area of P-v diagram on volume axis give the work done in a reversible process. Also for quasistatic process work is given by

4{ www.careers360.com } 185



Work -

4. And for a cyclic process the clockwise area will show positive work and the anticlockwise area will show negative work done.
5. The internal energy of an ideal gas is totally kinetic and is given by
U= g.n RT
So, the Internal energy of an ideal gas is the function of temperature only.
6. For heat transfer -
AQ =mL (for change of state)
AQ =msAT (for change in temperature)
or,
AQ = ncAT
Where, c¢ = molar specific heat capacity
Sign of dQ(Heat)
d@) = 0 if heat is given to the system

d€) < 0 if heat is extracted from the system

5.First Law Of Thermodynamics

First law of thermodynamics -

According to it heat given to a system (Q) is equal to the sum of increase in its internal energy (U) and the work done (W) by the system against the
surroundings.

AQ =AU + AW

or For cyclic process

Y A=) aw

Drawback of First law of thermodynamics -

¢ First law of thermodynamics does not tell us reason about the direction of heat transfer.
Important points -

1. Q and W are the path functions but U is the point function.

2. First law of thermodynamics introduces the concept of internal energy.

6.Isobaric Process

Isobaric Process- A Thermodynamic process in which pressure remains constant is known as the isobaric process.
In this process, V and T change keeping P constant.l.e Charle’s law is obeyed in this process

Key points in the Isobaric Process-
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V
o Its Equation of state is given as T°

— = constant
Vi W
le T 2

constant

o P-V Indicator diagram for an isobaric process

dP
Its PV graph has slope=0 (ie dV )

o Specific heat of gas during the isobaric process is given by

C-‘p=(£+1)j?

= — = 0
—AV/V

o The bulk modulus of elasticity during the isobaric process is given by
. AP
K

¢ Work done in the isobaric process-

Or we can write

Vi Vi
AW = / PdV =P / dV = P[Vy — V]
V. !

AW = P (Vy = Vi) =nR [Ty — T}] = nRAT
¢ Internal energy in an isobaric process

AU = nCyAT = n—2

— AT
v — l)

e Heat in an isobaric process
From FLTD AG = AU + AW
R
AQ = n.mAT + nRAT = nRAT
N —

1
: 1}
["f -1
= AQ = nRAT—— =» ( - ) RAT = nC,AT
So 11 v—1
so AQ = nC,AT

¢ Examples of the isobaric process-

1. Conversion of water into vapour phase (boiling process)
From the first law of thermodynamics

AQ = AU + AW = AU + AUp + AW
since AUg =0 [as there is no change in temperature] and using, AQ =mL
AQ = AUp + P[V; — V]

AUp = AQ — PV} — V)]

AUp =mL— P[V; — V]
Here, i- initial state and f-final state

2. Conversion of ice into water
From FLOT A& =AU + AW ang ysing, AQ =mL
we get mL = AUp + AUy + AW
mL = AUp + AUg + P (V; = V)

since AUk =0 [as there is no change in temperature]

—— www.careers360.com

and AW =0 [As Vi = Vi negligible, I.e, when ice convert into water then change in volume, is negligible]
l

Back to Index @

187



Hence 5Up = mL

7. Isochoric Process

Isochoric Process- A Thermodynamic process in which volume remains constant is known as the Isochoric Process.
In this process P and T changes keeping P constant. So Gay-Lussac’s law is obeyed in this process.

Key points in the Isochoric Process

P
. L — = constant
e Its Equation of state is given as T~

Py P

— = — = constant
oo 1 T

o P-V Indicator diagram for an isobaric process
dP
—_— =0
Its PV graph has slope= infinity (i.e dV/ )
¢ Specific heat of gas during the Isochoric process is given by

C\'Ziﬁ

2

o The bulk modulus of elasticity during the Isochoric process is given by

AP AP
= — =X

N=— =
YTTAVV . o

¢ Work done in the Isochoric process-

AW = PAV
and as AV =10
So AW =0

o Internal energy in the Isochoric process

AU =nCyAT = n%&f

Heat in the Isochoric process
From FLTD AQ = AU + AW
But AW =10

So (v—1) 7 =1
e Examples of Isochoric process-

1. Heating of water in a pressure cooker (Valve closed)

8.Isothermal Process

Isothermal process - When a thermodynamic system undergoes a thermodynamic process in such a way that its temperature remains constant, then that
process is called an Isothermal process.

So, T = constant and AT = 0.

Trick to recognize isothermal process -
o The walls of the container must be perfectly conducting (no resistance) which allows the exchange of heat between the gas and surroundings.
¢ The process of compression or expansion should be infinitely slow so that the process gets proper time for the exchange of heat.

Equation of isothermal process -

As we know that the equation of state is given by - PV = nRT

If T = constant and for a particular amount of gas ‘n’ is also constant.

So we can write that - P.V" = Clonstant
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isothermic

- dQ=-pdv
\  du=0

pressure

=
=

Points in graph of isothermal process -
i) Curves obtained on P-V graph are called isotherms and the graphs are hyperbolic in nature.
ii) Slope of isothermal curve :

By differentiating PV =C

PdV + VdP =0= Pav = —vap = £ _ L
vV

tang - L — L

B T

iii) The area between the isothermal curve and volume axis represents the work done in the isothermal process.

The formula of Work done in the isothermal process -

)

v,

)

W =nRTlog, (1) = 2.303nRT log,,,
W = nRT log, P% = 2.303nRT logy,

Bl

9.Adiabatic Process

Adiabatic process -

‘When a thermodynamic system undergoes a process, such that there is no exchange of heat takes place between the system and surroundings, this process is
known as adiabatic process.

In this process P, V and T changes but AQ =0,
From first law of thermodynamics -

AQ = AU + AW

Now in adiabatic -

AU+ AW

1]
So, Al = —ATV for adiabatic process
Now, let us take two cases, first is for expansion in which the work done is positive and second one is compression in which the work done is negative -

If AW = positive then AU become negative so temperature decreases ie., adiabatic expansion produce cooling.
If AW = negative then AU become positive so temperature increases ie., adiabatic compression produce heating.

Equations of Adiabatic process -

- Cp
PV" = constant; where v = !
1. C'v - - - _Relating Pressure and volume

71 e =1 _ =1 - .
2. TV = constant = 771" =11 or Toc V77 . Relating Temperature and volume

www.careers360.com | 189



g -1 ¥
5 pooT = const. = TiP " =T3P " or Tox P or Poc T7T
For the slope of adiabatic curve on PV curve, we have to differentiate the adiabatic relation -
As, PVT = constant
So,

APV + PAVT 14V =0

=1
% =—y P\V‘ = (\2)

tan(180° — ¢) = —y (

2

Also, we have studied that the slope of the isothermal curve on PV diagramis = V

So we can say that in the given graph, the slope =

[ S]O & ‘adia i
[SIOD{‘.) adiabatic — X [ SIUD(‘. )io‘sofftr'r mal ;0T —p ) diabat
So, we can say that the - [ SIUP‘-‘- )E:sfrfh er mal

With the help of graph we can see that the adiabatic curve is more steeper than the isothermal curve-

or,

Specific heat in the adiabatic process - Specific heat of gas during adiabatic change is zero. Mathematically -

= @ __ 0 _
T mAT T mAT

[As @ = 0]
Note- Even though heat is not supplied or taken out during the process but still, the temperature change is taking place. So we can say that Specific heat for ai

adiabatic process is zero.

Work done in the adiabatic process -

Vi VI K [PV, = P V] puR(T,—Ty)
r_ 7 4 Y4 r_ i¥i Y o i S
W= 1? FPdV = jl, el dV =W = F=1) = =1

So, if 7 is increasing then the work done will be decreasing. As we know that -

Ly = - o= W < W, o W .
+ imono = ldiatemic - ltriatomic II mong II diatomic ™ II triatomic

10.Polytropic Process

A process P VN = is called polytropic process. So, any process in this world related to thermodynamics can be explained by polytropic process.
For example - 1. If N = 1, then the process become isothermal.

2.1If N=0, then the process become isobaric.

3.If N =7, then the process become adiabatic

Work done by polytropic process -

Wig = / PdV

For a polytropic process,
P"'.n'\l — Pl Lrl,’\- — Pz ,.’2,'\.1 =
C
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Subsiting in Equation , we get,

/ PV / C{"‘T e / VN dy

_ :1;1—,\']? = (VN —yN)

PVy —PVi PV — Pl

Wils = TN or o1 (1)
PVi =nRI
.Pglg = NRTg
So, equation (1) can be written as -
W, _ nR(G-T)
T TION
R -T)

And for one mole, W)_, =

1-N
Specific heat for polytropic process -

‘We can write equation of heat as - Q =CAT
Here C = Molar specific heat -

From the first law of thermodynamics
Q=AU+W
or CAT = C AT — %

C:C!.— R __ _R R

-1 — (-0 (-1}

11. Cyclic And Non Cyclic Process

Cyclic Process - A cyclic process consists of a series of changes that return the system back to its initial state.

Non-cyclic Process - In the non-cyclic process, the series of changes involved do not return the system back to its initial state.

Now, as we know internal energy is the point function. So when the process returns to its initial point after completing the process then the final and initial

internal energy will be the same. So, the change in internal energy is zero.

In case of cyclic process as Upinar = Uinitiar = AU = Upinat — Unitiar = 0
i.e., change in internal energy for cyclic process is zero
So.we can say that AU x AT = AT =10
By applying the first law of thermodynamics for cyclic process -
AQ =AU+ AW = AQ =AW (As AU =10)
So, we can say that the heat given is equal to the work obtained in the cyclic process.

For the cyclic process, the initial point and final point is the same. So, the P-V graph is a closed curve and the area enclosed by the closed path
gives the work done.

But, here is one assumption for the calculation of work done -
If the cycle is clockwise work done is positive and if the cycle is anticlockwise work done is negative.

From the given graph and its direction, you can see that the first graph is having positive work and the second graph had done negative work
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P, P
A > B i = .
A& Ppositive work Y Negative work 4
D < C B > o

v v

Now, for the Non - cyclic process - The work done is equal to the area covered between the curve and the volume axis on the P-V diagram. It does not
depend on the points or state but it depends on the process of the path. We can see this in the given graph.

P A P A

B __¢ A

v :

cCr B
|
]
i
jii

v i Vv
Wigc = + Shaded area Wascp = — Shaded area

12.Reversible And Irreversible Process

« Reversible Process-

A reversible process is one that can be reversed in such a way that all changes occurring in the direct process are exactly repeated in the opposite order
and inverse sense.

And in the Reversible Process, no change is left in any of the bodies taking part in the process, or in the surroundings.
Or " A process is reversible only if it is quasi-static and there is no dissipative effect."

Condition of a reversible process

1) The complete absence of dissipative force.

2) The process should be infinitely slowing.

3) The temperature of the system must not differ appreciably from the surrounding.

Examples of the reversible process -

A reversible process is only an ideal concept. In the actual process, there is always a loss of heat due to friction,
conduction, radiation, etc. I.e No process is reversible in true sense.

Some examples of reversible process are:
1. All isothermal and adiabatic changes are reversible if they are performed very slowly.

2. Very slow evaporation or condensation.
3. An extremely slow extension or contraction of spring without setting up oscillations.

Irreversible process-

Any process which is not reversible exactly is an irreversible process. All-natural processes such as conduction, radiation, radioactive decay, etc. are
irreversible.

Some examples of irreversible processes are :
1. Sudden expansion or contraction

2. Rapid evaporation or condensation
3. The sudden and fast stretching of a spring
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13.Heat Engine

A heat engine is a device that converts heat into work continuously through a cyclic process.

The essential parts of a heat engine are

1. Source: It is a reservoir of heat at high temperatures and infinite thermal capacity. Any amount of heat can be extracted from it.
2. Working substance: Steam, petrol, etc.

3. Sink: It is a reservoir of heat at low temperatures and infinite thermal capacity. Any amount of heat can be given to the sink.

¢ Working of heat engine

Source (T4)

Heat A T

Engine | = W =Qq- Qp

As shown in the above figure, The working substance absorbs heat Q; from the source, does an amount of work W returns the remaining amount of heat (i.e
Q,) to the sink and comes back to its original state and there occurs no change in its internal energy.

To obtain work continuously, the same cycle is repeated over and over again.

o The efficiency of the heat engine (')- It is defined as the ratio of useful work obtained from the engine to the heat supplied to it. The performance of
the heat engine is expressed by means of “efficiency”.

Work done W
le =——— = —
Heat input (o)
For a cyclic process ALT =10

so From the first law of thermodynamics, - - AQ =AW so W=0Q; -

:Ql—Qz_l_@

h @

Practically efficiency of an engine is always less than 1.

U

14. Second Law Of Thermodynamics

¢ Clausius's statement-It is impossible for a self-acting machine to transfer heat from a colder body to a hotter one
without the aid of an external agency.
¢ Kelvin’s statement-It is impossible for a body or system to perform continuous work by cooling it to a
a temperature lower than the temperature of the coldest one of its surroundings.
¢ Kelvin-Planck’s statement-It is impossible to design an engine that extracts heat and fully utilizes it into work
without producing any other effect.
These above statements are completely equivalent to the Second Law of Thermodynamics.

This explains that the efficiency of an engine is always less than unity because heat cannot be fully converted into work.

It also explains that heat cannot flow from a body at a low temperature to one at a higher temperature unless work is done by an external agency.
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15.Entropy

Entropy- Entropy is a measure of the disorder of the molecular motion of a system. I.e Greater is the disorder, greater is the entropy.

The change in entropy is given as

dQ

Heat absorbed by system

dS = rds=—
Absolute temperature T
15 = 3¢
s = —
The relation T is called the mathematical form of the Second Law of Thermodynamics.

1. Entropy for solid and liquid-
i. When heat is given to a substance to change its state at a constant temperature.

Then change in entropy is given as

dc) mL
= =4—
T T

where positive sign refers to heat absorption and negative sign to heat evolution.

dS

And L = Latent Heat and T is in kelvin.
ii. When heat is given to a substance to raises its temperature from TitoTy

Then change in entropy is given as

aQ [T 4T T T
5 = —_— = W = L . — = 2. : —
ds / T /Tl me— = me log, (Tl) 303 # melogy, (Tl)

where ¢ = specific heat capacity

2. Entropy for an ideal gas -

For n mole of an ideal gas, the equation is given as PV = nRT
L.Entropy change for ideal gas in terms of T & V

From the first law of thermodynamics, we know that d@Q = dW + dU

Q) nCydl + PdV
AS — / % / ntydd T eV
and T T

using PV = nRT

nCydT + Mgy /‘Tz dT /"'2 dv
As= [ —/ =V  —aCy = 4nR -
f T o Ty T o Vi Vv

. 5 Va
AS=nCyln (Tl) +nRn (Vl)

I1.Entropy change for an ideal gas in terms of T & P

. T Py
AS=nCpln (Tl) —nRln (-Pl>

III.Entropy change for an ideal gas in terms of P & V

. Pg 1’2
AS =nCyIn (E) +nCpln (Vl)
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e

Source Insulating Sink
s stand

1.A cylinder with perfectly non-conducting walls and a perfectly conducting base containing an ideal gas as working

substance and fitted with a non-conducting frictionless piston.
2. A source of infinite thermal capacity maintained at a constant higher temperature T
3. Asink of infinite thermal capacity maintained at a constant lower temperature T,

4. A perfectly non-conducting stand for the cylinder.

¢ Carnot cycle-

As shown in the below figure, It consists of the following 4 processes.

.
o

A(P.Vq)

Isothermal

Pressure (p)

Volume (v)

1. Isothermal expansion (curve AB)

The cylinder containing ideal gas as working substance allowed to expand slowly at this constant temperature T

So Work done = Heat absorbed by the system
V2 Vs

Wi=eh = / PdV = RT log, (1—“) = Area of ABGE
W 1

2. Adiabatic expansion (curve BC)

The cylinder is then placed on the non-conducting stand and the gas is allowed to expand adiabatically till the
temperature falls from T to T,

Vi R
Wa = / PdV = -1 [T1 = T3] = Area of BCHG
v, y —

3. Isothermal compression (curve CD)

www.careers360.com | Back to Index @

195



The cylinder is placed on the sink and the gas is compressed at constant temperature T).
Work done = Heat released by the system

Wy=(Qy=— / PdV = —RT log, 1—4 = RTylog, l—J = Areaof CDFH
! 3 4

5

4. Adiabatic compression (curve DA)

Finally, the cylinder is again placed on a non-conducting stand and the compression is continued so that gas returns to its initial stage.

Vi R R
Wy = —/ PdV = —- 1 (h-T)=— 1 (T1 — T2) = Area of ADFE
Vi Y — Y —

The efficiency of the Carnot cycle (')
The efficiency of the engine is defined as the ratio of work done to the heat supplied.

work done W
Heat input @

Net work done during the complete cycle

W = W1+ W+ (—W3) + (W)

As Wa =W,
=W =W, - W3z= Areaof ABCD
Wo_Wi-Wi_ @Q-Q_ Wi_, @

n= a - le Ql 11'1 - Ql

Putting the values we get

RTilog, (V2/V1) (1)

T Vi 7-1
Tll,rg"r—l _ Tzi(_?—l or _1 _ ( ;j)
L \W @)

Also, point D and A lie on the same adiabatic curve

no (i
W =V ar - (—4)
Vi 3)

From the equation (2) and (3) we get

Vi Vi Y Ve (W (W
1*2 1*1 or 11 1*1 OFe 1:1 08¢ 1*1 @

Put equation (4) in equation (1) we get

The efficiency of the Carnot engine as

T
_1_2
7 T
_w_, B
o @ T
where

11 = Source temperature , Ty = sink Temperature and (T = To)
and 11 and T3 are in kelvin
From the above formula, we can conclude that
1. The efficiency of a heat engine depends only on temperatures of source and sink and is independent of all other factors.
2. As a Carnot engine is the ideal engine, So no heat engine can be more efficient than Carnot engine.
3. All reversible heat engines working between same temperatures are equally efficient

4.Since 11 = T3 So the efficiency of a Carnot engine is always lesser than unity.
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17. Refrigerator Or Heat Pump

A refrigerator or heat pump is basically a heat engine run in the reverse direction.

It consists of three parts

1. Source: At higher temperature T,

2. Working substance: It is called refrigerant. I.e liquid ammonia and freon works as a working substance.
3. Sink: At lower temperature T,.

¢ Working of refrigerator

Source
(Atmosphere) (T4)

Q1
Heat [ [
Engine || | <@== W=Qq- Q,

C—

Q2

Sink (T2)
(Contents of refrigerator)

As shown in the above figure, The working substance takes heat Q, from a sink (contents of refrigerator) at lower temperature T,, has a net amount of
work done W on it by an external agent (usually compressor of refrigerator) and gives out a larger amount of heat Q to a hot body at temperature T
(usually atmosphere).

¢ Use of refrigerator-

The cold body is cooled more and more with the help of a refrigerator. Because the refrigerator transfers heat from a cold to a hot body at the expense
of mechanical energy supplied to it by an external agent.

o Coefficient of performance (3)-
The coefficient of performance is defined as the ratio of the heat extracted from the cold body to the work needed to transfer it to the hot body.

Heat extracted @ (o

g = o earacted w2 K2

work done W Q) — Qs
A perfect refrigerator is one which transfers heat from cold to a hot body without doing work.

ie. W =0 so that 1 = (2 and hence 3 =

www.careers360.com | 197



Oscillations
Important Formulae

1.Periodic And Oscillatory Motions

Periodic motion:- A motion, which repeats itself over and over again after a regular interval of time is called a periodic motion.

o The fixed interval of time after which the motion is repeated is called time period of the motion.

o If a particle moves along x -axis, its position depends upon time t. We express this fact mathematically by writing
x=f(t) or x(t)
There are certain motions that are repeated at equal intervals of time. By this we mean that particle is found at the same position moving in
the same direction with the same velocity and acceleration, after each period of time. Let T be the interval of time in which motion is
repeated. Then
x(t)=x(t+T)
where T is the minimum change in time. And the function that repeats itself is known as a periodic function.

¢ Examples :

1. Revolution of earth around the sun (period one year)

2. Rotation of earth about its polar axis (period one day)

3. Motion of hour’s hand of a clock (period 12-hour)

x(t: ]

x(t)

]

Fig:- Examples of Periodic motion

Oscillatory Motion:- Oscillatory motion is that motion in which a body moves to and fro or back and forth repeatedly about a fixed point in a definite interva
of time.
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¢ Every oscillatory motion is periodic if energy is not lost anywhere, but every periodic motion need not be oscillatory. Circular motio
is a periodic motion, but it is not oscillatory.

¢ General equation of Oscillatory motion:-

When a body is given small displacement from the equilibrium position, a force starts acting towards the equilibrium position (or
mean position) which tries to bring the body back to it’s mean position. And that force is given by:-

F = —ka™, where x is measured from the mean position and n=1,3,5,7,9 etc
1. When x=positive, F=negative
2. When x=negative, F=positive

3. When x=0, F=0,i.e., at mean position
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X=-\e X=+e

— _
Particle
F=+Ve F=-Ve
At mean position
X=0
F=0

(Stable equilibrium)

2. Simple Harmonic Motion (S.H.M.) And Its Equation

e Periodic motion is also called harmonic motion.

¢ Simple harmonic motion is the simplest form of oscillatory motion in which the particle oscillates on a straight line and the restoring force is always
directed towards the mean position and it’s magnitude at any instant is directly proportional to the displacement of the particle from the mean position :
that instant i.e. Restoring force o Displacement of the particle from mean position.

F = —ka, where x is measured from mean position

¢ All oscillations are not simple harmonic motions but all simple harmonic motions are oscillatory motions.

X =-Ve X=+Ve
— -
Particle
F = +Ve F=-Ve
At mean position
X=0
F=0

(Stable equilibrium)

o Let’s understand SHM with the help of the spring block system:

Suppose we stretch the spring to the extreme position and then release it from there.
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< - A —
_a,—p Releasing the block from P
P
Extrema Position Mean Position Extreme Fosition
x=-A X = +A
A max F =0 < ? Amax
V=0 a =0 V=0
x =0
vV #O

\/ = max

Here we can see that acceleration is always directed towards the mean position.
And F = —kz
k 2

F
Also,a=—=a=——z=a=—w
m

m
[k

w=1)— = k= muw’
m bl

where k is force or spring constant.

2

z;where w” is a positive constant and

¢ v=0 at extreme position
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e v=max at mean position
¢ a=0 at mean position
- . 2
o @ = maz at extreme position,i.e., at ¥ = +A, a=Fw A

. . . 2
. Magnitude of marvimum acceleration, |, | = w*A

Equations of motions of SHM-

| l |
I | |

Extreme Mean Extreme
X=+A x=0 x=-A
As we know,a = —w?a
il Tu
. —wler = u1 = —wlr = vdv = —wladz
dt dx

Let the particle is released from an extreme position, i.e., at x=+A, v=0 and it becomes v when the displacement becomes x.

On integrating both sides of the above equation, we get:

U T
f vy = / —wladz
0 A
gqu 34
v N
<1 <14

= v? = (A2 — 2
= v = twy/ (A2 — 2?)
At 2 =0, Vppar = TwA
Note-
As the relation between velocity (v) and position (x) in SHM is given by
v = twy/ (A2 — 2?)

This can be rearranged as

And this shows that the velocity-position graph is an ellipse (as shown in the below figure)

v

where
Major axis=2A
and Minor axis =2w A

¢ General equation of SHM
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1. For Displacement:-
z = ASin(wt+¢); where ¢ is initial phase or epoch and (wt+¢) is called as phase.
Various displacement equations:-
(1) x = ASinwt = when particle starts from mean position towards right.

(2) x = —ASinwt = when particle starts from mean position towards left.

)z
(3)
(4)

o
I

@ = ACoswt = when particle starts from right extreme position towards left
@ = —ACoswt = when particle starts from left extreme position towards Right.
2. For Velocity (v):-
z = ASin(wt + ¢)
di

Sv=—r= Aw Cos(wt + ¢) = Aw Sin(wt + ¢ + g)

3. For Acceleration:-

z = ASin(wt + ¢)
lx T
=v= % = Aw Cos(wt + @) = Aw Sin{wt + o+ é]
duv 7 o : 7 o : 2
Fa== —Aw*® Sin(wt + ¢) = Aw* Sin(wt + ¢ +7) = —wx
ar

|

So here we can see that the phase difference between x and v is 2

T
similarly, the phase difference between v and a is 2
similarly, the phase difference between a and x is T

¢ Differential equation of SHM:-

dv N
— = —WwW'r
dt
d (dx 2
= — | — )= —w=
dt \ dt
- Bz o 0
— W=
fdt?

If the motion of any particle satisfies this equation then that particle will do SHM.
¢ Different graphs in SHM
For ® = aSin(wt)

Graph of displacement v/s time is given as

L3
-
Sy o - u
'.-é‘ T I b
0 I 2 -
A 4
W

Graph of velocity V/s time

v = aw Cos(wt)
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»
2 T - e
15 ) 2
v
% o T ar T =y
= l I aw/ g
v
Graph of acceleration V/s time
acceleration = —aw® Sin(wt)
r
g )
= I aw
g a0 4
T " T 3T T—>1
-G - e
g l 2 1
W

3.Important Terms In Simple Harmonic Motion

1. Amplitude:-
We know that displacement of a particle in SHM is given by:
z = ASin(wt + ¢)

The quantity A is called the amplitude of the motion. It is a positive constant which represents the magnitude of the maximum displacement of the
particle from mean position in either direction.

Peak
(+)

|

Amplitude

tude

© N Peak

2. Time period:-

In SHM, a particle repeats its motion after a fixed interval of time. And this time interval after which the particle repeats its motion is called time perioc
It is denoted by T.

o Time period is also defined as the time taken to complete one oscillation. And after one time period, both displacement and velocity of the particle are
repeated.

We know that:-

x = ASin{wt + ¢)

If a motion is periodic with a period T, then the displacement x (t) must return to its initial value after one period of the motion; that is, x (t) must
be equal to x (t + T ) for all t and velocity v(t) must also return to its initial value, i.e., v(t) must be equal to v(t+T). So,

:i‘!(t) =x(t+ T)
= ASin(wt + ¢) = ASin[w[t + T] + ¢|

= Sin(wt + ¢) = Sinjw([t + T] + ¢]
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And
v(t) =v(t +T)
= AwCos{wt + ) = AwCosw(t + T] + ¢]
= Cos(wt + @) = Cos[w[t + T + ¢]
As we know both Sine and Cosine function repeats itself when their argument increases by 2m,i.e.,

wt+o+2r=w(t+T)+o

w
where k = force or spring constant and m = mass

¢ Time period can also be written as:-

m 5 ‘\/ m x displacement
— =27y —————

—Foree m % acceleration
displecement

3. Frequency:-
The reciprocal of T gives the number of repetitions that occur per unit time. This quantity is called the frequency of the periodic motion.
o [t is denoted by f.

1

| =

m

7 E

f:

~il
b
o
=

T 7

= w=27f; where wis angular frequency
¢ The unit of frequency is s lor Hertz(Hz).
4. Phase:-

o The quantity (wt + Ad) is called the phase.

¢ It determines the status of the particle in simple harmonic motion.
o If the phase is zero at a certain instant, then:

x=A Sin(wt +¢) =0 and v = Aw Cos(wt + ¢) = Aw

which means that the particle is crossing the mean position and is going towards the positive direction.

-—p $=10

x=0

s &= mn/2

. ¢= 3n/2

-—p $= 2n

Fig:- Status of the particle at different phases

5. Phase constant:-
o The constant @ is called the phase constant (or phase angle).

« The value of depends on the displacement and velocity of the particle at t = 0 or we can say the phase constant signifies the initial conditions.

¢ Any instant can be chosen as t = 0 and hence the phase constant can be chosen arbitrarily.

4. Simple Harmonic Motion And Uniform Circular Motion
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Simple harmonic can be represented as a projection of circular motion.

If P moves uniformly on a circle as shown in the below figure, then its projection P’ on a diameter of the circle executes SHM.

As the particle P moves on the circle, The position of P’ on the x-axis is given by

x(t) = A cos (ot + ¢)

This is the equation of SHM on the x-axis with amplitude A and angular frequency as w
Where A is the radius of the circle

and @ is the angle that the radius OP makes with the x-axis at t=0

Similarly, The position of P’ on the y-axis is given by

y(t)= Asin (0t + )

This also an SHM of the same amplitude as that of the projection on the x-axis, but differing by a phase of 7/2.

5. Composition Of Two SHM

If a particle is acted upon by two forces such that each force can produce SHM, then the resultant motion of the particle is a combination of SHM.
Composition of two SHM in the same direction

Leta force F1 produces an SHM of amplitude A1 whose equation is given by

r = Aysinwt

Let another force £2 produce an SHM of amplitude Az whose equation is given by

w9 = Asin(wt + ¢)

Now if force F1 a11d Fais acted on the particle in the same direction then the resultant amplitude of the combination of SHM's is given by

-1 = .-'-l] 24 .-;122 - 2.-'—11.-'—12. CO.‘S(,-")
AyandAs are the amplitude of two SHM's. ¢ is phase difference.
Note: Here the frequency of each SHM's are the same

And the resulting phase is given by

, 4 Ay sing
¢ = tan _—
Ay + Ay cos o

Composition of SHM in perpendicular direction:
Let a force F; on a particle produce an SHM given by
x = Asinwt

and a force F, alone produces an SHM given by

x = Asin(wt + ¢)

¢ Both the force F and F, acting perpendicular on the particle will produce an SHM whose resultant is given by:

: 2wy cos g .9
—S+ -5 —————=sin"¢

A2 Ag? ArAs

The above equation is the general equation of an ellipse. That is two forces acting perpendicular on a particle execute SHM along an elliptical path.
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o When @ = 0 resultant equation is given by

It is a straight line with slope

Ay
A represented by the below figure

e When © = T resultant equation

V=g

— Ay

which is represented by below straight line with slope Ay

Iy
2

¢ When ¢ resultant equation

2 2
T
Ar Ao

It represents a normal ellipse

T
cAr=Aand o= .
o if 2 then it represents a circle

6.Energy In Simple Harmonic Motion
A particle executing S.H.M. possesses two types of energy: Potential energy and Kinetic energy

Potential energy-

o This is an account of the displacement of the particle from its mean position.
¢ Formula-

As restoring force is givenas F' = —ka
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usmg V m ork = mw?

U= —m.wz.-rzg
we get 2

For @ = Asin (wt)

o1 .
U= -—mu?A2sin? wt

1
I\‘:Ilz

[r f Frﬂr—/\ krde = =
0 2

o Potential energy maximum and equal to total energy at extreme positions

th‘—£ mw? A2
9

L[]ID( -

¢ Potential energy is minimum at mean position

ie Umin =0

¢ The average value of potential energy with respect to t

o Judt
Average of U = T

U = Lha?
2

.2
f %mwzflz sin® wt

when z = 0;wt = 0;¢ =0

when @ = +4; wi = 7/2;

il __llm.wgflz (1

t=T/4

—cos 2wt)dt 1

2 42
= —mw-A*

So Ufnlg - f dt

Kinetic energy-

o This is because of the velocity of the particle.

¢ Formula
.1
K = ~m?
2
or using v = Aw coswt we get

And using ¥ = Wy A2 — 2% and b = mw? we get

¢ Kinetic energy is maximum at the mean position and equal to total energy at the mean position

. 1
g —— —mw? A
ie 2

¢ Kinetic energy is minimum at the extreme positions.

when y = At = T/4,wt = 7/2

ie jirm'm =0

o The average value of kinetic energy with respect to t

. K dt
hm'g — j‘fT

[ Lmw?A? cos? (wt)

- 1
K = —mA2? cos? wi

when x =0t =0;wt =0

—Ii (-1 r:z)

il __llm.wzflzfl +cos2wt)dt 1,
—mw* A

Ruwg = =75
0 h:*wg = Um'g

Total energy-

¢ Total mechanical energy = Kinetic energy + Potential energy or E=K+U
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1 1 1
B = bt (42 + Lt = Lt
2 2

So Total energy does not depend on position(x) i.e. it always remains constant in SHM

¢ Graph of Energy in S HM

At time t=0 sec, the position of the block is equal to the amplitude,

Position vs. Time
+A_ R B S
X \/
Al
Time (s)
Velocity vs. Time
Vnax T
E T e L
¥ \_/
Vax T :
Time (s)
S ka?

Energy (J)
= <
m
g

1 ]
a7 il 37 T
Time (s)
Ergw —K=2m? —U=2%i

EQ)
1 I
A !
v F ]
: 1 ETatal
A Equiibium  +A x(m)
position
F=0

7.0Oscillations Of A Spring-mass System
Spring Force:-

¢ Spring force is also called restoring force.
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o F=—fa
where k is the spring constant and its unit is N/m and x is net elongation or compression in the spring.
Spring constant (k) is a measure of stiffness or softness of the spring

o Here -ve sign is because the force exerted by the spring is always in the opposite direction to the displacement.

The time period of the Spring mass system-
1. Oscillation of a spring in a verticle plane-

Let *0 be the deformation in the spring in equilibrium. Then kg = myg.

When the block is further displaced by x , the net restoring force is given by F=- [}" ( +x9) — -mg] as shown in the below figure.

using F = —[k(z + ) — mg]yng kwg = myg.

we get F' = —hu

comparing it with the equation of SHM i.e F' = —mwz
k fm
W=l =T=2r]—
we get m k
1 fk

Frequency =n = —4/ —
similarly 4 : 2V m

2. Oscillation of spring in the horizontal plane

jm Lk
T=2r n Frequency =n=—y/—
For the above figure, Time period of spring as and 2r ¥V m

¢ Key points

1. The time period of a spring-mass system depends on the mass suspended

Txvm or nx

o

2. The time period of a spring-mass system depends on the force constant k of the spring
1
T ﬁ or noc vk

3. The time period of a spring-mass system is independent of acceleration due to gravity.
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4. The spring constant k is inversely proportional to the spring length.

1 1

As &
* “Extension Length of spring (1)

iekl = constant
That means if the length of spring is halved then its force constant becomes double.

5. When a spring of length 1 is cut in two pieces of length 1, and 1, such that ly =nly

So using

lh+1=1
ﬂlz =+ 32 = E
(ﬂ—|—1)!2=!=}' ,!2: ‘ﬂL-H.
similarly [, = nly = [, = (:Tl)

If the constant of a spring is k then
using kI = constant

iekily = koly =kl

we get

Spring constant of first part ky = k(n: 1

Spring constant of second part ks = (n + 1)k

. . ky

and ratio of spring constant — = —

k‘z n

M
. . . . . L Mepp =M+ —
6. If the spring has a mass M and mass m is suspended from it, then its effective mass is given by 3
T — 97, | Melf
and k
Oscillations in combination of springs-
1. Series combination of spring
If 2 springs of different force constant are connected in series as shown in the below figure
then k=equivalent force constant is given by
1 1 1 1
— e
K, K K K
Where 1and Kz are spring constants of spring 1 & 2 respectively.
Similarly, If n springs of different force constant are connected in series having force constant ki ko kg ... respectively
1 + 1 + 1 +
then Kers k1 ke kg
L n

If all the n spring have the same spring constant as Kithen Ferr M

2.The parallel combination of spring

If 2 springs of different force constant are connected in parallel as shown in the below figure
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then k=equivalent force constant is given by
Keq =K=K 1+ K 2
where K1and K are spring constants of spring 1 & 2 respectively.

Similarly, If n springs of different force constant are connected in parallel having force constant kyoka ks .o respectively

then fVeq = 1 + Ko+ K.

If all the n spring have the same spring constant as K then K\‘-‘q =nk,

8. Oscillation Of Two Particle System

Two blocks of masses 7?1 and "2 are connected with a spring of natural length 1 and spring constant k. The system is lying on a
frictionless horizontal surface. Initially, the spring is compressed by a distance «*0 as shown in below Figure.

If we release these blocks from the compressed position, then they will oscillate and will perform SHM about their equilibrium position.
e The time period of the blocks-
1 1 1

In this case, the reduced mass m, is given by "1y 1171 113
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Or
e The amplitude of the blocks- Let the amplitude of the blocks as A; and A,

then miA; = maAs

(As net external force is zero and initially the centre of mass was at rest

50 A&ey =0 )
By energy conservation,
1 D
—J(A] + A3)° = —ka?
2;‘ (A1 + As) 2;‘ 1
_-'-11 - _-'-12 =&y or, _-'-11 + —_-'-11 = Iy

2

moTn

Ay =20

mi + ma

LEES RUE)|

Similarly, Az =
: my + Mo

9.0scillation Of Pendulum

An ideal simple pendulum consists of a heavy point mass body suspended by a weightless, inextensible
and perfectly flexible string from rigid support about which it is free to oscillate.

e The time period of oscillation of simple pendulum (T)-

When the bob is displaced to position B, through a small angle from the vertical as shown in the below figure.

¥ — point of suspension

Then Bob will perform SHM and its time period is given as

~
—on L
T— i \f q

where

m=mass of the bob

1 = length of pendulum

g = acceleration due to gravity.
¢ key points

1. The time period of a simple pendulum is independent of the mass of the bob.

e If the solid bob is replaced by a hollow sphere of the same radius but different mass, the time period remains

unchanged.

2 Tai

where 1 is the distance between the point of suspension and center of mass of bob and is called effective length.

3. The period of a simple pendulum is independent of amplitude as long as its motion is simple harmonic.

Oscillation of Pendulum in different situations-

I.Pendulum in a lift-

1.The time period of a simple pendulum , If the lift is at rest or moving downward /upward with constant velocity.
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where
[ = the length of pendulum
9 = acceleration due to gravity.

2.The time period of a simple pendulum, If the lift is moving upward with constant acceleration a

where

[ = the length of pendulum

4 = acceleration due to gravity.
@ = acceleration of pendulum.

3. The time period of simple pendulum If the lift is moving downward with constant acceleration a

where

[ = the length of pendulum

4 = acceleration due to gravity.
o1 = acceleration of pendulum.

4. The time period of a simple pendulum , If the lift is moving downward with acceleration a =g

{
T =27 \n'll IF =

lg—g

y=0

It means there will be no oscillation in a pendulum as here J¢f

)

Similarly in the case of a satellite and at the center of the earth the Jefp = ( so in these cases, effective acceleration becomes zero and

the pendulum will stop.
5. The time period of a simple pendulum whose point of suspension moving horizontally with acceleration 'a’'

~ —a

For the above figure 9eff = (ﬂz +a°) :
T=2m,/ %
V(2 +a2)2
Where
[ = the length of pendulum
4 = acceleration due to gravity.
a = acceleration of pendulum.
6. The time period of simple pendulum accelerating down an incline

In this case Jeff = geost
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where

[ = the length of pendulum

9 = acceleration due to gravity.
© = angle of inclination

I1. The time period of the pendulum in a liquid

If we immerse a simple pendulum in a liquid, the bob of the pendulum will experience a buoyant force in an upward direction in

addition to the other forces such as gravity and tension.
If bob a simple pendulum of density o is made to oscillate in some fluid of density £ (where £ < 7).
Then the buoyant force is given as Fg=Vpg

As buoyant force will oppose its weight therefore Foet = mgesy =mg — Fp

And for the above figure let bob is displaced for a small displacement x and is at an angle f with the verticle.

For small displacement x of the bob, restoring force
Frest = (mg —Vpg)sint = —(mg —Vpg)7

and acceleration = — (g — £24) £
On comparing with standard equation of SHM, a = —w?z, we
get

T
o=V 1Y)
and T = 27 #m

II1. The time period of the Second's pendulum

Second, ’s Pendulum: It is that simple pendulum whose time period of vibrations is two seconds.

T =2m

\f
Putting T=2 sec in 9 we get the Length of a second’s pendulum is nearly 1 meter on the earth's surface.

IV.Pendulum of large length but small amplitude

If the length of the pendulum is comparable to the radius of the earth
T=2r

then

where

[ =length of pendulum

4 = acceleration due to gravity.

R =Radius of earth

e Various cases

:—'L[flc:c:R.thc'r1£>>i so T =27 i
) R g
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1 1
B.Ifl == R (or | — o) then 1<%
1w 106
so T =27 E =27 M > 84,6 minutes
q 10

and it is the maximum time period which an oscillating simple pendulum can have

C. fl=R so T=2m E%lhour

10.Angular Simple Harmonic Motion

The general equation of linear SHM is given by ' = Asin(wt + a)
Similarly, The general equation of angular SHM is given by f = by sin(wt + )

where ! and f are angular displacement and angular amplitude of the bob respectively, as shown in the below figure

& A
) f=— and 9{; = 5
If I=length of the bob then we can write ) l.

Similarly, The angular velocity if the bob which is in angular SHM is given by

6= @ = fywCos(wt + &)
dt

or 8 =w\f9.[]2 — 2
Similarly, The angular acceleration if the bob which is in angular SHM is given by

26
o= {? = —Bw’Sinfwt + o)
[en8

or o= —wh
And Thus restoring torque on the body is given as
= —la = —ITw

Thus we can state that in angular SHM, the angular acceleration of the body and the restoring torque on the body are directly
proportional to the angular displacement of body from its mean position and are directed toward the mean position.

Similarly, a basic differential equation for angular SHM can be written as

Q +uw?h=0
dt=
11.Physical Pendulum

Physical pendulum- Any rigid body suspended from fixed support and can oscillate about that support then it is called a physical pendulum. e.g. A circular
ring suspended on a nail in a wall etc.

www.careers360.com | 216



Figure <1

The body is in equilibrium, as shown in the above fig-1 and it is pivoted about point O.
Now the body is displaced through a small angle # as shown in the fig-2.

Let the distance between the point of suspension and centre of mass of the body=0C" = [
Then torque on the body about O is given by T = mglsind (1)

Now if I=moment of inertia of the body about O, Then 7 = [rv... (2)

From the equation (1) and (2) we get

2
7T=1Iow = I— = —mglsinfl
dt g
ng
I— = —mglt

Since £ is very small so  d#

dBZ

Z =W
Comparing with the equation we get

u_;:“'ngl:.T:mr,lll

Note-

x
mygl
. . 1 3
Time peried, T = 2my | —: 1 = Ieyy +ml
mgl

Where {c1 is a moment of inertia relative to the axis which passes from the centre of mass and parallel to the axis of oscillation?

Tev + m/?

T =27 . where [y = mk?

i
@&

k is gyration radius (about an axis passing from centre of mass)

12 2
T —op, | mE T mE
mgl
22
=27 Ei =2r lﬂ
gl g9
kZ
Leg = ; + 1 = cquivalent length of simple pendulum

So the graph of the Time period (T) Vs length of a simple pendulum (f) is shown below
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T is minimam when ! =k
2k

g

= lrmiu =2

12.Motion Of A Ball In Tunnel Through The Earth

Case I: If the tunnel is along a diameter and the ball is released from the surface. If the ball at any time is at a distance y from the center of the earth as showr

in the below figure,

So the restoring force will act on the ball due to gravitation between ball and earth.
Acceleration of the particle at the distance y from the center of the earth is given by

—GMy GM

R ad? T R

- —(gR%)y

So a:LmL::»a:—%y
Comparing with a = —w?y

W =4 w= \/%:> T=2r1 (g) = 84.6min

1 =

Case II: If the tunnel is along a chord and ball is released from the surface. If the ball at any time is at a distance x from the
centre of tunnel, as shown in the below figure

then the acceleration of the particle at the distance y from the center of the earth

~GMy
TR

(L
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. GM y (gR®)y g
and using R? we get R3

This acceleration will be towards the center of the earth.

So the component of acceleration towards the center of the tunnel.

a =asinfl = (—iy) S —i;r.
R y R
Comparing with o' = —w’z
WP :—E = = \/%::» T:Q?r\/g:&'l.ﬁmin

Note: The time period of oscillation is the same in both cases whether the tunnel is along a diameter or along the chord.
13.Time Period Of Torsional Pendulum
Below is the figure of the Torsional pendulum which consists of a rigid object suspended by a wire attached at the top to a fixed end.
K
ok
= | Fixed end

Sk
|

: .‘r;uq:r:*nsi:m wire

| Relerence line

When the object is twisted through some angle #, the twisted wired exerts on the object a restoring torque and this restoring torque is proportional to the
angular position.

That is 7 = —Fk#f where # is called the torsion constant of the support wire.
Applying Newton's second law for rotational motion, we find that

2 2 .
d=f dd }‘9

S I L L A
T TR

So the Time Period of Torsional pendulum is given as

T =2 I

where
I = moment of inertia

k= torsional constant

14.The Oscillation Of Floating Bodies

—————————| www.careers360.com | 219



A floating body is in a stable equilibrium. When it is displaced up and released, it accelerates down and when it is pushed down
and released, it accelerates up. It means a floating body experiences a net force towards its stable equilibrium position. Hence, a floating body oscillates when
displaced up or down from its mean position.

Consider a solid cylinder of density o and height h, is floating in a liquid of density # as shown below figure, And (0 <p).

If 1 is the length of cylinder dipping in liquid as shown in the above figure.
If it is depressed slightly and allowed to oscillate vertically.

Then the time period of the oscillation is given by

[
T =2m-
g

e The time period of the oscillation of the above SHM is also given in term of h.p.o

at mean position
Fre =0 = Weight of solid = buoyant forece = mg =V pg
As m=ochA
= crh-A]g = plAg
o
=1=—
P

So time period of the oscillation is given by

h
T =27 7
ap

15.Free, Forced And Damped Oscillation

Free\undamped oscillation-
¢ The oscillation of a particle with fundamental frequency under the influence of restoring force is defined as free oscillations.
o The amplitude, frequency, and energy of oscillation remain constant.
¢ The frequency of free oscillation is called natural frequency because it depends upon the nature and structure of the body.

Damped oscillation-

o The oscillation of a body whose amplitude goes on decreasing with time is defined as damped oscillation.
¢ The amplitude of these oscillations decreases exponentially (as shown in the below figure) due to damping forces like frictional force, viscous force, et

¢ These damping forces are proportional to the magnitude of the velocity and their direction always opposes the motion.
¢ Due to decrease in amplitude the energy of the oscillator also goes on decreasing exponentially
¢ The equation of motion of Damped oscillation is given by

mﬂ = —kx —bu

dt
where

u=velocity
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—bu = damping force
b= damping constant
—ka = restoring force

dx

= —

Or using dt

where x=displacement of damped oscillation

we can write, The equation of motion of Damped oscillation as

d’x dx
m— = —hr — b—
dt dt
The solution of the above differential equation will give us the formula of x as
[ -
2 = ApeTw.sin (W't + a)

where @' = angular frequency of the damped oscillation

L b\ A :
and “Vm 2m ) ! 2m

o The amplitude in damped oscillation decreases continuously with time according to

bt

A=Aje =

e The energy in damped oscillation decreases continuously with time according to

L
bt Ey = -kA;
E = Eye™ ™ where v 2 A

¢ Critical damping- The condition in which the damping of an oscillator causes it to return as quickly as possible to its
equilibrium position without oscillating back and forth about this position.

w
Critical damping happens at v 2m
Forced Oscillation-

o The oscillation in which a body oscillates under the influence of an external periodic force is known as forced oscillation.
¢ The frequency of the forced oscillation is equal to the frequency of the external force.

o Let ft = fosinwat ve an additional periodic force apart from the restoring force and the damping force,
The differential equation for this motion is given by

du .
m— = —kx — bu+ fpsinwgt

dt

d?z I t,rLr: s :
m— = —kx — b— sin wyt
or dt dt v ¢

Where f0is a constant and @i is the angular frequency of the driving force.
The differential solution of the equation (1) will give us displacement (¥t) of the body as

xy = Asin(wgt + &)

. —in
. tang =
And 10 js given as Wdro

where 0 and U, are the displacement and velocity of the body respectively at t=0 (or at the moment when we apply external force)

¢ Amplitude in forced oscillation-
-F(]xfn"-
2

A=
\/(wﬁ —wo?) + (Le)”

m

Where @0 = \/k/m g called a natural angular frequency.
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Case I-When difference between W arnd wy s very large and damping is small (small b)

29 buy
. . Wy T w0 S
So in this case m
Fo/m
A=—7
then Amplitude can be written as i N )

Case II- When the difference between & and wy is very small and small damping

9 g buwyg
. Wy —wp™ =< —
In this case m
A i
then Amplitude can be written as ’ wd * b and this is the maximum possible Amplitude. And this maximum possible Amplitude depends on

wy and b
when W¢ = Wo and b is small, then A = no (ideally maximum Amplitude) which in practical life is not possible.
¢ Resonance-

If we vary angular frequency w of the applied force, the amplitude changes and becomes maximum when

{ 2
lll - b
wy = 4] wo? —
h \" i 2m

and this is the condition of resonance. For small damping (i.e., b is small),we can neglect b and the equation becomes & = Wi, so we can say that the
state of resonance occurs when the frequency of the external will be equal to the natural frequency of the oscillator.

I.e when Wi = Wiy

Waves

Important Formulae

1. Wave Motion

Wave motion:

‘Wave motion is defined as a form of disturbance transferred from one point to another involving transfer of energy but no transfer of matter.
Ex. A sound wave, a water wave, a wave on a string.

Particles in wave motion do not travel, they only oscillate about their position.

A wave is a form of energy or momentum that travels due to disturbances produced.

Types of wave-

Waves can classified on the basis of 3 different characterstics.

a) On the basis of medium

b) On the basis of vibration of the particles

¢) On the basis of energy propagation

We are going to discuss each type in detail.
(a). On the basis of medium :
On the basis of medium waves can be classified into two categories.
1. Mechanical waves: The waves which require medium for their propagation are called mechanical waves.
Ex: Waves on string and spring, waves on water surface, sound waves, seismic waves.

2. Non-mechanical waves: The waves which do not require medium for their propagation are called non-mechanical or electromagnetic waves.

Ex: Light, heat (Infrared), radio waves, gamma rays, X-rays etc.
(b). On the basis of vibration of the particles :

On the basis of the vibration of the particles, waves can be classified into two categories.
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1. Transverse waves: Particles of the medium execute simple harmonic motion about their mean position in a direction perpendicular to the direction of
propagation of wave motion.

Ex. Movement of a string of a sitar or violin.

2. Longitudinal waves: If the particles of a medium vibrate in the direction of wave motion the wave is called longitudinal.
Ex. Sound waves travel through the air, Vibration of the air column in organ pipes.

(c)..On the basis of energy propagation :

On the basis of energy, propagation waves can be classified into two categories.

1. Progressive waves: Progressive wave is formed due to continuous vibration of the particles of the medium. Progressive waves travel with a certain
velocity. Progressive wave transport energy.

2. Stationary waves: A stationary wave is formed by the superposition of two identical progressive waves travelling in the opposite direction. Stationary
wave doesn't travel in any direction. There is no flow of energy in stationary waves.

Ex. wave on a guitar string
General equation of travelling wave-

For wave travelling along positive x-axis,

) = Asin(kz — wt)

where
k- propagation constant or angular wave number

A- Amplitude

—
Il
~| ¥

1
—
S
1

~l >

£ |

For wave travelling along negative x-axis,

(2.4) = Asin{k( ) = Asi “2m+2ﬂ) A sin(k £)
ylo. t) = Asin(k(z + vt)) = Asin — ) = Asin(kx + wi
yle,t) Ll Y | by T | )
GENERAL EQUATI F TRAVELLI AVE

P ey v . 2w 2wt . o, .
ylz,t) = Asin(k(z+vt) +¢) = Asin( 3 =l T—OJ = Asin{kr twt +¢)

3.Travelling Sine Wave

The sine wave or sinusoid is a mathematical function that describes a smooth repetitive oscillation.
y(t) = Asin(wt + &)

Here w, is the angular frequency i.e,

[l
=

w = =2rf

|

and = phase angle

General form :

yle,t) = Asin(ke — wt + &) when the wave is moving towards the right

yle.t) = Asin(ke + Wt + &) when the wave is moving towards the left.

The wavenumber is related to the angular frequency by:
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Particle velocity = -(wave velocity ) X (slope of y vs x graph)

(%
— P o
dy Ay

Phase and phase difference-
Phase:
The quantity which expresses at any instant, the displacement of the particle and its direction of motion is called the phase of the particle.

If two particles of the medium, at any instant are in the same state of motion ( parameters such as particle's displacement, velocity, and acceleration are same)
then they are said to be in the same phase.

The phase of the wave is the quantity inside the brackets of the sin-function, and it is an angle measured either in degrees or radians.

The important result here is that the two waves can be:

(1). In phase if ¥2 — 1 = ”)\, i.e the particles corresponding to positions 1 and 3 are in the same state of motion.
1
Tz — 1 = (n +5]A
2) Out of phase if = ,i.e one point in the string, ¥1 say, is moving upwards while 2is moving downwards but symmetrically.

4.Speed of transverse wave on a string

The distance between two successive crests is 1 wavelength i.e A.
Thus in one time period, the wave will travel 1 wavelength in distance. Thus the speed of the wave, v is:

A Distance travelled

= —

T time taken

The speed of the traverse wave is determined by the restoring force set up in the medium when it is disturbed and the inertial properties ( mass density ) of the
medium.

The inertial property will in this case be linear mass density # .

m
L= —
f L where m is the mass of the string and L is length.

AT —2
The dimension of H is [‘U L ]and T is like force whose dimension is [-‘U LT ] . We need to combine these dimension to get the dimension of speed v
—1
which isl LT ]

Therefore speed of wave in a string is given as :

- .'IllT
1= V.!_f

5.Power Transmitted Along The String

As a sinusoidal wave moves down a string, the energy associated with one wavelength on the string is transported down the string at the propagation velocity
v,

From the basic wave relationship the distance traveled in one period is tI" = A, so the energy is transported one wavelength per period of the oscillation.
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Energy E In one period T, this
X ‘::> energy is moved

along one wavelength

Power = _—

A

The energy associated with one wavelength of the wave is :

E, = épwzﬁzx\

&

so the power transmitted would be :

LA
P;\_E;MA?
El_i
since T
P_l _2_.:12
= —pw A%

Therefore " 2

where w = angular frequency ji = mass per unit length of string = A = wave amplitude
v = wave propogation velocity

The intensity of the wave-

The flow of energy per unit area of cross-section of the string in the unit time is known as intensity of the wave.

1
P =A%
As 2

P
And using Area

Lt A%y
weget  Area

_mass _m
using o= lenth 1 and Volume = Area x length

%mwzﬁzu %mwzﬂz v
Weget  lenth x Area  Volume
_ mass
And now using & volume
1
I = —pw?A%y
we get 2 e
Where
P = density

w = angular frequency
A = Amplitude

v= Wave speed

6. Interference and principle of superposition
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‘When two waves of same frequency, the same wavelength, same velocity (nearly equal amplitude) moves in the same direction, Their superimposition results
in the interference. Due to interference, the resultant intensity of sound at that point is different from the sum of intensities due to each wave separately. This
modification of intensity due to the superposition of two or more waves is called interference.

The displacement at any time due to any number of waves meeting simultaneously at a point in a medium is the vector sum of the individual displacements
due to each one of the waves at that point at the same time.

if Y1, Y2, Y30 are the displacements at a particular time at a particular position, due to individual waves, then the resultant displacement would be :

Y=y Tyt Y.

Principle of Superposition
=

e

i b -—

Interference of waves going in same direction-

Suppose two identical sources send sine waves of the same angular frequency w in the positive x-direction. Also, the wave velocity and hence, the angular
wave number (k) is same for the two waves. One source maybe started a little later than the other. The two waves arriving at a point then differ in phase . The
two waves differ in phase by an angle ¢ . Their equations maybe written as :

y1 = Ay sinlke — wt)

ys = Ay sin(ka — wt + &)

According to the principle of superposition, the resultant wave is represented by
y =1+ = Aysin(ke — wt) + Agsin(kz — wt + ¢)

therefore the resultant we get,

y = Asin(kz — wt + 6)

Apsing

; tan(f) = —————
where 1 = \/4% + A} + 241 A5 cos(9) ] an(f) Ay + Ay cos(d)

where

o
|

= the amplitude of wave 1
A2 = the amplitude of wave 2
and Amax = A1 + Ay and Ay, = A — A
Resultant Intensity of two waves (I)-
Using ] a A2
we get I=5n +12+2\/Ecosr_;‘)
where
I} =The intensity of wave 1
Iy =The intensity of wave 2
Constructive interferences :
o The phase difference between the waves at the point of observation is ¢ =0° or 2nm

o The resultant amplitude at the point of observation will be maximum
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ie Apey = A1 + Ao
If 41 = A = Ap = Apax = 240

¢ Resultant intensity at the point of observation will be maximum

ie Ipow =0+ 12 +2v 111
T2
Imm{:(\a"h"' 12)‘
It h=h=1I=Ilm=40
Destructive interference :
o The phase difference between the waves at the point of observation is
¢=180°0or (2n — 1)mn=1,2,...
or (2n+1)mn=20,1,2
o The resultant amplitude at the point of observation will be minimum
1. Apin = A1 — Aa
IfA =4 = Apin =0
¢ Resultant intensity at the point of observation will be minimum

-!rmiu:-lrl+.{2—2 .{11{2

-'rm'm = (\/-{_l_ @2
th=h=Ih= Iyu=20

7 Reflection And Transmission Of Waves On A String

‘When waves are incident on a boundary between two media a part of incident waves returns back into the initial medium ( reflection ) while the remaining is
partly absorbed and partly transmitted into the second medium ( refraction ).

Boundary conditions :
Assuming no transmission, no absorption and energy lost when a wave hits the boundary.

1. Rigid end: when the incident wave reaches a fixed end, it exerts an upward pull on the end, according to Newton's 3rd law at fixed end it exerts an equal
and opposite downward force on the string. It results an inverted pulse or phase change of 7.

T A

Crest (C) reflects as trough(T) and vica-versa, Time changes by 2 and path changes by 2.

/\ f\ /\&/Rigid Wall
VARV
e
Incident Wave

(N[N &
U U \_/F Rigid Wall
—

Reflected Wave

2) Free end: when a wave or pulse is reflected from a free end, then there is no change of phase (as there is no reaction force).
crest (C) reflects as the crest (C) and trough (T) reflects as a trough(T), Time changes by zero and path changes by zero.
Wave in a combination of string-

1. Wave goes from rarer to a denser medium
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Incident wave ——s Rigid boundary

Ramer Denser

v

Mo Transmitted wave — ——s

Reflected wave o

Incident wave = y; = a; sin (wt — kiz)
Reflected wave = y, = a, sin [wt — ki (—2) + 7] = —a; sin (wt + k2)
Transmitted wave = y; = a; sin (wi — kex)

2. Wave goes from denser to rarer medium

Incident wave —=——e Free boundary

Denser Rarer

M
Transmitted wave  ——s
Reflected wave o

Incident wave = y; = a; sin (wt — kiz)
Reflected wave = y, = ay sin [wt — ki (—z) + 0] = a; sin (wt + kiz)
Transmitted wave = 1y, = ay sin (wt — ko)

¢ The amplitude of reflected wave-

If 4 =the amplitude of the reflected wave then

L (B4
TR

Where
V1 and V3 are the velocity of the wave in the incident and transmitted wave.

A = amplitude of incident wave.
:‘3].,. _ k1 —kg !
Orwecanwrite A k1 +hy w2+

Where k1 and k2 are the angular wave number of the incident and transmitted wave respectively.
o Amplitude of transmitted wave

A = amplitude of the transmitted wave then

215
A= 4
‘ (L‘] +Vs )

Where
V1 and Vs are the velocity of the wave in the incident and transmitted wave.

A = amplitude of incident wave.

A-t 25k 1 2v 2

Orwe canwrite i~ k1 +hky  va+

Where k1 and k2 are the angular wave number of the incident and transmitted wave respectively

8.Standing Wave On A String
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Standing waves

When two sets of progressive wave of same type (both longitudinal or both transverse) having the same amplitude and same time period or frequency or
wavelength travelling along the same straight line with same speed in opposite directions superimpose, a new set of waves are formed. These are called
stationary waves.

Some of the characteristics of standing waves :

(1) In this the disturbance is confined to a particular region between the starting point and reflecting point of the wave.

(2) In this there is no forward motion of the disturbance from one particle to the adjoining particle and so on, beyond this particular region.

(3) The total energy in a stationary waves is twice the energy of each of incident and reflected wave. But there is no flow or transfer of energy along the
stationary wave. N

(4) Points in a standing wave, which are permanently at rest. These are called nodes. The distance between two consecutive nodes is 2

A

(5) The Points on the standing wave having maximum amplitude is known as antinodes. The distance between two consecutive antinodes is also 2
(6) All the particles execute simple harmonic motion about their mean position (except those are at nodes) with the same time period.

Note - In standing waves, if the amplitude of component waves are not equal. Resultant amplitude at nodes will not be zero. It will be minimum .
Because of this, some energy will pass across nodes and waves will be partially standing.

Let us take an example to understand and derive equation of standing wave -

Let us take a string and when a string is under tension and set into vibration, transverse harmonic waves propagate along its length. If the length of string is
fixed, reflected waves will also exist. These incident and reflected waves will superimpose to produce transverse stationary waves in a string

. . 2—‘ \
Incident wave y1 = asin —i[m‘. +x)

. . \ 5
Reflected wave y = asin ST[(vt — z) + 7] = —asin (vt — z)

Now we can apply principle of superposition on this and get -

2mut | 2mx
Yy =y +y2 = 2acos sin —
A
So ¥ = (2Asinkz)coswt
So, it can be written as - ¥ = Reoswt 1)

where, i = 2Asinkx ... .. ?2)

Equation (1) and (2) shows that after superposition of the two waves the medium particle execute SHM with same frequency and amplitude. Thus on
superposition of two waves travelling in opposite direction, the resulting interference pattern will form Stationary waves.

Nodes and antinodes -

Points in a standing wave, which are permanently at rest. These are called nodes. The Points on the standing wave having maximum amplitude is known as
antinodes.

For nodes -

From equation (2) we can say that - kz = nw
; T _ 1A

So, I k 2; 2

A ) .
) x =0, =, A. . .displacement is zero
So, at point where 2

For antinodes -

) k= (2n +1) I
From equation (2) we can say that -

SR

. LA
r=(2n+1)—
So, 4

So, again using equation (2) ¥ = +24
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. == — — displacemnet is mazimum (£2A)
Thus at point for which

Standing wave in a string fixed at both ends -
As we know that a string is said to vibrate if it vibrate according to the given equation -
y = (2Asinkz)coswt

From this equation, for a point to be node,

A
= HT wheren =10,1,2,3, ...

“-

In this the string is fixed at both the ends, so these ends are node. So, for * = 0 and for @ =1L (which will be node). So, it can be written as -

9
L= ﬂ or, A= £ wheren =1,2.3, ...
2 n

So, corresponding frequencies will be =

f= % = n(i) . wheren =1,2,3....

here, ' = speed of travelling waves on the string

By putting the values of 'n' , we are getting different frequencies. For example -

v . . .
1. forn =1, f= YA and it is called fundamental frequencyor first harmonic

The corresponding mode is called fundamental mode of vibration.
5 5 gV v
2.1fn =2 f1=~fi) =1

This second harmonic or first overtone and f1 = 2f
Similar to this, we can increase the value of 'n' and we get the respective harmonic and overtone.

Now, the velocity of wave in string is given by-

|~

=

1=

n |T
fﬂ:ﬁ — . n=123, ...
So the natural frequency can be written as - - H

Standing wave in a string fixed at one end -

In this case, one end is fixed and the other end is free. In the fundamental mode, the free end is an antinode, the length of string

So, in the next mode-
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So, in general we can write the equation =

L= ﬂ ,n=1235.
4
A
Fundamental, first harmonic
A A
N
Third harmonic
A A A
N N
Fifth harmonic
A A A A A

Nl N o
~— ~—PHF :

Seventh harmonic

A A A A
e N

—
Ninth harmonic
< L —
From this we can write the resonance frequency -
v _
fa=n—=mnf:n=123,5 ...

47
v

where, f lzﬁ (Fundamental frequency)

9.Sound Wave

Sound is defined as the energy to which the human ears are sensitive is known as sound.

Sound waves always travel through any elastic material medium with a speed that depends on the properties of the medium. As sound

waves travel through the air, the molecules of air vibrate to produce changes in density and pressure along the direction of motion of the wave. If the source ¢
the sound waves vibrates as a Sine wave, the pressure variations are also like Sine waves. Because of this, the mathematical description of sinusoidal sound
waves is very similar to that of sinusoidal waves on strings.

Transverse waves Longitudinal waves

1.In this particles of the medium
vibrates in a direction perpendicular
to the direction of propagation of
the wave.

1. In this particles of a medium
vibrate in the direction of wave
motion.

2. Transverse waves travels in the
form of crests
and troughs.

2. Longitudinal waves travels in the
form of compression and rarefaction

3.1t can be transmitted through
solids, they can be set up on the
surface of liquids. But they can not
be transmitted into liquids and
gases.

3.1t can be transmitted through
solids, liquids, and gases because, for
these waves propagation, volume
elasticity is necessary.
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4. Transverse waves can be 4 Longitudinal waves can not be
polarised. polarised.

Now, as the sound wave travels through the air, the element of air vibrate to produce a change in density and pressure along the direction of motion of the
wave. So as we discussed in the table that the movement of the sound waves is like compression and rarefaction, this is shown in the given image. The detail
of this with an example will be discussed in the latter concept.

le— i—s

#ffe]<]}=

— A—s

Here, Ais the wavelength.

R = Rarefraction

C = Compression
Propagation of sound waves

Sound is a longitudinal wave that is created by a vibrating source such as a guitar string, the human vocal cords, or the diaphragm of a loudspeaker. As a sour
wave is a mechanical wave, so, sound needs a medium having properties of inertia and elasticity.

.The equation of sound waves (in terms of pressure waves)
Ap = Apyax sinfw(t — z/v)]
Relation between displacement wave and pressure wave -
dy = Ak cos(kx — wt)dx
dV = Sdy = SAk cos(kx — wt)dz
Where, S = Area of cross-section and V = Volume of section

dv _{y SAkcos{kz—wt)dr
VT dr Sdx

% = Ak cos(kx — wt)
If B is the bulk modulus of the medium, then the excess pressure in section can be given as -
AP=—B(%) =B (%)
AP = —BAk cos(kx — wt)
AP = —AP, i cos(kx — wt)
Here AP, is the pressure amplitude at a medinm particle at position x from origin and AP is the excess pressure at that poh
So,

APy = BAL = 22 AB

St

In the compression zone, more particles stay in a unit volume of the medium. So, density and pressure of the region will be more. In refracted zone, lesser
particles stay in any unit volume.

Let a sound wave is propagating in a medium of Bulk modulus B and density £.

So,
dp
5= (-a7v)
dv. _d_p
Also, i P
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. e I _
From both Equation, we get, dp = j';d{)_
2 speed of s s oiven by, v = B = £ —
The speed of sound is given by, v = V” rid AT
\Nee — D —
Hence, dp = 5Ap = —;Ap
So, this relation gives relation between pressure with density. So the variation of density is like variation of pressure -

ﬂf) = (-&()j:rs HillU\':Ef — ;4,‘!‘.:]

where, (Ap),, = %(Amm _ ! !J.”_'I

SR

Note - Density equation is in phase with pressure equation and this is 2 out of phase with the displacement equation

10. Velocity Of Sound In Different Media

Speed of sound wave in a material medium -
[
1Y
V=] —
V7
where Y=Youngs modulus of the medium

For longitudinal waves for liquid or gas -

1 IllB

= v I(—)

where p = Density of the medium

and where B = Bulk modulus of elasticity

Speed of sound wave in gas: Newton's formula

The main assumption before deriving the equation is when the sound propagates through a gas, temperature variation in compression and rarefaction is
negligible. So, Newton assumed that the exchange of heat with the surrounding, the temperature of the layer will remain the same. Hence this process is

isothermal. Thus by using the formula that we have studied in the last concept, we can write that -

|

lll Ba.~r)fhr=:-mrtf P

U=y —...... (i)
Vo

Where Bisothermal = Isothermal Bulk modulus
Now, in the isothermal process, PV = Constant
Differentiating both sides, we get -

Pdv = V{—dP)
B.:.u:nh’!ru-:rutf =P=

R%

So from the definition of Bulk modulus, we can say that the P = Bisothermal

So from equation (i), We can write that -

=
[P

v=—
Ve
This formula is given by Newton, So it is called Newton's formula.

Laplace correction-

Laplace Correction gives correction to the speed of sound in the gas. Newton's formula was formulated taking into consideration that sound travels in
isothermal conditions, the result so obtained was not matching with the experimental value of the speed of sound.

Thus, Laplace came up with a correction to it that sound travelling through air is a sudden process, it is well known as a Laplace Correction to Newton's

Formula.
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Bmh;ﬂbﬂtir
I(J

Where Budiahatic = adiabatic bulk modulus
Now, in the adiabatic process, F’V"" = Constant
Differentiating both sides, we get

_PnI.Lr“r—l dy = Vﬁ'(—(ﬂP)
dP
Budiabatic = T '-J-P

[

Factors affecting the speed of sound in the gas-

1. Effect of pressure -

We know that the speed of sound in gas =

Py =nRT = 2

RT
Also, for gas, M

Am
RT
T

PAV =

At constant temperature, we can write = !

_ &mE
AV M

_ RT
]

P

— = constant

And as pressure changes, according to this the density changes. Thus we can say that the ratio will remain the same. So pressure does not create any effect on
the speed of sound in the gas.

2. Effect of density -

For two gases of densities 11 and py at the same pressure with ratios of specific heat 71 and 3 .

v [mxm
va V2% pi

3. Effect of temperature -

ey
As, P M
_ [2RT
So M = v VT

So, as the temperature increases the velocity will increase.
4. Effect of humidity -

Humidity is the percentage of water vapour present in the air. As the humidity increases, the percentage of water vapor in the air increases and this decreases
the density of air resulting in the increased velocity of sound. So, with an increase in humidity, the density of air will decrease. And as we know that -

ol —

Ve
So, the speed of sound will increase.
5. Effect of frequency -
With the change of frequency, the wavelength also changes in the same proportion.
So, a product of both remains constant. From the equation - fA= v

So velocity remains constant.
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6. Effect of wind -

As sound is carried by air, so as the velocity of wind changes then the velocity of the sound will change accordingly. Let the speed of the wind is vy, and it is
blowing at an angle of # with the direction of the sound. As shown in the figure -

The speed of sound gets extra effect from the speed of the wind as - Vsound T Uycost)

& may vary from 0 to 180°

11. Intensity Of Sound Waves

The intensity of Periodic sound waves -

The intensity I of a wave is defined as the power per unit area, as the rate at which the energy transported by the wave transfers through a unit area
A perpendicular to the direction of travel of the wave.

P
I==
A

I= lpv(w,q)z

In this case, the intensity is therefore 2

Also, for any sound waves -

AP, = ABk
AP,
A=—75

Put this value in the equation of intensity

1, 2 (AP.YE _ 1 2APZ
I'=35pvw (Bk) = 3PV BTz

As k=wfv and B=1p

e lp‘uwz A% _ vAP2 _ AP
2 B2 2B 200

Now, the appearance of sound to the human ear is characterized by -
a. Pitch

b. Loudness

c. quality

Pitch - The pitch of a sound is an attribute of the sound that tells us about its frequency. A sound that is at a high
pitch, has a high frequency. And a sound at low pitch has a lower frequency.

Loudness -

The loudness that a person sense is related to the intensity of sound though it is not directly proportional to it. Loudness can be defined and represented as -
1
3 = 10logio(+)
I,

Where I = Intensity of the sound
I, = Reference intensity (10'12 W—m’z)

For =1 the sound level= 3 = 0
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Interference of sound waves-

Let us take two tuning forks S; and S, placed side by side. which vibrate with equal frequency and equal magnitude. The point P is situated at a distance
from Sy and & + Az from S, .

The forks may be set into vibration with a phase difference 8. In case of tuning forks, the phase difference 85 remains constant in time.
Suppose the two forks are vibrating in phase so that 8, =0. Also, let py; and p(y, be the amplitudes of the waves from S; and S, respectively.
Let us examine the resultant change in pressure at a point P. The pressure-change at P due to the two waves are described by

p1 = pm sin(kz — wt)
P2 = pop sinfk(z + Az) — wi]

= p sin[(kz — wt) + 6]

2rA® (1)

where § = Az =
A
Here, o is the phase difference between the two waves reaching P. So, the resultant wave at P is given by -

p = posin|(kz — wt) + 2]
where pg = pd, + pis + 2Po1Pos cosd

2 sind
and tans = —Po2smo
Po1+po cos &

The resultant amplitude is maximum when = 271 and is minimum when S = (2?1 + l}ﬂ— , where n is an integer.
These are correspondingly the conditions for constructive and destructive interference.
A similar condition in terms of path difference can be written as -

Az =nA (constructive)
Ar=(n+1/2)A (destructive)

The above equation is obtained with the help of the (1) equation.

At constructive interference,

Po=Fy + P

At destructive interfernece -

Py = |Po1 — Pul
Constructive interference Destructive interference
1. When the waves meet with the same phase, it forms constructive 1. When the waves meet with opposite phase, it forms destructive
interference interference

2. Phase difference at the point of observation.
P 2. Here, phase difference = 180° or (2n — 1)m where n =1,2,3...

4 =0 or 2nw

3. Path difference = 1A ) (2n—1)=
3. Path difference = 2

4. Resultant amplitude =

4. Resultant amplitude = “mar = a1 + a3

A—ar.ra'ﬂ =] —ay

IS. Resultant intensity will be maximum = *max — Iy + I+ 2/ 11y 5. Resultant intensity will be minimum = fmaz = Iy + 1 =2/ 1]y

12. Standing Sound Waves
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Standing Wave in a Closed Organ Pipe -

Organ pipes are musical instruments which are used for producing musical sound by blowing air into the pipe. In this longitudinal stationary waves are forme
due to superimposition of incident and reflected longitudinal waves.

A closed organ pipe is a cylindrical tube having an air column with one end closed. Sound waves are enters from a source vibrating near the open end. An
ingoing pressure wave gets reflected from the fixed end. This inverted wave is again reflected at the open end. After two reflections, it moves towards the fixe
end and interferes with the new wave sent by the source in that direction. The twice reflected wave has travelled an extra distance of 2/ causing a phase

2T 4

advanceof A A
Similarly at open ends, the twice reflected wave suffered a phase change of 7 at the open end.
. Axl
= —+T7
So the phase difference is A . Also the waves interfere constructively if phase difference is 2nm
ﬂ—ﬂ +7=2nm

I=(2n—1)3

A
. . ) I=02n-1)~
Here n=1,23.... But if we take n =0,1,2,.... then the above equation can also be written as - 4
v ou2n—1)
= —
So, the frequency can be written as - A 41

. . .. . . I
Equation of standing wave is given by and explained earlier = y = 2a cos 2L gin Z=£
) Y )

As, general formula for wavelength defined earlier = A = %

The minimum allowed frequency is obtained by putting n=1

e
e S
N ~ A /,\\\ A
- - ~

(1) First normal mode of vibration :nj = _f—

This is ealled fundamental frequency. The note so produced is called
fundamental note or first harmonic.

(2) Second normal mode of vibration : ny = & = §f = 3y

This is called third harmonic or frst overtone.

(3) Third normal mode of vibration : n3 = _‘:"—L = 5ny

This is called fifth harmonic or second overtone,

Standing Waves in Open Organ Pipes

2L
A=—"— wheren=1,23.........
General formula for wavelength - n
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v v
ny=—=—-—
Then the first normal mode of vibration is - A 2L

This is called fundamental frequency and the node so produced is called fundamental node or first harmonic.

a

(2) Second normal mode of vibration nz =

:%ZQ(E)ZQR.lén.gZQH.l

This is called second harmonic or first overtone.

(3) Third normal mode of vibration ng = AL; = %‘”‘3 = 3m

This is called third harmonic or second overtone.

End correction -

In the organ pipe, when the wave reaches the open end, due to collision particle sactters away from the pipe. Due to this the density reduces outside the pipe
and form a rarer medium.

pressure node p = O zero fluctuation
of air pressure, since at the open end
open end pressure 15 at atmospheric pressure

i //;I
am

vibrating air column <—e—»
- - -

displacement antinode:max
amplitude for the motion of the air
particles

So, we can say that the wave is not exactly reflected back from the open end of the pipe. So, we can say that the antinodes will form always little away from
the open ends. We can see this in the given figure. So the distance above the open end where an antinode is form is called end correction.

| 4 |
r I L3 ]
L 1 e
\ | l‘
\ !
\ U
\ /
A\ /
b
L
ot N @
\
P AR |
! \
/ A
i \
! 1 f
v \ Il\ ]
= & \ /
! | \ ’
= g P I L ¥
A N
Open pipe Closed pipe

This end corrrection varies with radius of pipe and given as = ¢ = (.67

Now taking the end correction into account, the frequency of a closed pipe of length I can be given as -

7
n,

Al +e) (One end open)
For open pipe -

e

o= 2(1 + 2¢)

(Both ends open)

Resonance column method

In this the equipment used is resonance tube. This apparatus is used to determine the velocity of sound in air and used to compare frequency of two turning
fork.

It is closed organ pipe with variable length of air column. When we brought a turning fork near it, its air column vibrates with the frequency of fork. The
length of air column varied until the frequency of fork and the air column become equal. When frequency becomes equal, column resonates and the note
become loud.
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Reservoir

Rubber

— Tube
scale

Let at this position the length of air column is . By further decreasing water level again after some distance maximum intensity of sound is obtained where
the node is obtained. Let this level is {2,

If Iy and I are the length of first and second resonance, then -

ll—l—rf:%and lg-'—(f:%

50, A = 2“2 - fl)

Speed of sound in air at room temperature ¥ = nA=2n(ly — 1)
Also,

lo+e

li +e

=y =3[ +2¢

So, the second resonance is obtained at length more than thrice the length of first resonance.

13.Beats

Beats -

When any two sound waves of slightly different frequencies, travelling along the same direction in a medium and superimpose on each other then the intensit
of the resultant sound at a particular position rises and falls regularly with time. This phenomenon of regular variation in intensity of sound with time at a
particular position is called beats.

If we struck two tuning forks of slightly different frequencies, one hears a sound of periodically varying amplitude. This phenomenon is called beating.

Beat frequency, equals the difference in frequency between the two sources which we will see below.

Let us consider two sound waves travelling through a medium having equal amplitude with slightly different frequencies Jrand f2. We use equations similas

) — Nan(bpe — ) ) v — o f
to equation ¥ = < sin (kz —wt) ¢ represent the wave functions for these two waves at a point such that F¢ = /2 ;

y1 = Asin (% —wzt) = Acos (27 fit)
y2 = Asin (% —wgt) = Acos (2 fot)

By using superposition principle -
y =y1+y2 = Alcos2m fi + cos 27 foi)

We can also write the above equation by using trigonometric identity as -

y= [Mcoﬂﬁ (@) t} cos 2m (—fl J; fg)t

The graph is like this -
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Graphs of the individual waves and the resultant wave are shown in the figure. We can see that the resultant wave has effective frequency equal to average
h+f

frequency 2 . From the figure, we can see that this wave is multiplied by the envelope whose equation is given as -
Yenvelope = 2A cos 2 (%) t
A maximum in the amplitude of the resultant sound wave is detected whenever
cos 2w (‘rl—;-ri) t==l1

(f1i— f2)

Hence, there are two maxima in each period of the envelope wave. Because the amplitude varies with frequency as 2 the beat frequency is two time:
of this value and given by -

fhcat = |fl - f?l
14. Doppler Effect

Doppler Effect -

Whenever there is a relative motion between a source of sound and the listener, the apparent frequency/wavelength of sound heard by the listener is different
from the actual frequency/wavelength of sound emitted by the source.

When the distance between the source and listener is increasing the apparent frequency decreases. It means the apparent frequency is less than the actual
frequency of sound. The reverse of this process is also true.

[{U + U'.!ra) - UO] f

General expression for apparent frequency fo, = 0+ om) ]
U+ Uy ) — Uy

Now, for different conditions the value of apparent frequency will change. Here f = Actual frequency; v,= Velocity of observer; vg = Velocity of source, vy =
Velocity of medium and v = Velocity of sound wave

There are some sign convention for the velocities - along the direction Source to Listener are taken as positive and all velocities along the direction Listener t
Source are taken as negative.

U— U,
. A Japp = o f
If the velocity of the medium is zero then the formula become - M=

Now we will discuss some important cases and based on that the formulaes -

(1) Source is moving towards the listener and the listener at rest fop, = = f

(2) Source is moving away from the listener and the listener is at rest fop = 5. f

(3) Source is at rest but listener is moving away from the source fo,, = *=*& f

(4) Source is at rest but the listener is moving towards the source faopp = *5= f

(5) When the Source and listener are approaching each other fu,, = (ﬂ) f

u—uvg

UViUs

(6) When the Source and listener moving away from each other fu,, = (ﬂ) f

Note - Source and listener moves perpendicular to the direction of wave propagationi.e., app = f. It means there is no change in frequency of sound heard for

the small displacement of source and listener at right angle to the direction of wave propagation but this is not true for large displacement. For a large
displacement the frequency decreases because the distance between source of sound and listener increases.
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Electric Charges and Fields

Important Formulae

1. Electric Charge

Electric charge:
The charge is the property associated with the matter due to which it produces and experiences the electrical and magnetic effects.

The electric charge are of two types, namely positive charge and negative charge. A body is called to be positively charged when the body loses
electrons and the negatively charged when the body gains electrons.

Electric charge is a scalar quantity and its SI unit is Coulomb represented as C. C= 1 ampere-second. The dimension of charge is [AT].

Like charges repel each other (glass rods rubbed with wool or silk repel each other) and unlike charges attract each other (glass rod and wool attract
each other).

Point charge: If the size of charged bodies is too small compared to the distance between them we treat them as a point charge.

Opposite Like + Like —
Charges Charges Charges
Attract Repel Repel

1. Additivity: If a system contains n charge 41:92: q3....... n, then the total charge of the system is 41 = §2 T -.... In.

Properties of charge:

2. The charge is conserved: The charge can be neither created nor destroyed. When we rub a glass rod with silk there is a transfer of charge and
not creation. The total charge of an isolated system is always conserved.

3. The charge is independent of the velocity of the particle. I.e The charge is non-relativistic.
4. Quantization: The charge on a body will be some integral multiple of e, where e is the charge of the electron.
=16x 107°C
Conductors and insulators:

The materials which allow the passage of electricity are known as conductors and the materials which do not allow the passage of electricity are
known as insulators.

Methods of charging

1. By Friction: When two bodies rub together both positive and negative charges in equal amounts appear simultaneously due to the transfer of
electrons. When a glass rod is rubbed with a silk cloth, the electrons are transferred from the glass rod to the silk. The glass rod becomes
positively charged and the silk rod becomes negatively charged.

2. By induction: When a charged body is brought near an uncharged body, one side of the neutral body becomes oppositely charged while the
other side has the same charge. For example, when a positively charged glass rod is brought near a paper the paper gets attracted, This is
because the rod attracts the electrons of paper towards it so that the edge of the paper near the rod becomes negatively charged and the other
end becomes positively charged due to deficiency of electrons.

3. By conduction: When two conductors are brought in contact, the charges will spread over both the conductors. For example, when a
negatively charged plastic rod is brought in contact with a neutral pith ball some of the electrons of the rod are transferred to the pith ball and
the pith ball also becomes negatively charged.

2. Coulomb's Law

Coulomb's Law: The force of attraction or repulsion between two charges is directly proportional to the product of the two charges and inversely
proportional to the square of the distance between them.

10:
P 21922
2
o K@

r2
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K = Proportionality Constant
Q1and @2 are two-point charges

In ST unit value of K is

K

i
=
m

Where,

C_YQ

= 1n—12
(E(]) =8.83 x 10 - 5 . .
N — m* known as absolute permittivity of air or free space

The vector form of Coulomb's Law:

0O |

Consider two charges 41 and 42 separated by a distance r. Let the position vectors of 41 be "1 and that of 92 be 7"2. Then the force due to 92 on 41 as
shown in figureF 12 is directed along the unit vector 712 and

quqo
Fip = ——7p
2
S =72 T2
here, rjg = ——— = —
|J‘“]_ — g r
K 1.2
Fip = %f‘lz
r

Force when the dielectric is inserted between the charges:
When a dielectric of dielectric constant k is completely filled between the charges then force

142 142
Fm[id = i = .

Amegkr?  dmwege,r?

€r is the relative permittivity / dielectric constant of the medium. The dielectric constant is the ratio of the permittivity of a substance to the
permittivity of free space.

If the dielectric of thickness d is partially filled between the charges 1 and Q2 then

o @102
dmeg(r —d + \/Ed]z

Principle of Superposition:

It states that the total force acting on a given charge due to a number of charges is the Vector sum of the individual forces acting on that charge due
to all the charges.

3. Electric Field
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Electric field :
The space around a charge in which another charged particle experiences a force is said to have an electric field in it.
Electric Field Intensity:

The electric field intensity at any point is defined as the force experienced by a unit positive charge placed at that point.

i.e
F
E=—
qo
where F is the force experienced by qg. The SI unit of E is,
Newton  Volt Joule
Columb ~— meter  Coulomb x Meter

-3 41
The dimensional formula is [-U LTA ]
The electric field is a vector quantity and due to the positive charge is away from the charge and for the negative charge, it is towards the charge.

Electric field due to a point charge:

)

Consider a point charge placed at the origin O. Let a test charge q is placed at P which is at a distance r from O. Force F on test charge qg is

F=_L 20,
drey v

The electric field at point P due to q is

E:lim£:11mi ! @P— ! %

—r = r
=0 gy q—0 gp dmeg r2 dmep r

(As q,, tends to zero the electric field produced by q is not affected by q,.)

The magnitude of the electric field

[op—

dmeg r2
Electric field due to a system of charge:

The electric field obeys the superposition principle. That is the electric field due to a system of charge at a point is equal to the vector sum of all the
electric fields.

Electric lines of force:

An electric field line is an imaginary line or curve drawn through a region of space so that its tangent at any point is in the direction of the electric
field at that point.

Properties of Electric lines of force (Electric field lines):

i) Electric lines of force diverge out from the positive charge and converge on the negative charge
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Field lines

The electric field from an The electric field from an
isolated positive charge isolated negative charge

Negative charge Negative charge

ii) The number of field lines is proportional to the magnitude of the charge

iii) Lines of force never cross or intersect each other. If they intersect at any point then at that point electric field intensity will have two directions

% N\
ZH
) ()

()

iv) Electric field lines do not form a closed loop. Since electric field lines cannot start and end on the same charge.

v) The tangent at a point on electric field lines will give the direction of the force on a positively charged particle placed at that point.
vi) Electric field lines do not give the path of motion of the particle. It may show the path if the electric field lines are straight.

vii) Electric field lines are normal to the conductor if it is starting from a conductor or while ending on the conductor.

viii) The uniform electric field is represented by straight, parallel, and equidistant lines.

ix) The electric field does not exist inside a conductor.
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Discrete charge distribution: A system consisting of many individual charges.
Continuous charge distribution: An amount of charge distributed uniformly or non-uniformly on a body. It is of three types -

1. Linear charge distribution:

(M) = charge per unit length.

q C -1
A= =—=0
L m "

+ + + + 4+ + + 4+

Example: wire, circulating ring
2. Surface charge distribution:

(o) — charge per unit Area

Q ¢

A m?

Example: plane sheet

3. Volume Charge distribution

(p)— charge per unit volume.

Q_C¢C 3
p=F=F=Cm
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Example - charge on a dielectric sphere etc.

4. Electric Field Intensity due to various charged bodies

1. Electric field due to uniformly charged rod

So, let us consider a rod of length [ which has uniformly positive charge per unit length lying on x-axis, dx is the length of one small section. This
rod is having a total charge Q and dq is the charge on dx segment. The charge per unit length of the rod is A. We have to calculate the electric field
at a point P which is located along the axis of the rod at a distance of 'a' from the nearest end of Rod as shown in the figure -

__kQ
T all +a)
Now if we slide the rod toward the origin and the @ — 0, then due to that end, the electric field is infinite.

2. Electric field strength due to a charged circular arc at its centre

E= The electric field at the centre of an arc of linear charge density A, radius R
subtending angle @ at the centre.

If Q is the total charge contained in the arc then,

Rg‘;

2A @
E= sin —
ilS‘TE{}R 2

3. Electric field on the axis of a charged ring-
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In this one should notice that there is symmetry in this situation. Every element dq can be paired with a similar element on the opposite side of the
ring.

Every component dE perpendicular to the x-axis is thus cancelled by a component dE in the opposite direction.
In the summation process, all the perpendicular components ¢/ add to zero.

Thus we only add the dE. components, which all lie along the +X direction

=0
Also,

The net electric field is -

1 I‘Q
Epe = (4"" ) 0 0 32
T ) (z? + R?)Y

The graph between E and X -

E
0.4+
0.21
1 : : f
1 Y, 2 |2 |4 A
+-0.2
T-04
R
r=+—
V2
_ . Q
Er.lm.\: - G\/ﬁﬁ'f.}ﬁz i

4. Electric field due to uniformly charged disk

Let us take a disk of radius R with a uniform positive surface charge density (charge per unit area) . E= The electric field at a point on the axis of
the disk at a distance x from its centre.
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E,=E. =0

As this disc is symmetric to x-axis, so the field in the rest of the component is zero i.e.,

Special case -

T
-E;r' =
1) When 12 >> =z, then 220 Note that this equation is independent of 'x'
o
T T
2) When i — 0 (i.e very near to disc), then 2gp

5.Electric field due to an infinite line charge -

Let us assume that positive electric charge Q is distributed uniformly along a line, lying along the y-axis.

E= The electric field at point D on the x-axis at a distance "0 from the origin.

¥,
dl
dQ
A =
\“--..“‘r
¢ o
GEEr dE
6] BT "“:---——I—--—-—-.—bx
fo aEy L O
1
I 1
___________ e
Q dE
r=rysec o

If the wire has finite length and the angles subtended by
ends of wire at a point are £ and é»

Then
r _/92 A cos Bdf
© o Jle AmEgrg
A
= (sinf) + sin fly)
dmegry
P _/_92 A sin Bdf
Y e 4merg

= (cosfl) — cosfly)
dmegrg

Special case-
1. If the line is infinite then the f1 = f2 = 90°

Putting the value, we get -
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2. If the line is semi-infinite then the f1 = 0, and 63 = 90”

Putting the value, we get -

Er- = A

dms,r,

A

dme,r,

E, =

5. Motion of a charged particle in the uniform electric field

Whenever a charge is placed in an electric field, it will experience an electric force. There is an assumption that this whole system is placed in a
gravity-free space.

For this condition, electrical force is the only force acting on the particle.
This net force will cause the particle to accelerate according to Newton's second law of motion.

So we can write -

F, = qE = ma

_dE

Acceleration will be constant if the Electric field is uniform and . .

The direction of acceleration or motion of a charged particle depends on its nature.

If the charged particle is of a positive nature then it will move or accelerate in the direction of the electric field.

But in the case of a negatively charged particle, its motion or acceleration is in the opposite direction of the electric field.

Here we can use the kinematic equation of motion since the acceleration is constant.

6. Electric Dipole

An electric dipole is a system of two equal and opposite point charges separated by a very small and finite distance.

Below is the figure showing an electric dipole consisting of two equal and opposite point charges =4 @7 d +gq separated by a small distance 21

Equatorial axis

-4 +q Axial line

Dipole moment- The strength of an electric dipole is measured by a vector quantity known as the electric dipole moment.
Its magnitude is equal to the product of the magnitude of either charge and the distance between the two charges,

i.e. for the dipole, as shown in the above figure dipole moment is given as

(7) =a(2)

And its direction is along the line from —q to +q.

Its S.I unitis C-m

2

and its cgs unit is Debye (1 Debye = 3.3 x 107C — nry
The axial line of dipole- A line passing through the negative and positive charges of the electric dipole is called the axial line of the electric dipole.

Centre of dipole- The midpoint of the line joining the two charges is called the centre of the dipole.
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Equatorial line- An equatorial line of a dipole is the line perpendicular to the axis of the dipole and passing through the Centre of the dipole.

Electric Field Intensity due to an Electric Dipole at a Point on the Axial Line-

2a
@+ Bd©) axis
s
P

E=Electric Field Intensity due to an Electric Dipole at a Point M which is on axial line and at a distance r from the centre of a dipole.
Where £1 and  E is the Electric Field Intensity at M due to —7 and +gq charges respectively.

The intensities 1 and FEaare along the same line but in opposite directions.

ke
B =5
kg
B =iy
Emih - EZ - El
B Kyq Ky | 4Kqar
et = [’r _a)g - (}“-l— a)z - (rg _ (:.2)2

Using-’D:‘T(Q“)
2K Pr }

(r2— a2)2

Emit - [
So

e For short/Ideal dipole (i.e. r>>a)

_2KP 2P

B dmegr? (This is the value of Eyet when the dipole is placed in the vacuum.)

If the dipole is placed in the medium having the permittivity as €m

- 2P 2P
net — 3 =
Then dmep v dmepe,r

3
Note: The direction of the electric field E is in the direction of P .

i.e Angle between E,; and P is0f.

Electric Field Intensity due to an Electric Dipole at a Point on the Equatorial line-

E=Electric Field Intensity due to an Electric Dipole at a Point M which is on the Equatorial line and at a distance r from the center of a dipole.

Where £1 and Ej is the Electric Field Intensity at M due to —7 and +gq charges respectively.
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1
Bl = — x 1
dey e+ a®
— 1
|By| = x 1

T dmen (P +a®) Vi £ a?

g% 2a

B dmeg (r? + az);ﬂz

Using P = q(2a)

L E=

2

_p
ey (r? + azjw‘
And

e For short/Ideal dipole (i.e. r>>a)

= ~KP -P
= T3 = T3
then " rd 4regr? (This is the value of Ehet when the dipole is placed in the vacuum.)

If the dipole is placed in the medium having the permittivity as €m

_ —-P -P
St — T
Then e Amep Aregerr

3
Note: Here the direction of the electric field E is opposite to the direction of F.

i.e Angle between Eqq,; and P is 180°.

Electric field due to a dipole at any general point-

E=Electric Field Intensity due to an Electric Dipole at a Point M which at a distance r from the center of a dipole and making an angle # with the
axial line.

From the figure, M is at the axial line of dipole having dipole moment as Frosf! and M is at the Equatorial line of dipole having dipole moment as

Psind
if r>>a
1 2P cost 1 Psinf
E, - y C;IJH o y 513n
Then dmeg r and dmeg r
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|Emiﬁ| = \/{@.{%—9}2_‘_ {g:;ﬁ}?

2
%-I;Z) {-’1 cos? f + sin? 9}

)/

= I—f-!;: 1+ 3cos?f

¢ Let make an angle cx with E,

E,  sinf

1
tana = — = = =
then E, 2cosf 2

Note- The above results are valid only for short/Ideal dipole.

7. Dipole in Uniform electric field

Net Force-

When a dipole is kept in a uniform electric field. The net force experienced by the dipole is zero as shown in the below figure.

I.eFal[itZO
S £
QE
/ +Q
ﬂ |
CEo o ° .
-Q

Hence dipole will not make any linear motion.
Torque on dipole-
Net torque about the center of the dipole is given as 7 = QEdsind
Using ' = @d we gett = PEsinf
Sof=FPxE

¢ The direction of the torque is normal to the plane containing dipole moment P and electric field E and is governed by right-hand screw rule.
« If Dipole is parallel to E the torque is Zero. I.e © =07 7 = ( (This is the position of stable equilibrium of dipole)

_.’
oF 7
SRR

—>

p

7 = PFE = maximum torque

ro| =

e Torque is maximum when Dipole is perpendicular to E. I.e

L
E

w
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Oscillation of dipole -If a dipole experiencing a torque in an electric field is allowed to rotate, then it will rotate to align itself to the Electric field.
But when it reaches along the direction of E the torque becomes zero. But due to inertia, it overshoots this equilibrium condition and then starts
oscillating about this mean position.

The time period of this oscillation is given as
[ 1
T =21y —
"VPE

where I= moment of inertia of dipole about the axis passing through its centre and perpendicular to its length.

Dipole in Non-Uniform Electric Field- In case the Electric field is non-uniform, the magnitude of the force on +q and —q will be different. So

Fnet) # 0 3nd At the same time due to a couple of forces acting, a torque will also be acting on it.

8. Electric Flux

Electric flux (?):

The electric flux through an area is the number of electric field lines passing normally through the area.

—p
AN -

:: dA cos@

Flux through an area dA is given by
dp = E.dA = EdAcosf

here, f is the angle between the area vector and the electric field.

b= / E.dA
¢ Total flux through area A is
e Flux is a scalar quantity so they can be added algebraically.
o The SI unit of flux is volt-meter
Electric flux through a clesed surface -
Consider a cylindrical surface of radius R, length /, in a uniform electric field E. The axis of the cylinder is parallel to the field direction. We can

divide the entire surface into three parts, right and left plane faces and curved portion of its surface. Hence, the surface integral consists of the sum
of the three terms:

t:');g:ﬁgE-dA:% E-d.-'—l—}lg E-d.-'—l—}lg E-dA
left end right end curved
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Here, left end and electric field is making 180° and the right end and the electric field is making 0° . Also one can notice that the curved surface is
making 90° with the direction of electric field. So,

(O et end = 56 E-dA= 56 EdAcos180° = —Er R
left end left end

; _ o7 — 7 NP — 22
(OF) right end = 36 E-dA = 315 EdAcos0® = ExR
right end right end

: _ 07— ; L aney —
(08 curved = 56 E-dA = 3£ EdA(cos90°) =0
curved surfice curved surface

Total flux = ((F;)E)right end + ((.";)L)lcft end + ((.‘;)E)curvcd surface

= (+E7R*) + (—EnR*) +0=0
Similarly, we can find the electric flux through any closed surface by an electric field.
Electric flux through cone or disc-

Consider a point charge q at a distance 'a’ from a disc of radius R as shown in the given figure.

Esin®

The total flux can be given as -

b— 4 (] _ __u
P= 3 (l \,}T’T)

9. Gauss Law and its Application

Gauss's law:
Gauss's law states that the net flux of an electric field in a closed surface is directly proportional to the enclosed electric charge.

The surface on which Gauss's law is applied is called Gaussian Surface (as shown in the below figure).
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Note- Remember that the closed surface in Gauss's law is imaginary. There need not be any material object at the position of the surface.
Gauss's law for a closed surface states that :

et
Pelased = ——
‘ €0, Inet is the total charge inside the closed surface. The closed surface on which we apply Gauss law is called the Gaussian surface.

Also, the flux can be written in the integral form as:

¢ = [ EdS

S is the area enclosed and E is the electric field intensity passing through it.
The usefulness of Gauss's law :
1. Gauss's law is useful when the Gaussian surface has symmetry about the charge.

2. We can take any Gaussian surface but the Gaussian surface should not pass through the charge. il can pass through the charge but it can pass
through continuous charge distribution.

The limitation of Gauss law-

Gauss law is applicable to certain symmetrical shapes it cannot be used for disks and rings and an electric dipole etc.
Applications of Gauss Law (to find the electric field due to various charged bodies):

Electric field due to infinite linear charge :

Consider a Gaussian surface in the form of a cylinder at radius r, the electric field has the same magnitude at every point of the cylinder and is
directed outward.

Q&TT CyTIndFicE] Gausian surfacs

Infinite line 3 f
1 ]

of charge S

A= charge per unit length

Here the Gaussian surface will be the cylinder around the linear charge of length [ .

Gauss's law :

¢):5£E-dA:Qi"—‘ME

€0

Here cylinder has 3 surfaces: 1. Upper 2. lower 3. Curved

Oeylinder = $1 + 2 + 3

:0+9+/EdAcosG
= 6= fEdA — Qe
€0

— ¢,:E/dA:Q‘7“_M“-‘
€0
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— 6= B(2mrl) = Dinde

0
— F= (QTT?"” = L N = Qinside
2ma x | % € since, I
— E = )\
2mer

Therefore E is inversely proportional to r.
The electric field in a conductor:

Conductors have a large number of free electrons that are free to move inside the conductors but metal ions are fixed. Now if we place this
conductor in an electric field, due to the electric field, electrons will experience a force.

The total electric field at any point in the conductor is the vector sum of the original electric field and the electric field due to the redistributed
charged particles. Since they are oppositely directed, the two contributions to the electric field inside the conductor tend to cancel each other.

The electric field is zero at all points inside the conductor, and, while the total charge is still zero, the charge has been redistributed as in the
following diagram:

v

v

v

v

v

TYYVYVY

v

These charges which are appearing on the surface are called induced charges. Due to these induced charges, the electric field will be produced and
that is the induced electric field.

The direction of this electric field will be from positive to negative.
Epet = Ein + Eent
and £ner = 0 inside the conductor.
now if we make a gaussian surface inside the conductor
We know that E;iqe =0
¢ = 55 E.ds= 1% _

Therefore, )
Hence, Hinsule = 0 charge inside the conductor zero.

Electric field due to cylinders :
1. Solid conducting/ hollow conducting

Consider a Gaussian surface in the form of a cylinder at radius r > R, the electric field has the same magnitude at every point of the cylinder and is
directed outward.

E
aat TCY?‘“"?‘_?"'G*’US?“’“ 306 s

Infinite
Cylindrical )
Charge i = charge per unit length
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when the charge is on the surface we need to take account of the surface charge density.

charge

area
For a uniformly charged cylinder of radius, R. We have to consider these three areas where
a) Inside the cylinder (r<R)
b) At the surface (r=R)
c) outside the cylinder (r>R).
(a). Inside (r<R)
E =0
(b). Outside (r>R)

potft A

0T or 2meEgr

(c). At the surface (r=R)

=2 E = A

0 or Imeg R
2. Solid non-conducting

In the case of a solid non-conducting cylinder, the charge is not only on the surface but also distributed through the whole volume. Therefore,
charge

volume charge density, F volume
(a). Inside (r<R)

P A

2e0 or 2meglt?
(b). Outside (r>R)

b o

2enr

(c). At the surface (r=R)

R, .
E= '(—anx.J
2eq

Fleld of an infinite plane sheet -

Consider a thin, flat, infinite sheet which consists of uniform positive charge per unit area .
We can see that there is symmetry in this lamina. So, to take advantage of these symmetry properties,

we use a cylinder as our Gaussian surface whose axis is perpendicular to the sheet of charge, with ends of area A .

&= BA

(L

Gaussian
surface

We can also observe that the charged sheet passes through the middle of the cylinder's length and because of this flux through each end is EA. This

is because E is perpendicular to the charged sheet and parallel to the area vector of the flat face. The Eis along the curved surface
i.e perpendicular to the area vector so, the flux will be zero through this. Then the total flux will be 2EA. Now the net charge within the Gaussian
surface can be calculated as -

Qrwlr-fo..rr( =agA

So we can write that by Gauss's law -
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E

[l
"
]

If the charge is negative, E will be toward the sheet.

Electric field due to uniform charged sphere-

The sphere may be hollow or solid and both hollow and solid, spheres may be conducting or non-conducting. So let us know the electric field due to
all these cases -

In the case of a conducting sphere, the whole charge will come on the surface of the sphere but when the sphere is non-conducting then the whole
charge is distributed all over the sphere.

1. For a point outside the sphere -

We first consider the field outside the conductor, so we choose r = K. The entire conductor is within the Gaussian surface
enclosed charge is ¢ . The area of the Gaunssian surface is 4mr? ;
E is uniform over the surface and perpendicular to it at each point. The flux integral ¢ E; dA in Gauss's law is therefore
which gives
2
E{dmr) = £

or, E=H L (outside a charged conducting sphere)

T Adwen
For all points outside the shell, the field due to the uniformly charged shell is such that the entire charge is concentrated at the centre of shell.

2. For a point inside the sphere (r<R) -

Since the charge will be zero in this case for the hollow sphere and conducting solid sphere. So, E = 0 inside the sphere.

3. At surface (r =R)

o + + + 4 ¥
(A) Outside (B) At the surface (C) Inside
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A
A

Electric field due to solid non-conducting -

1. Outside (r>R)

R;j
E=2"
3o
2. Inisde (r<R) -
E=Z

+ + + +
(B) At the surface (C) Inside

Electrostatic Potential and Capacitance

Important Formulae

1.Electric Potential

Electric Potential-

In an Electric field Electric potential V at a point, P is defined as work done per unit charge in changing the position of test charge from some
reference point to the given point.

Note-usually reference point is taken as infinity and potential at infinity is taken as Zero.
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. — =
Wen = /-F[i:r't ~dr
We know that

Since

Wert = AU and AKE =0
= For all time Fueq =10
= Fext + F aystem =0

?[E;r'ﬁ = _? system

ie

. — —
V= Wt _ / ?ﬁ;r't -dr _ f ?systmn ~dr
So o qo

4o
where
V' — Electric potential

e Itis a scalar quantity.

ST Unit — i =uvelt | o
C while CGS unit is stat volt

1
1 volt = 300 stat volt.

V] — [1} - [MLET—E
¢ Dimension - o AT

Electric Potential at a distance 'r' -

} ~ [T

If the Electric field is produced by a point charge q then

K
F— f}:]’(]
r2
. — —
V= Went _ / ?[i;r't ~dr _ [ ?systmn ~dr
Using qo 40 4o
K
v Ka
T

atr = oo V=0= “";rut;r'

Electric Potential difference -

In the Electric field, the work done to move a unit charge from one position to the other is known as Electric Potential difference.

If the point charge Q is producing the field
Point A and B are shown in the figure.
Va=Electric potential at point A

VB=Electric potential at point B

Ve

T — the distance of charge at B

T4 —* distance of charge at A

AV'=The Electric potential difference in bringing charge q from point A to point B in the Electric field produced by Q.
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AV =V -V, = Wasp
4

AV = KQ [i - i}

a

Superposition of Electric potential-

Statement- Total electric potential at a given point in space due to all the charges placed around it is the scalar or algebraic addition of
electric potential due to individual charges at that point.

i.e

The net Electric potential at a given point due to different point masses (Q;,Q5,Q3...) can be calculated by doing a scalar sum of their
individuals Electric potential.

k k(O 1 _
1,.r:1.-1+1'-’2+1:3+---=i+:‘-%+@+---=—2%
1 4TT’:'(] i

e T3

¢ Electric Potential due to Continuous charge distribution

V= / qv — / dq
dmegr

Zero potential due to a system of a two-point charge -

1.For internal point

(It is assumed that |Q1| < |Q2])

Let at P, V is zero

Vo—oo D@2
€T l-,y- (2“ - :L‘l)
T T/ D)
Qi P Q2
«— X1 X -
X >

If both charges are like then the resultant potential is not zero at any finite point.
2.For external point

Let at P, V is zero
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Relation between electric field and potential -

Electric field and potential are related as

Fo_ W

dr

Where E is Electric field
And V is Electric potential
And r is the position vector

And Negative sign indicates that in the direction of intensity the potential decreases.

If F=zi+yj+zk

av av sV
= —, y:—_Ez:—
Then dz dy dz

where

v
dx (partial derivative of V w.r.t. X)
oV
y =

dy (partial derivative of V w.r.t. y)

av
Tz (partial derivative of V w.r.t. z)

‘When an electric field is a uniform (constant)-
r .
dV = / —E.dr
As Electric field and potential are related as o

-
dV = —E / dr = —Edr
and E=constant then i

o If at any region E = 0 then V = constant
e If V =0 then E may or may not be zero.

2. Electric potential due to various charged bodies

1.Electric Potential due to uniformly charged ring-

We want to find the electric potential at point P on the axis of the ring as of radius a, shown in the below figure

dq

—————————{ www.careers360.com | Back to Index (€ 262




Total charge on ring: ¢
Charge per unit length: A = @/2na

Take a small elemental arc of charge dq
Charge on an arc: dq

. -dyg Kdyg
dV =K— = ———
So r v + a”
, ) I K KQ
Vie) = Ii/ ( = dg = —=%
( ) \/;r.g + a’ \/;r.z + a’ 1 Vs +a”

Special cases-

¢ The potential at the center of the ring

)

[ .
a  (since x=0)

o Ifx>>a

As x increases, V will decrease.
As # =00, V=0
So the maximum potential is at the centre of the ring.
2.Electric Potential due to uniformly charged Disc-

V(x)=Electric potential at point P on the axis of the disk of radius R, as shown in the below figure

Total charge on ring: @
Charge per unit Area: A = Q/mR?

Viz) = 2mo K[y 2% + R? — |||

We can also write

Viz) = z [m — |r'|]

2eg
Special cases-
¢ The potential at the centre of the disc

V- 2KQ
“7 R (sincex=0)

o Ifx>>R
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KQ

= Vi(z) = |i|

As [x| increases, V will decrease.

As |z| =00, V=0

So the maximum potential is at the centre of the disc.
3.Electric Potential due to a finite uniform line of charge-

Vp=The potential due to a finite uniform line of positive charge at point P which is at a distance x from the rod on its perpendicular bisector, as

shown in the below figure.

dy ldQ
\H\‘H.,h ri=qfeti 4yl
y H-“\\'\.
Mo
0 - ®— X
Q

-al

A =Q/2a Uniform linear charge density

vp

We get 2a (x

4. Electric Potential due to Hollow conducting, Hollow non conducting, Solid conducting Sphere-

In the case of Hollow conducting, Hollow non conducting, Solid conducting Spheres charges always resides on the surface of the sphere.

If the charge on a conducting sphere of radius R is Q. And we want to find V at point P at distance r from the center of the sphere.

+Q

+Q

{A) Outside

kQ |

(B) At the surface

_ KomR?

. . [ R ol 'R
Viz) =2moKl|z|[y/1 + g 1] = 2no K |z| [l + yo l] =T

(C} Inside

o Outside the sphere (P lies outside the sphere. I.e r>R)

Lo _oR?

Eaut = A

dmeg re

eqr?

¢ Inside the sphere (P lies inside the sphere. I.e r<R )

Eﬂ'ra =0

Vin = constant  and it is given as
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+0

)=

r=r R r |
Wﬂ:—[.ﬁﬁzi[EmM—LEmM:E%x

n—

X

Sl

. 1

o At the surface of Sphere (I.e at r=R)

19 0
o '-1‘."(F|}.ﬁ'2 B (1]
_ L@ _oR
_'-1'."(&}1?_ 1]

o The graph between (E vsr) and (V vsr) is given below

5. Electric Potential due to Uniformly charged Non conducting sphere-

Suppose charge Q is uniformly distributed in the volume of a non-conducting sphere of radius R.

And we want to find V at point P at distance r from the center of the sphere.

+Q g +Q

(C} Inside

{A) Outside (B) At the surface

¢ Outside the sphere (P lies outside the sphere. I.e r>R)

1 . 1
Eauf = "—27 L‘out =7 2
dmeg rs dmeg 1
R RS
Eaut =3 : ) Yout = £ X
3egr? Begr

¢ Inside the sphere (P lies inside the sphere. I.e r<R )

E, - L9y _ @ 3F-r
Ameq 3 Ameg 2R

E, — o ;= p(3R% —17)
3eg Geg

o At the surface of Sphere (I.e at =R)

19 L, _1Q

o 4?{'("1}}?2 - 4?{'("1}}?
E, = PR V. = &
3en 3eq

Note - If P lies at the centre of the uniformly charged non-conducting sphere (I.e at r=0)

31 3
Zx—E=2y
2" 2

I'.:'r'ra tre =
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3.Electric potential due to an electric dipole

Electric Potential due to an Electric Dipole at a Point on the Axial Line-

f
v

Vet=Electric Potential due to an Electric Dipole at a Point M which is on axial line and at a distance r from the center of a dipole.

Where V1 and V3 is the Electric Potential at M dueto —¢ @nd +¢ charges respectively.

no— kg
"1 T (r+a)
15 kg

2= (r—a)

"";1 et — 13 - "rl
L.;l et — 1”l + 1’2
kg K,
r+a) f(r—a)

—k 1 1
T Mlr—a rt+a

:kq{(r-i—a)—(r—a)}

(r —a)(r+a)

2kqa
o= T2

USil’lg P= (]‘(2(&)

R kP
S ir".u[it = }“2 — t’:.z
o ifr>>a
_— KP _ P
then ' 1% dmegr?

Electric potential due to an Electric Dipole at a Point on the Equitorial line-
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b
=

Ver=Electric potential due to an Electric Dipole at a Point M which is on the Equitorial line and at a distance r from the center of a dipole.

Where V1 and V3 is the Electric Field Intensity at M due to —4 @7 d +gq charges respectively.

—
B

1’]:— *7}

—_
o

U) =

*

dmeg 2 +a?
Vit =V2 = V1 =0

Electric potential due to a dipole at any general point-

M
" r /A PcosB
~
b
g
1 S AP 2
@ /0 P -@
Fa
4 2 = &
Fé
o %a . Psin 6

Vpe=Electric potential due to an Electric Dipole at a Point M which at a distance r from the center of a dipole and making an angle  with the axial
line.

From the figure, M is at the axial line of dipole having dipole moment as Frosf! and M is at the Equitorial line of dipole having dipole moment as

Psinf.

So Psinfl has no contribution in electric potential at point M.

if r>>a
i 1 2P cosf
Vo= —X—F— -
then dmeg r*  and Vi =0
K Pcost!
Vo, =V ="
So net i rz

4. Equipotential Surface

A real or imaginary surface in an electric field that has the same potential at every point is called an equipotential surface.
Equipotential surfaces can be of any shape.

ke

For example for a point charge of having charge q the potential at a distance, r is given as T
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So For V=constant, we get r=constant means for a point charge of having charge q, the equipotential surfaces are the concentric spherical surfaces
having a charge q at their center as shown in the below figure.

Equipotential surface
for a single charge
All points on the spherical surface of radius r centered on q have the same V.
Properties of the equipotential surface-
o The potential difference between any two points on the Equipotential surfaces is zero.
* No work is done by the electric force to move the charge from one point to another point on an equipotential surface.
» Equipotential surfaces can never cross each other, otherwise potential at a point will have two values which is not possible.
L]

An equipotential surface is always perpendicular to electric lines of force.

For example, An equipotential surface for a uniform electric field is shown below.

\ FE
-
\ \

From the figure, it is clear that the Direction of the electric field is perpendicular to the equipotential surface.

5.Electrostatic Potential energy

Electrostatic Potential energy -
It is the amount of work done by external forces in bringing a body from = to a given point against electric force.
or It is defined as negative work done by the electric force in bringing a body from =¢ to that point.

o Itis Scalar quantity

e SI Unit: Joule

MLzT‘g]

¢ Dimension : [
Electric Potential energy at a point

If the point charge Q is producing the electric field
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_ KQq

Then electric force on test charge q at a distance r from Q is given by 2

And the amount of work done by the electric force in bringing a test charge from o< to r is given by

wo [ K, K

r

AU
And negative of this work done is equal to electric potential energy

v =K

So r
U — electric potential energy
T —+ distance between two
Change of potential energy-
if a charge q is moved from 1 to 72 in a electric field produced by charge Q

Then Change of potential energy is given as

. . 1 1
AU — change of energy

71,72 — distances

Potential Energy Of System Of two Charge-

1
7 I(QIQE K=

r (5-1) where dmeg
Potential Energy For a system of 3 charges-

UK (QIQE L @0@s QIQH)

T12 Tag T13

Work energy relation-

W=U;-U;

Where W=work done by an external force
Uy — final PE

U, — initial P.E

The relation between Potential and Potential energy-

. KQq [HQ}
L-' = =q|—
As T T
v_ka
But T
soll =gV

Or potential is defined as Potential energy Per unit charge.
bW _U
ie Q Q
Where V' — Potential
U/ — Potential energy
Electron Volt-
lev = 1.6 x 107197=1.6 x 107 erg,
It is the smallest practical unit of energy which is used in atomic and nuclear physics.

Electric potential Energy of Uniformly charged sphere-

_ 3¢
T 20me R
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Where R - Radius and Q - total charge.

Energy density- It is defined as the energy stored for unit volume.

Where U — Potential Energy and vV — Volume.

6.Electric potential energy of an electric dipole

When a dipole is kept in a uniform electric field. The net force experienced by the dipole is zero as shown in the below figure.

Le Fal[it =0
E
QE
>
QE.

But it will experience torque. And Net torque about the center of dipole is given as
T=QFEdsinfl o+ = PEsinfor7=F x E
‘Work done in rotation-

Then work done by electric force for rotating a dipole through an angle B2 from the equilibrium position of an angle th

B2 Bz
W = / Tdf = / rdfcos(180") = — [ Tdf
iy " 8y

= Wape = — /:E(P x E)df = — / 2(PESrﬁn.9)d€ = PE{cosfh — costy)
1 1
And So work done by an external force is W = PE(costh — costs)
For example
ifth =0" and s =48
W =PE(1—cos#)
if 8, =90" and#y, =48
W = —PFEcosf
Potential Energy of a dipole kept in Electric field-

As AU = Wy, =W

So change in Potential Energy of a dipole when it is rotated through an angle B2 from the equilibrium position of an angle B is given as
AU = PE (cos By — cos 6)

if O, =90° and O, =0
AU =10y, — Uy =Uy—Upyy=—PEcos©
Assuming ©1 = 90" and Uyge =0
we can write U/ = Uy = —F - E
Equilibrium of Dipole-

1. Stable Equilibrium-

e =0
T=10
{ min ‘PE
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2. Unstable Equilibrium-

6 =180
T=10

U = PE
Note-

When € = 90°

then Tmaz = PE and U =10

and it is important to note here that dipole is not in equilibrium since Tmazx # 0

—

p

> E

7. Capacitor

A capacitor is a passive two-terminal electrical component used to store energy electrostatically in an electric field.
Capacitance: Capacitance is the ability of a capacitor to hold an electrical charge.

For an isolated capacitor, capacitance is defined as the ratio of the charge to the potential of a capacitor.

Q
=<
v

As Q increases V also increases because potential depends on the charge.

QxV
0O=CV

Therefore Capacitance is a constant quantity.

Unit of Capacitance-

S funit — %: farad (f)

Smaller S.Iunitis 7 . #f . nf and Pf
C.G.S — Stat farad and 1F =9 x 10" stat farad

Dimension = M~ L72T*A?

o If V=1V, C=Q. Hence, we define the capacitance of an conductor as the charge required to rise the potential of the conductor by 1V. In the SI
system, the unit of capacitance is farad.

CAPACITANCE OF A SPHERICAL CONDUCTOR OR CAPACITOR:
A single conductor can also act as a capacitor. For this, let a charge q be given to a spherical conductor of radius R, then potential on it is
1 g
T dwe o R

The other conductor is supposed to be at infinity, whose potential will be taken as zero. So the potential difference between the sphere and the
conductor at infinity becomes V-0=V.

.
= l, = 4ms (]R

!
Thus, the capacitance of a spherical conductor is C =475 R 50 we can C depends on the medium and dimension of conductor.

Parallel plate capacitor -
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It consists of two large plates placed parallel to each other with a separation d which is very small in comparison to the two dimensions (length and
breadth) of the plates . In an ideal capacitor, electric field resides in the region within the plates i.e., no electric field is outside the plates . Electric
field is directed from positive plate to negative plate in such a way that the lines emerge perpendicularly from positive plate and terminate
perpendicularly to the negative plate.

Wire Plate a, Area A

Potential
difference = Vap

Wire | Plate b, Area A
(A)

~ | ¢

++ +++ ++

CYYYYYVYYYY

(A) A charged parallel plate capacitor.
(B) When the separation is small as
compared to their size, there is a
slight fringing of the electric field E at the edges
Electric field between the plates -

E—o_ &

g Asg

Therefore, potential difference between the plates is

V=~Fd= %
Agn
pA
and therefore capacitance C' = 19 = O_E
/ @

Force Between the Plates of a Parallel-Plate Capacitor-

+~ 2Agg

+Q -Q
Let us consider a parallel-plate capacitor with plate area A.
Suppose a positive charge +Q is given to one plate and a negative charge -Q to the other plate.

The electric field due to only the positive plate is E =0/25 = Q245 at all points if the plate is large.

The negative charge -Q on the other plate finds itself in the field of this positive charge.

2 A=
Therefore, force on this plate is F=EQ=Q x’rzﬂ“‘-:‘ This force will be attractive.
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Spherical capacitors:

Spherical capacitors has two concentric spherical conducing shells of radii a and b, say b>a. The shell on the outer side is earthed. We place a
charge +Q on the inner shell. It will reside on the outer surface of the shell. A charge -Q will be induced on inner surface of outer shell. A charge

+Q will flow from outer shell to the earth.

Gaussian surface

Consider a Gaussian spherical surface of radius r such that a<r<b.

From Gauss's law, electric field at distance r>a is

E = Q

Awegr?

The potential difference is :

Vo —Vo=— ﬁ? E.-dr = b Qg

—Ja dmegr?

Since V, = 0, we have
Vi = Q0 (l _ L) _ Qb—a)

dmeg a bl T dwequb

Therefore, capacitance, C'= \[%\ = \Q SV insio

Cylinderical capacitor

It consists of two coaxial cylinders of radii a and b. Assume that b>a. The cylinders are long enough so that we can neglect fringing of electric field

at the ends.The outer one is earthed. Electric field at a point between the cylinders will be radial and its magnitude will depend on the distance from

the central axis. Consider a Gaussian surface of length y and radius r such that a<r<b . Flux through the plane surface is zero because electric field

and area vector are perpendicular to each other.

For the curved part,
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QZ/E-:’EEZ/E(IS

ZE/dszE-2?rry

Qy
Charge inside the gaussian surface, L
Q:EQWry:ﬁéE: @
From Gauss's law Lzg 2megLr

Potential difference:
b b b 4
_ 1
Wo—Ve= —/ E - dr = —/ @ dr = — @ f —dr
a a ZWE'ULr 27'_5(]-[4! a T

Vo= 272,[, 11’1?L ( since V, = 0)

Therefore, Capacitance of cylindrical capacitor is,

2w
C— Q Q  2m5l

Va—Va Va In(Y)

Total charge +q

Total charge—q

Gaussian

Path of surface
integration

8.Combination Of Capacitors - Parallel And Series

Series combination:

If capacitors are connected in such a way that we can proceed from one point to another by only one path passing through all capacitors then all
these capacitors are said to be in series.
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— SR
+Q|* -]-Q +q]* -|-Q+q]* -|-Q
+ - + - + =
+ - + - -

G C2 C3
«—\ —>|<—V2 —>|<—V3-—r
+ | \Vi

Here three capacitors are connected in series and are connected across a battery of potential difference ‘V’

Charge: 'q' given by battery deposits at first plate of first capacitor. Due to induction it attract '—q' on the opposite plate.The pairing +ve q charges

are repelled to first plate of Second capacitor which in turn induce -q on the opposite plate. Same action is repeated to all the capacitors and in this
way all capacitors get q charge. As a result ; the charge given by battery g, every capacitor gets charge q.

Potential difference: V is the sum of potentials across all capacitors. Therefore

Vi=vi+uv+us

4
Equivalence equation: The equivalent capacitance for the combination of capacitance in series can be calculated as V.
Or,
140" — VT
1/C. =V/q

=(vi+va+vy)/q

=vi/q+va/q+vs/q

1/Ce = 1/Cy +1/Cy + 1/C4

For 2 capacitor system £+ C2

o =5
. . .. . . . . e —
If n capacitor of capacitance 'c' are joint in series then equivalent capacitance .

Parallel combination: If capacitors are connected in such a way that there are many paths to go from one point to other. All these paths are parallel
and capacitance of each path is said to be connected in parallel.
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Here three capacitors are connected in parallel and are connected across a battery of potential difference “V’.

The potential difference across each capacitor is equal and it is same as P.D. across Battery. The charge given by source is divided and each
capacitor gets some charge. The total charge 4 = 41 + g2 + g3,

Therefore, each capacitor has charge
g = C1V1,q2 = CaVa,q3 = C3V;

9 _ 9, Y92 93
Equivalent Capacitance : We know that, @ = 41 T 42 + 43 when divided by v both sides , v v v .

Therefore the equivalence capacitance will be:
C=c1+m+c

The equivalent capacitance in parallel increases, and it is more than largest in parallel. In parallel combination V is same therefore
g1 _ 92 _ 43
V== —=—

] 2 €3 . In parallel combination ¥ ™ € . Larger capacitance larger is charge.

Charge distribution : §1 = €1V, §2 = €2t {3 = €3t

4= —""—"—, "4
In 2 capacitor system charge on one capacitor €1 T €27 ...

Capacitors in parallel give C = nc.

9.Energy Stored In Capacitor

Energy stored in capacitor: When the charge is added to a capacitor then charge already present on the plate repel any new incoming charge.
Hence a new charge has to be sent by applying force and doing work on it. All this work done on charges become energy stored in the capacitor. If
Q is the amount of charge stored when the whole battery voltage appears across the capacitor, then the stored energy is obtained from the integral:

o] 102
U= / idq = —i
0

C 2C
c-9
This energy expression can be put in three equivalent forms by just permutations based on the definition of capacitance TV
LQ* 1 . 1.
=55 = 3@V =50

This energy is stored in the form of an Electric field between the plates.
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The energy density per unit volume (u)

Note- The energy density per unit volume (u) is numerically equal to Electrostatic pressure.

10.Dielectrics

Dielectric: A dielectric is an insulating material in which all the electrons are tightly bounded to the nuclei of the atoms and no free electrons are
available for the conduction of current. They are non-conducting materials. They do not have free charged particles like conductors have. They are
of two types.

1. Polar : The centre of +ve and —ve charges do not coincide. Example HCI, H 20, They have their own dipole moment

2. Non-Polar : The centers of +ve and —ve charges coincide. Example €Oy, CHs. They do not have their own dipole moment.

Dielectric
medium >
il sl
JEOES D
+EDED -
o W rEDED -
Jeyew
+EDED

Polarization due to
electric field

When a dielectric slab is exposed to an electric field, the two charges experience force in opposite directions. The molecules get elongated and
develops a surface charge density 7 . This leads to development of an induced electric field Ep , which is in opposition direction of external
electric field Eo . Then net electric field E is given by E=F,—E.

This indicates that net electric field is decreased when dielectric is introduced.

B _ -
The ratio E is called dielectric constant of the dielectric. Hence, Electric field inside a dielectric is ! K.
Ei
E=E-EadE=="
Ey
So, By — E; = —
0 7 K

or FoK — EEK = Ey
or E{]Ii' — E{] = E;‘fi'
or E%' = %E{]

o _ K-1go
e =K =
or g; = —(Elo
_K-1Q
or i K A
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This is irrespective of the thickness of the dielectric slab,i.e., whether it fills up the entire space between the charged plates or any part of it.

A
v
;o Eo“{
Cd-t+1+
Current Electricity
Important Formulae
1. Current

o Definition: Electric current is defined as the rate of flow of electric charge through any cross-section.
i.e If a charge of AQ flows through an area for time /At then

1. Average electric current through the area is defined as

AQ
At

i=

2. The instantaneous current at any time t is given by

L AQ _d

Ll v vl

And If the flow is uniform then Current

@
t

If a current I flows through an area for time t then, total charge flowing is

Q:ffdt

o The direction of current:-
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As Current is the rate of flow of charge, Charge can be +ve or -Ve.
The direction of flow of positive charge is considered as the conventional direction of current.

Or the direction opposite to the direction of flow of negative charge is considered as the conventional direction of the current .

+ Tips about current:-
1. Current flows through a circuit only if the circuit is closed
2. Current can be added algebraically.
3. Unit of Electric Current: The unit of electric current is Ampere or A.
The current is said to be 1 ampere when 1 coulomb of charge flows through any cross-section in every second.
¢ Calculating current in different situation-
1. When charge is performing translatory motion-

If 1 particles each having charge 4 pass a given area in time

i:ﬂ
t

2. When charge is performing rotatory motion-
If a point charge q is moving in a circle of radius r

With Velocity V (frequency ¥, angular speed \omega and time period T)

4
Then t

q
= — = = =
Y

« Types of current

1. Alternating current

¢ Magnitude and direction both varies with time.

o Shows heating effect only.
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e Its symbol :

2. Direct current

¢ No change direction with time.

o Shows heating effect , chemical effect and magnetic effect of current.
_*I —
¢ It's a symbol

¢ Current independent of Area-
Current does not change with change in cross-sectional area

Here 11 = i3 = i3

2. Current Density

o Current density: The amount of electric current flowing per unit cross-sectional area of a material.

e [t is a vector quantity.

- A
If a current of A flows through an area A A the average current density T=AA in the direction of the current.
At point P :
: . A
j= lim — o
AA4A—0AA  in the direction of the current

o If the current is not Perpendicular to Area

di

Jgy = ———
T A cos
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di = JdAcosf = J- dA

f is the angle between the normal to the area and the direction of the current.

o If the current density .J is uniform for a normal cross-section A then
i= / J.dA
¢ Unit and dimension -

. o 2
The unit of current density is Amp/m

-2
The dimension of current density is [L A]

3. Drift Velocity:-
Drift velocity is the average velocity that a particle such as an electron attains in a material due to an electric field.

—eF

17

Vg = T

Where U4 is the drift velocity, E is the electric field applied, e and m are the charge and mass of electrons respectively and Tis the relaxation time.

Drift velocity and current-

I neAuy
J=—=—
A A
J =neuyy

1

e Uqgis inversely proportional to area: td v A :

4. Ohms Law

e Ohm’s law

In a conductor, if all external physical conditions like temperature and pressure are kept constant the Current flowing through a conductor is directly
proportional to the Potential difference across two ends.

Vil
V=IR
R — Electric Resistance

o The graph between V and I
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The slope gives the resistance

¢ The graph between V and I at different temperatures

Here T{>T). The resistance of a conductor increases with an increase in temperature

o Miniature form of Ohm’s law

Drift velocity and current are related as

I =neAVy

Where @ — Conductivity

P — Resistivity
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Both J and E will have the same direction.
¢ Mobility-
Drift velocity per unit Electric field is called the mobility of electrons.

vq
E
H— Mobility

=

Ud— Drift velocity

Relation between conductivity and Mobility:

o = pne
Where n is the number of electrons per unit volume, e is the charge of the electron and & is the conductivity.

In case of a conductor conductivity decrease with the increase of temperature and in the case of semiconductor conductivity increase with increase
in temperature.

5. Resistance and Resistivity

Resistance-

The resistance is known as the property of a substance by virtue of which it opposes the flow of current through it.
Formula-

For a conductor of resistivity / having a length of a conductor= [

and Area of a crosssection of conductor= A

Then the resistance of a conductor is given as

R=pt
73

Where £ — Resistivity
o Its S.Tunitis VOl Amp o ohm (€2)
o Its Dimensions is M L?*T—*A~2
* Reciprocal of resistance is known as conductance.

The resistance of a conductor depends on the following factors

1. Length -

[

R=p—

As f A
So Resistance of a conductor is directly proportional to its length

ie. Ral

2. Area of cross-section-
[
R=p—
As A
The resistance of a conductor is inversely proportional to its area of cross-section

1
Roa—
ie. “ A

3. Material of the conductor-
[
R=p—
As A
And For a conductor, if n = No. of free electrons per unit volume in the conductor, 7= relaxation time then the resistance of the conductor

1

= ;
Then! ~ ne’r

for different conductors n is different

And £ depends on n
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So R is also different.

4. Temperature-

[

R=p—

As pA

_m
And p= nelt

1
Ra-
T

And as temperature increases 7 decrease

So as the temperature increases resistance increases
Temperature-dependent resistance is given by
Ry = Ry [1+ o« [T - Ty

R7— Resistance at temperature 1’

Ry— Resistance at temperature 7,

o— temperature coefficient of resistance

RT - Ro

o= ———
Ro(T - T5)

Where the value of « is different at different temperatures

Type of substances according to Ohm's law

1. Ohmic Substance: The substance which obeys Ohm's law are known as Ohmic substance. [-V graph is linear and the slope gives conductance
which is reciprocal of resistance

2. Non-ohmic substances
Those substances which don't obey Ohm's law are known as Non-ohmic or non-linear conductors.
For example gases, crystal rectifiers, etc.

3. Superconductor: For certain materials, resistivity suddenly becomes zero below a certain temperature (critical temperature). The material in this
state is called a superconductor.

In Superconductor, resistivity is zero
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Resistivity or Specific Resistance (n) .

If [ = 1m and A= 1 m?
Then R=/
Resistivity is numerically equal to the resistance of a substance having a unit area of cross-section and unit length.

¢ Where m is the mass, n is the number of electrons per unit volume, e is the charge of electron and 7 is the relaxation time

17

Then r= ne?

=1

. S.I Unit - Ohm.m

« Dimensions- M L*T—# A2
And as reciprocal of Resistivity is known as conductivity.
So the dimension of conductivity is M ! L=3T% 42

o Resistivity is independent of the shape and size of the body as it is an intrinsic property of the substance.
The resistivity of a conductor depends on the following factors

1. Nature of the body-

1

for different conductors n is different
And £ depends on n

Sof is also different.

2. Temperature-dependent Resistivity :
p=p, (1 +a(T-T,))

7 : Resistivity at temperature T

P0: Resistivity at the temperature Ty

3. Resistivity increases with impurity and mechanical stress.

6. Stretching of wire

If a conducting wire stretches its length increases area of cross-section decreases but the volume remains constant
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Suppose for a conducting wire before stretching

it’s length = { 1, area of cross-section = ‘11, radius =""1, diameter = dl,

Rlzﬂh

and resistance Ay

After stretching length :fz, area of cross-section :AZ, radius = "2, diameter = dy

[
Rg = I(J—z
and resistance Ay
Ry I Ay
—_ = —
Soflz Ip A

But Volume is constant So

Ajly = Agly

L A
LA
Now Rg fg Al fg Al ™ {fl

o If a wire of resistance R and length | is stretched to length nl, then new resistance of wire is n’R

7. Colour coding of Resistance

The carbon resistance has normally four coloured rings bands A B.Cand D.

Colour bands A and B Indicates the decimal figure.

Colour band C Indicates the decimal multiplier.

Colour band D Indicates the tolerance in per cent about the indicated value. Tolerance represents the percentage accuracy of the indicated value.
* To remember the sequence of colour code

B B ROY Great Britain Very Good Wife

Tolerance of Gold is =5 %

Tolerance of Silver is =10%

Tolerance if no colour £20%
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8.Heat and Power developed in a resistor

Heat developed in a resistor: When a steady current flows through a resistance R for time t, the loss in electric potential energy appears as increased
thermal energy(Heat H) of resistor and H = i* Rt

]

TLET : ) v
" 9 —PR=iR = —
The power developed = time R

Unit of heat is the joule (J)

Unit of power is watt (W)

9. Series grouping of Resistance

In this case , Potential drop is different across each resistor and Current is the same

Rr=r;:Rl-_R2+R;j+""'—R”
R

eq —Equivalent Resistance

Ry =nh

For n identical resistance:

L.vf — I‘_
T

10.Parallel Grouping of Resistance

In this case,

Potential is Same across each resistors and current is different
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1 1 1 1

— ==+ =+ 4+ =
R[iq Rl RZ R‘H
If two resistances are in Parallel:
E1R»
R[iq’ =
Ri+ R

Current through any resistance:

Resistance of opposite Branch

i = f:( )

total Resistance

. ( Ry )
=17
The required current of the first branch Ry + Ry

=1 ————
The required current of the second branch R+ R,

11. Cell

e Cell
The device which converts Chemical energy into electrical energy is known as an electric cell.
It maintains the flow of charge inside the circuit by supplying energy.

o The direction of flow of current:

1. inside the cell is from negative to positive electrode

2. while outside the cell is from positive to negative electrode.
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¢ Electromotive force (Emf) of a cell:
It is the work done / energy carried by unit charge passing through one complete cycle of the circuit.
E=W/q
Unit of emf is volt.
The emf of cell is also known as potential difference across the terminals of a cell when it is not giving any current.
Note-Cell is a source of constant emf but not constant current.

« Potential difference (V)-

It is the work done / energy carried by unit charge passing through external part (excluding the cell ) of the circuit.

Potential difference is equal to the product of current and resistance of that given part.

ieVap = iRk,
¢ Internal resistance-

In case of a cell the opposition of electrolyte to the flow of current through it is the internal resistance of the cell. It is shown by r.
1. The internal resistance of a cell depends on the distance between electrodes i.e 7 nx
2. The internal resistance of a cell depends on the area of the electrodes i.e r oc A

3. Internal resistance of a cell depends on the concentration of electrolyte i.e 7 o< ¢

1
7 X
4. Internal resistance of a cell depends on the temperature of the electrolyte i.e temp

¢ The current supplied by the cell-

Cell supplies a constant current in the circuit.

__E
i.e ._R-l—i“

R — External resistance
r- internal resistance

Potential drop inside the cell=ir

—————————{ www.careers360.com | Back to Index (€

289



The internal resistance of the cell

Power dissipated in external resistance

E \2
p:(RH) R

Maximum power is obtained when the resistance value of the load is equal in value to that of the voltage source's internal resistance.

E?
. mar —
Maximum power 4r

12. Grouping of cell

Series grouping of cells:

In series grouping anode of one cell is connected to the cathode of other cells

1. = identical cells which are connected in series, then

E[Eq' = I’?.E

¢ Equivalent e.m.f of combination is

e Equivalent internal resistance e = "7

nk

f: = —
e Main current / current from each cell R+nr

( n-E )
e Power dissipated in the external circuit is R +nr

¢ Conditions for Maximum Power is & = nr

2
-F;rm;r' =n ( E

. 4r " whennr << R

Parallel grouping of cell-

In parallel grouping, all anodes are connected to one point and all cathode together at other points
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For n cells connected in parallel

E{i{; =F

Equivalent e.m.f

I

Equivalent internal resistance

The main current is

E

R-l-ﬁ

The potential difference across the external resistance
V =iR

Current from each cell

The power dissipated in the circuit

£ \2
P:(R+ﬁ) &

Condition for Maximum Power

r="

n

E2
Parm;r' =n (_)
4r when © == nR

Mixed grouping of cells-

if 1 identical cells are connected in a row and such m:rows are connected in parallel

Equivalent e.m.f is Eeg=nkE
nr
. . . Tey = —
Equivalent internal resistance m
) nk mnkE
1= =
nr
The main current flowing through the load R+ m mR +nr
The potential difference across load V' = i
n_ ¥
The potential difference across each cell n
p )
i =—
Current from each cell m
nr
R=—
Condition for Maximum Power 1

2

E
-'D?rm;r' = (n"'n');

mmn - the total number of cells.
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Open circuit and Short circuit-

Open circuit:-

 no current is taken from the cell. : = 0
o The potential difference between A and B i.e Vap=F
¢ The potential difference between C and D i.e Vep =0

Short circuit-

¢ Two terminals of a cell are joined together by a thick conducting wire

E

1= —

e Maximum current r
e V=0

Emf of a cell when the cell is charging and discharging-
1. When supplying the current: E=V+iR

2. When the cell is being charged: £ = V" — iR

13.Kirchhoff laws-

1. Kirchoff's first law-

In a circuit, at any junction, the sum of the currents entering the junction must equal the sum of the currents leaving the junction.

This law is also known as the Junction rule or current law (£ (CL)

>y i=0

ie ‘l:l =+ f:;j = f:g + ‘J:-'l
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2. Kirchoff's second law-

The algebraic sum of all the potential across a closed loop is zero.

This law is also known as Kirchhoff's Voltage law (KVL)

o Change in Potential in traversing a resistance is -iR

¢ Change in Potential in the opposite direction is iR

o Traversing an e.m.f source from negative to positive terminal is -E

A E B
L ]

-E

¢ While in the opposite direction is E

q
e Change in Potential in traversing a capacitor from negative to positive C'

q

o While in the opposite directionis '

¢ In closed-loop
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—i Ry +igRy — By — 3Ry + By + By — iy Ry =0

Conservation of charge and Energy-
KCL is simply based on the conservation of charge. That is charge cannot accumulate at a junction.

KVL is based on the conservation of energy. That is energy supplied by the source will be equal to the energy consumed by the circuit elements

Z V=0
14. Galvanometer,Ammeter and Voltmeter

Galvanometer-

It is an instrument used to detect small current passing through it by showing deflection.
Example for types of galvanometers are

Moving coil galvanometer

Moving magnet galvanometer

Ammeter-

It is a device used to measure current and always connected in series with the circuit

o In the above circuit, A represents the ammeter.

¢ Conversion of galvanometer into ammeter: Connect a low resistance (shunt) in parallel to the galvanometer.
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Gs

o The equivalent resistance of the combination is G+ 5 where G is the galvanometer resistance and s is the shunt resistance.
e
§ = ———

¢ Required shunt (1 —1ig) Where i is the total current, '9 is the galvanometer current

N
o To pass '™ part of main current through galvanometer that is If 'g = /7

G
(n—1)

5 =

Then the required shunt resistance
Voltmeter-

It is a device used to measure Potential difference and is always put in parallel with the circuit element whose voltage is to be measured

Conversion of galvanometer into voltmeter: by Connecting a large Resistance [7 in series.

o The equivalent resistance of the combination is G+ R

! !
R= 7~ G= v 1 G
e The required value of high resistance to be connected in series with the galvanometer is q g . Vis the total
voltage applied across the circuit and V9 is the total voltage drop across the galvanometer.

o1 o 1
o if n'" part of the applied voltage across galvanometer, that is Vo ="V/n Jthen i = (n = 1)G

15.Wheatstone's bridge and Meter Bridge

‘Wheatstone's Bridge-

It is an arrangement of four resistances which can be used to measure one of them in terms of rest. Let R is an adjustable resistance, Pand Q are
known resistance and S is an unknown resistance. To obtain valur of S we will close the keys K, and K, and will adjust R to obtain null deflection

in the galvanometer. Then the balancing condition of bridge is
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P_R
0~ %
Case I-
Ve =Vp

( Balanced condition )

No current will flow through the galvanometer
Case II-

unbalanced condition:Vs > Vb

(Vi—=Vp) < (Va—Vp)

Current will flow from A to B

Meter bridge -

o Itis used to find the resistance of a given wire using a meter bridge and hence determine the specific resistance of its materials.

o It works on the principle of Wheatstone's bridge

o The meter bridge arrangment is shown in the above figure. The wire connected between A and C is of 1 merer length and have uniform
crossection. A constant current is passed through the wire AC so that potential of the wire is proportional to the length of the wire. R is the
known resistance which is selected from the resistance box. S is the unknown resistance whose value can be measured. The arrangment also
has a galvanometer with a jokey

o We will slide the galvanometer through wire AC so as to obtain null deflection in the galvanometer. Let B is the point on AC where null
deflection is obtained and length AB=[. Pand Q resistance of the portion AB and BC respectively then then by principle of Wheatstone's

bridge
(100 — 1
£:£:}S:Ll()0 IF'R
Q S ]

16. Potentiometer and its applications

Potentiometer-

o The potentiometer is a device which does not draw current from the given circuit and still measures the potential difference.

Potentiometer consists of wire of length 5 to 10 meters arranged on a wooden block as parallel strips of wires with 1-meter length each and end of
wires are joined by thick coppers. The wire has a uniform cross-section and is made up of the same material. A driver circuit that contains a rheostat,
key, and a voltage source with internal resistance r. The driver circuit sends a constant current (I) through the wire.

Potential across the wire AB having length L is given as V=IR, Where R is the resistance of the wire AB

Since the driver circuit sends a constant current (I) through the wire So V' o R

ok

Using' A wecansaythat R o L since area and resistivity are constant.
Therefore we get V is proportional to length. Le V' o< L

The secondary circuit contains cell/resistors whose potential is to be measured. Whose one end is connected to a galvanometer and another end of
the galvanometer is connected to a jockey which is moved along the wire to obtain a point where there is no current through the galvanometer. So
that potential of the secondary circuit is proportional to the length at which there is no current through the galvanometer. This is how the potential of
a circuit is measured using the potentiometer.
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Calibration of potentiometer-

In the potentiometer, a battery of known emf E is connected in the secondary circuit. A constant current I is flowing through AB from driver circuit
(that is circuit above AB). The jockey is slide on potentiometer wire AB to obtain null deflection in the galvanometer. Let [ be the length at which
galvanometer shows null deflection.

Since the potential of wire AB (V) is proportional to the length AB(L).

Similarly £ o« [

So we get
v_rL
B
L
V=E=
[

Thus we obtained the potential of wire AB when a constant current is passing through it. This is known as calibration.

Potential gradient-

€T
The potential difference per unit length of wire i.e L

e
V =iR= (7) R
or Using R+ Ry +r

Vv e R
==

L (R+Rw+r)L
Applications of potentiometer-

1. Comparison of emf of cell-

For the above figure

l1 is the balancing length obtained when cell with emf E} is included in the secondary circuit. That is key is at position 1. Iz is the balancing length
obtained when cell with emf £ is included in the secondary circuit. That is key is at position 2.

Sosince ' o [ we get

E.

E

With the help of the above ratio, we can compare the emf of these cells.
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2.Determine the internal resistance of a cell-

_e'_rl |__{f§ M@é}?

Note-The cell in the secondary circuit has emf E and internal resistance r

Here /1is the balancing length obtained when key K' is open that is we include only the cell in the secondary circuit. So corresponding potentials of
wire of balancing length I1is E. And we know that £ @ {1-.... (1)

Similarly I2is the balancing length obtained when key K' is closed that is both cell and R' is connected in the secondary circuit.So
corresponding potentials of wire of balancing length lais v,

And we know that Vo .. (2)

or we can say that

II{E" x Eg
::»m*ﬁ a 12...(3)

So taking ratio of equation (1) to equation (2)
we get

E 4

Vol

Then the internal resistance is given by

- ('El — 32)Rf
ly
= (E_ )R
or V

3.Comparison of resistances-
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The balance point is at a length 1; cm from A when jockey J is plugged in between Y and X, while the balance point is at a length 1, cm from
A when jockey J is plugged in between Y and Z.

Then we get a ratio of resistances as

Ry b1y
R

With the help of this ratio, we can compare these resistances.

17. Faraday's laws of electrolysis

Faraday's first law-

According to the Faraday's first law, "The amount of substance or quantity of chemical reaction at electrode is directly proportional to the quantity
of electricity passed into the cell".

Wormoc q

W oo It
W ="ZIt
M
A=
M
T
7 = Electrochemical equivalence
M = molarmass
F = 96500

n = Number of electrons transfer

q = amount of charge utilized

Electrochemical equivalent is the amount of the substance deposited or liberated by one-ampere current passing for one second (that is, one
coulomb, I x t = Q or one coulomb of charge.
One gram equivalent of any substance is liberated by one faraday.

Eq. Wt. =7 x 96500

W q
E — 96500
E.q
w =
96500
. Eit
W= 96500

Asw =ax1xd that is, area x length x density

Here a = area of the object to be electroplated

d = density of metal to be deposited

1 = thickness of layer deposited

Hence from here, we can predict charge, current strength time, thickness of deposited layer etc.

NOTE: One faraday is the quantity of charge carried by one mole of electrons.

EaZ

E=FZ

IF = 1.6023 x 107" x 6.023 x 10%
= 96500 Coulombs

Faraday's second law-

According to Faraday's second law, "When the same quantity of electricity is passed through different electrolytes, the amounts of the products
obtained at the electrodes are directly proportional to their chemical equivalents or equivalent weights".
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W g

As F = 06500 — No of equivalents constant
So
E, M W, o

B M, W, Zt 7

E1 = equivalent weight mass
Ez = equivalent weight mass

W or M = mass deposited
From this law, it is clear that 96500 coulomb of electricity gives one equivalent of any substance.
Application of Faraday's Laws

¢ Itisused in electroplating of metals.

o Itis used in the extraction of several metals in pure form.
o Itis used in the separation of metals from non-metals.

e It is used in the preparation of compounds

NOTE:
Current Efficiency: It is the ratio of the mass of the products actually liberated at the electrode to the theoretical mass that could be obtained

desired extent
CE = - . » 100%
Theoretical extent of reaction

18.Thermo Couple

Thermocouple

Thermocouple: Two wires of different metals connected at two points to form two junctions. This thermoelectric device used to measure the
temperature is called a thermocouple. If one junction of the thermocouple is at lower temperature and the other is at a higher temperature then a
current starts flowing through the thermocouple.

Seeback Effect -
According to this when the two junctions of a thermocouple are kept and maintained at different temperatures, then a current starts flowing through

the loop made by conductors known as thermo-electric current. Because of this potential difference will develop between the junctions which is
called thermo electric emf which is of the order of a few micro-volts per degree temperature difference.

Fe

Hot

Seebeck arranged different metals in the decreasing order of their electron density. Few metals forming the series are as below.

Sb, Fe, Cd, Zn, Ag, Au, Cr, Sn, Pb, Hg, Mn, Cu, Pt, Co, Ni, Bi

Neutral temperature:
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Slope
g

Thermo emf E

| > {

Keeping the temperature of cold junction constant and increasing the temperature of the hot junction, the emf increases and become maximum at a
particular temperature. This temperature of the hot junction is called neutral temperature((’]n). If the temperature is further increased the thermal emf
start decreasing and at a particular temperature, thermal emf becomes zero. If the temperature is further increased the thermal emf start reversing.

The temperature of the hot junction at which the thermal emf start reversing is known as inversion temperature('gf)
0, + 06,

9

o, =

6, = Neutral Temperature
6; = Inversion Temperature
6. =Cold Temperature

Thermo electric emf is given by the equation -

1 .
E = at + =3¢
2

where cv and  are thermo electric constant (t = temperature of hot junction).

For E to be maximum at t=t, , we will differentiate Electric field with respect to temperature of the hot junction and we get -

arr ) ) o
W =0ie a+ _l'it” =0=t, = —§

If the temperature of hot junction increases beyond neutral temperature, then there is decrease in the thermo emf and at a particular temperature it
becomes zero, if heat is supplied further, the direction of emf is reversed. This temperature of hot junction is called temperature of inversion (t;).

t; + t,
2

th =
Here, t. is the temperature of cold junction.

19.Charging of capacitor and inductor-

¢ Charging of a Capacitor:

When a capacitor with zero charges is connected to a battery of emf V through connecting wires, total resistance including internal resistance
q

of the battery and of the connecting wires be R then after a time t let the charge on capacitor be g, current be i and CT o,
charge deposited on the positive plate in time df is  dg = idf

so that i= 'r—?ri

Using Kirchhoffs loop law, &+ Ri—V =0

or, Ri=E—-%
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dg _ VO—g
or, Ry ="¢%

q _dg [t 1
or, fu Vo—g — f(: erdt

. VO—g _ ¢
or, In 7t = =5

: g _ —t/CR
or, l—¢z=e"

or, q=VC(l1-e /R
Where RC is the time constant (7) of the circuit.

Att =71 = RC

1
g=CV (1 —~ —_) =0.63CV

£

Discharging of capacitors:

If initially a capacitor has a charge Q and is discharged through an external load. Let after a time t the remaining charge in the capacitor be q

then
Using Kirchhoff's loop law,
% —Ri=0
Here i = —:—?f because the charge g decreases as time passes.
Thus, R% =%
or, {T(;I = —C—lﬂdt
or, ,g%z'ﬁ;—c—ﬂgdt
or, In —5— =—=
or, q= Qe R

charging

Charge

37Q
discharging

' -
R t

¢ Note: At a steady-state capacitor connected to the DC battery acts as an open circuit. The capacitor does not allow a sudden change in voltage.

Charging and discharging of an inductor:
'L.r

) ) ) ) ) in =75
When an inductor is connected to a DC source of emf V through a resistance R the inductor charges to maximum current R’ at steady state.
If the inductor current is increased from zero at time=0 to i at time=t then-current i is given by

i=ig(l — rf_-Tf) where 7=

R
T is the time constant of the circuit. Here the current is exponentially increasing.

* While discharging of inductor current decreases exponentially and is given by

L, =t
i=ip(e™)
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1 Steady State Value

A

charging

discharging

T T T - |
| =Ll 21 It 41 5T

¢ Note: At steady state, an inductor connected to the DC battery acts as a short circuit. The inductor does not allow a sudden change in current.

Moving Charges and Magnetism

Important Formulae

1. Biot-Savart Law:-

o If a point charge q is kept at rest near a current-carrying wire, It is found that no force acts on the charge. It means a current-carrying wire
does not produce an electric field.

* However, if the charge q is projected in the direction of the current with velocity v, then it is deflected towards the wire (q is assumed
positive). There must be a field at P that exerts a force on the charge when it is projected, but not when it is kept at rest. This field is different
from the electric field which always exerts a force on a charged particle whether it is at rest or in motion. This new field is called the magnetic
field and is denoted by the symbol B. The force exerted by a magnetic field is called magnetic force.

According to Biot Savart's Law, the magnetic induction dB at point P due to the elemental wire segment AB as shown in the figure depends upon
four factors which are given as

(i) dB is directly proportional to the current in the element.
dB oc I
(ii) dB is directly proportional to the length of the element

dB ocdl

(iii) dB is inversely proportional to the square of the distance r of the point P from the element

dBoci,)

Combining the above factors, we have

JB Idl b;m f
2

JB — delsolrlﬁ
2
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Where K is a proportionality constant and its value depends upon the nature of the medium surrounding the current carrying wire. Its SI Units its
value is given as

K = ’;i — 107 T — m/A
T

Here, i is the current, d! is the length-vector of the current element and 7 is the vector joining the current element to the point P and # is the angle
between dl and 7 .

10 is called the permeability of vacuum or free space. Its value is 47 x 107 T-m/A.

The magnetic field at a point P, due to a current element in vacuum, is given by:

- It_(mfl X T

dB = -
Vector form: 4 r3

IR — Eidl sirl f
Scalar form: 4T

For medium other than vacuum, 0 will be replaced by #

M= pp X iy

where, Hr is the relative permeability of the medium (also known as the diamagnetic constant of the medium)
Direction of magnetic field:

1. The rule of cross product

The direction of the field is perpendicular to the plane containing the current element and the point P according to the rules of cross-product. If we
place the stretched right-hand palm along di insucha way that the flngers curl towards 7, the cross product di’ x 7 is along the thumb. Usually,

the plane of the diagram contains both dl’ and 7 . The magnetic field dB is then perpendicular to the plane of the diagram, either going into the
plane or coming out of the plane. We denote the direction going into the plane by an encircled cross and the direction coming out of the plane by an
encircled dot.

2. Right hand thumb rule
The direction of this magnetic induction is given by right hand thumb rule stated as "Hold the current carrying conductor in the palm of the right

hand so that the thumb points in the direction of the flow of current, then the direction in which the fingers curl, gives the direction of magnetic field
lines"

t

Various Cases:

Case 1. If the current is in a clockwise direction then the direction of the magnetic field is away from the observer or perpendicular inwards.
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Case 2. If the current is in an anti-clockwise direction then the direction of the magnetic field is towards the observer or perpendicular outwards

2. Magnetic Field due to current in a straight wire:

Magnetic field lines around a current-carrying straight wire are concentric circles whose centre lies on the wire.

Magnetic field due to a current-carrying wire at a point P which lies at a perpendicular distance r from the wire, as shown, is given as:

1
= £ (singy + sin ¥2)
4T ) :
Yy
A
Cr

bf T
! bt SR -3
A ) r P
y P
7 P
2 " /.f

P

9

»__)"J/

From figure, & = (90° — ) and 3 = (90° + ¢s)

o -
) ) B = "——(cos o — cos 3)
Hence, it can be also written as 47 r

Different cases:

Case 1: When the linear conductor XY is of finite length and the point P lies on it's perpendicular bisector as shown

305



B = % : f;'(Qsirlq,-’))

Case 2: When the linear conductor XY is of infinite length and the point P lies near the centre of the conductor

e
i
,?!-l = g = QD"
B = pol [sin90° + sin 90°] = o2
drr ; 4T r

Case 3: When the linear conductor is of semi-infinite length and the point P lies near the end Y or X

L I —— - P

¢# =90° and ¢, =0°

B = 'u—{j_i [sin90° + sin0°] = Hoi

drr drr
Case 4: When point P lies on the axial position of the current-carrying conductor then magnetic field at P,
o

'
H
-

Rl S— S

= P =88

= 'u—oifcos o —cos ) = #_01(0050 —cos0) =0
i 4mr

Note:

o The value of magnetic field induction at a point, on the centre of separation of two linear parallel conductors carrying equal currents in the
same direction, is zero.

o If the direction of current in the straight wire the known then the direction of the magnetic field produced by a straight wire carrying current is
obtained by maxwell's right-hand thumb rule.

3. Magnetic Field due to circular current loop at its centre:

Magnetic Field due to circular coil at Centre-
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o8 P i <o

e

o

e

Consider a circular coil of radius a and carrying current I in the direction shown in Figure. Suppose the loop lies in the plane of the paper.
B = The magnetic field at the centre O of the coil.

and 77 is the position vector of point O from the current element.

wl
= %2?1‘
Amr?
B pol
' 2r
For N turns,

po 27 Ni  polNd
B(J = Bf“ciﬂhti = =
4T r 2r

where N=number of turns, i= current and r=radius of a circular coil.

Magnetic field due to a current-carrying circular arc

_ Ho 18
Case 1: Arc subtends angle theta at the centre as shown below then T arr

—

where the angle # is in radians.

Case 2: Arc subtends angle (2 — #) at the centre then

—

—— www.careers360.com |

Back to Index €}

307



(..4...____..—-’.._—--.._-_

O<-r —>

Special cases

1. If the Distribution of current across the diameter then Bo = 0

2. If Current between any two points on the circumference then By=0
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3. Concentric co-planar circular loops carrying the same current in the Same Direction-

I

7

=

Br[iﬂmi -

(2mi) [:—1 + L}

ry

=
=

If the direction of currents are the same in concentric circles but have a different number of turns then

n T
(2mi) |2 + —2]
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4. Concentric co-planar circular loops carrying the same current in the opposite Direction
E Tk
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If the number of turns is not the same i.e 1 7 12
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Beentre = — (ZTH) —_—
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|

5. Concentric loops but their planes are perpendicular to each other

B2
A

Then B‘mit =V -Bl2 + Bzz

6. Concentric loops but their planes are at an angle # with each other

B2
A

B = \/Blg + 322 + 2B1Bycost
4. Magnetic Field On The Axis Of Circular Current Loop-

In the figure, it is shown that a circular loop of radius R carrying a current 1.
Application of Biot-Savart law to a current element of length I at angular position f/ with the axis of the coil.

the current in the segment df causes the field d3 which lies in the x-y plane as shown below.

Another symetric e/’ element that is diametrically opposite to previously df element cause d 5’ .

Due to symmetry the components of 5 and dB’ perpendicular to the x-axis cancel each other. i.e., these components add to zero.

The x-components of the dB combine to give the total field Bat point P.

—————————{ www.careers360.com | Back to Index (€

310



di

di

z

We can use the law of Biot-Savart to find the magnetic field at a point P on the axis of the loop, which is at a distance & from the center.

df and 7 are perpendicular and the direction of field dB caused by this particular element dl lies in the x-y plane.

we get
wl R , L .
= B = }.7“ (on the axis of a circular loop)
2 (22 + B2V
_ Iu(;.ff?z
o If x>>R, then 28
w 2wNi poNi
2 =0= Beegre = — - = = B
e At centre, centre 47 R 2R e

5. Ampere's Circuital Law And Its Applications

Ampere's circuital law-

Amperes law is also a method to calculate the magnetic field due to a given current distribution like Biot-Savart's law.

Statement: The line integral of the magnetic field B around any closed curve is equal to /e times the total current i passing through the area
enclosed by the curve.

Mathematical statement: 36 Bdl = Lo Z i = g li] + 13 — ia)

Also using B = ol ... .(whereH = magnetising field)

56;3(;.13’ : F} = pp¥i = 3£ﬁ : H =i

Fingers are curled in the loop direction, the current in the direction of the thumb is taken as positive whereas in the direction opposite to that of the
thumb is taken as negative.

Now, we can see that the total current crossing the above area is L\*’ 1T *’2J, so any current outside the given area will not be considered. So we
have to assume | Outward & — +ve, Inward ® — —ve)

(i) Path should be chosen in such a way that at every point of the path magnetic induction should be either tangential to the path elements or normal
to it so that the 'dot' product can be easily handled.

(ii) Path should be chosen in such a way that at every point of the path magnetic induction should either be uniform or zero so that calculations
become easy.

Application of Ampere's law (To find magnetic field due to various bodies)-

1. Magnetic field due to infinitely long cylindrical wire due to current 'i' flowing through its surface only -

Let us consider an infinitely long cylindrical wire of radius R and the current is distributed on the surface of the wire, then this wire will behave as a
hollow cylindrical wire.
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Now let us take different situations -

a) For a point inside the wire - (r<R)

From the top view, the Ampere's loop will look like this -
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Since there is no current inside the Ampere's loop, so there will be no magnetic field in this loop because -

365(& = ppi

b) For a point outside the wire (r>R) -

Then from the top, it can be seen as -

It is just like the concept of a current carrying wire which we have studied in the last concept with the help of Ampere's circuital law as well as by
Biot-savart law. So again by applying same Ampere's circuital law we can deduce that -

¢) On the surface (r=R)

ot

5 —
2r

]

From the above equations, we can plot a graph between B and different positions ''.

B a
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(r<R) r=R (PR) T

2. Magnetic field due to infinitely long cylindrical wire due to current 'i' distributed uniformly acress its cross-section -
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Magnetic field due to a cylindrical wire is obtained by the application of Ampere's law. Here also we consider few cases one by one -

a) Outside the cylinder -

It is just like the concept of a current carrying wire which we have studied in the last concept with the help of Ampere's circuital law as well as by
Biot-savart law. So again by applying same Ampere's circuital law we can deduce that -

— ]
Hence at inside point 3153-“, cdl = i = B = ? : %
27 =
c) At surface (r=R) -
Mol
B, = 27r
The variation of B with r can be drawn as -
B 4
i
T 2n : —
2R \(Bu 1r )
(r<R) =R (r>R) r

6. Solenoid

Solenoid -
A solenoid is defined as a cylindrical coil of many tightly wound turns of insulated wire with a general diameter of the coil smaller than its length.

The solenoid have two ends and one end behaves like the north pole while the opposite end behaves like the south pole. As the length of the
solenoid increases, the interior field becomes more uniform and the external field becomes weaker which can be seen from the diagram.

As the current flows a magnetic field is produced around and within the solenoid. The magnetic field within the solenoid is uniform and parallel to
the axis of solenoid. Here we will discuss two cases, one with solenoid having finite length and other when the solenoid is of infinite length.

(i) Finite-length solenoid :
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Let n = number of turns per unit length L
whrere, N = total number of turns,

[ = length of the solenoid

The magnetic field inside the solenoid at point P is given by -

B = ?(QWn.fZ)[sin o + sin 3]
4

(ii) Infinite length solenoid -

i

If the solenoid is of infinite length and the point is well inside the solenoid. So in this case the angle and 3 willbe 2. Soif we put this value
in the equation of finite length you will get -

By, = pyni
Here again, n = number of turns per unit length.

Note - The magnetic field outside the solenoid is zero.

7. Toroid

Toroid -

If we try to bend a solenoid in the form of a ring then the obtained shape is a Toroid. So, a toroid can be considered a ring-shaped closed solenoid.
Hence it is like an endless cylindrical solenoid. From the given figure we can understand Toroid much better.

Now to obtain the magnetic field by a toroid, let us consider a toroid having N turns.

Here, we will now apply Ampere circuital law to calculate the magnetic field of a toroid. Suppose we have to find the magnetic field B at a point P
inside the toroid as shown below in figure -

WTTLW&IA[%WT‘M
Qs ;L,L,«&WUC\L{Q%

e

. My
I g
\\\ 7
s

Let us take an amperian loop which is a circle through point P and concentric inside the toroid. By symmetry, the field will have equal magnitude at
all points of this circle and this field is tangential to every point in the circle
Thus,
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From the above result, B varies with r i.e. field B is not uniform over the cross-section of the core because as we increase 'r' the B varies.

8. Force On A Moving Charge In Magnetic Field

The magnetic force on a free moving charge is perpendicular to both the velocity of the charge and the magnetic field with direction given by the
right hand rule. The force is given by the charge times the vector product of velocity and magnetic field.

The force is always perpendicular to both the magnetic field and velocity.

F =quBsinf

F=quBif =090

If the velocity is perpendicular to the magnetic field then the force is given by the simple product :

Force = charge x velocity x B-field

Right-hand rule:

The magnitude of the magnetic force F on a charge g moving at a speed v in a magnetic field of strength B is given by
F =qvBsin 0,

where 6 is the angle between the directions of v and B. This force is often called the Lorentz force. In fact, this is how we define the magnetic field
strength B—in terms of the force on a charged particle moving in a magnetic field. The SI unit for magnetic field strength B is called the tesla (T).
Therefore magnetic field strength is given as :

F

qu sin

B =

F=qguvBsing
F | planeof vand B

The unit of Tesla is :
1IN 1N

1IT=——=
C-m/s A'm

o The direction of the force on a moving charge is given by the right-hand rule . Point the thumb of the right hand in the direction of v, the
fingers in the direction of B, and perpendicular to the palm points in the direction of F.

o The force is perpendicular to the plane formed by v and B. Since the force is zero if v is parallel to B, charged particles often follow magnetic
field lines rather than cross them.

9. Motion Of A Charged Particle In Uniform Magnetic Field

1.If the velocity is perpendicular to the magnetic field
In the figure a negatively charged particle moves in the plane of the paper in a region where the magnetic field is perpendicular to the paper. The

magnetic force is perpendicular to the velocity, so velocity changes in direction but not magnitude. The result is uniform circular motion. Note that
because the charge is negative, the force is opposite in direction to the prediction of the right-hand rule.
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In this situation, the magnetic force supplies the centripetal force T Noting that the velocity is perpendicular to the magnetic field, the
magnitude of the magnetic force is reduced to F = quB Because the magnetic force F supplies the centripetal force Fo we have,

2
T

qguB = —
r

Solving for r gives
mu
=

_q_B

Here, r is the radius of curvature of the path of a charged particle with mass m and charge g, moving at a speed v that is perpendicular to a magnetic
field of strength B. The time for the charged particle to go around the circular path is defined as the period, which is the same as the distance
traveled (the circumference) divided by the speed. Based on this and the Equation, we can derive the period of motion as:

T— 2mr _ Em _ 2mm
v v g qB
Therefore frequency of revolution is
1 qB
T 2mm

This frequency is called the cyclotron frequency.
2. If the velocity is not perpendicular to the magnetic field

2
mu

F, =
r

The radius of curvature as
muv

_q_B

If the velocity is not perpendicular to the magnetic field, then we can compare each component of the velocity separately with the magnetic field.
The component of the velocity perpendicular to the magnetic field produces a magnetic force perpendicular to both this velocity and the field:

Uperp = v Sinf
Upara = U COSH
where 0 is the angle between v and B. The component parallel to the magnetic field creates constant motion along the same direction as the

magnetic field, also shown in Equation. The parallel motion determines the pitch p of the helix, which is the distance between adjacent turns. This
distance equals the parallel component of the velocity times the period:

P = Ypara T

This results in a helical motion, as shown in the following figure:

¥
L}

2] 'I_:I: x

While the charged particle travels in a helical path, it may enter a region where the magnetic field is not uniform. In particular, suppose a particle
travels from a region of strong magnetic field to a region of weaker field, then back to a region of stronger field. The particle may reflect back
before entering the stronger magnetic field region. This is similar to a wave on a string traveling from a very light, thin string to a hard wall and
reflecting backward. If the reflection happens at both ends, the particle is trapped in a so-called magnetic bottle.
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The radius of helical path

m(vsin )

qB

Time period of helical path

2mm

qB
Frequency of helical path
1 qB
p—_-1
T 2mm

Pitch: The pitch is the horizontal distance between two consecutive circles.

2mm

P={VeostT = B (V cosf)

10. Lorentz Force
Lorentz force-

When the moving charged particle is subjected simultaneously to both electric field E and magnetic field B , the moving charged

particle will experience electric Fo=qE and magnetic force Fn=4q(x B J; so the net force on it will be

F= Q’[E +({xB J] Which is our lorentz-force equation. Depending on the directions of 0. E and B following situations are possible.

(i) When U, £ and B all the three are collinear : In this situation the magnetic force on it will be zero and only electric force will act

Fdf

a1 = =
and so i .

(ii) The particle will pass through the field following a straight-line path (parallel field) with change in its speed. So in this situation speed, velocity,
momentum and kinetic energy all will change without change in direction of motion as shown

(iii) U,Eand B are mutually perpendicular : in this situation if E and B are such that F=F e+ Fm =0 je,
i=(F/m)=0

as shown in the figure, the particle will pass through the field with the same velocity, without any deviation in the path.
qF = quB
E

> uv=—
And in this situation, as Fe = Fin ie. B .

11.Cyclotron

A cyclotron is a device used to accelerate positively charged particles (like cx-particles, deutrons etc.) to acquire enough energy to carry out nuclear
disintegration etc. It is based on the fact that the electric field accelerates a charged particle and the magnetic field keeps it revolving in circular
orbits of constant frequency.

It consists of two hollow D-shaped metallic chambers D1 and D2 called dees. The two dees are placed horizontally with a small gap separating
them. The dees are connected to the source of high frequency electric field. The dees are enclosed in a metal box containing a gas at a low pressure
of the order of 10™* mm mercury. The whole apparatus is placed between the two poles of a strong electromagnet NS as shown in fig. The magnetic
field acts perpendicular to the plane of the dees.
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High frequency —

oscillator
Energetic
proton beam

[}

Target

where V is the velocity, q is the charge and B is magnitude of magnetic field applied.

Tr T
= —= —
Cyclotron frequency : Time taken by an ion to describe a semicircular path is given by v 9B
2mm
T=9t=""
If T= time period of oscillating electric field then, qB
1 By
V== =
therefore the cyclotron frequency T 27m
2 2
_B_
E‘.Irur;r' (q.) }“(:;
Maximum energy of particle : Maximum energy gained by the charged particle am

where "0=maximum radius of the circular path followed by the positive ion.

12. Force On A Conductor Carrying Current In A Magnetic Field
Magnetic force on a current carrying conductor -

In case of current carrying conductor in a magnetic field force experienced by its small length element is dF =i(dl x B )

For total force, we will integrate the above equation. So the total magnetic force -

Fe f dF = / i(di' B)

If magnetic field is uniform i.e., B= constant and
Jdl'= L = vector sum of all the length elements from initial to final point. Which is in accordance with
the law of vector addition is equal to length vector L' joining initial to final point.

- F::‘Ud}j «Bi(L x B)

Direction of force -

According to Fleming’s left-hand rule - Stretch the fore-finger, central finger and thumb left hand mutually perpendicular. Then if the fore-finger
points in the direction of field 5 and the central in the direction of current i, the thumb will point in the direction of force. For better understanding,
look at the image given below,

Note - If curved wire is given in the question then the length will be taken as shown in the figure -
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And the direction of the length vector should be in the direction of current.

Force between two parallel current carrying infinite wires-

Let us take two long straight conductors carrying currents t1and 2 placed parallel to each other at a distance ‘a’ from each other as shown in the
figure -

|

-
S ——

-

1]

The conductor 2 experiences the same magnetic field at every point along its length due to the conductor 1. Because of this there will be some force
acting on conductor 2 and the direction of magnetic force is indicated in the figure and it can be visualised by using the right-hand thumb rule.

Now, if we apply Ampere's circuital law on the first conductor then the magnitude of the magnetic field can be obtained as -

ol
B =t
LT

Then the force on a segment of length L of the conductor 2 due to the conductor 1 can be given as,

sz = IELB] = M

2ma

Similarly, we can calculate the force exerted by the conductor 2 on the conductor 1. We see that, the conductor 1 experiences the same force due to
the conductor 2 but the direction of force is opposite. Thus we can say that,

Fa = Fpp (But the direction will be opposite.)
But if the direction of current flowing through the conductor is opposite in both the conductors then both the wire will repel each other.
Also, the magnitude of the force acting per unit length can be given as -

piod1 1y

2ma

fi2 = for =

13. Torque on a rectangular current loop in a uniform magnetic field

Let us consider a case when the rectangular loop is placed such that the uniform magnetic field B is in the plane of the loop. This is illustrated in the
given figure.The field exerts no force on the two arms AD and BC of the loop. It is perpendicular to the arm AB of the loop and exerts a force F; on
it which is directed into the plane of the loop. Its magnitude is,

F,=IbB
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Rotation axis

Similarly it exerts a force F; on the arm CD and F, is directed out of the plane of the paper.
F. 3 = LB = F, 1

Thus, the net force on the loop is zero. But these two forces are actingat a distance 'a' between them. This torque on the loop due to the pair of forces
F; and F, . From the figure given below shows that the torque on the loop tends to rotate it anti-clockwise. This torque is (in magnitude),

a2 aj2
«— e

a a
T = F1§ + F2§
. H;B’—; + H;Bg — I(ab)B
= IABH )
where A = ab is the area of the rectangle.

Now we will discuss the case when the plane of the loop is making an angle # with magnetic field.

Here again you can see that the forces on arms AB and CD are F; and F; -
F 1= E 7= B
Then the torque will be the
i, a
= F1§b1r19 + Fg§b1n€

= lab Bsinf
= [ABsinf

From the above equations we can see that the torques can be expressed as vector product of the magnetic moment of the coil and the magnetic
field. We define the magnetic moment of the current loop as,

m=1TA
If the coil has N turns then the magnetic moment formula becomes -
m = NIA
And its direction is defined by the direction of Area vector.
So, Torque equation can be written as,

T=mxB

14. Circular current loop as magnetic dipole-

The magnetic field due to a current (I) carrying circular wire (Radius = R) on its axis at a distance 'x' is -
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;L(JIRQ

p=—tr"
2 (22 + R2)*?

If z >>> R, then R will become negligible and the equation becomes -

qufﬁz
= 3

2r

. . 2 .
Now, as the area of this loop is 7 /-, so the equation becomes -

pnl A
B= 7

2w

As,m =1A So,
fpIm
2mad

to 2m
T4 28

The expression shown above is very similar to an expression obtained earlier for the electric field of a dipole.
The similarity may be seen if we substitute,

po — lffu
m — p, (electrostatic dipole)

B — E (electrostatic field)

So the equation becomes,

B_ 2P
4';TE.[];I!J

So, We can say from the above analogy that the circular current loop can act as a magnetic dipole. The direction of the magnetic moment can be
obtained as -

But there is a fundamental difference: an electric dipole is built up of two elementary units — the charges (or electric monopoles). In magnetism, a
magnetic dipole (or a current loop) is the most elementary element. The equivalent of electric charges, i.e., magnetic monopoles, are not known to
exist.

15.Magnetic dipole moment of a revolving electron-

Let us consider an electron that is revolving around in a circle of radius r with a velocity v.
The charge of the electron is e and its mass is m, both of which are constant. The time period T of the electrons’ orbit is -

T_ Circumference  2mr
N Velocity T
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So the current due to motion of electron is -

Now, as we know that the direction of current is opposite to the direction of motion of electron. Now the magnetic moment is defined as -

p=1A

So the Magnetic moment of an electron:

As we have studied that that the angular momentum L is given by:

L =mvr

So the above equation can be written as -

—e

21,

The negative sign shows that the velocity and current are on opposite directions as shown in the figure given above. Also in the vector form it is
written as -
. —€ =

f= ZmEL ------------------------------ (1)

Now, by Niels Bohr , Angular momentum of the electron is given as -

L:nlj—I.n:U.:l:l.:I:Q...
T

Where n is the orbit quantum number and h is the Planck’s constant,
Now by using the equation (1)

—e h
2m,. 2w

eh
A me

If we put n =1, then the equation become -

— __eh - G =24
HB = —fem, = 9.2T x 1077J/T (This is called Bohr Magneton pp,

16.Moving coil galvanometer-

A moving coil galvanometer is an electromagnetic device which is used to measure small values of current. It consists of a permanent horse-shoe
magnet, coil, soft iron core, pivoted spring, non-metallic frame, scale, and pointer as shown in the figure

As we have studied the torque acts on a current-carrying coil suspended in a uniform magnetic field. Due to this, the coil rotates. Hence, the
deflection in the coil of a moving coil galvanometer is directly proportional to the current flowing in the coil.

In this, the coil is suspended between the pole pieces of a strong horse-shoe magnet. The magnetic field is made radial and for this, the pole pieces
are made cylindrical and a soft iron cylindrical core is placed within the coil without touching it. The benefit of this type of field is that the plane of
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the coil always remains parallel to the field. Therefore 6=90° and the deflecting torque always has the maximum value.
Tdeflection = [N B1A

Now if the coil deflects, a restoring torque is set up in the pivoted spring. If v is the angle of twist, the restoring torque is
Trestoring = Ca

where C is the torsional constant of the fibre.

When the coil is in equilibrium, then -

So, NBA & =i=FKa

where K = is the galvanometer constant.

C
NBA
This linear relationship between i and cx makes the moving coil galvanometer useful for current measurement and detection.
Here we will discuss two important terminologies -

1. Current sensitivity (S;) : The current sensitivity of a galvanometer is defined as the deflection produced in the galvanometer per unit current
flowing through it. So it can be written as -

¢ _a_NBA

o i '

2. Voltage sensitivity (Sy) : Voltage sensitivity of a galvanometer is defined as the deflection produced in the galvanometer per unit voltage
applied to it. So it can be written as -

(By using Ohm's law)

Magnetism and Matter

Important Formulae

1. Magnetic field lines

Important points regarding Magnetism-
o The earth behaves as a magnet with the magnetic field lines pointing from the geographic south to the north.
¢ When a bar magnet is freely suspended, it points in the north-south direction. The tip which points to the geographic north is called the north
pole and the tip which points to the geographic south is called the south pole of the magnet.
e There is a repulsive force when like poles of two magnets are brought close together and there is an attractive force when unlike poles of two
magnets are brought close together.
¢ The north and south pole cannot be separated by splitting the magnet into two parts.
i.e If a magnet is broken into a number of pieces each piece becomes a magnet.
o Itis possible to make magnets out of iron and its alloys.
Magnetic field-
Space around a magnetic Pole or magnet or current-carrying wire within which its effect can be experienced.
Magnetic field lines-
The magnetic field line is not real. The magnetic field lines are a visual and intuitive realization of the magnetic field.

Properties of magnetic field lines-

o The magnetic field lines of a magnet form continuous closed loops. Outside the magnet, magnetic field lines start from the north pole and end
at the south pole, whereas inside the magnet its direction is from south pole to north pole.

o The tangent to the magnetic field line at a given point represents the direction of the net magnetic field (E ) at that point.

For the below figure The tangent to the magnetic field line at point P represents the direction of the net magnetic field (ﬁ ) at point P.

—————————{ www.careers360.com | Back to Index (@ 324



B

Magnetic
field line

o The larger the number of magnetic field lines crossing per unit area, the stronger is the magnitude of the magnetic field (ﬁ ) at that region.
o The two magnetic field lines do not intersect at any point.

2. Bar Magnet As An Equivalent Solenoid

Bar Magnet-

A bar magnet consists of two equal and opposite magnetic poles separated by a small distance.

Pole strength (m)-

The strength of a magnetic pole to attract magnetic materials towards itself is known as pole strength.
It is a scalar quantity and it is represented by +m and -m.

It depends on the nature of the material of the magnet and the area of the cross-section i.e, independent from the length.

Magnetic dipole moment (_ﬂ')- It represents the strength of the magnet. Mathematically it is defined as
the product of the strength of either pole and effective length.

i.e for the below figure M =mL =m(2l)

It is a vector quantity directed from south to north.

This is analogous to the electrical dipole moment which was given by P=qL
And using this analogy we can calculate

¢ The magnetic field on the Axial Position of a bar magnet-

o 20

For r=>a = Bauu= 3

4w r

* Magnetic Field at the equatorial position of a magnet-
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For r=>=>a = B,= Ho 3
And for 4

Magnetic Field at any general point due to bar magnet-

M
_ M eI

@ EVRS

Solenoid-

The solenoid is defined as a cylindrical coil of many tightly wound turns of insulated wire with generally diameter of the coil smaller than its
length.

Bar magnet as an equivalent solenoid-

By calculating the axial field of a finite solenoid carrying current and equating it with the magnetic field of bar magnet we can demonstrate a Bar
magnet as an equivalent solenoid.

op

For the above figure
N
Let n = number of turns per unit length f
whrere, N = total number of turns,
L = 2I = length of the solenoid

forr == R and r ===

Using N = n(2l)
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we get 2mr?
Now if we consider the above solenoid as a Bar magnet then its dipole moment is given by M = NTA

B—- _ gf(]_-'\"j_-*l _ IH.[]_‘} _ th’(]_‘_j

Now using 4 = 712? we can write 273 27 473
B 2pgM
© 47r® Thisis equivalent to the magnetic field on the Axial Position of a bar magnet.

3. The Dipole In A Uniform Magnetic Field

Net Force-

As magnetic dipole is analogous to an electric dipole.

So we can use "t = ¢m

when a magnetic dipole is kept in a uniform magnetic field. The net force experienced by the dipole is zero as shown in the below figure.

Le Fnr# =0

Hence magnetic dipole will not make any linear motion.
Torque on dipole-

e o = (2¢) si
Net torque about the center of dipole is given as T = G B(2a) sin f

Using M = qu2a wegetT = MEBsinf

So7=MxB
o The direction of the torque is normal to the plane containing dipole moment M and magnetic field B and is governed by right-hand screw
. ;lfﬂ]g.ipole is parallel to B the torque is Zero. l.e & =0 7 =10 (}"his is the position of stable equilibrium of dipole)
o Torque is maximum when Dipole is perpendicular to B. Le 0= 2 7= MB = maximum torque

Oscillation of dipole -If a dipole experiencing a torque in a magnetic field is allowed to rotate, then it will rotate to align itself to the magnetic field.
But when it reaches along the direction of B the torque becomes zero. But due to inertia, it overshoots this equilibrium condition and then starts
oscillating about this mean position.

The time period of this oscillation is given as

1
=9 —
=215

where I= moment of inertia of dipole about the axis passing through its centre and perpendicular to its length.

» For two magnets having Magnetic Moments in the same direction (i.e sum position of the magnetic moment)

—————————{ www.careers360.com | Back to Index (€ 307



M, =M, + M,
I,=0+1,

M - Net Magnetic Moment
I - Net Moment of Inertia

So Time period is

T
T = om, | —
VLB

Similarly, Frequency is given as

L_ L _ 1 [(M+M)B

T 27 I

« For two magnets having Magnetic Moments in the opposite direction (i.e difference position of the magnetic moment)

My =M, — My
L( = 1’1 + fg

So Time period is

JE— L+5
L Ty=2m 1T
T =27 ‘v"fﬁ . ! (M, — My)B

Similarly, Frequency is given as

1 1 [(My—M)B
Vi= = —\| —F————

Ty T on I+ 1
o The ratio of difference and sum position of the magnetic moment
T, My — M
Ty VM 1+ Mo

M, TP+T? I+

- ] - 2
My Ti-T? vi-uy

Dipole in Non-Uniform Magnetic Field- In case the magnetic field is non-uniform, the magnitude of the force on +1m and = g, will be
different. So F("¢1) # 0 and At the same time due to a couple of forces acting, a torque will also be acting on it.

‘Work done in rotation-

The work done by magnetic force for rotating a magnetic dipole through an angle 2 from the equilibrium position of an angle f1 is given as

i £
Winag = / Tdff = / Tdfcos(180%) = — / Tdf
. 2 &

2 8z
= Winag = —/ (M = B)df = — (MBSinf)df = MB (cosO2 — cos©1)
I 8y

W =W,y = MB(cos 0 — cosOy)

And So work done by an external force is

For example

—————————{ www.careers360.com | Back to Index (€ 328



ifO=0"andB; =0
W =MB(1-cos9)
if @ =90 and B, =6
W =—-MBcos©
Potential Energy of a dipole kept in a magnetic field-

A AU = —Wpy = W

So change in the Potential Energy of a dipole when it is rotated through an angle t2 from the equilibrium position of an angle B1is given as
AU = MB (cos 6 — cos B,)

if 0, =90" and O, =6
AU =U, — Uy = Uy —Uyg=—MBcos©

Assuming B = 90" and Upge =0

[wall

we can write U = Uy = —AT-
Equilibrium of Dipole-

1. Stable Equilibrium-

=0
T=10
D‘mirz =-MB

2. Unstable Equilibrium-
e = 180°

=0

Upoe = MB

=

3. Not in equilibrium-

e = 90"
Tmaz = MB
U=o0

4. Gauss Law Of Magnetism

Magnetic flux -
It is defined as the magnetic lines of force passing normally through a surface called magnetic flux.

As we learn in electrostatic, the Gauss law for a closed surface states that :

et
0,

b= / EdS
where

S is the area enclosed and E is the electric field intensity passing through it.

Qc losed =

and 4net is the total charge inside the closed surface.
But Gauss's Law of magnetism states that the flux of the magnetic field through any closed surface is zero (as shown in the below figure).
It is because inside the closed surface simplest magnetic element is a magnetic dipole with both the poles (since magnet with monopole does not

exist). So a number of magnetic field lines entering the surface are equal to the number of magnetic field lines leaving the surface. So the net
magnetic flux through any closed surface is zero.
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AN/

\

t

—— Gaussian

i} \}\\' surface

I.e Gauss law for closed surface-

—.—==0
B ds

Gauss law if the surface is open

o

— . —= (;"JB
B ds '

i.e Consider an element of the area 'S on an arbitrarily shaped surface is shown in the figure. If the magnetic field at this element is B , the
magnetic flux through the element is dop = B.dS = BdS cost

So, the total flux through the surface is

QBZ/E.(EngBrEScosﬁ
ds

5. Earth's Magnetic Field

The reason why, A bar magnet, when suspended freely, points in a north-south direction is due to the earth’s giant magnetic field.
The branch of Physics which deals with the study of Earth's magnetic field is called Terrestrial magnetism. It is also known as geomagnetism.

Various Terminologies about Earth’s Magnetism-

Geographic axis- The Axis of rotation of Earth is called the Geographic axis.
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Geographic Meridian- A vertical plane passing through the geographical axis is called a Geographic meridian.

Geographic Poles-The points where the Geographic axis cuts the surface of Earth are called Geographic poles (i.e. Ng, Sg)
Magnetic axis- The axis of the huge magnet assumed to be lying inside the earth is called the magnetic axis.

The magnetic Equator- The circle on the earth's surface perpendicular to the magnetic axis is called the magnetic equator.

The angle between Magnetic and Geographical Axis- They make an angle of 11.5° with each other.

or we can say that the Earth’s magnetic field is similar to that of a bar magnet tilted 11 degrees from the spin axis of the Earth.

THE MAGNETIC ELEMENTS-
These define the Earth's magnetic field I3 at any point.

Following are the three magnetic elements of the earth:

1. Magnetic declination ()

2. The angle of Dip or Magnetic Inclination (&)

3. The horizontal component of Earth’s magnetic field (BH)
Magnetic declination (f)-

Magnetic Declination is defined as the angle between geographic and magnetic meridian planes.

B!
:—bﬁewaﬁﬁchmridim
;] :
n
8 & x
+ B
By B> H:
"""" i
wis : Magnetic Meridian
1
i {wertical plane parallel ta
i -"'"It" the magnetic axis)
58
D c

The angle of Dip or Magnetic Inclination (4) -

Magnetic dip or magnetic inclination at a place is defined as the angle which the direction of the total strength of Earth’s magnetic field makes with
a horizontal line in the magnetic meridian.

At poles, the angle of dip = 900 and at the equator, the angle of dip = 0°
Horizontal component (H) of Earth’s magnetic field (BH )-
The intensity of the earth’s magnetic field can be resolved into two components
¢ Horizontal Component(BH
e Vertical Component(Bl-’)

. tand = =¥, sind = =¥ cosd = =&
So we can write By’ B B

Resultant Magnetic Field due to earth
By = Beosd
By = Bsind
2 2
B =/Bj; + By,
Earth Magnetic field is horizontal only at the magnetic equator i.e when # = 0" then By = Band Bv =0
Earth Magnetic Field at the Pole- Since # = 90°so By = 0and Bv = B
Important points-

o Isoclinic lines- The lines that pass through different places having the same angle of dip.

o Aclinic line-A line which passes through places having an angle of dip as 00
¢ Isodynamic line-The lines drawn through places having the same of By

Tangent law-

When a small magnet is suspended in two uniform magnetic field B and B which are at right angles to each other.
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The magnet comes to rest at an angle ©.
i.e for the below figure when
Magnet in Equilibrium
Then MBySin© = MBSin(90 — ©)B = Bytan© (tangent law)

B
or tanl = —
H

6. Magnetisation And Magnetic Intensity
The magnetic intensity (H)-

yo B

The magnetic intensity of the magnetizing field is given by Ho
And its S.I. unit is A/m while its C.G.S. Unit is oersted.
Magnetization (M) -

Magnetization is a process in which a normal material is converted into a magnetic material by exposing it to an external magnetic field. The
magnetic intensity is the reason due to which a normal material changes into magnetic material.

Myet

M=

We define magnetization M of a sample to be equal to its net magnetic moment per unit volume i.e v

Consider a long solenoid of n turns per unit length and carrying a current i

i

¢

The magnetic field in the interior of the solenoid is given by By = pnl

N B pnINT

n—=— =
If L then ! L where N=number of turns and L=length of solenoid
- & I— & NI
Using H0O So we can write HO L

If the interior of the solenoid is filled with a material with non-zero magnetization then the material will magnetize.

And the field inside the solenoid will be greater than B,
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The net B field in the interior of the solenoid may be expressed as
B = By + By,

B - total magnetic field

By - the magnetic field in a vacuum

B - magnetic field due to magnetization of the material

And Binis proportional to the magnetization M of the material and is expressed as By, = poM
B{'l
H=—
And using 10 we can write Bo = poH

sowe get B = Bo+ By = poH + poM = po(H + M)

H:E—_U

So we get Ho

The Magnetization (M) of material is influenced by The magnetic intensity (H)

So the relation between M and H is given as M= yH

where X is called magnetic susceptibility. And it is a measure of how a magnetic material responds to an external field.
Using M=+yH ;;, B=uplH+M)

we get B = po(1 + x)H= pop, H= pH

where H#r = (1 + X) is called relative magnetic permeability of the substance.

I

and  H = foptr = (L + X) s the magnetic permeability of the substance
7. Magnetic Properties Of Materials

Depending on the magnetic properties, the magnetic materials are classified as
¢ Diamagnetic substance
¢ Paramagnetic substance
¢ Ferromagnetic substance
Diamagnetic substance-
The substance which is feebly magnetized in a direction opposite to that of the magnetizing field in which those are placed.
bismuth, copper, lead, silicon, etc are diamagnetic substances.
And for diamagnetic substances

yv=0
0<p <1

M= g

Magnetization(M) Vs The magnetic intensity (H) curve-

Magnetic moment (m) for diamagnetic substances is Very low or nearly 0.
The cause of magnetism for Diamagnetic substances is the Orbital motion of electrons.

Diamagnetic substances are those which have a tendency to move from the stronger to the weaker part of the external magnetic field.
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The magnetic field lines are expelled by these substances.

Behavior in a non-uniform magnetic field In diamagnetic substance-These are repelled in an external magnetic field.
Paramagnetic substances-

Paramagnetic substances are those which get weakly magnetized when placed in an external magnetic field.

And for Paramagnetic substances

0o y<s
l=pr<l+s
H = fo

Magnetization(M) Vs The magnetic intensity (H) curve-

They have a tendency to move from a region of a weak magnetic field to a strong magnetic field.

i.e., they get weakly attracted to a magnet.

Cause of magnetism-Spin motion of electrons

The magnetic moment (m) for Paramagnetic substances is Very low.

Behavior in a non-uniform magnetic field In a Paramagnetic substance- These are feebly attracted in an external magnetic field.
Ferromagnetic substances-

The substance which is strongly magnetized in the direction of the magnetizing field in which they are placed.

Iron, cobalt, nickel, gadolinium, and the number of alloys are ferromagnetic in nature.

And for ferromagnetic substances

y == 1
pr > 1
H == Ho

Magnetization(M) Vs The magnetic intensity (H) curve-

The cause of magnetism is the Formation of domains.
Magnetic moment (m) for ferromagnetic substances is Very high.
They have strong tendency to move from a region of weak magnetic field to strong magnetic field.

Magnetic field lines tend to crowd into a ferromagnetic substance.
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Behavior in a non-uniform magnetic field In ferromagnetic substance- These are strongly attracted in an external magnetic field
¢ Curie Temperature or Curie Point-
It is the temperature above which increasing the temperature the susceptibility of ferromagnetic materials decreases.
i.e At a temperature above the Curie Point, a ferromagnetic becomes an ordinary Paramagnetic
It is denoted by T
Curie-Weiss curve-
~ 1 .
(For T>T\) A T—-T. or A = T —Te where C is some constant.

8. Hysteresis Curve

Hysteresis-
It is the property of the Lagging of magnetic induction (B) behind magnetic intensity (H) in the case of ferromagnetic substances.

Hysteresis Curve- This is nothing but the graph of (B Vs H )or (I Vs H) as shown below.

When a non-magnetized material is placed in the long solenoid which is carrying current i as shown in the below figure.

i

D

Initially When ¢ =10 then B=0,H=0,1=0 peatPointO.

Now if we increase i, it will result in an increase in B and H and I, till saturation point (a) I.e path 1 or Path Oa
Now we decrease H and reduce it to zero by decreasing i = I.e path 2 or Path ab.

So at point b, H=0 but B # 0= B = B; where B, is called retentivity or remanence or residual magnetism.

This is happening because, For ferromagnetic materials, by removing the external magnetic field, i.e. H = 0, the magnetic moment of some domains
remains aligned in the applied direction of the previous magnetising field, resulting in a residual magnetism.

Now we have to remove this residual magnetism of the material or demagnetize the material completely. For this, we will reverse the direction of
the current in the solenoid.

So, the process of demagnetizing a material completely (i.e path bc) by applying the magnetizing field in a negative direction is defined as
Coercivity.
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So At point c we have B = 0 and H = H. where H, is called coercivity.

Coercivity signifies magnetic hardness or softness of substance:
I.,e Magnetic hard substance (steel) ——> High coercivity
Magnetic soft substance (soft iron) ——> Low coercivity.

If, after the magnetization has been reduced to zero, the value of H is further increased in the 'negative' i.e. reversed direction, the material again
reaches a state of magnetic saturation, represented by point d.

Next, the current is reduced (curve de) and reversed (curve ea) then The cycle repeats itself till point a.

Electromagnetic Induction

Important Formulae

1. Magnetic flux-

The total number of magnetic lines of force passing normally through an area placed in a magnetic field is equal to
the magnetic flux linked with that area.

Net magnetic flux through the surface is given by
g = 5£§ -dA = BAcos®

where
B = Magnetic Flux
B = Magnetic field

© = The angle between the area vector and magnetic field vector

¢ Magnetic flux is a scalar quantity.
o Unit of magnetic flux -

It's S.I. unit is Weber (wb) or Tesla x m? and its C.G.S. unit is maxwell(Mx).
andl wb=17Tm? and1l Mz = 107% wh

o The dimension of magnetic flux is M L2724~
e if0=0then ® = BAand Flux will be positive.
T

o If 2 then Flux will be zero (Le® =0y

2. Faraday's Law Of Induction

Faraday’s First Law-

Whenever the number of magnetic lines of force (Magnetic Flux) passing through a circuit changes an emf called induced emf is produced in the
circuit. The induced emf persists only as long as there is a change of flux.

Faraday’s Second Law-
The induced emf is given by the rate of change of magnetic flux linked with the circuit.

—dch

i.e Rate of change of magnetic Flux= - dt

where 49 — @2 — &1= change in flux
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—Ndg

And For N turns it is given as dt  where N= Number of turns in the Coil .

The negative sign indicates that induced emf (e) opposes the change of flux.
And this Flux may change with time in several ways

—d
LeAs® = BAcos® g5 = N 0 (BAcos9)
14
£=—-NBcos© ((—)
1.If Area (A) change then dt

g =—NAcosO (@)
dt

o d(cos®)  dO
s = —NapZles®) O , ,
3. If Angle (8 ) change then 10 " d or£=+NBAwsin®

2.If Magnetic field (B) change then

¢ Induced Current-

=S =N
"R R di

where
R — Resistance

dep
= -
dt  Rate of change of flux

¢ Induced Charge-

. —N do
lg =idt = ——.dt
=T TR
dg = %do

I.e Induced Charge time-independent.

¢ Induced Power-

N2 (do\?
TR \dt

i.e - Induced Power depends on both time and resistance

= e

P:

3.Lenz's Law

Lenz's law-
This law gives the direction of induced emf /induced current.
According to Lenz's law, the direction of induced emf or current in a circuit is such as to oppose the cause that produces it.
And this law is based upon the law of conservation of energy.

o The induced current in a closed-loop circuit
1. When N pole of a bar magnet moves towards the coil the flux associated with the loop increases and an emf is induced in it.
To repel the approaching north pole, the induced current is set up in the loop (if the loop is closed) in such a direction so

that the front face of the loop behaves as the north pole. Therefore induced current as seen by observer O is in an anticlockwise
direction (as shown in the figure).
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2. Similarly When N pole of a bar magnet moves away from the loop as shown in the figure.

To attract the north pole, the induced current is set up in the loop (if the loop is closed) in such a direction so that the front face of the loop behaves
as the south pole. Therefore induced current as seen by observer O is in a clockwise direction.

3. Similarly When S pole of a bar magnet moves towards the loop as shown in the figure.

Observer

To repel the approaching south pole, the induced current is set up in the loop (if the loop is closed) in such a direction so that the front face of the
loop behaves as the south pole. Therefore induced current as seen by observer O is in a clockwise direction (as shown in the figure).

4. Similarly When S pole of a bar magnet moves away from the loop as shown in the figure.

To attract the south pole, the induced current is set up in the loop (if the loop is closed) in such a direction so that the front face of the loop behaves
as the north pole. Therefore induced current as seen by observer O is in an anticlockwise direction.

o If the loop is free to move the cause of induced emf in the coil can also be termed as relative motion. Therefore to oppose the relative motion
between the approaching magnet and the loop, the loop will itself start moving in the direction of motion of the magnet.

4. Motional Electromotive Force

If a conducting rod of length L is moving with a uniform velocity V perpendicular to the region of the uniform magnetic field (E ) which directed
into the plane of the paper as shown in the below figure.
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A + 4+ + 4+

d

Then the magnetic force on +ve charges is given by Fp=q(tx B) = e(V x B) toward side b.

And similarly the magnetic force on -ve charges is given by Fp =q(U x B) = e(V X B) qgward side a.

So positive and negative charges will accommodate at side b and side a respectively. This will create an electric field having direction from b to a.

And electric force due to this field on charges will be given as Fp=qkE
Applying Equilibrium condition between electric and magnetic force
Fp=Fs =gF=@wB = FE=uB

So Potential difference induced between endpoints of the rod is given by
V=V, =V, =EL =1V, =1BL

this Potential difference (1"::6) is known as motional emf.

So Motional EMF is given by

£ =BLv

where
B — magnetic field
L — length of conducting
1 — the velocity of the rod perpendicular to a uniform magnetic field.
If this conducting rod is part of a closed circuit and r is the resistance of the rod

(And assuming resistance of other parts of the circuit is negligible)

_ BLv

Then Induced Current in the conducting rod is given as r T

Magnetic force on the conducting rod is given as

F:ILB:B(BLU)L

r

_ BhyI?
Ty

F

The power dissipated in moving the conducting rod -

2,72
-Pm[i{‘h = -Pﬁ;r't =F.v= (B vl ) s

T
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BQLZ,LI?
Pmech = Pext -

Electric Power or the rate of heat dissipation across the resistance is given as

0 2 272,,2
Pp=TIr= (BLL) -r—&
i i

Since Prmech = PE So we can say that the principle of conservation of energy is applicable for the motional emf.

General Case-

Motional emf when B and V and [ are at some angle with each other as shown in the below figure.

Then At steady state, |Fe.| = |Fu|

~F.=-F,
=¢E = —((V x B)
=E=—(VxB

And Poential dif ference = dv = —E. Ei

=>du=/(17x§)-dl

=Av=(VxB)I

— —

=e=(VxB)I
For example-

e If the rod is moving by making an angle ! with the direction of the magnetic field or length as shown in the below figure.

then Induced emf = £ = BIV sin#!

Av = potential dif ference
B = Magnetic field
V' = wvelocity of the rod

Motional E.m.f due to rotational motion-

If a conducting rod PQ is rotating with angular velocity w about its one end (Q) in a uniform magnetic field as shown in the below figure.

% '! % x
] y
1
1 Q (—'I
% L X X
A Y
A
~
x X o X
1 Z 2
£ =-BlFfw= Bl*mv
then 2
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1
5 T T — frequency

T — Time period
Similarly

e For Cycle wheel rotating with angular velocity w about O.

X
* ®
* x
® x
x *x

£ = EBu.'ﬁ'z
2

e For Metal Disc

1 .
s = ZBur?

5. Induced Electric Field

Whenever a magnetic field is varying with time, an induced electric field Einis produced in any closed path, whether in the matter

;:5657,,-“?;

or in empty space. This Induced electric field is directly proportional to induced emf as

And this Ein is given as

This is known as an integral form of Faraday’s laws of EMI.
Properties of Induced electric field-

e The induced electric field is different from the electrostatic field. As it is non-conservative and non-electrostatic in nature.
o Its field lines are concentric circular closed curves.

o This field is not created by source charges.

 Its direction is along the tangent to its field lines.

6. Time Varying Magnetic field

Induced electric field is given by
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- :565 =
dit

But using ¢ = B.A 5o we can also write
- o —do dB
g:?EEm-dz: Y Pt
dt

Where

A —+ constant Area

B — Varying Magnetic field

For example-

A uniform but time-varying magnetic field B(t) exists in a circular region of radius ‘a’ and is directed into the plane of the paper as shown in the

below figure, the magnitude of the induced electric field (Ea'? 1) at point P lies at a distance r from the centre of the circular region is calculated as
follows.

As due to the time-varying magnetic field induced electric field will be produced whose electric field lines are concentric circular closed curves of

radius .
if r<a
o |dB
then Ey x (2nr) = 7r° | —
dt
rdB
:>E'i11 AT
2| dt
For r = R,
e 2| dB
E.;.“ X 2mr = Ta |{{T
_ al |dB
=En=5%|%

e The graph of Evsr

where E=induced electric field

7. Eddy currents

An eddy current is a current set up in a conductor in response to a changing magnetic field. They flow in closed loops in a plane perpendicular to the magnetic field. By Lenz law, the current swirls
in such a way as to create a magnetic field opposing the change. They are known as eddy currents as they are in the pattern of eddies in the water. Because of the tendency of eddy currents to
oppose, eddy currents cause a loss of energy. Eddy currents are undesirable since they heat up the core and dissipate electrical energy in the form of heat.

Direction of eddy current:
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For the above figure, the magnetic flux associated with the plate keeps on changing as the plate moves in and out of the region between magnetic
poles. The flux change induces eddy currents in the plate. Directions of eddy currents are opposite when the plate swings into the region between
the poles and when it swings out of the region as shown in the above figure.

Eddy currents are used to advantage in certain applications like-

1. Magnetic braking in trains-Strong electromagnets is situated above the rails in some electrically powered trains. When the electromagnets are
activated, the eddy currents induced in the rails oppose the motion of the train. As there are no mechanical linkages, the braking effect is
smooth.

2. Induction furnace-Induction furnace can be used to produce high temperatures and can be utilized to prepare alloys, by melting the
constituent metals. A high-frequency alternating current is passed through a coil that surrounds the metals to be melted. The eddy currents
generated in the metals produce high temperatures sufficient to melt it.

3. Electromagnetic damping

4. Electric power meters

8. Self Inductance

Inductance-

It is the property of electrical circuits that oppose any change in the current in the circuits.

Inductance is analogous to inertia in mechanics.

Self Inductance-

Whenever the electric current passing through a coil or circuit changes, the magnetic flux linked with it will also change. And to oppose this flux
change according to Faraday’s laws of electromagnetic induction, an emf is induced in the coil or the circuit. This

phenomenon is called ‘self-induction’.

or Self-inductance is defined as the induction of a voltage in a current-carrying wire when the current in the wire itself is changing.

And the emf induced is called back emf, current so produced in the coil is called induced current.

And the direction of induced current for case A and case B is shown below.

Induced current Induced current

e

[ — —— TR ——

‘\}V‘T\WP/L— —‘;VWDIP{W—'

Rheostat Key Rheostat

(A) Main current increasing (B) Main current decreasing

Coefficient of self induction (L)-
If @ is the flux linkages associated with 1 turn of the coil. And if N is the number of turns in the coil.

Then total flux linkage associated with the coil is N¢
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And this total flux linkage is directly proportional to the current in the coil. L.e Ne ai
or we can write @total = @7 = N¢) = Li

where L=coefficient of self-induction.

So the coefficient of self-induction is given as 1

o Ifi=1amp, N =1then, L=2¢

i.e The coefficient of self-induction of a coil is equal to the flux linked with the coil when the current in it is 1 amp.

Faraday Second Law of Induction emf-

_ —dor
Using @totat = N = Li ang™ —  dt
e di
weget  dt dt
li _ ,
S =12 pd N =1 then || =L

. dt sec

i.e The coefficient of self-induction is equal to the emf induced in the coil when the rate of change of current in the coil is unity.

Units and dimensional formula of ‘L’-
S.I. Unit - Henry (H)
_ 1W.sece

1H =
And Amp

And its dimensional formula is M L*T~2472

Dependence of self-inductance (L)-

It depends upon the number of turns (N), Area (A) and permeability of medium ().
‘L’ does not depend upon current flowing or change in current flowing.

Coefficient of Self inductance for long Solenoid-

. . . . 2
Let us consider a long solenoid of N turns with length [ and area of cross-section A = 7=

JNI'

Let n = number of turns per unit length L
whrere, N = total number of turns,
[ = length of the solenoid
If B is the magnetic field at any point inside the solenoid, then B = jni

The magnetic flux per turn = B X area of each turn

NiA
_ Magnetic flux per turn = ¢ = %
ie

, o o peNiA 1WwNZiA
i ¢p = Ngg= N o0 = Bo? 12
So total flux is given as [ [

If L is the coeflicient of self induction of the solenocid, then
o = Li....(2)
From equations (1) and (2)

2
s paNETA
Li = &5

g NZA
L= 7

If the core is filled with a magnetic material of permeability p,
then, L = #

9. Mutual Inductance
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Whenever the current passing through a coil or circuit changes, the magnetic flux linked with a neighboring coil or circuit will also change. Hence
an emf will be induced in the neighboring coil or circuit. This phenomenon is called ‘mutual induction’.

or The phenomenon of producing an induced emf in a coil due to the change in current in the other coil is known as mutual induction.
Coefficient of mutual induction (M)-

If two coils (P-primary coil or coil 1, S-Secondary Coil or coil 2) are arranged as shown in the below figure.

If we change the current through the coil P (i.e 1) then flux passing through Coil S (i.e '2) will change.
Le Noga aviy = Noghy = Moyiy = My
where
M3 = mutual induction of Coil 2 w.r. t Coil 1
N1 = Number of turns in the primary coil
N2 = Number of turns in the secondary coil
i1 = current through the primary coil or coil 1
Similarly, if we exchange the position of Coil 1 and Coil 2
then
If we change the current through the coil S (i.e 2) then flux passing through Coil P (i.e ©1) will change.
Le N1 aving = Nyghy = Mypis = Miy
where
M5 = mutual induction of Coil 1 w.r. t Coil 2
N1 = Number of turns in the primary coil
N2 = Number of turns in the secondary coil
i3 = current through the coil 2 or Coil S
o As Nagha = M
If iy = 1 amp, Ny = 1 then, M = ¢

Le coefficient of mutual induction of two coils is numerically equal to the magnetic flux linked with one coil when unit current flows through the
neighboring coil.

o Using Faraday Second Law of Induction emf we get

_dde diy
g9 = —Ng—= = —]
2 2 dt dt
. di ;
1f S 12 nd Ny =1 then |z = M
dt sec

I.e The coefficient of mutual induction of two coils is numerically equal to the emf induced in one coil when the rate of change of current through
the other coil is unity.

Units and dimensional formula of “M’-
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S.I. Unit - Henry (H)

L\l — 1V . sec
And Amp

And its dimensional formula is M L?T 2472
Dependence of mutual inductance

e Number of turns (N, N») of both coils
e Coefficient of self inductances (L, L) of both the coils

and the relation between M, L1, Lajs given as

M=K\/L L,
where K =coeffecient of coupling.
If L=0 then M =0
If K =0 i.e case of No coupling then M = 0.

¢ Distance(d) between two coils (i.e As d increases then M decreases)
o The magnetic permeability of medium between the coils ()

Mutual Inductance for two coaxial long solenoids-

Consider two long co-axial solenoids of the same length [..Let A; and A, be the area of cross-section of the solenoids with A; being greater
than A, as shown in the below figure.

Solenoid 1 Solenoid 2
of Ny turns of N turns

| l%liﬁ?ﬁ”l%

Common axis

J'\"l J'\'Yz
. ) . . ) = — and ng = —
The turn density of these solenoids are n; and n, respectively are given as [

Let iy be the current flowing through solenoid 1, then the magnetic field produced inside it is given as
By = pyniiy

As the field lines of B 1 are passing through the area A,

So the magnetic flux linked with each turn of solenoid 2 due to solenoid 1 and is given by

by = f‘_iz B dA = B1As = (ppniip) Az

The total flux linkage of solenoid 2 with total turns N is

(091 totat = N2®a1 = (nal) (poniir) Az
= (21 )total = NoPoy = (poninadal) iy

And Using (921)totar = NoPo1 = Moy ype ge

My = poninaAsl

Where My, is the mutual inductance of the solenoid 2 with respect to solenoid 1.
Similarly My, =mutual inductance of solenoid 1 with respect to solenoid 2 is given as
My = pgnymnaoAsl

Hence 4'”21 = 4”12 =M

So, In general, the mutual inductance between two long co-axial solenoids is given by

M= Horiras 2[
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If a dielectric medium of permeability # is present inside the solenoids, then
M = pnynoAsl or M = pppmingAsl

Mutual Inductance for a pair of concentric coils-

Consider two circular coils one of radius 'r{" and the other of radius' r,'placed coaxially with their centers coinciding as shown in the below figure.
And 71 =22 T2 50 we can assume coil 2 is at the center of coil 1.

Suppose a current i1 flows through the outer circular coil.
Then Magnetic field at the center of the coil 1 is given as

w0V
B, = Ko

27
So the total flux passing through coil 2 will be given as
(o) T 1o N1 Nai1 Az
(O2)tatar = No B Ay = HOV1 IVt A2

2r

And using (92)tatat = Miy

V- o N1 NoAz _ poN1 N2 [?Tr§1

we get 2r 211

Where M=mutual inductance between two concentric coils

10. Energy Stored In An Inductor

Energy stored in an inductor (U)-

In building a steady current in the circuit, the source emf has to do work against of self-inductance of the coil and whatever energy
consumed for this work stored in the magnetic field of coil this energy called as magnetic potential energy (U) of the coil.

When an electric current i is flowing in an inductor, there is energy stored in the magnetic field. Considering a pure inductor L, the instantaneous
power which must be supplied to initiate the current in the inductor is

. i
P=iv="Li—
dt

The work done by the voltage source during a time interval dt is

dW = Pdt = f'Ld—frh‘. = Lidi
dt

total work W done in establishing the final current f in the inductor

t 1 1
W :/ Pdt :/ Lidi = £L12
] i} 2

So Energy stored in the magnetic field of the inductor is given as
I
U=ZLP
2
The energy density (u)/Energy per unit volume-

U=3iLP
9

using 2

for the solenoid field, we can write

1. ... Noi
U=—(Li)i = -
2 2
LU B?
TV 2o

11. AC Generator

AC generator:
An electrical machine used to convert mechanical energy into electrical energy is known as ac generator.

Principle: It works on the principle of electromagnetic induction i.e., when a coil is rotated in a uniform magnetic field, an induced emf is produced
in it.

Construction: The main components of ac generator are -
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R

Rz Output
R .
8:

¢ Armature: Armature coil (ABCD) consists of a large number of turns of insulated copper wire wound over a soft iron core.

» Strong field magnet: A strong permanent magnet or an electromagnet whose poles (N and S) are cylindrical in shape in a field magnet. The
armature coil rotates between the pole pieces of the field magnet. The uniform magnetic field provided by the field magnet is perpendicular to
the axis of rotation of the coil.

o Slip rings: The two ends of the armature coil are connected to two brass slip rings R; and R, . These rings rotate along with the armature coil.

¢ Brushes: Two carbon brushes (B 1 ande), are pressed against the slip rings. The brushes are fixed while slip rings rotate along with the
armature. These brushes are connected to the load through which the output is obtained.

‘Working: When the armature coil ABCD rotates in the magnetic field provided by the strong field magnet, it cuts the magnetic lines of force. Thus
the magnetic flux linked with the coil changes and hence induced emf is set up in the coil. The direction of the induced emf or the current in the coil
is determined by Fleming's right-hand rule.

The current flows out through the brush B in one direction of half of the revolution and through the brush B3 in the next half revolution in the
reverse direction. This process is repeated. Therefore, emf produced is of alternating nature.

_ Ndy
- dt

= NBAw sinwt = ey sinwt

where €0 = NBAwac generator

. [ en . .
i=— = —sinwt = igsinwtR . ) v
R R where R is the resistance of the circuit.

Alternating Current

Important Formulae

1. Average And Rms Value Of Alternating Current And Voltage

Average or Mean value:

The average voltage (or current) of a periodic waveform whether it is a sine wave, square wave or triangular waveform is defined as the quotient of
the area under the waveform with respect to time. In other words, the averaging of all the instantaneous values along time axis with time being one
full period (T).

The average value of alternating quantity for one complete cycle is zero.

The average value of ac over half cycle (t=0 to T/2)

0.
. A fTT it 9ip 0.637i — 637 of 4
fm._U——T— bovy = 0 0l g
rrT dt il
21"71 - T R e
Voo = =2 = 0637V = 63.7% of Vj

Similarly o T

Peak to peak value :

The peak-to-peak value of an AC voltage is defined as the difference between its positive peak and its negative peak.

Peak to peak value = Vo + Vo = 2V}

Form factor and peak factor :

The ratio of r.m.s value of ac to its average during half cycle is defined as form factor. The ratio of peak value and r.m.s value is called peak factor.
Root mean square (RMS) value:

The root mean square value of a quantity is the square root of the mean value of the squared values of the quantity taken over an interval.

Root of mean of square of voltage or current in an ac circuit for one complete cycle is called r.m.s value .It is denoted by Vims or trms.
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Vims = »V' ’ 3 SRR =V

. ?— Vit Vi
2 = — = 0.707Vy = 70.7% of Vj
I i i V2 [

1’;-m.~ -

. ‘J.('I . s o
irms = —= = 0.707ip = 70.7% of

Similarly , \/§

(i) The r.m.s. value of alternating current is also called virtual value or effective value.

(ii) In general when values of voltage or current for alternating circuits are given, these are r.m.s. value.

(iii) ac ammeter and voltmeter are always measured r.m.s. value. Values printed on ac circuits are r.m.s. values.

(iv) In our houses ac is supplied at 220 V, which is the r.m.s. value of voltage. It's peak value is V2 x 200 = 311V’

(v) r.m.s. value of ac is equal to that value of dc, which when passed through a resistance for a given time will produce the same amount of heat as
produced by the alternating current when passed through the same resistance for same time.

n[;-g . —_2\]
Mean square value | '~ 07 77);

The average of square of instantaneous values in one cycle is called mean square value. It is always
positive for one complete cycle. for example:

LT 2
V= %f Vit = 1% or i2 = *
0

3

I

2. AC voltage applied to a resistor:

When a constant voltage source or battery is applied across a resistor current is developed in resister. This current has a unique direction and flows
from the negative terminal of a battery to positive terminal. The magnitude of the current remains constant as well. If Direction of current through
resistor changes periodically then current is called alternating current.

Current I
-

t

R
Supply Valtage Resistance <\’

Vig = Vi sin ot

Voltage V(t) is applied across resistance R. V(t) is sinusoidal voltage with peak V, and time period T.

Where f is frequency and o is angular frequency . This kind of circuit is a purely resistive circuit. According to Kirchhoff’s law —

v(t) = Ri(t)

. v(t)

(t) = —=

it = %

\ Vin sin(wt)
B =

ift) =

i "":rs
m — R

i(t) = i sinfwt)
Here voltage and current has same frequency and both are in same phase. Therefore phase difference between current and voltage is 0.

The maximum value of voltage is achievd at t=T/4.

%

a’.(] -
Peak current , R.

Power factor:
Ratio of resistance and impedance. The power factor also denoted by €O5%,
cos(¢) =1

power factor =

Power:
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. Voin
P =Vinsimms = o

Time difference
T.D. =0
3.AC voltage applied to an inductor

Voltage applied in the circuit is V=Vsinot is applied to pure inductor coil of inductance L. As the current through the inductor varies and opposing
di
—L

induced emf is generated in it and is given by E

V=N sinot
i

From Kirchhoff's loop rule:

P
Vosinwt — L =
or

di = LLﬂ sin widt

Integrating both sides we get,

. Vo
i = ——coswt +C
wl

Where C is the constant of integration .This integration constant has dimensions of current and is independent of time. Since source has an emf

which oscillates symmetrically about zero, the current it sustains also oscillates symmetrically about zero, so there is no time independent
component of current that exists. Thus constant C=0.

So we have,
. =W
1 = —— coswt
w
0.
= —sin (wt —
wl

i = ip sin (wt —

bo | =
~— 2] A

Vo
= —F
Where wl is called peak value of the current.

From instantaneous values of current and voltage we see that in pure inductive circuit the current lags behind emf by a phase angle of /2.

This phase relationship is graphically shown below in the figure-

/ \ Tg0°

; Vo

. . L. W= T

Since peak value of current in the coil is whl.

Comparing it with the ohm's law we find product oL has dimension of resistance and it can be represented by

X L= wi

where X; is known as reactance of the coil which represents the effective opposition of the coil to the flow of alternating current.

Phase difference (between voltage and current):

6=+

SR

Power factor :
cos(g) =0

Time difference:
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TD=
4. AC voltage applied to a capacitor:
The circuit containing alternating voltage source V=V sinet connected to a capacitor of capacitance C.

| |

— V=V sinmt
(n)—

Suppose at any time t, q be the charge on the capacitor and i be the current in the circuit. Since there is no resistance in the circuit, so the
. . / . . .
instantaneous potential drop / ¢ across the capacitor must be equal to applied alternating voltage so,

4 _ Vosinwt

'
Since # = 44/t i the instantaneous current in the circuit S0,
o odg  d
i =— = — (C'Vysinwt

dt  dt (CV )

= C'Vyw cos wi

= —WJ coswit

(LjwC)

=1y coswt = 1psin (wt +

o] =

Vo

)

1 -
Where, (l;’wC) is the peak value of current.

Comparing equation of current with V=V sinot ,we see that in a perfect capacitor current leads the emf by a phase angle of n/2.

{4 RREER i/
d ™\

AN \ t
Vi | \ .-"I

) /
.-\\‘ / aQ®

0 >‘"

Again comparing peak value of current with ohm's law ,we find that quantity 1/wC has the dimension of the resistance.

1 1
Xe

Thus the quantity wC 27 fC s known as capacitive reactance.

Phase difference (between voltage and current):

Power factor :
cos(¢) =0

Time difference:

5.Series LR circuit-
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R
WA ST
v, V

L

F\?\‘V =V, sinot
Se

The above figure shows that pure inductor of inductance L connected in series with a resistor of resistance R through sinusoidal voltage, which is
given by - V = Vysin(wt + ¢)

The alternating current I, which is flowing in the circuit gives rise to voltage drop Vg across the resistor and voltage drop V across the coil. As we
have studied in previous concept that the voltage drop Vy across R would be in phase with current but voltage drop across the inductor will lead the
current by a phase factor m/2.

So, the voltage drop across R is - Vg=IR

voltage drop across the inductor L is - Vi =Il(wL)
Where, [ is the value of current in the circuit at a given instant of time

So, the voltage phasor diagram is -

In the above figure, we have taken current as a reference quantity because same amount of current flows through both the components. Thus

from phasor diagram -
V =V +V}

where,
1/2

Z=(R*+w'1%)"
Here, Z is known as Impedence of the circuit.

By using the formula of impedence we can write that -

W sinfwt — ¢)

1
Z

This is current in steady state which lags behind applied voltage by an angle P,

From here and the above figure, we can write that -

XL
R

" , w
NG = — =
i R’

Important term -

1. Power factor -
cos g = —
' Z

R — resistance
Z — impedence
2. Inductive susceptance (SL) -

It is the reciprocal of reactance.
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1
X, 2ml

S, =

6.Series RC circuit -

'\/;DV =V sinat

The above figure shows a circuit containing resisitor and capacitor connected in series through a sinusoidal voltage source of voltage
which is given by -

V = Vysin(wt + ¢)
Now, in this case, the voltage across resistor is Vg=IR

And, the voltage across the capacitor is -

I

Vo=
CT Wl

As we have studied in the previous concept that the Vp is in phase with current I and V¢ lags behind I by a phase angle 90°

b L
N '
.
N
¥
RS

The above figure is the phase diagram of this case. So, the V is the resultant of Vi and V. So we can write -

V= /VZ+V}
1
i + 22
e
where,
N 1
Z = R*+ e
1'.’ 1.’ 1"_?

!: = = = i =
Z R+ X2 2 1

% e R+ o
Here, Z is the impedence of this circuit.

Now, from the phasors diagram we can see that the applied voltage lags behind the current by a phase angle o given by -
Ve 1
" wCR

tan Q =

—

Important points -
1. Capacitive susceptance (SC“) -
1
X

SC: = w(
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2. Power factor

Ratio

So,

cos ¢

7.Series L.CR circuit-

True Power

- Apprent power

R

L

c

R
RS A

The Figure given above shows a circuit containing a capacitor, resistor and inductor connected in series through an alternating/sinusoidal voltage

source.

v, Ve V,
@VIV‘] sin ot

As they are in series so the same amount of current will flow in all the three circuit components and for the voltage, the vector sum of potential drop
across each component would be equal to the applied voltage.

Let 'i' be the amount of current in the circuit at any time and Vy,V and Vy the potential drop across L, C and R respectively then

vk = iR — Voltage is in phase with i

Vi—iwL — voltage is leading 1 by 90°

v. = ifwe —+ voltage is lagging behind i by 90°

By all these we can draw a phasor diagram as shown below -

One thing should be noticed that we have assumed that Vy is greater than V which makes i lags behind V. If Vz >V then i lead V. So as per our
assumption, there resultant will be (Vy, -V). So, from the above phasor diagram V will represent resultant of vectors Vg and (Vy, -V). So the

equation become -
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V= \/VE+ (V- V)

i R2+ (X, — X¢)?

where,

2
1 \2

7 — JR? ol —
\/ (MJL wC)

Here, Z is called the Impedance of this circuit.

Now come to the phase angle. The phase angle for this case is given as -

C Vi=Ve Xp—Xe wl-—+
tanp = Vi = R = R

Now from the equation of the phase angle three cases will arise. These three cases are -

1
(i) When, wh > wC
then, tang is positive i.e. ¥ is positive and voltage leads the current i.
@y when“" = o0
then, tang is negative i.e. ¥ is negative and voltage lags behind the current i.
iy when “F = 50,

then tang is zero i.e. ¥ is zero and voltage and current are in phase. This is called electrical resonance.

8. Resonance in Series LCR circuit-

When
1

wlh = —
y’ wC,

then a71% is zero i.e. phase angle () is zero and voltage and current are in phase. We have called it electric resonance. So, if XL = XC', then the

equation of impedence become -
12
Z=yR2+|wL-—) =R
\/ wC'

In this case impedance is purely resistive and minimum and currents has its maximum value. Now as -

So, we get minimum value of Z.

So,

|

i

So,
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This frequency is called resonant frequency of the circuit.

Peak current in this case is given by -
W
iy, = —
R

We will now discuss about the resonance curve and its nature. We will show the variation in circuit current (peak current iy) with change in
frequency of the applied voltage -

e d 5 Very small R
g ~
(=}
=
O
.
( ,f Frequency t

This figure/graph shows the variation of current with the frequency.

Conclusions from the graph -

1. If R has small value, the resonance is sharp which means that if applied frequency is lesser to resonant frequency fj,the current is high
otherwise

2. If R is large, the curve is broad sided which means that those is limited change in current for resonance and non -resonance conditions

Note -

The natural or resonant frequency is Independent from resistance of the circuit.

){L = ){{- = u}{]L = i

wpo

Unp =

1
TvTe )

9.Quality Factor In An AC Circuit
Quality factor-

The quality factor Q is a parameter which is used to describe the sharpness of the resonance curve. So it is defined as the ratio of voltage drop
across the inductor or capacitor at resonance to the applied voltage. So,

0 Voltage across L or C' at resonance

Applied voltage

Luwol L

@="Tx ~“%

As we know that, at the resonance -

Wy =

Sk
o)

So,

L]

1
=)~
Ny

We can also say that the characteristic of a series resonant circuit is determined by the quality factor (Q - factor) of the circuit. So, if the value of Q-
factor is high then the sharpness of the resonant curve is more and vice-versa.

We can also define the Q -factor that is is defined as 27 times the ratio of the energy stored in L or C to the average energy loss per period. So,
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Mazimum enerqgy stored in the capacitor

Q= 2n|

Energy loss per period

Now, the maximum energy stored in the inductor =
.1 9
U= sL(L,)*

Also the energy dissipated per second =

I2R
2
'PR = IF“H’AS R = Ol)
Energy dissipated per time period =
I2R
U R= L; x T

Putting all these in the (1)

The Q-factor of the circuit varies inversely as R. Thus, at resonance, the voltage drop across inductance or capacitance is Q-times the applied
voltage.

—~ R=0
- factor = Infinity

R =Very low
Q -factor = Large

Q- factor = Normal

:‘f// : R = High

G- factor = Low

Resonance curve

From the graph we can see that when the Q-factor tends to infinity, then the current become infinite. And as the Q-factor become very low then the
amplitude of the current will become very low.

In an ac circuit, If,
R=0o0r cosgp=0
Po =10
Important term -
1. Wattless current
In resistance less circuit the power consumed is zero such circuit is called wattless and the current following is called wattless current.

Amplitude of wattless is Tysing

10.Power in an AC circuit-

When the voltage v = UmSinwt applied to a series RLC circuit drives a current in the circuit given by ? = tm i1 (wt + ) where,
X (N § _ ){C" — /YL
im = % and ¢ = tan ! (T

So, the instantaneous power is equals to -

Pinstantaneous = vi = (U‘H’A sin Wt) X [f:‘.lraﬁin(ib’t + L’))]
By applying trigonometric application we get,

Ul ) )
Pinstaneous = %[005(9 — cos(2wt + 0)]

&
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If we calculate the average power, then the second term of RHS will become zero. Because it is time-dependent and during one complete cycle, the
summation will become zero.
EIFI!f.FI! EIFN Jl.i‘N

CosS() = ——=

Paverage =
Average 9 2\/5

CO8 Q)

P,-h'ru-rtqr =VIcosg
2
P,-h'ru-rtqr =1I"Zcosg

From the above equation we can see that the average power dissipated depends on the voltage and current and the cosine of the phase angle ¢
between them. The quantity coso is called the power factor.

Let us discuss the power factor for various cases -

¢ Resistive circuit: If in the circuit, only pure R is present, it is called resistive.circuit In that case ¢ = 0, because cos ¢ =1. And if the power
factor is 1, then there is maximum power dissipation.

o Purely inductive or capacitive circuit: From the previous concept and from the phasor diagram of these cases, we can say that, if the circuit
T

contains only an inductor or capacitor then the phase difference between voltage and current is 2. Therefore, cos ¢ = 0, and no power is
dissipated even though a current is flowing in the circuit. This current is referred to as wattless current.

e LCR series circuit: As we know that the phase angle in this case is -

R’

w = tan

So, ¥ may be non-zero in R-L, R-C or R-L-C. And if it is non-zero, then there must be some power dissipation but that power dissipation is
only in resistor.

o Power dissipated at resonance in LCR circuit: As we know that at resonance, Xe—-Xp=0 , So, phase angle (¢) = 0. Therefore, coso = 1.
So, P = I*Z = I’R. That is, maximum power is dissipated in a circuit at resonance. The total dissipation is through resistor.

Important point -

Apparent or virtual power - The product of apparent voltage and apparent current in an electrical circuit. Apparent power be always positive

"
P Y} tn g
-'Dn:pp p— 1"rm.\ lrms = g

11.L.C oscillations:

When a charged capacitor is allowed to discharge through a non-resistance, electrical oscillations of constant amplitude and frequency are produced.
These oscillations are called LC-oscillations.

Let a capacitor be charged q,, (at t = 0) and connected to an inductor as shown in Fig.
The moment the circuit is completed, the charge on the capacitor starts decreasing, giving rise to the current in the circuit.

Let q and i be the charge and current in the circuit at time t.

di

Since dt is positive, the induced emf in L will have polarity as shown, i.e., v, <vg.

According to Kirchhoff’s loop rule,

q di
L
C dt

i = -(dg/dt) in the present case (as q decreases, I increases).
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This equation has the form for

2

r 2
? + wpr = 0

a simple harmonic oscillator. The charge, therefore, oscillates with a natural frequency.

1
Wy = ——

VIC
And varies sinusoidally with time as:
q = (m cos (wot + )
where g, is the maximum value of q and ¢ is a phase constant. Since q = g, at t = 0, we have €0 = 1lor 0=0. Therefore, in the present case
q = q,, cos(ayt)

di
The current i (= dt ) is given by

i=1 sin(am,t)
where i, = wWolm

Since there is no current in the circuit; energy in the inductor is zero. Thus, the total energy of LC circuit is

1 2
U=Ug= ;%

12. Transformers

Transformers

It is a device that raises or lowers the voltage in ac circuits through mutual induction. It consists of two coils wound on the same core. The alternating current passing
through the primary creates a continuously changing flux through the core. This changing flux induces an alternating emf in the secondary.

Source ;'5? Output

Step-up Transformer: A transformer in which the output (secondary) voltage is greater than its input (primary) voltage is called a step-up transformer.
Step-down Transformer: A transformer in which the output (secondary) voltage is less than its input (primary) voltage is called a step-down transformer

e The transformer works on ac only and never on dc.

o It can increase or decrease either voltage or current but not both simultaneously.

o Transformer does not change the frequency of input ac.

o There is no electrical connection between the winding but they are linked magnetically.

o Effective resistance between the primary and secondary winding is infinite.

o The flux per turn of each coil must be same i.e.

dop  dis
G5 = ¢p s, dt ~ dt

1f Np=number of turns in primary, Ns = number of turns in secondary,

Vp= applied (input) voltage to primary,

Va= Voltage across secondary (load voltage or output),

€p= induced emf in primary ;

€5= induced emf in secondary,

©= flux linked with primary as well as secondary, current in primary;

is= current in secondary (or load current)

As in an ideal transformer, there is no loss of power iePout = Pinso, Vsis =Vpip and Vp = ep, Vg = eg,

Hence,
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eg Ng Vs ip

er Np Vp s

, k= Transformation ratio.

Efficiency of transformer (n): Efficiency is defined as the ratio of output power and input power i.e. n.

For an ideal transformer, Pout = Py so n=100.
For practical transformer, P = Pout + Pisses. Efficiency of a practical transformer lies between 70-90 %.
P, (P — Pp)
p= ot qpp =T TE g
So l-‘pout T -PLJ -pin

Losses in transformer: In transformers, some power is always lost due to, heating effect, flux leakage eddy currents, hysteresis and humming.

Electromagnetic Waves

Important Formulae

1. Displacement Current-

It is a current which produced in the region in which the electric field and hence the electric flux changes with time. As we know an electrical
current produces a magnetic field around it. So if there is a change in an electric field, the magnetic field will be produced. This effect explains the
existence of radio waves, gamma rays and visible light, as well as all other forms of electromagnetic waves.

The below figure shows a parallel plate capacitor C which is a part of the circuit through which time-dependent current i(t) flows.

Now we have to find the magnetic field at a point such as P, in a region outside the parallel plate capacitor.

Now for applying Ampere’s circuital law, we have to consider a plane circular loop of radius 'r' whose plane is perpendicular to the direction of the
current-carrying wire, and we can see that it is centred symmetrically with respect to the wire. As we can see from symmetry the direction of the
magnetic field is along the circumference of the circular loop and is the same in magnitude at all points on the loop so that B can be taken outside of

the integration and by integrating the loop length, the left side of equation (1) will be equal to B(2n r). So we have

B(27r) = poil(t)

=

il

+ 4+t e+

Now we are going to change the surface taken for the Ampere's circuital law such that it has the same boundary.

Let us take two cases, which is shown in the below figure -

Pot-like surface Tiffin-shaped surface

@ (b)
We can see from both cases that the surface nowhere touches the current.
In case (a), it has a pot-like surface such that its base is between the plates and its mouth has the same surface as we have taken in the earlier case.

Similarly case (b) is a tiffin-like structure. Now if we apply Ampere's circuital law again for both cases, the left side of equation (1) will remain the
same but the right side will become zero because there is no current passes through the surface.

But for the same surface and by the same law we are getting different values of the magnetic field which shows that something is incorrect or some
term is missing.

Now, what is that missing term??
If we take case (b) again, we can see that an electric field will pass through the surface S.

The magnitude of this electric field is equal to -
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20 A
Since the electric field is the same over the area and zero outside the plate. So the electric flux will be equal to (By Gauss's Law) -
1¢ G
Pp = |E|A = __"J_l = _")
20 A £0

But if the charge changes with time, the equation can be written as -

bor_4(9)_1dg

dt — dt =] - g dt

. dd g . (9)
£0 T =1 e l2)

This is the missing term in Ampere’s circuital law.

Now, if we add the total current carried by conductors through the surface, another term which is €, times the rate of change of electric flux through
the same surface, the total has the same value of current 'i' for all surfaces.

After doing this B at the point P is non-zero and becomes equal for all the cases, no matter which surface is used for calculating it.
The current carried by conductors due to the flow of charges is called conduction current.

The current, given by equation (2), is a new term and is due to the changing electric field. It is, therefore, called displacement current or
Maxwell’s displacement current.

Maxwell generalised the above consequences as follows.

The source of a magnetic field is not just the conduction of electric current due to flowing charges, but also the time rate of change of the electric
field. So we can write that -

dd E
dt

1= f'F =+ f'r[ = f.r- + &y

where i and iy is the conduction current and displacement current respectively.
This means that outside the capacitor plates, we have only conduction current i. = i, and no displacement current, i.e., ig = 0.
On the other hand, inside the capacitor, there is no conduction current, i.e., i. = 0, and there is only displacement current, so that iy = i.

So, in general, the Ampere’s circuital law will be like -

(ltl');g

ﬁB -dl = pgie + Hofo— .~

This is called the Ampere-Maxwell law.

2. Maxwell's equations

The four Maxwell's equations and Lorentz force law together constitute the foundations of classical electromagnetism. The Maxwell's equations are:

1. $E.-dA =Q/= (Gauss's Law for electricity)
2. §B-dA=0 (Gauss's Law for magnetism)
3. ¢E-dl= % (Faraday’s Law)

4. ¢B-dl = pgic + m;.;’(;.d:;,"-' (Ampere-Mazxwell Law)

3.Nature of Electromagnetic Waves

From Maxwell’s equations, we can observe that electric and magnetic fields in an electromagnetic wave are perpendicular to each other, and to the
direction of propagation. Also from our discussion of the displacement current, in that capacitor, the electric field inside the plates of the capacitor is
directed perpendicular to the plates. The figure given below shows a typical example of a plane electromagnetic wave propagating along the z
direction (the fields are shown as a function of the z coordinate, at a given time t). The electric field E, is along the x-axis, and varies sinusoidally
with z, at a given time. The magnetic field By is along the y-axis, and again varies sinusoidally with z.The electric and magnetic fields E, and

By are perpendicular to each other, and to the direction z of propagation.
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Now from the Lorentz equation -
F =q(E +7x B)

E, = Ezxsin(wt — ky)

B, = Baxgsin(wt — ky), where s
k HoZ0

d

2m
}“ = —_—
A, where A is the wavelength.

since, @ = 27 where f is the frequency and

But fA gives the velocity of the wave. So, fA=c=uwk sowe can write -
1

B v HoZ0

It is also seen from Maxwell’s equations that the magnitude of the electric and the magnetic fields in an electromagnetic wave are related as -

4. Energy Density and Intensity of EM waves-

Energy Density-
The electric and magnetic fields in a plane electromagnetic wave are given by

E = Eysinw(t — x/c)
and, B = Bysinw(t — z/c)
In any small volume dV, the energy of the electric field is

L"'E = éE(]Ezﬂnf’
L g2dv

Zpg

And the energy of the magnetic field is Up =

Thus, the total energy is U = £ E*dV + ﬁBde

The energy density is u = %E(;Ez + ﬁBz

e B2 ain? . . 1 2 @i, .
spEfsin® w(t —z/c) + 7o B sin w(t—az/e)

b=

=

For taking the average over a long time, the sin

1 - 1 .
S0, ey = Efu}Ej + Eﬁﬁ

4{ www.careers360.com

2 terms have an average value of 1/2
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1 1
Now, as we know, Ey = cBy and ppzg = — so that, g = — and,
2 3

Epl

Ey 1 2 ’:'u}l"2 Ey : 1 2
By=—"—p2="0 (20} — o R2
T T YT 10"

Thus, the electric energy density is equal to the magnetic density in average,
Lo 2 1. 772 _ 1. g2
or, Uy = ok + 7505 = 350 Ep

Ale — 1 2 1 2_ 1 2
Also Uy = mB{] + mB(] == mB{]

Intensity (I): The energy crossing per unit area per unit time, perpendicular to the direction of propagation of EM wave is called intensity.

So,
e T Total EM energy Total energy density x Volume
Surface area x Time Surface area x Time
1 1 B2 Watt
=] =ty xc= —E(;Eﬁr =-0.; >
2 2 po m*

Momentum: Electromagnetic waves also carries momentum. As we know linear momentum is associated with energy and speed.

So we can write that if wave incident on a completely absorbing surface then momentum delivered will be equal to -
u

p=-
C

But if the wave is incident on a totally reflected surface, then the momentum will be equal to -
2u

_p:_
¥

Poynting vector (S’ ) : It is defined as the rate of flow of energy crossing a unit area in electromagnetic waves. So,
I Ay
S=—(E x B) = ?s)(E x B)

Ho

Unit of Poynting vector is Watt/m?. Now, as we know that in electromagnetic waves, E and B are perpendicular to each other. So,

|§| = LE}__)’.'-;iul 90° = EB = 2
to o pC

The importance of the Poynting vector is that the direction of the Poynting vector S at any point gives the wave's direction of travel and direction of
energy transport to the point.

The average value of the Poynting vector -

= 1 1 a
—EBy = gf:}Eﬁf' =

fIBl%
2t

241y

As we can notice that direction of Poynting vector can be given by the vector product so, The direction of S does not oscillate but its magnitude
varies between zero and a maximum each quarter of the period.

Radiation pressure: It is defined as the momentum imparted per second per unit area on which the light falls

So, for the perfectly absorbing body, we can write in terms of the Poynting vector -

And for perfectly reflecting surface -

‘Wave impedance (Z): As the word, impedance tells that obstruction inflowing of something, similarly here, the medium offers hindrance to the
propagation of the wave. Such hindrance is called wave impedance and it is given by -
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7= B~ 376.60
£p

For vacuum or free space -

5.Electromagnetic spectrum-

When we see our surroundings, we see only visible range of electromagnetic waves. So, the only familiar electromagnetic waves were the visible
light waves. But, we now know that, electromagnetic waves include visible light waves, X-rays, gamma rays, radio waves, microwaves, ultraviolet
and infrared waves. The classification of EM waves according to frequency is the electromagnetic spectrum is shown in the figure given below.

Fraqueney, Hz Waretength, m
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Now we will discuss all these EM waves one by one with the help of the following table -

Radio >0.1m Rapid acceleration and Receiver's aerials
decelerations of electrons
in aerials
Microwave 0.lm to 1 mm Klystron valve or Point contact diodes
magnetron valve
Infra-red Imm to 700 nm Vibration of atoms Thermopiles
and molecules Bolometer, Infrared
photographic film
Light 700 nm to 400 nm  Electrons in atoms emit The eye
light when they move from Photocells
one energy level to a Photographic film
lower energy level
Ultraviolet 400 nm to 1nm Inner shell electrons in Photaocells
atoms moving from one Photographic film
energy level to alower level
X-rays 1nm to 10* nm X-ray tubes or inner shell Photographic film
electrons Geiger tubes
Ionisation chamber
Gamma rays <10* nm Radioactive decay of the -do-
nucleus

Earth's atmosphere -
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Earth’s atmosphere has the following six layers.
(i) Troposphere:
The troposphere is the innermost layer of Earth’s atmosphere. i.e. it is Closest to the surface of the Earth.

It is the thermal classification of the atmosphere.“Tropos” means change. This layer gets its name from the weather that is constantly changing. The
troposphere is between 8 and 14 kilometers. This layer has the air we breathe and the clouds in the sky.

(ii) Stratosphere:
The stratosphere is located above the troposphere and below the mesosphere.
It extends between 17-50 Km above the earth's surface. The ozone layer is located in the stratosphere.
Ozone layer - It absorbs most of the ultraviolet rays emitted by the sun.
(iii) Mesosphere:
The mesosphere is located above the stratosphere and below the thermosphere.
It is characterized by temperatures that quickly decrease with increasing height. It extends between 50-80 Km.
(iv) Thermosphere:
The thermosphere is located above the mesosphere and below the exosphere.
Based on the vertical temperature profile in the atmosphere, the thermosphere is the highest layer, located above the mesosphere.
In the thermosphere, temperature increases with altitude.
It extends from about 90 km to between 500 and 1,000 km above our planet.
(v) Ionosphere: It starts at about 75 Km and goes up to 650 Km. It contains ions and free electrons. Aurora occurs in the Ionosphere.
(vi) Exosphere - The outermost layer of the earth's atmosphere. (640 Km - 1280 Km)
Point to remember -
1. Polarisation in EM wave - For an EM wave, the direction of polarisation is taken to be the direction of the electric field.
2. Wavelength of EM Wave -

X
H

A=

Ao = Wavelength in vacuum

H = Refractive index of medium

Ray Optics and Optical Instruments

Important Formulae

1. Laws of reflection:

Reflection of light : when ray of light strikes the boundary of two media such as air or glass, a part of light turned back into the same material .
This phenomenon is known as "reflection of light".

There are two types of reflection :

1. Regular reflection: When the reflection takes place from a perfect plane surface it is called Regular Reflection. In this case, the reflected

light has large intensity in one direction and negligibly small intensity in other directions.
2. Diffused reflection: When light is reflected from a irregular surface we do not get a regular behavior of
light. Light reflects from the surface such that a ray incident on the surface is scattered at many angles rather than at just one angle.

—————————{ www.careers360.com | Back to Index (@ 365



A A
sk [
s a\\\ ‘\t'

N\ [ N\ {
\\ IR,

|
AN
W E ai\ \=_/|'

It has been found that rays undergoing reflection follow two laws called the Laws of Reflection:
(i) The incident ray, the reflected ray, and the normal at the point of incidence lie in the same plane. The plane is called the
plane of incidence (or plane of reflection).

(ii) The angle of incidence (the angle between normal and the incident ray) and the angle of reflection (the angle between
the reflected ray and the normal) are equal, i.e.,

Li=Lr

Normal

Normal Incidence: When a ray incident normally on a plane
t=r=10

4 = 180°
JR&ﬂeﬂedligjﬂ
Incident light
N

Grazing Incidence: In case light strikes the reflecting surface tangentially

Incident WW Reflected
light L light

2. Reflection On A Plane Mirror

Object: Objects are sources of light rays that are incident on an optical element.

+ Real object: An object is real if two or more incident rays actually emanate or seem to emanate from a point.
¢ Virtual object: An object is virtual when two incident rays seem to converge to that point.

Image: An image is the point of convergence or apparent point of divergence of rays after they interact with a given optical element. An object
provides rays that will be incident on an optical element. The optical element reflects or refracts the incident light rays which then meet at a point to
form an image. As in the case

of objects, images too can be real or virtual.

* Real Image: Real images are formed when the reflected or refracted rays actually meet or converge to a point. If a screen is placed at that
point, a bright spot will be visible on the screen. Thus, a real image can be captured on a screen.

¢ Virtual image: an optical image formed from the apparent divergence of light rays from a point, as opposed to an image formed from their
actual divergence

Image formation by plane mirror:

We have to see the rays coming from the object to see it. If the light first hits the mirror and then reflects with the same angle, the extensions of the
reflected rays are focused at one point behind the mirror. We see the coming rays as if they are coming from behind the mirror. At a point, A" image
of the point is formed and we call this image a virtual image The distance of the image to the mirror is equal to the distance of the object to the
mirror.

a) For a point object

Distance of object from mirror = Distance of image from the mirror

(i) All the incident rays from a point object after reflection from a plane mirror will meet at a single point which is called an image.

(ii) The line joining a point object and its image is normal to the reflecting surface
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mirror

b) For an extended object :

The size of the image is the same as that of the object. An image of an extended object by a plane mirror is a virtual image. The image will be
upright and laterally inverted.

mirror

Rotation of plane mirror

i) Mirrror is rotated keeping ray of incidence fixed:

Consider that before the mirror is rotated the angle of incidence and recfection is f1. When the mirror is rotated through and angle of say @in a clockwise direction, then the
normal is also rotated by an angle ¢ and thus the new angle of incidence becomes f+ @ and thus new angle of reflection will be to 0+ @ as shown in the below figure.

So the angle between the incident ray and new reflected ray is 2(6 + Q) """" (l)

Let due to rotation of mirror new reflected ray get deflected by an angle ¢ in a clockwise direction with respect to the original reflected ray .
S0 So the angle between the incident ray and the new reflected ray is 20 +4........ (-')
from the equation (1) and (2) we get 0 =2¢

i.e For fixed incident ray, When the mirror is rotated % in a clockwise direction then reflected ray get deflected by 2(.—") in the clockwise direction

ii) Mirror is fixed, angle of incident ray changed :

‘When the mirror is fixed and the angle of incidence is changed by an angle ¥ in an anti-clockwise direction, Then the angle of reflection will rotate by an angle ¥ in the clockwise direction.
The angle of Deviation -

The angle of Deviation is the angle made by the reflected ray with the direction of the incident ray.

Number of images formed by two plane mirrors:

The number of images formed by two adjacent plane mirrors depends on the angle between the mirror. If 8 (in degrees) is angle between the plane
mirrors

360

o If the value of 7 is even, then we will use the formula

360
n=—-—1

f
360

o But If the value of T is odd, then we have two different cases
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360 . . . . \
L "= 1 ... {when the object is placed symmetrically)
360 . . . . \
, "= {when the object is placed asymmetrically)

Let us take a few cases(with some conditions) to understand it better -
Case 1: When two mirrors are placed parallel to each other
Number of images formed by using the formula

360
n= 5
where f/ is 0 degrees. So the number of images formed will be infinite.

L L ]
Ig I

Ce

L M,

Case 2: When two mirrors are placed perpendicular to each other

The number of images formed when two mirrors are placed at an angle theta to each other is given by:

360

n= 5

So, here, we have the mirrors placed perpendicular to each other. So, /= 90 degree
360
T

n=4-—1

n=23

Case 3: When two mirrors are placed at 120 degrees

360
120
n=3—1
n=32
Also when the object is not kept at angle bisector of two mirrors then the number of images formed by two mirrors can be calculated by the
formula
360
n=—
f
360
n=-—
120
n=3Ja.

3.The relation between the velocity of the object and mirror in-plane mirror:

In case of plane mirror, distance of the object from the mirror is equal to distance of image from the mirror.
i.e Distance of Image formed in the mirror is same as the distance of the object formed the surface of the mirror.

¥
" Object Image
. .
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Hence, from the mirror property:
Tim = —%on +Yim = Yom and ziy = Zom

Here *im means " x" coordinate of image with respect to mirror.
Differentiating w.r.t time, we get,
Ulgm)r = —Wom)z:  Uim)y = Vlom)y:  V(imjz = U{om)z
Here ,
Ui = velocity of the image with respect to the ground.
tn = velocity of the object with respect to the ground.
Uom = velocity of the object with respect to the mirror.

Uim = velocity of the object with respect to the mirror.

ie Vom = Vg — U and Uim = Vi — Um
For x-axis-

Uamir = —Yom)r

= U — Uy = — (v, —vy) ( for @-axis )

¢ I.e When the object moves with speed ' towards (or away) from the plane mirror then image
also moves toward (or away) with speed v. But the relative speed of image w.r.t. the object is 2.

For y-axis and z-axis
Ulim)y = Ujom)y: Ulim)z = Yom)z

| Relative velocity of image w.r.t. mirror | = | Relative velocity of object w.r.t. mirror

But ] — Um = (f'o - f'mj S . e
for y -and =z -axis.

or Ui = Ug

Here, Ui = velocity of the image with respect to the ground.

Un = velocity of the object with respect to the ground.

i.e Velocity of the object is equal to the velocity of the image when the object is moving to parallel to the mirror surface.

4. Spherical Mirrors

Spherical mirror-
It is a part of a transparent hollow sphere whose one surface is polished.

There are two types of spherical mirrors: concave, and convex.

In the above figure, A concave (left) and a convex (right) mirror is shown.
Some important terminology-
o Centre of curvature (C)- The Centre of the sphere of which the mirror is a part is called Centre of curvature.
e Pole (P)- The geometrical centre of the spherical reflecting surface.
¢ The radius of curvature (R)- The radius of the sphere of which the mirror is a part is called the radius of curvature.

or R=Distance between pole and centre of curvature

Far \
(Note = Reaeave = —ve,  Regpvex = _f'f'-Rpl:mv =)
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¢ Principle axis- A line passing through P and C is known as the Principle axis.
¢ Focus (F)- When a narrow beam of rays of light, parallel to the principal axis and close to it, is incident on the surface of a mirror, the
reflected beam is found to coverage to or appears to diverge from a point on the principal axis. This point is called the focus.

or An image point on the principal axis for which object is at o is called the focus.

C, P, F for a concave mirror are shown in the below figure.

R
2

o Focal Length (f)- It is the distance between the pole and the principal focus. For spherical mirrors, *
(i.e feoncare = —VE, feomvex = TUE, .Jf.plilt]\' =)

¢ Focal plane- A plane passing from focus and perpendicular to the principal axis.

5.Image formation by spherical mirrors

Sign conventions :

In the cartesian sign convention direction of the incident, the ray is taken as +ve.

All the measurements are measured from the pole.

If the incident ray is travelling from left to right the distance, measurement along the right direction will be taken as positive.

We can treat this direction as +ve x-axis direction and rest can be decided on the basis of graph that we use in mathematics. Like upward
direction will be taken as +ve as it is +ve y-axis. And downward as -ve

¢ Height above the principle axis is taken as positive and below it are taken as negative.

¢ Angles measured from the normal in anti-clockwise sense are positive, while that in clockwise senses are negative.

Rules for ray diagrams:

The position of the image formed by spherical mirrors can be found by taking two rays of light coming from a point on the object which intersects
each other to form an image. The following are the rules which are used for obtaining images formed by spherical mirrors.

(1). A ray of light that runs parallel to the principal axis, after reflection, passes through the principal focus F of a concave mirror or appears to pass
through the principal focus of a convex mirror.

Concave Mirror Convex Mirror

(2). A ray of light passing through the center of curvature in a concave mirror or a ray of light going towards the center of curvature of a convex
mirror is reflected back along the same path.

Concave Mirror Convex Mirror

(3). A ray of light passing through the principal focus of a concave mirror or appearing to pass through the principal focus of a convex mirror
becomes parallel to the principal axis after reflection.

Concave Mirror Convex Mirror

(4). Aray incident at pole is reflected back making same angle with principle axis.
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Convex Mirmor

Image formation by concave mirror:

1. For a real object very far away from the mirror, the real image is formed at the focus.

-4 Real Object

Concaye Mirror
yery far away

Y
e

/

2. For a real object close to the mirror but outside of the center of curvature, the real image is formed between C and f. The image is inverted and
smaller than the object.

co Mirror
Real Object neave

Oplic Axis —
. T

3. For a real object at C, the real image is formed at C. The image is inverted and the same size as the object.

Cconcare Mimror
Real Object

Optic Axis \‘ /|\

g
/

4. For a real object between C and f, a real image is formed outside of C. The image is inverted and larger than the object.

Concaye Mirror
Real Object

=

/

5. For a real object at f, no image is formed. The reflected rays are parallel and never converge.

Optic Axis \

Concaye Mirror
Real Object

Optlic Axis A

4

6. For a real object between f and the mirror, a virtual image is formed behind the mirror. The position of the image is found by tracing the reflected
rays back behind the mirror to where they meet. The image is upright and larger than the object.

Real Object

Optic Axis

4

/

Image formation by convex mirror:

Concave Mirror
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1. When the object is at the infinity, a point sized image is formed at principal focus behind the convex mirror.

Properties of image: Image is highly diminished, virtual and erect.

2. When the object is between infinity and pole of a convex mirror, a diminished, virtual and erect image is formed between pole and focus behind

the mirror.
\'r-
\.\5
R ]
—
| l et
- ¢
-
=
t

Properties of image: Image is diminished, virtual and erect.

6. Spherical Mirror Formula And Magnification

Mirror formula-

Let the object distance (u), image distance (v) and focal length (f).

Then Mirror formula is given by
11
f==+=

(13 (4

Maghnification in Spherical mirrors:-

lateral magnification:

The lateral magpnification is defined as the ratio:
height of image Ty

my, = ——— =
' height of object hy

Consider the extended object OA shown in Figure.

-t —
m= f—u

magnification formula can be modified as:
o
!

Longitudinal magnification: When an object lies along the principal axis then its axial magnification 'm' is given by

. .
—lva—m)
m=—-=—>=

0 (s — up)

If the object is small,

dv vy 2 o\ f—v\*
™= T (I) - (;‘— u) - ( I )

Relation between the velocity of object and image in Spherical mirror

Case I: When the object moves along the principal axis
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Then
dv .
= Vim . . .
dt = velocity of image w.r.t. miror
2
. vt
= Vin = —“—21‘0,1:
du
= — Yout . . .
dt = velocity of object w.r.t. mirror
r 217
Vim = —m“Vou
r - 217 .r
= V-V, =-m U’O - 1'm)
r 207 L - .
Therefore, =— Vi = —m~V5 when the mirror is at rest along the principal axis.

Case II: When the object moves perpendicular to the principal axis

then

—1

= (L'Evre)y = T(I'":nre)y
— (LZm) = n"-("'zma)y

Newton's Formula:

As we know that the mirror formula is given as

o

abject

Image

Let's assume, x = distance of the object from focus
y = distance of the image from focus

Newton's formula is useful for calculating the image position for a curved mirror.

The diagram shows the position of an object and its image formed by a concave mirror.

Let the distances of the object and image from the principal focus of the mirror be x and y respectively.

Then: Object distance (u) = f+x and Image distance (v) = f+y
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Using the mirror formula v

and simplifying this we get:

11 1

7.Refraction Of Light

Refraction-

Deviation or bending of light rays from their original path while passing from one medium to another is called refraction. It is due to change in the
speed of light as light passes from one medium to another medium. If the light is incident normally then it goes to the second medium without
bending, but still, it is called refraction. When a light ray passes from one medium to another such that

it undergoes a change in velocity, refraction takes place. Hence, the wavelength of light changes, but frequency remains the same.

Types of medium:

1. Rarer medium: Medium in which the speed of light is more is called optically Rarer medium.
2. Denser medium: Medium in which light travels more slowly is called optically denser medium.

Refractive index: Refractive index of a medium is defined as the factor by which speed of light reduces as compared to the speed of light in

vacuum.

c speed of light in vacnum

u f we have: f+a

H=—-=

v speed of light in medium

When light moves from denser to a rarer medium, it bends away from the normal.

Laws of refraction:

1. The incident ray, the normal to any refracting surface at the point of incidence, and the refracted ray all lie in the same plane called the plane

of incidence or plane of refraction.

2. The ratio of sine of angle of incidence to the angle of refraction is always constant.

Also,

sin 1

= = constant
sinr
v
Incident ray™y_ |
Medium 1{n) 2

Medium 2(n.) ' >
yvi Refracted ray

sini gz 1

3
sinr va  Ag

For applying in problems remember
pysind = ppsinr

sin(i)

sin(r)

T = H21

= refractive index of the second medium with respect to the first medium.

Deviation due to refraction:

Deviation (?) of ray incident at £i and refracted at £ is given by :

d=li—r|
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8.Real depth and Apparent depth

Case 1. When object is in denser medium and observer is in rarer medium.

If object and observer are situated in different medium then due to refraction, object appears to be displaced from it's real position.

]
|

B

Here O is the real position of the object and O' is the apparent position of the object as seen by the observer. 'h' is the real depth of the object from
the surface of the water and h' is the apparent depth of the object. #2 is the density of the medium where the object is placed. #1is the density of
the rarer medium.

Ha Real depth _h

{11 Apparent depth h_’
Therefore Real depth > Apparent depth.

Apparent shift:

d=h—h = (1—”—1)!1
Ha

Case 2. Object is in rarer medium and observer is in denser medium.

E Id J'
"0 |n|

-

'FJ/

pz Apparent depth &'

pu1 Realdepth k.
Therefore apparent depth > real depth.

Apparent shift:

d= ('u—l — 1) h
H2
9.Total Internal Reflection:

When a ray of light goes from denser to rarer medium it bends away from the normal and as the angle of incidence in denser medium increases, the
angle of refraction in rarer medium also increases and at a certain angle, angle of refraction becomes 90° this angle of incidence is called critical
angle (C).

When Angle of incidence exceeds the critical angle than light ray comes back into the same medium after reflection from interface. This
phenomenon is called Total internal reflection (TIR).

Using snell's law :
posinC' = pysinr
= ppsinC' = {1 since, sinr = 1.

) T R.I of rarer medium
— sin(' === : -
p2  R.I of denser medium

1

H=—
or sinC' | \hen f1=1 forairand H2 = fi,
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Conditions for TIR :
(i) The ray must travel from denser medium to rarer medium.
(ii) The angle of incidence 'i' must be greater than critical angle 'C'i.e i = C.

Circle of illuminance:

1
Circle of illuminance
iy 90
I
wo ] }
By 2
¥

From the figure:

tan(6,) = 1
an = —
¢ h  where R is the radius of C.O.I

— R = htan(f,)

1
sin(f.) = —
Also, H
1
tan(f.) = —
Therefore using trigonometry, pe—1
h
= 21
So, the radius of the circle of illuminance, f

10.Refraction Of Light Through Glass Slab

U= slab

Second refraction

Consider an object O placed at distance d in front of a glass slab of thickness "t" and refractive index f*. The observer is on

the other side of the slab. A ray of light from the object first refracts at the surface 1 and then refracts at the surface 2 before reaching the observer as

shown in the above figure.

So for the refraction at the surface (1)

Apparent depth, d} = = =+ =du
Rpelative (ﬂuu_uh_ui_)

t"!mal d (_E
1
Mreftaction e
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Similarly for the refraction at the surface (2)

Ire; I+t h+t  dip+t
Apparent depth, d) = T _ s

- =
Mrelative incident jT T
Mreftaction

As you observe, The refracting surfaces of a glass slab are parallel to each other. When a light ray passes through a glass slab it is refracted twice at
the two parallel faces and finally emerges out parallel to its incident direction.

i.e. the ray undergoes no deviation (& = 0).
the object appears to be shifted towards the slab by the distance known as apparent shift or Normal shift.

And the apparent shift= OA-I,A
I Apparant shift =+¢ {l — ;l: }
e
If the slab is placed in the medium of the refractive index Hsur

i

Apparant shift =¢ {l - “—‘}
then t

In the above figure Incident, ray AO is an incident on the EF surface of the slab at an angle of incident i, and PB is the emergent ray emerging out of
the HG surface of the slab.

for the surface EF
Applying Snell's law at the surface EF and HG

pesini = psinr  and  psinr’ = pgsine
Using r'=v and jpe. =1, we get
sini = sine or e =1

i.e the emergent ray is parallel to the incident ray.
If PQ is the perpendicular dropped from P on the incident ray produced.

Then PQ=d is known as lateral displacement which is given as

) bsin(i — 7)
d=PQ=0Psin(i—r) = pu sin(i —r) = fsmit —r)

cosT cosT

o . Ly .
If ¢ is very small, r is also very small, then d= (1 - —) ti
T

11. Refraction And Dispersion Of Light Through A Prism

A prism is a transparent medium whose refracting surfaces are not parallel but are inclined to each other at an angle A which is also known as angle
of the prism.
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Angle of Prism
or refracting angle

deviation at
first surface

Normal at

: Normal at
first surface

_ Second surface

Angle of

= Angle of emergence
incidence )T

deviation at second surface

The angle of deviation lfo—)-lt is the angle between the emergent and the incident ray.

For the above figure 0 = (i—r)+(e—re) ord=i+e—(r +rs)

andusingUsing A=r1+ry we get d=i+e—A

Note-From the above formula, we can say that if we interchange i and e then also we will get the same value of 4.

The plot of 0 vs i

5

5max

51

6min

Angle of deviation

.

i, i=e 0, =m2 ]

2
Angle of incidence
——

As shown in the above figure The graph is a parabola.
If we vary i between 0" to 90°

then for 0 < i < € the value of § decreases

and for € < i < 90 the value of § increases

And wheni = € then § = 0

andwhen i = 90° or e =00" then & = dpue

¢ Grazing Incidence-When i = 90°, the incident ray grazes along the surface of the prism. This is known as grazing incidence.
¢ Grazing Emergence- When e = 90°, the emergent ray grazes along the prism surface. This is known as grazing emergence.

This happens when the light ray strikes the second face of the prism at the critical angle for glass - air.
Te when 1o=0. then e=290"
Le For the prism of refractive index £ places in the air.

then © = sin 1[\/uZ — Isin A — cos A then e = 90°

Refractive index of prism (l“-)in case of minimum deviation condition-
As we learned The angle of deviation (?) for the prism is givenas 0 =i + ¢ — A

and from The plotof § vs i wegeti =€ then &= dupn
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ie Oy =i+te—A=i+i—-A=2i—A
A+ Omin

= 4=
2

For the prism of refractive index M places in the air.
For the first surface, we can write L x sini = psinry
similarly For the second surface, we can write psinry =1 X sine
using i=e we get 71 = T2
A=r +ry=2n
— T = E
Sol % sini = psinry il give us

A by
= 1 x sin(——™%

b | e

) = psin(=)

sin( '1;‘;&“3)

A

) =
H sin(§)

o For thin films (e 4 and &y, are small)

A+ 6ma'ﬂ o A+ ‘5ma'ﬂ
sin )=
Then 2 2
A A
an m.n.(E) =5
So we get
o A+ '-'51”3'?1
H =

= Spin = Al — 1)
¢ Condition of no emergence-
i.e Aray of light incidence on a prism of angle A & Refractive index # will not emerge out of a prism
This will happen when A > 26,
where f: = critical angle
Dispersion of light -The splitting of white light into its constituent colors or wavelengths is called dispersion of light.
or
angular splitting of a ray of white light into a number of components and spreading in different directions is called diversion of light.
This phenomenon arises due to the fact that the refractive index varies with wavelength.

When white light is incident on the prism it will split itself into its constituent colors as shown in the below figure.

The deviation is given as d=(p—1A

SInce poyilet = Mred
S0 dviotet = Ored

 Angular dispersion (f )- Angular separation between extreme colors

e =20y —dr=(py —pp) A
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It depends upon # and A.

* Dispersive power (w)- Ratio of angular dispersion to mean deviation.

5, — 4,

. W=
ie

where where 4 is deviation of mean ray (especially yellow)
using Oy = (e — 1) A8 = (i — 1) A
Ho — Hr

i
we get w = where  p, =
py — 1 2

where

Hu = Refractive index of violet

Hr = Refractive index of red

Hy = Refractive index of yellow

Condition for deviation without dispersion-

This means an achromatic combination of two prisms in which net(or) resultant dispersion is 0, but and deviation is produced .

For the two prisms,
Onet =0 = + =10
(g — pe) A+ (i, — ) A" =0

= q} _ (Uz' — #"-a‘) A
) pl, — g

where
Hu = Refractive index of violet ( prism 1)

Hr = Refractive index of red ( prism 1)
!

Hy = Refractive index of violet ( prism 2)
!

My = Refractive index of red ( prism 2)

Similarly

For the two prisms,
Opet =0 =01 +02 =0

wd +uw'd =0
5 i
= 0 Z—Oﬁ
- i s [ W
= Opet =0 + 0 ZOIZJ.——j]
w!

where v and w" are the dispersive powers of the two prisms and their corresponding mean deviations are § and 4",
Condition for Dispersion without deviation-

A combination of two prisms in which deviation produced for the mean ray by the first prism is equal and opposite to that produced
by the second prism will give a dispersion of light without deviation.

This combination of two prisms is also called a direct vision prism.

iefnet =0 while O, #0

.-+ parallel
V

white light

As shown in the above figure as emergent rays from the second prism is parallel to the incident white ray of prism 1.

this will give Opet = 0,
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For zero deviation ,

i Oy =0(ie 0+8=0)

= (- DA+ (g —1) A =0
(Iuy - 1A
(1w, = 1)

and the Angular dispersion is given as

= A=

fhet = 01+ 60 = (Wo+w'd) = (wd —w'd) =46 (l - i)

12. Refraction At Spherical Surface

'y

If an object 0 is placed in front of a curved surface as shown in the above figure, then the Refraction formula is given as
Tig T _ Tty — T

v U R

where

11=Refractive index of the medium from which light rays are coming (from the object).
T2=Refractive index of the medium in which light rays are entering.

and 71 = 12

and u = Distance of object, v = Distance of image, R = Radius of curvature

Note -

» use sign convention while solving the problem

¢ Real image forms on the side of a refracting surface that is opposite to the object,
and virtual image forms on the same side as the object.

e Using I = oo (i.e for plane surface)

Tg T a2 (2
—_ = =y — = —

we get U U ny,  u

Lateral Magnification For Refracting Spherical Surface-

)
A ““ri\\x l.—i

\-_\_‘_\!ﬂ.;

If an object AB is placed in front of a curved surface as shown in the above figure, then the lateral Magnification formula is given as

Image height —(A'B)
Lateral magnification, m = =
8 - Object height AB
A'B ' i/
m = — = _|”'_l - E—: —E'rllfluz
or AB fa u w1y
where

H1=Refractive index of the medium from which light rays are coming (from the object).

H2=Refractive index of the medium in which light rays are entering.
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and 1 < H2

and u = Distance of object, v = Distance of image, R = Radius of curvature

13. Concave And Convex Lenses

Thin lens-

A lens is a transparent medium bounded by two surfaces which refract the light, such that at least one surface is curved. The curved surface can be
cylindrical, spherical etc.

A thin lens is called convex if it is thicker in the middle as compared to the ends and it is called concave if it is thicker at the ends as compared to
the middle. The figure shows the convex and concave lens -

There are few types of concave and convex lens as shown below -

Biconvex Plano-convex Concavo-convex
Biconcave Plano-concave Convexo-concave

From all the above shapes we can see that there are two surfaces (may be spherical or plane), so there are two centres of curvature C; and C, and
correspondingly two radii of curvature R; and R. In this case, the principal axis is the line joining C; and C, of the lens and the centre of the
thin lens which is on the principal axis, is called the optical centre.

Now as there are two surfaces in the lens so there are two principal focuses for the lens, which are:-

First principal focus(F{): An object point for which an image is formed at infinity.

Second principal focus(F5): An image point for an object at infinity.

Note -

1. In this chapter we are mainly concerned with the second principal focus (F;). So, whenever or wherever we use the term focus, it means the
second principal focus.

2. A ray passing through the optical centre proceeds undeviated through the lens.

SIgn convention in the lens - All the distances along the direction of the incident light ray are positive if we measure the distances from the pole of
the lens. Also, all the distances above the principal axis are taken as positive and below the principal axis are taken as negative. All these
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conventions can be seen in the figure given below -

Direction of

incident ray (+vl !

F, B \37 F, 25

Negative distance i Positive distance

Upward
height (+ve)

Downward

height (-ve)
—

Convex mirror

Image formation by lens-

Convex lens -

Direction of

Upward
height (+ve)
B —

incident ray (+v! !

height (-ve)
—

2, Fy ,'f)\ F, 25

Negative distance

Positive distance
>

Concave mirror

The figure given below shows the position of image formation for different positions of the object -

Images formed by a convex lens

distant object (@) obiect
real, inverted, j, E oF
smaller than object, at F oF [ J}
lens image
object at 2F G object
real, inverted, L} F 2F
same size as object, at 2F oF E /?
lens L]
image
objegt between 2F and F = object
real, inverted, ~.&z E oF
larger than object, beyond 2F
2F F \
lens (48
image ="
object at F (o object
no image, W F oF
refracted rays are parallel oF
lens
/:"'l
o‘bject b-etlween F and lens 7 _ object
virtual, upright, ‘é G
larger than cbject, image .E( \ F 2F
behind object on the same oF E ¥
side of the lens lens” b
Images formed by a concave lens
characteristics of image object jmage
regardiess of object position i
virtual, upright, V= F oF
smaller than object, between oF b
object and the lens lens

So, from this image we can conclude the following table -

For convex lens -

For concave lens -

Object location Image location Image Nature Image size

Infinity AtF Real and Inverted Diminished

Beyond 2F Between 2F and F Real and Inverted Diminished
Between 2F and F Beyond 2F Real and Inverted Enlarged
AtF At infinity Real and Inverted Enlarged

At 2F At 2F Real and Inverted Same size
Between F and 0 On the same side as object Virtual and Erect Enlarged
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Object location Image location Image Nature Image size

| Infinity AtF Virtual and Erect Highly Diminished |

Beyond infinity and 0 Between F and Optical centre Virtual and Erect Diminished

Note - In the table O is the optical center of the lens.
Lens Maker's formula -
Consider a lens having refractive index = H2 and the surrounding is having refractive index = H,

Also, let us assume that the lens has two refracting surfaces having radii R, and Rj.

Here I' is the intermediate image and I is the final image.

As we have learned the formula of refraction at a single spherical surface. Let us apply this to the surface ACB, we get -

Hz2 M1 fa — i -
=—— .. (1
U] u Ry (1)

Similarly for the second surface ADB-

11 12 1 — Mo
A1 12 _ e TN
v " o

Here, vy is the position of the image formed by the first surface and the same image will now act as an object for the second surface.

Now adding equations (1) and (2),

BB () |-

1 Z 1 1
—i= (%) [ - 4]

Now we are going to arrange this equation in the desired as -

=

EI

So,put, u=ocand v=f

L) [
foo\m R R,

L p(L 1
f = | Hrelative — Rl - Rg

we get,

Where,

Hiens
Hrelative =
,U. medium

There are certain limitations of this lens maker’s formula -

o The lens should not be thick so that the space between the two refracting surfaces can be small.
¢ The medium used on both sides of the lens should always be the same.

Power and lens and mirror-
Power of a lens is defined as the reciprocal of focal length and Power of a mirror is defined as the negative of reciprocal of focal length.

So,
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-1

1
PLr'n.»- = } and R’l!ir'r'r}r' =

Where, f = focal length

The unit of power is Diopter, 1D = 1 m™1

The sign of the focal length will be taken according to the sign convention which we have discussed in the previous concept.

The power of a combination of lenses in contact is the algebraic sum of the powers of individual lenses, so it can be written as -

PTr}fraf=PJ+P3—|—R5+...+PM

Maghnification in I .enses-

Magnification produced by a lens is defined as the ratio of the size of the image to that of the object.

Object i
o - e
el
L s G
\\ -
Fo ;
\\ 3 i n
S "'*b_\
\i’__ — -
i Inage

So mathematically, magnification can be written as -
hoow
m=—_-—=—
h u

Relation between object and image velocity in lens -

Case 1 : When object is moving along_the principal axis -

[

¢

T LFrJIJj_r-

= |1 .'LJ_,- =

)

£

(i

= (1)

L

P
. =m” (f'r)LJ,-

Case 2 : When object is moving perpendicular to the principal axis -

Here, m = magnification,

v = Position of image
u = Position of object

V' = Velocity vector
14. Compound Lenses

Combination of thin lens i )

The focal length of the combination of thin lenses is given by

Similarly, the power of the combination of thin lenses is given by
P=P +P+P+. .

In terms of magnification, we can write the net magnification as -

M = 1111.7719.7713 . . .

The combination of lenses is needed in lenses for cameras, microscopes, telescopes and other optical instruments.

Lenses at a distance -
Consider two thin lenses placed coaxially at a separation d.

The focal length of the equivalent lens is F = PD,
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111 4
F i f fif

Position of the Equivalent Lens-
dh.L) (F ) dF
PP =) (—)==—
: ( h hy i
d.F

Thus, the equivalent lens is to be placed at a distance J1 behind the second lens.

Note - Both the above relation are true only for the special case of the parallel incident beam. If the object is at a finite distance, one should not use
the above equations.

15. Silvered lens-

Silvering a surface has the effect of converting the lens into a mirror.

If we silvered a convex lens, then that silvered side will act as a concave mirror and similarly, if we silvered the convex lens then the silvered side
will act as a convex mirror.

Our objective is to find the effective focal length of this silvered lens.

Let us take an example of a silvered convex lens as shown in the given figure.

Now we use the principle of superposition to find the focal length of the silvered lens.

See the image given below which shows we are separating the lens and the mirror

In this arrangement, a ray of light is first refraction by lens L, then it is reflected at the curved mirror M, and finally refracted once again at the lens
L.

Let the object O be located in front of the lens. Let the image from the lens T} be formed at V1 .

M

Then, from the lens-makers formula, (Assume the focal length of the lens f} ;) we have
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Now the image I; formed by the lens will act as an object for the mirror having focal length f,

1 1 1

vpou fr

Let I, be the image formed by the mirror at a distance of v,

Again applying the formula -

1 1 1

Uz t .Jf.m

Now,f 2 will be the object for the final refraction at lens L.

1f I3 be the final image formed at v from the center of the lens, then we

Now, fr, = fr then [, = fi

So the above equation become -

By manipulating the above equation we get,

So the equivalent focal length will be equal to -

1 L1

voovz fr,
11 _ 1
1 u - fr
1 11
0] + Uy - fm
1_1__1
v g fr

1 1 1 2

v u f m f IE

1 1 2

ﬁ fm. fL

16.Structure And Functions Of Human Eye

The Eye :

The human eye is one of the most sensitive sense organs of sight which enables us to see the wonderful world of light and color around us. The eye
is essentially a closed sphere into which light passes through a lens and strikes a light-sensitive surface.

Structure of the human eye:

Aqueous humeur

Schera

Ciliary Muscles

Eywe Lens
v Retina

Yellow Spot

Comena

Blind Spot

DOiptic Netves

Vitreows Humour

Sclera: It is the outer covering, a protective tough white layer called the sclera (white part of the eye).

Cornea: The front transparent part of the sclera is called cornea. Light enters the eye through the cornea.

Iris: A dark muscular tissue and ring-like structure behind the cornea are known as the iris. The color of iris actually indicates the color of the
eye. The iris also helps regulate or adjust exposure by adjusting the iris.

Pupil: A small opening in the iris is known as a pupil. Its size is controlled by the help of iris. It controls the amount of light that enters the
eye.

Lens: Behind the pupil, there is a transparent structure called a lens. By the action of ciliary muscles, it changes its shape to focus light on the
retina. It becomes thinner to focus distant objects and becomes thicker to focus nearby objects.

Retina: It is a light-sensitive layer that consists of numerous nerve cells. It converts images formed by the lens into electrical impulses. These
electrical impulses are then transmitted to the brain through optic nerves.

Optic nerves: Optic nerves are of two types. These include cones and rods.

. Cones: Cones are the nerve cells that are more sensitive to bright light. They help in detailed central and color vision.
. Rods: Rods are the optic nerve cells that are more sensitive to dim lights. They help in peripheral vision.
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Functioning of the human eye: Much like the electronic device, the human eye also focuses and lets in light to produce images. So basically, light
rays that are deflected from or by distant objects land on the retina after they pass through various mediums like the cornea, crystalline lens,
aqueous humour, the lens, and vitreous humour

As the light rays move through the various mediums, they experience refraction of light. The light rays are received and focused on the retina. The
retina contains photoreceptor cells called rods and cones and these basically detect the intensity and the frequency of the light. Further, the image
that is formed is processed by millions of these cells and they also relay the signal or nerve impulses to the brain via the optic nerve. The image
formed is usually inverted but the brain corrects this phenomenon. This process is also similar to that of a convex lens.

Visual Angle: The visual angle of an object is a measure of the size of the object's image on the retina. The visual angle depends on the distance
between the object and the observer. Larger distances lead to smaller visual angles. The visual angle also depends on the object's size. Larger objects
lead to larger visual angles.

h
Visual angle (¢) = d where h'is the height of the object and d is the distance from the lens.

17. Optical instruments

Magnifying power: It is defined as the ratio between the dimensions of the image and the object.
Magnifying power of an optical instrument is given by,

Visual angle with instrument(3)

}}r - T . . . - . [
Visual angle when object is placed at least distance of distinet vision {«)

Simple Microscope-

¢ Itis a single convex lens of lesser focal length.
o Also called magnifying glass or reading lens.

Case 1: Magnification, when the final image is formed at D and oc.

(ie.Mpand Mac)

(+7)
mp=|1+—
Jf mar and

(7)
Mae = | —
* f TN

Case 2: If lens is kept at a distance a from the eye then
D—a
[ and
D—a
f

Compound Microscope:

mp =1+

Moy =

A compound microscope is of two converging lenses called objective and eye lens. It is used to view magnified images of small objects on a glass
slide. It can achieve higher levels of magnification than stereo or other low power microscopes and reduce chromatic aberration.
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— w=Dta = —|

.Jf.v_\\-l«n:s = .ﬁ)ij('tiu- and Uh.{””f;tf;rJ«_wlq-n:s = l{h.(””f;f'f;rJrJijFr'fH'r:
Intermediate image is real and enlarged. The final image is magnified, virtual and inverted.

Here in the diagram

iy = Distance of object from objective (o),

Us= Distance of image (A'B’) formed by objective from objective,
Ue= Distance of A'B' from eye lens,

Ue= Distance of final image from eye lens,

fo= Focal length of objective,

fe= Focal length of eye lens.

Vg ( D )
mp = — + -
Case 1: Final image is formed at D : Magnification o Je and length of the microscope tube (distance between two lenses) is
Lp=wv.+u..
Generally, object is placed very near to the principal focus of the objective hence o = fo The eye piece is also of small focal length and the image
formed by the objective is also very near the eyepiece.

So U = Lp; the length of the tube.
Hence, we can write

_£(1 E)
"R

Case 2: Final image is formed at oc : Magnification

o D .
Moy = _(f_ and length of tube L., = vy + f.
iy Je
M. — LL')L — .J‘(r)_ f[)D
In terms of length - fofe

o For large magnification of the compound microscope, both fo and fe should be small.

o If the length of the tube of microscope increases, then its magnifying power increases.

¢ The magnifying power of the compound microscope may be expressed asM = m, x m. where my is the magnification of
the objective and "¢ is magnifying the of eyepiece.

Astronomical Telescope

An astronomical telescope is an optical instrument which is used to see the magnified image of distant heavenly bodies like stars, planets, satellites
and galaxies etc. An astronomical telescope works on the principle that when an object to be magnified is placed at a large distance from the
objective lens of telescope, a virtual, inverted and magnified image of the object is formed at the least distance of distinct vision from the eye held
close to the eye piece.

An astronomical telescope consists of two convex lenses : an objective lens O and an eye piece E. the focal length fo of the objective lens of
astronomical telescope is large as compared to the focal length fe of the eye piece. And the aperture of objective lens O is large as compared to that
of eye piece, so that it can receive more light from the distant object and form a bright image of the distant object. Both the objective lens and the
eye piece are fitted at the free ends of two sliding tubes, at a suitable distance from each other.

The ray diagram to show the working of the astronomical telescope is shown in figure. A parallel beam of light from a heavenly body such as stars,
planets or satellites fall on the objective lens of the telescope. The objective lens forms a real,inverted and diminished image A’B’ of the heavenly
body. This image (A’B’) now acts as an object for the eye piece E, whose position is adjusted so that the image lies between the focus fe’ and the
optical centre €2 of the eye piece. Now the eye piece forms a virtual, inverted and highly magnified image of object at infinity. When the final
image of an object is formed at infinity, the telescope is said to be in ‘normal adjustment .
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. .Jﬂ]ij('tiu- = .J]l;.'_i't'lt'tlri and “ruijt'tiu- > (‘rv_w lens
¢ The intermediate image is real, inverted and small.
e The final image is virtual, inverted and highly magnified.

mp = — 1+ f—) and M = —J,L
e Magnification: ;‘ € D .
o Length: Ln = fo+uw. and L = fo+ fe
Terrestrial Telescope

A refracting telescope has inverting lenses or an eyepiece that presents an erect image. A telescope for use on earth rather than for making
astronomical observations. Such telescopes contain an additional lens or prism system to produce an erect image.

The erection of an image can be made by introducing a third lens between the objective and the eye-piece of the telescope. This modified telescope

is known as the "Terrestrial Telescope" whose magnifying power is just equal to the magnification of an astronomical telescope but it just gives an
erect image.

The terrestrial telescope contains three lenses as compared to the astronomical telescope. It is also known as the spyglass. As an astronomical
telescope forms an inverted image of the object so, the main difference between the astronomical and terrestrial telescope is the erection of the final
image with respect to the object. The third lens of short focal length f is placed at 2f which forms an inverted image of the object. This image serves
as the object for the eye piece. The lens placed in the centre of the telescope which actually erects the image is called the Erecting lens. The
resolving power of the telescope can be given by the relations as follows:

vy = Dto |

i\A A
\L+=fm;::u_\2\

}(D s R .f.f)
i e
L= .J]lrJ _.J]i.F L ‘lf
Where,

fo = Focal length of the objective lens
fe = Focal length of the eye-piece lens

f = Focal length of the lens placed between objective and eye-piece

fo ( Je )
mp = 1+
¢ Magnification at D, f e D
_fo
Moy = —
¢ Magnification at infinity, fe.

Wave Optics

Important Formulae
1. Huygens Principle

Light also shows the wave nature. According to Huygens, each point source of light is a centre of disturbance from which waves spread in all
directions.

Wavefront-

The locus of all particles in a medium, vibrating in the same phase is called WaveFront (WF).
The direction of propagation of light is perpendicular to the WF.

The time taken by the light to travel from one wavefront to another is the same along any ray.
The phase difference between various particles on the wavefront is zero.

Various types of wavefront-

—_

. Spherical WF- For a point source
. Cylindrical WF- For line source
3. Plane WF- For parallel light rays

N
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Huygens principle-

According to the Huygens principle , Every point on the given wavefront acts as a source of a new disturbance called secondary wavelets.
And a common tangent to these secondary wavelets in the forward direction at any instant gives the new wavefront at that instant as shown in the
below figure. This is called secondary wavefront.

Point souree,

Secondary
wavelets

Secondary

Primary
wave front

wipvie frond

2.Interference Of Light - Condition And Types

In order to observe interference in light waves, the following conditions must be met:

¢ The sources must be coherent.
o The source should be monochromatic (that is, of a single wavelength).

Coherent sources-

Two sources are said to be coherent if they produce waves of the same frequency with a constant phase difference.
o The relation between Phase difference (Ag) and Path difference (Awx)

Phase difference (&9)
The difference between the phases of two waves at a point is called phase difference.

Le. if y; = ay sinwt and ys = ag sin{wt + @) so phase difference = ¢
Path difference [A2);
The difference in path lengths of two waves meeting at a point is called path difference between the waves at that point.

And The relation between Phase difference (Ag) and Path difference (Ax) is given as
. 2w
Ag = —Ar =LAz
' A
where A = wavelength of waves

Principle of Super Position-

According to the principle of Super Position of waves, when two or more waves meet at a point, then the resultant wave has a displacement (y)
which is the algebraic sum of the displacements ( ¥1 and Y2) of each wave.

e =W+
consider two waves with the equations as

y1 = Aysin(kx — wt)
y2 = Agsin(kaz — wt + &)

where ¢ is the phase difference between waves ¥1 and s,
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And According to the principle of Super Position of waves

y =1 +y2 = Ay sin(kr — wt) + Agsin(ke — wt + &)
= A sin(kx — wt) + Ag[sin(kz — wt) cos ¢ + sin ¢ cos(ka — wt)]
= y = sin(ke — wt) [4) + Ay cos @] + Agsingpeos(kx — wt) ... (1)

Now let

Acosfl = A] + Agcos ¢
and  Asinfl = Aasing

Putting this in equation (1) we get

y = Asin(kz — wt) cosf + Asinf cos(kx — wt)
thus we get the equation of the resultant wave as

y = Asin(kz —wit + f)

where A=Resultant amplitude of two waves

g A= VA + A+ 241 A cos
§ = tan ! (7Az sin ¢ )
and A+ Az cosg
where
Al =the amplitude of wave 1
Az = the amplitude of wave 2
o Ape = A1+ Ay and Apyn = A — Ay
Resultant Intensity of two waves (I)-
Using] o A?
we get I=1 +Ig+2\/Ecos¢)
where
I} =The intensity of wave 1

Iy = The intensity of wave 2

o Imax =11 +1{2+2\III-{2:> Tnae = (\/H"‘ \/1_2)2
-{miu = -',l +-'{2 — 2 -{112 = -{miu = L(\/K— @2

For identical sources-

L= =1Iy=1=Iy+Iy+2\Iplycos ¢ = 4] cos®

B |2

Average intensity : [, = o 5 o
L]

2114—1’2

e The ratio of maximum and minimum intensities

2
Lowe (m+ JE)Q B (\/—hﬂz+ 1) B ( +) B (f +1)2

Inin vh — VT VI —1 a] — az aifaz — 1
or
Imax 1
ooa (VT !
L ay  \  [Lme_
? ? Lin 1

Interference of Light-
It is of the following two types.
1. Constructive interference-
* When the waves meet a point with the same phase, constructive interference is obtained at that point.

i.e we will see a bright fringe/spot.
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o The phase difference between the waves at the point of observation is ¥ = 0% or 2n7

o Path difference between the waves at the point of observation is Az = nA(i.e. even multiple of A/2)
o The resultant amplitude at the point of observation will be the maximum

i.e Apax = a)] +ao
If a1 = a2 = ap = Apwx = 2ap

¢ Resultant intensity at the point of observation will be the maximum

ie Inow =L+ 1 +2¢/ 11 15

Imn.x = (\/E"_ \/E)Q

If 1{1 = Ig = f{] =4 Imnx = 4_{(]
2. Destructive interference-
o When the waves meet a point with the opposite phase, Destructive interference is obtained at that point.
i.e we will see dark fringe/spot.
o The phase difference between the waves at the point of observation is
¢=180°0or (2n—1)mn=1,2,...
2

or (2n+ min=0,1,

Ar = (2n —1)=( i.e. odd multiple of A\/2)

[

o Path difference between the waves at the point of observation is

o The resultant amplitude at the point of observation will be minimum
1.6 Ampin = A1 — Ao

If A=Ay = Apin =10

¢ Resultant intensity at the point of observation will be minimum

-!rmiu - 1’1 +1’2 —2*.;’1’1_{2
-"m'm = (\/-‘r_l_ \@2
It Il = -!2 = JI(] = -'rmiu =0

3. Young's Double Slit Experiment

Young's double-slit experiment -

This experiment is performed by British physicist Thomas Young. He used an arrangement as shown below. In this he used a monochromatic source
of light S . He made two pinholes S; and S, (very close to each other) on an opaque screen as shown in the figure Each source can be considered as
a source of coherent light source.
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So, we can see that the monochromatic light source ‘s’ kept at a considerable distance from two slits s; and s,. The arrangement is such that the S is
equidistant from S; and S,. S; and S, behave as two coherent sources, as both are derived from S.

Let d be the distance between two coherent sources A and B having wavelength A. A screen XY is placed parallel to an opaque screen at a distance
D. O is a point on the screen equidistant from A and B. P is a point at a distance x from O

From the above figure, we can see that the waves from A and B meet at P. It may be in phase or out of phase depending upon the path difference
between the two waves.
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Draw AM perpendicular to BP
The path difference § = BP — AP
As we can see that, AP = MP
¢4 =BP — AP = BP — MP = BM
In right angled ABM, BM =dsinf If 8 is small,
sinf =6
The path difference § = 8.d
In right angled triangle COP, tanf = OP/CO = X/D
For small values of #, tanf = 6

Thus, the path difference 6 = xd /D

ad
So,the path dif fernece is = %

The assumption in this experiment -

1. D> d: Since D > > d, the two light rays are assumed to be parallel.

2. d/A >> 1: Often, d is a fraction of a millimetre and A is a fraction of a micrometre for visible light.
For Bright Fringes -

By the principle of interference, the condition for constructive interference is the path difference = nA

T =nA
Here, n =0,1,2...... indicate the order of bright fringes

So, » = (“f‘{D)

This equation gives the distance of the n'" bright fringe from the point O.
For Dark fringes -

(2n — 1)A

By the principle of interference, the condition for destructive interference is the path difference = 2
Here, n = 1,2,3 ... indicates the order of the dark fringes.
So,

_ (2n—1)AD
N 2d

i

The above equation gives the distance of the n'" dark fringe from point O.

So, we can say that the alternately dark and bright fringe will be obtained on either side of the central bright fringe.
Band Width (B) -

The distance between any two consecutive bright or dark bands is called bandwidth.

Take the consecutive dark or bright fringe -

(n+1AD  (n)AD

Tp+]l — Ty = d d
AD
In+l — T = —
d
AD
A=—
i d

Angular fringe width -
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The intensity of Fringes In Young’s Double Slit Experiment-

For two coherent sources S; and S,, the resultant intensity at point P on the screen is given by-
I= Il+fg+2\/Ecosr_;‘)

where

I\ = The intensity of the wave from St
I5 = The intensity of wave Sy

Putting Iy and I = I, (Because d<<<D)

. [
= I = .!r(] + .!’(] + 24/ .{(].lr(] Cos @ = 41{] 0052 —

]

So the intensity variation from maximum to minimum depends on the phase difference.

For maximum intensity

. . S -
The phase difference between the waves at the point of observation is @ = 07 or 2nm

Path difference between the waves at the point of observation is Az = nA(i.e. even multiple of A/2)
Resultant intensity at the point of observation will be the maximum
ie Inax =TI+ 1o +2m
L = (VI + VT)?
I h=5L=1Ii= =40

For Minimum Intensity -

The phase difference between the waves at the point of observation is

d=180°0or (2n—1)mn=1,2,...
or (2n+1)mn=0,1,2

A
Az = (2n — 1)=( i.e. odd multiple of \/2)
Path difference between the waves at the point of observation is 2

Resultant intensity at the point of observation will be minimum

Ir]lir1211+.{2—2 I[Ig

-{miu = (V/I_l_ @2
Eh=L=Ih= Ihn=0

Intensity

41g

AVAVIVAY]

-St 4 -3 21 -m 0 +n  +2n +3m H4n +5n

¢ —>
Phase difference
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Intensity
A

419

AVAVVAY]

]
-5N2 —2A -3N2 —A A2 0 N2 +A  +3N2+2MN +5MN2
e ]
Path difference

Maximum Order of Interference Fringes -

As we know that the position of n'™ order maxima on the screen is -

nAD 0 4140,

a

Value of 'n' cannot be taken as infinitely large, because it violates the assumption of the Young's double slit experiment which means that the # is
small or we can write x<<D. So,

So the above formula is only applicable for -
d

no<C<l —

d )

ne — =
But when, A, which means that the n is comparable with A . Then the above formula is not applicable, then we have to go with the basic
and we will equate path difference as -

= dsinfl = n\

= n= {fs;\m?
So,

—[d

Mmax = LX]

The above represents box function or greatest integer function.

Similarly, the highest order of interference minima

d 1
Mmin = X T §

4. Optical Path

Optical path-

It is defined as the distance travelled by light in a vacuum, at the same time in which it travels a
given path length in a medium.

Let light cover distance t in the medium having a refractive index as # in Time T.

i
T=-—

So v where v=speed of light in the medium
— c

and" v where c=speed of light in the vacuum.
T
r==2
So C

1t
:(T:t'x Ii_:qu

So in the same time T distance covered by light in a vacuum is c

So the relation between geometrical path (t) and optical path (1) is given as L= pt

¢ For two mediums in contact as shown in the below figure
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— Xy s —
The optical path is equal to #1%1 + f22

+ Change in the optical path in a transparent slab
Consider the following two cases

Case I- A light cover distance [ = AB

So the optical path in this case is Ly =1

Case II- Now a slab of thickness t is placed between A and B
So the distance travelled in slab=t

and distance travelled in air=l — ¢

So the optical path in this case is Ly =(1—1t) +ut

Now change in the optical path = Av=1Ly— Ly =[(l—t) +pt] = [I]| = t{p - 1)
Le due to the insertion of the slab the optical path is increased by Az =tp —1)

5. YDSE with a thin slab

YDSE with thin slab:

Ax = [(SoP —t) + pt] = SiP
Ax = ngP — Slp) + I:IH, - J.)t

since  S2P —S1P =dsinf =d(y/D) (from the fig.)
: Ax=dy,/D+ (p— 1)t

From the nth maxima,
Ax=nA . nA=dy,/D+ (p— 1)t or

nAD  (p—1)tD
R
d d

The position of nth maxima and minima has shifted downward by the same
o b 1 tD
=¥n—¥a=(n— )?

distance which is called

o The distance between two successive maxima or minima remains unchanged. That is, the fringe width remains unchanged by introducing a
transparent film.

o The distance of shift is in the direction where the film is introduced. That is, if a film is placed in front of the upper slit the 51, fringe pattern
shifts upwards, if a film is placed in front of the lower slit 52, the fringe pattern
shifts downward.

6. Lloyd's mirror experiment

In Lloyd's mirror experiment, light from a monochromatic slit source reflects from a glass surface at a small angle and appears to come from a
virtual source as a result. The reflected light interferes with the direct light from the source, forming interference fringes.

Experimental setup:

A plane glass plate (acting as a miror) is illuminated at almost grazing incidence by a light from a sliftual image Sy of Stis
formed closed to 1 by reflection and these two act as coherent sources. The expression giving the fringe width is the same as for
the double silt, but the fringe system differs in one important respect.
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The path difference SaP — 51P is a whole number of wavelengths, the fringe at P is dark not bright. This is due to 180° phase change which
occurs when light is reflected from a denser medium. At grazing incidence a fringe is formed at O, where the geometrical path difference between
the direct and reflected waves is zero and it follows that it will be dark rather than bright.

Thus, whenever there exists a phase difference of a  between the two interfering beams of light, conditions of maximas and minimas are
interchanged, i.e.,

Az = nA (for minimum intensity) and

Az = (2n — 1)A/2 (for maximum intensity)
7. Fresnel's Biprism

o Itis an optical device for producing interference of light Fresnel's biprism is made by joining base to base two thin prism of very small angle.

¢ When a monochromatic light source is kept in front of biprism two coherent virtual sources S; and S, are produced.

o Interference fringes are found on the screen placed behind the biprism interference fringes are formed in the limited region which can be
observed with the help eyepiece.

5 AD

o Fringes are of equal width and its value is o d
4
7

) AR5

o e T = 4 =
A g, 3

| ~

_*( _______ “.;2..(_, . ________ >
——E  ®
|« ! |
| D gl

¢ Let the separation between S; and S, be d and the distance of slits and the screen from the biprism be a and b respectively i.e. D={a+ h).

If the angle of the prism is A and the refractive index is # then d=2a(p—1)A
_ B2alp — 1)A] - 5= (a+ fJ?A
(a+b) Z2alp —1)A

8. Thin film interference

Interference effects are commonly observed in thin films when their thickness is comparable to the wavelength of incident light ( if it is too thin as
compared to the wavelength of light it appears dark and if it is too thick, this will result in uniform illumination of the film). A thin layer of oil on
the water surface and soap bubbles show various colours in white light due to the interference of waves reflected from the two surfaces of the film.

In thin films, interference takes place between the waves reflected from its two surfaces and waves refracted through it
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Reflected rays

Refracted rays
o Interference in reflected light :

) ) ) Az = 2uteosr — —

Net path difference between two consecutive waves in the reflected system = 2
A
(As the ray suffers reflection at the surface of a denser medium an additional phase difference of 7 or a path difference of 2 is introduced.)
1. Condition of constructive interference (maximum intensity):
Az =nA

= 2utcosr +— =nA

2

)A

b2 | =

= 2utcosr = (n—

2ut = (2n — 1)
For normal incidence, i.e r=0, so

|

2. Condition of destructive interference (minimum intensity):
A
Axr = 2utcosr = (2‘?:-.);.
And For normal incidence 2ut = nA
¢ Interference in refracted light :
Net path difference between two consecutive waves in the refracted system =Az = 2utcosr
1. Condition of constructive interference (maximum intensity):
Axr =2utcosr = (QH')E'
and For normal incidence 2ut = nA

2. Condition of destructive interference (minimum intensity):

A
Az =2utcosr = (2n — 1);

For normal incidence : 2ut = (2n — 1);

9. Diffraction Of Light

Diffraction-
The phenomenon of bending of light around the corners of an obstacle of the size of the wavelength of light is called diffraction.

¢ The phenomenon resulting from the superposition of secondary wavelets originating from different parts of the same wavefront is defined as
a diffraction of light.

e Diffraction is the characteristic of all types of waves.

o The wavelength of the wave is directly proportional to its degree of diffraction.
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From the above figure, we can say that if the slit width is more then the wave will detract less.

Condition for Diffraction:

o The essential condition for diffraction to occur is that the wavelength of light should be comparable to that of the size of the obstacle.

i.e. If the size of the obstacle is comparable to that of the wavelength of the wave only then we can observe the diffraction phenomena.

Fraunhofer diffraction by a single slit-

let's assume a plane wave front is incident on a slit AB (of width b).

Plane &
wave g

fromt

Sereen

o The diffraction pattern consists of a central bright fringe (central maxima) surrounded by dark and bright lines (called secondary minima and

maxima).
¢ At point O on the screen, the central maxima is obtained. The wavelets originating from points A and B meet in the same phase at this point,

hence at O, intensity is maximum

Secondary minima : For obtaining nth secondary minima at P on the screen, path difference between the diffracted waves
Az = bsinfl = nA

1. Angular position of nth secondary minima:

sinfl =~ f = ﬂ
b

2. Distance of nth secondary minima from central maxima:

nAD

b where D = Distance between slit and screen.

;I!.“:D'BZ

f 2 D= pocal length of converging lens.

Secondary maxima : For nth secondary maxima at P on the screen.

A
Ar =Dbsinf = (2n+1)=
Path difference 2 ;wheren=1,2,3.....

(i) Angular position of nth secondary maxima

(2n + 1)\

sinfl =~ f =~
25

(ii) Distance of nth secondary maxima from central maxima:

(2n +1)AD

Iy = D-6= o
Central maxima: The central maxima lie between the first minima on both sides.
9
26— 2
(i) The Angular width d central maxima = b
22X
=2x=2D0=2ff = f

(ii) Linear width of central maxima

Intensity distribution: if the intensity of the central maxima is Iy then the intensity of the first and secondary maxima are

Iy Iy
— and —
found to be 22 61. Thus diffraction fringes are of unequal width and unequal intenstities.
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(i) The mathematical expression for in intensity distribution on the screen is given by:

sin o
I - ! ( )
o where cv is just a convenient connection between the angle  that locates a point on the viewing screening and light intensity I.
Central
Semndary maxima [
First S0
Second First I aecond
f,-rzz(:m
B2 3 % 3o m
b b B b b

l] Central

& = Phase difference between the top and bottom ray from the slit width b.
1 wh
o= —(h = —sinf
Also 2 A .

(ii) As the slit width increases relative to wavelength the width of the control diffraction maxima decreases; that is, the light undergoes less flaring
by the slit. The secondary maxima also decreases in width and becomes weaker.

(iii) If b>>A, the secondary maxima due to the slit disappear; we then no longer have single slit diffraction.

10. Resolving power of optical instruments

Resolving power of optical instruments:

Resolving power of an optical instrument is its ability to resolve or seperate the images of two nearby point objects so that they can be distinctly
seen.

1.Resolving power of microscope:

In microscope, the minimum distance between two lines at which they are just distinct is called the Resolving limit (RL) and its reciprocal is called
Resolving power (RP)

2, s
RL =-> and R.P, = 2507
2psind

1
= R.P x 5\
A =Wavelength of light used to illuminate the object,
p = Refractive index of the medium between object and objective,
6 = Half angle of the cone of light from the point object
Rayleigh's criterion for the diffraction limit to resolution states that two images are just resolvable when the centre of the diffraction pattern of one

is directly over the first minimum of the diffraction pattern of the other. We can use Rayleigh’s criterion to determine the resolving power. The
angular separation between two objects must be:

Uerapolved
Phisastvss Payisigh
Criteron
A
Af = 1.22—£
(]
1 d

Resolving power TOAG T 1.22)

Thus higher the diameter d, the better the resolution. The best astronomical optical telescopes have mirror diameters as large as 10m to achieve the
best resolution. Also, larger wavelengths reduce the resolving power and consequently, radio and microwave telescopes need larger mirrors.

2. Resolving power of microscope:-
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The resolving power of a microscope can be defined as the ability of the microscope to form separate images of two objects placed very close to
each other. In a microscope, the minimum distance between two lines at which they are just distinct is called Resolving limit (RL) and its reciprocal
is called Resolving power (RP).

1

2psinfl '
2 L RPx =
= x5

R.L = ;9 and R.P. =

2 sin
A =Wavelength of light used to illuminate the object,
p = Refractive index of the medium between object and objective,
8 = Half angle of the cone of light from the point object
Therefore, from the above expression, we can see that,
o As the R.P is directly proportional to the refractive index (n), So R.P will increases when n increases.
e Asthe R.Pis inversely proportional to the wavelength (A), So R.P will decreases when A increases.
¢ When the diameter of the objective is increased, 6 increases. Hence, sinf also increases.
As the R.P is directly proportional to the sinf, So R.P will increases when the diameter of objective increases.

e Asthe R.P is independent of the focal length of the lens, So R.P will remain unchanged when focal length increases.

3.Resolving power of telescope:

FE——
"

i pr—

N

In telescopes, very close objects such as binary stars or individual stars of galaxies subtend very small angles on the telescope. To resolve them we
need very large apertures. Resolving power of a telescope is defined as the reciprocal of the smallest angle subtended at the objective lens of the
telescope by two point objects which can be just distinguished as separate. We can use Rayleigh’s to determine the resolving power. The angular
separation between two objects must be

Af =1223

il
2\

wolvine op — L —
Resolving power = x5 = 1=

.|

i

where,

A= Wavelength of light used to illuminate the object,

d= is the critical width of the rectangular slit for just the resolution of two slits or objects.
0= Half angle of the cone of light from the point object,

Thus higher the diameter d, the better the resolution. The best astronomical optical telescopes have mirror diameters as large as 10m to achieve the
best resolution. Also, larger wavelengths reduce the resolving power and consequently, radio and microwave telescopes need larger mirrors.

11.Polarization Of Light

Polarization of light-
While writing the equation for light wave,

E = Eysinw(t — x/v)

we assumed that the direction of electric field is fixed and the magnitude varies sinusoidally with space and time. So the electric field in a light
wave propagating in free space is perpendicular to the direction of propagation. But there may be infinite number of directions perpendicular to the
direction of propagation and the eletric field may be along any of these directions. But If the electric field at a point always remains parallel to a
fixed direction and remain parallel as the time passes, the light is called linearly polarized along that direction. The same is also called plane
polarized light. The plane containing the electric field and the direction of propagation is called the plane of polarization. This can be better
understand by the following figure.
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Unpolarised light-

In ordinary light (light from bulb, sun, etc.), the electric field vectors are distributed in all directions in a light is called unpolarized light. This
resolved into horizontal and vertical component i.e., the electric field.

Polarised light -

The phenomenon of limiting the vibration of electric field vector in one direction in a plane perpendicular to the direction of propagation of light
wave is called polarization of light.

The plane in which oscillation occurs in the polarised light is called plane of oscillation. The plane perpendicular to the plane of oscillation is called
plane of polarization. Light can be polarized by transmitting through certain crystals such as tourmaline or polaroids.

Polaroid

It is a device used to produce the plane polarized light. It is based on the principle of selective absorption. Polaroids allow the light oscillations
parallel to the transmission axis pass through them. The crystal or polaroid on which unpolarized light is incident is

called polarizer. Crystal or polaroid on which polarized light is incident is called analyzer.

12.Malus's Law

Malus' Law-

This law states that the intensity of the polarized light transmitted through the analyzer varies as the square of the cosine of the angle between the
plane of transmission of the analyzer and the plane of the polarizer.

I =1Iycos?f and A2 = -l(), cos?fl = A= Ajcosf
=0 1=1I) A=Ay andif 6§ =901 =0 A=0

If I; = Intensity of unpolarised light. So
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i.e. if an unpolarized light is converted into plane polarised light (say by passing it through a Polaroid or a Nicol-prism), its intensity becomes half
and

I = £t'(1.\'29
2

13. Polarization of light by reflection

Brewster’s law-

Brewster discovered that when a beam of unpolarized light is reflected from a transparent medium (refractive index = M), the reflected light is
completely plane polarised at a certain angle of incidence (called the angle of polarisation i.e 9}1 ).

Andalso # = tanby,

ie For i =0p

reflected rays will be completely polarised.
For i <#8p ori =>8p

reflected rays will be partially polarised.

Dual Nature of Matter and Radiation

Important Formulae

1.Electron Emission

Electron Emission-

As we have learned in Chemistry (Atomic structure) that the electrons in the outermost orbit of an atom are at maximum distance from the nucleus
and hence most loosely bound to it. These type of electron is called free electrons. The free electrons in metals are free to move within the volume
of metal even though they do not get ejected out of the surface of metal on their own. The main reason behind this is - whenever an electron tries to
leave the surface, the surface acquires a positive charge which pulls back the electron. So for escaping from the surface, an electron has to do a
definite amount of work to overcome the force exerted by the opposite charges. To do this work, an external source imaparts minimum energy. This

minimum energy is called the work function of the metal and is denoted by ©0.

Work function of any particular material is defined as the minimum energy which is required to liberate the most weakly bound surface electrons
from that material without giving them any velocity. Since it is energy, but it is generally denoted in electron volt (eV).

eV =le x 1V = (1.6 x 1077C) (1V) = 1.6 x 10 "]

Since the energy of photon is given by - A, So the minimum energy i.e., Work function is given by -
he

= hv, = —
0

When a free electron gets extra energy i.e., imparted energy = work function from an external agent, then it is able to overcome potential barrier
and the electron gets ejected out. There are a number of ways in which energy from outside can be supplied and based on these different way, there
are different ways in which electron emission can take place. These ways are listed below:

1. Photoelectric emission: When electromagnetic radiations of suitable frequency (or wavelength) are incident on a metallic
surface, then electrons will be emitted, this phenomenon is known as photoelectric effect.

2. Thermionic emission: In this case, additional energy is given to the electrons to overcome potential barrier in the form of heat by
passing current through a filament.

3. Field emission: In this case, metal is placed in a strong electric field due to which the electrons are accelerated to such a speed
that the corresponding kinetic energy is sufficient to overcome potential barrier.

4. Secondary emission: It is a process in which the work function is supplied to the free electrons of a metal surface by collisions with fast moving
secondary particles like neutrons, beta particles, etc

2.Photon Theory Of Light

Photon theory of light -

According to Eienstein's quantum theory light propagates in the bundles (packets or quanta) of energy, each bundle being called a photon and
possessing energy. The energy of one quantum is given by, hv , where h is the Planck's constant and v is the frequency.
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where ¢ = Speed of light, h = Plank's constant = 6.6 % 1074 — sec

1 = Frequency in Hz , A= Wavelength of light.

A(A4) (In the form of eV)
Properties of Photon

. Photon is a packet of energy (or) particles of light and travels with speed of light in a straight line.
. Energy of photon is given as £* = hv and it depends on frequency and it does not change with change in medium.
. Photons are electrically neutral and not effected by electric and maginetic field.
. Photons does not exist at rest i.e., it is a moving particle
p= ;_J
. Momentum of photon is given as A
. All photons of light of a given frequency or wavelength have same energy or momentum irrespective of light intensity
. Photons can interact with other particles like electrons, which can be seen in Compton effect
. Photons can be created or destroyed when the radiation is emitted or absorbed i.e no of photons is not conserved during collision

A WN -

N U

9. The dynamic mass of the photon is m = E/c?, where E is the energy of the photon
10. During photon-electron collision, the momentum and total energy are conserved
11. Photons do not decay on their own
12. The energy possessed by the photon can be transferred to other particles when it interacts with other particles
After energy now let us discuss the mass of the photon.

Mass of photon :

You will study in the theory of relativity that the rest mass of any body is given by -

Where: m, = Relativistic mass (kg)
me = Rest mass (kg)
v = velocity (ms™!)
¢ = speed of light = 3 x 10°ms™!

As the velocity of photon is same as speed of light, so from the above equation we can write that - 7%, = 0 But it's effective mass is given as -

E  h h
E=md=w=am=—=—=—
= et A

It is also called as kinetic mass of the photon.
Momentum of the photon -
As the momentum of any body is = .1/

Here the velocity = c, i.e., speed of light. So, we can write that -

E ok
p=mxc=—=—=—

C C A
Note -
1. In a photon particle collision, total energy and total momentum will be conserved but the number of photons may be changed.

2. All photons of light of a particular freq. (or) wavelengths have the same energy and momentum whatever may be the intensity.

3.The Photoelectric Effect

Photoelectric effect-

The phenomea of Photoelectric effect was first introduced by Wilhelm Ludwig Franz Hallwachs in 1887 and its experimental verification was
confirmed by Heinrich Rudolf Hertz.

They observed that when a metallic surface is irradiated by monochromatic light of proper frequency, electrons are emitted from it. This
phenomena of ejection of electron is called the Photoelectric effect.

The photoelectric effect is the process that involves the release or rejection of electrons from the surface of materials (this material is generally a
metal) when light falls on them. This concept that makes us comfortable to understand quantum nature of electron and light.

The electrons ejected during photoelectric effect were called as photoelectrons.There is one condition for photoelectric effect which is very much
important that for photoemission to take place, energy of incident light photons should be greater than or equal to the work function of the metal.
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Work function (¢) is defined as the minimum quantity of energy which is required to remove an electron to infinity from the surface of a given
solid, usually a metal.

Now on the basis of work function (¢) we can define two related quantity which are Threshold frequency and Threshold wavelength. Now as we
know that the energy is of photon is given by -

E—hy="2
LI /\

Now the frequency corresponding to the energy equals to work function is called Threshold frequency and similarly the wavelength corresponding
to the work function is Threshold wavelength.

. o]
O =hyy vy = f_
t

he he
Similarly ¢ = ne Mn = i

@

Now, let us understand with an experiment which was performed by Heinrich Rudolf Hertz.

For this let us consider the given set-up-

Quartz
window

Evacuated
Photosensitive lass tube

plate

' Commutator

A

In this experiment setup, an evacuated glass tube is there. Two zinc plates C and A are enclosed. Plates A acts as an anode and C acts as a
photosensitive plate. Two plates are connected to a battery and ammeter as shown. If the radiation is incident on the plate C through a quartz
window, electrons are ejected out of the plate and current flows in the circuit this is known as photocurrent. Plate A can be maintained at the
desired potential (+ve or — ve) with respect to plate C.

Experimental Set-up to study Photoelectric Effect:

UV light
w
-~ . A..;. ._:_._.. A
= e = s ‘_.-_.
A C - Metallic catho
S
SLK o e A - Metallic Anod
W — Quartz Windo
||4|4|4| » - Photoelectron

Glass transmits only visible and infra-red lights but not UV light.
Quartz transmits UV light.

When light of suitable frequency falls on the metallic cathode, photoelectrons
are emitted. These photoelectrons are attracted towards the +ve anode and
hence photoelectric current is constituted.

Applications of Photoelectric Effect -

o This phenomenon is used to generate electricity in Solar Panels.
¢ We come across many sensors in our day-to-day life. A few sensors are also working in the Photoelectric effect.
o It is also used in digital cameras because they have photoelectric sensors.

Note -

 In case of Threshold frequency - If incident frequency ¥ < ¥ . No photoelectron emission. The minimum frequency of incident radiation to
eject electron is threshold frequency (¥0)
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In case of Threshold Wavelength - If A > M No photoelectron emission. The maximum wave length of incident raditaion required to eject

the electron is Threshold Wavelength (Ao
¢ Work function

h = Planck's constant
vy = threshold frequency
Energy used to overcome the surface barrier and come out of metal surface.

C) = h]’){]

Kinetic Energy of Photo eletrons
m — mass of photoelectron

Remaining part of the energy is used in gaining a velocity ' to the emitted photoelectron

L
Frar = > MWy

+ Conservation of energy

Photon
hv

2
LT

, 1
hv = og + Smu

2

1
hy = hy + 5 MW

L 4
hiv—w) = P

where, h—Planck's constant, v—Frequency, vy—threshold frequency, dg—
work function

Graphs related to Photoelectric effect -

1. Stopping potential-

The negative potential of the collector plate at which the photoelectric current becomes zero is called the stopping potential or cut-off potential.
Stopping potential is the value of retarding potential difference between two plates which is just sufficient to stop the most energetic photoelectrons

emitted. It is denoted by Vo,

We need to equate the maximum kinetic energy Kmax of the photo-electron (having charge e) to the stopping potential V,

‘We know that,
Electric potential energy= Potential DifferencexCharge
So,
U=V x
U=F ([]I:'LX
|LI] X (7'| = Kmax
= Knax = |f“EJ|
Also

hv = hv, + K. E (o)

Now since K.E. ;.. =eV,, So we can write that -

eVe=h(v— )
or
\'r_s = %(V - Vo)
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The above graph shows the variation between the stopping potential and frequency.
2. Saturation current -
The photoelectric current attains a saturation value and does not increase further for any increase in the positive potential. It means that this
photoelectric current is the saturation current even we are increasing the value of the positive potential.

1. Variation of photocurrent with intensity -

Photoelectric current

Intensity of light ——

2. Variation of photoelectric current with potential and intensity

Photo current
—
W

Stopping
potential

~A O Anpde —
«—— Relarding potential ¥
potential

3. Effects of frequency of incident light on the stopping potential -
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4. Variation of Kinetic energy with frequency

max

ol— >

Kinetic energy V/s frequency

4. Einstein's Photoelectric Equation

Einstein's Photoelectric equation-

According to the experiment performed by Albert Einstein, there are some conclusions that those photo-electrons have kinetic energy only. Also, the
energy absorbed by the photons is partly used to overcome the force by the metallic surface. Since there is no electric field present outside the
metallic surface so there will be only energy present is pure kinetic energy.

So, we have K.E. of the photo-electrons = (Energy obtained from the Photon) — (The energy used to escape the metallic surface)

Here, The energy used to escape the metallic surface is the work function (@)
So Einstein’s Photoelectric equation can also be written as -

KE =hv-©
We can understand the work function more clearly like this -

As we know an electron needs some minimum energy to be extracted from a metallic surface. So from the above equation, if v = threshold
frequency (vg) then the electrons gets just enough quantum energy to come out of the metal. It means that the Kinetic Energy of such an electron

will be zero. So we can write that -
hvg — ® =0 or hvg = ¢

This is the relation between the threshold frequency and the work function. We can also change this equation in terms of the threshold wavelength.

5. Radiation Pressure

Photons emitted by a source per second-

Consider a point source of light-emitting photons. And we want to find the number of Photons (n) emitted by this point source per second.
let the wavelength of light emitted by this = A and

the power of the source as P (in Watt or J/s)

As we know the energy of each photon is given by
he .

E=hv=— (in Joule)
A

where

where c = Speed of light, h = Plank's constant = 6.6 x 1073 — sec

v = Frequency in Hz , A= Wavelength of light.
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( AD
or we can write the energy of each photon as ALAY)

Then ( n=the number of photons emitted per second) is given as

sec’

Power of source (W or L) P P PX\ . -1y
n = — = == 3- = — |sec )
Energy of each photon(.J) E “T’ he et

/

The intensity of light (I) :
The intensity of any quantity is defined as that quantity per unit area.
So here, light energy (or radiation ) crossing per unit area normally per second is called intensity of light energy (or radiation ).

And the intensity I is given as

E P E
I=—=— where — = P = radiation power
At A t
J
cp 9
Tts unitis W/ or m? ¥ see

The intensity of light due to a point isotropic source:
An isotropic source means it emits radiation uniformly in all directions.

So The intensity I due to a point isotropic source at a distance r from it is given as

. 1
= > =ie I ox—
dr= re

I

Photon Flux-

The photon flux (¢') is defined as the number of photons incident on a normal surface per second per unit area.

As we know n ( the number of photons emitted per second) is given as

Power of source (W or fr1 P -1y
= = = — [sec
Energy of each photon(.J) E l

Similarly intensity I is given as
P

I=—
A

So The photon flux (%) is given as ratio of Intensity (I) to Energy of each photon

5 Intensity I n

[ — = —= = —
Energy of each photon E A
oI I
h=—=="—

or E ke

¢ The photon flux (‘?9) due to a point isotropic source:

The photon flux (%) due to a point isotropic source at a distance r from it is given as

. number of photon per sec n
o= - - ; - =
sur face area of sphere of radius v 4dwr

o

Force exerted on a surface due to radiation-

Radiation pressure/force- When photons fall on a surface they exert a pressure/force on the surface. The pressure/force experienced by the surface
exposed to the radiation is known as Radiation pressure/force.

P P P
n——— —= —
n=Number of emitted photons per sec is given as E  h he

where E= The energy of each photon

o p=
and Momentum of each photon is given as

E i
( A
And we know the force is given as rate of change of momentum.

_dp
Le For each photon =~ dt
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and for n photons per sec F=n(Ap)
For a black body, we get 100 % absorption or a=1

i.e for this surface 100% of the photon will be absorbed

h
Iapl=lo—pi="1

Px h P
F=n(Ap)= —x —=—
So Force is given as he A ¢
where P=Power
P
I=—=P=IA
As A
P 1A
F = — =
So Force is given as r C
FooT
Pressure = — = -
and radiation pressure is given as A C

i.e For black body,

F=2

Pressure = %
o For perfectly reflecting surface (i.e mirror)
ier=1

i.e for this surface 100% of the photon will be reflected

iePr ="M
2h
SO|ﬂP| =lpr—pl=|=-pi—pl = Y
Px 2] 2P 2]A
F:n(ﬂp]:—x—I:_:_
So Force is given as he A c £
21
Pressure = — = —
and radiation pressure is given as £ o

o For neither perfectly reflecting nor perfectly absorbing body
i.e body having Absorption coefficient=a and reflection coefficient=r

and we have @ +7 =1

aP 2Pr P P P
- = e @+ = (1= +2) = (1 +7)
So Force is given as c (o] C o C
F P I
Pressure = — = —(1+7r) = =(1+7r)
and radiation pressure is given as £ Ae c

6. Wave nature of matter

As we know light behaves both as a wave and particle. If you are observing phenomena like the interference, diffraction or reflection, you will find
that light is a wave. However, if you are looking at phenomena like the photoelectric effect, you will find that light has a particle character.

De Broglie’s hypothesis stated that there is symmetry in nature and that if the light behaves as both particles and waves, matter too will have both
the particle and wave nature.

i.e if a lightwave can behave as a particle then the particle can also behave as wave.
De Broglie’s Equation-
According to De Broglie, A moving material particle can be associated with the wave.

De Broglie proposed that the wavelength A associated with the moving material particle of momentum p is given as
_h
P

A

where ' = plank’s constant ypqh = 6.626 x 1073 Js

further, we can write De - Broglie wavelength as
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pomv \2mK

where

I = plank's constant

m = mass of particle

v = speed of the particle

K = Kinetic energy of particle

So from De Broglie’s Equation, we can conclude that-
A E

. 1

i.e Wavelength associated with a heavier particle is smaller than that with a lighter particle.

A ﬂi

[ 1!
i.e when Particle moves faster, then wavelength will be smaller and vice versa

« if the particle at rest then De - Broglie wavelength will be infinite (A = x)
Aa—a—a——

. p v K

¢ De - Broglie wavelength (A) is independent of charge.

De - Broglie wavelength of Electron-

L

\ = h
As De Broglie’s Equation is given as poomu \2mK

So for an electron having velocity v attained by it when it is accelerated through a potential difference of V.

then (Kinetic energy gain by the electron)=(work is done on an electron by the electric field)
- : 1 9 -
K =Wg=-ma° =¢eV
ie 2
h h _ I
mev \2m K\ /2m.(eV)

So De - Broglie wavelength of Electron is given as

using h = 6.626 x 103 Jsand e = 9.1 x 107 kgande = 1.6 x 1079 ©

12.27

€ — = - 40 .
we get vV (i.e answer will be in A" = Angstr oy

Similarly, we can find De - Broglie wavelength associated with charged particle

De - Broglie wavelength with charged particle-

h h
V2mK N 2mqV

Where X — kinetic energy of particle

q — charged particle
V' — potential dif fenence
¢ De - Broglie wavelength of the proton

m, =167 x 1077 kg qqp=e=16x10"C

using

/\pa‘otml = =

we get VV
¢ De - Broglie wavelength of Deuteron

using 70 = 2 X 1.67 x 107 kganaqp = =16 x 107 C

0.202
/\dreuh‘ml - —,Ao
we get vV
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¢ De - Broglie wavelength of an Alpha particle (He2+)

using Ma2+ = 4 X 1.67 x 1077 kgand gazs =26 =2x 1.6 x 1077 C

0.101
)\r\—}m:-r.’r-rtf = T—‘l)

we get
¢ Electron microscope-

An electron microscope is an important application of de-Broglie waves designed to study very minute objects like viruses,
microbes and the crystal structure of the solids. In the electron microscope, by selecting a suitable value of potential difference V ,we can have an
19 9=

12.2
A = ——A°

electron beam of as small wavelength as desired. And this de-Broglie wavelength is calculated by using the formula \/1_

7.Davisson-germer Experiment

Davisson and Germer's Experiment, for the first time, proved the wave nature of electrons through electron diffraction and also verified the de
Broglie equation.

In this experiment, we will study the scattering of electrons by a Ni crystal.

Movable _
Vacuum detector , "
chamber Q
et Diffracted
Heated "« electron beam
filament f 18

Accelerating
anode

The experimental setup for the Davisson and Germer experiment is enclosed within a vacuum chamber.
The experimental arrangement of the Davisson Germer experiment consists of the following main parts
¢ Electron gun: An electron gun comprising of a tungsten filament F was coated with barium oxide and heated through a low-voltage power
supply. It emits electrons when heated to a particular temperature. The electrons emitted by the electron gun are again accelerated to a
particular velocity.
¢ Collimator: The accelerator is enclosed within a cylinder perforated with fine holes along its axis, these emitted electrons were made to pass
through it. Its function is to render a narrow and straight (collimated) beam of electrons ready for acceleration.
o Target: The target is a Nickel crystal. The beam produced from the cylinder is again made to fall on the surface of a nickel crystal. The crystal
is placed such that it can be rotated about a fixed axis. Due to this, the electrons scatter in various directions.
¢ Detector: A detector is used to capture the scattered electrons from the Ni crystal. The beam of electrons produced has a certain amount of
intensity which is measured by the electron detector and after it is connected to a sensitive galvanometer, it is then moved on a circular
scale to record the current.

Observations of Davisson Germer experiment-

e The intensity of the scattered electron beam is measured for different values of the angle of scattering (%) by changing the © (angle between
the incident and the scattered electron beams).

These electrons formed a diffraction pattern. Thus the dual nature of matter was verified.
o The energy of the incident beam of electrons can be varied by changing the applied voltage to the electron gun.
Note-Intensity of a scattered beam of electrons is found to be maximum when the angle of scattering is 50 and the accelerating potential is 54 V.
i.e we could see a strong peak in the intensity. This peak was the result of the constructive interference of the scattered electrons.

The intensity of the scattered electrons is not continuous. It shows a maximum and a minimum value corresponding to the maxima and the minima
of a diffraction pattern produced by X-rays.

Galvanometer in Davisson Germer Experiment-
The detector is connected to a sensitive galvanometer to measure the small values of current due to a scattered beam of electrons.

* Bragg’s formula-
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Incident X-rays Diffracted X-rays

2d sinB

Constructive interference when
nA=2d sinB
Bragg’ s Law

@ © \¢ © g o o
d sin8®
The path difference between electrons scattered from adjacent crystal planes is given by Az = 2dsinf!

and For constructive interference between the two scattered beams
Ar=2dsin® =nA
where @ — distance between di f fracting planes

and # is the angle between the incident rays and the surface of the crystal

For the above figure ¥ = scattering angle
As 0+ ¢+ 8 =180°
i 180 — ¢
So 0= 2
The intensity of a scattered beam of electrons is found to be maximum when the angle of scattering is 50"
So For @ = 50" ye get 0+ 507 + 6 = 180°
we get 1 = 63"
Co-relating Davisson Germer experiment and de Broglie relation-

According to de Broglie,
12.27
R

and using V = 54 Volt we get Ae = 0.167 nm

Ae A°

From Bragg’s formula, we have 2d sin © = nA
The Lattice Spacing in Ni Crystal is given as d=0.092 nm.
Andusing = 1 . ¢ = 50" and V = 50 Volt
we get Ac = 0.165 nm
Therefore the experimental results are in close agreement with the theoretical values got from the de Broglie equation.
Thus Davisson and Germer's Experiment verify the de Broglie equation.
Frank Hertz Experiment-
This experiment is the first experimental verification of the existence of discrete energy states in atoms.

Frank and Hertz proposed that the 4.9 V characteristic of their experiments was due to the ionization of mercury atoms by collisions with the flying
electrons emitted at the cathode.

Atoms
Important Formulae

1. Rutherford's Atomic Model And Limitations

J.J Thomson's model - J. J. Thomson, who discovered the electron in 1897, proposed the plum pudding model of the atom in 1904 before the
discovery of the atomic nucleus in order to include the electron in the atomic model. In Thomson’s model, the atom is composed of electrons
surrounded by a soup of positive charge to balance the electrons’ negative charges, like negatively charged “plums” surrounded by positively
charged “pudding”.
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The Rutherford Model (Gold Foil Experiment ) :

Rutherford and his colleagues Geiger and Marsden bombarded a thin gold foil of thickness approximately 8.6 x 107% cm with a beam of alpha
particles in a vacuum. They used gold since it is highly malleable, producing sheets that can be only a few atoms thick, thereby ensuring smooth
passage of the alpha particles. A circular screen coated with zinc sulphide surrounded the foil. Since the positively charged alpha particles possess

mass and move very fast, it was hypothesized that they would penetrate the thin gold foil and land themselves on the screen, producing fluorescence
in the part they struck.

In line with the plum pudding model, since the positive charge of atoms was evenly distributed and too small as compared to that of the alpha
particles, the deflection of the particulate matter, if any, was predicted to be less than a small fraction of a degree.
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weth little orne Fmail angie

deflaction

Gold Foil Experiment
Observations :

e Most of the alpha particles behaved as expected, there was a noticeable fraction of particles that got scattered by angles greater than 90
degrees.

o In fact, there were about 1 in every 2000 particles that got scattered by a full 180 degree, that is, they simply retraced their path after hitting
the gold foil.

Conclusion: A highly concentrated positive charge at the center of an atom that caused an electrostatic repulsion of the particles strong enough to
bounce them back to their source. The particles that got deflected by huge angles passed close to the said concentrated mass. Most of the particles
passed undeviated as there was no obstruction to their path, proving that the majority of an atom is empty. Rutherford drew the conclusion that
since the dense alpha particles could be deflected by the central core, it shows that almost the entire mass of the atom is concentrated there.
Rutherford named it the “nucleus” after performing the experiment in various gases.

Rutherford scattering formula

Microscope

Fluorescent
) screen
Scattering

angla

y Polonium Gold
sample fol

For a detector at a specific angle () with respect to the incident beam, the number of particles per unit area striking the detector is given by the
Rutherford formula:

Distance of closest approach :

The minimum distance from the nucleus up to which the ex - particle approach, is called the distance of closest approach (Tﬂ). At this distance the
entire initial kinetic energy has been converted into potential energy so

i
_

@ﬁ Nueleus
a-partcle o - \ \
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Impact parameter: It is defined as the perpendicular distance of the velocity of the alpha-particle from the centre of the nucleus when it is far
away from the atom. The shape of the trajectory of the scattered alpha particle depends on the impact parameter 'b' and the nature of the potential
field. Rutherford deduced the following relationship between the impact parameter 'b' and the scattering angle f. It is given as

B Ze? cot(/2)

- deg (%m e'z)

= bhox cot(A/2)

a _//
— .-

b

b :

e Nugleus

nclusion and dr. k of Rutherford model:

Conclusion:

1. A highly concentrated positive charge at the center of an atom that caused an electrostatic repulsion of the particles strong enough to bounce
them back to their source.

2. The particles that got deflected by huge angles passed close to the said concentrated mass ( nearly 99.95 % ). Most of the particles passed
undeviated as there was no obstruction to their path, proving that the majority of an atom is empty.

3. Rutherford drew the conclusion that since the dense alpha particles could be deflected by the central core, it shows that almost the entire
mass of the atom is concentrated there. Rutherford named it the “nucleus™ after performing the experiment in various gases.

Limitations of Rutherford model:

1. It could not explain stability of an atom because this model does not obey Maxwell law of electrodynamics. According to Maxwell electron
should continuous emit radiation and thus and gradually lose energy , so its distance from nucleus should become shorter and finally it should
fall into the nucleus.

2. It could not explain line spectra of atom. According to this model the spectrum of atom must be continuous whereas practically it is a line
spectrum.

3. It did not explain the distribution of electrons outside the nucleus.

2.Bohr Model Of The Hydrogen Atom

Bohr's Model of hydrogen atom:

Bohr proposed a model for hydrogen atom which is also applicable for some lighter atoms in which a single electron revolves around a stationary
nucleus of positive charge Z, (called hydrogen-like atom)
Bohr's model is based on the following postulates-

(1). Bohr’s first postulate was that an electron in an atom could revolve in certain stable orbits without the emission of radiant energy, contrary to
the predictions of electromagnetic theory. According to this postulate, each atom has certain definite stable states in which it can exist, and
each possible state has definite total energy. These are called the stationary states of the atom

For electrons revolving in a stable orbit, the necessary centripetal force is provided by the coulomb's force

2 o
muv;,  kze®

- 2
Tn (s
(2). Bohr’s second postulate defines these stable orbits. This postulate states that the electron revolves around the nucleus only in those orbits for
h

which the angular momentum is some integral multiple of 27 where h is the Planck’s constant (= 6.6 x 107343 s). Thus the angular

nh

. . . CL=muyr,=—n=123..x

momentum (L) of the orbiting electron is quantised. That is 27
(3). Bohr’s third postulate incorporated into atomic theory the early quantum concepts that had been developed by Planck and Einstein. It states
that an electron might make a transition from one of its specified non-radiating orbits to another of lower energy. When it does so, a photon
is emitted having energy equal to the energy difference between the initial and final states. The frequency of the emitted photon is then
given by hv = Ei — Ly
E; is the energy of the initial state and Ey is the energy of the final state. Also, E; > Ey.
rp-radius of the nth orbit
v,- speed of an electron in the nth orbit

Radius of orbit and velocity of the electron-

Radius of the orbit: For an electron around a stationary nucleus the electrostatic force of attraction provides the necessary centripetal force.

—————————{ www.careers360.com | Back to Index (@ 417



1 (Zele _ gm? .
T T = (i)

also mur = 48
2%

From equations (i) and (ii) radius of r orbit

__onfh? omZhiey _ pyoman? L1
n = IxfkZmeZ — mTmZeZ 0'037‘4 k= dmeg
‘1‘12
= 'y X 7z
2

LM
= = 0.03§A
Speed of electron:-

From the above relations, the speed of electrons in n'" orbit can be calculated as
2nkZe? Ze? ( c ) Z

- - 137

Z
Uy = = = =22 % loﬁ—m;’scc
nh 2sonh

T T

where (€= speed of light =3 x 108mfjs)

3. Energy Level - Bohr's Atomic Model

Energy of electron in nth orbit-

Potential energy: An electron possesses some potential energy because it is found in the field of the nucleus potential energy of an electron in 1"

orbit of the radius » is given by

Uk (Ze)(—e) _L‘erz

n n

Kinetic energy: Electrons possess kinetic energy because of their motion. Closer orbits have greater kinetic energy than

M _ k(Ze)(e)

7

outer ones. As we know 'n Ta
9 -

o . kZer U

Kinetic energy K = = —
" 21 2

Total energy: Total energy E is the sum of potential energy and kinetic energy ie. E=K+U

2
Jo _L‘Zﬁ" - n.zfizau
2rn also " zmwme?
7 me? \ 22 me? ; 22
=—\|\—=—= =) —=— B ch—
Hence 8zih? ) n? 8ejch? n?
7 72

= _RchZ = 1362 eV
¢ n.2 ﬁ.g(

where R = Sz—rg“—ﬁ:ﬁ = Rydberg’s constant = 1.09 x 107m ™!

il

The energy level for Hydrogen-

__AB6

The energy of n™ level of hydrogen atom (z=1) is givenas : = n? o

] . 136 . . -
Energy of Ground state(n = 1) = B} = ———eV = —13.6eV

13.6
Energy of first excited state(n = 2) = Fy = ———eV = =34eV
13.6
Energy of second excited state(n =3) = E3 = —Ter = —1.51eV
13.6

Energy of third excited state(n =4) = Ey = —Wﬁv — _0.85¢V
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Binding Energy(B.E.)_of n™ orbit -The energy required to move an electron from n'M orbit to . = ocis called the Binding energy of n" orbit

OR

The binding energy of n™ orbit is the negative of the total energy of that orbit

13.62%
E]3inding - E-L — E,, = —E” [ pp—Y V)

2
n-

Ionization energy (IE): Total energy of a hydrogen atom corresponds to infinite separation between electron and nucleus. Total positive energy
implies that the atom is ionized and the electron is in an unbound (isolated) state moving with certain kinetic energy. The minimum energy required
to move an electron from the ground state(n=1) to = = 0c is called the ionization energy of the atom or ion.

The formula for the ionization energy is -
e TR T
Eionisition = Fow — By = —E) = 13.6Z%€V
On the basis of ionization energy, we can define the ionization potential also -

Ionization potential (IP): The potential difference through which a free electron must be accelerated from rest such that its kinetic energy becomes
equal to ionization energy of the atom is called the ionization potential of the atom.

r Elonisation 25 r
If"'mni:sntiun = ————— =13.62°V

e

Excitation Energy and Excitation Potential
The process of absorption of energy by an electron so as to raise it from a lower energy level to some higher energy level is called excitation.

Excited state: The states of an atom other than the ground state are called its excited states. Examples are mentioned below -
2 first excited state

n =3, second excited state
4, third excited state

n=mng+ 1, ngth excited state

Excitation energy -

The energy required to move an electron from the ground state of the atom to any other excited state of the atom is called the Excitation energy of
that state.

Erar-r'imf.'rm = Eh‘ighru- - Efrm'ru-

Excitation potential can also be defined on the basis of excitation energy. So the excitation potential is the potential difference through which an
electron must be accelerated from rest so that its kinetic energy becomes equal to the excitation energy of any state is called the excitation potential
of that state.

- EF-IT'H[IHDH

Vercitation = -
e

4.Line Spectra Of Hydrogen Atom

Line spectra of a Hydrogen atom -

According to Bohr, when an atom makes a transition from a higher energy level to a lower energy level, it emits a photon with energy equal to the
energy difference between the initial and final levels. If E;, the initial energy of the atom before such a transition, Ey is its final energy after the

transition, then conservation of energy gives the energy of emitted photon-

he

he=—=FE—FE
11 hy f

he =136 . —136 _, 1 1
e eV - eV = 1366V [ — — —
A m; ny ny n
Reh = 13.6eV = 1Rydberg energy

1 1 1

—=R|—=-—
D) nf- n?

where R = Rydberg's constant = 1.097 x 107m ™

For Hydrogen-like atoms, the wavelength of an emitted photon during the transition from n; orbit to n; orbit is
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Because of this photon, spectra of hydrogen atom will emit and which is studied by various scientists. One such scientist named Balmer found
a formula that gives the wavelengths of these lines for all the transitions taking place to the 2" orbit.

The Balmer series is a series of spectral emission lines of the hydrogen atom that result from electron transitions from higher levels down to the
energy level with principal quantum number 2

Balmer observed the spectra and found the formula for the visible range spectra which is obtained by Balmer's formula is-

1 11
xzﬂ(ﬁ—n—z)--*“

Here, n=3,4,5,. . . . etc. ,

R = Rydberg constant = 1.097 x 10°m™
and A is the wavelength of the light photon emitted during the transition.

Since Balmer had found the formula for n = 2, but we can obtain different spectra for different values of n. For n = o0, we get the smallest
wavelength of this series, which is equal to = 3646 .. We can also obtain the value of wavelength for Balmer's series by putting different values of
'n' in the equation (1). Similarly, we can obtain the wavelength of the different spectra like the Lyman, Paschen series. Since the Balmer series is in
the visible range but the Lyman series is in the Ultraviolet range and the Paschen, Brackett, and Pfund are in the Infrared range.

Lyman series: + = R (& —4).n=2,34,...

e
Balmer series: JX =R(& - %_r) n =345 ...

1

Paschen series: y = R (Tjr — ) n=4,56,...

J._

Brackett series: % =R (Tj_r - —Jr) n=>506,T7,...

m

Pfund series: JI =R (Tjr — —Jr) .n=6,T7,8

Balmer series

{visible light) Paschen series

Brackett series
(infrared)

Plund series
{infrared)

E,.= 0eV n=o
E;=-054¢eV ! Yy =5
o= 085eV 111 Piund n-4

4 . | Brackett
E;=-15eV Y n=3
Paschen
E2=—3.4 eV YYYY n=2
Balmer
E;=-13.6eV LYY n=1

Lyman
Energy level diagram for hydrogen atom
This is for the hydrogen spectrum
5.De-broglie's explanation of Bohr's second postulate
Since the Bohr gave many postulates in his theory, but the second postulate is not very clear and little puzzling. The Scientist De Broglie explained

i
this puzzle very clearly that why the angular momentum of the revolving electron is the integral multiple of the hi27 pe broglie in his experiment
proved that the electron revolving the circular orbit has wave nature also in the last chapter we have seen the experiment performed by the Davison
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and Germer which proved that the electron shows the wave nature. In analogy to waves travelling on a string, particle waves too can lead to
standing waves under resonant conditions. During the chapter Waves and Oscillation, we know that when a string is plucked, a vast number of
wavelengths are excited. However only those wavelengths survive which have nodes at the ends and form the standing wave in the string. It means
that in a string, standing waves are formed when the total distance travelled by a wave down the string and back is any integral number of
wavelengths. Waves with other wavelengths interfere with themselves upon reflection and their amplitudes quickly drop to zero.

For an electron moving in 72 th Gircular orbit of radius n, the total distance is the circumference of the orbit, 27ry,

2ar, =nA, n=123...

Figure given above illustrates a standing particle wave on a circular orbit for n = 4, i.e., 2nr;, = 4\, where A is the de Broglie wavelength of the

electron moving in n™ orbit. From the last chapter we have studied that A = h/p, where p is the magnitude of the electron’s momentum. If the speed
of the electron is much less than the speed of light, the momentum is mv,,.

Thus,

From the above equation, we have,

nh nh
or, Mu,Tp, = —
miy 2T

27T, =

This is the quantum condition proposed by Bohr for the angular momentum of the electron. Thus de Broglie hypothesis provided an explanation for
Bohr’s second postulate for the quantisation of angular momentum of the orbiting electron.

The quantised electron orbits and energy states are due to the wave nature of the electron and only resonant standing waves can persist. Bohr’s
model, involving a classical trajectory picture (planet-like electron orbiting the nucleus), correctly predicts the gross features of the hydrogenic
atoms(Hydrogenic atoms are the atoms consisting of a nucleus with positive charge +Ze and a single electron, where Z is the proton number.
Examples are a hydrogen atom, singly ionised helium, doubly ionised lithium, and so forth.), in particular, the frequencies of the radiation emitted
or selectively absorbed.

6. Effect of Nucleus motion on Energy-

Till now in Bohr's model, we have assumed that all the mass of the atom is situated at the center of the atom. As the mass of the electron is very
much small and negligible as compared to the mass of the nucleus so all the mass is assumed to be concentrated at the center of the nucleus. But
actually, centre of mass of the nucleus-electron system is close to nucleus as it is heavy, and to keep the centre of mass at rest, both electron and
nucleus revolve around their centre of mass like a double star system as shown in figure. If r is the distance of electron from nucleus, the distances
of nucleus and electron from the centre of mass, "1 and 2, can be given as -

mer
nm=——-
my + m,
myr
and 19 = —"+—
my + M
+Ze
[ - s O
o e
Nuecleus
o e
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We can see that the atom, nucleus, and electron revolve around their centre of mass in concentric circles of radii "1 and 72 to keep the centre of mass
at rest. In the above system, we can analyze the motion of electrons with respect to the nucleus by assuming the nucleus to be at rest and the mass of
electron replaced by its reduced mass He, given as -

Ty T
log = —————
My + M,

Now we can change our assumption and the system will look like as shown in the figure with reduced mass -

' Rest T
R Q_‘_—_—__r—_‘_‘—‘—-—.c') _mym,
i bk ST my

Now we can derive the equation obtained by Bohr with the reduced mass also -

2,2
n-h-

A2k Ze?m,

n =

Now after replacing the electron mass with its reduced mass, the equation becomes -

P2 P2
) n“h= o nh® (my + me)
r = — r = —
"oAnlkZetp, T An2kZetmomy

2
m, _ mn*
or 7l =1, x — =r=(0.529A)
He IH.Z

But there will be no effect on the velocity because the term of mass is not present there -

2
2nkZe”
Uy = ———
nh

Similarly for the energy, we can write that -

After putting the reduced mass in the equation -

E = 2n2k2 Z2edmym,

n Tmpy+m, )

‘E:l =E,xk=E= _(13'60V)%§ (ﬂ)

. m

Thus, we can say that the energy of electrons will be slightly less compared to what we have derived earlier. But for numerical
calculations this small change can be neglected unless in a given problem it is asked to consider the effect of motion of nucleus.

7.Atomic Collision-

There are two ways to excite an electron in an atom-

1. By supplying energy to an electron through electromagnetic photons for eg., the Photoelectric effect
2. By the atomic collision, the kinetic energy loss is utilized in the ionization or excitation of the atom.
Now let us understand the atomic collision -

Collisi faN itl )

Let us consider an example of a head-on collision of a moving neutron with a stationary hydrogen atom as shown in the figure. Here. for
mathematical analysis, let us assume the masses of the neutron and H atom to be the same -

- O
B e e et
Moving neutron H atom
with at rest
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Now there are two cases, the first is a perfect elastic collision and another is a perfectly inelastic collision.

1. Perfect elastic collision -

n\ L i
/1N
n H v
———————————————— e e
Neutron Moving
at rest H atom

In this case, since the mass of the neutron and mass of the hydrogen atom, then the hydrogen atom will move with the same speed and kinetic
energy which neutron is moving initially.

2. Perfect inelastic collision -
If both have perfect inelastic collision, then both move together. Now by applying conservation of momentum -

mug = 2mu

=] =

b=

Us is the initial velocity of the neutron
U1 is the final combined velocity of the atom and neutron.

Now the difference between initial and final kinetic energy is given as -

AE = E; — Ey
1 5 1, Vg 2
= 5mY; = ELEm) (ED)
_Los 1
= gmY, — ymv
1 1
= imug = GE“

Thus, half of the initial kinetic energy will be lost in the collision. The energy lost can only be absorbed by the atom involved in the collision and
may get excited or ionized by this energy loss which takes place in case of inelastic collision. Here we are not considering the heat energy loss
during the collision.

Neutron H atom
————— L e )
af rest

Neutron and excited H atom

This loss in energy can be absorbed by the H atom only. From the previous concepts, we know that the minimum energy needed by the hydrogen
atom to get excited is 10.2 eV for n =1 to n=2. So the minimum energy loss must be equal to 10.2 eV to excite hydrogen atoms. If the loss in energy
is more than 10.2 eV then only 10.2 eV is absorbed by the hydrogen atom and the rest of the energy remains in the colliding particles (Neutron and
H atom) as the collision is not perfectly inelastic.

8.X-rays

X-rays-

X-rays are highly energetic radiations with very short wavelengths. Their wavelength is even shorter than the ultraviolet radiations and varies
between 0.03 and 3 nanometers and some x-rays are as small as a single atom of many elements. X-rays were discovered by Roentgen, who found
that a discharge tube(Coolidge's tube), operating at low pressure and high voltage, emitted radiation that caused a fluorescent in the neighbourhood
to glow brightly. This indicates that some unknown radiation was responsible for fluorescence. Since the name of these rays was unknown so it is

named X-rays.

Properties of X-rays -

¢ They pass through materials more or less unchanged

¢ They cannot be refracted

e Electric and magnetic fields do not have any effect on these rays

¢ These radiations ionize the surrounding air by discharging electrified bodies

¢ They have a short wavelength varying between 0.1 A°to 1 A°.
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¢ They are produced when a metal anode is bombarded by very high-energy electrons.

¢ They do not require any medium for propagation

¢ X-rays cannot be focused on a single point

¢ These radiations cannot be heard or smelt

¢ They travel in a straight line in free space

¢ They cause photoelectric emissions.

o The intensity of X — rays depends on the number of electrons hitting the target.
Application of X-rays -

* Medical Science - They are used for medical purposes to detect the breakage in human bones.

o Security - They are used as a scanner to scan the luggage of passengers in airports, rail terminals, and other places.
e Astronomy - It is emitted by celestial objects and is studied to understand the environment.
.

Industry - It is widely used to detect defects in welds.
Restoration - They are used to restore old paintings.

9.Continuous X-ray-

As we know about the phenomenon of visible light, similarly continuous X-ray spectra also contain photons ranging through a lot of wavelengths.
From the previous concept, we know that the production of X-rays happens when the target which is made up of an element with a high atomic
number is hit by electrons traveling at a high velocity. So out of the total energy, most of the energy applied is wasted by being converted into heat
energy in the target material’s system. X-rays that have continuously unstable wavelengths are produced due to the loss of energy that the few
electrons that were moving fast enough (and penetrated to the interior sections of the atoms of the material being targeted) suffer. Since the
attractive pulling forces applied by the nucleus of the target element cause a deceleration of these fast-moving electrons, this decreases the energy of
the electron continuously. Due to this, varying frequency of X-rays is emitted continuously due to the retardation of the speed of electrons. The X—
rays consist of a continuous range of frequencies up to a maximum frequency 1/, or minimum wavelength )‘min- This is called continuous X —

rays. The minimum wavelength depends on the anode voltage. If V is the potential difference between the anode and the cathode, then -

he

eV = hiimay =
T

To produce the continuous X-ray in the Coolidge tube, an electron is projected toward the anode with an accelerating voltage V. So, the kinetic
energy of the projectile electron will be eV. As shown in the figure, it experiences strong electric force toward the nucleus of the atom and due to
this strong attraction the velocity of this electron, when it emerges from the atom, will be highly reduced and negligible compared with the initial
speed of the projectile electron.

According to the law of conservation of energy, the energy of these electromagnetic radiations will be equal to the decrease in the kinetic energy of
the projectile electron.

But the velocity of the incoming electron will be less as compared to the projectile electron. This difference in kinetic energy will cause the
production of X-rays.

10.Characteristic X-Rays -

Few of the fast-moving electrons having high velocity penetrate the surface atoms of the target material and knock out the tightly bound electrons
even from the innermost shells of the atom. Now when the electron is knocked out, a vacancy is created at that place. To fill this vacancy electrons
from higher shells jump to fill the created vacancies, We know that when an electron jumps from a higher energy orbit E; to a lower energy orbit
E,, it radiates energy (E;—E,). Thus this energy difference is radiated in the form of X-rays of very small but definite wavelength which depends
upon the target material. The X-ray spectrum consists of sharp lines and is called the characteristic X-ray spectrum. These X-rays are called
characteristic X-rays because they are characteristic of the element used as the target anode. Characteristic X-rays have a line spectral distribution,
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unlike continuous X-rays. The wavelength spectrum of the X-frequencies corresponding to these lines is the characteristic of the material or the
target, i.e., anode material.

When the atoms of the target material are bombarded with high-energy electrons (or hard X-rays), which possess enough energy to penetrate into
the atom, they knock out the electron of the inner shell (say K shell, n=1 ). When an electron is missing in the K shell, an electron from the

next upper shell makes a quantum jump to fill the vacancy in the K shell. In the transition process, the electron radiates

energy whose frequency lies in the X-ray region. The frequency of emitted radiation (i.e., of the photon) is given by -

11
v = RZ? (—2 — —)
ﬁ.l 1

[T

Another vacancy is now created in the L shell which is again filled up by another electron jump from one of the upper shell M which results in the
emission of another photon, but of different X-ray frequency. This transition continues till outer shells are reached, thus, resulting in the continues
till outer shells are reached, thus, resulting in the emission of a series of spectral lines. The transitions of electrons from various outer shells to the
innermost K shell produce a group of X-ray lines called as K -series. These radiations are most energetic and most penetrating. K-series is further

divided into Ko K5, I depending upon the outer shell from which the transition is made (see figure).

Incident electron is also known as a projectile electron

Emitted electron is known as photo-electron / orbital electron

incident .
X-ray, electron KB line
characteristic
{fluorescent) X-ray

Ka line

photoelectron

. nucleus

@ clectron

Similarly, the rest of the series can be shown as below -
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Now notice the graph shown below and the sharp peaks obtained in the graph are known as characteristic X-rays because they are characteristic of
the target material. The characteristic wavelengths of the material having atomic number Z are called characteristic X-rays and the spectrum
obtained is called a characteristic spectrum. If a target material of atomic number Z" is used, then peaks are shifted.

H

L
T e

A N

The characteristic wavelengths of the material having atomic number Z are called characteristic X-rays and the spectrum
obtained is called a characteristic spectrum. If a target material of atomic number Z’ is used, then peaks are shifted as shown below -

|

X-ray absorption-

The intensity of X-rays at any point may be defined as the energy falling per second per unit area held perpendicular to the direction of energy
flow. Let {obe the intensity of incident beam and I be the intensity of beam after penetrating a thickness x of a material, then I'= Ie _ml, where H
is the coefficient of absorption or absorption coefficient of the material. The absorption coefficient depends upon the wavelength of X-rays, the
density of the material, and the atomic number of material. The elements of high atomic mass and high density absorb X-rays to a higher degree.

11.Moseley's IL.aw-

During the time when the periodic table is arranged with atomic weight, Moseley measured the frequency of characteristic X-rays from a large
number of elements and plotted the square root of the frequency against its position number in the periodic table. He discovered that the plot is very
close to a straight line. A portion of Moseley's plot is shown in figure where Vi of Ka X-rays is plotted against the position number. From this
linear relation, Moseley concluded that there must be a fundamental property of the atom which increases by regular steps as one moves from one
element to the other. This quantity was later identified to be the number of protons in the nucleus and was referred to as the atomic number.
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The frequency # of a characteristic X-ray of an element is related to its atomic number Z by
Vv =alZ —b)

[3Re
a =1/ —
where a and b are constants called proportionality and screening (or shielding) constants. For K series, \1 4 and that of b is 1. Here R is
Rydberg's constant and c is speed of light (as in Bohr's model).

12. Bragg's law -

s A

i iy A A 2

Al i

i
i
el o . o

g

X-ray is used in measuring the interplanar spacing 'd' and several information about the structure of the solid can be obtained. This phenomenon can
be understood by Bragg's law.

X-rays are diffracted by different atoms and the diffracted rays interfere. In certain directions, the interference is constructive and we obtain strong
reflected X-rays. The analysis shows that there will be a strong reflected X-ray beam only if -

2dsinfl = ni

where n is an integer. For monochromatic X-rays, A is fixed and there are some specific angles 1,862,605, .. etc. corresponding to ' = 1,2,3,...
etc. in equation given above. Thus, if the X-rays are incident at one of these angles, they are reflected; otherwise, they are absorbed.

Nuclei
Important Formulae

1. Nucleus Structure

An atom is the basic unit of matter.

The atom consists of a central core called ‘nucleus’ and the electrons revolve around it in nearly circular orbits as shown in the below figure.

Electron
Proton

eutron

Nucleus

The nucleus of an atom consists of neutrons and protons, collectively referred to as nucleons. The neutron carries no electrical charge and has a
mass slightly larger than that of a proton.

Constituents of the nucleus (Nucleons)-

(a) Protons:-

Mass of proton, mp = 1.6726 x 10~ kg
Charge of proton = 1.602 x 1071°C

(b) Neutron:-

Mass of neutron, m, = 1.6749 x 10" % kg

The proton is the main part of an atom and carries a positive charge. The number of protons and neutrons is usually the same except in the case of
the hydrogen atom which contains a single proton that exists on its own.

The number of protons in a nucleus (called the atomic number or proton number) is represented by the symbol Z.
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The number of neutrons (neutron number) is represented by N.

The total number of neutrons and protons in a nucleus is called its mass number and it is represented by N.

And we have A=Z+ N.

Size of the

nucleus-

o Nuclear radius - The radius r of the nucleus depends upon the atomic mass A of the element as

-
R = Ro. A" yhere Ry=Constant =1.2 fm and A=Mass number of the nucleus

V=

¢ Nuclear volume: The volume of the nucleus is given by

¢ Nuclear density: Mass per unit volume of a nucleus is called nuclear density. And it is given as

I():

E
1,:
(A).my,

T odips
5 1

Amy  3my

T EZRIA 1R}

2. Binding Energy Per Nucleon

Energy mass equivalence-

Einstein showed from his theory of special relativity that it is necessary to treat mass as another form of energy.
Einstein showed that mass is another form of energy and one can convert mass into other forms of energy, say kinetic energy and vice-versa.

For this Einstein gave the famous mass-energy equivalence relation

4»—
3I

JFJZERij]J‘q.

. — 108
E = mc® where c is the velocity of light in vacuum and ¢ = 3% 10% mfs

2
or we can say AE = Amc*

where Am = mass defect and A E' = energy released

Note:

2 : G B2 - -
o For mass defect equal to 1 amu, the energy released is AE = (Am)c” = (lamu) x (3 x 10°)" = 931.5MeV

eV a A

Density is constant for all the nuclei. It is independent of size and mass numbers.

» A small amount of mass corresponds to a large amount of energy. Energy associated with the rest mass of an object is said to be its rest mass
energy.

Rest mass of an electron (m,)

9.1x 103! kg

5.485 x 1074 amu

Rest mass of a proton (mp)

1.6726 x 1027 kg

1.00727 amu

|

1836.15 m,

Rest mass of a neutron (m,)

1.6749 x 10?7 kg

1.0086 amu

|

Energy equivalence of rest mass of an electron

0.51 MeV

|
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Energy equivalence of rest mass of a proton |938.27 MeV

Energy equivalence of rest mass of a neutron [939.56 MeV

It is very useful for calculating energy emitted in the nuclear process.

Mass defect-

It is found that the mass of a nucleus is always less than the sum of the masses of its constituent nucleons in a free state.
This difference in masses is called the mass defect.

Hence mass defect is given as

Am= Sum of masses of nucleons— Mass of the nucleus

Am = [Zmy+ (A —Z)m,) — M

where
myp = Mass of proton, m, = Mass of each neutron,
M = Mass of nuclens, 7 = Atomic number, A = Mass number,

Note- The mass of a typical nucleus is about 1% less than the sum of masses of nucleons.

Packing fraction -
Mass defect per atomic mass number is called packing fraction.
The packing fraction measures the stability of a nucleus. The smaller the value of the packing fraction, the larger is the stability of the nucleus.

Packing fraction (f) = am = M - (Zmy + (A = Z)mn)
A A

myp = Mass of proton, m, = Mass of each neutron,

M = Mass of nuclens, Z = Atomic number, 4 = Mass number,

» Packing Fraction can have positive, negative, or zero values.

. Lo . . . . . . 16
o The zero value of the packing fraction is found in monoisotopic elements where the isotopic mass is equal to the mass number. For 5O s
f — zero

¢ The negative value of the packing fraction indicates that there is a mass defect, hence binding energy. Such nuclei are stable.
¢ Positive values of the Packing fraction are unstable when undergoing fission and fusion processes.
Nuclear binding energy (B.E)-

The neutrons and protons in a stable nucleus are held together by nuclear forces and energy is needed to pull them infinitely apart. This energy is
called the binding energy of the nucleus.

OR

The amount of energy released when nucleons come together to form a nucleus is called the binding energy of the nucleus.

OR

The binding energy of a nucleus may be defined as the energy equivalent to the mass defect of the nucleus.
If Am is a mass defect then according to Einstein's mass-energy relation

sen Binding ey — dmosis apfy oA

Binding Energy Per Nucleon-

A more useful measure of the binding between protons and neutrons is the binding energy per nucleon or Ey,. It is the ratio of the binding energy of
a nucleus to the number of nucleons in the nucleus:
Ei AMe?

Ehu = ‘_’{ or Ehu = A

where, A = Number of Nucleons.
We can define binding energy per nucleon theoretically as the average energy per nucleon needed to separate a nucleus into its individual nucleons.

Let’s look at a plot of the binding energy per nucleon versus the mass number for a large number of nuclei:
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The following main features of the plot are:

1. The maximum binding energy per nucleon is around 8.75 MeV for mass number (A) = 56.

2. The minimum binding energy per nucleon is around 7.6 MeV for mass number (A) = 238.

3. The binding energy per nucleon, Ey,,, is practically constant, i.e. practically independent of the atomic number for nuclei of middle mass
number ( 30 <A < 170).

4. Ey, is lower for both light nuclei (A<30) and heavy nuclei (A>170).

We can draw some conclusions from these four observations:

Conclusion 1

The force is attractive and sufficiently strong to produce a binding energy of a few MeV per nucleon.
Conclusion 2

¢ Ey, is nearly constant in the range 30 < A < 170 because the nuclear force is short-ranged. Consider a particular nucleon inside a sufficiently

large nucleus. It will be under the influence of only some of its neighbours, which come within the range of the nuclear force.

¢ This means that all nucleons beyond the range of the nuclear force form N will have no influence on the binding energy of N. So, we can
conclude that if a nucleon has ‘p’ neighbours within the range of the nuclear force, then its binding energy is proportional to ‘p’.

o If we increase A by adding nucleons they will not change the binding energy of a nucleon inside. Since most of the nucleons in a large
nucleus reside inside it and not on the surface, the change in binding energy per nucleon would be small.

¢ The binding energy per nucleon is a constant and is equal to pk, where k is a constant having the dimensions of energy. Also, the property that
a given nucleon influences only nucleons close to it is also referred to as the saturation property of the nuclear force.

Conclusion 3

A very heavy nucleus, say A = 240, has lower binding energy per nucleon compared to that of a nucleus with A = 120. Thus if a nucleus A = 240
breaks into two A = 120 nuclei, nucleons get more tightly bound. Also, in the process energy is released. This concept is used in Nuclear Fission.

Conclusion 4

Now consider two very light nuclei with A < 10. If these two nuclei were to join to form a heavier nucleus, then the binding energy per nucleon of
the fused and heavier nucleus is more than the Ey, of the lighter nuclei. So, the nucleons are more tightly bound post-fusion. Again energy would be

released in such a process of fusion. This is the energy source of sun,
Nuclear Force-

Coulomb force is a force that determines the motion of atomic electrons. In the average mass nuclei, the binding energy per nucleon is
approximately 8 MeV, This is much larger than the binding energy in atoms. Hence, the nuclear force required to bind a nucleus together must be
very strong and of a different type. It must be strong enough to overcome the repulsion between the (positively charged) protons and to bind both
protons and neutrons into the tiny nuclear volume.

Le's look at the features of this force also called the nuclear binding force which is obtained from many experiments which were performed between
1930 and 1950.

1. The nuclear force is much stronger than the Coulomb force acting between charges or the gravitational forces between masses. This is
because the nuclear force needs to overpower the Coulomb repulsive force between the like-charged protons inside the nucleus. Hence, the
nuclear force > the Coulomb force. Also, the gravitational force is much weaker than the Coulomb force.

2. The nuclear force between two nucleons falls rapidly to zero as their distance is more than a few femtometres. This leads to a saturation of
forces in a medium or large-sized nucleus, which is the reason for the constancy of the binding energy per nucleon. Also, if the distance falls
below 0.7fm, then this force becomes repulsive. A rough plot of the potential energy between two nucleons as a function of distance is shown
below.
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The potential energy of two nucleons is a function of the distance between them.

If distance = r,. then nuclear force = attractive
If distance < ro the nuclear force = repulsive

3. The nuclear force between neutron-neutron, proton-neutron and proton-proton is approximately the same. The nuclear force does not depend
on the electric charge.

Nuclear Stability -

Nuclear Stability is a concept that helps to identify the stability of an isotope. The two main factors that determine nuclear stability are the
neutron/proton ratio (neutron to proton ratio.) and the total number of nucleons in the nucleus.

1. Neutron/proton ratio-
Stable nuclei with atomic numbers up to about 20 have an n/p ratio of about 1/1.

Above Z = 20, the number of neutrons always exceeds the number of protons in stable isotopes. The stable nuclei are located in the pink band
known as the belt of stability. The belt of stability ends at lead-208.

II. NUMBER OF NUCLEONS-
No nucleus higher than lead-208 is stable. That's because, although the nuclear strong force is about 100 times as strong as the electrostatic

repulsions, it operates over only very short distances. When a nucleus reaches a certain size, the strong force is no longer able to hold the nucleus
together.

3. Radioactive Decay-

Radioactivity(I)

A. H. Becquerel, discovered radioactivity purely by accident.The radioactivity is a nuclear phenomenon in which an unstable nucleus undergoes a
decay.

Three types of radioactive decay occur in nature :

2
(i) a-decay in which a helium nucleus 4 He is emitted;

(ii) B-decay in which electrons or positrons (positrons is the particles with the same mass as electrons but with a charge exactly opposite to that of
the electron) are emitted;

(iii) T-decay in which high frequency and energy (hundreds of keV or more) photons are emitted. Each of these decay will be considered in
subsequent sub-sections.

1.Alpha Radioactive Decay-

An alpha particle is a helium nucleus, which means that it can be represented as 42He. So, whenever a nucleus goes through alpha decay;, it gets
transformed into a different nucleus by emitting an alpha particle.

238 234

Let us take an example when “°“9,U undergoes alpha-decay, it gets transformed into “°“gyTh, which is shown as -

238 2 2
25U 24 Th +1 He

Now we have seen that 42He contains two protons and two neutrons. Hence when the alpha particle gets emitted, the mass number of the emitting

A~y A—dyr
nucleus reduces by four and similarly the atomic number reduces by two. Therefore, in general, we can write that z X hucleus to Z—2-% nucleus is

expressed as follows,
Ay A—dy 4
2X = 24X +1He
AY A-dy ) . . 238
where Z-* is the parent nucleus and Z—2<* is the daughter nucleus. One very important point to be noted is that the alpha decay of “*°9,U can

occur without an external source of energy. The reason behind this is that the total mass of the decay products i.e., (23490Th and 42He) < the mass of

the original 2389, U.

Or, we can say that the total mass-energy of the decay products is less than that of the original nuclide.

This gives rise to a new term called ‘Q value of the process’ or ‘Disintegration energy’ which is the difference between the initial and final mass
energy of the decay products. So, for alpha decay, the Q value is expressed as -

, v o2
Q = (my —my —my) c”

X

A—dvyr
This disintegration energy is shared between the daughter nucleus, z—2-<* and the alpha particle both and for 4,He it is in the form of kinetic energy.
Note-

Alpha decay obeys the radioactive laws.

Nuclear Reactions-
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The process by which the identity of a nucleus is changed when it is bombarded by an energetic particle is called a nuclear reaction.
The general expression for the nuclear reaction is as follows.

X+Y =Z2+0

where X and Y are known as reactants and Z is known as products.

and Q is the energy of the nuclear reaction (i.e. Q value)

Q value-

The energy absorbed or released during the nuclear reaction is known as the Q-value of the nuclear reaction.
Q -value = (Mass of reactants — mass of products)c® Joules

for the below reaction

X+Y —=Z2+Q

Q= (M, + M, — M,)C*

where

M, and M, ¥ are mass of reactant
M. is mass of product
e If Q <0, The nuclear reaction is known as endothermic. (The energy is absorbed in the reaction)
e If Q> 0, The nuclear reaction is known as exothermic (The energy is released in the reaction)
Law of conservation in nuclear reactions-
The following quantities are conserved in nuclear reactions
e The mass number (A)
¢ The charge number (Z)

¢ Linear momentum/angular momentum
¢ Total energy

2.Beta radioactive decay:-

Beta decay happens when a nucleus decays spontaneously by emitting an electron or a positron. Like alpha decay, it is also a spontaneous process,
and it is also having definite disintegration energy and half-life as well. It is also following the radioactive laws. A Beta decay can either be a beta
minus or a beta plus decay.

In a Beta minus (57) decay , as the name indicates an electron is emitted by the nucleus.
Let us take an example,
EP o S+e +vo

where, v~ is an antineutrino,
Note- Property of neutrino

1. Zero electric charge

2. It's mass much less than the mass of the electron

3. Very weak matter making it quite difficult to detect
i.e For

¢ (3 Minus - decay
AX =4, Y +e + v +Q value

Quvalue = [My — My]c?

In a Beta plus decay, as the name indicates that it is a positron is emitted by the nucleus. Let us take an example,

I2NT 22 nr +
1iNa =95 Ne +e™ + v

where v is a neutrino, which is a neutral particle with negligible or no mass. The neutrinos and antineutrinos are emitted from the nucleus along
with the positron or electron during the beta decay process. Neutrinos interact very weakly with matter.

i.e For

e (3 plus decay
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AX =4 Y +e” + v+ Q value

Q value = [My — My — 2M,] 2

Further, in a Beta minus decay, a neutron transforms into a proton (inside the nucleus):
n—pt+e +v

Also, in a Beta plus decay, a proton transforms into a neutron within the nucleus:
p—=n+e’ +u

Here, the point to be noted is that the mass number (A) of the emitting nuclide does not change. From the above equation, either a
neutron transforms into a proton or vice versa.

3. Gamma Radioactive Decay-
We know that atoms have energy levels. Like the atom, a nucleus has energy levels too. When a nucleus is in an excited state then to make itself
stable, transition occurs to a lower energy state by emitting an electromagnetic radiation. The energy difference between the states in a nucleus is in

MeV. Hence, the photons emitted by the nuclei have MeV energies and called Gamma rays.

As we have seen after an alpha or beta emission, most radionuclides leave the daughter nucleus in an excited state. To reach the ground state,
this daughter nucleus emits one or multiple gamma rays.

Let us take an example,

6027C0 undergoes a beta decay and then transforms into 6028Ni. Then this 6028Ni becomes the daughter nucleus. 6028Ni is in its excited state and
this excited nucleus reaches the ground state by the emission of two gamma rays having energies of 1.17 MeV and 1.33 MeV.

4. Law Of Radioactivity Decay

Radioactivity-

The phenomenon by virtue of which a substance, spontaneously, disintegrates by emitting certain radiations is called radioactivity.
Activity (A)-

Activity is measured in terms of disintegration per second.

dt

Units of radioactivity:-

Its SI unit is 'Bq (Becquerel)'.

Curie (Ci):- Radioactivity of a substance is said to be one curie if its atoms disintegrate at the rate of 3.7x1010 disintegrations per second. I.e

1Ci = 3.7 x 10°Bg = 37GBq
Rutherford (Rd):- Radioactivity of a substance is said to be 1 Rutherford if its atoms disintegrate at the rate of 108 disintegrations per second.
The relation between Curie and Rutherford- 1 C = 3.7x10% Rd

Laws of radioactivity-

Radioactivity is due to the disintegration of a nucleus. The disintegration is accompanied by the emission of energy in terms of o, 3 and y-rays either
single or all at a time. The rate of disintegration is not affected by external conditions like temperature and pressure etc.

According to Laws of radioactivity the rate of the disintegration of the radioactive substance, at any instant, is directly proportional to the number
of atoms present at that instant.

_(L'\' — AN
ie dt

where A= disintegration constant or radioactive decay constant
o Number of nuclei after the disintegration (N)
N=N; e M
where Ny is the number of radioactive nuclei in the sample at t=0.
Similarly, Activity of a radioactive sample at time t
_-*l = _-'-l(]f"_M
where A is the Activity of a radioactive sample at time t =0

o Half-life (TI/Z)-
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The half-life of a radioactive substance is defined as the time during which the number of atoms of the substance is reduced to half their original
value.

Thus, the half-life of a radioactive substance is inversely proportional to its radioactive decay constant.

e Number of nuclei in terms of half-life-

N — _-\"(]
Note- It is a very useful formula to determine the number of nuclei after the disintegration in terms of half-life

e Mean or Average life ( I:” ean)
Definition: The arithmetic mean of the lives of all the atoms is known as the mean life or average life of the radioactive substance.
T, ean = Sum of lives of all atoms / total number of atoms

mean

Let |dN| be the number of nuclei decaying between t, t + dt; the modulus sign is required to ensure that it is positive.
dN = —ANpe M dt

and |dN| = ANge Mdt

o J, tldN] = 1
mearn ﬁlx, |(3N| % by
1
= Tmrrm = X

The average life of a radioactive substance is equal to the reciprocal of its radioactive decay constant.

1

The average life of a radioactive substance is also defined as the time in which the number of nuclei reduces to ("' )part of the initial number of
nuclei.

The relation between T1,, and T\ ean:-
=Tyj2 =(0.693) Trean

OR

Half-life = (0.693)Mean life

5. Simultaneous And Series Disintegration

¢ Simultaneous decay-

Due to radioactive disintegration, a radio nuclide transforms into its daughter nucleus. Depending on the nuclear structure and its unstability, a
parent nucleus may undergo either o— or B~ emission.

Sometimes a parent nucleus may undergo both types of emission simultaneously.

If an element decays to different daughter nuclei with different decay constants A1y Az, Ag, - etc. for each decay mode, then the effective
decay constant of the parent nuclei can be given as

/\Fff :)\14—/\2—)\;;....

Similarly, For a radioactive element with decay constant A which decays by both v and 8 decays given that the probability
for an cv emission is 1 and that for 3 emission is 2 the decay constant of the element can be split for individual decay modes. Like in this case
the decay constants for ¢ and g decay separately can be given as

Ao = P12
Asg = PaA

o Series decay-
Accumulation of Radioactive element in Radioactive series-

A radioactive element decays into its daughter nuclei until a stable element appears. Consider a radioactive series-
A Az A
Ay —&-12—}-1;—;

A radioactive element 1 disintegrates to form another radioactive element As which in turn disintegrates to another element Az and so on. Such
decays are called Series or Successive Disintegration.
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Here, the rate of disintegration of Aj = Rate of formation of <2

—(lr_-\".“ {Jr_-'\".p .
—=— =\ N
dt dt e

—{lr_-\"‘.ig _ {Jr_-\"‘.i;;
dt dt
(Jr_-\"‘.“
dt

dN 49 .
22— Ny
At 24VA2

= XNz

—A1 Na

Therefore, net formation of Ajs = Rate of disintegration of Aj - Rate of disintegration of Ay

=M Nar — XNy

If the rate of disintegration of A becomes equal to the Rate of disintegration of -;12, then it is called Radioactive equilibrium. So the equation
becomes -

6. Nuclear Fission and Nuclear Fusion

Nuclear fission-

The process of splitting of a heavy nucleus into two lighter nuclei of comparable masses (after bombardment with energetic particles) with
liberation of energy.

For example, on bombarding a uranium target, the nucleus broke into two nearly equal fragments and released a great amount of energy -
{J:,n —é_ﬁ’ U —>§3[’ U —>%é‘1 Ba —1—% Kr+ 3{1!1'1
Fission does not always produce Barium and Krypton. Here is another example:
(J:,n _53,} U ﬁ%gﬁ u —>é]“ Sh +3? Nb + 4&,11
All the fragmented nuclei produced in fission are neutron-rich and unstable. Also, they are radioactive and emit beta particles until they reach a
stable end-product. So under favourable conditions, the neutron produced can cause further fission of other nuclei, producing a large number of
neutrons, Thus a chain of nuclear fissions is established which continues until the whole Uranium is consumed.
Nuclear fusion-
In nuclear fusion, two (or) more than two lighter nuclei combine/fuse to form a larger nucleus. In this process, energy is released.
Some examples of nuclear fusion:
H+IH -2 H+%, e + v+ 0.42MeV
Here two protons combine to form a deuteron and a positron releasing 0.42 MeV of energy.
IH+3H —3 He +n +3.27TMeV
Here two deuterons combine to form the light isotope of Helium releasing 3.27 MeV of energy.
H+3H -3 H +! H+ 4.03MeV
In this case, two deuterons combine to form a triton and a proton releasing 4.03 MeV of energy.

Here mass of a single nucleus so formed is less than the sum of the mass of the parent nuclei. And this mass difference appears in the form of the
release of energy.

The conditions required for Nuclear fusion -

For the fusion to occur, two nuclei must come close enough so that attractive short-range nuclear force is able to affect them. But since both are
positively charged particles, they experience coulomb's repulsion force. Therefore they must have enough energy to overcome this repulsion. For

this, a high pressure of 10 atm and a temperature of 10° K is required.

When the fusion is achieved by raising the temperature of the system, so that particles have enough kinetic energy to overcome the coulomb's
repulsion force, it is called thermonuclear fusion.

Electronic devices

Important Formulae
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1.Band Theory Of Solids

Band Theory of solids-

On the basis of conductivity-

On the basis of the relative values of electrical conductivity (o) or resistivity, the solids are broadly classified as:

¢ Conductor-

The materials which easily allow the flow of electric current through them are called conductors. Metals such as copper, silver, iron, aluminum, etc.
are good conductors of electricity.

They possess very low resistivity (or high conductivity).

iepr~ 1072 —107%Qm
o~ 102 —1085m™!

e Insulator-

The materials which do not allow the flow of electric current through them are called insulators. Insulators are also called as poor conductors of
electricity. Rubber, wood, diamond, plastic are some examples of insulators.

They have high resistivity (or low conductivity).

ie po~ 101 — 10%0m
g~ 1071 —1071Sm ™!

¢ Semiconductors-
They have resistivity or conductivity intermediate to metals and insulators.

ie pe 1077 —10°0m
7~ 10°—107%Sm™!

Note- At 0 K, it behaves like an insulator (Si, Ge)
Semiconductors are further divided as follows
(i) Elemental semiconductors: Si and Ge
(ii) Compound semiconductors: Examples are:
* Inorganic: CdS, GaAs, CdSe, InP, etc.
* Organic: anthracene, doped pthalocyanines, etc.

* Organic polymers: polypyrrole, polyaniline, polythiophene, etc

Materials are also classified on the basis of energy bands.
Energy Band Theory-

There is a number of energy bands in solids but three of them are very important which are shown in the below figure.

Band energy

Forbidden gap

e Valence band-

The energy band which is formed by grouping the range of energy levels of the valence electrons or outermost orbit electrons is called a valence
band. The valence band is present below the conduction band as shown in the above figure.

So Electrons in the valence band have lower energy than the electrons in the conduction band.
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The electrons present in the valence band are loosely bound to the nucleus of an atom.
¢ Conduction band-
The energy band which is formed by grouping the range of energy levels of the free electrons is called a conduction band.

Generally, the conduction band is empty but when external energy has applied the electrons in the valence band then electrons jump into the
conduction band and become free electrons.

Electrons in the conduction band have higher energy than the electrons in the valence band.
The conduction band electrons are not bound to the nucleus of the atom.
¢ Forbidden band or forbidden gap-
The energy band which is present between the valence band and conduction band by separating these two energy bands is called a forbidden band.
In solids, electrons cannot stay in a forbidden band because there is no allowed energy state in this region.
The energy associated with the forbidden band is called the energy gap and it is measured in unit electron volt (eV).

The applied external energy in the form of heat or light must be equal to the forbidden gap in order to push an electron from valence band to the
conduction band.

Classification of materials based on a forbidden gap-
¢ Conductors-
In a conductor, the valence band and conduction band overlap each other as shown in the below figure. Therefore, there is no forbidden gap in a

conductor.

Band energy .
Almost full conduction band

=

B N -
- Conduction band e
-7 L]

d

No forbidden gap -{

Electron

A small amount of applied external energy provides enough energy for the valence band electrons to move into the conduction band.
When valence band electrons move to conduction band they become free electrons.

In conductors, a large number of electrons are present in the conduction band at room temperature and these electrons move freely by carrying the
electric current from one point to another.

¢ Insulators
The forbidden gap between the valence band and conduction band is very large in insulators as shown in the below figure.

Note- When the energy gap between the valence band and conduction band is more than 3 eV. then the material is insulators.

Empty conduction band
Band energy

Forbidden gap

Electron

Full valence
band

Normally, in insulators, the valence band is fully occupied with electrons due to the sharing of outer most orbit electrons with the neighboring
atoms. While no electrons are present in the conduction band. Free electrons density is negligible in the case of the insulator. The electrons in the
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valence band cannot move by themself because they are locked up between the atoms.
¢ Semiconductors
In semiconductors, the forbidden gap between the valence band and conduction band is very small as shown in the below figure.

Note- When the Energy gap between the valence band and conduction band is less than 3 e.v. Then the material is a semiconductor.

Band

i Almost empty conduction band

_--—"’---F/
) .

| Forbidden gap

N\

N
R
Almost full valence
band
Electron

At low temperature, the valence band is completely occupied with electrons and the conduction band is empty because the electrons in the valence
band do not have enough energy to move into the conduction band. Therefore, semiconductor behaves as an insulator at low temperature.

However, at room temperature, some of the electrons in valence band gains enough energy in the form of heat and moves into the conduction
band. When the temperature increases, then the number of valence band electrons moving into the conduction band also increases. So free electron

density in the conduction band increases. This shows that the electrical conductivity of the semiconductor increases with an increase in
temperature.

2.Types Of Semiconductor: Intrinsic And Extrinsic Semiconductor

Intrinsic semiconductor-

It is a pure semiconductor. Silicon and germanium are the most common examples of intrinsic semiconductors. Both these semiconductors are most
frequently used in the manufacturing of transistors, diodes and other electronic components.

Both Si and Ge have four valence electrons. In its crystalline structure, every Si or Ge atom tends to share one of its four valence electrons with

each of its four nearest neighbour atoms, and also to take a share of one electron from each such neighbour as shown in the below figure. This
shared pair of the electron is called a Covalent bond or a Valence bond.

i foe .
BT D
I. . . .
: ‘ _ " Si or Ge
' - ° | |
8- . L, L A
e i, e

bonds

r--‘* B i * P » Bonding
electrons
cunsll) Peeiers@=Y “reasnffp®” e ®
! [ ] v @ : @

. '

e . o

The above figure shows the structure with all bonds intact (i.e no bonds are broken). This is possible only at low temperatures.

As the temperature increases, more thermal energy becomes available to these electrons and some of these electrons may break—away from the
conduction band becoming the free electron and creating a vacancy in the bond. This vacancy with an effective positive electronic charge is called a
hole.

In intrinsic semiconductors, the number of free electrons ( n, ) is equal to the number of holes ( ny, )

i.e e = Ty = 7 where " is called intrinsic carrier concentration.

Semiconductors possess the unique property in which, apart from electrons, the holes also move.
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The free-electron moves completely independently as a conduction electron and gives rise to an electron current, I, under an applied electric field.
while Under an electric field, these holes move towards the negative potential generating hole current (I},).

Hence, the total current (I) is given as I =1, + Iy

And apart from the process of generation of conduction electrons and holes, a simultaneous process of recombination occurs in which the electrons
recombine with the holes. At equilibrium, the rate of generation is equal to the rate of recombination of charge carriers.

An intrinsic semiconductor will behave like an insulator at T = 0 K. As shown in the below figure., at T = 0 K, the electrons stay in the valence band
and there is no movement to the conduction band.

lectron energy

El

An

When the temperature increases, at T > 0K, some electrons get excited. These electrons jump from the valence to the conduction band as shown in
the below figure.

— - ——
> o
E; —Ti
E,

E,

The conductivity of an intrinsic semiconductor at room temperature is very low. As such, no important electronic devices can be developed using
these semiconductors. Hence there is a necessity of improving their conductivity. This can be done by making use of impurities. because when a
small amount of a suitable impurity is added to the pure semiconductor, the conductivity of the semiconductor is increased manifold

Extrinsic semiconductors-

An extrinsic semiconductor is a semiconductor doped by a specific impurity which is able to deeply modify its electrical properties, making it
suitable for electronic applications. The deliberate addition of a desirable impurity is called doping and the impurity atoms are called

dopants. Another term for Extrinsic semiconductors is ‘Doped Semiconductor’.

The size of the dopant and Semiconductor atoms should be the same, for making sure that the amount of impurity added should not change the
lattice structure of the Semiconductor.

Following types of dopants used in doping the tetravalent (valency 4) Si or Ge:

(i) Pentavalent (valency 5); like Arsenic (As), Antimony (Sb), Phosphorous (P), etc.
This will give n-type semiconductor

(ii) Trivalent (valency 3); like Indium (In), Boron (B), Aluminium (Al), etc.

This will give p-type semiconductor

N-type semiconductor-

When a pentavalent impurity is added to an intrinsic or pure semiconductor (silicon or germanium), then it is said to be an n-type semiconductor.
Pentavalent impurities such as phosphorus, arsenic, antimony, etc are called donor impurity.

The four valence electrons of each phosphorus atom form 4 covalent bonds with the 4 neighboring silicon atoms.

The free-electron (fifth valence electron) of the phosphorus atom does not involve in the formation of covalent bonds.
This shows that each phosphorus atom donates one free electron. Therefore, all the pentavalent impurities are called donors.
So, there is a donor energy level between the valence band and conduction band. Just below the conduction band.

The number of free electrons depends on the amount of impurity (phosphorus) added to the silicon.
Charge on n-type semiconductor-

Even though n-type semiconductor has a large number of free electrons, but the total electric charge of n-type semiconductor is neutral.
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Conduction in n-type semiconductor-

When voltage is applied to n-type semiconductors as shown in the below figure; then the free electrons move towards the positive terminal of the
applied voltage. Similarly, holes move towards the negative terminal of the applied voltage.
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flow of electrons

In an n-type semiconductor, conduction is mainly because of the motion of free electrons.

because In an n-type semiconductor, the population of free electrons is more whereas the population of holes is less (i.e n, >>ny)
In an n-type semiconductor, free electrons are called majority carriers and holes are called minority carriers.

P-type semiconductor-

When the trivalent impurity is added to an intrinsic semiconductor (Si and Ge), then it is said to be a p-type semiconductor. Trivalent impurities
such as Boron (B), Gallium (G), Indium(In), Aluminium(Al), etc are called acceptor impurity.

The three valence electrons of each boron atom form 3 covalent bonds with the 3 neighboring silicon atoms.

For the fourth covalent bond, only silicon atom contributes one valence electron. Thus, the fourth covalent bond is incomplete with the shortage of
one electron. and This missing electron is called a hole.

This shows each boron atom accepts one electron to fill the hole. Therefore, all the trivalent impurities are called acceptors.

So there is an acceptor energy level just above the valence band.

A small addition of impurity (boron) provides millions of holes.

Charge on the p-type semiconductor-

Even though p-type semiconductor has a large number of holes, but the total electric charge of p-type semiconductors is neutral.
Conduction in p-type semiconductor-

When voltage is applied to p-type semiconductor as shown in the below figure; then the free electrons move towards the positive terminal of the
applied voltage. Similarly, holes move towards the negative terminal of the applied voltage.

In a p-type semiconductor, conduction is mainly because of the motion of holes in the valence band.
because In a p-type semiconductor, the population of free electrons is less whereas the population of holes is more (i.e ny >>n,)

In a p-type semiconductor, holes are called majority carriers and free electrons are called minority carriers.

o Number of electrons or holes-
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The electron and hole concentration in a semiconductor in thermal equilibrium are related as:
— 02

Ne X 0 = 0y

On the increasing temperature, the number of currents carriers increases.

3 _ Hg
And the relation is given as Ne = MNp = AT e 2ZKT

where
Eg = Energy gap
K = Boltzmann Constant

T = Temperature in kelvin
3.Electric Conductivity

Electrical Conductivity (+)-

The semiconductor conducts electricity with the help of these two types of electricity or charge carriers (i.e electrons and holes).
These holes and electrons move in the opposite direction. The electrons always tend to move in opposite direction to the applied electric field.

Let the mobility of the hole in the crystal is py, and the mobility of electron in the same crystal is p,

The current density due to drift of holes is given by,

Jp = enpuy = enppup

And The current density due to the drift of electrons is given by,
g, =enyv, =en, pu. B

hence resultant current density would be

J=Jy+ J. = enpup +env, = enppup B 4 engpee B = (nppy +nepte) eE
and J=cF

So, the general equation for conductivity is given as

T = e(nepte + nppip)

where

n, = electron density

ny = hole density

pe = mability of electron

= mobility of holes

For intrinsic semiconductors (no impurities)-

As the number of electrons will be equal to the number of holes.
ie Me =Tp =14

o= n-'a'ﬁ(“ﬁ + ”h)

4.P-N Junction

P-N Junction-
A p-n junction is the basic building block of many semiconductor devices like diodes, transistors,etc.

When a P-type semiconductor is suitably joined to an N-type semiconductor, then the resulting arrangement is called P-N junction or P-N junction
diode.

e

Anode Cathode

Formation of a p-n Junction
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Let’s imagine thin p-type silicon (p-Si) semiconductor wafer. Now, we have to add a pentavalent impurity to it. This result in a small part of the p-
Si wafer converting into an n-Si. Due to this two-region will get created one is the wafer containing a p-region and another is an n-region with a
metallurgical junction between the two. There are two important processes that take place during the formation of a p-n Junction:

1. Diffusion
2. Drift

As we have learned that in an n-type semiconductor, the concentration of electrons is more than that of holes similarly in a p-type semiconductor,
the concentration of holes is more than that of electrons.

When a p-n junction is being formed, diffusion of holes starts from the p-side to the n-side (p — n) while diffusion of electrons occurs from the n-
side to the p-side (n - p). The reason behind this diffusion is the concentration gradient across p and n sides. Due to this, a diffusion current
generates across the junction. Let’s discuss both the scenarios one by one -

Electron diffusion fromn—p -

Electron diffusion leaves a positive charge ( ionized donor ) on the n-side. This positive charge is bonded to the surrounding atoms and is not
moveable. As diffusion is going on, more electrons start diffusing to the p-side, and a layer of positive charge on the n-side of the junction is
formed.

Hole Diffuses from p—-n

Hole diffusion leaves a negative charge on the p-side. As the diffusion proceeds, holes start diffusing to the n-side, a layer of negative charge on the
p-side of the junction is formed. Both the phenomena i.e., diffusion of electrons and holes across the junction depletes the region of its free charges,
these space charge regions together are called the depletion region.

— Electron diffuston
Ebeotron drift —

Ll
2888
" == 0 n
(==
L=l
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Hale dilfusion —3
«— Hhole drift

This process is shown in the above figure. The thickness of the depletion region is very small and its thickness is around one-tenth of a micrometre.
Since there is an electric field which is directed from the p-side to the n-side of the junction. Due to this electric field electrons moves from the p-
side to the n-side and holes from the n-side to the p-side. This motion of charged carriers due to the electric field is called drift. From this we can
conclude that the drift current direction is opposite to the direction to the diffusion current. This is also seen in the figure given above.

The Last Stages of Formation of a p-n Junction

When the diffusion starts, the diffusion current is large as compare to the drift current. As diffusion process continues, the space-charge regions on
either side of the junction start extending. Due to this the electric field gets strengthen and same with the drift current. This process will continues
till diffusion current = drift current. This is how a p-n junction is formed.

Barrier P ial

In the state of equilibrium, there will be no current in a p-n junction. Due to increase in potential difference across the junction of the two regions

due to the loss of electrons by the n-region and the subsequent gain by the p-region. This potential opposes the further flow of carriers to maintain
the state of equilibrium. This potential is called Barrier potential.

5.Semiconductor Diode - Forward Bias And Reverse Bias

Semicond liode-

If a p-n junction has metallic contacts at both the ends for application of external voltage. This is called a semiconductor diode.

et
So8
p eeee. 1
Metallic s Metallic
contact Depletion contact
region

The symbolical representation of a semiconductor diode is shown below -
O—[ﬁ/"){—o

In the figure given above, the arrow indicates the direction of current when the diode is under forward bias. One should note here that the
equilibrium barrier potential can be altered. This can be done by applying an external voltage across the diode. Depending on how this voltage is
applied, the diode is a forward-bias or a reverse-bias diode.

1.P-N junction diode under forward bias-
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In the figure given above, we can see that an external voltage is applied across the semiconductor diode where the p-side of the diode is connected
to the positive terminal and the n-side is connected to the negative terminal of the battery. This type of arrangement for the diode is forward biased.

Formation of a Forward Bias Diode-

As the depletion region have no charge so the resistance is very high there so the applied voltage drops primarily across this region. The drop in
voltage across the p and n side of the junction is relatively negligible. And the direction of the applied voltage (V) being opposite to that of the built-
in potential (V) due to which the depletion layer’s width decreases and the barrier height reduce.

If the applied voltage is small, then the barrier potential is reduced marginally only below the equilibrium value. Then only small number of carriers
crossing the junction, so the current is small. Similarly for a significantly high value of voltage, more carriers have the energy to cross the junction
so, the current will be high.

One should also note that when the voltage is applied, some electrons cross to the p-side and some holes cross to the n-side. Under forward bias,
this process is the minority charge injection process. Hence, the minority charge concentration which is electrons on the p-side are a minority and
holes on the n-side are a minority, is significantly higher at the junction boundary.

Injected  Injected
electrons  holes

Due to this concentration gradient, the injected electron diffuse from the junction-end to the far-end of the p-side. Similarly, injected holes diffuse to
the far end of the n-side. This gives rise to current too.

The total diode forward current = Hole diffusion current + Electron diffusion current (mA)

2. P-N junction diode under reverse bias-

In the figure given above, we can see that an external voltage is applied across the diode. We can see that the n-side of the diode connects to the
positive terminal and the p-side connects to the negative terminal of the battery. This type of arrangement in diode is a reverse-bias diode.

Formation of a Reverse Bias Diode

As the depletion region have no charges, so the resistance will be very high, as a result the applied voltage drops primarily across this region. Also
the drop in voltage across the p and n side of the junction is relatively negligible. Now here the direction of the applied voltage (V) being the same
as that of the built-in potential (V) (Opposite to the forward bias), because of this the depletion layer’s width widens and the barrier height also

increases. This decreases the flow of electron to the p-side and holes to the n-side. So, the diffusion current decreases to a great extent.

Because of the direction of the electric field, the electrons in the p-side and holes in the n-side are drive to their majority zones, if they come close to
the junction. This will produces the drift current. The drift current is usually of a few microAmprere. This current is very low even in the forward-
biased diode as compared to the current due to the injected carriers.

Critical Value of Reverse Bias Voltage -

A small amount of voltage applied to the diode is sufficient to sweep the minority charge carrier to the far side of the junction. This diode reverses
current which is not dependent on the voltage but on the concentration of the minority charge carriers on both sides of the junction. However, the
current is independent up to a critical value of reverse bias voltage which is the Breakdown Voltage (V},). When the voltage applied crosses

breakdown voltage i.e., Vi, even a small change in the bias voltage causes a huge change in current. There is an upper limit of current for every
diode, beyond which the diode gets destroyed due to overheating. This is the rated value of current.

Experimental Study of the V-I characteristics of a Semiconductor Diode
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V-1 Characteristics of Diode

The figure shows a diode connected in reverse bias. The battery connects to the diode through a potentiometer by which we can change the voltage
for the sake of the experiment. A microammeter is also used (since the expected current is in milliAmpere) measures the current.

Here is the result of the experiment
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As we can see in the graph above, in the forward biased diode, initially when the current increases almost negligibly till a certain value is reached.
After that, the current increases exponentially even for a small increase in diode bias voltage. This voltage is called as threshold voltage. (Its value
is approximately ~0.7 V for silicon diode and ~ 0.2 V for germanium diode)

In the reverse biased diode, the current is very small and almost remains constant with a change in bias voltage. It is called as Reverse saturation
current. It is observed that in some cases, beyond the breakdown voltage, the current increases suddenly.

Hence, from this experiment and the given graph, we can conclude that the p-n junction diode allows the flow of current only in one direction, i.e.
forward-bias, which means that the forward bias resistance is lower than the reverse bias resistance.

Extra edge -
1. P -N junction as diode

R =0, Forward

R —+ C Reverse

It is a one way device. It offers a low resistance when forward biased and high resistance when reverse biased.
2. Dynamic Resistance

Since slope of potential vs current graph is non uniform hence resistance keep changing .

dur
Ry=—
LT
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3. Knee voltage of P-N junction
Knee voltage for Ge is 0.3 V

Knee voltage for Siis 0.7 V

It is defined as that forward voltage at which the current through the junction starts rising rapidly with increase in voltage .

4. Relation between current I and Voltage V
K = Boltzmann constant
Iy = reverse saturation current
In forward bias
eRT == |

Then forward biasing current is

6.P-N Junction As A Rectifier

Application of junction diode as a rectifier-

A rectifier converts Alternating Current into Direct Current. Sometimes we have an AC power point but need to connect a device that requires a DC.

The Volt-Ampere characteristics of a junction diode give a reason for how current is passed through the diode only when it is forward biased. So,
when an alternating voltage is applied across a junction diode, then the current will flow only in the part where it is forward biased. Due to this
property junction diode is used to rectify alternating voltage/ current. The circuit used for this purpose is a Rectifier.

Based on the usage a junction diode can be used as a rectifier in two ways:

1.Half-wave Rectifier-
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Look at the diagram given above. An alternating voltage is applied across a junction diode which is connected to a load in a series connection. In
this case, only during those half cycles of the AC input when the diode is forward biased, a voltage will appear across the load. This type of circuit,
which rectifies only one half of the input current is a Half-wave Rectifier.

The alternating current is supplied at points A and B. During the alternating cycle, when the voltage at point A is positive, the diode is forward
biased. This will happen when the diode conducts. On the other hand, the diode is reverse biased when the voltage at point A is negative, and it
doesn’t conduct. Generally, for all practical purposes, the reverse saturation current can be considered zero since it is negligible.

Hence, we will get output voltage only through one half of the input cycle. Also, there will be no current available in the other half. Hence, the
output still varies between positive to zero but the negative cycle is cut off and the output voltage is said to be rectified.

Look at the figure given above. In the circuit given above, two junction diodes are connected to a load. In this circuit both positive and negative
halves of the AC cycle will come out. Hence, it is a Full-wave Rectifier. In this circuit, the p-sides of both the diodes are connected to the input
while the n-sides are connected together and connected to the load. To complete the circuit load is connected to the mid-point of the transformer.
Since, this mid-point of connection is also called Center tap and because of this the transformer is called Center tap transformer.

Here two diodes are connected, one diode rectifies the voltage for one half of the cycle while the other diode rectifies it for the other half. Therefore,
the output between centre-tap of the transformer and their common terminals becomes a full-wave rectifier output. Let’s see how this works-

If the voltage at point A is positive, then that at point B is negative. In this case, the diode D, is forward biased while D, is negatively biased. So, D;
conducts while D, blocks the current. So, during the positive half of the input AC cycle, we will get output current. Afterwards, the voltage at point
A becomes negative and that at point B becomes positive. In this case, D, conducts while D; blocks the current. So, we will get an output current in
the negative half of the input AC cycle too. So this circuit rectifies both the halves of the input voltage, that's why it is called Full-wave Rectifier.
But, one thing should be noted that the output is pulsating and not steady. So to derive a steady DC output there is need of capacitor across the
output terminals (parallel to the load).

Role of a Capacitor

The role of the capacitor is to filters out the AC ripple and provides pure DC output. Let us discuss how it works:
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We can see in the circuit given above, a capacitor is connected parallel to the load. The capacitor gets charged when the voltage across the capacitor
rises and It discharges only when a load is connected to it and the voltage across it falls. As the AC cycle changes and the second diode kicks in, the
capacitor charges again to its peak value and then again discharged due to the presence of the load.

One should note that the rate of discharge depends on the inverse product of Capacitor and Resistance (or load). To increase the discharge time and
get a steady DC output, we should connect large capacitors. The idea is to obtain an output voltage close to the peak voltage of the rectified current.

7.Zener Diode
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Zener diode-

It is invented by C. Zener.

A Zener diode is a p-n junction semiconductor device designed to operate in the reverse breakdown region.

It is a highly doped p-n junction which is not damaged by high reverse current. It can operate continuously, without being

damaged in the region of reverse background voltage. It forms a very thin depletion region and an extremely high electric field across the junction
even for a small reverse bias voltage (~5 V).

In the forward bias, the Zener diode acts as an ordinary diode.

Symbol of Zener diode-

The symbol of the Zener diode is shown in the below figure.

VI characteristics of Zener diode-

Zener Breakdown-

When a reverse bias is increased the electric field at the junction also increases. At some stage, the electric field becomes so high
that it breaks the covalent bonds creating electron, hole pairs. Thus a large number of carriers are generated.
This causes a large current to flow. This mechanism is known as Zener breakdown.

Avalanche breakdown-

At high reverse voltage, due to the high electric field, the minority charge carriers, while crossing the junction acquire very high velocities.

These by collision breaks down the covalent bonds, generating more carriers. A chain reaction is established, giving rise to high current.

This mechanism is known as Avalanche breakdown.

The VI characteristics of a Zener diode are shown in the below figure.
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When forward-biased voltage is applied to the Zener diode, it works like a normal diode.
When reverse-biased voltage is applied to a Zener diode, it allows only a small amount of leakage current until the voltage is less than Zener voltage

(V). As the reverse bias voltage (V) reaches the breakdown voltage of the Zener diode (Vz), there is a large change in current. Also, note that for a
negligible change in the reverse bias voltage, a large change in current is produced.

Zener Diode as a Voltage Regulator-
A Zener diode is used to get constant DC voltage from a DC unregulated output of a rectifier.

The circuit diagram of a voltage regulator using a Zener diode is shown in the below figure.

Unregulated
voltage (v,)
Regulated
voltage
R v

Here the unregulated DC output of a rectifier is connected to Zener diode through a series of resistance (R) such that the Zener diode is reverse
biased. Let's see how it works

If the input voltage increases, the current through R and Zener diode also increases. This increases the voltage drop across Rq.
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But the voltage across the Zener diode does not change, because, in the breakdown region, Zener voltage remains constant despite the change in
current.

Similarly, if the input voltage decreases, the current through R and Zener diode also decreases. This decreases the voltage drop across R . But the
voltage across the Zener diode does not change.

Hence, a change of voltage drop across the Ry does not change the voltage across the Zener diode.

Hence, Zener diode acts as a voltage regulator.

8.Special Purpose P-N Junction Diodes

Devices in which carriers are generated by photons are called optoelectronic devices.
The following are important examples of optoelectronic devices.
1. Photodiodes to detect optical signals
2. Light Emitting Diodes (LEDs)
3. Solar cells
¢ Photodiode-
A photodiode is a p-n junction that consumes light energy to generate electric current. It is operated under reverse bias.
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Reverse bias means that the p-side of the photodiode is connected to the negative terminal of the battery and the n-side is connected to the positive
terminal of the battery.

It is also sometimes referred to as a photo-detector, photo-sensor, or light detector.

Suppose an optical photon of frequency 1/ is incident on a semiconductor, such that its energy is greater than the bandgap of the semiconductor

(i‘e.’r”” > Etr). This photon will excite an electron from the valence band to the conduction band leaving a vacancy or hole in the valence band.
This increases the conductivity of the semiconductor.

And by measuring the change in the conductance (or resistance) of the semiconductor, one can measure the intensity of the optical signal. Thus
photodiode can be used as a photodetector to detect optical signals.

¢ Light-emitting diode (LED)-
A LED is a heavily doped p-n junction which under forward bias emits spontaneous radiation.
(Note-When the diode is forward biased electrons move from n to p-side and holes move from p to n-side.)
LED is covered in a capsule with a transparent cover allowing the emitted light to come out.
LED’S are made of GaAsp, Gap, etc.

The V-I characteristics of a LED is similar to that of a Si junction diode. But the threshold voltages are much higher and slightly different for each
color. The reverse breakdown voltages of LEDs are very low, typically around 5V.

The intensity of the emitted light increases as this input current increases and reached a maximum value. After this, an increase in forward bias input
current leads to a decrease in light intensity.

LEDs that can emit red, yellow, orange, green and blue light are commercially available.
LED:s are used extensively in remote controls, optical communication, etc.
LEDs have the following important advantages over conventional incandescent low power lamps:
(i) Low operational voltage and less power.
(ii) Fast on-off switching capability.
(iii) Long life.
¢ Solar cell-
A solar cell is a p-n junction that generates emf when solar radiation falls on the p-n junction. i.e It converts solar energy into electrical energy.
The working principle is similar to the photodiode except that no external bias is applied and the junction area is much larger to enable solar

radiation incidence. One of the semiconductor regions is made so thin that the light incident on it reaches
the P-N-junction and gets absorbed.
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The important criteria for the selection of a material for solar cell fabrication are
(i) bandgap (~1.0 to 1.8 eV)- Semiconductors with band gap close to 1.5 eV are ideal materials for solar cell fabrication.
(ii) high optical absorption (~ 10* em~! ),
(iii) electrical conductivity,
(iv) availability of the raw material, and
(v) cost

So Solar cells are made with semiconductors like Si , GaAs , CdTe, etc.

9.Bipolar Junction Transistor (N-P-N And P-N-P Transistor)

Bipolar Junction Transistor (BJT)-

it is a three-terminal electronic device that amplifies the flow of current. It has three doped regions ( emitter, base, and collector) forming two p-n
junctions between them.

Based on their construction, Bipolar junction transistors are classified into two types as
1) N-P-N transistor
2) P-N-P transistor-
All three segments (emitter, base, and collector) of a transistor have different thickness and their doping levels are also different.

The schematic symbols of both these transistors are given in the below figure.

In the schematic symbols, as shown in the above figure, the arrowhead shows the direction of conventional current in the transistor.
The three segments of a transistor-
o Emitter- This segment is on one side of the transistor. It is of moderate size and heavily doped causing it to supply a large number of carriers
for the flow of current.
e Base: This is the central segment. It is very thin and lightly doped.
o Collector: This segment collects a major portion of the majority carriers supplied by the emitter. The collector side is moderately doped and
larger in size as compared to the emitter.
Working of a junction transistor-
In the case of a junction transistor, the depletion regions are formed at the emitter-base junction and the base-collector junction.
A junction transistor works as an amplifier when
1) The emitter-base junction is forward biased and
2) The base-collector junction is reverse biased.

Some Terminologies-

¢ Vgp=The voltage between emitter and base

¢ Vg=The voltage between collector and base

e Vg = Power supply connected between the emitter and base.
¢ V¢ = Power supply connected between the collector and base

1. N-P-N transistor-
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In this, a p-type semiconductor (base) separates two segments of the n-type semiconductor (emitter and collector) as shown in the below figure. In
an NPN transistor electrons are the majority charge carriers and flow from emitter to base.

n-p-n transistor

Emitter Base Collector
) "

11+

* Working of an N-P-N Transistor -

Circuit diagram of NPN transistor
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In an NPN transistor, 5% emitter electrons combine with the holes in the base region resulting in a small base current.
The remaining 95 % of electrons enter the collector region. i.e I > I,

And according to Kirchhoff’s law IL=5L+1

2.P-N-P Transistor-

In this, an n-type semiconductor (base) separates two segments of the p-type semiconductor (emitter and collector).as shown in the below figure. In
PNP transistor holes are majority charge carriers and flow from emitter to base.

Emitter Base Collector
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B

p-n-p transistor

¢ Working of a P-N-P Transistor -

Circuit diagram of PNP transistor
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In PNP transistor 5% emitter holes combine with the electrons in the base region resulting in a small base current.
Remaining 95% holes enter the collector region. i.e I, > I,

And according to Kirchhoff’s law fe = {6 +

Basic transistor circuit configurations-

A transistor can be connected in a circuit in the following three different configurations.
Common base (CB), Common emitter (CE) and Common collector (CC) configuration.
(1) CB configurations-

In these configurations, Base is common to both emitter and collector as shown in the below figure.

PNP

Vs = output

1
1
. T

|I|}

For the above figure Input current = I, and Input voltage = Vgg
whereas Output voltage = Vg and Output current = I,
With a small increase in emitter-base voltage Vip, the emitter current I, increases rapidly due to small input resistance.

¢ Input characteristics-

If Vg= constant, the curve between I, and Vg (as shown in the below figure) is known as input characteristics. It is also known as emitter
characteristics.

Vaa=-10V

L(mA) | Ye=—-20V Ves= 0

-

Vig (in volf) —>

And the Dynamic input resistance of a transistor is given by

AV}
R ( EB)
AI[E Vg =constant

and

R; is of the order of 100 {2.

Output characteristics-

Taking the emitter current i, constant, the curve is drawn between I and Vg (as shown in the below figure) are known as output characteristics of
CB configuration.
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And the Dynamic output resistance of a transistor is given by

A‘ffc B

Ry= [ =£E
0 Al

le=constant

(2) CE configurations-
In these configurations, Emitter is common to both base and collector as shown in the below figure.

The graphs between voltages and currents when emitter of a transistor is common to input and output circuits are known as CE characteristics of a
transistor.

Input characteristics: The input characteristic curve is drawn between base current I}, and emitter-base voltage Vg , at constant collector-emitter
voltage Vg(as shown in the below figure).

And the Dynamic input resistance of a transistor is given by
AV BE
Al )y,

»p=constant

Ri:

Output characteristics-

Variation of collector current I- with V- can be noticed for Vg between 0 to 1 V only (as shown in the below figure).
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The value of V- up to which the I- changes with Vg is called knee voltage.And The transistor is operated in the

the region above knee voltage.

And the Dynamic output resistance of a transistor is given by

A‘,fc FE

R, = | =CE
0 Al

ig=constant

10.Transistor As A Device - Switch And Amplifier

o BJT operation modes-
1.Cutoff mode- In the cutoff mode, both the junctions of the transistor are reverse biased.

As in reverse bias condition, no current flows through the device. Hence, no current flows through the transistor. Therefore, the transistor is in off
state and acts as an open switch. The cutoff mode of the transistor is used in switching operation for switch OFF application.

Ji b
E C
N P N
B
+ +
Vee __.._ ____' Vec

Cutoff mode

2. Saturation mode-In the saturation mode, both the junctions of the transistor are forward biased.
As in forward bias condition, current flows through the device. Hence, electric current flows through the transistor.
And in this mode Maximum collector current flows and the transistor acts as a closed switch.

The saturation mode of the transistor is used in switching operation for switch ON application.
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Vee
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<
A

Saturation mode

So we can say that by operating the transistor in saturation and cutoff region, we can use the transistor as an ON/OFF switch.

3.Active mode- In the active mode, one junction (emitter to base) is forward biased and another junction (collector to base) is reverse biased. The
active mode of operation is used for the amplification of current.

J1 J2
E c
€ N P N <
Ie lc
B
- +
VEE ——— VCB

—+ p— MNis -r_

Active mode

The transistor can be used as a device application like a switch, amplifier, etc depending on parameters like the configuration used (namely CB, CC,
and CE), the biasing of the E-B and B-C junction and the operation region namely cutoff, active region, and saturation.

« Transistor as a switch-
When a junction transistor is used in the cutoff or saturation state, it acts as a switch.

For the base-biased transistor in CE configuration shown in the below figure lets try to understand the operation of a transistor as a switch.

Y
=R

By ‘JC -
A B +
Vi V.
I|| E V.. QD— %
: e -
V. Veag

Applying Kirchhoff’s voltage rule to the input and output sides of this circuit, we get

Vi=Vgg =IgRp + Ve ... (1) and
Vo =Ver = Voo —IcRe ... (2)

alf—

where Vi and Vj are de input and output voltage respectively.

The plot of V,, vs. V; (as shown in the below figure) is called the transfer characteristics of a base-biased transistor.
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From the above graph, we can conclude that

1. If V; is low and unable to forward-bias the transistor, then V is high (=V ).
2. If Vj is high enough to move the transistor into saturation, then V is very low (~0).

And when a transistor is not conducting, it is switched off. On the other hand, when it is in the saturation state, it is switched on.
If some low and high states are defined below and above certain voltage levels (i.e cutoff and saturation levels of the transistor).
then we can say for a low input switches the transistor off and a high input switches it on.
And thus transistors can operate as a switch.
¢ Junction Transistor as an Amplifier-
A device that increases the amplitude of the input signal is called an amplifier.
The transistor can be used as an amplifier in the following three configurations
(i) CB amplifier (ii) CE amplifier (iii) CC amplifier

1. NPN transistor as CB amplifier

_ NPN .
L W

e *
E% : ~ . =
" RL I Ic RL %
Input ) ' + Iz
signal G o A B |+ 2
Aec—L >
i = IV O
e ic o
1| —
-+
()i = ip +ici iy =5% of i, and ic =95% of i.
() Vee < Veo ’ ’ _
(iii) Net collector voltage Vop = Voo — il
(iv) Input and output signals are in the same phase
2. NPN transistor as CE amplifier
@
s ]
=]
w
; Input =
i o
signal £
o]

(i) le = 1p + iciip = 5% of i, and i.=953% of i,
(i) Voo = Vee
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(iii) Net collector Voltage"’rC'E = Voo —i Ry,
(iv) Input and output signals are 180° out of phase.

¢ Different Gains in CE/CB Amplifiers
(1) Transistor as CB amplifier-

Small change in collector current (Aic)

(1) ac current gain e = Small change in emitter current (Aie) TVKC'E — constant

Collector current (iz)
Emitter current (i.)

valve of ayg. lies between 0.95 to 0.99

(i) de current gain oy, (or o) =

Change in output voltage (AVh)
Change in input voltage [ AV;)
= A, = a,. x Resistance gain

(iii) Voltage gain A, =

(iv) Power gain — Change in output power (AFP,)

Change in input power (AP,)
. 2 . .
= Power gain = a;. X Resistance gain

(2) Transistor as CE amplifier

FAV
A‘l:l‘_l

(i) ac current gain Fq. = ( ) Verp = constant

. .- ":r
(ii) de current gain Fyg. = —

ip

oy s . AV, . -

(iii) Voltage gain : A, = N = e ¥ Resistance gain

i

(iv) Power gain = /_\—PD = 32 x Resistance gain

i
« Relation between @ and [

3 : 3

g = or o =

" l-a 1+ 3

11.Logic Gates

Logic Gates-

In our day to day life,we come across many digital electronic devices. But do you know, for digital devices to function the way they do, a logic
needs to be established between the input and output voltages. This is done by using a gate or a digital circuit that follows the logical relationship.
They are called logic gates because they control the flow of information based on a certain logic.

Symbols are given to each logic gate and each logic gate has a truth table which displays all possible input-output combinations. So the truth tables
help understand the behaviour of the logic gates. All these gates are made using semiconductor devices. The five most commonly used logic gates
are:

NOT
AND
OR
NAND
¢ NOR

NOT Gate -

A NOT gate is also known as an inverter because it simply inverts the input signal. It is a simple gate with one input and one output. So, the output
is ‘0’ when the input is ‘1’ and vice-versa.

Ais input
Y is output

V=4
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The truth table for a NOT gate is as follows:

AND Gate-

An AND gate has two or more inputs and a single output. In this gate, the output is 1(High) only when all the inputs are 1(High). The most
commonly used symbol for an AND gate is as follows:

A
B

Y=A.B

A and B are input

Y is output

Y=A-B

0
4]
a
|

And the truth table for the AND gate is as follows

0
]
1
1

Cl E=H Tl =]

OR Gate-

Like AND Gate, OR gate has also two or more inputs and one output. For this Gate, the logic is that the output would be 1 when at least one of the
inputs is 1. It means when the output is high when any of the input is high. The commonly used symbol for an OR gate is as follows:

A
B

Y

A and B are input
Y is output

Relation between input and output

Y=A+B

(4]
1
1

1

And, the truth table for an OR gate is as follows:

0
0
1
1

Lol o Ll =]

NAND Gate-

A NAND gate is an arrangement of AND gate followed by a NOT gate. The output is 1 only when all inputs are NOT 1 Or the output is high
when at least one of them is low. These are also called Universal gates. The commonly used symbol for a NAND gate is as follows:
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Y=A4-B
A and B are input
Y is output

NOT + AND gate

And, the truth table for a NAND gate is as follows:

(o il RN =]
Lol =l Kl ==
T PR P

NOR Gate-

Like NAND Gate, NOR gate is also an arrangement of an OR gate followed by a NOT gate. In this the output is 1(High) only when all inputs are
0(Low). These are also called Universal gates. The commonly used symbol for a NOR gate is as follows:

A
B

Y=A+B
A and B are input
Y is output

NOT + OR Gate

And the truth table for a NOR gate is as follows:

= SIS
g == R ]

=0 K= k=3 L]

D'morgan's Theorem -
A and B are input.

1)y A+B=4-

[ua]

2 A B=A+B8B
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3) A+B=A-B
4) A-B=A+B

Some Important relation -

A+A=4
A-A=A
A+1=1
A1=1
A0=0
A+0=A

Communication Systems

Important Formulae

1.Basic elements of a Communication System:

Basic elements of a Communication System:

Information: The idea or message that is to be conveyed is known as information. The message may be individual one or a set of messages.
Signal : A single valued function of time ( that conveys the information ).

Transmitter : A device which make an incoming message signal suitable for transmission through a channel and subsequent reception.
Transducer: A device that convert one form of energy into another.

Repeater: It is used to extend the range of signal. Combination of receiver and a transmitter.

Amplifier: It boosts the power of modulated signal.

Antenna: Signal is radiated in the space with the help of an antenna.

Noise : An unwanted signal that tend to disturb the transmission and processing of the message signal. Source of noise may be located within the
system or out of the system.

Receiver: The device which extract the desired message signal from the received signal at the channel output.

Amplification: It is the process of increasing the amplitude of a signal using an electronic circuit called the amplifier. Amplification is necessary to
compensate for the attenuation of the signal in communication systems. The energy needed for additional signal strength is obtained from a DC
power source. Amplification is done at a place between the source and the destination wherever signal strength becomes weaker than the required
strength.

Attenuation: The loss of strength of a signal while propagating through a medium is known as attenuation.

Modulation: It is the process carried out at transmitter in which the low frequency message signal is superimposed on a high frequency carrier
signal.

Demodulation: The process of retrieval of information from the carrier wave at the receiver. Reverse process of modulation.

Communication Svstem

1
1
1
d
Information | Message ; Transmitted | ] - I&ece'wecl_h el User.of
i Signal I,, Transmitter Stanal Channel Sianal Receiver J|M<’-Sf>'a1_ﬂ.? b e
I Signal
| x T
| . I
__________________ A e A el S R i Y
T H
: Noize :
(o e 1
Bandwidth of Signals:

The bandwidth of a signal is defined as the difference between the upper and lower frequencies of a signal generated. As seen from the
representation below, Bandwidth (B) of the signal is equal to the difference between the higher or upper-frequency (fH) and the lower frequency
(fL). It is measured in terms of Hertz(Hz) i.e. the unit of frequency.
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For example, Whenever we tune into a radio we find various stations at varying particular frequencies. The bandwidth of FM radio is 200 KHz from
88.1 MHz to 101.1 MHz for most places. As you tune, the radio you find various stations at various frequencies.

For speech signals, a frequency range of 300 Hz to 3100 Hz is considered adequate. Therefore speech signal requires a bandwidth of 2800 Hz (3100
Hz — 300 Hz) for commercial telephonic communication. To transmit music, an approximate bandwidth of 20 kHz is required because of the high
frequencies produced by the musical instruments. The audible range of frequencies extends from 20 Hz to 20 kHz. Video signals for the

transmission of pictures require about 4.2 MHz of bandwidth. A TV signal contains both voice and picture and is usually allocated 6 MHz of
bandwidth for transmission.

Bandwidth of Transmission Medium

A transmission medium is a material substance (solid, liquid, gas, or plasma) that can propagate energy waves. For example, the transmission
medium for sounds is usually air, but solids and liquids may also act as transmission media for sound. The absence of a material medium in a
vacuum may also constitute a transmission medium for electromagnetic waves such as light and radio waves. While material substance is not
required for electromagnetic waves to propagate, such waves are usually affected by the transmission media they pass through, for instance by

absorption or by reflection or refraction at the interfaces between media.

Coaxial cable is a widely used wire medium, which offers a bandwidth of approximately 750 MHz. Such cables are normally operated below 18
GHz. Communication through free space using radio waves takes place over a very wide range of frequencies: from a few hundred kHz to a few
GHz

Spectrum Allocations:

A spectrum is a large bandwidth of frequencies. Cellular or digital methods use this bandwidth for communication. These allocations have arrived
with the help of international plans and policies. Often they require an upgrade of existing systems and technologies.

For example: 4G communication is for cellular devices accessible. The upcoming years will see the introduction of the 5G spectrum as well. With
such huge bandwidths, easy, reliable and ultra-fast data transmissions are possible regularly.

2. Propagation of Electromagnetic Waves

Electromagnetic Waves are basically defined as superimposed oscillations of an Electric and Magnetic Field in space with their direction of

propagation perpendicular to both of them. Electromagnetic waves are oscillations produced due to the crossing over of an electric and a magnetic
field.

The direction of the propagation of such waves is perpendicular to the direction of the force of either of these fields as shown in the diagram below.

Electric fields
A

-

PN VW

Traveling
B ‘ .
wavelength of direction
electromagnetic waves

Magnetic
fields

In communication using radio waves, an antenna at the transmitter radiates Electromagnetic waves (em waves), which travel through space and
reach the receiving antenna at the other end. As the em wave travels away from the transmitter, the strength of the wave keeps on decreasing. There
are several factors which can influence the propagation of em waves and the path they follow.

Ground wave: These waves are used for a low-frequency range transmission, mostly less than 1 MHz. This type of propagation employs the use of
large antenna order which is equivalent to the wavelength of the waves and uses the ground or Troposphere for its propagation. Signals over large
distances are not sent using this method. It causes severe attenuation which increases with the increased frequency of the waves.

SkyWave: Used for the propagation of EM waves with a frequency range of 3 — 30 MHz. They are present in the ionosphere region of charged ions
about 60 to 300 km from the earth's surface. These ions provide a reflecting medium to the radio or communication waves within a particular
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frequency range. We use this property of the ionosphere for long-distance transmission of the waves without much attenuation and loss of signal
strength.

Another thing to consider is the angle of the emission of these waves from the ground. The transmitter emits the EM Waves at a critical angle to
ensure total reflection to the ground just like the total internal reflection of optic waves otherwise the waves may escape into space. Skip Distance is
the distance between the 2 points between which the wave transmission happens.

Space Wave: It is used for a line of Sight communication also known as LoS. Space satellite communication and very high-frequency waves use
this method of propagation. It involves sending a signal in a straight line from the transmitter to the receiver. One must ensure that for very large
distances, the height of the tower used for transmission is high enough to prevent waves from touching the earth's curvature thus preventing
attenuation and loss of signal strength.

The important relationship for determining the height of the antennas and their corresponding distance of transmission is given by:

dy =/ 2Rhr + \,-/ZRFJR

where,

d,,=distance between 2 antennas;

R=Radius of earth=6400 km

ht = Height of transmission antenna;
hg = Height of receiver antenna

Another important relation for determining the range of transmission(Dt) for a given antenna of height H, is:

dr = \/2Rhr

3. Need Of Modulation In Communication Systems

Modulation and its Necessity

The purpose of a communication system is to transmit information or message signals. Message signals are also called baseband signals, which
essentially designate the band of frequencies representing the original signal, as delivered by the source of information.

Digital and analogue signals to be transmitted are usually of low frequency and hence cannot be transmitted as such. These signals require some
carrier to be transported. These carriers are known as carrier waves or high-frequency signals. The process of placement of a low-frequency (LF)
signal over a high-frequency (HF) signal is known as modulation.

Need for modulation: The sound wave (20 Hz to 20 kHz) cannot be transmitted directly from one place to another for the following reasons :

1. Size of the antenna or aerial: For efficient radiation and reception, the height of transmitting and receiving antennas should be comparable
to a quarter of the wavelength of the frequency used. For 15 kHz it is 5000 m (too large) and for 1 MHz it is 75 m.
2

{

2. Effective power radiated by an antenna: The power radiated is proportional to ()\) . It shows that for the
same antenna length, the power radiated increases with decreasing A i.e., increasing frequency. Hence, the effective power radiated by a
long-wavelength baseband signal would be small. For a good transmission, we need high powers and hence this also points out the need to
use the high-frequency transmission.

3. Detecting signals: All audible signals are in the range of 20 Hz to 20 kHz so the signals from all sources remain heavily mixed up in the air.
It will be very difficult to differentiate or detect the broadcast signal at the receiving station. Thus modulation is necessary for a low-
frequency signal. When it is to be sent to a distant place so that the information may not get erased in the way itself as well as for the proper
identification of a signal and to keep the height of the antenna small too.

e | R A o

T information | 1 T :
Origimal | Basehand | | Modulaed
signal . signal k —i s

=
=

4. Amplitude Modulation

Amplitude Modulation-

The process of changing the amplitude of a carrier wave in accordance with the amplitude of the audio frequency (AF) signal is known as amplitude
modulation (AM). Carrier wave remains unchanged in AM frequency. The amplitude of a modulated wave is varied in accordance with the
amplitude of the modulating wave.
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(B) LF madulating wave

Modulation index: The ratio of change of amplitude of the carrier wave to the amplitude of the original carrier wave is called the modulation
factor or degree of modulation or modulation index (m).

Change in amplitude of carrier wave E.
Ha = p T - =
Amplitude of original carrier wave E.

T max — min

Iu'{[ - -
where E{‘ Em:lx + Emiu
If a carrier wave is modulated by several sine waves the total modulated index m is given by

Ty = \/m.% + m.% + m.% +
Voluage equation for AM wave:

Suppose voltage equations for carrier wave and modulating wave are € = E; cosw,t and
em = Ensinwg,t = mE sinw,,t
where,

€¢= Instantaneous voltage of carrier wave,

E = Amplitude of the carrier wave,

we =2mfe = Angular velocity at the carrier frequency fe
©mn = The instantaneous voltage of modulating.
En =The amplitude of the modulating wave,

Wim = 2T fm = Angular velocity of modulating frequency 'f'
The voltage equation for AM wave is
e = Esinwt = (E: + ey ) sinwd = (B¢ + e sinwy,t) sinwt

mgE,

i makE,
= E,sinw,.t + % cos (we — wyn ) £ — —— cos (W, +wp) t

The above AM wave indicated that the AM wave is equivalent to the summation of three sinusoidal waves, one having amplitude 'E' and the other
Mol

two having amplitude 2

Sideband frequencies: The AM wave contains three frequencies, fer (f ¢t f m) and (f c— [ m). e is called carrier frequency, (f e+ f m) and
fe— fm) are called sideband frequencies.

(f et fm) * Upper sideband (USB) frequency

(fe— fm) : Lower sideband (LSB) frequency

In general sideband frequencies are close to the carrier frequency.

Bandwidth: The two sidebands lie on either side of the carrier frequency at equal frequency interval f,,.

So, bandwidth =

5. Production Of Amplitude Modulated Wave

Production of Amplitude Modulated Wave-

Any signal that is generated from a source and needs to be sent over large distances from the source to the receiver, needs to be modified. This can
be done by superimposition with a carrier signal to ensure the signal can be transmitted in a suitable bandwidth. Amplitude modulation can be
produced by a variety of methods. A conceptually simple method is shown in the block diagram below

BANDPASS AM Wave

_L,@ A0 | square ulth | FILTER
LAW DEVICE CENTRED
A st L WA' AT o,
[Modulating Bxftl+Cx(t)
Signal efn
A sin .l
[earrier)
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Here the modulating signal is added to the carrier signal to produce the signal x (t). This signal is passed through a square-law device which is a
non-linear device which produces an output.

where B and C are constants.

This square waveform passes through a bandpass filter. The bandpass filter is a device which filters out the noise that is the unwanted frequencies.
For example, if the frequencies of the system differ from those including ‘o’ and @w+w’, then the bandpass filter automatically rejects them.

Yet, the process is incomplete. The modulated signal generated is quite weak and cannot sustain attenuation over a large distance. This demands
strengthening the signal. We get this by amplification of the signal using an amplifier diode. The quality of the signal does not change only its
strength increases by the amplifier which forms the second last part of the circuit.

\/'['R;\:\'SM ITTING

ANTENNA
mft]
5| AMPLITUDE POWER
MODULATOR AMPLIFIER
Message signal T
Carrier

Finally, the amplified and modulated signal goes to a transmitter or antenna for radiation at a particular bandwidth frequency. This antenna transmits
the signal over large distances using radiation. But this alone does not ensure the signal will reach its destination.

Power in AM waves
If Vims is root mean square value
and R = Resistance

then Power dissipated in any circuit.
So Carrier Power will be given as

The amplitude of the carrier wave
R = Resistance

Similarly, the Total Power of sidebands will be given as

Where

modulation index

The amplitude of carrier waves
R = resistance

And this gives the Total power of the AM wave as

where

modulation index

The amplitude of carrier waves

R = Resistance

Note-maximum power in the AM wave without distortion Occurs when

Le

6. Detection Of Amplitude Modulated Wave

Detection of Amplitude Modulated Wave-

The transmitted message gets attenuated in propagating through the channel. The receiving antenna is, therefore, to be followed by an amplifier and
a detector. In addition, to facilitate further processing, the carrier frequency is usually changed to a lower frequency by what is called an
intermediate frequency (IF) stage preceding the detection. The detected signal may not be strong enough to be made use of and hence is required to
be amplified. A block diagram of a typical receiver is shown in fig. below

OUTPUT
AMPLIFIER IF STAGE DETECTOR AMPLIFIER

Recehred signall
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Detection is the process of recovering the modulating signal from the modulated carrier wave. We just saw that the modulated carrier wave contains
the frequencies In order to obtain the original message signal m(t) of angular frequency , a simple method is shown in the form of a block diagram
below-

AM Wave | = - iy

g ENVELOPE T 1
—_— SCTIFIED | gt LR

| i RECTIFIER |—) DETECTOR l—) LTPLT

le

L 3
0 Dot (UL
tme | tlme
AM Input wave Rectified wave Cutput without BRI componert)

The modulated signal of the form given in the above figure (a) is passed through a rectifier to produce the output shown in (b). This envelope of a
signal (b) is the message signal. In order to retrieve m(t), the signal is passed through an envelope detector.

So the detector actually removes these frequencies from the signal using diodes for an analog signal or uses digital means to obtain the natural
frequency of the signal. Thus the detector generates the original frequency of the signal.

An important point to note is that in the above process, a simple RC circuit can be additionally used along with the detector to generate the original
frequency of the signal. This is known as a Detector Envelope which can be used to differentiate the incoming signal from the IF stage signal.

Limitation of amplitude modulation-
(1) Noisy reception
(2) Low efficiency
(3) Small operating range
(4) Poor audio quality
Some types of amplitude modulation-
¢ Pulse amplitude modulation (PAM)-The amplitude of the pulse varies in accordance with the modulating signal
¢ Pulse width modulation (PWM)-The pulse duration varies in accordance with the modulating signal.
¢ Pulse position modulation (PPM)-The position of the pulses of the carrier wave train is varied in accordance with the instantaneous value of
the modulating signal.
Frequency modulation-
¢ Frequency modulation deviation The amount by which carrier frequency is varied from its unmodulated value.

The deviation is proportional to the instantaneous value of the modulating voltage.

¢ Value of frequency deviation =

En = modulating amplitude
¢ The modulation index of frequency modulation-

It is defined as the ratio of maximum frequency deviation to the modulating frequency.

Experimental skills

Important Formulae

1. To Measure The Diameter Of Small Spherical Cylindrical Body Using Vernier Callipers

A Vernier calliper is an instrument that measures internal or external dimensions and distances. It allows you to take more precise measurements
than you could with regular rulers.

Important terminologies -
LEAST COUNT AND ZERO ERROR
The magnitude of the smallest measurement that can be measured by an instrument accurately is called its least count (L.C.).
The difference between one main scale division (M.S.D.) and one vernier scale division is called the least count.
i.e. L.C.=0One M.S.D. —One V.S.D.

ZERO ERROR
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If there is no object between the jaws (i.e., jaws are in contact), the vernier should give zero reading. But due to some extra material on the jaws,
even if there is no object between the jaws, it gives some excess reading. This excess reading is called zero error.

Zero correction: Zero correction is an invert of zero error.
Zero correction = — (Zero error)

Actual reading = observed reading — excess reading (zero error)
= observed reading + zero correction

Theory

If with the body between the jaws, the zero of the vernier scale lies ahead of the Nth division of the main scale, then the main scale reading (M.S.R.)
=N

If with division of the vernier scale coincides with any division of the main scale, then the vernier scale reading (V.S.R.)
=nx (L.C.) (Here, L.C.is the least count of vernier callipers)
=nx (V.C.) (Here, V.C.is vernier constant of vernier callipers)

And total reading, T.R. = M.S.R. + VS.R. =N +n x (V.C.)

Calculating the Vernier constant (least count) of the Vernier Callipers:
1M.S.D.=1mm
10 vernier scale divisions = 9 main scale divisions
ie. 10V.S.D.=9M.S.D.
1V.S.D.= M.S.D.

Vernier Constant (V.C) =1 M.S.D.-1V.S.D.=1M.S.D. M.S.D.

2. To measure the thickness of the given sheet using a screw gauge

Theory

1. If we place the sheet between plane faces A and B, the edge of the cap lies ahead of the Mb division of the linear scale. Then, linear scale reading
(L.S.R.) =N.

If the nth division of the circular scale lies over the reference line.

Then, circular scale reading (C.S.R) =nx (L.C.) (Here, L.C. is the least count of screw gauge)

Total reading (TR) =LS.R. + C.SR.=N+n(L.C.)

Fig. Serew gauge mensuring diameter of the wire.

Calculations -

Total reading = M.S.R + C.S.R

L.C = least count
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