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Preface

This Textbook for Physics Grade 12 has been developed by NBF according to the
National Curriculum of Pakistan 2022-2023. The aim of this textbook is to enhance
learning abilities through inculcation of logical thinking in learners, and to
develop higher order thinking processes by systematically building the foundation
of learning from the previous grades. A key emphasis of the present textbook is
creating real life linkage of the concepts and methods introduced. This approach
was devised with the intent of enabling students to solve daily life problems as
they grow up in the learning curve and also to fully grasp the conceptual basis that
will be built in subsequent grades.

After amalgamation of the efforts of experts and experienced authors, this book
was reviewed and finalized after extensive reviews by professional educationists.
Efforts were made to make the contents student friendly and to develop the
concepts in interesting ways.

The National Book Foundation is always striving for improvement in the quality of
its textbooks. The present textbook features an improved design, better
illustration and interesting activities relating to real life to make it attractive for
young learners. However, there is always room for improvement, the suggestions
and feedback of students, teachers and the community are most welcome for
further enriching the subsequent editions of this textbook.

May Allah guide and help us (Ameen).

Dr. Kamran Jahangir
Managing Director



Practical Applications of Physics-Xll in Everyday Life

Welcome to the fascinating world of physics! This book is designed to take you on a journey
through the fundamental principles and concepts that govern our universe. From the intricacies
of gravitational potential to the mysteries of quantum physics, each unit in this book will reveal
the beauty and relevance of physics in our daily lives.

As you explore the world of physics, you'll discover the numerous career paths available to you.
Whether you're interested in pursuing a career in research, engineering, medicine, or
technology, physics will provide you with a solid foundation for success.

Let's take a glimpse into the exciting world of physics that awaits you:

In Unit 15, Gravitation, you'll discover how the concept of gravitational potential energy is
crucial in designing roller coasters, understanding the motion of planets, and even predicting -
the trajectory of spacecraft. Careers in aerospace engineering, astrophysics, and geophysics
rely heavily on this concept.

Unit 16, Statistical Mechanics and Thermodynamics, will show you how the principles of
thermodynamics govern and impacting our daily lives in countless ways. Careers in mechanical
engineering, chemical engineering, and materials science rely on a deep understanding of

thermodynamics.

In Unit 17, Simple Harmonic Motion, you'll explore how this fundamental concept is used in
designing medical equipment, such as MRI machines, and musical instruments, like guitars and
violins. Careers in biomedical engineering, mechanical engineering, sound and music
technology rely on an understanding of simple harmonic motion.

Unit 18, Diffraction and Interference, will reveal the secrets and the behavior of waves in
different phenomenon. Careers in photonics, optics, and acoustics rely heavily on this concept.

Unit 19, Electric Potential and Capacitor, will introduce you to the world of energy storage
and transmission, crucial for understanding how batteries, capacitors, and electrical grids work.
Careers in electrical engineering, renewable energy, and energy storage rely on a deep
understanding of electric potential and capacitors.

In Unit 20, Alternating Current, you'll discover how AC circuits power our homes, industries,
and technologies, and learn about the innovative applications of AC in medical equipment and
transportation systems. Careers in electrical engineering, power engineering, and
telecommunications rely heavily on this concept.

Unit 21, Quantum Physics, will take you on a journey into the fascinating realm of the tiny,

where the principles of quantum mechanics govern the behavior of atoms, molecules, and
subatomic particles. Careers in materials science, nanotechnology, and quantum computing rely

on a deep understanding of quantum physics.
Unit 22, Nuclear Physics, will explore the mysteries of nuclear reactions, radioactivity, and

the applications of nuclear energy in medicine, industry, and power generation. Careers in
nuclear engineering, medical physics, and radiation therapy rely heavily on this concept.



In Unit 23, Cosmology, you'll embark on a cosmic journey to explore the origins, evolution, and
fate of our universe, delving into the mysteries of dark matter, dark energy, and the expansion
of the cosmos. Careers in astrophysics, cosmology, and space exploration rely on a deep
understanding of cosmological principles.

Unit 24, Earth's Climate, will examine the complex relationships between our planet's
atmosphere, oceans, and land surfaces, highlighting the impact of human activities on climate
change and the importance of sustainable practices. Careers in environmental science, climate
modeling, and sustainability rely heavily on this concept.

In Unit 25, Medical Imaging, you'll discover how physics principles, such as X-ray computed
tomography (CT) scans, magnetic resonance imaging (MRI), and positron emission tomography
(PET) scans, have revolutionized medical diagnosis and treatment. Careers in medical physics,
biomedical engineering, and radiology rely on a deep understanding the principles of medical
imaging.

Finally, Unit 26, Nature of Science: A Debate, will challenge you to think critically about the
scientific method, the role of experimentation and observation, and the ethics of scientific
inquiry. Careers in science policy, science communication, and science education rely heavily
on a deep understanding of the nature of science.

As you embark on this physics journey, remember that the concepts and principles you'll learn
are not just abstract ideas - they have a profound impact on our daily lives, from the technology
we use to the environment we inhabit. By learning these fundamental physics concepts, you'll
gain a deeper understanding of the world around you and develop problem-solving skills
essential for innovative careers in science, technology, engineering, and mathematics (STEM).

Some potential career paths in physics include:

- Research scientist - Medical physicist - Biomedical engineer

- Materials scientist - Nanotechnologist - Environmental scientist
- Climate modeler - Sustainability specialist - Science policy analyst

- Quantum computing specialist - Science communicator - Science educator

- Engineer (mechanical, electrical, aerospace, etc.)

These are just a few examples of the many exciting career paths available to physics students.
Get ready to explore, discover, and be amazed by the wonders of physics!

Managing Author
Physics-XII
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GRAVITATION

Student Learning Outcomes (SLOs)

The student will

Define and calculate gravitational field strength [this
will include more challenging problems than in

Grade-9. It will involve use of g= G—T—- |
r

Analyse gravitational fields by means of field lines.
This includes knowing that for a point outside a
uniform sphere, the mass of a sphere may be
considered to be a point mass at its center.]

Apply Newton's law of gravitation to solve problems

[F-Gﬂr?}l for the force between two-point masses

to solve problems].

Analyze circular orbits in gravitational fields [By
relating the gravitational force to the centripetal
acceleration it causes]

Analyze the motion of geostationary satellites [This
includes knowing that a geostationary orbit remains
at the same point above the Earth's surface, with an
orbital period of 24 hours, orbiting from west to east,
directly above the Equator].

Derive the equation for gravitational field strength
[From Newton's law of gravitation and the definition

of gravitational field, the equation g-% for the

rI
gravitational field strength due to a point mass].
Analyse why g is approximately constant for small
changes in height near the Earth's surface.
Define and calculate gravitational potential [Use

b= “GM for the gravitational potential in the field
-

due to a point mass] [At a point as the work done per

unit mass in bringing a small test mass from infinity

to the point]

Justify how the concept of gravitational potential

leads to the gravitational potential energy of two-

point masses [Use E, = -l:um
e

expected]

in problems is
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Gravity, a force that has fascinated scientists for centuries, is essential in shaping the universe.
It keeps us firmly held on Earth and controls the movements of stars in galaxies. Newton's law
of gravitation has been crucial in helping us comprehend this force.

Our galaxy, the Milky-Way, is a prime example of gravity's strength. It is a vast disk of stars,
dust, and gas held together by the powerful gravitational force of its center. Even though we
are located near the edge of the galaxy, about 26,000 light-years from the center, we are not
alone. The Milky-Way is part of the Local Group, a cluster of galaxies that includes the
Andromeda Galaxy, just 2.5 million light-years away. Gravity is the master of this cosmic dance.
It controls the movements of stars within our galaxy and influences how galaxies interact with
each other. As we explore gravity further, we develop a deeper understanding of the force that
shapes the universe on large scale.

15. 1 NEWTON'S LAW OF UNIVERSAL GRAVITATION

Newton formulated a law called the law of universal gravitation to describe the force of
attraction between various objects in the universe; which is stated as follows:

Every object in the universe attracts every other object with a force which is directly
proportional to the product of their masses and inversely proportional to the square of the
distance between their centres.

Newton's law of universal gravitation revolutionized our understanding of the physical world
and provided a mathematical framework for explaining the motion of celestial bodies such as
planets, moons, and stars. It laid the foundation for the development of classical mechanics
and helped to explain many phenomena in the natural world, from the tides caused by the
gravitational pull of the moon to the orbiting of planets around the sun.

Today, Newton's law of universal gravitation is still used as a fundamental principle in physics
and astronomy, although it has been refined and expanded upon by later theories such as
Einstein's theory of general relativity. Nevertheless, Newton's law of universal gravitation
remains a cornerstone of our understanding of the force that governs the motion of objects in

the universe.

Consider two spherical bodies of masses ‘m;’ and ‘m;’ separated by distance ‘r’, as shown in
Fig. 15.1. By definition of Newton's law of universal gravitation, the force of gravity ‘F’ is:

F,ocm, x
R Fy Fy
1
F'l o r_1
Combining both relations, we get:
m,xm, - r >

F e

‘ r Figure 15.1: Ilustration of
Replacing proportionality with constant, we get: gravitational force between two
* objects.
F, = Gﬂrzﬂ.

Where ‘G’ is constant of proportionality and is known as gravitational constant. Its value is
6.67 x 10" N m* kg™.

National Book Foundation 15-Gravitation
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Gravitational force is always attractive and does
not depend upon the medium between the masses.
The gravitational force is an inverse-square force:
it decreases by a factor of 4 when the distance e 8
increases by a factor of 2, it decreases by a factor
of 9 when the distance increases by a factor of 3,
and so on. Graph in Fig. 15.2 is a plot of the
magnitude of the gravitational force as a function

Force (N)

of the distance, between two objects. 1/4 F=+

According to Newton's law of universal gravitation, Vor T ; 3 v Distance
all objects attract each other. So, if the force on 0 ' ' il {m)
mass ‘m;’ caused by mass ‘m,’ is ‘Fz’, there is roa i

also a force on mass ‘m;’ caused by mass ‘m;’, Figure 15.2: Variation of the gravitational
which is ‘Fy2’. These forces are equal in magnitude  force as a function of the distance.

but opposite in direction. Therefore, we can conclude that the » r ~

forces acting on two objects due to gravitational force

demonstrate action and reaction making a pair, as shown in oo 4—.

the Fig. 15.3. Fiz Fuo ',
my

The forces ‘Fi2" and ‘F2:’ can be mathematically equated as:
Figure 15.3: Illustration of

Fiz2 = —F24 gravitational action reaction

ir.
These two forces act like action and reaction which are equal o
to each other in magnitude but opposite in direction. It means that Newton’s universal law of
gravitation is consistent with Newton's 3™ law motion.

Example 15.1: Two bodies A and B are placed at a distance of 1 m from each other. What
will be the force of attraction between them if their masses are 45 kg and 50 kg
respectively?

Given:r=1m my = 45 kg m; = 50 kg

To Find: Fg=7?

Solution: Using Newton's law of universal gravitation: F=G m,l;n,
r

6.673x10"" x45 x50

(1)°
Hence F,=1.5x107N
This implies that we are drawn towards each other, but the force is so minuscule, around
107 N, that it goes unnoticed unless we employ highly sensitive instruments. Even massive
objects such as ships and buildings experience a very slight gravitational pull.

Assignment 15.1
1) The mass of Earth is 6 x 10% kg and that of the moon is 7.4 x 10?? kg, with a distance of
3.84 x 10° km between them. Calculate the force exerted by the Earth on the moon.
2) Why do we say that law of gravitation is a universal law?

Putting values: F.=

MNational Book Foundation @ 15-Gravitation
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The gravitational constant ‘G’ is crucial for
calculating gravitational forces accurately.
However, measuring such a small number was a
challenge. It took scientists 100 years after
Mewton's work to create a device capable of
measuring G. In 1798, Henry Cavendish, an
Englishman, used a torsion balance apparatus
(shown in figure) to measure the gravitational
force between two objects. This experiment not
only helped determine G but also raised questions
about whether gravitational force varies in
different mediums, such as air and water. Knowing
G also led to obtaining precise values for Earth's
mass and other astronomical masses.

15.2 GRAVITATIONAL FIELD STRENGTH

The area around a massive object (like Earth, sun, etc.) where its gravitational force acts is
known as gravitational field.

Gravitational field is represented by field lines that indicate the direction and strength of
gravity, as shown in Fig. 15.4. Closer lines represent a stronger field, while farther apart lines
indicate a weaker field.

The gravitational field lines point radially inward uniformly in all directions for a point mass (a
point mass is treated as if all its mass is concentrated at a single point in space), forming a
symmetric pattern. Since a gravitational force is an interaction between a test mass and the
gravitational field created by the source mass, therefore from Newton’s second law of motion:

F
a=s—
m
F
Similarly, a, = E' =g

Gravitational field can be defined by gravitational field strength, denoted by ‘g'. The
gravitational field strength is a vector with a magnitude of ‘g’ pointing in the direction of the
gravitational force. The value of ‘g’ is the gravitational force on a unit mass at that point, or
‘e = Fg/m’. Therefore, gravitational field strength and acceleration due to gravity are
equivalent.

Value of 'g' on Surface of the Earth

Newton's law of universal gravitation shows that the value of ‘g’ depends on mass and distance.

For example, consider an object (stone) of mass ‘mo’ placed on surface of Earth. Let ‘M¢’ be
the mass of the Earth and radius of Earth ‘R¢’ is the distance between their centres (as radius
of stone is very small compared to radius of Earth, therefore it is ignored). The gravitational
force between the stone and Earth is:

FﬁG—”%?-‘ (15.1)

The gravitational force Fy by Newton’s second law is:

'Hltlnnll Book Foundation 15-Gravitation
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(15.2)

F'-W=-mng

Comparing Eq. (15.1) and Eq. (15.2), we get: m,g= %R?l
or g= Gﬂ’-

For Earth we know that mass of Earth Me = 6 x 10* kg and radius of Earth Re = 6.4 x 10° m and
G = 6.67 x 10" N m? kg?, putting these values in Eq. (15.4), we get:
= a,_ 6x10% i ¥ 2
g2=6.67x10 x{6.4x10"}1 or g=9.77Tms*=9.8ms

Eq. (15.3) shows that the value of ‘g’ does not depend upon the mass ‘m,’ of the body. This
means that light and heavy bodies should fall at same rate. This equation also shows that
gravitational field strength depends only on mass of Earth ‘M¢’ and radius of Earth ‘Re’.
Therefore, on any other planet's surface, both the value of ‘g’ and our weight will be influenced
by the planet's mass ‘m’ and radius ‘r’, therefore the Eq. (15.3) in more general form can be
expressed as:

(15.3)

g=G3
Variation of 'g' with Altitude

Moving away from surface of Earth may change ‘g’ and
therefore our weight. The value of ‘g’ at a given place
depends upon the distance from the centre of Earth, as shown
in Fig. 15.4.

Let ‘gy’ be the value of acceleration due to gravity at a height
‘h’ from the surface of the Earth. We can rewrite
gravitational field strength from Eq. (15.3) as:

(15.4)

-G_Me 15
g,=G R +hy (15.5)
As, gnﬁ-% d
or GM, =gR? (15.6) Sl
Putting Eq. (15.6) in Eq. (15.5), we get: ————
. Figure 15.4: Variation of 'g'
%~ (R, +hy (3:7) with altitude.
This equation shows that: Table 15.1: Variation in Gravitational Acceleration with Altitude
As we go further away from | Altitude (km) g (ms?) | Example
the centre or surface of the aﬂa :: Average Earth radius
. iy . Mount Everest
::c » the value of g 36.6 9.7 | Highest manned balloon
reases. 400 8.7 Space shuttle orbit
35,700 0.2 Communication satellites

National Book Foundation @ R s 15-Gravitation |
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The change in 'g' is only noticeable at very long distances, as indicated in the Table 15.1.

Example 15.2: Shooting stars are meteors that burn up in Earth's atmosphere. Meteors
become visible between about 75 to 120 km above Earth. What is the gravitational field
strength at 120 km above earth surface? '

Solution: The gravitational field strength of Earth is given by:

9.8x(6.4x10°)*
(6.4x10° + 0.12x10%)?
The value of ‘g’ at 120 km above Earth surface is slightly less than its value at surface of Earth.

Assignment 15.2
What will be the value of gravitational filed strength ‘g’ at 35,700 km, where geostationary
satellites orbit around the Earth?

Gravitational Fields Lines

To better understand the gravitational field
surrounding the Earth, we can visualize the planet . ¢

as a perfectly uniform sphere. This simplification .\Fs : 9
allows us to analyse the gravitational effects more : 3 )
easily. A uniform sphere has a consistent density :
throughout. The concept of a uniform sphere =", : :
simplifies the understanding of complex mass e
distributions, which is crucial in astrophysics and RT— —
planetary science. It allows for easier calculations

of gravitational forces for stars, planets, and
moons without considering differences in their b
density. Its gravitational field behaves as follows: i

A. Outside the Sphere: The field acts as if all

mass is concentrated at the centre, resembling q

that of a point mass with the same total mass. Figure 15.5: Gravitational Field Lines.
For locations that are situated outside the Earth's

surface, we can conceptualize the Earth's mass as being concentrated at a single point located
at its centre. This model is useful because it simplifies the calculations involved in

understanding gravitational forces.
As shown in Fig. 15.5, this representation illustrates how the strength of the gravitational field

reduces rapidly as one moves away from the Earth. This behaviour aligns with our expectations
as one would expect from the inverse-square nature of Newton’s law of universal gravitation.

Putting values, we get: g, = or gh=9.4 ms™

B. Inside the Sphere: The gravitational field strength increases steadily toward the surface, as
only the mass within the radius affects the field at any point inside.

National Book Foundation @ 15-Gravitation



Example 15.3: The largest planet in our solar system is Jupiter, it has a mass of 1.898x10%
kg and radius as 7,15x107 m. Determine the free-fall acceleration at the surface of Jupiter?
Also calculate the weight of 60 kg astronaut on it.

Given: m, = 1.898x10% kg r, =7.15x10" m Mass of astronaut = 60 kg
To Find: g, =1 Wa=1
Solution: The gravitational field strEngth of Jupitar is given by:

g, =G

rJ

1.898x107 o0
(7.15x107)*
So, value of ‘g’ on Jupiter's surface if 24.77 which is about 2.528 times of the acceleration due
to gravity on Earth's surface (g, = 2.528 ge¢). Weight of astronaut can be found by:

w.l. i mg.l .
Putting values, we get: W, =60x24.77N  or W, =1486.2 N
While on Earth, he will only weigh 588.6 N.

Assignment 15.3
The gravitational field strength on surface of moon is 1.6 N kg'. The mass of moon is
7.3 x 10** kg, what is its radius?

5.3 SATELLITES AND ORBITS

A satellite is any object that orbits the BIEorYour Information I

planet due to the force of gravity, 5pace statmr-u is a space craft capable ofsupportlng

maintaining a stable path around it. crew which is designed to remain in space for an
extended period of time and to which other space-

A natural body orbiting a planet, dwarf crafts can dock. International Space Station (ISS) is the
p[anet] or minor p[anetr where the largest satellite in the orbit; it can even be seen with

larger body's gravity dominates the bbb
system, is called a natural satellite. Six
of the major planets possess natural
satellites often termed as moons.

Artificial Satellites R |

Artificial  satellites are objects
intentionally placed into orbit around
the Earth or other celestial bodies.
Different orbits for artificial satellites

are shown in Fig. 15.6. The first Figure 15.6: Different orbits for artificial satellites are

artificial satellite was launched in 1957,  Shown with numbers. 1 shows plane of the equator, 2
and since then, thousands have been shows inclined orbit, 3 shows the polar orbit, 4 shows

the geostationary orbit.
sent for various purposes such as
communication, military operations, and scientific research.

Putting values, we get: g,=6.67x10"" x g, =24.77ms™

A L il

National Book Foundation () sl 15-Gravitation
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These satellites orbit the Earth without the need for an engine, as they are held in place by the
gravitational pull of the Earth. Engineers have developed different types of satellites, each
serving a specific purpose or mission, such as: Communication satellites, Weather satellites,

Navigation satellites etc.

Launching a satellite into orbit involves a complex
and carefully planned process to ensure mission

success. A satellite is put into orbit by moving it to

high altitude and then accelerating it to a
sufficiently high tangential speed with the help of

space craft (e.g. rockets), as shown in Fig. 15.7. If
the speed is too low the satellite will fall back to

Earth. If the speed is too high, the satellite will

) Speed adjusted

either move in elliptical orbit or will escape out of = ', S0 that satellite
: A ‘.  travel in circular .
the Earth’s gravity, never to return (escape speed). . path .
However, if the speed is adjusted it will move in a R o i g
circular orbit forever. Satellites are typically put High speed
into circular (or nearly circular) orbits, because = Figure 15.7: Artificial satellites launched
at different speed.

such orbits require the least energy.
Orbital Velocity

THe orbital velocity of a satellite refers to the minimum velocity required for a satellite to orbit
the Earth or another celestial body at a specific altitude.

When a satellite is moving with velocity ‘vo' in a circle of radius ‘r’ from the centre of earth, it
has centripetal acceleration given by:

2
v
ﬂ':ﬂ—"-

r ;
As this centripetal acceleration is supplied by gravity,
l.e.,a=g, i

So, g= —=

or Vn=-\/§_r

By using ngr—h:f , we get:

e s

" Hence orbital velocity also depends upon the mass of the larger body and t
centre of the larger body to the centre of mass of the satellite.

L T -
b

Figure 15.8: Satellite launched at
orbital speed.

he distance from the

_Hﬂlnn:l Book Foundation 15-Gravitation
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Eq. (15.8) tells us that the satellite in the orbit moves faster
when it is close to the gravitating body (i.e., Earth) and
slower when it is further away.

As the size of satellite is small as compared to the size of
Earth and the distance in between therefore ‘r’ is taken as
the sum of the radius of Earth ‘R¢’ and height ‘h’.

Therefore, Eq. (15.9), can also be written as:

v« [S

15.9
«=\Ro+h (15.9)

As the speed decreases due to height, we may have certain
orbit such that the satellite covers a complete round trip in
twenty-four hours and it appears stationary above certain
fixed point.

Example 15.4: The International Space Station (ISS) is the
biggest structure ever placed in space (even visible in
night sky with unaided eye) and serves as a ‘space
laboratory. It orbits at an average altitude of about 400

M lodads

Voyager 1, which was launched in
1977 alongside Voyager 2, holds
the title of being the farthest
manmade object. It has recently
ventured into interstellar space,
surpassing the distance between
Earth and Pluto. These
spacecrafts are equipped with a
golden record containing various
messages from Earth, such as
music and speeches, intended for
potential extraterrestrial beings
to appreciate.

km above the Earth's surface in Low Earth Orbit (LEO). What is its orbital velocity?

Given: h = 400 km = 400,000 m
To Find: vo =17 .
Solution: The equation for orbital velocity is:

V. = %

4] RE+I'|
Putting values, we get: V. = 6.67 x10"" x 6x 10
g ’ get. o 6‘-4"10"*4‘0'},00&

or v, =7.66 kms™

At this speed in a span of 24 hours, the space station completes 16 orbits around Earth,

experiencing 16 sunrises and sunsets along the way.

Example 15.5: The mass of the Sun is 1.99 x 10% kg, and the radius of the Earth’s orbit
around the Sun is 1.5%10"" m. What is the orbital velocity of the Earth?

Given: Ms; = 1.99 x 10*° kg r=1.5x10"m
To Find: vo =17

Solution: The equation for orbital velocity is:

1ur.,=1’{3-ﬂ
r

Putting values, we get: v, = Jﬁ.ﬁ? x 10" x

1.5x10"

1.99 x10%®

or v, = 30 kms™

This is indeed very high speed; it means that we all sitting stationary on surface of Earth are

actually moving at 30 km s around the sun.

Natianal Baok Foundation
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Assignment 15.4
Calculate the orbital speed of satellite orbiting the Earth at an altitude equal to Earth's
radius.

15.4 GEOSTATIONARY SATELLITES

At certain distance from the centre of Earth a
satellite would take exactly 24 hours to circle
the Earth. Such satellite would remain *-...
stationary above some point on Earth. These
satellites are called geostationary (or
geosynchronous satellites) and the orbit of
these satellites is called geostationary orbit, as
shown in Fig. 15.9.

Consider a satellite of mass m revolving in a
geostationary orbit with velocity ‘ve’ from
Earth of mass ‘Me’. Let ‘r’ be the distance
between the centre of Earth and the centre of ’

satellite. Then the orbital velocity of satellite ~ ...oooss""""" 2P s - W :
is given by: equator

vo= O RN T A
g r Satellite

For a satellite revolving in a circular Figure 15.9: Geostationary satellite remains

geostationary orbit of radius ‘r’ the distance Et:r?:" ey sbove: POIRE P "on' the ' sirface (of

covered by satellite is the circumference of
circle (2mr) and time taken is the time period ‘T’ of satellite, then velocity ‘v.’ is given by:

S_2ur
V == e—
> £ T
. G
Comparing the above two equations for velocity ‘v,’, we get: % = %
GM, T?
Squaring both sides and rearranging for ‘r’, we get: r= ::ETI

Taking cube root on both sides, we get:
‘ M T? bl
r=[G ;I' J (15.10)
4m
Eq. (15.10) gives the orbital radius of geostationary satellite.

Calculation of orbital radius for geostationary satellite -
Since G = 6.67 x 10" N m?*kg?, Me = 6x10* kg, T = 86400 s and w = 3.14 by substituting these

values in Eq. (15.10), we get:
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(667 x107x6 x 10 x(86400)° %
4x(3.14)°

r=423x10"m or r=4.23 x 10* km
This is the orbital radius as measured from the centre of Earth.
Calculation of orbital speed of geostationary satellite

The equation for orbital speed is: v, = Jaﬁ—:-*‘—

Since G = 6.67 x 10" N m*kg?, Me = 5.98x10% kg and r = 4.23 x 10" m, by substituting values,
we get:

6 x10*

m = 3.07x10°ms"

v, = \Iﬁ.ﬁ? x 107" x

eoiREtoPander

A satellite that stays fixed relative to the Moon's surface, known as a lunar-stationary satellite, cannot
maintain a stable orbit due to the Moon's Hill Sphere. The Hill Sphere is a region around a celestial body
where its gravitational pull is stronger than that of a larger body, in this case, Earth. To have a satellite
stationary relative to the Moon, its orbital period would have to match the Moon's rotation period of
about 27.3 days. The required orbital radius for this 27.3-day period around the Moon is approximately
88,417 km. However, the Moon's Hill Sphere extends only up to around 60,000 km. This means that the
calculated radius of 88,417 km falls outside the Moon’s Hill Sphere, causing Earth's gravitational force to
interfere and destabilize the satellite's orbit. As a result, a lunar-stationary satellite would not be able
to sustain a stable orbit around the Moon.

Example 15.6: Venus has a mass of 4.867 x 10* kg and has a period of 243 days. What
would be the radius of a synchronous satellite for this planet?

Given: My = 4.867 x 10™ kg T=243days =2.093 x 107 s
ToFind: r=1
Solution: The equation for radius of synchronous satellite for Venus is:
Gm, T2 Y
rs=
4’
. _(6.67x10™"x4.867 x10% x (2.093x107)? Y*
Putting values, we get: r -[ 4=(3.14)"
or r=1.53 x10° m = 1.53 x 10* km

Venus, due to its incredibly slow rotation, cannot have a stable geostationary orbit at 1,530,000
km (or even close to that distance). Due to Venus's lower mass compared to Earth, its Hill sphere
is significantly smaller. At a distance of 1,530,000 km, the satellite would likely be outside
Venus's Hill sphere and more influenced by the Sun's gravity. This would cause the satellite’s
orbit to become unstable, and it wouldn't remain stationary over a fixed point on Venus.

Therefore, while the mathematical formula provides a solution, it doesn't represent a feasible
scenario for a synchronous satellite around Venus.

Assignment 15.5
Calculate the height (from surface of Earth) of a satellite in geostationary orbit.

il
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15.5 GRAVITATIONAL POTENTIAL

The formula AP.E = mgh is accurate for potential

energy near the Earth's surface where gravity is
constant. However, as we move away from the - .
surface, gravity weakens, making the equation Wnl q ¥
invalid. Instead, we must use an expression based on W, .2

Newton's law of universal gravitation. T

Secondly, to calculate gravitational potential energy,
we need to establish a zero-reference point, often
the Earth's surface. This choice results in negative W
potential energy for any finite distance ‘r’' because
potential energy decreases as objects move closer to
the zero-reference point and increases as they move
apart.

Consider the Fig. 15.10 in which a body of mass ‘m’
is placed at surface of Earth having distance from the
centre of the Earth ‘Re’ (equal to the radius of Earth). ;'i*‘e
As mass of Earth is ‘M¢” and to displace the body from : 3
point ‘1’ to ‘n’, we divide the whole distance into 4 _
number of small distances each of magnitude ‘Ar’, £% Bk i b
such that the force during each interval remains L A v
constant.

o = N oWk

By work and potential energy principle, we get: ""‘E
AP.E =W, (1) :

As we go up from the surface of Earth, the = Figure 15.10: Gravitational Potential. .
gravitational force decrease. So, for variable force, we can get the total work done by summing
up all the individual work done, i.e., .

W, =W+W +W,+...... +W. . +W,

(2)
The work done frurﬁ point ‘0’ to point ‘1’ is ‘W;’, which can be written as:

Wi = Fav. Ar or W, =F, Ar cosb

Here 6 =180%°and cos180° = -1

Therefore, W, =-F,Ar (3)
The average force from point ‘0’ to point *1’ is Fay, which can be written from Newton’s law of
universal gravitation as:
- _GMgm
L

rﬂ.\"
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Now the average distance ‘ray’ is neither ‘Re’ nor 'ry’, it can be caicuiated as:

Calculation of rav:
R. +r,

The average distance rayis T, = —"'24- (5)
From the Fig. 15.10: Ar=r-R; or r,=Rg+4r (6)
Putting Eq. (6) in Eq. (5), we get:

r, = Re + F::f +4r S r - 2R§2+ Ar
Therefore. My =Rg+ 22[ (7)

Calculating (rav)*:

2
Squaring both sides of Eq. (7), we get: i =(R1 +%]

(Ar)? . 2ReAr
4 2

Therefore, My = [RE *

Since ‘Ar’ is very very small, the square of the term will be so small that it approaches to ZERO,
compared to ‘R¢’ and ‘ry’. Therefore, we can neglect the term which include (Ar)?, as it will
have extremely minor effect on overall calculation, hence:

r2, =RE +R.Ar (8)
Putting value of Ar from equation (6) in equation (8), we get:
rav =RE+Re(r;-Re) or 1y, =RE+Rr-RE
So rl =R, (9)
- Putting Eq. (9) in Eq. (4), weget: F, = G:-.,:rm (10)
From the Fig. 15.10, Ar=r,-Rg L_ (11)

Putting values from Eq. (10) and Eq. (11) in Eq. (3), we get:
GM.m
W,=- 2 Ry)

E*1

¥ 1
H =- L.
ence W, =-GM:m [RE - )

1

This is the value of work in which a force is supposed to remain constant during separation ‘Ar’,
similarly,

(12)

(13)

w1=-GMEm[1-1J
hn

‘National Book Foundaiion By 15-Gravitation



11
and W, =-GM:m [———] (14)
; nn
Similarly, the work done in last two steps is given by:
1.3
Wn_t=-GMfm(—-—] — )
rn-l rrr-l
1 1
and W,=-GM;m| —-— (16)
n-1 rn

The total work done in moving a body from point ‘0’ to point ‘n’ can be obtained by adding all
the individual work done, that is, by putting Eq. (12) to Eq. (16) in Eq. (2), we get:

1 1 11 1.9
=- —— |-GMm | —-— [-GMm | —-— [+.......
Yo GMEm[RE r,} e ["1 er : (G r;)
...... +GMEm(l-l)-GME [,‘_-l)
Tz Foa Ma T
or wmt='GM£m l'l‘|'l'l‘|'-1—'1+ ............. +l-l+l-l
RE I-1 r‘t rl ri r! rn—:.'. rn—l rn—‘r rn
1
Therefore; W =-GM;m [—1— - r—) (17)
E "n

Putting Eqg. (17) in Eq. (1), we get:
1 4
AP.E =- i s
P.E GMEm{RE "n)

Now to exclude the choice of setting a reference point for calculation, we set point ‘n’ at
infinity, such that we define the gravitational potential energy ‘U’ as the work done in bringing
a mass ‘m’ from infinity to the surface of Earth.

(18)

When point ‘n’ is taken at infinity, then ‘r, = =', and Eq. (18) becomes:
1 1 1
== m|—-— — =
U=-GM, [RE ] as

Therefore, the general expression for the gravitational potential energy ‘U’ of a body situated
on the surface of Earth at distance ‘r’ from the centre of Earth is given by: '

U=-%m 59

r

Eg. (15.9) is used when gravitational force is not constant. The variation of gravitational
potential energy ‘U’ as a function of distance ‘r’ is shown in the Fig. 15.11. The absolute
potential energy is defined as:
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The amount of work done in v

AP.E
moving a body from Earth’s - = Gy
surface to a point at infinite .
distance where the value of g -
is negligible. Mass of Earth '
B, The potential energy
The gravitational potential Mt

goes to zero as ‘r’,
approaches infinity.

(represented by ¢ or V) at a
point is the work done per
unit mass in bringing a small
test mass from infinity to that
point. The gravitational

Gravitational potential

LI

potential ‘v’ is therefore the energy as a function of r, the
gravitational potential distance between the centers
energy ‘U’ per unit mass ‘m’, of the two bodies. The
mathematically: GMm potential energy Increases as
U u..__‘;k_.. ol S the distance increases.
[ 4
_V ¥ H iy Figure 15.11; Variation of the gravitational field and potential, as

a function of the distance from the center.
The expression for

gravitational potential ‘V* at a point ‘P’ at distance ‘r’ from the centre of Earth, can therefore
be obtained by putting Eq. (15.9) in Eq. (15.10), such that:

v=-¥5 (15.11)

Calculation of Gravitational Potential at the Surface of Earth:

Eq. (15.11) can be used to determine the graﬁtaiinnal potential at the surface of Earth as it
does not depend upon the mass of the object. As gravitational constant G is 6.67 x 107" N m?
kg?, mass of Earth Mg is 6 x 10* kg and radius of Earth Re is 6.4 x 10° m, therefore:
_ 6.67 x 10" x6x10*

6.4x10°

or V=-62.3x10°Nmkg"'=-62.3 MJ kg

Although the equations are derived for Earth, but these are equally valid for other gravitating
objects.

Example 15,7: What is the gravitational potential energy and gravitational potential with
respect to the Sun at the position of the Earth? The mass of the Sun is 1.99 x 10% kg and
the mass of the Earth is 6 x 10*! kg, The mean Earth-to-Sun distance is 1.5 x 10'' m,

Given: Ms = 1.99 x 10* kg Me = 6 x 10" kg r=1.5x10"m
ToFind: U=7? V=
Solution: Gravitational potential energy formula for sun and Earth can be written as:

V=
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GM M,
r

U=-

Putting values from given data, we get:

6.67 x 10" %1.99x10* x6x10*

U=-
1.5x10"

Therefore, U=-5.29x10"Nm=-5.29x10%)
Gravitational potential formula for sun and Earth can be written as:

G M,
r

V-

Putting values from given data, we get:

or

6.67 x 107" x1.99x10%

1.5x10"
V=-8.85x10°Nmkg"=-885 MJ kg
Assignment 15.6

V-

Calculate the value of gravitational potential at 1000 km, 50,000 km, and 100,000 km from
the surface of Earth. Compare the values obtained with potential energy formula ‘Ep = mgh’.

SUMMARY

<&

®

Newton’s Law of Universal Gravitation: Every object in the universe attracts every other
object with a force which is directly proportional to the product of their masses and
inversely proportional to the square of the distance between their centres.

Satellite: A satellite is any object that orbits another object due to the force of gravity,
maintaining a stable path around it.

Orbital velocity: In circular orbit a satellite has a constant tangential speed called orbital
velocity.

Geostationary satellite: A geostationary satellite, also known as a geosynchronous
equatorial orbit (GEO) satellite, is a type of satellite that orbits the Earth directly above
the equator at an altitude where its orbital period matches the Earth's rotation period. This
results in the satellite appearing stationary relative to a fixed point on the Earth’s surface.

Absolute gravitational potential energy: The potential energy possessed by a body at a
certain height in a gravitational field with respect to reference point of zero potential is

known as absolute potential energy.

Gravitational potential: The gravitational potential is the gravitational potential energy
per unit mass.

Formula Sheet

m gR¢ _ [GM
= — = v -
g=0 rt & (R, +h)* ° \R.+h
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"
r=[GM.ET1J’ U=_Gﬁm V--%
4n’ Re Re
F, =G
.
EXERCISE
Multiple Choice Questions

Encircle the Correct option.
1) Two identical balls of masses 1 kg each having distance of 1 m between their centres then
gravitational force between them is:

A. 667 x 10° N B. 6.67 x 10" N
C. 667 x 10" N D. 6.67 x 10" N

2) Gravitational force between two objects is ‘F’. If masses of bodies are doubled and distance
between their centres is reduced to half, then gravitational force is:

A. F . B.4F C.F/4 D.16F
3) The value of ‘g’ at height of 1500 km above the surface of Earth in m s? is:
A.0 B. 6.4 C.9.8 D. 12.2

4) If we consider Earth as perfect sphere and ignore the presence of air resistance. What will
be the orbital velocity to launch a satellite in circular orbit just above the surface at
r=Re=6.4x 10°m:

A.Okms B. 1.19 km s C. 3.07 kms™ D.7.9kms"
5) When a satellite is put into a higher circular orbit, its kinetic energy:

A. increases B. decreases C. is zero D. remains the same.
6) Thé orbital velocity of geostationary satellite is

A.Okms" B. 1.19 km s C. 3.07 kms™ D.7.9kms"
7) The minimum number of geostationary satellites for the complete global coverage is

A 1 B.2 =3 D. 4

8) When an object moves away from a massive body, its gravitational potential energy:
A. increases B. decreases C. remains constant D. becomes zero

9) The value of gravitational potential at an altitude of 35700 km above the Earth's surface,
where communication satellites orbit the Earth is approximately:

A. - 94.7M J kg B. - 62.3M J kg
C. +947.11J kg"’ D. - 947.11J kg'
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Short Questions

1)
2)

3)
. "
3)

6)

7)
8)

9)

Why can gravitation not account for the formation of molecules?

Why don't two books on your desk attract each other gravitationally, despite Newton's law
of gravitation?

Why does an apple fall towards the Earth due to gravity, while the Earth doesn't move
towards the apple?

Can gravitational field strength be negative? Explain.
What factors determine the strength of the gravitational field around a planet?

If two planets have the same mass but different radii. How would their gravitational field
strengths compare?

Why satellites in higher orbits have lower orbital velocities?

How does the mass of the Earth affect the orbital velocity required for a satellite to stay in
orbit?

Is it possible for an object’s gravitational potential energy to become negative? If so, what
does this mean for the object’s motion? :

10)How the gravitational potential energy of two point masses is related to concept of

gravitational potential?

Comprehensive Questions

1)

2)

3)

4)

5)

What is force of gravity? State and explain Newton's law of gravitation. Also show that
Newton's law of gravitation is consistent with Newton's 3rd law of motion.

What are gravitational field and gravitational field strength? Explain. Derive the formula for
gravitational acceleration 'g' on the surface of Earth and discuss the variation of 'g' with
altitude.

How do engineers calculate the required velocity for a satellite to be placed into a specific
orbit? Can you describe the steps involved in determining the orbital parameters necessary
for a successful satellite launch and deployment?

What are geostationary satellites? Calculate the orbital radius ‘r’, orbital speed 'v,' and
height ‘h’ above surface of Earth for the geostationary orbit.

If ‘M¢’ is the mass of Earth and ‘r’ is the distance of unit mass from the centre of Earth and
‘G’ is the universal gravitational constant. Prove that gravitational potential ‘V’ can be

written as: V= 9—-?—‘-
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Numerical Problems

1) Find the mass of the Earth by considering a scenario where a small object is placed on the
Earth's surface such that distance between their centres is equal to the Earth's radius, i.e.,
6.4 x 10° m. (Ans: 6.4 x 10* kg)

2) Alpha Centauri is a binary star system with two stars: Alpha Centauri A and Alpha Centauri
B. The mass of Alpha Centauri A is 2.19x10* kg and Alpha Centauri B is 1.80x10% kg, they
attract each other with a force of 2.24x10% N. What is the distance between the two stars?

(Ans: 3.43 x 10” m)

3) What will be value of ‘g’ on an exoplanet (a planet outside the Solar System) whose mass is
five times the mass of Earth and its radius is twice the radius of Earth? (Ans: 12.25ms?)

4) The Hubble Space Telescope is in a circular orbit 613 km above Earth’s surface. The average
radius of the Earth is 6.4 x 10° m and the mass of Earth is 6 x 10* kg. (a) What is the speed of
the telescope in its orbit? (b) What is the period of the telescope’s orbit?

[Ans: (a) 7550 m s, (b) 5807 s]

5) To launch a satellite-around planet Mars at an altitude of 300 km above its surface. Mars has
a mass of 6:42 x 10® kg and has a radius of 3.39 x 10° m, calculate its orbital velocity.

(Ans: 3.4 km ™)

6) An asteroid orbits the sun 8.35 x 10'" m from it. (a) How fast must the asteroid travel to
maintain its circular orbit around the sun? (b) How long will it take the asteroid to orbit the

sun? (Ans: 1.26 x 10*m s, 13.2 years)
7) Mars has a mass of 6.42 x 102 kg and has a period of 88,642 s. What would be the radius of
a stationary satellite for this planet? (Ans: 20,428 km)

8) Calculate the potential energy of the Moon having mass 7.35 x 10% kg, relative to Earth with
mass 6 x 10* kg if the distance between their centres is 3.94 x 10° km.  (Ans: - 7.4 x 102 J)

9) A 50 kg weather satellites move in circular orbits about the Earth at an altitude of 1000 km.
A similar 50 kg communication satellite is at an altitude of 37,000 km in circular orbits about
the Earth. Calculate the difference in the gravitational potential energies of the two satellites

in their respective orbits? (Ans: 2.2 GJ)
10) What is the change in gravitational potential energy of a 64.5 kg astronaut, lifted from
Earth’s surface into a circular orbit of altitude 4.40 x 10* km? (Ans: 2.6 x 10% J)
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STATISTICAL MECHANICS AND
THERMODYNAMICS

Student Learning Outcomes (5LOs)

The student will

explain how molecular movement causes the
pressure exerted by a gas.

Derive and use the relationship PV=1/3Nm<c?>
[where < c?> is the mean-square speed (a simple
model considering one-dimensional collisions and
then extending to three dimensions using
1/3<ci»=<c,?> is sufficient)].

Calculate the root-mean-square speed of an ideal
gas.

Derive and wuse the formula for the average
translational kinetic energy of a gas.

lllustrate that the model of ideal gasses is used a
base from which the field of statistical mechanics

emerged [and has helped explain the behavior of
‘non-ideal' gasses through modifications to the
model e.g. the behavior of stars].

State that under extreme physical conditions, atoms
can break down into sub-atomic particles that can
form unusual states of matter [Such as degenerate
matter. Usually made of any one kind of subatomic
particle such as neutron degenerate matter in
neutron. stars under strong gravity and heat) and
Bose-Einstein condensates (created when certain
materials are taken to very low temperatures and
then exhibit remarkable properties like
superconductivity and superfluidity)].




Statistical mechanics provides a foundation for understanding thermodynamic properties like
energy, entropy, and temperature by using the principles of thermodynamics.

Statistical mechanics is a branch of physics that applies statistical methods to understand the
behavior of physical systems composed of a large number of particles. It offers a framework for
understanding the behavior of complex systems, from the microscopic to the macroscopic level.
In the present chapter, we shall relate volume, pressure, and temperature to the microscopic
properties like speed and kinetic energy of gas molecules. Statistical mechanics is applied to
various complex systems, from materials science to biological systems.

16.1 PRESSURE EXERTED BY GAS MOLECULES

The molecules of a gas are in a state of continuous random motion in a container. They collide
with one another and also with the walls of the container. Due to collisions of gas molecules
with the walls, their momentum changes. Due to their elastic collisions, they transfer an equal
amount of momentum to the walls of the container. According to Newton's second law of
motion, the rate of transfer of momentum (Ap/At) by the gas molecules to the walls is equal
to the force (F) exerted on the wall. This force exerted by the gas molecules per unit area (A)
of the walls is equal to the pressure exerted by the gas.

Pressure = E = (E]l

At JA

Hence, the pressure that the gas exerts on the box
depends upon the number of molecules that hit
each side of the box in one second and the force
with which a molecule collides with the wall.

Let us consider an ideal gas consisting of N number
of identical molecules in a rapid, random motion
contained in a cubic box of side |, as shown in Fig.
16.1. The gas molecules are moving with velocity  Figure 16.1: Collision of gas molecules
(v) collide with the walls of the container and exert  with the wall of container.

force on it. The force exerted per unit area of the

wall is the pressure of the gas.

Consider a single gas molecule of mass “m” moving towards face-1 of the container with the x-
component of its velocity v,,. So, initial momentum of the molecule along the x-direction is

mv,,. At face-1 of the container, the molecule has perfectly elastic collision and bounces back,

(its momentum is reversed). So, after the collision final momentum in the negative x-direction
is =mv,_,. Therefore, change in momentum of a gas molecule along the x-direction is:

ap i -mvﬂ _{mv:‘l)
Ap = -2mv,, (16:4)

According to the law of conservation of momentum, the momentum imparted to the wall by
the molecule will be Zmyv,,.
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After colliding with face-1 of the container, the molecule travels to opposite face-2 and collide
with it, rebounds, and travels back to face-1. 5o, the gas molecule cover distance ‘2’ before
it again collides with face-1. The time At taken by gas molecule to covers this distance ‘21’ is
given by:
21
x1
So, the rate of change of momentum of a gas molecule along x-axis is:
Ap —2Zmv,, -mvy,
. sl = 16.3
ac 2L 1 Ve
?11

As the rate of change of momentum is equal to force. Therefore, force exerted by wall of

o2 1
cubical container on gas molecule is mT'v,, According to Newton’s third law of motion, the

At = (16.2)

force exerted by the gas molecule on wall of cubical container is equal in magnitude but
opposite in direction to the force exerted by wall on gas molecule. Force F,,exerted by gas

molecule on the wall of cubical container is given by
Eou -mv?, _ mvZ,
x1 I. I,
Similarly, forces exerted by all other molecules along x-axis are:
2 2 myv?
Fea = mrﬂ » Fa ='“%' ey Fon = lm
Total force exerted F, due to all molecules along x-axis is

Fx o Fx! +F:1 +Fx! +"”+F:N

2 2 2 2
L L SR SRR LLL

l L L = L
Ff?{vﬁ vl avi+4vy)

Multiplying and dividing R.H.S by N number of gas molecules.

or r.

L RSP (16.4)
ey N |
: viavd avi 442
Where ‘mN’ is total mass of N gas molecules. Putting [ 1l ;: Lo ) =(v2) in Eq.

(16.4), we get:
F, =mTN{vi} __(16.5)
Where (Vi} is the mean square velocity of all the gas molecules traveling along the x-direction.

The mean square velocity{vi} of the gas molecule is equal to the sum of the mean square

velocities of the x, y, and z-components of velocities.
(VY =(vR) + (V) +4v) (16.6)
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Due to the random motion of a large number of gas
molecules in the container, the components of the mean
square velocities of the gas molecules are the same along

three axes, i.e., (vi)=(vj)=(vi). So, Eq. (16.6) becomes
as:
(V)Y =(v+ (v (v or (V2 = 3(V2)

1
or (Vi) = % R Y
Putting value of {\.ri}frmn Eq. (16.7) in Eq. (16.5), we get:'
F = MN(v®)
X l 3

As the force per unit area in unit time on all faces of a
cubical container is equal, therefore generalizing the above
equation, we get:
= MN (V)
: 3

Also, according to Pascal’s law, the pressure of gas is
equally transmitted on all faces of a cubical container. Since
pressure is the force per unit area, therefore,

Force F

Pe—=— 16.9

Area | a5

Putting value of F from Eq. (16.8) in Eq. (16.9), we get:

)

(16.8)

L 3\
2

or P= %N;__{v )

F 3
As I*=V (Volume of the gas), so above equation becomes:

mN

P=—(v? E
3V (v5 (16.10)

This is the expression for the pressures of ideal gas.

Pressure is affected by volume.
As the volume of the container
decreases molecules contained
within a smaller volume. As a

result, the particle collisions
occur more frequently with the
sides of the container, exerting a
higher pressure.

When the wvolume of the
container increases, there is
more space, so less frequent
collisions with the walls of the
container, exerting a lower
pressure.

Pressure in terms of Average Translational Kinetic Energy of Gas
Molecules '

To find the relation between pressure of gas and average translational kinetic energy of gas
molecules, we multiply and divide the right-hand side of Eq. (16.10) by 2, i.e.,

IN. A
P=3via™)

(16.11)

puttirrg% = N, (number of molecules per unit volume), we get:

2yl
P 3N,,{zrrl".r}
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As, %-ND is constant, so;

P = constant {%mv’} or P m(%mv’}

or Po(KE) B T
This relation shows that: ' -
The pressure exerted by the gas molecules on the walls of container is directly pmpnrtiunal to
the average translational kinetic energy of the gas molecules. .

Pressure in terms of Density

From Eq. (16.10) we can derive another formula for the pressure of gas in terms of density and
mean square velocity of gas molecules.

mN
P=——(v’
3V< )
As, m?ﬂw, 50;
P=§p{v1} (16.12)

This is another expression for the pressures of gas in terms of density of the gas.
Temperature in terms of Average Translational Kinetic Energy of Gas
Molecules

According to ideal gas law:

PV =nRT (16.13) : 3
Where ‘n’ is the number of moles of the gas, V' is the volume, ‘T' is the absolute temperature

and ‘R = 8.314 Jmol™'K™'’ is the universal gas constant. As, the number of moles ‘n’ can be
expressed as:

.1
N,
Where N, = 6.022 x10* (molecules or atoms per mole) is the Avogadro number. So, Eq. (16.13)
becomes as:
PV = N(R—~]T
N.ﬂu

Here L 4P k is Boltzmann constant and its value is 1.38 <102 JK™'. Hence;

A - » -— - ¥ & - 4 F— - ® .-...:.‘l
RGN 5 4, N e D, S L) R BRI R L
As, Eq. (16.11) can be written as:

PV= E{lm\-r} RN ) 1 g s o
Comparing the Egs. (15.14] and (16.15), wegeti
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NkT=%{%mvz}
: r i B
\ = (16,1
or T 3k{2mv} = {16.16)

As % = constant, so Eq. (16.16) can be written as:

T = constant (% mv?)

L
&

or ° T {%mv*} or T « (K.E)
The absolute temperature of an ideal gas is directly proportional to the average translational

kinetic energy of the gas molecules.

Example 16.1: The density of the air is p = 1.296 kg m™ at temperature 0 °C.The root mean
square velocity of air molecules is 484 m s'. Determine the pressure of air.

Given: Density = p=1.29kgm® v __=484ms" T=0° =273 K
To Find: Pressure =P =7

1
Solution: By using, == PVems

3
Putting values, we get: P= 13- x1.296 x (484)* =1.012x10°Pa

Assignment 16.1

Calculate the average translational kinetic energy of a gas molecule at a temperature
320 K.

16.2 ROOT MEAN SQUARE SPEED OF AN IDEAL GAS

According to the kinetic theory of gases, every molecule moves at a different velocity. If vy, va,
V3, ..., Vn are the speeds of N gas molecules, then the mean square speed (v*)can be

determined by adding the square of the speeds of all the molecules and dividing it by the total
number of gas molecules.

N For Your Information

N The value of Boltzmann constant
Taking the square root of both sides, we get: per molecule in different units
are:

r 1 2
r—(vl) - Jv, +Va + V3 +e k=138x10" erg K-
N

k=138x10PJ K"
Putting 1’(?’) =V, ., on the left side of above equation, k=33x10"cal K™
we get root mean square speed
e Jvf +VI AV +a VA
Fm.s N .

2 1 2 1
<?z)=\r, +V;+ VitV

(16.17)
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The square root of the mean square speed of the gas molecules is called the root mean square
(rms) speed of the molecules. .

Average speed: It is defined as the arithmetic mean of the speeds of the molecules of a gas
at a given temperature.

Vi +V, +V +o 4V,
av = N
In order to derive another expression for the root mean square speed of gas molecules, let us

start from the Eq. (16.10) of the pressure of gas.

1mN 2
P=—_
3 v\

or PV= mTH{vl}_ (16.19)

As we know that: PV=NKT (16.20)
Comparing Eqgs. (16.19) and (16.20), we get:
| ""T”w‘} — NKT
3T
m
Taking a square root on both sides, we get:

»‘rmi: E
m. 1‘ m

Here (v’) =V, ... From Eq. (16.22), we can also write as:

lk“l’.l'l-'lm! o Jf

Thus, the root mean square speed of the given gas molecule is directly proportional to the
square root of the absolute temperature of the gas molecules.

Putting k = mlf:— in Eq. (16.22), we get:

A

—__(16.18)

(V) = (16.21)

(16.22)

v = 3RT
“ms T AlmN,
Putting mN.=M (molar mass of the gas), we get:
3RT ,
= = 16.
vr.l‘l‘l.l M. { ﬁ 23]

1
At constant temperature; v __ o Uﬁ

Thus, at constant temperature, the root mean square speed of the gas molecules is inversely
proportional to the square root of the molar mass of the gas. A gas of smaller molar mass has
comparatively high speed as compared to a gas of greater molar mass. Therefore, the root
mean square speed of hydrogen molecules is four times greater than that of oxygen molecules
at the same temperature.

Also, from the Eq. (16.12), the pressure of gas is P = %p{v‘}
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Taking a square root on both s:des of the above equation:

EaC

Putting J(vl) =V, ., on the left side of the above equation:

3P
Vems =4J— {15.24]

From Egs. (16.22), (16.23) and {115 24) we get:

e

Calculate the root mean square speed of oxygen molecules in the air at standard
temperature and pressure.
Given: At ST.P., we have:

Temperature=T=0°C =273 K Pressure = P = 1.01x10°Pa

To Find: Root mean square speed of oxygen molecules =V, . =7
Solution: To find mass m, of one molecule of oxygen, we use the formula

(16.25)

e Molecular mass of oxygen or 0 = M (For oxygen = M = 32 g)
Avogadro's number N,
32x10‘3kg ~26
—_—= = 5311077k
Thus, M= ¢ 022x10” i
T

Now for root mean square speed, we use V., = =

=461.4 ms™

3x1.38x107 x 273
Putting values, we get: Vems =

5.31x107%

Example 16.3:

Four molecules of a gas have speedsof 2kms', 4 kms™, 6 kms', and 8 km s, respectively,
Calculate their average speed and root mean squara :pnd

Given: V,=2kms" V,=4kms Vy=6kms’ V,=8kms"’
To Find: Vv, =17 Vims=?

r.ms
Vi+V,+V,+V,
N

=5kms™

Solution: For average speed, we use the formula: ¥, =

_2+4+6+8

vV, =
: 4
For root mean square speed, we use the formula:

Putting values, we get:
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Jvf +V:+ Vv
v —
r.Jms N
2 2 2 L
Vems = Jiz} +{4} :{ﬁ] +{E} =5.48 kms"

Assignment 16.2
Calculate the root mean square speed of nitrogen gas molecules in air under standard
conditions of pressure and temperature.

16.3 MODIFICATION OF THE IDEAL GAS MODEL TO DISCUSS
BEHAVIOUR OF NON-IDEAL GASES

Behaviour of |Ideal Gases

As we know that in the ideal gas model, the size of gas molecules is negligible, there are no
interactions between them, and the collisions between each other and with the walls of the
container are perfectly elastic.

Gas that obeys the ideal gas law (PV = n RT) is called an ideal gas. The ideal gas law governs
macroscopic properties, e.g., temperature, pressure, volume, quantity of gas, and entropy.
Although there is no such thing in nature as a truly ideal gas, gases can approach the ideal state
at low pressure and high temperatures. We have seen that the temperature of an ideal gas can

be determined as T = -;%{v“} . This equation implies that temperature (a macroscopic property

of a gas) is defined by the motion of an individual particle (a microscopic quantity). Hence,
different results for ideal gas provide connections between its microscopic and macroscopic
quantities. This gives rise to a branch of physics called statistical mechanics.

Statistical mechanics is a branch of physics that connects the microscopic details of a system,
such as motion, energy, and the interaction of individual particles, with the macroscopic
observables we measure, such as temperature, pressure, volume, and entropy.

Statistical mechanics provides a mathematical foundation for thermodynamics, which is
otherwise a phenomenological theory.

Behaviour of Non-Ideal Gases

The ideal gas law works well for large volumes, high temperatures, and low pressure, but it
fails to explain the behavior of gases under high pressure, high density, and low temperature
(where molecules move slowly and interact with each other). It also fails when strong
gravitational forces act like those in stars. To account for these deviations from ideal behavior,
modifications were made to the ideal gas law.

Van Der Waals Equation

The ideal gas equation PV = n R T can be used for real gases at high temperatures as well as
low pressures at which intermolecular forces are negligibly small. Van der Waals modified this
equation so that it can be used for real gases at wide ranges of temperature and pressure. Van
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der Waals assumed that the gas molecules are hard spheres with definite volume and that two
gas molecules somehow interact with each other, especially at low temperatures when
molecules move slowly. He made the following corrections:

(i) Volume Correction: The size of gas Volume = V Volume =V - b _E:dldpdmh

molecules is not negligible, but it has a ° ® 0, 0
finite size, and some part of the volume ° o ® %o o . °
of gas is occupied by the gas molecules. ° ° ° % ® ) V-b
5o, the space available for the motionof | o o @ UL " ﬂ

i i e © b
molecules of gas will be slightly less than
the volume of gas ‘V'. Roughly ‘b’ is the Weal Gas Real Gas

volume of one mole of gas molecules. Figure 16.2: lllustration of volume correction.
Hence, effective volume becomes (V — b), as shown in Fig. 16.2.

(if) Pressure Correction: At low temperature, molecules interact somehow. Inside the
container, interaction between gas molecules cancel each other, but particles near the surface
and walls of the container have net inward force, as shown in Fig. 16.3. The effective pressure

\ .
of the real gas is calculated by {P - %J Van der Waal's equation for 1 mole of a gas is:

(P+%]{V—bj=lﬂ (16.26) et ol o
) i
Here ‘a’ and ‘b’ are empirical constants, their values are ; / e o / ® ;
different for different gases. For ‘n' mulest of the gas o ° e @&
effective volume becomes (V -n b) and effective pressure I_. I
an’ ' ° ® @ M
becomes [P + ?] , therefore Vander Waal’s equation for

Figure 16.3: Illustration of
‘n’ mole of a gas is; pressure correction.
ani]
A

P+
P3

This equation is designed to describe the behavior of real gases, but it can still be used for ideal
gases as well. Real gases or non-ideal gases approach ideal behavior at a high temperature and
low pressure. At high temperatures or at very low pressure, volume ‘Y’ is very large. So, the

(V-nb)=nRT (16.27)

terms ‘%' and ‘b’ can then be neglected. In this situation, Van der Waals' equation reduces

¥

to the ideal gas equation (P V = n RT).
16.4 Gravitational Effects on Ideal Gas Model

‘In the ideal gas model (i.e., the ideal gas law) at the laboratory scale, gravity is much weaker
as compared to other factors such as the kinetic energy of the gas molecules and the pressure
of the gas. That's why, it makes sense to ignore gravity for ideal gas. But on a large scale, e.g.,
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in a star, gravity plays an important role in their stability.
Accounting for gravity requires much more complex models as
compared to the ideal gas model to understand the behaviour
of gas molecules.

In the core of stars, heat produced by fusion, radiation
pressure, and degeneracy pressure by quantum effects,
generate net outward pressure that is counterbalanced by
gravity, a state known as hydrostatic equilibrium, as shown in
Fig. 16.4. This ensures stability in the stars.

Example16.4: Calculate the pressure exerted by one mole Figure 16.4: Hydrostatic
of a gas at room temperature 300 K with fixed volume 0.022  equilibrium.
m?, using Van der Waals equation. Where a = 3.59 (liter)?
atm (mole)? and b = 0.0427 liter/mole.
Given: R = 0.0821 liter-atm-mol™ K™

Temperature = T = 300 K n =1 mol

Volume = V = 0.022 m® = 0.022x1000 liter = 22 liter

(as 1 m® = 1000 liter)

To Find: P=7

2
Solution: By using Van der Waals equation: (P - %—] (V-nb)=nRT

__PRT E’i
V-nb V?

1x0.0821x300 3.59x(1)* _
= -~ =1.1146 atm

22 - (10.0427 (22)*

Assignment 16.3 :

(a) Using the Van der Waals equation, calculate the temperature of 20.0 moles of helium in
a 10,0 litre cylinder at 120 atmosphere pressure. Van der Waals constants for helium:
a = 0.0341 litre? atm mol?; b = 0.0237 litre mol™.
(b) Compare this value with the temperature calculated from the ideal gas equation.

16.5 BEHAVIOUR OF MATTER UNDER EXTREME PHYSICAL
CONDITIONS

In the universe, there are many cases in which matter has evolved in to extreme physical
conditions. Extreme physical conditions can alter the behavior of matter, leading to unique and
unusual states of matter such as degenerate matter and phenomena like Bose-Einstein
condensation, superconductivity states, superfluidity, and other quantum phenomena. These
conditions are observable at extremely high pressure or at extremely low pressure, by materials
of high density or by materials experiencing high gravitational force. We will learn how these
conditions lead to unusual states of matter.

Putting values, we get: P
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16.5.1 Degenerate Matter

Extremely high pressure can cause particles to interact closely where quantum mechanical
effects, particularly the Pauli Exclusion Principle become significant. The Pauli Exclusion
Principle states that:

Two electrons cannot occupy the same quantum state.

Degenerate matter happens when gravity squeezes atoms so tightly under extremely high -
pressure in a star that they change from their normal state.

Normally, atoms are made up of a nucleus and electrons Gravitational pressure
revolving around the nucleus. But when the pressure is
extremely high, electrons are strongly pressed tightly against
the nucleus in high energy states (according to Pauli Exclusion
principle) and they cannot move freely. At this stage, electrons
show resistance against gravity and other forces for further
compression. This resistance is called degeneracy pressure,
which counteract the effect of gravity and other. compressive
forces, as shown in Fig. 16.5. So, degenerated matter is matter
that is packed so tightly that its electrons are forced into a
tightly packed configuration.

Degenerate matter is typically formed in the cores of white Figure 16.5: Degeneracy

dwarf and neutron stars, where gravity compress the material b
to incredibly high densities.
. m— DIESSUR outward push of pressure
White Dwarfs Qo gravity i
White dwarfs are formed due to

remnants of low- to
intermediate mass- stars. When
a star has used up all of its
nuclear fusion fuel, it removes
its outer layers and contracts to
form a white dwarf.

inward push of

In white dwarfs, the high
gravitational force is balanced
by electrons degenerate
pressure, which arises from the
Pauli Exclusion principle, as
shown in Fig. 16.6. Gravity pulls
material together  while
electrons are forced into high-

energy states, and it forms an
equilibrium state.

Figure 16.6: High gravitational force is balanced by electrons
degenerate pressure,
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16.5.2 Neutron Stars

MNeutron stars are formed from the
remnants of more massive stars. In neutron
stars, matter is further compressed by the
gravity, due to which electrons and protons
start to combine to form neutrons.
Therefore, neutrons degenerate pressure
arises due to the Pauli Exclusion Principle,
which balances gravity, preventing further
compression, as shown in Fig. ,16.7. This
stable state of matter is known as neutron
Stars.

Despite the fact, that a neutron star is only
about 20 km in diameter, it is about 1.5
times more massive than the sun. Neutron
stars have overall densities of the order of  gjoure 16.7: Neutron star.

107 kg m>. Newly formed neutron stars,

known as "hot neutron stars,” can have a surface temperature of a several million degrees
Celsius.

16.5.3 Bose-Einstein Condensation _ -

Bose-Einstein Condensation (BEC) is a state of matter that forms at extremely low
temperatures,‘such as close to eibsc:-!utn.e‘zera, causin_g
particles kinetic energies to decrease significantly. At this The temperature inside a newly
low temperature, bosons (e.g., photons, W bosons, Z fﬂﬂ“mEL[;“m‘ i :‘uuﬂ:f Hi:w;::“

: ; aro . »
bosons, etc.) can cu_ndense.m .the '..;ame state known as Bose- the huge number of neutrinas it
Einstein condensation. This is different from degenerate  emits carries away so much
matter, where two fermions, e.g., electrons, cannot exist energy that the temperature of
in the same state. The Bose-Einstein condensation state of ::th@latf:i neutn:n m'ﬂ;‘:ﬁ
matter exhibits unique properties like superfluidity and K s i el b

superconductivity.
16.5.4 Super Fluidity

A notable property of Bose-Einstein Condensation is superfluidity, where condensate shows zero
viscosity, allowing it to flow without resistance. Superfluidity is observed when certain fluids
are cooled to extremely low temperatures, close to absolute zero. This results in special
qualities, like a fluid's capacity to pass through incredibly small spaces at a steady speed
without the aid of outside forces.

It can also lead to remarkable behaviour, such as the ability to form persistent vortices. In fluid
dynamics, a vortex is a region in a fluid in which the flow revolves around an axis line, which

may be straight or curved.
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16.5.5 Super Conductivity

In certain conditions, Bose-Einstein condensation leads to superconductivity, where electrical
resistance drops to zero, allowing current to flow without resistance. This occurs when two
electrons form boson-like entities called cooper pairs, which can then occupy the same state
and move through the material without scattering.

Below the superconducting transition temperature, paired electrons form a condensate (a
macroscopically occupied single quantum state that flows without resistance).

Superconductivity is the property of certain materials to conduct current without energy loss
when they are cooled below: a critical temperature or transition temperature.

Superconductors are those substances whose resistivity become zero at very low specific
temperatures.

Critical temperature (T¢): AP
The low temperature at which and below which the resistivity
p of substance become zero is called the critical temperature
or superconducting transition temperature, as shown in Fig.
16.8.

Superconductivity was first discovered in 1911 by Dutch
physicist Heike Kamerlingh Onnes when he observed the T r
sudden disappearance of electrical resistance in mercury at 0 ¢ T (K)
extremely low temperatures (4.2 K). In 1988, some new Figure 16.8: Graph of
ceramic (thallium, calcium, barium, coper and oxygen) Fesistivity against temperature.
showed super-conductivity even at critical temperatures of 125 K.

A lanthanum superhydride (LaHo) compound at a pressure of g
around 170 gigapascals is found to exhibit superconductivity | Substance T,

©
with a critical temperature of 250 kelvin, the highest critical Mercury (Sb) 22K
temperature that has been confirmed so far in a Alaminam (AD 118K
superconducting material. Tin (5n) 3:?1 K
Applications of superconductors: Lead (Pb) 7.2K

Superconductors are used in powerful electromagnets
(32 Tesla), particle accelerators, magnetic levitation (Maglev) trains, small but powerful
electric motors, fast computer chips, and potentially more efficient power transmission lines.
Researchers continue to explore ways to achieve superconductivity at higher temperatures,
which would make it more practical for everyday use.

SUMMARY

 Pressure of gas: The pressure exerted by a gas molecule is a measure of the force exerted
by gas molecules per unit area as they collide with the walls of their container.

< The pressure exerted by the gas molecules on the walls of the container is directly
proportional to the average translational kinetic energy of the gas molecules.
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% The temperature of gas molecules is directly proportional to the average translational
kinetic energy of gas molecules.

% Mean kinetic energy of a moving gas molecule of an ideal gas is directly pruportional to the
absolute temperature “T”.

< Pauli Exclusion Principle states that “two electrons cannot occupy same quantum state”.

% Bose-Einstein condensate (BEC) Predicted by Bose and Einstein in the 1920s, this is a unique
state of matter at extremely low temperatures, where a group of boson particles occupy
the same quantum state.

< Degenerate matter: |[t's a state of matter where particles are so densely packed that
quantum mechanical effects dominate over classical mechanics. This typically occurs in
extremely high-pressure environments, such as the cores of massive stars like white dwarfs,
neutron stars.

< White dwarfs are formed due to remnants of low to intermediate mass stars. When a star
has used up all of its fusion fuel, it removes its outer layers and contracts to form a white
dwarf.

< Neutron stars are formed from the remnants of more massive stars. In neutron stars, matter
is further compressed by gravity. Due to this, electrons and protons start to combine to
form neutrons.

< Super fluidity: A notable property of Bose-Einstein Condensation BEC is superfluidity, where
condensate shows zero viscosity, allowing it to flow without resistance.

< Super conductivity: In certain conditions, Bose-Einstein Condensation BEC leads to super-
conductivity, where electrical resistance drops to zero, allowing current to flow without

resistance.
Formula Sheet

1 7%
P= %ﬁ{v‘} P=%Nn{%mv’} P=zpv) = 33*{1""* )

ViV V] vy
PV = n RT PV=NKT V= = '

\IEH‘ 3RT _ [3P

5 (F + —-—u}(V nb)=nRT

EXERCISE

Multiple Choice Questions

Encircle the Correct option, '
1) Which of the following is the correct relation between pressure ‘P’ and density ‘p’ of the

gas, at constant temperature?
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A Pal B.Pc— . C.Paxp D. P p?
p p

2) Which of the following is correct formula for the root mean square speed nf a molecule in
a gas at the absolute temperature T?

kT mk kT
A Vs =1 S,Jm B. V.. ==1._5.JT C. v, =1 ”"’kT D.Voms =173/

3) Which of the following motions of ideal gas molecules determines the temperature?
A. Translational motion B. Rotational motion
C. Vibrational motion D. All types of motion.

4) Which of the following gases possesses the maximum root mean square velocity at the same
temperature?

A. Oxygen B. Carbon dioxide  C. Hydrogen D. Helium
5) Real gases deviate from ideal behavior because gas molecules:

A. are colorless B. are spherical

C. have intermolecular forces of attraction ' D. have high speeds

6) The root mean square speed of gas at 27 °C is Vr.ms. If the temperature of the gas is raised
to 327 °C , then which of the following will be the root mean square speed of gas?
A. {1;(]‘!’.-;“,: B. Vr.ms C. \IIr_Vrm_; D. Z\r‘r,m;

7) Which of the following is the ratio of root mean square speed of oxygen O; and hydrogen H;:
at same temperature?
A.1:2 B. 2:1 C.1:4 D. 41

8) Density of a gas is 5 kg m™ at a pressure of 6x10° Pa. Which of the following is the root mean
square velocity of the gas molecules?

A. 600 ms”’ B. 400 ms™ C. 300ms’ D. 180ms"'

9) The average kinetic energy of gas molecules is:
A. directly proportional to pressure of gas B. inversely proportional to volume of gas
C. inversely proportional to the absolute temperature of gas
D. directly proportional to the absolute temperature of gas

10) The pressure is exerted by the gas on the walls of the container because its molecules:
A. lose kinetic energy B. stick to the walls
C. on collision with the walls, there is a change in momentum of gas molecules
D. on collision with the walls, gas molecules exert no force on wall

11)The rms speed of the molecules of enclosed gas is vr.m.s. Which of the following will be the
rms speed of gas molecule, if pressure is doubled keeping the temperature same?

A. 1/2 Vems B. Vr.ms C.2 Vems D. 4Vems
12)A neutron star has a super high y
A. density B. output of light C. input of neutrons D. output of x-rays

13)Which of the following is the electrical resistance of the superconductor below critical
temperature?

A. Finite B. Large C. Zero D. Infinity
14)What is the process by which a Bose-Einstein Condensate is formed?
A. Fusion B, Fission

C. Deéomposition D. Cooling to extremely low temperature
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Short Questions

1) Mention the different ways of increasing the number of molecular collisions per unit time
in a gas.

2) By reducing the volume of a gas at a constant temperature, the pressure of the gas
increases. Explain it on the basis of kinetic theory.

3) What do you mean by the root mean square speed of the molecules of a gas? Is the root
mean square speed the same as the average speed?

4) Why is the temperature below absolute zero not possible?

5) Estimate the average kinetic energy of a helium atom at the temperature on the surface of
the sun (6000 K).

6) Show that the ratio of the root mean square speeds of molecules of two different gases at
a certain temperature is equal to the square root of the inverse ratio of their masses.

7) Differentiate between the formations of white dwarfs and neutron stars.

8) Why do the gases at low temperatures and high pressure show large deviations from ideal
behaviour?

9) What distinguishes degenerate matter from regular matter?

10) Show that the temperature of ideal gas is directly proportional to the average translational
kinetic energy of gas molecules.

11) What happens to the electrical resistance of a superconductor when it is cuoled below its
critical temperature?

12) What are some potential applications of superconductors in transportation?

13) Provide an example of a high-temperature superconductor.

Comprehensive Questions

1) What is the pressure of gas? How do gas molecules exert pressure on the walls of a container?

2) Derive an expression for the pressure of an ideal’'gas and show that pressure is directly
proportional to the average translational kinetic energy of gas molecules.

3) Describe the root mean square speed of the ideal gas molecule and drive its expressions.

4) Derive an expression for the average translational kinetic energy of the ideal gas molecule.

5) Describe the modification of the ideal gas model to discuss the behaviour of non-ideal gases
using the Wan der Waals equation.

6) Describe the behaviour of matter under extreme physical conditions. What is degenerate
matter, and how are white dwarf and neutron stars formed?

7) Discuss superfluidity and superconductivity on the basis of Bose-Einstein condensation.

Numerical Problems

1) The mass of a helium atom is 6.64x10? kg. Calculate the root mean square speed of helium
atom in a gas at a temperature of 15 °C. (Ans: 1.34x10° ms™)

2) At which temperature will the root mean square velocity of- the oxygen molecules become
equal to the escape velocity of the earth (11.2 km s')? (Mass of one molecule of oxygen is
5.3x10?® kg and Boltzmann constant k = 1.38x102 J K). (Ans: 1.6x10° K)
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3) The mass of a molecule of a gas is 6.4x 10727 kg. Calculate the root mean square speed of
gas molecule and kinetic energy per molecule at temperature 400 K.

(Ans: 1.6x10° ms™, 8.3x10%' J)
4) At which temperature the root mean square speed of gas molecules becomes double than its
speed at 27 °C, (pressure of gas is kept constant)? (Ans: 927 °C)
5) Determine the root mean square speed of argon atoms at temperature 40 °C. The molar mass
of argon is 39.95 g mol™. (Ans: 442 ms™)
6) Calculate the number of gas molecules in a cubic meter of gas at standard temperature and
pressure (STP). : (Ans: 2.68x10* molecules)

7) A vessel A contains hydrogen and another vessel B whose volume is twice of vessel A contains
same mass of oxygen at the same temperature. Find (i) the ratio of the root mean square speeds
~ of hydrogen and oxygen gases, (ii) the ratio of pressures of gases in vessels A and B. Molecular
mass of hydrogen and oxygen are 2 and 32 respectively. (Ans: 4:1 and 32:1)

National Book Foundation ' @ 16-Statistical Mechanics & Thermodynamics



SIMPLE HARMONIC MOTION




Have you ever wondered why a pendulum swings back and forth, or how a guitar string vibrates
to produce sound? Perhaps you've noticed the smooth motion of a child on a swing or the
rhythmic movement of a spring-based toy. These phenomena are all connected by a
fundamental concept in physics: Simple Harmonic Motion (SHM). SHM can be observed in various
natural and man-made systems. It is in the rhythms of nature, how the universe moves,
vibration of atoms, mechanical systems that engineers create, and countless other systems
from everyday life.

In this chapter, we'll delve into the world of SHM, exploring topics such as oscillations, uniform
circular motion, phase of motion, and energy conservation. We'll also examine the differences
between free and forced oscillations, and discover the fascinating phenomenon of resonance.

Sometimes harmonic motion can cause problems. One famous example is the collapse of
Tacoma Narrows Bridge. The bridge was designed by structural engineers who did not
adequately take into account the role of harmonic motion and it led into its collapse. So, let's
go to uncover the rhythm of such a motion!

17.1 OSCILLATIONS

What does a child on a swing, the pendulum of a clock and bouncing of children on the

trampoline (as shown in Fig.17.1), all have in common? They all oscillate, i.e., they move hack
and forth between two points.

Figure 17.1: Examples of oscillation in our surrounding.

When a body moves to and fro about its mean position, then such motion is called vibratory or
oscillatory motion.

In our surrounding, there are many other systems which oscillate. For examples,

» The motion of the Earth during earthquake. Oc o o
: > - . ean waves es on

* The wings of birds during flying. exhibit usciilat::::ry F otion, " cound

= Astring of a guitar producing music. waves propagate through a medium,

» Vibration of atoms in a crystal. causing particles to oscillate. Light

e The beating of heart. waves and other electromagnetic

radiation exhibit oscillatory behavior.

National Book Foundation _. ; _ 17-Simple Harmonic Motlon



e Mass attached to a compressed or stretched spring
(horizontally or vertically). Once it is released, starts

oscillating.
The complete round trip of an oscillating or vibrating body
about its mean position is called oscillation or vibration. » A
Extreme Extreme
One oscillation occurs when a particle moves from its mean position o Position
position to extreme position (A) in one direction, moving back Mean

to extreme position (B) in the opposite direction through mean
position and back once more to mean position, as shown in Fig.
17.2.

Terms Related to Oscillations

In this section, we shall know about some important terms related to oscillatory motion.

Figure 17.2: One ns:llh_tlm.

(i) Displacement (x): The distance of vibrating body from the equilibrium position on either
side at any instant of time is known as displacement. Its Sl unit is meter (m).

(ii) Amplitude (x, or A): The maximum displacement of a vibrating body from mean position
is called amplitude. Its Sl unit is meter (m).

(iii) Time Period (T): The time taken to complete one oscillation or vibration is called time
period of the oscillation. It is denoted by T. Its Sl unit is second (s).

(iv) Frequency (f): The number of vibrations or oscillations (n) per unit time (t) is called
frequency. It is denoted by f, and f= % Its Sl unit is hertz (Hz).

One hertz is defined as: the one oscillation per second. The relationship between frequency
and time period is:

1
iy
(v) Angular Frequency (w): Angular displacement per unit time is called angular frequency.
It is related to the frequency ‘f’ and time period ‘T’ of the oscillation by the expressions as:

2
w=2nf T

17.2 SIMPLE HARMONIC MOTION W

Simple Harmonic Motion is a type of motion in which a system oscillates back and forth around

a mean (equilibrium) position. It is characterized by a restoring force. Simple harmonic motion
(SHM) is defined as:
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Such oscillatory motion in which acceleration of a particle is directly proportional to its
displacement from the mean position and is always directed towards the mean position.

Mathematically, simple harmonic motion is expressed as:
aox—Xx

SHM can be observed in many natural phenomena. A
good example of SHM is motion of mass (m) attached to
an elastic spring. The other end of spring is connected
to a fixed support, as shown in Fig. 17.3.

Let us assume that the mass of spring is ignored and the
mass is free to move on a frictionless, horizontal
surface. In the absence of an external force, the spring
is neither stretched nor compressed. Hence, the mass
stays at its equilibrium or mean position, which we
identify as x = 0, as shown in Fig. 17.3 (b).

Let the mass is stretched towards right through a
displacement ‘x’ from its equilibrium position by
applying a force F, as shown in Fig. 17.3 (a). Due to
elasticity, spring exerts an opposite force on the mass x=0

which is proportional to the displacement ‘x’ from Figure 17.3: Mass ‘m’ oscillates on
mean position. This force is called restoring force. This  horizontal surface.

restoring force obeys Hooke's law, i.e.,

Fu—kx (17.1)

"Here ‘K’ is called the spring constant. The Sl unit of k is N m™.

The negative sign in Eq. (17.1) shows that the force exerted by spring is always directed
opposite to the displacement of the mass from mean position.

When the mass is displaced to the right of mean position, the displacement x is positive but the
restoring force is directed to the left (mean position).

When the mass is released, it moves towards the mean position. Due to inertia, it cannot stop
at mean position and goes ahead. Then the mass begins to compress the spring and slows down,

coming to rest at the left side of the mean position equal to its initial distance on right side, as
shown in Fig. 17.3 (c).

The compressed spring then pushes the mass back toward the mean position. Again, the mass
cannot stop at the mean position and goes ahead. The result is that the mass oscillates back
and forth about the mean position. Since the mass is continuously changing its direction, so it
accelerates. According to Newton’s second law of motion, the force acting on the mass is
given by:

F=ma (17.2)
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By comparing Eq. (17.1) and Eq. (17.2), we get:

ma=-—kx

or a=——x (17.3)

In Eq. (17.3), -£-= w’ is constant. So, angular
m

frequency of ‘mass attached to the spring’ is:

k
m- —
m

(17.4)

Now Eq. (17.3) can be written as:
aec—Xx

This relation shows that the oscillating mass exhibits
SHM; its acceleration (a) is proportional to its
displacement (x) and is directed towards mean
position.

The atoms in a material oscillates as if
the atoms were connected by a tiny
spring, hence exhibit SHM. The spring
constant of this spring depends upon the
type of bonding between the atoms. This
model can be extended to solids, where
atoms are often thought of as being

connected to their neighbours by
springs. This leads to an experimental
way of obtaining information about
interatomic forces in the solids.

Frequency and Time Period of an Oscillating Mass-Spring System

As angular frequency ‘w’ is related to the frequency and time .period by the following

expressions:
2
w=2nf= —
T
S0, 7=27
w

By putting w = JE , we get:

m
=7 el
T “"k

Similarly, for the frequency, we can get the following expression:

1 |k

“2z\m

Example 17.1: A Fish is hung on a spring scale.

(a) What is the constant of the spring in such a scale if the spring stretches 8.0 cm for a
10.0 kg load? (b) What is the mass of the fish that stretches the spring 5.5 cm?

(a) Given: x=8.0cm =0.08 m
To Find: k=?
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Solution: According to the Hooke’s law, F = k x
Here, F= W = mg.

Therefore, k= —”;—g
Putting values, we get: k= W0%98 . 1225N m™
0.08

(b) Given: x = 5.5 cm = 0.055 m

ToFind: m=?

Solution: As m= %

Putting values, we get: ms= M = 6.875 kg
g¢

9.8
Assignment 17.1

An object with mass 500 g is suspended from a spring. The spring is stretched by 9.8 cm.
Calculate the spring constant.

17.3 UNIFORM CIRCULAR MOTION AND SHM

There is a close connection between circular motion and
simple harmonic motion. Therefore, many aspects, such as
displacement, velocity and acceleration of simple
harmonic motion (SHM) can be understood by relating it
with uniform circular motion.

Consider a point P is moving on a circular path of radius x,
in xy-plane at constant angular velocity w, as shown in Fig.
17.4 (a). At the same time, Q be the projection of P on the
x-axis undergoes oscillation along the diameter of circular
path between -x; and +x..

It is seen that the time period of one revolution of point P Figure 17.4 (a): A point P is
on the circular path is equal to the time period of one moving on a circular path at
oscillation of point Q on the diameter. Therefore, the Cconstant angular velocity w.
angular speed of P is the same as the linear speed of Q. Thus, the expressions for displacement,
velocity and acceleration of P also hold for the Q.

Expressions for Displacement

As the point P moves on the circle, at some instant t, the angle made by the line OP with the

x-axis is @ = wt. From the Fig. 17.4 (a), the instantaneous displacement x of Q at that instant
can be calculated as:

From AOPQ, €os8 =

Xo
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or X = X, €058 = X, coswt (17.5)
Eq. (17.5) can be used for calculating displacement of a body executing simple harmonic
motion. - :

Expressions for Velocity

.Velocity of the point P at instant t is v = X, w, which is directed along the tangent.
Instantaneous velocity v of the point Q is the projection of vp on the x-axis, which is the
horizontal component of ve, as shown in Fig. 17.4 (b).

v = vp cos(90° — 0)

or v = Vp sind (17.6)
as, sin’0 + cos’0=1 or sin?@ = 1 —cos’@
so, Eq. (17.6) becomes:

v=vp \J1-cos’ @
or V=X w J1-cos’@
Using Eq. (17.5), we get:

v=w fo,—x’- (17.7)

Eq. (17.7) can be used for calculating velocity of a body  Figure 17.4 (b): Velocity of the
executing simple harmonic motion. point P and its horizontal -
component.

Expressions for Acceleration

Since w is constant, so the acceleration of the point P is
centripetal i.e., ap = X, w?, which is directed inward towards
0. The acceleration ‘a’ of Q is the horizontal component of
ap, as, shown in Fig. 7.4 (c).

a=—ap COSC = — Xo w* cosB

Since the velocity is decreasing, so the negative sign shows
that acceleration of Q is directed towards O. Using

X
cosb = — , we get:
X

’ Figure 17.4 (c): Acceleration of
a=-wx (17.8) the point P and its horizontal

This equation describes the SHM. Hence, the oscillatory CORmpOneIT:.
motion of point Q is SHM; its acceleration is proportional to its displacement and is directed
opposite to the displacement from mean position. Hence, we can conclude that:

. When a body moves in a circle, its projection undergoes simple harmonic motion on the
diameter of the circle.

So, acceleration of a body executing simple harmonic motion can be calculated by using Eq.
(17.8).
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Example 17.2: A body with mass 800 g attached to a spring, vibrates with amplitude 30 cm.
The restoring force is 60 N when the displacement is 0.30 m. (a) Find out its angular
frequency (b) Also calculate magnitude of its velocity and acceleration at x = 12 cm.

Given: m =800¢g = 0.8 kg % =30cm=0.30m
F=60Natx=30cm=0.30m x=12cm=0.12 m

To Find: (a) angular frequency = @ =?
(b) velocity = ? Acceleration=a =7

60

= =1
0.30 200 N m

Solution: (a) As k= xi i

Angular frequency is given by the relation:

k _ 'EDU Il %
w J;— 0.8 =15.81rads

(b) For velocity, we use:

V= X2 -x

Putting values, we get:

v=15.81 40.32-0.122 =1.4ms"

For acceleration, we use:

a=wx

Putting values, we get:
a = (15.81)* (0.12) =3I m s?
Assignment 17.2

Time period of a mass attached at the end of a spring is 0.40 s. Find out the magnitude of
acceleration when the displacement is 4 cm.

17.4 PHASE

We have studied that the instantaneous displacement of the point executing SHM is given by
the Eq. (17.5), as:

X = X, cosB or X = X coswt

Here, 8 = wt is the phase of motion and can be defined as:

The angle 8 = wt which specifies the displacement as well as the direction of a point executing
SHM is called phase of the motion.
In general, the Eq. (17.5) can be written as:

X=X, cos(wt + @) (17.9)

The term ¢ is called initial phase. The inclusion of ¢ gives the information regarding the starting
or initial phase of oscillation.
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Physical Significance of Phase

To give the physical significance of phase, we use displacement-time graph. Since x is periodic,
so T is the time period of the oscillation.

If o = 0°, then Eq. (17.9) becomes:
X = Xo COSWt

Puttingt=0, T/4, T/2, 3T/4, T ...., we
get a graph, as shown in Fig. 17.5 (a). Xo
This graph shows that:

Att=0,T/2and T (corresponding to 6 0
= 0, m and 2m), the point is at the
extreme positions. -3ty

At t =T/4 and 3T/4 (corresponding to
8 =n/2 and 3n/2), the point is at mean
position.

- . . I
el e ol L —

i

Figure 17.5 (a): Graph of x = x, cos(wt + ¢), for @=0°,

If p = 90°, then Eq. (17.9) becomes:
X =X, cos(wt + 90°)

Puttingt =0, T/4, T/2, 3T/4, T ...., we :
get a graph, as shown in Fig. 17.5 (b). x.L
This graph shows that:

Att=0,T/2 and T (corresponding to 8
= 0, m and 2m), the point is at mean (1]
positions.

At t =T/4 and 3T/4 (corresponding to
8 = n/2 and 3n/2), the point is at
extreme positions.

If @ = 180°, then Eq. (17.9) becomes:
X =X, cos(wt + 180°)

Puttingt=0,T/4, T/2,3T/4, T ...., we 3
get a graph, as shown in Fig. 17.5 (c).

L] ;
e -

. T—
>4
b ——— - -——— -

-x‘—- .

Figure 17.5 (b): Graph of x = x, cos(wt + ), for ¢p=90°.

It can be noted that:

0
s The curve in Fig. 17.5 (b) leads the
curve in Fig. 17.5 (a) by 90° A S
because their phase difference is
90°.

—— v e
-

Figure 17.5 (c): Graph of x = X, cos(wt + ¢), for ¢=180°.
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* » Similarly, the curve in Fig. 17.5 (c) leads the curve in Fig. 17.5 (a) by 180°, because their
phase difference is 180°.

When the phase difference between two oscillating systems is 180°, they are said to be
oscillating out of phase.

When the phase difference between two oscillating systems is 0° or 360°, they are said to be
oscillating in phase.

17.5 GRAPHICAL REPRESENTATIONS OF DISPLACEMENT,
VELOCITY AND ACCELERATION FOR SHM

The graphical representatmns uf displacement velocaty and acceleratmn of a body executing
SHM is given in Fig. 17.5 (d).

}.

: : ; :

(i) The displacement of the particle executing SHM Xo- ' E i : 5

is given by the expression: \ : : ' :
N L) ¥ .
X = Xo COSWE (i) ' \/ bl Time

As maximum value of displacement of the particle = Xo+ ; . ; E

is Xo. 0.7 @ B

WX, 4 : - . :

(ii) The velocity of the particle executing SHM is . E : :
given by the expression: 3 N 2 i "
: : i Time

V=X w VJ1-cos’ @ . L '

or V=X w sin (wt) (ii) 5

The velocity of the particle is maximum (i.e., v= Swix, ' i '

+ X, w) at the mean position and zero at the : ; '
extreme itions. - ¥
< ' : i i Time

(iii) The acceleration of the particle executing _ .2, ' ' ; ;

is given b : : —_— '

AR SR By e SN Figure 175 (G2 Gphck et

a=— alx of ‘x*, ‘v" and *a’ of a body executing SHM.

Putting x = x, coswt, we get:

a = - X, W’ cos(wt) (i)

The acceleration will be maximum (i.e., X, w?) at the extreme positions, and zero at the mean
position.

The graph of the Egs. (i), (ii) and (iii) is shown in Fig. 17.5 (c). It can be seen that:
« The phase difference between velocity and displacement is n/2.
« The phase difference between acceleration and displacement is m.
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17.6 SIMPLE PENDULUM

An ideal simple pendulum consists of a small but heavy P frictionless
bob of mass m which is suspended by a light and
inextensible string of length (. The other end of the string
is attached to a fixed frictionless support at point P, as
shown in Fig. 17.6 (a). : massless

When the bob is displaced slightly from its mean position
0, after releasing it oscillates to-and-fro along the arc of
a circle with centre at P. Suppose that the oscillating

bob is at point A at some instant, where the bob's™ ~ o
displacement is x and the angle OPA = 8. The forces trajectory =~ "% 777 Massive
acting on the bob are the tension T exerted by the string equilibrium bob

position

and its weight mg acting vertically downward.
Figure 17.6 (a): Simple pendulum.

The weight mg of the bob can be resolved into its two
rectangular components, i.e.

i) mgcosB along the string.

ii) mgsinO along the tangent to the arc.

Tension in the string exactly cancels the component
mgcosB. The net force mgsin@ on the bob at A is the
restoring force which makes it to accelerate towards
equilibrium position, i.e.,

(i)

Negative sign indicates that the force is acting towards
mean position 0. When 8 is small (less than 10° or 0.2 rad),
as shown in Table (7.1), we make the approximation sin 8

F=—mgsind

Figure 17.6 (b): Components of

= B and Eq. (i) becomes: weight.
F=—mgt ——m
From Fig. 7.6 (b), arc length = OA, then, - | -r_ small’'angle.”
8 (radian)
0= OA 0.0000 :
1.00 0.0175 0.0175
2.00 0.0349 0.0349
For small angle 6, the arc OA = x, then Eq. (iii) becomes, 300 0.0524 0.0524
- 4.00 0.0698 0.0698
F=—mg = WD, | | 5.00 0.0873 0.0872
6.00 - 0.1048 0.1046
According to Newton’s second law of motion, the force 7.00 0.1222 0.1219
acting on the bob is given by: o 01397 0.1392
9.00 0.1571 | 0.1565
F=ma (iv) 10.00 0.1746 [ 0.1737
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f’ih(.".ilﬁ _'a = L

By comparing Eq. (iii) and Eq. (iv), we get:

X
ma=-mg -

a=-

(v)

— e
»

or ac—X (vi)

The Eq. (vi) describes the SHM. Hence, an oscillating simple pendulum exhibits SHM. As equation
for acceleration of a body executing SHM is:

a=—wx (vii)

By comparing Eq. (v) and Eq. (vii), we get:

w= 2 (viii)

[

So, the expression for time period of the simple pendulum can be obtained by putting Eq. (viii)
inT=2mn /w, thus we get:
L]

T-ZHJI
g

Above equation shows that:

(17.10)

The time period of a simple pendulum depends on the length of the pendulum and the
acceleration due to gravity. It is independent of the mass.

Example 17.3: A simple pendulum completes one vibration in one second. Calculate its
length when g = 9.8 m s

Given: Time period of the simple pendulum=T=1s
Gravitational acceleration = g = 9.8 m s
To Find: Length of the simple pendulum =1=7

Solution: As T=2m J%_

Putting values, we get: 1=2x3.14 ,’%

1=0.248m=24.8cm
Assignment 17.3

Find the time periods of a simple pendulum with length 1 m, placed on Earth and on Moon.
The value of g on the surface of Moon is 1/6" of its value on Earth.
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17.7 ENERGY CONSERVATION IN SHM

Energy of a body executing SHM remains conserved. To examine this fact, we again consider a
vibrating mass-spring system, as shown in Fig. 17.7 (a). When the spring is stretched by the
applied force ‘F’ through a displacement ‘x’, work must be done. This work W is given by:

w=F, x (i)
According to Hooke's law, the applied force is given by:
F=kx (ii)

Since the force increases linearly from 0 to kx, the (@)
average force F., is given by:
O+kx 1
Fy = G Ekx (i)
Substituting the value of Fy in Eq. (i) from Eq. (iii), we

get: W= [%kx}{x}- %k_x’

As, this work is stored in spring as elastic potential
energy. Hence, the potential energy at any instant ‘x’
is given by:

1

P.E= EI{}(z (17.11) x=0

" Figure 17.7: A vibrating mass-spring
system.

At extreme position, where the displacement is
maximum, i.e. X = X,, the block is at rest. So, its kinetic
energy is zero and total energy is entirely elastic potential energy, i.e.

T.E=P.E max = %kxg (17.12)

When the block is released, it moves toward mean position. As a result, its velocity increases
and also its kinetic energy. However, the dlspiacement of the block decreases and also its

elastic potential energy.
As, the instantaneous velocity v of the block executing SHM is given by,

v=w ¢ -x? (iv)
As, w = JE, so Eq. (iv) becomes:
m

5 2_ 2
v Jm{xo X*) (v)

At mean position x = 0, the block gets maximum velocity, i.e.,

Vo = % Xo (vi)
Hence, at any instant where the displacement is ‘x’, the kinetic energy i¢ given by:

j T [
K.E= —mv‘ = —k(X:-Xx 17.13
2 5 (x5 ) ( )
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At mean position (x = 0), the elastic potential energy is zero but the velocity is maximum, hence
the total energy is entirely kinetic energy.

T.E = K.E max = %mvﬁm = %k x2
Let us now examine the total energy of the systems at displacement x. As, the total energy is
the sum of kinetic and potential energy, i.e.

T.E=KE+P.E (vii)
After substituting the values of K.E and P.E from Eq. (17.11) and Eq. (17.13) in Eq. (vii), we
get:

(17.14)

1 1 1
E= =k 2 _ oy _kﬂ=___k2
T.E E{xu x)+2x 2:::.,r

(17.15)

As, w = JE, or k = m w?, so Eq. (17.15) can also be

written as:

TE= %mm‘x: (17.16)

From Egs. (17.12), (17.14) and (17.15), it is proved that:

Total energy of the mass-spring system is constant and is
proportional to square of the amplitude of oscillation.

This statement of conservation of energy is equally valid
for all bodies executing SHM.

The energy oscillates between K.E and P.E, but their sum

remains constant. This can be illustrated by plotting the fllg:re ;?E? {:1!; Gr?r;-:g}of :;rrg
graph of K.E, P.E and T.E verses displacement, as shown displacement. for SHM.

in Fig. 17.7 (d).

Example 17.4: A 0.025 kg mass is attached to a spring which is displaced through 0.10 m to
right of its mean position and then released. Time period of its oscillation is 1.57 s.
Calculate its:

(a) Angular speed (b) The total energy (c) The maximum acceleration.
Given: m = 0.025 kg X% =0.10m T=157s
To Find: (a) Angular Speed = w =7 (b)Total Energy = T.E=7

(c) Maximum Acceleration=a =7
Solution: (a) To find angular speed, we use the relation:
Y
” 2 (3.14)
1.57
(b) The total energy can be found by using the relation:

Putting values, we get: w =4rad s’
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T.E= %mmzxf

1

Putting values, we get: T.E= 7 (0.025)(4F (0.1 =2x 107 )

(c) For the maximum acceleration, we use the relation:
a=Xo w
Putting values, we get: a=0.1x4*=1,6ms?

Assignment 17.4

Find the amplitude, frequency and time period of an object oscillating at the enﬁ of a
spring, if the equation for its position at any instant t is given by x = 0.25 cos(n/8)t. Also

find the displacement of the object after 2.0 s

17.8 FREE, FORCED AND DAMPED OSCILLATIONS

Depending upon the situation, oscillations may be damped, free and forced oscillations. Here

we discuss these three types of oscillations in detail.

Free Oscillations

Every oscillator has a natural frequency of vibration with
which it vibrates freely after an initial disturbance. For
example, an ideal simple pendulum oscillates freely with its
natural frequency, when slightly displaced from its mean
position, as shown in Fig.17.8 (a). The natural frequency of
pendulum depends on its length. If you change the length of
string, you may change its natural frequency.

If you pluck a guitar string, it continues to vibrate for some
time after you have released it. It vibrates with its natural
frequency and it gives rise to the particular note that you
hear. The natural frequency of guitar string depends on its
length. If you change the length of string, certainly you
change its natural frequency.

O A

Figure 17.8 (a): lllustration of
free oscillation.

A body is said to be executing free oscillations when it oscillates under the influence of a
restoring force without any external force acting on it.

The free oscillations possess constant amplitude and period without any external force acts on

it. Ideally, free oscillations do not undergo damping.

Forced Oscillations

If an external force acts on an oscillator, it can change its amplitude of oscillations. The
external force shifts the energy to the oscillator at a certain frequency, not necessarily the
same as the natural frequency of the oscillator. This frequency is called driven frequency.
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For example, when you push a swing, you have to keep periodically
pushing it so that the it doesn’t reduce its amplitude and continue
oscillating. These oscillations are called forced oscillations.

If the external forces make the object to oscillate at the frequency of
applied force rather than its natural frequency, then such oscillations
are called forced oscillations.

Movement of the pendulum of a clock (as shown in Fig.17.8-b) is also
an example of a forced oscillations, because it is driven by a small
maotor.

Figure 17.8 (b):
Damped Oscillations Ilustration of force

oscillation.

Damping is the effect of resistive forces which dissipate energy from a

vibrating object. When a simple pendulum is being set into oscillatory motion, then after some
time, it stops oscillating due to air resistance. All oscillating systems experience such type
of resistive force which are known as damping forces. Due to the damping force, amplitude of
oscillation decreases over time from one oscillation to the next and eventually stops oscillating.

Examples of damping forces can include frictional forces between moving parts, air resistance
or internal forces such as those in springs that tend

to dissipate energy as heat. {Displacement
We know that in reality, a spring won't oscillate
forever. Frictional forces will diminish the Time

amplitude of oscillations until eventually the
system comes to rest,

If the amplitude of oscillations decreases under

damping forces, then such oscillations are called Figure 17.9 (a): Displacement-time
damped oscillations. graphs to illustrate undamped oscillations.

It can also be defined as: when an oscillator undergoes oscillations before coming to rest under
the action of damping force, then such oscillations are called damped oscillations. As an

oscillator vibrates, it performs work against force of friction, which result in the gradually
decrease of oscillator’s energy.

The damping is said to be light when the amplitude of oscillations decreases gradually with
time.

Light damping gradually reduces the energy and amplitude of the vibrating object. An example
of ‘light damping’ is a swing in playground, which gradually comes to rest when oscillates freely.
Displacement-time graph of light damping is shown in Fig. 17.9 (a) by black curve.

Heavy damping takes long time before the object comes to rest; it is shown in Fig. 17.9 (b) by
green curve.
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In heavy damping, the oscillator merely moves back to its equilibrium position gradually without
completing a single oscillation. It is the result of a very large resistive force.

Oscillations of a mass attached to a ADisplacement

spring that is placed in a thick, viscous Light Damping
liquid, can be considered as heavy Heavy Damping
damping. Critical Damping
Critical damping returns the object to /\ /\ —
the equilibrium position in the shortest  ___ | D v e

time possible. An example of critical ~ © \/ \/

damping is shock absorbers in a car;

they increase the resistive force so that

after being displaced when going over
a bump, the vehicle returns to its
original position without oscillating.
Critical damping is shown in Fig. 17.9 (b) by red curve.

Figure 17.9 (b): Displacement-time graphs to illustrate
light, critical and heavy damping.

When an oscillator comes to rest without any
oscillation in the shortest time under
damping force, then such damping is called
critical damping.

spring acts as
shock absorber

Critical damping is often useful in an
oscillating system because such systems
return to equilibrium position rapidly after
facing external deriving force. For example,
when a car is passing over a bump on road,
it would move up and down violently for
sometimes which may cause injury to
passengers. To overcome this problem,
energy-absorbing devices (damping) known

Figure 17.9 (c): Shock absorbers are fluid-filled |
tubes that turn the simple harmonic motion of the
as shock absorbers are positioned parallel to  springs into damped harmonic motion.

the spring in automobiles. Vehicles have
springs between the wheels and the frame, as shown in Fig. 7.9 (c), provide a smoother and
comfortable ride.

Modern auto suspensions are set up so that all of a spring’s energy is absorbed by the shock
absorbers, eliminating vibrations in single oscillation. This prevents the car from continually
bouncing.

17.9 RESONANCE

A driving force is always required to initiate the oscillations of any oscillator, damped or un-
damped, by supplying the initial energy for the motion. The driving forces have their own
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frequencies, which cause the oscillator to vibrate at the driving frequency rather than at the
natural frequency.

When the frequency of driving force gradually increases from zero, the oscillator begins to
vibrate with small amplitude. As we increase the frequency, the amplitude of vibration also
increases. The closer the deriving frequency to the natural frequency, the more efficiently the
driving force transfers energy to the oscillator and the greater the resulting amplitude. When
the deriving frequency equals the natural frequency of oscillator, the amplitude of vibrations
reaches to its maximum value, this situation is called resonance. Hence resonance is defined

as:
-“

Resonance is the phenomena in which the amplitude of
vibration of an oscillator attains maximum value when
deriving frequency becomes equal to the natural frequency
of oscillator. The natural frequency of the oscillator is
called resonance frequency.

At resonance frequency, the efficiency of energy transfer
from the driving force to the oscillator is maximum. This
can be demonstrated with a simple experiment, as shown
in Fig. 17.10. Here the five pendulums A, B, C, D and E are ,
suspended vertically from the same horizontal rod. The Figure  17.10:  Setup to
lengths of A and B are same and equal to |, and the length demonstrate resonance.

of C and D are same and equal to L.

If length of pendulum E is made equal to the lengths of pendulum A and B, and E is set into
vibrations in direction perpendicular to the plane of A}
the paper. Then, after some time A and B start Small damping
vibrations automatically but C and D will remain at

‘rest. This .is due to the reason that E has same
length and frequency as A and B.

If length of pendulum E is made equal to the lengths
of pendulum C and D, and pendulum E is set into
vibrations in a direction perpendicular to the plane jamping
of the paper. Then after some time pendulum C and -
D start vibrating automatically but pendulum A and
B will remain at rest. This is due to the reason that
pendulum E has same length and hence frequency

as pendulum C and D. I ORI R
) 1,

Effect of Damping on Resonance 7 o %‘“

Damping reduces the maximum amplitude of an Driving frequency

oscillator at its resonance frequency and broadens Figure 17.11: Graph of amplitude against

the resonance curve. This can be illustrated by m;‘:;‘: nd“;g:;‘l’;ﬁﬂ{;‘:‘::e for small,
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plotting a graph of the amplitude of a damped harmonic oscillator against the frequency of
driving force, as shown in Fig. 17.11. The graph shows that smaller damping results in a sharper
resonance peak and larger amplitude. While heavy damping, decreases the amplitude.

In practical applications, such as car’s suspension system, heavy damping is employed to
minimize oscillations and ensure a smooth ride when traveling over bumps and jumps.

Applications of Resonance in Daily Life

Resonance plays very important role in various phenomena of daily life. Here we shall discuss
some circumstances in which resonance is useful:

Tuning of Radio and Electrical Resonance: When we turn the knob of a radio to tune
a station. We are actually changing the natural frequency of the electrical circuit of receiver
to make it equal to the transmission frequency of the radio station. When the two
frequencies match with each other, then resonance occurs. In this way, energy absorption
from the station is maximum and this is the only station we hear.

Magnetic Resonance Imaging: Magnetic resonance imaging (MRI) is a widely used medical
diagnostic tool in which atomic nuclei (mostly hydrogen nuclei) are made to oscillate by
incoming strong radio waves (on the order of 100 MHz). When resonance occurs, maximum
energy is absorbed by the nuclei. The pattern of energy absorbed can be used to produce
computer enhanced photography.

Heating/Cooking of Food in Microwave Ovens and Resonance: In a microwave oven,
the microwave with a frequency similar to the natural frequency of vibration of water or
fat molecules are used. When the food is placed in the oven, the water molecules in the
food oscillate by absorbing maximum energy from the microwaves. Hence, it causes the
food to heat up for cooking. The plastic or glass containers do not heat up in ovens, since
they do not contain water molecules.

Resonance in Guitar: When the guitarist strikes the guitar strings, a vibration is produced.

The vibration transmits to the hollow wooden box. Thus, creating resonance, and the sound
gets amplified.

Following are some circumstances in which resonance should

be avoided:

Resonance in Bridge: Soldiers while marching on the
bridge are ordered to break their steps. This is because
that the vibrations created by the rhythmic march on the
bridge cause the bridge to oscillate with its natural
frequency. Thus, amplitude of vibrations increases and
resonance occurs that causes the bridge to collapse. One EESSEE-.
of the most studied examples of this is the collapse of =SS
Tacoma Narrows Bridge, as shown in Fig. 17.12. The Figure 17,12; Collapse of

strong continuous wind drove oscillations of the bridge  Tacoma Narrows Bridge in 1940
deck that increased in amplitude until it broke apart. during a windstorm.
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Resonance in Airplane’s Wing: The wing is a very flexible part of the airplane. If the
periodic vibrations of the wind gust have a frequency equal to the natural structural
frequency of the wing, resonance occurs. At resonance, the amplified vibrations of the wing
become too large. It eventually leads to its destruction. To avoid resonance, it is important
to design the wing such that the natural frequency of the wing does not match the external

frequencies of vibrations.

Science Tidbit

A singer can shatter a glass by loudly
singing a note that matches the
natural frequency of the glass. When
the sound gets too loud for the glass
to vibrate with large enough
amplitude, it shatters the glass.

Applications of Resonance and Standing Waves

There are many applications of resonance in different devices that generate and use standing
waves. Some of them are discussed here:

Rubens Tubes: A Rubens tube (also 8 144 Ker
BB, W he by, a
known as a standing wave flame tube)
is used to demonstrate
. 2 with holes
acoustic standing waves. It consists of L Rubber
a metal pipe with holes drilled along membrane
the top and sealed at both ends. One
sealed end is attached to a small Frequency
speaker or frequency generator while enuendt

the other end is connecter to a supply

of a flammable gas, as shown in Fig. Figure 17.13: Rubens tube setup.
17.13. The pipe is filled with the gas,

and the gas leaking from the perforations produces a resonant flame.

Rubens tube is invented by German
Physicist Heinrich Rubens in 1905. It
graphically shows the relationship
between sound waves and sound
pressure, acting as a
primitive oscilloscope.
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When sound waves of resonance frequency (based on the tube
dimensions) is produced by frequency generator, a standing wave
formed inside the tube. The standing wave creates points with
oscillating (higher and lower) pressure within the tube. Less gas will
escape from the perforations in the tube where pressure is low, hence
the flames will be lower at these points. Large quantity of gas will
escape. from the perforations in the tube where pressure is high, hence
the flames will be high at these points. The wavelength of the standing
wave can be determined with a ruler by measuring the distance B s
between low and high flame. Figure 17.14:

Acoustic levitation.

Acoustic Levitation: Acoustic levitation is a method for suspending
matter in air against gravity by using acoustic pressure from high intensity sound waves, as
shown in Fig 17.14. Acoustic levitation provides a container-less environment for some

experiments. Acoustic levitation occurs when sound waves interact and create a standing wave
with nodes that can trap a particle.

Chladni Plates: A chladni plate consists of a flat metal sheet (usually circular or square)
mounted on a central stalk attached to a strong base. When the plate oscillates in a particular
mode of vibration, the nodes and antinodes that formed produce a complex but symmetrical
patterns on its surface. The positions of these nodes and antinodes can be seen by sprinkling
sand upon the plates. The sand will vibrate away from the antinodes and gather at the nodes.

Scan the above QR code then search the appeared link to see the video of an interesting experiment.
It is a good demonstration to show how complicated modes of vibration can be formed on the chladni
plates of different shapes and dimensions.

SUMMARY

< When a body moves to and fro about its mean position, then such motion is called vibratory
or oscillatory motion.

2 The complete round trip of an oscillating or vibrating body about its mean position is called
oscillation or vibratinn.
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The distance of vibrating body from the equilibrium position on either side at any instant
of time is known as displacement. Its SI unit is meter.

The maximum displacement of a vibrating body from mean position is called amplitude. Its
Sl unit is meter.

The time taken to complete one oscillation or vibration is called time period of the
oscillation. It is denoted by T. Its Sl unit is second.

The number of vibrations or oscillations per unit time is called frequency.

SHM is an oscillatory motion in which acceleration of a particle is directly proportional to
its displacement from the mean position and is always directed towards the mean position.

When a body moves in a circle, its projection undergoes simple harmonic motion on the
diameter of the circle.

The angle which specifies the displacement as well as the direction of a point executing
SHM is called phase of the motion.

Energy of a body executing SHM remains conserved. The energy oscillates between K.E and
P.E, but their sum remains constant.

A body is said to be executing free oscillation when it oscillates under the influence of
restoring force without any external force acting on it.

If the external forces make the object oscillating at the frequency of applied force rather
than its natural frequency, then such oscillations are called forced oscillations.

If the amplitude of oscillations decreases under damping forces, then such oscillations are
called damped oscillations.

The damping is said to be light when the amplitude of oscillations decreases gradually with
time.

When an oscillator comes to rest without any oscillation in the shortest time under a
damping force, then such damping is called critical damping.

Resonance is the phenomena in which the amplitude of vibration of an oscillator attains
maximum value when deriving frequency equals the natural frequency of oscillator.

A Rubens tube is used for demonstrating acoustic standing waves.

Acoustic levitation is a method for suspending matter in air against grawty by using acoustic
pressure from high intensity sound waves.
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EXERCISE

Multiple Choice Questions

Encircle the Correct option.

1)

2)

3)

4)

5)

6)

7)

8)

Which of the following statements is true regarding the acceleration of the particle
executing simple harmonic motion?

A. Acceleration is zero at the mean position

B. Acceleration is maximum at the mean position

C. Acceleration is zero at the extreme position

D. Acceleration is a constant

If your heart rate is 150 beats per minute during strenuous exercise, what is the time per
beat in seconds?

A. 150 B. 2.5 C.0.4 D. 0.0067

Which of the following relationship between the acceleration ‘a’ and the displacement “x’
of a particle involve SHM?

A.a=0.7x B. a=-200 x* C.a=-10x D. a =100 x*

A mass-spring system undergoes simple harmonic motion has amplitude A. When the kinetic
energy of the object equals twice the potential energy stored in the spring, what is the
position x of the object?

A A

‘3 s 7 D.0
Suppose we replace the spring in a simple harmonic oscillator with a stronger spring, having
twice the spring constant. What is the ratio of the new period of oscillation to the original
period?

1 1 J2
A, — : ; .

2 B Tzz 1 D
A pinball machine uses a spring that is compressed 4.0 cm to launch a ball. If the spring
constant is 13 N/m, what is the force on the ball at the moment the spring is released?
A.52N B. 0.52 N C.0.52Nm D.52Nm
A particle is executing simple harmonic motion with period T. At time t = 0 it is at the
equilibrium point. At which time is it furthest from the equilibrium point?

A A B

A.050T B.0.70T C.0.25T D.14T

The acceleration of a body executing simple harmonic motion leads the velocity by what
phase?

A. 0 rad B /8 rad C. n/4 rad D. n/2 rad
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9) Asimple pendulum has a pe'riad of 2.5 s. What is its period if its length is made four times

larger?
A. 0.625s B.1.25s C.25s D.5%

10) What is the frequency of a pendulum that swings at the rate of 45 cycles per minute?
A. 0.75 Hz B.1.3Hz C. 2700 Hz D. 60 Hz

11) A block at the end of a horizontal spring is pulled from equilibrium at x = 0 to x = A, and
then released. Through what total distance does it travel in one full cycle of its motion?

A.ﬂ B. A C.2A D.4A

2
12) A particle is vibrating simple harmonically with an acceleration of 16 cm s when it is at a
distance of 4 cm from the mean position. Its time period is:
A.1s B.2.57Ts i C.3.142s D. 6.028 s

Short Questions

1) If we halve the length of a simple pendulum to its original length, what is the alteration in
the period of this pendulum? What is its new frequency?

2) If the amplitude of vibration of a body executing SHM is doubled, what will happen to the
maximum kinetic energy?

3) When marching soldiers are about to cross a bridge, they break steps. Why?

4) Suppose that a driving force has half frequency as compared to the frequency of an
oscillator. Will it produce resonance? Similarly, if the driving frequency is twice the
frequency of the oscillator, will it produce resonance?

5) Pendulum clocks are made to run at the correct rate by adjusting the pendulum’s length.
Suppose you move from one city to another where the acceleration due to gravity is slightly
greater, taking your pendulum clock with you. Will you have to lengthen or shorten the
pendulum to keep the correct time, other factors are remaining constant? Explain your
answer.

6) Two mass-spring systems vibrate with simple harmonic motion. If the spring constants are
equal and the mass of one system is twice that of the other, which system has a greater
period?

7) Give some applications in which resonance plays an important role.

8) A simple pendulum is set into vibrations and left untouched, eventually stops, why?

9) Under what condition(s) the motion of a simple pendulum be simple harmonic motion?

10) At what position is the velocity of a particle executing simple harmonic motion a) maximum
b) minimum?

11) Show that the motion of projection of a body revolving in a circle describes S.H.M.

12) sketch displacement-time graphs to illustrate light, critical and heavy damping.

13) Justify the importance of critical damping in a car suspension system.

14) Differentiate free and forced oscillations.

15) How the time period of a simple pendulum changes if mass of its bob is doubled? What
change arises in time period of mass attached to a spring if same is done here?
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Comprehensive Questions

1) Define and explain phase in simple harmonic motion.

2) Derive the expressions for instantaneous displacement, instantaneous velocity and
acceleration of the projection of a particle moving in a circle.

3) Show that motion of a mass attached to a spring executes S.H.M.

4) Analyse the interchange between kinetic and potential energy during simple harmonic
motion.

5) What is resonance? Give three of its applications in our daily life?

6) Justify some circumstances in which resonance should be avoided.

7) Derive equations for kinetic and potential energy of a body of mass m executing S.H.M.

8) Explain what is meant by damped oscillations?

9) Explain the relation between damping and sharpness of resonance.

10) Discuss the use of standing waves and resonance in (a) rubens tubes (b) chladni plates
(c) acoustic levitation.

11) Analyze graphical representations of the variations of displacement, velocity and
acceleration for simple harmonic motion.

12) Explain the terms light, critical and heavy damping, with the help of examples.

Numerical Problems

1) The amplitude of the motion of a mass attached to a spring is 2.48 m, while maximum speed
of its mass is 4.36 m s™'. What is the period of the motion? (Ans: 3.57 s)

2) A particle moves, whose displacement as a function of time is: x = 3.0 cos(2t), where distance
is measured in meter and time in second.

a) Calculate the amplitude, the frequency, the angular frequency and the period of this
particle?

b) Calculate the time at which the particle reaches the midpoint (i.e., x = 0) and the turning
point?

(Ans: (a) 3.0 m, 0.318 Hz, 2.0 rads”, 3.14 s (b) 0.785 s, 1.57 s)

3) A particle executes simple harmonic motion, that moves back and forth along x-axis between
points —0.20 m and +0.20 m. The period of the motion is 1.2 s. At the time t = 0, the particle
is at +0.20 m and its velocity is zero.

a) What is the frequency of the motion and the angular frequency?
b) What is the amplitude of the motion?

c) At what time will the particle reach the point x = 07 At what time will the particle reach the
point x = 0.10 m?

d) What is the speed of the particle when it is at x = 07 What is the speed of the particle when
it reaches the point x = 0.10 m?

(Ans: (a) 0.83 Hz, 5.2 rad s (b) 0.20 m (c) 0.30's, 0.20 s (d) 1.05 ms™, 0.91 m s)
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4) A mass of 8.0 kg is attached to a spring and oscillates with amplitude of 0.25 m and has a
frequency of 0.60 Hz. What is the energy of the motion? (Ans: 3.6 J)

5) Calculate the period and frequency of a 3.5 m long pendulum at the following locations:
a) at Karachi, where g = 9.832 m s,
b) at K-2, where g = 9.782 m s%.
(Ans: (a) 3.747 s, 0.2669 Hz (b) 3.757 s, 0.2662 Hz)

6) In a car engine, a piston executes SHM with amplitude of 0.41 m. The engine is running at
angular frequency of 2400 rpm (251 rad s™'). What is the maximum speed of the piston?

(Ans: 103 ms™)

7) A ball connected to a spring executes SHM. At t = 0, its displacement is 0.50 m and its
acceleration is -0.72 m s%. The phase constant for its motion is 0.84 rad. What is the ball’s
displacement at t = 3.4 s7 : (Ans: 0.15 m)
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Student Learning Outcomes (SLOs)

The student will

Explain experiments that demonstrate two-source
interference using water waves in a ripple tank,
sound, light and microwaves,

describe the conditions required if two-source
interference fringes are to be observed.

use Ay =AL/d for double-slit interference using light
to solve problems.

use d sin (#) = nA to solve problems.

describe the use of a diffraction grating to
determine the wavelength of light [the structure
and use of the spectrometer are not included].

with the context of the electron diffraction double
slit experiment, explain the below two of the many
interpretations of =“quantum mechanics:  ({f)
copenhagen interpretation (i) many worlds
interpretation.
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Have you ever marveled at the vibrant colors of a rainbow, or wondered why sound waves can
sometimes cancel each other out, creating silence? These phenomena are a testament to two
fascinating wave properties: interference and diffraction.

Interference occurs when two or more waves traveling through the same medium interact and
superimpose on each other. This interaction can lead to surprising results. Depending on how
the waves are aligned, they can either strengthen each other (constructive interference),
creating brighter light or louder sound, or cancel each other out (destructive interference),
resulting in darkness or quieter sound. Understanding interference allows us to explain everyday
occurrences like the beating sound between slightly off-tune instruments and the formation of
colorful bands in soap bubbles. Interference isn't limited to light or sound waves. It's a
fundamental property observed in all types of waves, from water ripples in a tank to the
intricate quantum waves that make up matter. So, the next time you witness a dazzling rainbow
or hear a mesmerizing musical chord, remember, it's all a captivating play of interference.

Diffraction, on the other hand, describes the bending of a wave around the edges of an obstacle
or through a narrow slit. Unlike reflection, where a wave bounces off a surface, diffraction
causes the wave to spread out and travel into regions beyond the obstacle’s shadow. This
phenomenon is responsible for the dazzling colors we see in rainbows, where sunlight diffracts
through water droplets. Diffraction also plays a crucial role in various technologies like x-ray
crystallography, which helps us understand the structure of materials, and optical instruments
like diffraction gratings, which separate light into its constituent colors.

Interference and diffraction are not isolated concepts; they are intimately connected. Both
phenomena arise from the wave nature of light, sound, and other waves. While interference
describes how waves interact and superimpose, diffraction showcases how waves can bend and
spread out when encountering obstacles. Understanding these principles unveils a deeper
understanding of the behavior of waves and their remarkable effects in the world around us.

18.1 INTERFERENCE

Two-source interference, also known as
double-slit interference, is a phenomenon
in which waves from two coherent sources
overlap and interfere with each other,
creating a pattern of alternating
constructive and destructive interference
fringes. Interference of two waves may
lead to a resultant wave of either a larger
or a smaller displacement. This - ; :
phenomenon can be demonstrated using Figure 18.1: Interference of water waves.
various types of waves, including water

waves ina ripple tank (see Fig. 18.1), sound waves, light waves, and microwaves.

Conditions for Observing Interference Fringes:
To observe interference fringes in a two-source setup, the following conditions must be met:

National Book Foundation @ 18-Diffraction and Interferance
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1. Coherent Sources: The two sources emitting the waves must be coherent, meaning they
have a constant phase relationship and emit waves with the same frequency and

wavelength.

2. Narrow Slits: The slits must be narrow and close together compared to the wavelength of
the waves. This ensures that the waves from each slit overlap and interfere with each other.

3. Monochromatic Waves: The waves emitted by the sources should ideally have a single
wavelength (monochromatic) to produce a clear interference pattern.

4, Stable Environment: The experimental setup must be free from disturbances such as
vibrations or air currents, which could disrupt the wave patterns and interfere with the

observation of fringes.

By satisfying these conditions, two-source interference fringes can be observed across various
wave types, demonstrating the wave nature of light, sound, and other phenomena.

18.1.1 Interference of Water Waves

Interference can be demonstrated in a ripple
tank by using two-point sources. In a ripple tank
experiment (see Fig. 18.2), two coherent
sources are created by generating ripples in the
water from two separate point sources. The tank
is illuminated from above to enhance visibility.
When the waves from both sources meet, they
interfere with each other. This interference
creates regions of constructive interference,
where waves reinforce each other and produce
larger waves, and regions of destructive
interference, where waves cancel each other

out. This results in a pattern of alternating crest
and trough on the surface of the water.

Figure 18.2: Ripple tank.

Interference of two circular waves is shown

in Fig. 18.3. If two waves arrive in phase (their crests or
trough arrive at exactly the same time), they will
interfere constructively. A resultant wave will be
produced, which has crests much higher than the two
individual waves, and troughs much deeper.

If the two waves arrive in anti-phase (with a phase
difference of n radians or 180°), the peaks of one wave
arrive at the same time as the troughs from the other, and
they will interfere destructively. The resultant wave will
have smaller amplitude. This phase difference may be
produced by allowing the two sets of waves to travel
different distances. This difference in distance of travel is

called the path difference.
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ra 18.3: Shadow of
Iinterference pattern of two
circular waves obtained on white
paper under the ripple tank.
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18.1.2 Interference of Sound Waves

Similar to water waves, sound waves
can also exhibit interference. Two
speakers emitting coherent sound
waves are placed facing a screen, as
shown in Fig 18.4. The sound waves
from both sources overlap, creating
regions of constructive and
destructive  interference.  This
interference pattern can be
visualized by using a microphone or a
detector to measure the intensity of o0 45 G e ference of sound wave! framibeD
sound at various points on the g jeapars

screen.

Consider sound waves from two loudspeakers connected to the same signal generator and
amplifier, producing notes of the same frequency. Sound waves being longitudinal waves,
consists of compressions and rarefactions. At points such as Py, P4, Ps, Ps and Py constructive
interference occurs because here compressions or rarefactions align and the sound appears
louder. Destructive interference occurs at points such as P;, P;, Py and Ps, when compression
align with a rarefaction and vice versa, resulting in a quieter sound. This principle is used in
noise-cancelling headphones (you have studied in grade Xl).

18.1.3 Interference of Light Waves

In a double-slit experiment with light waves, a laser
beam is typically used as the coherent light source. The
light beam is directed through a barrier with two narrow
slits (Figure 18.5), creating two coherent sources of light
waves. A screen placed behind the slits displays the
interference pattern. The pattern consists of alternating
bright and dark fringes, which can be observed directly
or captured using a camera. Here, light of a single -
wavelength passes through a pair of vertical slits and e |
produces a diffraction pattern on the screen—numerous Figure 18.5: Set up of Young's
vertical bright and dark lines that are spread out double-slit experiment.
horizontally. Without diffraction and interference, the

light would simply make two lines on the screen. - In the early 1800s, the nature of
light was still a topic of debate,

Thomas Young's C with Christian Huygens proposing
In 1801, the English physicist and physician Thomas wave-like behavior, Isaac Newton

Young conducted an experiment to demonstrate the offering an alternative explanation
wave nature of light. Young’s experiment involves a pair 0" color and observable effects.

of closely spaced vertical slits (the double slit) through which light passes. Initially, Young
allowed sunlight (which contains multiple wavelengths) to pass through a single slit, making the

National Book Foundation 13 18-Diffraction and Interference
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light partially coherent (waves with a definite phase relationship). He then directed this
partially coherent light through the double slit. The light passes through two narrow slits,
producing sem_icircular waves that overlap and interfere on a screen placed behind the slits.

As the two slits (S; and Sz) are narrow, so the light spreads out (diffracts) from each slit, as
shown in Fig. 18.6 (a). Two slits provide two coherent light sources that interfere and
interference fringes will be obtained in the form of bright (constructive interference) and dark
(destructive interference) pattern on the screen, as shown in the Fig. 18.6 (b).

5 Max
A ¥ Max
: e
s) -
' Max
&) - Max
S
’ ; l 3 L m
Max
® ® ©
Figure 18.6: Young's daL!ble-slit experiment. ; _

Figure 18.6 (c) shows that the double-slit
interference pattern for water waves is
nearly identical to that for light. Young's use
of sunlight in his double-slit experiment
made the effect easier to observe. This is
because sunlight is a mixture of different
wavelengths (colors), and each wavelength
formed its own interference pattern on the
screen. To observe clear pattern,
monochromatic (single-wavelength) light is
often used.

Young's experiment confirmed that light :
exhibits wave-like behavior, producing an E_; " »|
interference pattern. —z

Path Difference: The wave from slit S; has Figure 18.7: Schematic diagram of. You ng's:'
to travel slightly larger than that from 5, to = double slit experiment. e

reach the point P on the screen, as shown in
Fig. 18.7. The difference in this distance is the path difference. When two waves interfere,

the resultant wave depends on the phase difference between the two waves, which is
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proportional to the path difference between the waves which can be expressed in terms of the
wavelength ‘A’ of the wave.

If ‘d’ is the separation distance between the slits, ‘L’ is distance between the slits and the
screen, and ‘y’ is the distance from the central maximum to the point ‘P’ on the screen. Then
from the AABC: ' sin@ = % or BC = AB sin®

Hence, the path difference BC between the waves reaching a point on the screen from the two
slits is:

Path difference = d sinf (18.1)
Constructive Interference: Light waves show constructive interference when their crests

(peaks) overlap, leading to a bright maximum on the screen. This occurs when the path
difference is an integer multiple of the wavelength, i.e.,

Path difference =m A
or dsin®=mA (18.2)

Where m is an integer (0, 1, +2, +3, ...) representing the order of the maxima (central maxima
is 0™ order). When m = +1, then two bright fringes are obtained one above and one below the
central point O, which are called 1* order bright fringes, and so on.
Destructive Interference: Destructive interference happens when the crests of one wave
cancel out the troughs of another, resulting in a dark fringe called minima. This occurs when
the path difference is an odd multiple of half the wavelength, i.e.,

Path difference = [rn 5 %] A

1

or d sinb = [m+ E]}k (18.3)

Where ‘m’ is still an integer (0, 1, 2, %3, ...) representing the order of the minima (first
minima occurs at m = 0, and is called 1st order minima).

Positions of Maxima and Minima: Let P is the position of m™ order bright fringe on screen
then d sin® = mA

If ‘0’ is very small then sinf = tan®
50, d tanB = mA
y y
As, tan® = =, so = =
x 3 mA
or y=m }HE (18.4)
Similarly, for the position of m" order dark fringe on screen, we can get:
1)AL
or - m —  —
y [ + 2] r (18.5)

These equations allow you to calculate the positions of maxima and minima on the screen based

on the known values of d, L, and A. Note that the central maxima (m = 0) will always be at
y=0.
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Fringe Spacing: The distance between two consecutive bright or dark fringes is called fringe
spacing. For bright fringes, the fringe spacing is:

BY = Ymer = Ym
Al AL
or by = (m+1) 2 —m>=
or by = % (18.6)

Eq. 18.6 can be used to find fringe spacing if values of d, L, and A are known. Similarly, for
dark fringes, the fringe spacing is:
AY = Yms1 = Ym
1)AL 1)AL AL
or Ay [m+1+EJT- (m+i]T =
So, fringe spacing between the bright and dark fringe is same.

18.1.4 Interference of Microwaves

Microwaves can also be used to demonstrate two-source interference. Two-source interference
experiments using microwaves are a fascinating demonstration of wave physics. These
experiments typically involve two coherent microwave sources, i.e. microwaves of the same
frequency and phase. When these microwaves overlap, they create an interference pattern
characterized by alternating regions of constructive and destructive interference.

To observe this pattern, a detector is moved through the various points of interference,
registering the intensity of the microwaves. At points of constructive interference, the detector
records a higher intensity, while at points of destructive interference, the intensity is
significantly lower or even zero. This pattern can be visualized on a screen or through a
recording device connected to the detector.

Experimental setup: One common setup for such an experiment includes a microwave
transmitter and a receiver, as shown in Fig 18.8. The transmitter emits microwaves towards

Transmitter

Metal plates with
two stits

Figure 18.8: Microwave interference experiment.
two slits or openings, which then act as the new sources of waves. As the waves emanate from
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these slits, they overlap and interfere with each other. The receiver, which is placed at variable
distances and angles from the slits, measures the intensity of the resulting microwaves.
The data collected from these experiments can be used to calculate the wavelength of the
microwaves, as the distance between the points of maximum or minimum intensity is related
to the wavelength and the geometry of the setup. This is a practical application of the principles
of wave superposition and interference.
These experiments not only demonstrate the wave nature of microwaves but also have practical
implications. For instance, understanding microwave interference is crucial in designing
microwave communication systems to avoid signal loss due to destructive interference.
Moreover, the principles observed in microwave interference are analogous to those in other
wave phenomena, including sound waves, water waves, and even quantum mechanics, where
particles exhibit wave-like behavior. Thus, two-source interference experiments with
microwaves provide a valuable insight into the broader wave phenomena that govern various
aspects of the physical world.
Example 18.1: The fringe spacing between the central maxima and 1* minima is 2 mm. If a
light of 500 mm is used then find the separation between the slits. The distance between
the slit and screen is 1 m.
Given: Distance between central maximum and 1* minimum yy = 2.0 mm = 0.002 m
Wavelength of light A = 500 nm = 5.00 x 107 m
Distance between the slits and screen L = 1.0 m
To Find: Slit separation=d =?
Solution: We can use the relationship between fringe spacing and slit separation, as:

-
d
For 1 minima, put m = 1, so we get: y= f“.c::
Rearranging the equation to solve for d, we get: d= J;—L
7
or du (5.00x107")(1.0) =2.50x 10*m

0.002
Therefore, the separation between the slits is about 250 micrometers.
Assignment 18.1
Light from a He-Ne laser pass through two slits separated by 0.0100 mm. The third bright
line on a screen is formed at an angle of 10.95° relative to the
incident beam. What is the wavelength of the light?

18.2 DIFFRACTION ¢

A diffraction grating is an optical device consisting of a transparent
material, such as glass or plastic, having a large number of equally
spaced parallel slits or grooves etched or ruled over it, as shown in Fig.
18.9 (a). These slits are closely spaced together and act as individual
sources of secondary waves when illuminated by incident light.

Figure 18.9 (a):
Diffraction Grating

——
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The distance between two adjacent slits is called grating element.

Grating element is represented by d, and can be calculated by using the following formula:
unit length of grating
~ total number of lines ruled on it

Grating element is typically of the order of the wavelength of light or smaller. The number of
slits per unit length, denoted by "N," determines the resolving power of the diffraction grating.

18.2.1 Diffraction of Light through Diffraction Grating

The principle behind using a diffraction grating, to determine the wavelength of light, is based
on the interference pattern produced when light passes through the grating. When
monochromatic light (light of a Diffraction
single wavelength) illuminates a o
diffraction grating, the light
waves passing through the slits
interfere constructively and
destructively, creating a pattern
of bright and dark fringes, as
shown in Fig. 18.9 (b). ‘ optical axi

axis
The angle at which the bright ==
fringes (maxima) occur depends _
on the wavelength of light and
the spacing between the slits in d Screen

dsin®
the grating. This relationship is \_U/’ 8
described by the equation:

PO Figure 18.9 (b): Diffraction of light through diffraction grating.

Lens &
——— P

grating
S —
———

B

By measuring the angle of diffraction (8) for a specific order of the bright fringe (m) and
knowing the spacing between the slits (d), one can determine the wavelength of light (A).

By following this procedure, the wavelength of light can be accurately determined using a
diffraction grating, making it a valuable tool in spectroscopy and various scientific applications.

An idealized graphs of the intensity of light passing through a double slit and a diffraction
grating for monochromatic light is shown in Fig.18.10. Maxima can be produced at the same

angles, but those for the @ (hl
diffraction - grating are

narrower, and hence /\/\ /\
sharper. The maxima

become narrower and m=0 m=1 m=1 m=0 m=1

the regions between py.ce 18.10: Graphs of the intensity of light passing through (a) double
become darker as the slit (b) diffraction grating.

number of slits s

increased.
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18.2.2 Applications

1. Wavelength Measurement: Diffraction grating is used to determine the wavelength of light.
2. Atomic Spectra Analysis: Diffraction gratings help analyzing the wavelengths emitted by

atoms and molecules.

3. Biomedical Imaging: Gratings can be used to selectively analyze specific wavelengths for

disease detection in biopsy samples.

4. Spectroscopy: Gratings disperse light
into its constituent wavelengths for
detailed analysis.

Australian opal and the butterfly wings
have rows of reflectors that act like
diffraction gratings, reflecting different
colors at different angles, as shown in Fig.
18.11.

A

F‘I‘ll.lf.‘llﬂ Australian opal and the butterfly

Example 18.2: Diffracted light observed at an
angle of 30° in the 2™ order (m = 2) with grating
constant 2.0 pm. Find the wavelength of the
diffracted light.

Given: 8 = 30° m=2
d=2.0um
ToFind:A=1
Solution: We can use the grating equation, as:
mA=dsind
Rearranging the equation to solve for A, as:
d sin
m

Putting values, we get:
=& o
ik (2x10 ;{sinm ) _ 0.50 um

Therefore, the wavelength of the diffracted light is
about 0.50 micrometers.

Assignment 18.2

Visible light of wavelength 550 nm falls on a single
slit and produces its second diffraction minimum
at an angle of 45° relative to the incident
direction of the light. What is the width of the slit?

National Book Foundation @
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For Your Information

Have you ever seen the grooves on a CD
or DVD? Grooves are there, but they are
extremely narrow—1,600 in a millimeter.
Because the width of the grooves is
similar to wavelengths of visible light,
they form a diffraction grating. That is
why you see rainbows on a CD. The colors
are attractive, but they are incidental to
the functions of storing and retrieving
audio and other data.
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1823 Electron Louble Slit and Interpretations of

The Electron Double Slit Experln'leut is a classic physics expenment that demonstrates the
principles of wave-particle duality and the nature of reality at the quantum level.

Experimental setup of electron double slit experiment is shown in Fig. 18.12. It consists of:

» Electron gun: Electrons are emitted
from an electron gun.
 Double slits: The electrons pass through

two parallel slits, creating a pattern on a W

screen behind the slits. gu'l
e Screen: The electrons hit the screen,
creating a visible pattern. slit

If electrons were considered classical Figure 18.12: Experimental setup of electron
particles, we would expect two distinct double slit experiment.

patterns on the screen, corresponding to the

two slits. However, the actual outcome is an interference pattern, similar to what we would
expect from waves. This suggests that electrons exhibit wave-like behavior.

The Electron Double Slit Experiment has far-reaching implications for our understanding of
reality, including:

» Quantum mechanics: It laid the foundation for quantum mechanics, which describes the
behavior of particles at the atomic and subatomic level.

= Limits of classical physics: It showed that classical physics is insufficient to describe the
behavior of particles at the quantum level.

« Philosoplucal implications: It raises questions about the nature of reality, observation,
and the role of the observer in shaping reality.

The electron double-slit experiment has led to several interpretations of quantum mechanics.
The two prominent interpretations in this context are Copenhagen interpretation and many-
worlds interpretation.

i) Copenhagen Interpretation

The Copenhagen Interpretation (Cl) is a widely-held interpretation of quantum mechanics that
was formulated by Niels Bohr and Werner Heisenberg. It states that a quantum system, like an

electron before measurement, doesn't possess a definite position or momentum. Instead, it
exists in a superposition of all possible states simultaneously. Here's how Cl explains the

Electron Double Slit Experiment:

» Before detection, the electron is considered to be in a superposition of states, passing
through both slits simultaneously (wave-like behavior).

National Book Foundation _ (:su) 18-Diffraction and Interference
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« The act of measurement (detecting the electron on the screen) forces the wave function to
collapse into a definite position, explaining why we see a single electron hit at a specific
point on the screen (particle-like benavior).

« The interference pattern observed on the screen arises from the probability distribution of
where the electron might be detected. Regions with higher probability density correspond
to bright fringes, while regions with lower probability density correspond to dark fringes.

Criticisms:

¢ The “collapse of the wave function” due to measurement seems like an arbitrary break from
the deterministic nature of physics.

s |t doesnt explain what happens to the “other posshilities in the superposition before
measurement.

The Copenhagen Interpretation remains a widely-held and influential interpretation of quantum
mechanics, but its implications and limitations continue to be debated among physicists and

philosophers.
ii) Many-Worlds Interpretatiun

The many-worlds interpretation, proposed by Hugh Everett Il in 1957, presents a radically
different view of quantum mechanics. It proposes that every interaction in the quantum realm
splits the universe into multiple realities (worlds), one for each possible outcome. Each branch
of reality carries forward one possibility from the superposition. Here's how many-worlds
interpretation explains the Electron Double Slit Experiment: .

« The electron initially exists in a superposition, going through both slits-in all the newly
created worlds.

« In each world, the electron interacts with the detector screen and leaves its mark (particle-
like behavior) at a specific location.

« The interference pattern observed on the screen is a reflection of the combined effect of
electrons hitting the screen in all the parallel universes. We only experience one world (the
one where the electron interacted with our detector), but the interference pattern signifies
the existence of the other possibilities.

Criticisms:

« The concept of multiple universes is difficult to test experimentally.

« It doesn't provide a clear explanation of the transition from superposition to a definite state
upon measurement.

Both the Copenhagen and Many-Worlds interpretations are attempts to explain the puzzling
behavior of quantum systems at the microscopic level. Neither interpretation is universally
accepted, and physicists continue to debate their implications. While the experiment
demonstrates the wave-particle duality, the underlying reality behind it remains an ongoing
exploration in quantum mechanics.
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Interference: The intqraction of two or more waves propagating through the same medium,
resulting in a superposition effect that can lead to constructive or destructive interference.

Constructive Interference: When the crests (peaks) of two or more waves overlap, they
reinforce each other, producing a resultant wave with a higher intensity (brighter light,
louder sound) compared to the individual waves.

* Destructive Interference: When the crest of one wave coincides with the trough (valley)

of another wave, they cancel each other out partially or completely. This results in a weaker
resultant wave with a lower intensity (darkness, quieter sound) compared to the individual
waves.

Superposition Principle: A fundamental principle in wave physics stating that the resultant
wave at any point in space is the sum of the individual waves present at that point. The

‘individual waves can add up constructively or destructively depending on their relative

phases (alignment).

Coherent Sources: Waves that have the same frequency and a constant phase relationship
are considered coherent. This means the crests and troughs of the waves occur at the same
time, allowing for predictable interference patterns.

Wavelength (A): The distance between two consecutive crests (or troughs) of a wave.

Frequency (f): The number of wave cycles that pass a point in a given unit of time (usually
measured in Hertz or Hz).

Diffraction: The bending of a wave around the edges of an obstacle or through a narrow
slit. Unlike reflection, where the wave bounces off a surface, diffraction causes the wave
to spread out and travel into regions beyond the geometrical shadow of the obstacle.

Wave front: A surface connecting points in a wave that are in the same phase (at the same
point in their cycle). In diffraction, the wave front is altered as it interacts with the
diffracting object.

Slit Width: The width of the opening through which the wave passes in diffraction. The
smaller the slit width compared to the wavelength, the more pronounced the diffraction
effect will be.

Diffraction Grating: A periodic structure with many closely spaced parallel slits or grooves.
When light or other waves pass through a diffraction grating, they diffract and create a
specific pattern of diffracted beams due to constructive and destructive interference.

Diffraction Pattern: The spatial distribution of intensity observed after a wave diffracts
around an obstacle or through a slit. This pattern typically consists of alternating bright and
dark bands due to constructive and destructive interference of the diffracted waves.

Grating Constant (d): The distance between the centers of two adjacent slits (or grooves)
in a diffraction grating. The grating constant plays a crucial role in determining the angles

at which the diffracted beams emerge.

Copenhagen interpretation emphasizes indeterminism, complementarity, and the role of
measurement, while the many-worlds interpretation posits a multitude of parallel
universes where all quantum outcomes coexist.
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Formula Sheet

dsin@=mA dsinﬂ=(m+%)l y=m%
_ 1)L _ AL _ unit length of grating
e ["H 1]? § ey d= otal number of tines ruled on it
EXERCISE
Multiple Choice Questions
Encircle the Correct option.

1) Rainbows are formed due to:

A. Reflection of sunlight by water droplets B. Refraction of sunlight by water droplets
C. Interference of sunlight by water droplets C. Diffraction of sunlight by water droplets

2) In the double-slit experiment, a pattern of bright and dark bands is observed on the screen.

This pattern is evidence of:
A. Reflection of light B. Refraction of light
C. Wave nature of light . . D. All of the above _

3) Monochromatic. light from a laser passes through two slits separated by 0.00500mm. The
third bright line on a screen is formed at an angle of 18.0- relative to the incident beam.
What is the wavelength of the light?

A. 51.5 nm B. 77.3 nm C. 515 nm D. 773 nm
4) What is the width of a single slit through which 610-nm orange light passes to form a first
: diffraction minimum at an angle of 30°?

A. 0.863 pm * B.0.704 ym . C.'0.610 pm D. 1.22 pm .
5) Two slits are separated by a distance of-3500 nm. If light with a wavelength of 500 nm
passes through the slits and produces an interference pattern, them=_____ order
- minimum-appears at an angle of 30°.
A.0 B. 1 . C. 2 'D.3

~ 6) What is a diffraction grating?
A. A single slit that produces a diffraction pattern.
B. A double slit that produces an interference pattern.
C. A periodic arrangement of slits or lines that produces a diffraction pattern.
D. A random arrangement of slits or lines that produces a diffraction pattern.
7) When light travels through a narrow slit, it bends slightly around the edges. This
phenomenon is called:
A. Reflection B. Refraction - C. Diffraction D. Dispersion
8) A diffraction grating separates white light into its constituent colors because:
A. It absorbs certain colors. B. It reflects different colors at different angles.
C. It diffracts different colors at different angles.
D. It refracts different colors at different angles.
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9) Light passing through double slits creates a diffraction pattern. How would the spacing of
the bands in the pattern change if the slits were closer together?
A. The bands would be closer together. B. The bands would spread farther apart.
C. The bands would remain stationary. D. The bands would fade and eventually disappear.
10) What is diffraction of light?
A. The bending of light around an obstacle.  B. The reflection of light from a surface.
C. The refraction of light through a medium. D. The interference of light waves.
11) The tip of a needle does not give a sharp image. It is due to
A. Polarization B. Interference C. Diffraction D. Refraction
12) What is the pattern formed on a screen when light passes through two parallel slits?
A. A bright central maximum with alternating dark and bright fringes.
B. A dark central minimum with alternating bright and dark fringes.
C. A uniform intensity pattern.
D. A random pattern.
13) What is the wavelength of light falling on double slits separated by 2.0 um if the third-order
maximum is at an angle of 60°7?
A. 667nm B. 471nm C. 333nm D. 577nm
14) What is the longest wavelength of light passing through a single slit of width 1.20 ym for
which there is a first-order minimum?
A. 1.04 pm B. 0.849 ym C. 0.600 pm D. 2.40 pm
15) What is the distance between lines on a diffraction grating that produces a second-order
maximum for 760-nm red light at an angle of 60°?
A. 2.28 x 10" nm B. 3.29 x 10' nm C. 2.53 x 10" nm D. 1.76 x 10° nm

Short Questions

1) How is an interference pattern formed by a diffraction grating different from the pattern
formed by a double slit?

2) A beam of light always spreads out. Why can a beam not be produced with parallel rays to
prevent spreading?

3) In the sunlight, the shadow of a building has fuzzy edges even if the building does not. Is
this a refraction effect? Explain.

4) A laser pointer emits a coherent beam of parallel light rays. Does the light from such a
source spread out at all? Explain.

5) A beam of light passes through a single slit to create a diffraction pattern. How will the
spacing of the bands in the pattern change if the width of the slit is increased?

6) Describe a diffraction grating and the interference pattern it produces.

7) Suppose a monochromatic light falls on a diffraction grating. What happens to the
interference pattern if the same light fallc on a erating that has more lines per centimeter.

8) What is the sigmlicance of the equation asats od e context of (a) ditfraction gratings
(b) Young's double-slit experiment?

9) What is the effect of following aspects of diffraction grating on the resulting interference

pattern: (a) number of slits  (b) width of the slits?
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10) Describe the conditions necessary for sustained interference patterns to be observed in
. Young's double-slit experiment:

Comprehensive Questions

1) Design an experiment using a ripple tank to demonstrate the principles of interference with
water waves. Describe what you expect to observe when two wave sources are introduced.

2) Briefly explain why we see a spectrum of colors (red, orange, yellow, green, blue, indigo,
violet) in a rainbow. Is it due to reflection, refraction, or interference of light?

3) Describe two examples of how interference of light waves plays a role in natural phenomena
you can observe in everyday life (excluding rainbows).

4) Sometimes, when (wo tuning forks, with slightly different frequencies are struck close
together, you hear a wavering sound instead of a clear tone. Explain what causes this "beat”
phenomenon, and how is it related to the interference of sound waves?

5) Both CDs and DVDs use lasers to store information, but DVDs hold much more data. How
might the principles of diffraction be used in DVD design to achieve this higher storage

capacity? ) _
6) Describe a diffraction grating and its key features like grating constant and slit width. How
does a diffraction grating separate white light into its constituent colors?

7) Scientists use X-ray diffraction to determine the structure of crystals. Briefly explain how
the diffraction pattern of X-rays helps reveal the arrangement of atoms within a crystal
lattice.

Numerical Problems

1) The light with wavelength (A) 633 nm is used at a distance of 2 m from the screen. The
separation between the slits is 10 pm. Find the distance between adjacent maxima (fringe
width) for the first (m = 1) and second (m = 2) order of interference?

(Ans: 0.127 mm, fringe width for first order, 0.063 mm, fringe width for second order)

2) Find the distance from the central maximum to the third minimum on the screen, if the light
of wavelength 400 nm is used. The distance between the slits and screen is 0.5 m and slit
separation is 5 pm? (Ans: 0.024 mm)

3) The distance between the slits and screen is 1m, fringe spacing on screen is 1 mm. Find the
slit separation when light wavelength is 500 nm. (Ans: 0.05 mm)

4) Find the minimum angle for non-zero diffracted light, having slit spacing 2.0 ym with 400
nm light wavelene!! (Ans: By, = 11.54° (minimum angle for first minimum}))

5) The deviation of second order diffracted image formed by an optical grating having 5000
lines per centimeter is 32°. Calculate the wavelength of light used. (Ans: 5.3 x10°cm)
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Student Learning Outcomes (SLOs)

define and calculate electric potential [At a point as
the work done per unit positive charge in bringing a
small test charge from infinity to the point. Use
V= r_fafm the electric potential in the field due to

a point charge].
use the fact that the electric fleld at a point is equal

to the negative of potential gradient at that point.
state how the concept of electric potential leads to
the electric potential energy of two point charges
and use Ep = -2

SME,T
define and calculate capacitance [as applied to both
isolated spherical conductors and to parallel plate
capacitors].
Derive and apply formulae for the combined
capacitance of capacitors in series and in parallel.

use the capacitance formula for capacitors in series’

and in parallel.

determine the electric potential energy stored in a
capacitor from the area under the potential charge
graph [Use W =1/2QV =1/2CV? to solve physics
related problems].

analyze graphs of the variation with time of potential
difference, charge and current for a capacitor
discharging through a resistor [use t = RC for the time
constant for a capacitor discharging through a
resistor]

Use equations of the form x = x, exp{-t/RC) [where x
could represent current, charge or potential

difference for a capacitor discharging through a
resistor] + '
List the use of capacitors in various- household
appliances [such as in flash guns, refrigerators,
electric fans, rectification circuits, etc.]
Illustrate how bioelectricity is generated in animals.
[- cells control the flow of specific charged elements
across the membrane with proteins that sit on the
cell surface and create an opening for certain fons
to pass through. These proteins are called fon
channels.
When a cell is stimulated; it allows positive
charges to enter the cell through open ion
channels. The inside of the cell then becomes
more positively charged, which triggers further
electrical currents that can tum into electrical
pulses, called action potentials.
The bodies of many organisms use certain
patterns of action potentials to fnitiate the
correct movements, thoughts and behaviors.]
State that there are several species of aquatic life.
such as Electrophorus Electricus, that can naturally
generate external electric shocks through internal
biological mechanisms that act as batteries.
Explain, with examples of animals with this ability,
that electroreception is the ability to detect weak
naturally occurring electrostatic fields in the

environment.



k....- - :.-..--—-LI-I- o I R ——

Imagine a world where energy is rare and devices can’t function efficiently. Understanding how
energy is stored and released is crucial for harnessing its power. In this chapter, we'll explore
the fundamental concepts of energy storage, starting with electric potential energy and its
relationship to energy storage. We'll then explore the working of capacitors, devices that store
energy and regulate its flow.

Through interactive examples, diagrams, and real-life applications, you'll gain a deeper
understanding of: electric potential energy, capacitors and its combination, energy stored in
capacitors, charging and discharging of capacitors. Presence of electric potential in living
organism (i.e., bioelectricity) will also be discussed at the end of this unit.

By mastering these concepts, you'll unlock the secrets of energy storage and its role in shaping
our modern world. Get ready to explore the exciting world of energy storage and its
applications!

19.1 ELECTRIC POTENTIAL ENERGY AND ELECTRIC POTENTIAL

Electricity is a form of energy that powers our devices and gadgets. Electric circuits usually use
electric energy and transfer it to other forms like heat, light, or motion. The stored energy of
an electric circuit is called electric potential energy. For example, we know that great amounts
of electrical energy can be stored in batteries, are transmitted cross-country through power
lines. Batteries are typically a few volts, the outlets in your home produce 220 volts, and power
lines can be as high as hundreds of thousands of volts. Energy and voltage are two different
quantities. A motorcycle battery, for example, is small and would not be very successful in
replacing the much larger car battery, yet each has the same voltage. Here, we shall examine
the relationship between voltage and electrical energy and begin to explore some of the many
applications of electricity.

Consider a point charge g, is placed in between two et atara el g
oppositely charged parallel plates, as shown in Fig. 19.1. m@@@@@@@@
Force F experienced by the charge q. in the electric field E ' 1r A1 1T 1 1V
is: ]

Fea BRE

If the charge q. is allowed to move freely in an electric field, ! T 'Bt i (.
it will move from positive plate to negative plate and acquire ' - '
kinetic energy. If the charge is moved against the electric 0O000COCOOOO
field, energy is required. Figure 19.1: A charge is placed
Electric potential energy is the energy that is needed to m : ml oppositely charged
move a charge against an electric field. ;

SR

One needs more energy to move a charge further in the electric field, but also more energy to
move it through a stronger electric field. So, there are two factors on which the electric

potential energy of an object depends: Its own electric charge and its relative position with
other electrically charged objects.

Thus, the electric potential energy can also be defined as:
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Electric potential energy is the energy possessed by a unit charge if located at any point in the
space, around a field charge.

The change in potential energy AU of charge g. is equal to the “work done by the force in
carrying the charge g, from point B to the point A against the electrical field” i.e.,

AU = W

or Ua - Us = Waa (19.1)

Where Ux and Ug represent the potential energies at point A and B respectively. Wea is the work
done by the force in carrying a positive charge g, from point B to point A without disturbing the
equilibrium state of the charge. Unit of electric potential energy is joule ( J ).

The concept of electric potential is used to express the effect of an electric field of a source
in terms of the location within the electric field. A test charge with twice the quantity of charge
would possess twice the potential energy at a given location; yet its electric potential at that
location would be the same as any other test charge. A positive test charge would be at a high
electric potential when held close to a positive source charge and at a lower electric potential
when held further away. In this sense, electric potential becomes simply a property of the
location within an electric field. Suppose that the electric potential at a given location is 12
Joules per coulomb, then that is the electric potential of a 1 coulomb or a 2 coulomb charged
object. Stating that the electric potential at a given location is 12 joules per coulomb, would
mean that a 2 coulomb object would possess 24 joules of potential energy at that location and
a 0.5 coulomb object would experience 6 joules of potential energy at the location. Thus,
Electric potential is purely location dependent. Electric potential is the potential energy per
unit charge.

The potential difference between two points is defined as:

Potential difference is the work done in moving a unit positive charge from one point to another
keeping the charge in electrostatic equilibrium.

If Va and Vi are the electric potentials at points A and B, respectively, then the potential
difference between these two points is
AV =V, - Vg = Yas _ 8U (19.2)
9% q

It can also be written as:
AU = gAYV

Unit of Electric Potential
The unit of electric potential is joule per coulomb (J/C ) or volt { V ).

The potential difference between two points in an electric field is one volt if one joule of
work is done in moving one coulomb of charge from one point to the other.

(19.3)

joule
coulomb
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The following multiples and sub-multiples of volt are commonly used;
1TmV=102V,1pV=10°V, 1kVv=10'V, 1MV=10V, 1GV=10°V

Example 19.1: You have a 12.0 ¥ motorcycle battery that can move 5000 C of charge, and
a 12.0 V car battery that can move 60,000 C of charge. How much energy does each deliver?

Given: For the motorcycle battery, gm = 5000 C
For the car battery, qc = 60,000 C
AVv=12.0V
To Find: a) AUy, =7 b) AU, =7
Solution: a) The total energy delivered by the motorcycle battery is
AU = q AV = (5000 C) (12.0 V) = 6.00 = 10* J.
b) The total energy delivered by the car battery is
AU. = q AV = (60,000 C)(12.0 V) = 7.20 = 10°J
Assignment 19.1
A proton is injected at a speed of 1.0x10° m s between two
plates 5.0 cm apart, as shown in Figure. The proton
accelerates across the gap and exits through the opening.
(a) What must the electric potential difference be if the exit
speed is to be 3.0x10* m s™'? (b) What is the magnitude of
the electric field intensity between the plates, if it is
assumed constant?

19.2 ELECTRIC POTENTIAL DUE TO A POINT CHARGE

The equation of electric potential AV in constant electric field E is given by:

AV=—EAr
This equation is true only for constant electric field E. For most of the cases electric field is not
uniform. Here we derive an expression of electric potential for such non uniform field. Let us suppose
an isolated charge +Q is placed at origin of coordinate system, as shown in Fig. 19.2.

Figure 19.2: A test charge q is moved from a far point N to a point 1 against electric
field E.

Let a test charge q is moved from a far point N to a point 1 against electric field E by applying
force F. As the electric field does not remain constant but varies with the square of the distance
from the charge +Q. So, we divide this large distance into small steps of length Ar such that E
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remains constant over each step. Here r, I, I5,..., I, are the distances of point 1, 2, 3, ... , N
from charge Q, respectively. Let us find the electric potential from N to N—1.

The work done during the 1** step from N to N—1 is;
AW,y = F Ar cosB

As F = g E, so we get;
AW, 1= q E Ar cosé

As E and Ar are in opposite direction, so we putting 6 =180°, hence;
AW, 1= q E Ar cos180°

=qEAr(-1)
=—qEAr
1.Q
Putting E T and Ar = r,_, -, , we get;
o
1
So, AW = (41::5 e ][rm —hy) = q(dm rz]{u fv-1)

As we know that r, and r,_, are very close to each other. So, for this step r? =1, r,, hence
L. ~f
AWyna = L (&]

4ne, |\ MMy
_Q (1 _1
AW _pt = ey [EH r“] PRSI |
Similarly,

_ Q1 _ 1 -
AW _1n2 = ane, [ru-z I.H) e KR
i i
i ¥

_ Q1 _1

A [q ; (i)

So total work done in bringing the charge from N to 1 is calculated by adding the work in each

step, i.e.,
'ﬁ% e ﬂ?ﬁh St &%—1_;*2 +aust ﬁ‘l’fz -1

Q1 _ 1), Q1 1 On[ %
AW = 4""‘5:: UL YR AU i 4“3 I

ol JLLE o8 1.1
ﬁwﬂ#1_4ﬂu_(ru-1 ru)+(rn~z rn-1]+"'+[r1 rzﬂ

"1_1] )
TE, n

AWy =

Mational Book Foundation 19-Electric Potentlal and Capacitor



If we bring the test charge q from infinity, then;

rN =t and l = l =|:l
e =
So Eq. (iv) becomes
Qg (1
Al = —=0
%-ﬂ 4mu r1
Qg (1
r AW, . = -
" i 4ne, | T,

We replace r, by r, to obtain a general expression for the electric potential energy ‘U’ at
distance r from Q, i.e.,

Qq (1
U= -
e =)
The electric potential at any point in an electric field is equal to work done in bringing a unit
positive charge from infinity to that point keeping it in equilibrium. The electric potential at

distance r from Q is calculated by using formula:
v=2
q
Using Eq. (19.4), we get:
Ve Eq_[l] .

4ne, \r

1 (Q

V= =
4ne, ( r }
The Eq. (19.5) gives the potential at distance r from the
charge Q. This equation shows that the potential is same at

all the points that are equidistant.from an isolated source
charge Q.

19.3  CAPACITORS

Capacitors are a common component in most electronic
devices. These are used to store energy. Typically,
commercial capacitors have two identical, parallel
conducting plates separated by a distance d, as shown in
Fig. 19.3, is called a parallel plate capacitor. The medium
between the plates is air or a sheet of some insulator.
This medium is known as dielectric. When battery
terminals are connected to an initially uncharged
capacitor, equal amounts of positive and negative
charge, +Q and -Q, are separated into its two plates. The
capacitor remains neutral overall, but we refer to it as Figure 19.3: Parallel
storing a charge Q in this circumstance. When a charge is )
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transferred to one of the plates say (A) due to electrostatic induction it would induce charge Q
on the inner surface of the other plate (B). Mutual attraction between the charges keeps them
bound on the inner surface of two plates and thus the charge remains stored in the capacitor
even after removal of the battery.

Capacitance of a Capacitor

Experimentally it is seen that the charge stored on a capacitor is directly proportional to the
voltage applied across it. If a charge ‘Q’ is transferred to one of the plates of a capacitor when
the potential difference applied between the plates is 'V', then

QuV
ar Q=CV
-2
or v (19.6)

Where ‘C’ is a constant of proportionality, called the capacitance of capacitor. Capacitance
can be defined as:

The capability of a capacitor to store charges is called its capacitance.

The unit of capacitance is the farad (F), named for Michael Faraday (1791-1867), an English
scientist who contributed to the fields of electromagnetism and electrochemistry. Since
capacitance is charge per unit voltage, we see that a farad is a coulomb per volt.

If a capacitor stores a charge of 1 coulomb (a very large amount of charge) having the potential
difference of 1 volt between the plates, then the capacitance is called 1farad.

One farad is, thus, a very large capacitance. Typical capacitors range from picofarad (1 pF =
107"*F) to millifarad (1 mF = 10 F).

Capacitance of a Parallel Plate Capacitor

Consider a parallel plate capacitor connected to a voltage source, as shown in Fig. 19.4. Let
the area of each plate is A and the separation between plates is d. It built +Q and -Q charges
on the plates. If the positive plate is at potential V; and negative plate is at potential V;, then
the electric field strength E between the plates is:

AV {vz _vﬂ = vi "'Vi'
Ar d d

E= lé. (i) (+Vi- V2 = V)

Where, d is separation between the plates. The strength of the electric field also depends on
the number of charges on the plates. As, Q is the charge on either of the plate of area A, so
the surface charge density on the plate is:

Q

g= —
A
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Also, as the electric field intensity E between the plates of Material'Science and

capacitor is given by applying Gauss's law: Technology

En 2 _(il)
ED

substituting the value of o in Eq. (ii), we get:

F= Q
At

o

SRS

Capairs are mainly made of

Combining Egs. (i) and (iii), we get: ceramic, glass, or plastic,

Q v depending upon purpose and
= — size. A computer chip contains
Ae, d number of capacitors.
Q o
or -_=
v d

As the medium between the plate is air, or vacuum, here we put Q/V = C., hence we get:

.. (19.7 a)

When an insulating material called dielectric is inserted between the plates of a capacitor,
then capacitance of a capacitor is enhanced by a factor of ., and is given as:

A %  {(19.7b)

By dividing Eq. (19.7) by Eq. (19.6), we get:

. ET (19.8)

The ratio of the capacitance of a capacitor with the dielectric medium between the plates to that
of the capacitance of the same capacitor when the space is evacuated is called the relative
permittivity €. of the material.

The equation Cpmed = ﬁEﬁfL shows that value of capacitance C depends upon:

* The area of the plates.
» The distance between the plates.
* The medium (dielectric) between the plates.

Example 19.2: What is the capacitance of a parallel plate capacitor with metal plates, each

of area 1.00 m?, separated by 1.00 mm? What charge is stored in this capacitor if a voltage
of 3.00 x 10° V is applied to it?

Given: Area of the plate = A = 1,00 m?

National Book Foundation @ 19-Electric Potential and Capacitor



QL LR P . ol

Distance between the plates =d = 1.00 mm AV=3.00x10°V
ToFind: a)C =17 b)Q=7?
Solution: a) Here we use: C = Ae,/d
Entering the given values into the equation, we get:
C = (1.00)(8.85x107'?) +1.00x10?

or C =8.85x10" F = 8.85 nF
b) Now the charge stored in the capacitor can be found by the equation: Q= C V
Entering the known values into this equation gives: '

Q = (8.85x107)(3.00x10°) = 26.6 uC

Assignment 19.2

What is the capacitance of a large Van de Graff generator’s terminal, given that it stores
8.00 mC of charge at a voltage of 12.0 mV?

19.4 COMBINATIONS OF CAPACITORS

Several capacitors can be connected together to be used in a variety of applications. Multiple
connections of capacitors behave as a single equivalent capacitor. The total capacitance of this
equivalent single capacitor depends both on the individual capacitors and how they are
connected. Capacitors can be arranged in two simple and common types of connections, known
as series and parallel combinations.

19.4.1 Series Combination of Capacitors

When the capacitors are connected plate to plate C C, C
i.e., right plate of one capacitor is connected to A 1 1 B
left plate of the next capacitor, then it is called I— Il I
series combination. Fig. 19.4 shows series Vv Vv I V
combination of three capacitors connected |’_ ! l ? ’_{
between points A and B. :

b L
If V is potential of the battery and V, V; and Vi are | ¥
potential of capacitors Cy, C2 and Ci respectively. 1
Then; Figure 19.4: Serles combination of

VaVi+Va+Vs (19.9) o e
As the battery will supply same amount of charge Q to each capacitor, so putting values of Vs,
V; and Vs in Eq. (19.9), we get:
Q, . Q, Q
V= ﬁ e (i)
Here, we use the formula Q = CV or C = Q/V. In series combination, due to electrostatic
induction charge on each capacitor is same and equal to charge supplied by battery i.e.,
Q=Q=QG=Q
So, Eq. (i) becomes:
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Put 1 = ki , 50 above equation becomes
Q E,e

i [T T . 8
. G G G

Similarly, for n number of capacitors connected in series, we can write as:

Y 1.%.1

. P . . (19.9)
G G 6 G

The Eq. (19.9) show that the equivalent capacitance of series capacitors is always less than any
individual capacitance in the combination.

19.4.2 Parallel Combination of Capacitors

When two or more capacitors are connected A 3

 between the same two points, then the = @—p

combination is called parallel combination. Figure l]'_‘ l]z lh
19.5 shows parallel combination of three = i

capacitors connected between points A and B. V T Cs C
If Q is charge supplied by the battery and Qi, Qz I T T T

and Qs are charges stored on each capacitor Cy, Cz O

and C; respectively. Then B
- Q=Q+Q+Q (i) Figure 19.5: Parallel combination of

£ 3 capacitors.
As the battery will supply same amount of voltage - .
V to each capacitor, so putting values of Qi, Q: and Qs in Eq. (i), we get:

Q=CV+GV+CV
Or Q-?{E1+C;+C;}

%'CI"‘EI"‘C] (ii)

=C, in Eq. (ii), we get:

c:l.o

C. = c-‘ + 'C1 + 'C:I
Similarly, for ‘n’ number of capacitors connected in parallel, we can write as:
Ce=0Ci+C+C+... ___ (19.10)

The Eq. (19.10) shows that the equivalent capacitance of parallel capacitors is larger than any
of the individual capacitances.

orYoupinformationt o
If N identical capacil:urs uf capacitance C are connected in series, then effective capacitance .
If N identical capacitors of capacitance C are connected in parallel, then effective capacitance is CN.
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Example 19.3: Find the equivalent capacitance of two capacitors of capacitance 4 pF and 8
pF. (a) When connected in series (b) When connected in parallel.

Given: C; = 4 pF C2=8 pF
To Find: a) For series combination, Ce =? b) For parallel combination, C. = ?
Solution: a) For series combination
3 1.1 1 G +C

— =t — or i

¢ & % G Gh
o " CE,

G +C,

Putting values, we get:
c (4u)(8p) 32x10"
- - = o
4u+8u  12x10

= 2.66x10°F = 2.66 pF

b) For parallel combination

C;,- - E1 + l':z
or Ce=4pF + 8 yF = 12 pF
Assignment 19.3

Find the equivalent capacitance of three capacitors of capacitance 4 pF, 6 pF and B8 pF,
connected in series.

19.9 ENERGY STORED IN A CAPACITOR

Capacitor stores energy in the form of electric field. s
Energy stored in a capacitor is electrical potential §’
energy, and it is thus related to the charge 'Q’ and
voltage ‘V' on the capacitor. The capacitor starts §
with zero voltage and gradually comes up to its full
voltage as it is charged. The Tirst charge placed on

a capacitor experiences a change in voltage AV =0,
since the capacitor has zero voltage when
uncharged. The final charge placed on a capacitor
experiences AV =V, since the capacitor now has its . B

full voltage ‘V' on it. The n':l-;::nrg',ta-i ‘Q ﬂ:s the; 0 cm'r“ o
capacitor is directly proportional to its potentia i :
difference ‘V’.  The graph of  charge against ;:?gr:nc::;;s g:f:e' o Yerete,
potential difference is therefore a straight-

line graph through the origin. as shown in the Fig. 19.6.

Energy stored
in Capacitor

The electric potential energy (E) stored in a capacitor can be determined from the area under
the potential-charge graph which is equal to the area of a right-angled triangle:

E = area of a right-angled triangle OAB
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or E= %x Base = Height

Where the base is Q, and the height is V, i.e.,

¥u %Qv (9.11 a)

This energy is directly related to the amount of charge
moved onto the plates and the voltage across them.
Substituting Q = CV, the energy can also be defined as:

E = %:cv;w

or En %cv* (9.11 b)

By substituting the potential V=Q/C, the work done can also
be defined in terms of just the charge and the capacitance:

=Q—1 9.11
or E 3¢ (9.11 c)

The Eqgs. (19.11 a, b, hc} are valid for calculating energy

stores in a capacitor.

Uses of Capacitor

For Your Information

A battery stores electrical energy
and releases it through chemical
reactions. This means that it can
be quickly charged but the
discharge is slow. Unlike the
battery, a capacitor temporarily
stores electrical energy through
distributing charged particles on
plates to create a potential
difference. A capacitor can take
a shorter time than a battery to
charge up and it can release all

the energy very quickly.

Capacitors are very important circuit element in Electronics. Following are a few applications

of capacitor in daily life:

* Capacitors are used for filtering unwanted frequencies in radio and TV set.
» Capacitors are used in camera flashes to store and quickly release a large amount of

electrical energy.

« Refrigerator capacitors are usually used to keep the compressor running.
Capacitor is used to increase speed of the fan.
e Capacitor is used in rectification circuit to act as a filter to reduce ripple voltage.

Example 19.4: Capacitance of a capacitor is 50 F. It is charged to a puiential of 100 V.

Calculate the energy stored in it.

Given: C=50F V=100V
ToFind: E=17

Solution: Here we use the formula:
E= % cv?
Putting values, we get:
1
E= Z(50)(1 00)*
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E=250%10°J or E=250kJ
Assignment 19.4

C?lculate the energy stored in a capacitor having 5 C of charge and a potential difference
"of 15V

19.6 CHARGING AND DISCHARGING OF A CAPACITOR
Consider an RC (resistor-capacitor) circuit for charging of a capacitor, as shown in Fig. 19.7 (a).

When the switch is set at point 1, a bﬂtter}f of e.m.f ‘e’ starts charging the capacitor through
the resistor R. The charge builds up gradually on the plates to the maximum value of Q..

When a capacitor charges, electrons flow onto one plate and
move off the other plate. This process will be continued until
the potential difference across the capacm:r is equal to the
e.m.f of the battery.

The rate of flow of charge will not be linear. At the' start, the
current will be at its highest value but will gradually decrease
to zero. Voltage on the capacitor is initially zero and rises
rapidly at first, since the initial current is a maximum. Suppose -

att =0, charge on a capacitor is zero i.e. Q = 0. It can be shown m
experimentally that after time t, as charge builds up on the
plates, it repels more charge that is arriving so the current
drops as the charge on the plates increases. Charging will-stop
when the potential difference between the capacitor plates is equal to the e.m.f. of the
battery.

Figure 19.7 (a): Charging
- .circuit for a capacitor.

Maximum charge on capacitor = Capacitance x e.m.f. of battery

Experiments show that the charging process of a capacitor is not linear but shows the
exponential behavior. The exponential behavior for charging of capacitor is written in equation

form as:
Q= Q, (1_,_;}Ec) _{I19.12}

Where, e = 2.7182 is a constant. The
graph of charging process, between
-time t and charge Q, is shows in Fig.
19.7 (b). According to this graph, Q =
0 at t = 0 and increases gradually to
its maximum value Q..

The time during which 63.2 % of its
maximum value charge is deposited
an the plates of the capacitor is
called time constant (t) of an RC

Figure 19.7 (b): Charging raph for a capacitor.
circuit. This can be seen by putting t=RC in Eq. (19.1 2], i.e.,
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- 2.718

Q= Q,(1-¢7) =, 1- 45| - Q. (0632)

or

Q _0.632 or g— =63.2%

o a
Smaller the resistance or the capacitance, the smaller the time constant, the faster the
charging and the discharging rate of the capacitor, and vice versa.

When a capacitor is discharging, the current will be

1
highest at the start. This will gradually decrease until R
reaching 0, when the current reaches zero, the — AW
capacitor is fully discharged as there is no charge 2
E

stored across it. The circuit for discharging of a

charged capacitor is shown in Fig. 19.8 (a). ——3 &
When the switch is set at terminal 2, the charge —Q Discharging

on the negative plate can now flow through the current path
resistance and neutralize the charge +Q on the | e seacll

charged capacitor begins discharging at time t = 0. It  a capacitor.
can be shown that charge left on either plate at time

tis:
Q=Q,e K (19.13 _

The graph of discharging in Fig. 19.8 Q

(b) shows that discharging begins at Q R———-

t = 0 when Q = Q,, and decreases \

gradually. When t = RC, the magnitude \\

of charge remaining on each plate is:
Q=Q (0.367) 0.367Q "‘“*""’"‘1‘*&_ . ‘
Q : __Discharging

or — =0.367 — ot
Q, — T—n

v _g_ - 36.7% _Flguri 19.8 (b): Discharging graph for a capacitor.

4}

A capacitor with smaller values of time constant (RC), lead to a more rapid discharge. The Eq.
(19.12) and Eq. (19.13) can also‘be used for current and potential difference, if written as:

(19.14)

For Charging: X=X [1 -e lﬂfJ

For Discharging: X = Xo @ R (19.15)

Here x could represent current, charge or potential difference for a capacitor discharging
through a resistor.
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B9S2 BIOELECTRICITY. el

Einelectnclty refers to the generation or action of electric currents or voltages in biological
processes, Electric activity in living tissue is a cellular phenomenon that depends on the cell
membrane. The cell membrane acts like a capacitor that stores energy as electrically
charged ions on opposite sides of the cell membrane. '

In most solutions, ions of a given electric charge are accompanied by ions of opposite charge,
so that the solution itself has no net charge. If two solutions of different concentrations are
separated by a membrane that allows one kind of ion to pass but block the other, producing
equal and opposite net charges in the two solutions. This concentration imbalance gives rise to
an electric-potential difference between the solutions.

In living cells, there are two types of solutions: those found inside and outside the cell. The cell
membrane (as shown in Fig. 19.9), separating inside from outside, is semipermeable. Cell
membrane allows certain ions to pass through while blocking others. In particular, nerve-cell
and muscle-cell membranes are slightly permeable to positive potassium ions (K+), which
diffuse outward, leaving a net negative charge in the cell. lon channels allow specific inorganic
ions (such as: Na*, K*, Ca®, or Cl') to diffuse rapidly down their electrochemical gradients across
the lipid bilayer. .

Cells control the flow of specific charged elements | Em““ularm .
across the membrane with proteins that sit on the cell | o o

surface and create an opening for certain ions to pass ) P 0
through. These proteins are called ion channels. lon )
channel spans the membrane and make hydrophilic channel
tunnels across it, allowing their target molecules to n e
pass through by diffusion. Channels are very selective
and will accept only one type of molecule (or a few
closely related molecules) for transport.

When a cell is stimulated; it allows positive charges
to enter the cell through open ion channels. The

inside of the cell then becomes more positively . a

charged, which triggers further electrical currents  |ntracellular space

that can turn 1ntu_ electrical pulses, called actin:!n Figure 19.9: A channel mﬂr
potentials. The bodies of many organisms use certain  forms a tupnel allowing a specifi
patterns of action potentials to initiate the correct  molecule to cross the membrane (daw

movements, thoughts and behaviors. its concentration gradient).

The bioelectric potential across a cell membrane is typically about 50 millivolts; thrs potential
is known as the resting potential. Bioelectric phenomena include fast signaling in nerves and
the triggering of physical processes in muscles or glands.

There are several species of aquatic life, such as Electrophorus Electricus, that can naturally
generate external electric shocks through internal biological mechanisms that act as batteries.
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Such species are called electrogenic animals. ‘Electric eels are probably the best
known electrogenic animals. Some types of bacteria, yeast and fish are also electrogenic.

There are also animals that r.:an detect electricity. They're called electroreceptive.
Some electroreceptive animals are echidnas, platypuses, bees, spiders, dolphins, sharks and
rays. '

Most electrogenic animals are also electroreceptive. But there are many electroreceptive
animals that are not electrogenic.

Electric eels are known for their ability to stun
their prey by generating electricity, delivering
shocks up to 860 volts.

SUMMARY

< The potential difference between two points is defined as “the work done in moving a unit
positive charge from one point to another keeping the charge in electrostatic equilibrium™.

< The potential difference between two points in an electric field is one volt if one joule of
work is done in moving one coulomb of charge from one point to the other.

< The potential gradient represents the rate of change of potential with displacement.
< Capacitors are electronic devices used to store electric energy.
< The capability of a capacitor to store charges is called its capacitance.

< If a capacitor stores a charge of 1 coulomb (a very large amount of charge) having the
potential difference of 1 volt between the plates, then the capacitance is called 1 farad.

% Equivalent capacitance of series capacitors is always less than any individual capacitance-
in the combination.

< The equivalent capacitance of parallel capacitors is larger than any of the individual
capacitances.

< Bioelectricity refers to the generation or action of electric currents or voltages in biological
processes.

< Electric eels are known for their ability to stun their prey by generating electricity,
delivering shocks up to 860 volts. '

% Electroreception is the ability of some animals to detect weak naturally occurring
electrostatic fields in the environment.
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Formula Sheet

= - = = qq 1- = L g
U‘ Uﬂ WH. ﬂu qﬂ&vu - 4mE (r) 4mE, r)
Q=cv g,% G A;.,
_ Acge, C 101 1 1
Crned = —2 g, = —med —_—=—t—t—+..
d T G C C C G
Co=Ci+Ca+Ci+ E-iwz *.-:-"2_2
e waw 2 i zc
Q=Q, [1_.3.'}&) Q=Q e—t/RC
EXERCISE

Multiple Choice Questions

Encircle the correct optio

n.

1) Which of the following is equivalent to 1.0 volt.

A. newton/second

C. joule/coulomb

" B. joule/second

D. coulomb/joule

2) The quantity electric potential is defined as the amount of :
A. electric potential energy B. force acting upon a charge
C. potential energy per unit charge D. force per unit charge

3) A negatively charged particle is placed in a uniform electric field directed from South to
North. In which direction will the particle move after it is released?
A. East | B. South C. North D. North-West

4) What is the charge that appears on the plates of the 10 pF capacitor if it is connected to a
battery of 9 V.
A. 90 pC B. 90.mC C. 90 kC* D.90uC

5) What is the voltage that should be applied to the 5 p'F capacitor to accumulate 1pC charge
on its plates?
A.0.2V B. 0.2 mV C.0.2kV D. 0.2 pv

6) Capacitor is a device used to |
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B. vary the resistance

-

A. store electrical energy
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C. store magnetic energy ' D. dissipate energy
7) What is the total capacitance when three capacitors, Cy, C; and C; are connected in parallel?
c1 ¢ C: 1
" by B. GtoitG & C+Cy o CH+C+Cy

8) If three capacitors of capacitances 1 F, 2 F and 10 F are cannected in parallel then their
equivalent capacitance will be:

A.10F B. 15F C.13F D.20F

9) When capacitors are connected in parallel, the total capacitance is always the
individual capacitance values.

A. Greater than B. Less than C. Equal to D. Cannot be determined
10) What is the capacitance of a capacitor?
A. The ratio of charge to electric potential difference
B. The ratio of electric potential difference to charge
C. The product of charge and electric potential difference
D. The ratio of electric field strength to charge density
11) What is the electric potential difference between two points?
A. The work done in moving a unit charge between the two points
B. The force exerted on a unit charge at one of the points
C. The electric field.strength between the two points
D. The distance between the two points
12) A 220 Q) resistor is in series with a 2.2 yF capacitor. The time constant is
A. 48 ps B. 480 ps C. 2.42 ps D. 24 ps
13) The formula for electrostatic potential is

A. Electrostatic potential = Work done x charge

B. Electrostatic potential = Work done/charge

C. Electrostatic potential = Work done + charge

D. Electrostatic potential = Charge Work/done
Short Questions

1) What is the relationship between electric potential and electric potential energy?

2) If you wish to store a large amount of energy in a capacitor bank, would you connect
capacitors in series or parallel? Explain.
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3) What are the units of (a) electric potential difference (b) electric potential energy (c)
Capacitance? :

4) What is the net amount of charge on a charged capacitor?
5) Write some applications.of capacitors in real life.

6) Would you place the plates of a parallel-plate capacitor closer together or farther apart to
increase their capacitance?

7) What is meant by electroreception?

8) If you were asked to design a capacitor in which small size and large capacitance were
required, what would be the two most important factors in your design?

9) If a capacitor is fully charged and then left for discharging. How much charge will be left
on the plate of the capacitor after time equal to one time constant?

Comprehensive Questions

1) ‘Define and explain the term electric potential. Derive an expression for electric potential
at a field point due to a source charge.

2) What is meant by potential gradient? Explain.
3) By using graph, derive an expression for the energy stored in a capacitor.

4) Derive the expression for the equivalent capacitance for parallel combination of
capacitors.

5) Derive the formula for the combined capacitance of capacitors in series.
6) Explain the process of charging and discharging of a capacitor.-
7) How bioelectricity is generated in animals? Explain.

Numerical Problems

1) A heart defibrillator delivers 4 x 102 J of energy by discharging a capacitor initially at 1x 10*
V. What is its capacitance?

{Ans::ﬂ HF)

2) Two capacitors of capacitance C; =6 pFand C; =3 p F are connected in series. Calculate
the equivalent capacitance. ;

(Ans: ZuF)
3) A 2200uF capacitor is charged up with a 1.5 V cell. Calculate the charge and energy stored

in the capacitor. _
(Ans: 3.3 mC, 0.00248 J)
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4) Find the equivalent capacitance for the following circuit if C; = 1 pF, C2 = 0.5 pF, C3 = 1 pF.
& (Ans: 1/3 pF)
4 H-

d

5) Suppose electrons in a TV tube are accelerated through a potential difference of 2.0x10* v

from the heated cathode (where they are produced) toward the screen (which also serves as
the anode), 25.0 cm away.

(a) At what speed would the electrons impact the phosphors an the screen? Assume they
accelerate from rest and ignore relativistic effects. -

(b) What's the magnitude of the electric field, if it is assumed constant?
(Ans: 8,38x10" m s™ (b) 8.0x10*V m™)

6) A network of five capacitors of capacitance C is connected to a 100 V supply, as shown in
below figure. Determine the equivalent capacitance of the network. (Ans: 5C/6)

c ¢
|—||—||'—|
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Student Learning Outcomes (SLOs)

The student will

use the terms period, frequency and peak value as
applied to an alternating current,or voltage.

use equations of the form x= x, sin (wt) representing
a sinusoidally alternating current or voltage.

use the fact that the mean power in a resistive load
ts half the maximum power for a sinusoidal
alternating current.

distinguish between root-mean-square (r.m.s.) and
peak values [including stating and using lms = L/V2
and Vems = Vo/vZ for a sinusoidal alternating
current]

Distinguish graphically between half-wave and full-
wave rectification.

explain the use of a single diode for the half-wave
rectification of an alternating current.

explain the use of four diodes (bridge rectifier) for
full-wave rectification of an alternating current.
analyze the effect of a single capacitor in smoothing
current flow [including the effect of the values of
capacitance and the load resistance].

define mutual inductance (M) and self-inductance
(L), and their unit henry.

describe the phase of A.C and how phase lags and
leads in A.C circuits.

identify inductors as important components of A.C
circuits termed as chokes [devices which present a
high resistance to alternating current]

Calculate the reactances of capacitors and
inductors.

describe impedance as wvector summation of
resistances and reactances.
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The electric current used in electrical devices have two forms: Direct Current (DC) and
Alternating Current (AC). Direct current flows continuously in one direction while alternating
current changes its polarity at regular interval of time. The direction of alternating current at
any instant depends upon the polarity of the voltages. When an alternating voltage is applied
in a circuit, the current flows first in one direction and then in the opposite direction.

From the lights in your home to the smartphone in your pocket, alternating current (AC) plays
a vital role in powering our daily lives. It is the backbone of modern electricity, powering our
homes, industries, and technologies. But what makes AC so efficient and widely used? Have you
ever wondered how does it transmit power efficiently over long distances? What makes it
possible for us to use a wide range of electrical devices in our daily lives?

In this unit, we’ll discuss about alternating current and its behaviour with resistor, capacitor
and inductor. Through interactive examples, diagrams, and real-life applications, you'll gain a
deeper understanding of the principles and technologies that underlie our modern electrical
infrastructure. Get ready to unlock the secrets of alternating current and discover how it
powers the modern world!

20.1 ALTERNATING CURRENT AND VOLTAGE N ‘

An ac generator gives alternating current or voltage of the form:

X = % sin (wt)

Where, x represents magnitude of alternating current or voltage corresponding to the time t,
and x, represents maximum value of alternating current or voltage. w represents the angular

frequency of generator and hence of current and voltage.
For alternating current: I =l sin (wt) (20.1 a)

(20.1 b)

For alternating voltage: V=V, sin (wt)

The graph of voltage or current against time is shown
in Fig. 20.1. This is a sine wave. A sinusoidal gl |
alternating voltage/current can be produced by %
rotating a coil with a constant angular velocity (w) in
a uniform magnetic field.

Graph shows that sinusoidal voltage or current:

» changes polarity (direction) after regular “Xaf ===
intervals. .
L Chaﬂ.g&s the magnitude Continugusly_ Figl..ll*e 20.1: Sinusoidal wave fﬂﬂ'l'l. [

« the change from one polarity to the other is a
smooth one.

e changing most rapidly at the zero (crossover) point and most slowly at its peak.
AC Terminologies
Some important A.C. terminology are defined below:
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. Cycle: One complete set of positive and negative values of an © w e
alternating quantity is known as a cyel R e ot oo i
cycle. Figure 20.2 shows one The frequency of A.C in

cycle of an alternating voltage. ,_Pakistan is 50 Hz,

Time Period (T): The time taken to complete one cycle of an alternating quantity is called
its time period.

Frequency (f): The number of cycles that occurs in one second is called the frequency of the
alternating quantity. It is measured in cycle/second or Hertz.

Average Value: The average value of a waveform is the average of all its values over a period
of time. Finding an average value over time means adding all the values that occur in a
specifying time interval and dividing the sum by that time.

The average value of a waveform from graph can be calculated by using the following formula:

Total(net)area under the curve for timeT
TimeT

Average value =

The area above the time axis is taken as positive area and area below the time axis as negative
area. In order to specify a sinusoidal voltage or current we do not use average value, because
its value over one cycle is zero and cannot be used for power calculation.

Peak Value (Xo); Maximum valueof | 4
altérnating quantity (current or Peak value -
voltage) is called peak value, |r.m.s value -
represents by x,. The peak value of a '
sine wave occurs twice each cycle,
once at the positive maximum value
() and once at the negative
maximum value (-Xo). ' r.m.s value.

Root-mean-square (r.m.s.) value: [ Peak value-
The r.m.s value of an alternating | -
current is that steady current (d.c) | v - R
which when flowing through a resistor ! Figure 20.2: r.m.s and peak value, ~  °
produce the same amount of heat as “‘_ o

that prodhced by the alternating current when flowing through the same resistance for the
same time. The relation between root-mean-square (Xms.) and peak: values (x,) is given below:

r.m.s value for alternating current: Xems = Xo/ V2 ' L s J
The relation for current and voltage is given as:

(20.2 a) A
(20.2 b)

r.m.s value for alternating current: lems = lo/v/2

r.m.s value for alternating voltage:  Vems = Vo/V2
For example, if the effective or r.m.s value of an alternating'current is 7 A, then the alternating
current will produce the same heating effect as that produced by 7 A direct current.
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Mean Power and Maximum Power

As the equation of the alternating current varying sinusoidally is given by:
| = Fu Siﬂmt
If this current is passed through a resistance R, then power

delivered at any instant is An alternating current or L
P=I’R can also be represented as a |
P = (I, Sinwt)* R cosine fl-l'lcﬂ.ﬂ::nf tlrr:e, le, &

or P= 2R Sin’ wt ‘J-\f.mt““ _ ﬁ

As the current is squared, so power is always positive, Since

the value of sin’wt varies between 0 and 1, its average value is 1/2. So, the average power
delivered can be expressed as:

12
»>= =R
« P

¥

(20.3) A

.y |
PR
Fy

&

This shows that the mean power in a resistive load is half the maximum power for a sinusoidal
alternating current. '

Example 20.1: An A.C. circuit consists of a pure resistance of 20 0 and is connected across
A.C. supply of 220 V, 50 Hz. Calculate (a) peak value of voltage (b) peak value of current
(c) equation for voltage and current.

Given: R=200Q Veims = 220 V f = 50Hz
To Find: a) Vo =7 a)lo=1 b) Equation for Vand | =7
Solution; a) For peak value of an alternating voltage, we use:
vm!s:vnf"ﬁ OR 'ﬁ"-:r:ﬁvm
Putting values, we get:
Vo=+2 %220 =311.1V

b) For peak value of an alternating voltage, we use:

In - Vuf'R
Putting values, we get:

lo=311.1/20=15.55 A
c) As, w =2nf=2mx50 =314 rad/s
So, equation for voltage is:

V =V, sinwt

V = 311.1 sin(314¢t)
Equation for current is:

| = |, sinwt

I = 15.55 sin(314t)

Assignment 20.1 -
The peak voltage of an ac supply is 320 V. What is the rms value of this voltage?

20.2 RECTIFICATION 4 ﬂ

3

Every electronic circuit needs a dc voltage for its functioning. This dc voltage has been obtained
from the ac supply. For this purpose, the ac supply voltage has to be reduced (stepped down)
first using a step-down transformer and then converted to dc by using a circuit called rectifier.
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The process of converting ac voltage into dc vuitaﬁe is called rectification.

A rectifier circuit uses diode for rectification. There are two types of rectification processes;
half wave rectification and full wave rectification.

20.2.1 Half Wave Rectification

In a half-wave rectification
process an AC signal is
converted into DC by passing
one half-cycle of the waveform
and blocking the second-half.
Half-wave rectifiers can be
easily constructed using one
diode. A diode D is connected in
series with the load resistance
R, as shown in Fig. 20.3.

Input signal P [/Ot\wm
+

Figure 20.3: Half-wave rectifier circuit.

Switch closed Ewitf.hmn

—

For the positive half cycle of the AC

“voltage, the diode D is forward biased,

so it offers very low resistance and
current flows through the resister R.

Hence when the diode is forward
biased, it acts as a closed switch, as

shown below in the Fig. 20.4 (a).

' (a) (b)
Figure 20.4: Effective circuit of half wave rectifier
during: (a) forward biased (b) reversed biased.

For the negative half cycle of the AC

voltage, the diode D is reversed biased, so it offers very high resistance and no current flows "
through the resister R (the output voltage is equal to zero). Hence when the diode is reversed
biased, it acts as an open switch, as shown in the Fig. 20.4 (b). The half-wave rectifier’s
waveform before and after rectification is shown in the Fig. 20.5. The output waveform of a
halfwave rectifier is a pulsating DC waveform. Filters in halfwave rectifiers are used to
transform the pulsating DC waveform into constant DC waveforms. A capacitor can be used as

a filter.

\ A

v

n+' /._\
Pfer[=

(b)

Figure 20.5: Half-wave rectification:
(a) input signal’s waveform (b) output signal’s waveform. :

i{l:tlunll Book Foundation
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20.4.2 Full Wave Rectification

In full wave rectification, the complete cycle of AC signal is converted into pulsating DC. The
circuit of the full wave rectifier can be constructed in two ways. The one method uses a centre-
tapped transformer and two diodes. This arrangement is known as a centre-tapped full wave
rectifier. Another method uses four diodes arranged as a bridge. This is known as a bridge
rectifier. Here we will discuss only full wave bridge rectifier circuit.

Working of a Full Wave Bridge Rectifier: A full wave bridge rectifier is shown in the Fig.
20.6 (a). The circuit consists of four diodes D, D;, D; and D4 connected to form a bridge.

(a) Bridge rectifier (b) Positive half cycle  (c) Negative half cycle

Figure 20.6: (a) Full wave bridge rectifier circuit. (b) Working of a full wave rectifier circuit during
positive half cycle. (c) Working of a full wave rectifier circuit during negative half cycle. The arrows
are showing the direction of the current flow.

[

During positive half cycle of secondary voltage, the end A becomes positive and endl B is
negative, as shown in Fig: 20.6 (b). This makes diodes D and D; forward biased and diodes D;
and D4 reverse biased. Therefore, diodes Dy and D; conduct while diodes D; and D4 do not
conduct. Thus, current (1) flows through diode Dy, load resistor R (from top to bottom), diode
D; and to the negative terminal of input.

During negative half cycle, the end A becomes negative with respect to end B, as shown in Fig.
20.6 (c). This brings diodes D; and D4 under forward bias and diodes Dy and D; under reverse
bias. Therefore, diodes D; and D4 conduct while diodes Dy and D; do not. Thus, current flows

through diode D;, load resistor R (from Top to bottom), diode D4 and to the negative terminal
of input, as shown in Fig. 20.6 (c).

It is obvious that one pair (Ds and D;) allows current flow during the positive half cycle
of input voltage while the other pair (D3 and D) allows current flow during the negative
half cycle of input voltage. The current flowing through the load resistor R is in the
same direction (top to bottom) during both half cycles. Hence, rectified output voltage

is obtained across the load resistor R. The wave shape of input and output voltage is
shown in Fig. 20.7. '
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: (a) (b)
Figure 20.7: Full-wave rectification:
(a) input signal’s. waveform (b) output signal’s waveform.

Filtering

Ina reci:ifier circuit (as shown in the Fig. 20.8-a), a capacitor smooths out the pulsating direct
current (DC) into a more stable, constant output. This process is often referred to as ‘filtering'.

As the voltage rises up to the peak of the input waveform, the capacitor charges to the peak
voltage. When the input voltage drops, the capacitor discharges slowly by supplying charge to
the load. The capacitor's discharge helps to fill in the gaps between the peaks of the rectified
.waveform, thereby reducing the voltage fluctuations and making the output smoother, as shown
in the Fig. 20.8 (b).

Capacitor supplies the charge as the
rectified voltage falls below peak value

rectified
A vave

(a) (b)
Figure 20.8: (a) Full-wave rectifier with capacitor: (b) smoothing action by capacitor.

The choice of capacitance value and load resistance depends on the specific application
requirements. A higher capacitance value provides better smoothing, but may increas:e t!1e
charging current. A lower load resistance causes the capacitor to discharge faster, reducing its

ability to smooth the output.

20.3 MUTUAL INDUCTANCE AND SELF-INDUCTANCE

Self-Induction: Consider a coil, which is connected to a source of emf say a battery, through
a switch and a rheostat, as shown in Fig. 20.9 (a). If we move the rheostat quickly, the current

through the coil will change with time. This change in current in the coil, changes the magngtic
field, hence the flux through the coil changes, which finally induces an emf in the coil itself.
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The phenomenon, in which a changing current induces an emf in the coil itself, is called self-
induction.

Self-induced emf in a coil is proportional to time
rate of change of current through the coil, i.e.,

Al
o il i
L At o AR R A AR R AR T
Self-inductance of the coil ‘L’ can be defined as: W
Self-inductance of a coil is the ratio of emf
induced in the coil to the time rate of change of :
current through it,
Eq. (i) can also be written as: ] i I
s, (20.4)

" AVAt

Figure 20.9 {a] Self-Indur:tian

The negative sign in eq. (20.4) is with accord of Lenz’s law. It indicates that self-induced emf
opposes the change, which produces it. due to this reason, self-induced emf is sometimes called
as ‘Back emf’. Due to self-inductance of coils, these are also known as ‘Inductors’ or ‘choke’.
Inductors are widely used in electrical technologies. In A.C. circuits they behave like resistors.

From the eq. (20.4), the unit of self-inductance |_ """
is henry (H),

H=VsA’

In case of self-inductance, one henry cah be :
defined as:

Self-inductance of a coil will be one henry, if one |
volt emf is induced in the coil by the change of |
current at the rate of one ampere per second.

Mutual Induction: Consider two neighboring gigyre 20.9 (b): Mutual induction between
coils, as shown in Fig. 20.9 (b). One coil is - two coils
connected to an emf.source (A.C supply or D.C

source with varying magnitude), while the other coil is connected to a galvanometer. The coils
are placed near each other, such that the flux of coil-1 links with the coil-2. When A.C flows
through coil-1 due to change of magnitude and direction of A.C, flux through the coil-1 changes,
as this flux also links the coil-2, the changing flux through the coil-2 induces an emf in it, which

can be seen by deflection of galvanometer’s needle connected to the coil-2. This is called
mutual induction, which can be defined as:

i

The phenomenon, in which changing current in one coil, induces an emf in neighboring coil, 15
called mutual induction.

The emf induced in coil-2 is proportional to time rate of change of current through the coil-1,
i.e,
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The negative sign in the equation shows, that the direction of induced current is such that, it
opposes the change of current in the coil-1. From above relation the value of mutual inductance
‘M’ can also be written as:

A, ]
Al /At (20-3)

The unit of mutual-inductance is also henry (H). In case of mutual inductance, one henry can
be defined as:

Mutual inductance between two coils is 1 henry if current changing at the rate of 1 A/s in one '
cnil. induces an emf of 1V in the other coil.

20.4 PHASE OF A.C

In an AC circuit, the alternating current and voltage do not peak at the same time through
capacitors or Inductors. Sometime voltage may be passing through its zero point while the
current has passed or it is yet to pass through its zero point in the same direction. The angle
between their zero points is the phase difference. The quantity which passes through its zero
point earlier is said to leading while the other is said to be lagging. Since both alternating
quantities have the same frequency, the phase difference between them remains the same.

The fraction of a period dlfference between the peaks expressed in degrees is said to be the
phase difference.

It is repreﬁented by @. It is gn=.'*n|=."rallj.|r measured in degrees or radians. The phase difference is
always less than or equal to 90° (It is customary to use the angle by which the voltage leads the

current).
20.4.1 A.C. Through Resistor
Consider a circuit containing a resistor connected across an alternating I
voltage source as shown in Fig 20.10 (a).
The alternating voltage is be given by: .
| QY
V =V, Sinwt (i)

Where, V. is the peak value of the alternating voltage. As a result of
this voltage, an alternating current ‘I will flow in the circuit. According
to Ohm's law: Figure 20.10 (a):

A.C through a
resistor.

V=IR or |

1]
2| <
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R

M. E=In, S0
R

I = Iu Siﬁl‘.ﬁt
Eqgs. (i) and (ii) shows that:

In a resistor, applied voltage and the

circuit current are in phase with each  Figure 20.10 (b): Voltage and current are in pluse
other.

(i)

Figure 20.10 (b) shows the waveform of current and voltage through LY

a resistor. The applied voltage and current pass through their zero —— _
values at the same instant. The applied voltage and current attain  Figure 20.10 (c):
their positive and negative peaks at the same instant. Hence current  Phasor diagram for
is in phase with the applied voltage. This is also indicated by the TesHIN

phasor diagram, as shown in Fig. 20.10 (c).

20.4.2  A.C Through an Inductor

i
|

An inductor is an electrical component which opposes changes in I
electric current passing through it. It consists of a conductor (such
as a wire) usually wound into a coil. '

Consider an alternating voltage is applied across an inductor of
inductance L, as shown in Fig. 20.11 (a). Let the equation for . ¥ @
alternating current is:

| = |, sinwt (i)

When a sinusoidal current ‘I’ flows in time t then a back e.m.f.
(=LAl/At) is induced due to the inductance of the coil. This back | Figure 20.11 (a): A.C
e.m.f. at every instant opposes the change in current through the through an Inductor.
coil. As there is no drop in potential across the inductor (because

resistance of an ideal inductor is zero), so the applied voltage
has to overcome the back emf, i.e.,

Applied alternating voltage = Back emf (ii)

50, the energy which is required in building up current in
inductance L, is returned back during the decay of the current.
The changing current sets up a back e.m.f in the coil. The A choke is an inductor used

magnitude of back e.m.f is: in a circuit. It offers high
reactance to frequencies

g=L Al above a certain frequency

At range, without appreciable

limiting the flow of current.

Using Eq. (i) and Eq. (ii), the magnitude of applied voltage is:

National Book Foundation @ 20-Alternating Current



PN N g (OF

Al A(l, sinot)

V=L— =L
At At
As, M = w coswt,
At
50, v,._.aﬂm

At

V=wll,cos wt

or V =V, cos wt
Figure 20.11(b): Voltage leads the current by 90°.

v

or V=V sin[mt + %J (20.6)

From Eq. (i) and Eq. (20.6), it is clear that:
In an inductor, voltage leads the current by w/2 radians or 90°. 90""’

Figure 20.11 (b) also shows that current lags the voltage in an inductive |
coil. Inductance opposes the change in current and serves as increase or

decrease of current in the circuit. This causes the current to lag behind  Figure 20.11 (c):
the applied voltage which is indicated by the phasor diagram shown in  Phasor diagram
Fig. 20.11 (c). for inductor.

Inductive Reactance (X.): The opposition offered by an inductor to the flow of A.C. is called
inductive reactance. Therefore, in analogy to Ohm’s law we can write:

vﬂ b |o xl..
ar X = v_"
IQ
| el .
or X = “I (using Vo = lo wlL )
o
XL =wl or Xo=2nfL (20.7)
Hence, reactance of a coil depends upon frequency of A.C. In 1
case of D.C, f = 0 so X.=0. Inductance has the same dimensions Lo

as resistance; therefore, it is measured in Q.

20.4.2 A.C Through a Capacitor

Consider an alternating voltage is applied across a capacitor
of capacitance C, as shown in Fig. 20.12 (a). Due to the Capacitor

alternating voltage, the capacitor is charged in one direction
and then in the other as the voltage reverses. The result is
that electron move to-and-fro around the circuit, connecting  Figure 20,12 (a): A.C through
the plates, thus constituting alternating current. The basic 3 capacitor.
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relation between the charge q on the capacitor and voltage V across its plates i.e. g = C V holds
at every instant. Let the equation for the applied alternating voltage is:

(i)
Then, at any instant charge on capacitor is:
q=CV=C V,sinwt
Now current ‘I’ flowing through capacitor is:
| _Aq_ A(CV, sinwt)
At At

| = CV, w cos(wt)

V =V, sinwt

l=CV, w sin{mt+§-)

Here Iy=CV,w, so

| = lo ﬂn(mt+—;—]

From the Eq. (i) and Eq. (20.8), it is clear that: |
In a capacitor, voltage lags the current by n/2 radians or 90°.

Capacitance opposes the change in voltage and serves to delay the v
increase or decrease of voltage across capacitor.

(20.8) Figure 20.12 (b): Voltage lags the current by 90°.

Figure 20.12 (c):
The phasor diagram in Fig. 20.12 (c) shows that in a capacitor the voltage phzsur diagrarﬁur
lags behind the current. capacitor.

Capacitive Reactance (Xc): The opposition offered by a capacitor to the flow of A.C is called
capacitive reactance. Therefore, in analogy to Ohm's law, we can write:

vn - Iu KC
or X = T—“ (As for capacitor, lo=CV,w)
1
Xc o (20.9)

The capacitive reactance ‘Mnemonic {ELI'the ICE man’

depends upon frequency The mnemonic ELI the ICE man’ helps to remember the phase

of A.C. In case of D.C, Xc difference of voltage and current in capacitnr and inductor.
has infinite value. me

Capacitive reactance has
the same dimensions as E L I I C E
resistance; therefore, it is the man

measured in (.
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20.5 IMPEDANCE

Impedance is the combine effect of the resistance and the reactance present in an AC circuit.
Thus, impedance can be broken down into resistance and reactance. Impedance is equivalent
to resistance in AC circuit. These two provide opposition to the flow of alternating current in
the circuit, and are generated due to the presence of capacitor and inductor. Let us explore
impedance in RL and RC series circuits:

RL Series AC Circuit

Consider an AC circuit in which a resistor (R) is R
connected in series with a coil of pure
inductance (L), as shown in Fig. 20.13 (a). Here,
the voltage ‘V' will be the phasor sum of the
two component voltages, Vg and V.. This means

that the current flowing through the coil will Vv @ vL L
still lag the voltage, but by an amount less than
90° depending upon the values of Vg and VL.
Taking current as the reference phasor, the
phasor diagram of the circuit can be drawn, as  Figure 20.13 (a): RL series circuit.
shown in Fig. 20.13 (b).

+ The voltage drops, Vs = IR is in phase with current
and is represented by the phasor OA.

« The voltage drops V. = IX. leads the current by 90°
and is represented the phasor AB.

The applied voltage V is the phasor sum of these two

drops i.e.,

Ve =IX,

V2= V242 0 > >
Tag. Ve=IR A
or V= .r‘\f,f + V2 Figure 20.13 (b): Phasor diagram of

RL series circuit.
V= [IR}F+|[|:"IL}2 '

v=1JR +X
V_Rix2
T = RI + KE
As, V/| represent impedance and is denoted by Z. So,

pd .,[nux& (20.10)

Where X, = 2 f L. RL Series Impedance triangle is shown in

Fig. 12.13 (c), having sides R, X. and Z. The magnitude of Figure 20.13 (c): RL Series
impedance in R-L series circuit depends upon the values of  |mpedance triangle.

resistance R, inductance L and supply frequency f.

% 90" 1
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RC Series AC Circuit

R
Consider an AC circuit in which a capacitor | Va

(C) and resistor (R) are connected in series
with each other, as shown in Fig 20.14 (a).
S

The voltage ‘V' across the combination is
equal to the phasor sum of two component
voltages, Vi = IR & V¢ = IXc. Taking current as
the reference phasor, the phasor diagram of

the circuit can be drawn; as shown in Fig  Figure 20,14 (a): RC series circuit.
20.14 (b).

The voltage drop Vg (= IR)-is in phase with current and 0 Ve=IR A
is represented by the phasor OA. b T Too T

The voltage drop Vc (= IXc) lags behind the current by |
90° and is represented by the phasor AB. The applied |

voltage V is the phasor sum of these two potential drops | v Ve
i.e.,
Via V242 B
or V=%R+¥ Figure 20.14 (b): Phasor diagram of
RC series circuit.
V= ..{{IR]F +(=IX.)?
% =4/R* +X¢

As, V/| represent impedance and is denoted by Z. So,
z=1IR1+x§ (20.11)

Where Xc =Elu; . Impedance Z is measured in ohms (Q).

Example 20.2: A.C voltage across a 0.5 pF capacitor is mminu::nﬁ:ﬂ o e
16sin(2x10%t) V. Find (a) the capacitive reactance (b) :
the peak value of current through the capacitor.

Given: C=0.5 yF = 0.5x 10~ F V = 16sin(2x10°t) V
To Find: a) Xc =7 b)lo=1
Solution: a) As alternating voltage is given by relation
V =V, sin{wt) (i)
Also given that V =16 sin(2x10°t) (if)
Comparing (i) and (ii), we get:
Vo=16V and w = 2x10°
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1 1
— =
Cw (0.5x10°%)(2x10%) R

b) Using ohm’s law:

S0, Xe =

1& _
= 16x107 A =
000 16 mA

v,
lg ==t
o xt

Assignment 20.2
The voltage across a 0.01 pF capacitor is 240 sin(1.25x10% - 30°) V. Write the
mathematical expression for the current through it.

For Your Information

hict (R) (L capacitor (C) are conne d in serles is called RLC
:eﬂu circuit. All the elermnt:ﬁfﬂl.f:series circuit share the same current. The RLC series circuit and
its Phasor diagram is given below:

SUMMARY

% One complete set of positive and negative values of an alternating quantity is known as a
cycle.
<+ The time taken to complete one cycle of an alternating quantity is called its time period.

% The number of cycles that occurs in one second is called the frequency of the alternating
quantity. It is measured in cycle/second or Hertz.

% The average value of a waveform is the average of all its values over a period of time.

Maximum value of alternating quantity (current or voltage) is called peak value.

o

< The r.m.s value of an alternating current is that steady current (d.c.) which when flowing
through a resistor produce the same amount of heat as that produced by the alternating
current when flowing through the same resistance for the same time.

< The process of converting ac voltage into dc voltage is called rectification.

< In a half-wave rectification process an AC signal is converted into DC by passing one half-
cycle of the waveform and blocking the second-half.

< In full wave rectification, the complete cycle of AC signal is converted into pulsating DC.
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< In a rectifier circuit, a capacitor smooths out the pulsating direct current (DC) into a more
stable, constant output. This process is often referred to as ‘filtering'.

< The phenomenon, in which a changing current induces an emf in the coil itself, is called
self-inductance. Self-inductance of a coil is the ratio of emf induced in the coil to the time
rate of change of current through it.

< Self-inductance of a coil will be one henry, if 1 volt emf is induced in the coil by the change
of current at the rate of one ampere per second.

# The phenomenon, in which changing current in one coil, induces emf in neighboring coil, is
called mutual induction.

& Mutual inductance between two coils is 1 henry if current changing at the rate of 1 A/s in
one coil induces an emf of 1 V in the other coil.

< The fraction of a period difference between the peaks expressed in degrees is said to be
the phase difference.

< In an inductor, volage leads the current by 1—; radians or 90°.

< In a capacitor, volage lags the current hyg radians or 90°.

< A Choke is an inductor used in a circuit. It offers high reactance to frequencies above a
certain frequency range, without appreciable limiting the flow of current.

< Impedance is the combine effect of the resistance and the reactance present in an AC
circuit,

EXERCISE
Multiple Choice Questions

Encircle the Correct option.
1) A full wave bridge rectifier consists of

A. no diode B. one diode C. Two diodes D. four diodes
2) Unit of reactance is

A. henry B. ohms C. volt D. ampere
3) The unit of self-inductance, henry (H), is equal to:

A.As'V! B.VAs! G Al D.VsA'

4) A capacitor is perfectly insulator for
A. direct current
B. alternating current
C. direct as well as alternating current
D. neither for direct current nor for alternating current
5) The peak value of alternating current is 5V A. The mean square value of current will be
A.5A B.2.5A C.5VZ A D. 5 A
6) In AC system we generate sine wave form because
A. It can be easily draw B. It produces least disturbance in electrical circuits
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C. It is nature standard D. Other waves cannot be produced easily.
7) An alternating voltage is given by 20sin(157t). The frequency of alternating voltage is

A. 50 Hz B. 25 Hz C. 100 Hz D. 75 Hz
8) Peak value of an alternating quantity (voltage or current) can be found if we know it's
A. phase B. r.m.s value C. frequency D. both (a) & (b)
Short Questions

1) Define (a) mutual-induction (b) self-induction.

2) Does the Sl unit used for mutual-inductance and self-inductance are same? Explain briefly.
3) Draw the circuit for a half wave rectifier and full wave rectifier.

4) What is the use of a single diode for the half-wave rectification of an alternating current?
5) Distinguish graphically between half-wave and full-wave rectification.

6) Is the frequency content of the output of a half wave rectifier and full wave rectifier the
same? Explain briefly.

7) In half wave rectifier, the half of the signal is blocked after the rectification. Why?

8) Distinguish between root-mean-square (r.m.s.) and peak values for a sinusoidal alternating
current.

9) What is impedance? How is it related to resistance, reactance, and frequency? Also find its
Sl unit?

10) What is the difference between reactance and impedance?

11) Why does a capacitor block DC but allow AC to pass through?

12) How does the reactance of a capacitor change with an increase in frequency?

13) What is the phase difference between voltage and current in a (a) capacitor (b) Inductor?
14) How does the capacitance of a capacitor affect the current through it in an AC circuit?

Comprehensive Questions

1) What is half wave rectification? Explain.
2) With the help of a diagram, explain the operation of a bridge rectifier.

3) Analyze the effect of a single capacitor in smoothing current flow.

4) Explain the phenomenon of self-induction.

5) A sinusoidal alternating voltage of angular frequency w is connected across an inductor.
Find mathematical expression for instantaneous voltage and instantaneous current.

6) Explain the term impedance of an AC circuit. Find its expression for the RL series circuit.

7) In an RL series circuit will the current lag or lead the applied alternating voltage? Explain
the answer with a phasor diagram.

National Book Foundation @ 20-Alternating Current



8) Describe the phase of A.C and how phase lags and leads in A.C circuits.
9) Describe impedance as vector summation of resistances and reactances.

Numerical Problems

1) What is the rms value of the voltage of an ac supply having peak voltage 300 V? (Ans: 212 V)

2) An inductor with an inductance of 100 pH passes a current of 10 mA when its terminal voltage
is 6.3 V. Calculate the frequency of A.C supply. (Ans: 10° Hz)

3) A coil of pure inductance 318 mH is connected in series with a pure resistance of 75 Q. The
voltage across resistor is 150 V and the frequency of power supply is 50 Hz. Calculate impedance

of the circuit. (Ans: 124.9 0)
4) A resistor of resistance 30 Q is connected in series with a capacitor of capacitance 79.5 pF
across a power supply of 50 Hz and 100 V. Find impedance of the circuit. (Ans: 50 Q)
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Student Learning Outcomes (SLOs)

The student will

state that electromagnetic radiation has a
particulate nature.

Explain and apply the photonic model of light to
solve problems [use E = hf to solve problems, and
use the electronvolt (eV) as a unit of energy]
Explain that a photon has momentum [including that
the momentum is given by p=E/c (connect with the
idea that light can exert a force)]

describe that photoelectrons may be emitted from
a metal surface when it is illuminated by
electromagnetic radiation.

describe and use the terms threshold frequency and
threshold wavelength.

explain photoelectric emission in terms of photon
energy and work function energy.

state and apply hf=0 + 1/2mVma’

explain why the maximum kinetic energy of
photoelectrons is independent of intensity, whereas
the photoelectric current is proportional to
intensity.

Juxtapose the evidence for light as a wave and as a
particle [Explain that the photoelectric effect

provides evidence for a particulate nature of

electromagnetic radiation while phenomena such as
interference and diffraction provide evidence for a
wave nature].

Analyze qualitatively the evidence provided by
electron diffraction for the wave nature of
particles.

Explain and apply the de Broglie wavelength to solve
problems [use A= h/p to solve problems].

State that there are discrete electron energy levels
in isolated atoms (e.g. atomic hydrogen).

explain the appearance and formation of emission
and absorption line spectra.

use hf = AE to solve problems.

Describe the Compton effect qualitatively.

Explain the phenomena of pair production and pair
annihilation.

Explain how electron microscopes achieve very high
resolution.

State and explain Heisenberg's uncertainty principle
qualitatively.

Use the uncertainty principle to explain why
empirical measurements must necessarily have

uncertainty in them.
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Quantum theory is the foundation of Modern Physics. At the smallest scales, the classical laws
for real cases no longer apply, so quantum physics explains the nature and behaviour of matter
and energy at the atomic and subatomic levels. Quantum physics is the branch of physics that
studies the behavior of matter and energy at the atomic and subatomic level. In this realm, the
rules of classical physics are replaced by strange and counterintuitive phenomena. Quantum
physics is not just a curiosity, but has led to countless technological innovations, from
transistors and lasers to computer chips and medical imaging.

In this chapter, we'll study the fundamental principles and fascinating concepts of quantum
physics that help us in exploring our universe.

21.1 ELECTROMAGNETIC WAVE

In 1864, the British physicist James Clerk Maxwell made the remarkable ideas that accelerated
electric charges generate linked electric and magnetic disturbances that can travel through
space, as shown in Fig. 21.1. These electric field (E) and magnetic field (B) can sustain each
other, forming an electromagnetic wave that propagates through space with speed about 3x10*
m s”. The direction of propagation is the direction of the vector product E x B. Electric and

magnetic components of an electromagnetic wave are perpendicular to each other and to the
direction of motion.

Figure 21.1: A pair of electric (red) and magnetic (blue) fields, propagating together as an
electromagnetic wave in the direction indicated by the arrow at the speed of light.

Visible light emitted by the glowing filament of light bulb is an example of electromagnetic
wave. There are many other waves which are electromagnetic in nature, e.g. radio waves,
microwaves, infrared, ultraviolet, x-rays, and gamma rays, as shown in Fig. 21.2.

Increasing wavelength

Ultravialet H-ray amma ray

1010 102 (M

750 nm Red Orange Yeallow Green Blue Indigo Violet 390 nm
Figure 21.2: Electromagnetic radiation spectrum.
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The visible wavelength spectrum of electromagnetic wave lies in between 750 nm (Red) and
390 nm (Violet). The electromagnetic wave travels through vacuum or through any specific
medium from one point to another point depending on energy.

Plank's Quantum Theory

Planck's quantum theory is the fundamental theory of quantum mechanics. In 1900, Plank
studied the electromagnetic radiation emitted from different atoms and molecules, and
proposed a theory which was in complete agreement with experiments at all wavelengths.
According to this theory:

1) Different atoms and molecules can emit or absorb energy (E) in discrete amount only, which
is given by:
E=nhf (21.1)

Heren=1, 2, 3, ... is called quantum number, h = 6.626x10™* J s is the plank's constant and
f is the frequency of the radiation.

The energies of the molecules are said to be quantized, and the allowed energy state are called
quantum states. Atoms or molecules emit or absorb energy only by jumping from one quantum
state to another.

2) The smallest amount of energy that can be emitted or absorbed in the form of
electromagnetic radiation is known as quantum (plural quanta).

The development of Plank’s theory gave the birth to the Quantum Physics.

Example 21.1: What is the frequency of a photon whose energy is 66.3 eV?
Given: Energy of Photon = E = 66.3 eV =66.3x1.6x10"J

To Find: Frequency =f =?

Solution: Using the equation: E=hf

-18
" f_E_ 66.3 x 1.6 x 10 = 1.6 X 10" Hz

h 6.63 x 107
Assignment 21.1
What will be the photon energy for a wavelength of 5000 angstroms, if the energy of a
photon corresponding to a wavelength of 7000 angstroms is 4.23 x 10" J?

21.2 PHOTOELECTRIC EFFECT

The word photoelectric is the combination of two words Photo; means light and electric; means
electron, it means that this process defines the interaction between photnn and electrﬂn

EoYalr Jj_;.‘ru"", :
Photoelectric effect is the process of emitting the electrons from The it discovery’ of ﬂm

the metal surface when the metal surface is exposed to an  ppotoelectric effect was

electromagnetic radiation of sufficiently high frequency. made by- Hertz, who was

also the first to produce the
The emitted electrons are called photoelectrons because they  glectromagnetic waves
are liberated by means of light. predicted Dy Maxwell,
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The setup to observe the photoelectric Light

effect is shown in Fig. 21.3. An evacuated :
glass tube contains a metal plate connected
to the negative terminal of a battery. D""\""" Metal surface

Another metal plate is maintained at a
positive potential by the battery. When the
tube is kept in dark, the ammeter (A) shows \!\ \
zero reading, indicating that there is no
current in the circuit. However, when light Vn.undm

of the appropriate frequency falls on the

metal surface, a current is detected by the l'i"'

ammeter, indicating a flow of charges across

the gap between the metal surface and the :}f:: ,::ug ot in iacdul s
detector. The current associated with this

process arises from electrons emitted from the negative plate and collected at the positive
plate. Ultraviolet light is required in the case of emission of electrons from an alkali metal.

Effect of Applied Voltage on Photoelectric Current
A graph of the photoelectric current

versus the potential difference (V) Photoelectric !
between the metal plate and the current i
detector for different light intensities is i
shown in Fig. 21.4. It can be noted from - 1y ?
the graph that: I
+« The current increases as the incident . !
light intensity increases. .
e For large values of V, the current
reaches a  maximum  value, .
corresponding to the case where all > |
photoelectrons are collected at - Y 0 +
anode (detector). «+— Retarding potential Anode potential V —»

Thus, brighter light of constant
frequency causes an increase in current
(more electrons ejected) but does not

cause the individual electrons to gain higher energies. It means that the maximum K.E of the
electrons is independent of the intensity of the light. Classical physics says that more intense
light has larger amplitude and thus delivers more energy. That should not only enable a larger

number of electrons to escape from the metal; it should also enable the electrons emitted to
have more K.E.

Figure 21.4: Graph of the photoelectric current
versus the potential difference.

* When V is negative (i.e. when the battery in the circuit is reversed) the photoelectrons are
repelled by the negative plate. Only those electrons having a K.E greater than ‘eV’ will
reach the detector, where ‘e’ is the charge on electron.

* If Vis greater than or equal to V,, called the stopping potential, no electrons will reach the
detector and the current will be zero. The stopping potential is independent of the radiation
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intensity. The maximum K.E of the photoelectrons is related to the stopping potential
through the relation.

K.Emax = €Vo (21.2)
Effect of Intensity of Incident Radiation on Photoelectric Current

If the frequency of the incident radiation and the potential
difference (V) between the cathode and the anode is kept ?
constant and the intensity of incident radiation is varied, —
then it is found that the photoelectric current increases
linearly with the intensity of incident radiation, as shown in

Fig. 21.5. Since the photoelectric current is directly £

proportional to the number of photoelectrons emitted per - -
second, so it implies that: Intensity of light

Figure 21.5: Graph of the
The number of photoelectrons emitted per second is p&mlxmc cu,,.gm VErsus

proportional to the intensity of incident radiation. intensity of light.
Effect of Frequency of Incident Radiation on K.E of Photoelectrons

The maximum K.E of photoelectrons depends on the frequency of the incident radiation, as
shown in Fig. 21.6. If the incident light is very dim (low intensity) but high frequency, electrons
with large K.E are released. Classical physics A K.E

gives no explanation for the frequency
dependence. K.Eqsc=H —@®

For a given metal, there is a threshold frequency
‘fo’ below which no electrons are emitted, how slope =
intense the incident light may be. Classical
physics has no explanation for the frequency L d
dependence. - 7 f

Work Function (@) - |

iy

”~

The minimum amount of energy required to Figure 21.6: Plot between K.E of
escape the electron from metal surface is known photoelectron and frequency of incident

as the work function (@) of the substance. light.
Photon (Quantum) Theory of Photoelectric Effect

In the year 1905, Albert Einstein reinterpreted Planck’s theory to further explain the
photoelectric effect. Basically, Planck’s work led Einstein in determining that light exists in
discrete quanta of energy, called photons.

According to Einstein, the emission of photoelectron is the result of the interaction between a
single photon of the incident radiation and an electron in the metal. When the photon’s energy
(E=hf) is transferred to an electron in a metal, a part of its energy (®) is used by the electron

to break away from the metal and the rest appears as the maximum K.E of the electron. i.e.,
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E=® + K.Emax (21.3)
This is called Einstein's photoelectric equation. Here, ®=hf; is the work function.

When K.E of the photoelectron is zero, the frequency ‘f’ is equal to threshold frequency f,,
hence the Einstein's photoelectric equation becomes:

hf, = @
Hence, we can also write Einstein's photoelectric equation as:
KqEM].‘I. = E G h:fu

« If E < @, there will be no photoelectric effect.

e If E = @, the photoelectric effect occurs, but the kinetic energy of the expelled
photoelectron is 0.

« If E > O, the photoelectric effect will occur and the expelled electron possesses kinetic
energy.

There are so many practical utilizations of photoelectric effect; for example, photocells,
photoconductive devices, and solar cell, etc.

Example 21.2: A metal whose work function is 4.2 eV is irradiated by radiation whose
wavelength is 2000 A. Find the maximum kinetic energy of emitted electron.

Given: Work function=®=4.2eV=4.2x1.6 x 10" J=6.72 x 10" J
Wavelength of radiation = A = 2000 A =2000 x 10" m =2 x 107 m
To Find: Maximum kinetic energy = K.Epax = ?

Solution: By Einstein’s photoelectric equation: K.Emax=hf -

or K.Emax = th -0
~34 a
Putting values, we get:  K.Enax = S-00 X 107 X3X 107 ¢ s ) 4019 = 2.1015 eV

2x 107
Thus, maximum kinetic energy of emitted electron is 2.015 eV.
Assignment 21.2

Radiation of wavelength 3000 A falls on a photcele=tric surfaca for which work function is
1.6 eV. What is the stopping potential for emitied 2leztron?

1.3 COMPTON'S EFFECT

Arthur H. Compton in 1923, conducted an expeﬁmeﬁf- .ir_l:rhich he made incident a beam of X-
rays of wavelength A, on a block of graphite, He found that the scattered X-rays had a slightly
longer wavelength A" than the incident X-rays, as shown in Fig. 21.7. The amount of energy

reduction depended on the angle at which the X-rays were scattered. This phenomenon is
known as Compton's effect.
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Compton’s effect is the phenomenon where X-rays rays scatter off electrons, transferring energy
and momentum, and increasing the wavelength of the scattered radiation.

The change in wavelength AA, between a scattered X-ray and an incident X-ray is called the
Compton shift.

In order to explain this effect, Compton
assumed that if a photon behaves like
" particle, its collision with other particles is
similar to that between two billiard balls.
Hence, both energy and momentum must
be conserved. If the incident photon
collides with an electron initially at rest,
the photon transfers some of its energy and )
momentum to the electron. Consequently,

the energy and frequency of the scattered a.

photon are lowered and its wavelength @

increases. Recoil
electron

By applying conservation of energy, we

have Figure 21.7: Compton's Effect.

hf = K.E + hf' (21.4)
Here, “hf"” and “hf’'” represent the energy of the incident and scattered photon, respectively,
K.E is the kinetic energy given to the recoiling electron. By applying conservation of momentum,
we have:

P=p, +P (21.5)
Where p_,and p’ represents the momentum of scattered photon and recoiling electron.

According to classical electromagnetic theory, EM waves carry momentum of magnitude E/c,
where E is the energy of waves and c is the speed of light. Thus, the momentum of a photon is

cC Cc A
Take the incident photon's direction along the x-axis, we can write the Eq. (21.6) in components

as.

Along x-axis 2 =p,cos® + %cosﬂ (21.7)
Along y-axis 0= —p,sin® + % sinB (21.8)
From Eq. (21.6), (21.7) and (21.8), Compton derived the following relationship
L“—lzlﬁ—-cusﬁ) or A\ = l{‘I-t:n:rs'.ﬁ‘} (21.9)
m,C m,c

The quantity LI 0.00243 nm is constant and is known as the Compton wavelength because
m,C

o
it has the dimension of a wavelength. It is cleared from this expression that Compton’s shift

depends only on scattering angle. Since (1-cos@) is always positive thus A’ > 4. Compton's
shift does not depend upon; wavelength of incident photon and nature of scattering material.
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Example 21.3: An X-ray of 0.20 nm is incident on a target. What is the Compton shift that
can be expected at a 45°?
Given: A=0.20nm 8 = 45°
To Find: N-A=17 .
Solution: The Compton shift can be calculated from the relation:
A= (1-cos®
e )

Q

3
Putting values, we get: TR .. [1*1:0545“) =7.11x10" m

(2.11x107*")(3x10°)

Assignment 21.3
An X-ray of 71 pm is incident on a target. What is the smallest shift that can be expected
at 60°7 Find the wavelength of the scattered X-ray.

21.4 PAIR PRODUCTION

Pair production isthe process of creation.of a

subatomic particle and its antiparticle. When a T e
photon passes near a heavy nucleus, an electron- Photon @ positron
positron pair is created, as shown in Fig. 21.8. The "
photon is totally absorbed in this process. - @ electron
When a high energy photon interacts with matter, -e
photon energy is changed into an eleciron-positron

pair. This process is called pair production. Shactous

Phenomenon of pair _pmdué:tion is evidence of Figure 21.8: Pair production.

conversion of energy into mass. Three parameters
are conserved during the pair production; Charge, Momentum, and Energy.
Conservation of Charge: Charges must be conserved in this process. As electron and positron
having opposite charge means that the sum of net charge of pairs is zero, which is actually
equal to that of photon before the collision. Therefore, the conservation of electric charge will:
be observed in this process. It is impossible for a photon to produce a single electron, a single
positron, two electrons, or two positrons, because the photon has zero charge and then charge
will not be conserved.

hf

Conservation of Momentum: Mumentum must also be conserved in this process. If — isthe

momentum of photon, mv_, is the momentum of positron and mv_ is the momentum of

electron, then apply conservation of momentum, we have:

hf
? "m"f', + I"I"Wf

Conservation of Energy: Energy must be conserved in the process of pair production to occur,
i.e.,

(21.11)

E photon = E etectron + E positron (21.12 a)
As the total energy of a particle with mass ‘m’ is the sum of its kinetic energy (K.E) and its rest
mass energy ( moc?'), so Eq. (21.12) can be written as:

hf = (K.E etectron + Mo’ ) + (K.E positron + MoC?) (21.12 b)
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Where, E = msc? = 0.511MeV. Thus, a photon must have energy of at least 2m.c? in order to
create an electron-positron pair. If the photon energy is greater than 2moc? (= 1.02 MeV) the
excess energy appears as K.E of the electron and positron.

21.5 PAIR ANNIHILATION

Pair annihilation is the reverse process of pair production. Pair production is the process in
which energy (photon) is converted into mass (electron-positron) and annihilation is the process
in which mass (electron-positron) is converted into

energy (photon).

Pair annihilation is a prncess in which an electron-
positron pair combines to produce two photons.

positron @
It means during collision of electron and positron, these e
particles are disappeared and radiation is produced in & '
term of gamma ray phutqn;; Pair annihilation cannot @ ====- —.'- """"""""
create just one photon, because it is required to T
conserve both energy and momentum. The movement  gajactron
of photons in opposite direction justify the -e @
conservation of momentum. Before

pair annihilation

The total energy of the two photons must be equal to

the total energy of the electron-positron pair.

Annihilation of the pair then produces two photons, pair :mm

each with energy E = hf = moc? = 0.511 MeV, traveling 1

in opposite direction, as shown in Fig. 21.9. In general; FAGUG E1-1: PRAC AN
(21.13)

2moc? + K.E etectron + K.E positron = Energy of two gamma photons

Some other examples of pair annihilation are proton-antiproton annihilation and Higgs
production. Besides confirming the photon model of EM radiation, pair annihilation and pair
production clearly illustrate Einstein's idea about mass and rest energy.

21.6 THE WAVE-PARTICLE DUALITY

Interference, diffraction and polarization.are the basic properties of all electromagnetic waves.
As light shows all the three effects, therefore, light can be considered as a wave. But
Photoelectric effect can be explained only when we consider light as made by small energy
packets (particles) called photon. It means photoelectric effect shows the particle nature of
light. The light displays the dual nature, i.e., particle characteristics as well as wave
characteristics.

In 1924, the French physicist Louis De Broglie predicted that if light (which characteristically
demonstrated as pure wave properties) can have particle-like properties, then particle can also
behave as a wave. So, particles of matter obey a wave equation just as photon does. Compton's
investigation showed that the momentum p of a photon having wavelength A is described by
the equation;
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A= — :
or ~ (21.14)

Eq. (21.14) is called De Broglie relation and is a general formula that applies to material
particles as well as to photons. This relation shows that a wavelength is associated with a
moving particle, greater the particle's momentum the shorter its wavelength and vice versa.
For macroscopic objects of heavy masses, their corresponding wavelengths are very small to be
measured. Furexlmple De Broglie wavelength of an object having mass 0.5 kg moving with a
speedof 10ms' s

h_ h _6.63x10°
h B == L 1.3““‘“
p mv._ (0.5)(10) "

This wavelength is too small to be observed. De Broglie wavelength of an electron moving with
a typical speed of 10° ms” is g
_h 6.63x10°*
“mv [91:10"‘1{10‘]
This wavelength is comparable with the spacing between the atoms in a crystal, which s

suitable for diffraction and interference. Thus, the wavelengths of very small particle of matter
are observable.

There are so many practical applications of De-Broglie equations, for example; the theory
behind the construction of electron microscope is the De-Broglie theory, which is commonly
used now a day to study the deep observation of microscopic organisms like viruses, bacteria
etc.

=7.3x10" m

Example 21.4: A boy through a stone having mass 5.0 mg with the help of a catapult. If the

stone moves with speed of 8.0 m s™', calculate De Broglie wavelength associated with the
stone.

Given: m =50 mg = 5.0x10™ kg v=8ms"'
To Find: A=1 '
solution: The de-Broglie wavelength can be calculated by using: A= i"l:;
6.63x10° '
Putting values, we get: W sl SR »
ing get: 521090 1.66x10" m

Assignment 21.4
The speed of rifle bullet is 1500 m s™'. If its mass is 20 g then find the De Broglie wavelength
associated with it. Is this wavelength observable? Give reason.

_TRON MICROSCOPE

The electron microscope is a device that is based on the wave nature of electron. In microscope,
accelerated electrons are used as fllumination source. This microscope helps us to observe
objects in detail even up to nano-scale with remarkably high resolution. Tungsten metal
(material) and high potential source are used for excitation of electrons to form an electrons
stream like a beam of light. Magnetic coils are used for focusing the electrons- beam on the
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target substance. The theoretical aspect of this set is; by increasing the applied potential,
current is increased significantly and resultantly the strength of magnetic lens (magnetic coils)
is increased.

Electron-microscope is basically practical
usage and demonstration of wave nature
of electrons, which is thousand times
shorter than visible light which enables
the electron microscope distinguish
details not visible with optical microscope
i.e. visible light wavelength is 4000 A° to
7000 A°, while electrons accelerated to
10,000 KeV and acquire wavelength about
0.12 A°. A beam of extremely fast-moving
electrons is used instead of the light
source of a conventional light microscope. R e 5 s
The sample must be carefully prepared N
and placed in a vacuum chamber. e

Ray diagram of electron microscope is __‘_\\'HWI___

shown in Fig. 21.10. The electron beam is
passed through a series of coil-shaped
electromagnets that replace conventional
optical lenses. There are several
components of electron microscope;
electron gun, condenser lens, sample Figure 21.10: Electron microscope.

stage (magnetic object), objective lens,

intermediate lens, projector lens, detector or screen and vacuum system. The electron gun and
condenser lens are typically located in the upper part of the microscope. The sample stage and
objective lens are situated in the middle section, the intermediate and projector lenses are
located in lower part of microscope.

The detector or screen is usually located at the very bottom. The image may take the form of
photograph, often referred to as an electron micrograph.

Any microscope is capable of detecting details that are comparable in size to the wavelength
of radiation used to illuminate the object. Electron can be accelerated to very high kinetic
energies, giving them a very short wavelength about 100 times shorter than those of the visible
light (used in optical microscopes). As a result, electron microscope is able to provide details
about 100 times smaller. The study of metals and crystals became easy with the introduction
of an electron microscope.

21.8 HEISENBERG'S UNCERTAINTY PRINCIPLE

On microscopic level, we cannot measure any property of a particle without interacting with it
in some way; this introduces unavoidable uncertainty into the result. One can never measure
all the properties exactly. According to Planck’s point of view; E = hc/A, means a photon with
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a short wavelength has a large energy. Formulated by the German physicist and Nobel laureate
Werner Heisenberg in 1927, the uncertainty principle states that we cannot find both the
position and speed of a particle, such as a photon or electron, with perfect accuracy. It is a
consequence of the dual nature of matter. According to Heisenberg uncertainty;

It is impossible to accurately find both, the position and momentum of an object
simultaneously.

According to this principle; The product of uncertainties in determining the position and
momentum of a particle at the same instant is approximately equal to h (read as ‘h-cut’);
whereas h = 21 =1.054 x 10 J s,

T

If position of a particle has an uncertainty Ax and that of the corresponding momentum is Ap,
then uncertainties are found to be related in general by the inequality as:

Ax.Ap zh oy

It is impossible to know both the position and momentum exactly; i.e., if Ax=0and Ap = c. In
quantum mechanics a particle is described by a wave, the term position refers; point where
the wave is concentrated. The uncertainty in position means; the position is uncertain to the
degree that the wave is spread out. While the uncertainty in momentum means; the momentum
is uncertain to the degree that the wavelength is unclear. These uncertainties are inherent in
the physical world and have nothing to do with the skill of observer; due to the very small value
of angular Planck’s constant, these uncertainties are not observable in normal everyday
situations.

If we want accuracy in position, we must use photons of shorter wavelength because the best
resolution we can get is about the wavelength of the radiation used. Short wavelength radiation
implies high frequency, high energy photons. When these collide with the electrons, they
transfer more momentum to the target. If we use longer wavelength i.e., less energetic
photons, we compromise resolution and position.

If the energy is in the form of electromagnetic waves, the limited time available restricts the
accuracy with which we can determine the frequency of the electromagnetic waves. Let’s
consider that the minimum uncertainty in the number of waves under observation is equal to
number of them that we counted divided by the time interval, the uncertainty in the frequency
can be measured as;

of 2—1— i.e., AE = hAf.
At

Another kind of uncertainty principle concerns uncertainties in simultaneous measurements of
the energy of a quantum state and its lifetime, if AE is the uncertainty in determining the
energy of the system and At is the uncertainty in determining the time to which this
determination refers, then the uncertainty principle for energy and time can be expressed as;

AE. Atz h

A system that remains in metastable state for a very long time can have a well-defined energy,
but if it remains in a state for only a short time the uncertainty in energy must be
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correspondingly greater. The uncertainty AE depends on the time interval At during which the
system remains in the given state.
Example 21.5: Calculate the uncertainty in the momentum of an electron if uncertainty in

its position is 1 A ( 10" m).
Given: Ax=10"m

To Find: Ap=?
Solution: According to the uncertainty principle:
h
Ax. Ap 25
h
or Ap R
By putting values, we get: "
. 8.83x10™ 25 -1
Ap __m-14lﬁﬁ'°l 5.28x10° kgm s

Assignment 21.5
Let’s consider a ball with a mass of 0.1 kg moving at a speed of 30 m s™'. The uncertainty in
its momentum is 0.000001 of its actual momentum. Determine the 1.|n|:|=.-rteuntj,|r in its
position?

21.9 DISCRETE ENERGY LEVELS IN AN ATOM AND ITS SPECTRA

The electrons orbiting an atom can only occupy certain allowed nrbfl_ts (also called shells). Each
orbit has a discrete energy state of the atom e.g. Ei, Ez, E; and so on, as shown in the Fig.
21.11. Electrons can move from one allowed energy level to another only by gain or loss of
certain amount of energy.

o Energy is required for
an electron to move
from a lower to a
higher energy level.
This transition s
called an excitation.

o Energy is released if
the electron moves
from a higher to a
lower energy level.
This  transition s

called , a de-
PR Excitation of De-excitation of
Electrons can move to a W atom W atom

higher or lower energy

level by absorbing or Figure 21.11: Excitation and de-excitation of an isolated H-atom..
emitting electromagnetic

radiation with a frequency f. This frequency depends on the difference of energy between the
specific energy levels involved in the transition. The frequency of the radiation obeys the
condition:
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hf = En - Ep.
Where E, and E;, are higher and lower energy states respectively.

Photons emitted from such transitions, when allowed to pass through a narrow slit and a prism
(or diffraction grating), will give rise to a set of line spectrum, unique to the element, as shown
in Fig. 21.12. A spectrum is produced by using a prism or diffraction grating to separate the

various wavelengths in a beam of light. A line spectrum contains a discrete set of wavelengths.
It is a characteristic feature of an element.

e,

Gas in
tube

-
!

Figure 21.12: Setup for obtaining spectrum.

An emission spectrum of an element consists of a series of separate bright lines of definite
frequencies (or wavelengths) on a dark background. It is produced when a stream of photons of
different frequencies is passed through a narrow slit and normally through a diffraction grating.
These photons are emitted randomly from transitions (from higher to lower excited states or
the ground state) in the excited atoms of the element in a vapour or gas at low pressure.
Emission spectra of Hydrogen is shown in Fig. 21.13 (a). Since each element has a unique set of
orbital electrons, the emission line spectrum of an element is also unique, enabling it to be
. used as a means of identification of the element.

For Your Information
Different coloured lines in
the spectrum is helpful in
figuring out the kind of

_elements the substance is
made of, as each element
radiates a  different
amount of energy and has o
a unique emission level. .  Figure 21.13: (a) H-emission spectrum (b) H-absorption spectrum.

An absorption line spectrum of an element consists of a series of separate dark lines of definite
frequencies (or wavelengths) on a coloured background. The coloured background is produced
when a stream of photons of different frequencies from a white light source (e.g. tungsten
filament lamp) is passed through a narrow slit and a diffraction grating. The cool vapour of the
element concerned is placed between the white light source and the narrow slit, such that its
atoms may absorb excitation energy from photons incident from the white light source. The
unabsorbed photons frem-the white light source will be incident onthe screen with the original
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intensity. After the absorption, the excited atoms will eventually go back to the ground state
by emitting the same photons absorbed earlier. Absorption spectra of Hydrogen are shown in
Fig. 21.13 (b).

SUMMARY

1- When electromagnetic radiation is absorbed by a material, electronically-charged particles
are released from the material (or even within itself). This phenomenon is called the
photoelectric effect.

< Conservation of momentum implies that if two or more bodies interact with each other in
an isolated system ‘(that-is, no external force is acting upbn them), then the total
momentum of all the bodies remains constant.

% The electrons which are emitted from a metal surface upon the influence of light are called
photoelectrons.

% Threshold energy is the minimum amount of energy needed by the electrnn to break free
from the metal and eject from it.

< Threshold frequency is the lowest frequency of ¢lectromagnetic radiation that will produce

. a photoelectric effect in a material.

% The threshold wavelength is the largest possible wavelength of the incident radiation which
allows photoemission to take place. No photoemission occurs if the wavelength is higher
than the threshold.

Formula Sheet

E-hf K.Em]x-evu E=0 + :{.Emax

e L ﬂ=i[1—cusﬂ] Ax. Ap z h AE. At > h
p mv m,C

EXERCISE

Multiple Chuice Questluns

1} Which of the following spectral regions has the highest energy?
- A. Infrared B. Violet C. Red D. Blue

2) Which of the following statements is true aboul © phowen?
A. A photon has zero mass and zero momentun:.
B. A photon has finite mass and a finite value oi momentum.
. C. A photon has zero mass but finite value of momentum.
D. A photun has finite mass but zero momentum.

3) What ha,ppens to the kinetic energy of the emitted electrons when the tht is incident on
a metal surface?
A. It varies with the frequency of light. B. It varies with the light intensity.

C. It varies with the speed of light. 0. It varies irregularly.
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4) A photoelectric cell is a device which

A. Converts light energy into electricity. B. Converts electricity into light energy.
C. Stores light energy. D. Stores electricity.
5) Which property does the Compton Effect describe about photons?
A. Mass ! B. Momentum C. Wave properties D. Speed rates
6) What happens to a high energy photon after it strikes an electron?
A. decreases frequency B. decreases wavelength
C. increases energy D. increases momentum
7) Energy of gamma photon having a wavelength of 1A® is:
A. 12.4x10" eV B. 12.4x10* eV C. 12.4x10% eV D. 12.4x10* eV
8) If uncertainty in the position of an electron is zero, the uncertainty in its momentum will be
A. less than h/4n B. greater than h/4m C. zero D. infinite
9) What is the process by which a particle and its antiparticle annihilate each other?
A. Pair production B. Pair annihilation C. Nuclear fission D. Nuclear fusion
10) Which of the following particles is produced during pair annihilation?
A. Photon B. Electron C. Proton | D. Neutron

Short Questions

1) Prove that energy and momentum of Photon are directly proportional to each other.

2) Convert BOO MeV into joules. ;

3) Write the two phenomena to describe photon-electron interaction.

4) In the interpretation of the photoelectric effect, how is it known that an electron does not
absorb more than one photon?

5) How you can determine the work function from a plot of the stopping potential versus the
frequency of the incident radiation in a photoelectric effect experiment? Can you determine
the value of Planck’s constant from this plot?

6) Speculate how increasing the temperature of a photo electrode affects the outcomes of the
photoelectric effect experiment.

7) Which aspects of the photoelectric effect cannot be explained by classical physics?

8) What is the physical significance of Compton's effect?

9) Differentiate between Compton’s shift and Compton’s wavelength.

10) How can you say that scattering angle of photon plays effective role in measurement of
Compton’s shift?

11) What are the conditions required for pair production to occur?

12) What is meant by de Broglie wavelength?

13) Which phenomenon provides evidence for particulate nature of electromagnetic radiation?

Comprehensive Questions

1) What is photoelectric effect? How quantum physics explain its results.
Z) What is Compton’s effect? Discuss in detail.
3) State and discuss the Heisenberg Uncertainty Principle.
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4) Discuss Pair production of electron as practical implementation of conversion of energy into
mass correspondences to of Eisenstein energy-mass equation. '

5) Explain Annihilation process as practical implementation of conversion of mass into energy
correspondences to of Eisenstein energy-mass equation.

6) What do you understand by the term ‘Dual nature of light’? Discuss.

7) Explain that electromagnetic radiation has a particulate nature.

8) Explain how electron microscopes achieve very high resolution.

9) There are discrete electron energy levels in isolated atoms. Explain this statement by the
appearance and formation of emission and absorption line spectra.

Numerical Problems

1) In an experiment, the work function of potassium surface is found to be 2.1 eV. What should
be the wavelength of incident radiation if the stopping potential for the electron is 0.43 V?

(Ans: 5.91x107 m)

2) Light of wavelength 5000 A falls on a metal surface having work function of 1.9 eV. Find (a)
Energy of photon in electron-volt. (b) Kinetic energy of photo-electrons emitted. (c) Stopping

potential. (Ans: 2.48 eV, 0.58 eV, 0.58 V)
3) Calculate the energies of the photons associated with the (i) violet light of 413 nm. (ii) X-
rays of 0.1 nm. (iii) radio waves of 10 m. (Ans: 3eV: 12424eV; 1.24x1077 eV)
4) Calculate the minimum energy required by a photon to transfer half of its energy to an
electron at rest. (Ans: 0.25 MeV)
5) An electron is placed in a box about the size of an atom that is about 1 A. What is the velocity
of the electron? (Ans: 7.29x10°ms™)
6) A 50 keV X-ray is scattered through an angle of 90°. What is the energy of the X-ray after
Compton scattering? (Ans: 45.5 keV)
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NUCLEAR PHYSICS

Student Learning Outcomes (SLOs)

The student will

-

-

- & & @

Recognize the equivalence between energy and
mass as represented by E = Amc? and state and use
this equation.

define and use the terms mass defect and binding
energy.

sketch the variation of binding energy per nucleon
with nucleon number,

Recall what is meant by nuclear fusion and nuclear
fission,

Explain the relevance of binding energy per nucleon
to nuclear reactions, including nuclear fusion and
nuclear fission.

Explain how the neutrons produced in fission create
a chain reaction and that this is controlled in a
nuclear reactor [including the action of coolant,
moderators and control rods].

calculate the energy released in nuclear reactions
using E = Amcl.

Explain that fluctuations in count rate provide
evidence for the random nature of radioactive
decay.

explain that radicactive decay is both spontaneous
and random.

define activity and decay constant, and state and
use A = NA.

Explain half-life with examples.

use = 0.693/ty,; to solve numerical problems.

state the exponential nature of radioactive decay.
use the relationship x = X, e™ [where x could
represent activity, number of undecayed nuclei or
received count rate) to solve problems analytically
and graphically].

describe the function of the principle components
of water moderated power reactor [core, fuel, rods,
moderator, control rods, heat exchange, safety rods
and shielding]

explain why uranium fuel needs to be enriched
before use,

compare the amount of energy released in a fission
reaction with the (given) energy released in a
chemical reaction.

Explain what is a medical tracer [a substance
containing radioactive nuclei that can be introduced
into the body and is then absorbed by the tissue
being studied].

Explain annihilation reactions [they occur when a
particle interacts with its antiparticle and that
mass-energy and momentum are conserved in the
process].

lllustrate how PET scanning works [positrons
emitted by the decay of the tracer annihilate when
they interact with electrons in the tissue, producing
a pair of gamma-ray photons traveling in opposite
directions]

calculate the energy of the gamma-ray photons
emitted during the annihilation of an electron-
positron pair.

Explain that the gamma-ray photons from an
annihilation event travel outside the body and can
be detected [including that an image of the tracer
concentration in the tissue can be created by
processing the arrival times of the gamma-ray
photons].



Nuclear physics is a branch of physics that deals with the study of the atomic nucleus, its
properties and interactions. We studied in grade-10, that the atomic nucleus is composed of
protons and neutrons, which are collectively referred as nucleons. The atomic number ‘Z’ of
an element corresponds to the number of protons in the nucleus, while the mass number ‘A’ is
the sum of the number of protons and neutrons in the nucleus. Number of neutrons in an atom
" is represented by ‘N’ and is called neutron number. The relation between atomic number, mass
number and neutron number can be given by the following equation: A=1Z + N.

Nuclear physics has numerous applications, including nuclear power generation, nuclear
medicine, and nuclear weapons. It also plays a crucial role in the study of astrophysics, as
nuclear reactions are responsible for the energy production in stars and other celestial bodies.

22.1 MASS DEFECT

If we have a polythene bag of negligible mass containing 10
balls, each ball having a mass of 100 grams, then what
should be the mass of the whole basket? Definitely it would
be 1000 grams (1 kg) as it is our common observation that
the mass of whole is the sum of masses of the constituents.
But the same is not true for the nucleus. The total mass of
nucleus is less than the sum of masses of its individual
nucleons. For example, the mass of carbon should be
greater than 12 u, as its constituent protons and neutrons
have masses greater than 1 u bit it has a mass of exactly
12 u which is less than the sum of masses of six protons and
six neutrons. Similarly, mass defect for binding of one
proton and one neutron in case of deuterium (*H) can be
shown in Fig. 22.1. Let 'Mauciess’ be the mass of nucleus,
‘mg’ is the mass of proton and ‘m,’ is the mass of neutron
then during the formation of the nucleus 'Am’ is the
difference in mass which is known as the mass defect.
Mathematically the mass defect can be given as:

Am = (Mn + Mp) — Moucleus

B For Your Information

To express the masses of atoms
and nuclei in nuclear physics we
use ‘atomic mass unit’ (amu). It is
defined as one twelfth of the mass
of a carbon-12 atom. It can be
given as:

1amu=1u=1.66x10% kg

Components

M_nm

e
1.007276 u .
1.008665 u g
0.000549 u @
2.016490 u 2.014102 u
Mass defect = D.WZ!BB u

Figure 22.1: Mass defect in
deuterium atom.

The mass of deuterium is less than the sum of the masses of one proton and one neutron. This
difference in mass of a nucleus is called as mass defect, and can be defined as:

The differem;e between the mass of the nucleus and sum of the masses of its constituent
particles is called as mass defect.

In general, the equation for the mass defect can be given as:

Am = [(A = Z) ma + Z Mp] — Mauclews (22.1)

¥

Example 22.1. Find the mass defect in the formation of Helium-4 nucleus. If the mass of
He-4 is 4.002603u, the mass of proton is 1,007276u and the mass of neutron is 1.008665u.
Given: Mass of He-4: = m,, =4.002603u Mass of proton = m, = 1.007276u
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Mass of neutron =m, = 1.008665u
To Find: Mass defect = Am=?

Solution: To find the mass defect we use: Am=(A-Z) m +Zm,-m_.,

As we know that for helium-4 nucleus there are two protons and two neutrons hence Z=2 and
(A=Z)= 4 — 2 = 2 now putting valeues, we get:
Am =[{4-2} (1.008665)+ 2 (1.007276) —4.002603] u = 0.029279 u

Assignment 22.1
Find the mass defect of tritium nucleus. The mass of tritium is 5.0083x10"" kg.

- 5 4 BINDING ENERGY

The mass defect remained a mystery for some time. But soon the scientists found that in
formation of the nucleus, the missing mass is converted into energy. As during the formation of
nucleus, energy is found to be released and conversely to break the nucleus into its parts. An
equal amount of energy is to be given for this break. The mass converted into the energy is

called as binding energy and can be defined as:

The minimum energy required to break an isolated nuclei into its constituent particles is called
the binding energy.
The Einstein’s famous equation relates this energy and mass which can be given as:
E=Amc2 (22.2)

Here ‘E’ is the energy required to break the nucleus or the energy released during formation of
the nucleus, ‘Am’ is the mass defect and ‘c’ is the speed of light whose approximate value is
3x10°ms™. This relation proves that the mass can be converted into energy and energy can
be converted back into the mass i.e. mass and
energy are inter-convertible quantities. The 00
relation between binding energy and the mass can Q0 .. @
be shown in Fig. 22.2 (a). It is to note that the + H'H!f! — O ®
units for mass used in above equation should be in  Nudeus sqm%n nudeons
kilograms. For example, helium-4 nucleus Figure 22.2 (a): Binding energy.
containing two protons and two neutrons has a
combined mass of 4.002603 amu while the sum of masses of two protons and two neutrons is
4.031882 amu. The mass defect can be given as:

Am = (4.031882 — 4.002603) amu = 0.029279 amu
The equivalence of this mass in kg can be given as:

1amu=1.66x10 kg or 0.029279 amu - (0.029279 x1.66 <1077 )kg

Am = 0.029279 amu = (4.860314 x 107’ ) kg
Using equation (22.3) we find:

E =(4.860314x10"kg) (3x10*ms™')* = 4.374283x107"%) |
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This is the amount of energy required to break the Helium-4 nucleus. This is relatively a small
amount of energy but it is enough to hold the nucleus together and give it its stability. It is
often convenient in nuclear physics to express certain masses in energy units as they are simply
interchangeable. According to Einstein’s mass-energy equivalence relation: E = mc?

For one amu:

Energy for 1 amu = (1.66x107"kg) (3x10°ms™)*
Energy for 1| amu=1.494x107"J T Eble 22 1 Masses of some particles.
Particle Mass (kg) Mass (amu) | MeV
we know that: 1 eV =1.60x10" :
‘. RS Electron | 9.1164x10™ | 0.0005485 | 0.511
1

Hence: T i Proton | 1.672x10™ | 1.007276 | 938.27
Now energy EqUiVﬂlenCE for 1 amu r:'lasﬁ in Neutron 1.675%107" 1.008665 939.57
electron-volt units is: Hydrogen | 1.672x107 1.007825 | 938.78

R R Deuterium | 3.344x10™ 2.014102 | 1876.12
1.60x107"

=9.315x%10" eV Tritium 5.0083 %107 3.016049 | 2809.43
1 amu = 931.5 MeV' Helium 6.646 107 4.002603 | 3728.40

The rest mass and energy equivalent of | Carbon-12 | 1.992x107 12.000000 | 11177.9
some particles and nuclei is given in table

2.1, .

Example 22.2. Find the energy required to break tritium nucleus (having mass 3.016049 u)
in joules and in eV. If masses of proton and neutron are 1.007276 u and 1.008665u.
Given: Mass of tritium = M = 3.01604%u Number of protons =Z = 1

Mass of proton =m,=1.007276u Number of neutrons = A-Z=N=2

Mass of neutron =m, = 1.008665u
To Find: Binding energy =E = ?
Solution: To find the binding energy first we find the mass defect:
Am=({A=-12Z) m,+Zm, —M
Putting values, we get:
Am = ((2) 1.008665 + (1) 1.007276 —3.016049) amu = 0.008557 amu
To convert this value in kg:
Am = (0.008557 x1.66x107") kg =1.420x 107" kg
Now to find the binding energy we use:
E = Amc?
E=(1.420x10"kg) (3x10°ms™)* =1.278x107"J
To convert this energy into electron-volt we use:
1
1.60x107"

1 amu=1.494x10"" x

E=1.278x107" x eV =7.99x10° eV

Assignment 22.2
Find the binding energy of deuterium nucleus. The mass of deuterium is 3.344x10™ kg.
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Binding Energy per Nucleon

The binding energy of an atomic nucleus is the amount of energy required to completely
separate all of its constituent nucleons (protons and neutrons). It is a measure of the strength
of the nuclear force that holds the nucleus together. The binding energy is usually expressed in
electron-volts or in joules. As from equation (22.2):

E=Amc?. e L :
Using the values of mass defect ‘Am’ from Table'22.2: Binding energy of '-.nrr- rlr-1 in Mey
equation (22.1) we get: Nucleus | Binding energy :er:‘u:m
=((A-Dm, +Zm, -m,,,) ¢ T, 2 1.12
Here ‘E’ is the binding energy. The absolute ‘He 283 7.07
value of binding energy does not explain 120 89.1 7.4
completely the stability of a nucleus. The % o 486.24 8.68
more important thing to explain the % py, 1622 7.87
stability of a nucleus is the binding energy wsg; 1786 7.6

per nucleon i.e. how much mass is
converted by each nucleon to form a nucleus. The greater the binding energy per nucleon the
greater will be the stability of the nucleus. The binding energy per nucleon also called as
packing fraction (f) and can be given as:
f___E__(':"" Z)ym,+Zm, -m,,.,) c
A A
The packing fraction also called the binding fraction is the measure of stability of a nucleus.
Therefore, the rest energy of the bound system i.e. the nucleus is less than the combined rest
energy of the separated nucleons. The binding energies of some cammonly used nuclei are given
in the table 22.2.
Example 22.3. Find packing fraction for C-12 nucleus. If mass of C-12 is 12.000u, mass of
proton is 1.007276 u and mass of neutron is 1.008665 u.
Given: Mass of carbon-12 = Muyctess = 12.0 Number of protons =Z = 6
Mass of proton = m_ = 1.007276u  Number of neutrons = A-Z=N=6

Mass of neutron =m,_ = 1.008665u

To Find: Packing fraction =f =7 _
Solution: We have to find the binding energy as: Am=(A-2Z) m, +Zm, -m

Am = (6x1.008665 + 6 1.007276 —12.000) = 0.095646 u

(22.3)

To convert it into MeV we take:
E = 0.095646x931.5 MeV or E=89.1 MeV
For packing fraction, we use: f=i_
Putting values, we get: L or f =7.4 MeV / nucleon

12
Assignment: 22.3

Find the binding energy per nucleon for Nitrogen-13 nucleus having mass 2.3258x10°% kg,
mass of proton is 1.007276 u and mass of neutron is 1.008665 u.
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Binding Energy Curve &

The variation of binding energy per nucleon with mass number can graphically be represented
by a curve known as the binding energy curve. This curve shows the relationship between the
number of nucleons in a nucleus (represented by the mass number A) and the binding energy
per nucleon. The graph for binding energy per nucleon (in MeV) plotted against the mass number
(A) as we can see from Fig. 22.2 (b), the binding energy per nucleon increases as we move from
-the lightest nuclei (A = 1) towards the region of medium-sized nuclei (A = SU -100), reaching a
peak at around A = 56.

0 -
0 2!0 40 60 BD mu 120 140 lﬁﬂ 130 zm 220 240
: Mass number (A)

Figure 22.2 {h}: Binding energy verses nucleon number

This region of medium-sized nuclei is known as the most stable nuclei or the valley of stability.
Beyond the region of medium-sized nuclei, the binding energy per nucleon starts to decrease
again, indicating that larger nuclei are less stable than smaller ones. This is because larger
nuclei have a higher proportion of repulsive electrostatic forces between protons, which are
not balanced by the attractive strong nuclear forces. The variation of binding energy per
nucleon with mass number is an important factor in nuclear physics, as it helps to explain the
stability and properties of atomic nuclei. and provides insight into nuclear reactions and nuclear
energy production. Nuclei with a higher binding energy per nucleon are generally more stable
and less likely to undergo fission. On the other hand, nuclei with a lower binding energy per
nucleon, such as uranium-235, are more likely to undergo fission when they absorb a neutron,
releasing energy and more neutrons, which can in turn cause further fission reactions. Fusion
reactions tend to produce more stable nuclei with a higher binding energy per nucleon than the
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reactant” nuclei. The fusion reactions release energy, as the product nucleus has a greater
binding energy per nucleon than the reactant nuclei. For example, the fusion of hydrogen nuclei

into helium releases a large amount of energy, as the product nucleus has a higher binding
energy per nucleon than the reactant nuclei.

22.3 RADIOACTIVITY

Marie Curie studied radioactivity (nuclear radiations emission) shortly after Henri Becquerel
discovered natural radioactivity. Marie Curie detected radioactivity in Uranium and Thorium

using an electrometer, which showed that the air around radioactive samples became charged
and conductive.

The natural emission of radiations from unstable nuclei is called radioactivity.
Radioactivity is the phenomenon by which unstable atomic nuclei spontaneously decay into
other nuclei, emitting radiation in the process. Spontaneous nuclear decay is the natural
process by which an unstable atomic nucleus breaks down into a more stable configuration by
emitting radiation. This process is spontaneous and occurs without any external influence or
trigger. Radioactive decay can also result in the formation of a new element known as the
daughter nuclei. Spontaneous nuclear decay is a natural process that occurs in many elements
in the universe. While it can pose a significant health hazards if not properly managed, it also
has many practical applications in fields such as energy production, medicine and materials
sciences. There are three main types of radioactive decay alpha decay, beta decay, and gamma
decay, along with these radiations some more radiations and particles are also produced like
X-rays and neutrons etc.

. Jaan
22.3.1 Alpha Decay P bl

" Alpha decay occurs when an atomic nucleus emits an alpha

particle, which is a helium nucleus consisting of two

protons and two neutrons. This reduces the atomic number Pmt A I3“'-'!""“‘
of the nucleus by two and the atomic mass by four. The

general form of an alpha decay equation can be written as: (u 238) “b'm}

Figure 22.3: Alpha decay of
A
X — 7o +3He+Q U-238.

Here ;X is the parent nucleus which decays into 33¥

known as daughter nucleus with emission of alpha-particle ;He which is helium-4 nucleus and

heat Q. For example, the alpha decay of uranium-238, as shown in Fig. 22.3 and can be
represented as:

wU— 5Th + JHe+Q
Here the uranium-238 nucleus (with 92 protons and 146 neutrons) decays into thorium-234 (with
90 protons and 144 neutrons) by emitting an alpha particle (with 2 protons and 2 neutrons).

22.3.2 Beta Decay

Beta decay occurs when an atomic nucleus emits a beta particle, which is an electron or a
positron.
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Beta decay can either increase or decrease the
atomic number of the nucleus, but always
conserves the total number of nucleons. Beta
decays are of two types i.e. the negative beta
decay and the positive beta decay.

+® + @
Antineutrino Electron |
Carbon-14  Nitrogen-14

Figure 22.4: Beta-minus decay.

—

i) Negative beta or beta-minus decay is the emission of an electron during nuclear activity. In
an unstable nucleus, when a neutron decays into proton it emits an electron and an anti-
neutrino. The equation for neutron decay can be given as:
nn B e For Your Information
=Pk aD ey R € inb
The general equation for the nuclei emitting beta- . ‘. e
minus decay can be given as:

_ X =0+ SB+v
Beta-minus decay is shown in Fig. 22.4.

ii) Positive beta or beta-plus decay is the emission of 1
positron during nuclear activity. In an unstable geta decay is used in radionuclide
nucleus, when a proton decays into neutron it emits a  therapy (RNT) to treat cancer.

sitron and neutrino. The equation for proton decay Radioactive isotopes like lutetium-177
we ™ P y or yttrium-90 are used to target and

can be-given as: destroy cancer cells. Beta decay of
+ 0, 0 carbon-14 is the basis for radiocarbon

ML ++,[3+:v dating which is a method used to

The general equation for the nuclei emitting beta- determine the age of archaeological

and geological samples.

Meutrino  Positron
Carbon-10  Boron-10
Figure 22.5: Beta-plus decay.

plus decay can be given as:

X =AY+ (B+v
Beta-plus decay is shown in Fig. 22.5.

22.3.3 Gamma Decay

Gamma decay occurs when an atomic nucleus

transitions from a higher energy state to a ForiYour InfGrmation esar.
lower energy state, emitting a gamma ray in T T A L

the process. Gamma rays, high-energy w‘ < M
photons, are -electromagnetic radiations
which travel with the speed of light. Unlike
alpha and beta radiation, gamma radiation .
does not involve the emission of massive  Gamma rays are used in radiation therapy to target

particles. However, the emission of gamma  and destm?i cainncer cells. |2yﬂ};dgrﬂf;;;“n:ﬁ:§ niﬁ
Yooy § i : itron emission tomograp »
radiation is subject to certain conservation f::s T o ey Gt images of Inside

laws that govern the properties of the ¢ tne body. In non-destructive testing (NDT)

nucleus.  Specifically, the law of gamma rays are employed to inspect and detect
conservation of energy, momentum and flaws in material without causing any damage.
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angular momentum must be obeyed during the transition.

Even though no particles with mass are emitted during gamma decay, the emission of gamma
radiation can result in the change in energy of the nucleus. For example, if a nucleus a gamma
ray after undergoing alpha or beta decay it may end up in a different energy state. In such
cases the nucleus may still be unstable and may continue to undergo further radioactive decay

until it reaches a stable state. These laws imply that w retooed _
even though no particles with mass are emitted, the state f
A

Gamma rays

Parent Daughter -

composition of the nucleus is certainly changed after
emitting photons given by gamma decay. The gamma
ray emission is shown in Fig. 22.6. The equation for
gamma decay can be given as:

Ange A

X =K +y Figure 22,6: Gamma decay.
Here X" represents the nucleus in an excited state. In an atom, nucleons (both protons and
neutrons) have certain energy states. When they absorb energy during nuclear decay, they go
up to the higher energy state and nucleus is said to be alpha
excited or in excited state. During de-excitation to the

lower energy state the nucleus emits gamma
radiations. Example of gamma ray emission is:

Beta 5

&0 . 60
»C0" = LCo+y ;

Paper Aluminum Lead
Figure 22.7: Types of radiation.

The properties of three types of nuclear radiations are
given in the Table 22.3.

ELED L UDE = L Ed =LARIT (]

Properties | Alpha Beta Gamma
Charge +2 +1 0
' Negligible as compared to
Mass | 4 Very small as compared to | {5, harticle and beta
alpha particle

particle

Velocity Slow (0.05 - 0.1 c) Relatively fast (0.5 - 0.9 ¢) Speed of light (c)
Penetrate several meters of

Banateation 2:?152?&! by a ffw; F;:netrate several meters of air, stopped by several

depth meters of air or | air, stopped by a few centimeters of lead or

a sheet of paper millimeters of aluminum bsaasiuigty
Typical
SOUrCe Radon-222 Strontium-90 Cobalt-60

22.3.4 Spontaneous and Random Nature of Nuclear Decay

Radioactive decay is a random process i.e.; it is impossible to predict exactly when a particular
unstable nucleus will decay. It may decay just on the moment you started observing it or it may
not decay even for years. The decay is a natural process inherent to the unstable nucleus itself.
It happens because the nucleus is seeking a more stable state. This randomness is reflected in
the fluctuations observed in the count rate of radioactive emission. Count rate can be defined

)
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The number of decays detected per unit time is called as count rate.

" When measuring the count rate using a Geiger-Muller counter or any other counters it can be
noted that the count rate varies over time even if the conditions remain constant. These
fluctuations occur because each decay event is spontaneous, independent, random and
unpredictable.

Each radioactive nucleus has a certain probability of decaying at any given moment but we
cannot predict the exact time of decaying for any single nuclei, this property is known as
“spontaneity”. Although the individual decay events are random the average behavior of a large
number of nuclei follows a predictable pattern described by the half-life of the substance. This
is the reason that the count rate over longer periods becomes more stable and predictable in
spite of showing fluctuations over short interval decays. These evidences provide clear evidence
that decay events are not influenced by external factors and occur spontaneously. Spontaneous
nuclear decay is a natural process that occurs in many elements in the universe. While it can
pose a significant health hazard if not properly managed, it also has numerous practical
applications in fields such as energy production, medicine, and materials science.

Example 22.4. Calculate the amount of energy ‘Q’ released during the following nuclear
reaction. If mass of U-238 is 238.02891 u, mass of Th-234 is 234.04360 u and mass of alpha

particle is 4.001506 u. 2U—= %Th + He+Q

Given: Mass of uranium-238 =M, = 238.02891 u Mass of Thorium-234 = M = 234.04360 u
Mass of alpha particle =M _ = 4.001506 u

To Find: Energy released = 0=7

Solution: Energy in this nuclear reaction can be calculated as:
The total mass on L.H.Sis: M, = 238.02891 u

The total mass on R.H.Sis: M, +M, =234.04360 u+4.001506 u = 238.045106 u
Since the difference in mass is converted into energy ‘Q’ then we can write as:
Q =M, —(M; +M,)=238.02891 u-238.045106 u =-0.016196 u

The negative sign shows that the energy is absorbed during the nuclear decay i.e. it is
endothermic reaction. Now the amount of energy in MeV can be found as:
Q =-0.016196 ux931.5 MeV /u =15.0866 MeV

Hence 15.0866 MeV energy will be released when uranium-238 nuclei decays into thorium-234
while emitting an alpha particle.

Assignment: 22.4
Find the energy ‘Q’ in the following reaction. If mass of C-12 is 12.000 u, mass of N-14 is

14.00307 u and mass of electron is 0.0005486 u. UC=YN + e +Q

22.4 HALF LIFE AND RATE OF DECAY

The half-life (T,,) of a radioactive material is a characteristic property of that material and is
defined as:
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The time it takes for half of the radioactive nuclei to decay in a given sample is called as half-
life of that element.

For example, if we have 100 nuclei at
time ‘t = 0’ and after half-life the half of
the nuclei will disintegrate and half
would remain intact i.e., 50 nuclei of
parent element will remain. After second
half-life out of these 50 nuclei 25 will
disintegrate and 25 nuclei of parent
element will remain similarly after third
and fourth half-lives the remaining nuclei
of parent element will be 12.5 and 6.25
respectively. For example, the half-life
of cobalt-60 is 5.27 years and its decay
with half-lives is shown in Fig. 22.8.
Although after every half-life the nuclei
become half of their initial value but still ~ Figure 22.8: Decay of Co-60.

it takes infinite time for the

disintegration of all nuclei. The rate of disintegration of nuclei follows a law known as rate law
which can be defined as:

[FTable’22:3: Half:(ives of same'elements
Element Decays into Half-life
Carbon-14 Nitrogen-14 5,730 years
Aluminum-26 | Magnesium-26 | 740,000 years
lodine-129 Xenon-129 17 million years

The rate at which a radioactive substance decays
is directly proportional to the number of
radioactive nuclei present at any given time, is
called the rate law for nuclear decay.

Half-lives of some typical elements are given in | Uranium-235 | Lead-207 704 million years
Table 22.4. The rate of spontaneous nuclear | Uranium-238 | Thorium-234 | 4.5 billion years
decay is measured by the half-life. It can vary | Potassium-40 | Argon-40 1.3 billion years

widely depending on the specific material, | Rubidium-87 | Strontium-87 | 49 billion years
ranging from fractions of a second to billions of | Plutonium-239 | Uranium-235 | 24,110 years
years. If ‘AN’ is the number of atoms which decay | Cesium-137 Barium-130 30 years

in time ‘At’ then according to decay law the time | Strontium-90 | Yttrium-90 28.8 years
rate of spontaneous disintegration of a | Radon-222 Polonium-218 | 3.82 days
radioactive element is proportional to the
number of nuclei ‘N’ present and can be given as:

ﬂoc—ﬂ

At
Here negative sign shows that ‘AN’ is decreasing with time. Now by changing the sign of
proportionality into equation a constant is multiplied as:

AN

—=-AN
At
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Here ‘' 1’ is a constant and is known as decay constant which is the proportionality factor in the
rate law of radioactive decay. It is equal to the fraction of the radioactive of the radioactive
nuclei that decay per unit time. It can be given as: -

While the ratio 'ﬁ%t' is called the activity in the radioactive decay process which is the

number of disintegrations per unit time. It is represented by ‘A’ and can be given as:

A=0N
At

A=-LN
The SI unit of activity is becquerel (Bq) which can be defined as:
When a nucleus disintegrates at the rate of one disintegration per second then the activity is
equal to one becquerel.

In nature, there are some radlatmns present everywhere (called background radiation). Hence,
we are constantly exposed to radiation in daily life, but the natural levels are typically low and
safe for humans and other biological objects on Earth. Harmful effects require higher radiation
doses. For example, the activity of radium used in the dial of a watch (to make it glow in the

dark) is 4 x10* Bq and for radiotherapy the dose range is 4x10'" Bq.

A more common unit of activity is the curie which can be defined as:

When there is an activity at the rate of 3.70x10"™ decays per second then the activity is equal
to one curie.

The inter conversion of these two units of activity can be given as:

1Ci=3.70x10" Bq _
From the above equation, it is clear that the becquerel is very small unit as cumpared to the
curie.

22.4.1 Exponential Nature of Nuclear Decay

Radioactive decay is exponential in nature. This means that the rate at which a radioactive
substance decays is proportional to the number of un-decayed nuclei present at any given time.
If ‘N’ be the number of nuclei at any instant which are undecayed, then

Bl
At
For very small change we can take above relation as:
dN
—==AN
dt
By the separation of variable technique, we get:
1
—dN=-A dt
N
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Taking integration on both sides: I%dﬂ = -I A dt

InN=-A t+constant (i)

To find the value of this constant we can apply the initial conditions as: at t=0, N=N_
Using these values in above equation we get:

InN, =-A (0)+constant  or InN, = constant
Now Eq. (i) gets the form:

InN==A t+InN, or InN—InN, =-A t

N

In—=-At
or nNu
Taking exponent on both sides, we get: Nﬂ =e™

a

or N=Ne™

This relation shows that the decay of nucleus is exponential with time.
Example 22.5. Find decay constant and activity of an element if its 100 out of 700 nuclei
decay in 5 min. _
Given: Original number of nuclei: 'N' = 700 Dacayed nuclei: ‘AN’ = 100

Time: ‘t" = 5min =300s
To Find: Decay constant: A =7 Activity: A=7?

1
Solution: To find decay constant we use: A= N x iﬂ—
1 100 i
Putting values, we get: A=——x——=4,76%x107"s
e i 700 300
Now to find activity, we use:
A=ALN
Putting values, we get: A=4.76x10"s" x 700 = 0.333 Bq =9x107™*Ci

Assignment 22.5
Find decay constant and activity of an element if its 240 out of 780 nuciei decay in
12 seconds.

22.4.2 Relation between Decay Constant and Half-Life

The relation between decay constant and half-life can be deduced by considering a radioactive
element that has ‘ N,’ number of nuclei at a certain instant. If the half-life of the element is

four hours, then after four hours the number of radioactive element’s nuclei left will be ‘N./2’.
After eight hours i.e. after two half-lives the number of nuclei of the original element left will
be ‘N./4"" similarly after twelve hours i.e. after three half-lives the number of nuclei of the
original element left will be ‘N./8"’ and so on. To represent the variation of un-decayed nuclei
as a function of time a graphical method is more suitable, as shown in Fig. 22.9.
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From the graph it is very easy to find the half-life of a material. To derive the relation for half-

life, we use equation:
N _ Nne—.l r

Mow use the values for first
half life of an element as:

N
N=T°am:| t="T,,. Using

these values in above
equation we get:

% s Nﬂe“"‘ Ty

1. _.ar
or ==

.

Taking inverse of the above
relation, we get:
2 = ,EL Tli'!

? Time N
g No 0 10000
 p 5000
No/2
2T, | 2500
No/4 3T, | 1250
k]
No/g
g No/16
. 47, 625
i i ] t —
_Figure 22.9: Graphical representation of nuclear decay

Now taking natural logarithm on both sides:
Now the relation of half-life of a radioactive element can be given as:

x
S

or

n2=2T,
0.693
T, =
12 %

This equation shows the relationship between the decay constant and the half-life of an
element. The half-life of a radioactive material is determined by measuring the activity of a
given sample over a period of time. It is important to note that half-life is a characteristics
property of each radioactive element and it is used to describe the rate at which a radioactive
substance decays. The half-life of radioactive element is the duration it takes for half of the
original amount of the substance to decay into a more stable form. The longer the half-life of
a substance the slower is its rate of decay and less radiations it emits over time.

Example 22.6, Cesium-137 (a beta emitter used for treating cancer and in industrial devices
to measure the thickness of materials) has a half-life of 9.5x10® s. we have one mole of
cesium at the start. What will be the decay constant and activity for this decay?

Half-life of cesium-137 =T,,

or

=7.3x10"s"

Given:
To Find: Decay constant = A=?
T = 'ﬂ_'i_gg
Putting values, we get:
_0.693
 9.5x10%

Ilhtl-'nnal Book Foundation

=9x10%s

N, =6.02x10%

Activity = 4 =2
Solution: The relationship between half-life and decay constant is given by:

0.693

Am—

T2

(se)
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Mow to find the activity, we use: A=ALN
Putting values, we get: A=7.3x10"5"x6.02x10" =4.395x ll]"Bq =1.188x10'Ci

Assignment 22.6
The half-life of strontium (Sr-91) is 9.70 hours. Find its decay constant.

22.5 NUCLEAR REACTIONS

Nuclear reactions are processes in which one or more nuclides are produced from collision
between two nuclei or one nucleus and a sub-atomic particle. A nuclear reaction is said to occur
when an incident nucleus, particle or photon causes a change in the target nucleus.

Nuclear reactions are processes in which atomic nuclei interact, resulting in changes to the
nucleus, such as fusion, fission, or radioactive decay, often releasing or absorbing energy.

nucleus by bombarding it with an energetic particle. The bombarding
particle may be an alpha particle, a gamma ray photon, a neutron, a proton
or a heavy ion. These bombarding particles must have enough energy to
approach the positively charged nucleus within the range of the strong
nuclear force. Let the nucleus ‘X’ is bombarded by some light particle ‘a’
which products a nucleus ‘Y’ along with a light particle ‘b’ mathematically: / \ 7

A nuclear reaction changes the identity or characteristics of an atomic .
“He

a+X—>Y+b g
The first ever nuclear transmutation, as shown in Fig. 22.10, observed by Figure 22.10:
Rutherford, is given below: Muclear mnctl:m. '

He + "N - "0 + H+ Q

Where Q is the energy released or absorbed equivalent to the difference of the rest masses of
the elements on both sides of nuclear reaction. If ‘Q’ is positive the energy will be liberated in
the reaction called exothermic reaction and if ‘Q’ is negative the energy is absorbed in the
reaction called endothermic reaction. If thermal neutron (neutrons with energy equal to
surrounding atoms i.e. about 0.025 eV) is bombarded on nitrogen-14 nucleus, the following
reaction can be produced with release of a large amount of energy:

M+ N - BC+ H+Q

The product in this case is the radio carbon-14, a proton and heat energy. Similarly, deuteron
which has a unit positive charge and must have high energy to cause an induced nuclear reaction
as:

H+ 5Mn —» JFe + ,n + Q

All the conservation laws must be followed in a nuclear reaction including law of conservation
of mass-energy, momentum and charge etc. The main types of nuclear reactions due to low
value of binding energy per nucleons are nuclear fusion and nuclear fission which are explained
below.
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22.5.1 Nuclear Fusion

Do you ever think the energy from the stars coming to us is obtained by which process? What is
the fuel of the Sun and how it produces tremendous amount of energy? Answer to these
questions lies in a simple nuclear reaction called the nuclear fusion reaction which can be
stated as:

A process where two or more light atomic nuclei come close to each other to form a heavier
nucleus by releasing a large amount of energy is called nuclear fusion.

Small nuclei combine to form heavier nuclei, releasing a large amount of energy in the form of
heat. This process occurs naturally in stars wherethe  pauterium Helium 4He
high temperature and pressure causes the nuclei to @ 1]

collide and fuse. The Sun's core is the site of several \

nuclear reactions that powers its energy output. el / '

Scientists are currently working on developing

nuclear fusi n and sustainable o et
source ofu::):rg? 12?:1?:1;:1& reaction is shown - b \ @
in Fig. 22.11 and can be written as: Tritium ],H Wl
H4+H > He + In+ Q __ (22.1)  Figure 22.11: Fusion reaction.
&
9 —
8- 2N sy
i Te 238y

] L ] | | 1 L] L] ]

0 20 40 60 B0 100 120 140 160 180 200 220 240
Mass number (A)

Figure 22.12: Fission and Fusion reaction with binding energy curve.

Why small nuclei tend to fuse with each other? This is due to their low binding energy per
nucleon which makes them less stable as compared to the elements of region of greater

stability. They tend to fuse with each other to get themselves more stable, As from Fig. 11.11
the binding energy per nucleon increases when the mass number increases and becomes
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maximum for ':’:Fe' whose atomic mass is A = 56 which is 8.8 MeV per nucleon. The initial
increase in binding energy per nucleon favors the fusion reaction.

Energy in Nuclear Fusion: We can calculate the amount of energy released during nuclear
fusion reaction by using the concept of binding energy per nucleon as the total energy of fusing
nuclei in equation (22.1) can be given:

Mass of Deutrium = 2.014102 u Mass of Tritium = 3.016049 u
Total Mass = 5.030151 u
To covert this mass in kilograms, we proceed as:
Total Mass = 5.030151 ux1.660x107"'kg/u = 8.350x10"kg
Energy of L.H.S of equation (22.1) is:
E = Amc® =8.350x107 kgx(3x10°*ms™)* = 7.515x107"°J = 4696.87 MeV_____ (i)
Now the total energy of product nuclei and particle in equation (22.1) can be given:
Mass of Helium = 4.002603 u Mass of Neutron = 1.008665 u
Total Mass = 5.011268 u
To covert this mass in kilograms we get:
Total Mass = 5.011268 ux1.660x10"kg/u= 8.319x107kg
Energy of L.H.S of equation (22.1) is:
E = Amc? =8.319x107 kgx(3x10°ms™)* = 7.4871x107°) = 4679.438 MeV _____(ii)

Using these values in the equation (22.1), we get the amount of energy obtained/released in
the above fusion reaction as:

4696.87 MeV = 4679.438 MeV+ Q
or 4696.87 MeV —4679.438 MeV = Q
or Q =17.43 MeV

Here positive value of Q shows that it is an exothermic reaction and heat is released in this
reaction. Hence a single event of fusion of deuterium and tritium forming helium and a neutron,
releases 17.43 MeV energy.

22.5.3 Nuclear Fission

Otto Hahn and Fritz Strassmann while working upon the nuclear reaction find a startling
discovery, They discovered a phenomenon called nuclear fission reaction which can be stated
as:
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A process where the nucleus of an atom splits into two or more smaller nuclei, with release of
large amount of energy is called nuclear fission.

The process is typically
initiated by bombarding
the nucleus with a

neutron, which causes it '
to become unstable and b

split apart. There are 9" %¥ ———
different possible nuclear P :

reactions with different

daughter nuclei they may
g Unstable

bg drfferent nuclei or "

different isotopes of same

nuclei. For example, a Figure 22.13: Fission reaction.

nuclear reaction is shown in Fig. 22.13 and can be given as:

my

(i)
In this reaction, when a slow neutron hits uranium-235, it forms an unstable nucleus (i.e.,

uranium-236 %SU° ) that breaks into barium, krypton, neutrons, and releases a lot of energy.

Fission does not give the same product every time. Fission of uranium-235 can also yield
different elements, such as shown in the following equation:

1 235 RATTHL 141 L 1
N+ HU = JU = (Ba + (Kr + 3;n +Q

| 215 136 132 101 1
N+ QU = JU = gSn + TMo + 3;n +Q

-The number of neutrons emitted during fission
reaction is not necessarily to be three. There are
; == —-F
some reactions which emit two neutrons per fission
event. The product may be different isotopes of the

same elements as in equation (i), which is shown in
Fig. 22.14 and can be given as:

..Kr

i paT) 23 i - i Figure 22.14: Fission reaction with
o+ U = pU - Ba + JKr+ 2,0 +Q different isotopes.

Nuclear fission has practical applications in nuclear power plants to generate electricity as well
as in nuclear weapons. As from Fig. 22.12, we can see that the binding energy per nucleon is
small for heavier nuclei and hence they are unstable and tend to get more stable condition.
The fission reaction occurs due to instability of heavy nuclei such that they may get small
fragments having larger stability.

Fission Chain Reaction: A single fission reaction may release two or three neutrons which can
further cause fission reactions. That further reactions produce more neutrons that cause more
fission reaction and so on.

A fission reaction in which every time at least one released neutron produces further fission
reaction then such succession of fission reactions is called fission chain reaction.
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The neutrons produced during fission reaction are fast neutrons and can escape out of the
material without producing more fission reactions, as for fission, slow neutrons are required.
To sustain the fission process, we need one neutron per fission to be capable of carrying out
next fission. If the size of material is large, some of these neutrons may be captured to produce
further fission. Hence, we need a minimum mass of material to sustain fission chain reaction
which is called as critical mass and can be defined as:

The minimum mass of the material to sustain the fission chain reaction is known as the critical
mass.

If the mass of the material is less than the critical mass the fission process would soon come to
an end. But if the mass of the material is greater than the critical mass the fission process will
get uncontrolled and would l&éad to cause the nuclear bomb. If the mass of the sample is equal
to the critical mass (or the conditions are suitable for producing one more fission reaction per
event) controlled nuclear energy will be produced as in case of nuclear reactors. This process
is used in nuclear reactors and nuclear weapons. In a nuclear weapon, the nuclear fission is
uncontrolled leading to a rapid and explosive release of energy. The potential for uncontrolled
chain reactions is what makes nuclear weapons so dangerous and that's why strict safety
protocols are to be followed
to prevent any incident. In a
nuclear reactor, the chain "‘.‘ -
fission reaction is controlled
using different techniques
which enable us to produce

Lighter element

@

=w Energy

energy. A fission chain splits

reaction of uranium-235 is

shown in Fig. 22.15. The

volume occupied by the '—‘i‘“ﬂf nu 235
critical mass of a material is

known as critical volume. Figure 22.15: Fission chain reaction.

Energy in Fission Reaction: A huge amount of energy is released in nuclear reactions,
particularly in nuclear fission reaction, which is much greater than the amount of energy
released in a typical chemical reaction. For example, a single fission event like the splitting of
uranium-235 nucleus releases about 200 MeV of energy. On the other hand, a chemical reaction
like combustion of fossil fuels release energy on the order of a few electron volts (eV) per
reaction. For example, energy released by one molecule of methane (CH4) gas is about 9.2 eV.

The fission of 1 kg of uranium-235 can produce about 2.5 million times more energy than burning
of 1 kg of coal. Hence, nuclear fission reaction releases energy that is millions of times greater
than that of chemical reactions. Due to this huge energy difference nuclear power plants are
so useful as compared to traditional chemical based energy sources.

Example 22.7. Find the amount of energy released by the following fission reaction if the
masses of uranium, barium and krypton are 235.12142 u, 140.883 u and 91,9262 u,

respectively. N+ U > 'YBa + JZKr + 3)n +Q
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Given: Mass of uranium-235: 235.12142 u Mass of barium-141: 140,883 u
Mass of crypton-92:  91.9262 u Mass of neutron: 1.008665 u

To Find: Energy: Q =7

Solution: Total mass on L.H.S = 1.008665 u + 235.12142 u = 236.1301 u

So, Total energy on L.H.S = 236.1301 ux931.5 MeV/uc® = 219955.188 MeV/c*
Now Total mass on R.H.S = 140.883 u+ 91.9262 u+ (3x1.008665) u = 235.8352 u
So, Total energy on R.H.5 = 235.8352 ux931.5 MeV /u c* = 219680.489 MeV /c?

Now to find the energy ‘Q’ for the above fission, put values in reaction equation:
219955.188 MeV /c® = 219680.489 MeV/c’+ Q

or Q =219955.188 MeV /c’ — 219680.489 MeV /c’

Q =274.699 MeV/c*
Positive sign shows that the energy is released during the fission reaction.

Assignment 22.7
Find the amount of energy released by the following fission reaction if the masses of
uranium, Xenon, Strontium and neutron are 235.12142 u, 139.9055 u, 93.9064 u and
1.008665 u respectively constant.

1 233 1) L] 1
N+ HU = 'GXe + 3Sr+ 2.,n +Q

22.6 NUCLEAR REACTORS

Large amount of energy is released in a nuclear fission reaction; therefore, it is carried under
controlled conditions. Then this energy is used for useful purposes like in the production of
electricity and radioisotopes.

Nuclear reactor is a device used to initiate and control a nuclear fission chain reaction.

A nuclear reactor typically consists of the core, fuel rods, control rods or safety rods,
moderator, coolant (heat exchanger) and shielding unit. A nuclear reactor is shown in Fig.
22.16.

Core of Reactor: The core is the main component of a nuclear reactor which contains the fuel
in which the nuclear fission process takes place. The core is the heart of a reactor where the
critical processes of nuclear fission and heat generation occur which enables the reactor to
function as a source of energy. It is designed to sustain a controlled nuclear fission chain
reaction. The main parts in the core of the nuclear reactor are:

Fuel Rods: The fuel used in nuclear reactor is typically Uranium-235 or Plutonium-239, which
is in the form of small pallets and arranged into long rods of roughly 1 cm in diameter. Most
reactors use uranium in which the amount of Uranium-235 is enriched to about 3%. These rods

are placed into the reactor’s core.
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Figure 22.16: Schematic diagram of Muclear Reactor.

Control Rods: Control rods also called as safety rods play very important role in the action of
nuclear reactor as they are used to control the extent of reaction and do not allow the fuel to
react at once. They are made of a material such as boron or cadmium that absorbs neutrons.
These rods cofitrol the fission reaction by absorbing some of the neutrons and preventing them
from causing additional fission reactions as for the output of a reactor to be constant only one
neutron from each event should process further fission reaction. These rods can move into or
out of the reactor's core as per need.

Moderator: Material that slows down the neutrons is called
moderator. Neutrons with energies of about 0.025 eV are used in
fission of uranium while the neutrons emitting from fission reaction
are fast and have energies in the range of MeV which is not required
for fission. The commonly used materials used as moderator are
water and graphite that slows down the neutrons produced by fission
as slowing down the neutrons make them more likely to cause
additional fission.

Figure 22.17:
Coolant: The coolant or heat exchanger is a fluid such as water or Moderator.

helium that circulates through the reactor’s core and carries away the heat produced by the
fission process. This heat is used to produce steam which in turns derives the turbines to
generate electricity. It also serves the purpose to cool the fuel rods and moderators from excess
heat. In the absence of a coolant the core can melt under the enormous heat produced by the
fission process. After passing through the generator the coolant passes through the condenser
which cooled down the material before entering again into the reactor’s core.

Shielding Unit: The by-product of a fission reaction includes strong radiations and energetic
particles which are harmful to human and the atmosphere. To keep human being safe, we have
to shield those radiations and high energy particles within the reactor such that they would not
release into the atmosphere. For the above said purpose we use a thick layer of concrete or
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other material that surrounds the reactor vessel. It protects workers and the environment from
radiations emitted by the reactor.

Enrichment of Uranium

The uranium found in nature has different isotopes and each isotope has different properties
and characteristics. Every isotope of uranium is not equally favorable for the nuclear fission
chain reaction. Uranium usually has two main isotopes i.e., Uranium-235 and Uranium-238.
About 99.3% of natural uranium is U-238 but unluckily it is not directly fissile but it can capture
neutrons and can be converted into plutonium-239 (Pu-239) which is fissile. On the other hand,
uranium-235 is about 0.7% of natural uranium and this isotope is fissile means it can sustain a
chain reaction by absorbing neutrons and undergoes fission. Hence uranium fuel needs to be
enriched because natural uranium contains too low concentration of fissile U-235. Enrichment
increases the proportion of U-235 allowing reactors to achieve and maintain criticality, operate
efficiently, manage reactor design and fuel usage effectively.

The process of converting non fissile material like uranium-238 into a fissile material like
uranium-235 is called enrichment.

To sustain a controlled nuclear chain reaction a reactor needs a sufficient concentration of
fissile material i.e. U-235 in nature its concentration is as low as 0.7% which is not sufficient
and nuclear reactor cannot be run on this percentage. Enriched uranium typically contains 3-
5% U-235 due to this higher concentration of U-235 it improves the efficiency of reactor making
it more feasible to maintain a steady and controlled reaction.

Various methods can be used to enrich uranium including gaseous diffusion method, as shown
in Fig. 22.18, gas centrifugation and laser enrichment. The most common method is gas
centrifugation which uses rapidly spinning centrifuges to separate uranium isotopes based on
difference in their masses.

Natural Uranium Enriched Uranium ted
(0.711% U-235) (1235 1%) @ o wicyon -
oo I‘.ol U fluoride
" o'og 0. © 28[ Uranium
Depleted Uraniun — -
L+ . o* mt'% —S
(=) (<0.7% U-235) Pk |
om0 * 0
u-235Q ° L °g o %
,oﬁo 0 * 0O oo
v-238 00' o .ﬂ ° | Motor
Porous
Membrane O %@ o
Figure 22.18: Gaseous diffusion uranium Figure 22.19: Gas Cent rifuge.

enrichment process.

The gas centrifugation process is shown in Fig. 22.19, in which a motor rotates the case which
contained uranium hexafluoride. Gaseous diffusion enrichment is a method used to enrich
uranium by converting it into a gas (Uranium hexafluoride) and passing it through porous
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barriers. The lighter U-235 molecules pass through more easily than the heavier U-238
molecules, gradually increasing the concentration of U-235. This process is repeated multiple
times to achieve the desired level of enrichment.

22.7 ENERGY IN ANNIHILATION REACTIONS

Annihilation reactions are fundamental in particle physics and have practical applications in
technologies like PET Scans in medical imaging. It occurs when a particle collides with its
corresponding anti-particle resulting their mutual destruction and conversion of their mass into
energy. This process is governed by the principles of conservation of momentum and mass-
energy means total energy before and after the annihilation remains the same, as described by
Einstein’s equation E=m c. The total momentum also conserves in these reactions i.e. the

total momentum of photons will be equal to the initial momentum of the particle and anti-
particle. The most common example of annihilation reaction is electron-positron annihilation
to produce two gamma ray photons and can be given as:

(22.2)
Another annihilation reaction can be of proton and anti-proton in which they annihilate to
produce photons or various other particles like pion and kaon, such reactions can be given as:

P*+p =y+Y

0. '
or p'+p =n"+n +n° i — —
Energy

The-. annihil.a?tinn reaf;tiup of proton and . proton m
anti-proton is shown in Fig. 22.28. proton

The energy in  electron-positron  Figure 22.19: Proton anti-proton annihilation.
annihilation given by equation (22.2) can
be calculated as:

e +e'=y+y

0+0-9+8-0
4 m "

The rest mass energy of an electron can be found by using equation E=m,* while the rest

mass of an electron and positron is 9.1x10""" kg . Now to calculate the rest mass energy of the
electron and positron we can use:

E=m,.c’ +mc’ = 2hf
E=mc = 9.1x10"kg x (3x10"ms™')’

or E=mc’ = 8.19x10")
This energy can be converted into electron-volt units as:
8.19x10"

— Y = 5|75 eV
l.6=10

As positron has the same mass as that of electron hence it also has the same energy so total
energy of the annihilating particles can be given as:

E= 2x511875 eV =1.02 MeV

This is minimum.amount of energy produced by the annihilation reaction. Hence each gamma
ray photon carries energy of 0.51 MeV. For the case when electron and positron are moving
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then their kinetic energy is also included in the total energy which determines the energy of
the emitted gamma ray photons and can be written as:

KE oo + KEpron + 2MC = 2hf

Example 22.8. Find the amount of energy released by the annihilation of electron and
positron initially moving with kinetic energy of 0.12 MeV each, while the rest mass energy
of electron and positron is 0.51 MeV.

Given: Rest mass energy of electron: m,c* = 0.51 MeV

(22.3)

Rest mass energy of positron: m,c’ =0.51 MeV

K.Egectron =0-12 MeV K.-E csttron =0.12 MeV
To Find Energy of gamma ray photon: Af =7
Solution: To find energy we use equation 22.15:

K-Egectron + K-Epgron + 2M,c? = 2hf

Putting values, we get: 0.12 MeV+ 0.12 MeV+ 2x(0.51 MeV) = 2hf
or © 1.26 MeV = 2hf
or hf = 0.63 MeV
Hence the energy of each gamma ray photon will be 0.63 MeV.

Assignment: 22.8
Find the energy of gamma rays photon released by the proton and anti-proton annihilation
reaction where the mass of proton and anti-proton is 1.007276 u. The reaction can be given

e P*+pT =y+y

22.8 MEDICAL USES OF RADIATIONS

Radiations have vast medical treatment and diagnostics applications. The most commonly used
radiations you would ever use are the medical x-rays, gamma ray therapy and other radiations.
These are widely used for different.purposes in medical science. Medical tracer and PET scanner
are some of the techniques commonly used in medical diagnostics.

22.8.1 Medical Tracer
;EW

A medical tracer is a substance which
contains some radioactive nuclei. It is used in
medical imaging to study the functions of

tissues and organs. When we introduce this material

substance into the body the tracer is

absorbed by the specific tissue being

examined, as shown in Fig. 22.20. The

radioactive nuclei emit gamma rays which can Detect tumour from the flow
df'rdhlﬂi_ﬂm

be detected by imaging equipment such as

positron emission tomography (PET) or single
photon emission computed tomography

National Book Foundation

Figure 22.20: Medical Tracer.
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(SPECT) scanners. These images help doctors diagnose and monitor various conditions such as
cancer, heart disease and neurological disorders by providing detailed information about the
processes occurring within the body. The tracer is usually introduced into the body through
injection into the blood stream, ingestion or inhalation depending upon the type of study and
the area of interest. When tracer enters into the body it is absorbed by specific tissues due to
its affinity for certain biological processes. Tracers are valuable in research settings to study
how diseases develop and progress as well as to explore new treatments and diagnostic
methods. There are many radioactive materials which are used as medical tracers depending
upon the need of study and their properties required. Some of the commonly used materials as
medical tracers and their use are given ip the table below:

Fable 22.4; Medical tracers and their use

Element Use Half-life
Technetium-99 Bone scan, cardiac stress and thyroid 6 hours
Fluorodeoxyglucose | Metabolic activity and cancerous tumors 110 minutes
lodine-131 Therapeutic applications, hyperthyroidism and thyroid cancer B days
lodine-123 Thyroid gland, brain and heart scan 13 hours
Gallium-67 Infections, tumors, lymphoma and lung cancer 78 hours
Thallium-201 :iysggas;dial'perfu;iun imaging, heart function and coronary artery 73 hours
Radium-223 Eg:e metastases, prostate cancer and reduce cancer spread in 11.4 days

e tissues
Carbpn-11 MNeurodegenerative diseases and certain types of cancer 20 minutes
Oxygen-15 Measure blood flow and metabolism in tissues 2 minutes

22.8.2 PET Scanner

Positron emission tomography (PET) is a powerful imaging technique that allows us for detailed
observation of metabolic physiological processes within the body. For diagnostic under PET
scanner, we perform the following steps:

i) Inject the patient with some positron emitting radionuclide such as carbon-11. The tracer
travels through the blood stream and accumulates in tissues or organs which are under
studies.

ii) The radionuclide within the tracer undergoes
radioactive decay emitting a positron. A positron is
an anti-particle of electron which has the same
mass as that of electron but of opposite polarity of
charge.

iii) The emitted positron from C-11 travel a short
distance and they encounter electrons in the
surrounding tissues.

iv) When the electron and positron meet, they

annihilate each other producing gamma ray
photons, as shown in Fig. 22.21.

Figure 22.21: Annihilation within
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v) The two gamma ray photons result from

vi) PET scanner consists of a ring of detectors

electron positron annihilation emitted
with energy of 511 keV each and travel in
opposite direction to conserve momentum.

that encircle the patient, as shown in Fig.
22.22. These detectors are sensitive for
gamma ray detection when the gamma
rays strike the detectors they are
converted into an electric signal. In this
process these gamma ray photons escape
the body and travel outside of the body towards the ring detector that surrounds the body.

Figure 22.22: Detectors in PET.

vii) The scanner detects simultaneous arrival of many pairs of gamma rays travelling at 180°.

The = complete  working
diagram of positron emission

Then it records their time of arrival and their spatial information. The detected signals are
then processed by a
computer to determine e
the location of
annihilation event within
the body. The computer
then makes an image from
the detected photon pair
providing insight into the
body.

tomography (PET) scanner is Figure 22.23: Schematic diagram of PET scanner.
shown in Fig. 22.23.

SUMMARY

>

>

Nuclear physics: Nuclear physics is a branch of physics that deals with the study of the
atomic nucleus, its properties and interactions.

Mass defect: The difference between the mass of the nucleus and sum of the masses of its
constituent particles is called as mass defect.

Binding energy: The minimum energy required to break an isolated nuclei into its
constituent particles is called the binding energy.

Binding energy per nucleon: It is the total binding energy of an atom divided by the number
of nucleons.

Radioactivity: The natural process of emission of rad1atians from unstable nuclei is called
radioactivity.
Alpha decay: Alpha decay occurs when an atomic nucleus emits an alpha particle, which is

a helium nucleus consisting of two protons and two neutrons.
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Beta decay: Beta decay occurs when an atomic nucleus emits a beta particle, which is an
electron or a positron. '

Gamma decay: Gamma decay occurs when an atomic nucleus transitions from a higher
energy state to a lower energy state, emitting a gamma ray in the process.

Half-life: The time it takes for half of the radioactive nuclei to decay is called as half-life
of that element.

Curie: When there is an activity at the rate of 3.70x1 0" decays per second then the activity
is equal to one curie.

Fusion: A process where two or more light atomic nuclei come close to each other to form
a heavier nucleus by releasing a large amount of energy is called nuclear fusion.

Fission: A process where the nucleus of an atom splits into two or more smaller nuclei,
some particles like neutron and a large amount of energy is called nuclear fission.

Fission chain reaction: A fission reaction in which every time at least one released neutron
goes further fission then such succession of fission reactions is called fission chain reaction.
Critical Mass: The minimum mass of the material to sustain the fission chain reaction is
called as the critical mass.

Critical volume: The volume occupied by the critical mass of a material is known as critical
volume.

Nuclear reactor: Nuclear reactor is a device used to initiate and control a nuclear fission
chain reaction.

Control rods: Control rods are used to control the extent of reaction and do not allow the
fuel to react at once. -

Moderator: Material that slows down the neutrons is called moderator.

Enrichment of uranium: The process of converting non fissile material like uranium-238
into a fissile material like uranium-235 is called enrichment.

Gas diffusion method: Gas diffusion method is used for enrichment of uranium in which the
gas is allowed to diffuse from a porous wall.

Gas centrifuge method: The most common method is gas centrifugation which uses rapidly
spinning centrifuges to separate uranium isotopes based on difference in their masses.
Medical tracer: A medical tracer is a substance which contains some radioactive nuclei.
PET scanner:' Positron emission tomography (PET) is a powerful imaging technique that
allows us for detailed observation of metabolic physiological processes within the body.

Formula Sheet

Am

f=

= [(A = Z) M + Z Mp] = Mouciess E = Am ¢? %h,m
E (A-Dm+Zm -m..)c 0.693 )
:= AP rscleins AwiN T‘l.r'1= = N=N9E At
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EXERCISE

Multiple Choice Questions

Encircle the Correct option.

1) The process by which a heavy nucleus splits into two smaller nuclei is called:
A. Fission B. Fusion C. Alpha decay D. Beta decay

2) Radiation with highest ionizing power is:
A. Gamma rays B. X-rays C. Alpha particle _ D. Beta particle

3) Which of the following particles has almost the same mass as a proton but carries no charge:
A. Neutron .B. Proton C. Electron D. Beta particle

4) The charge on an alpha particle is: '

A =1 B. -2 C. +1 D. +2
5) In the nucleus of uranium-235, the number of neutrons is:
A, 92 B. 143 C. 235 D. 134

6) The half-life of radium is 1590 years. In how many years shall the Earth loss all its radium
due to radioactive decay?

A. 795 B. 1590 C. 3180 D. Infinite
7) The energy released in nuclear reactor is produced by:
A. Fission B. Fusion C. Coal D. Gas

8) C-14 has a half-life 5730 years. The number of nuclei in a sample will drop to 1/8 of initial
quantity in years:

A. 1.44x10° B. 1.72x10* C. 2.58x10* D. 2.85x10*
Short Questions

1) What are some of the potential benefits and drawbacks of using nuclear energy as a source
of electricity compared to other forms of energy?

2) What happens to the atomic number and mass number of nucleus that {(a) emits electron
(b) undergoes electron capture (c) emits a particle?

3) Why does the low energy alpha particle not make physical contact with the nucleus when
an alpha particle is headed directly towards the nucleus of an atom?

4) An alpha particle has twice the charge of a beta particle. Why does the former deflect less
than the later when passing between electrically charged plates, assuming they both have

- the same speed?

5) Why uranium fuel needs to be enriched before use?
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6) If U-238 undergoes alpha decay, what is the resulting nucleus?
7) How do chain reactions occur in nuclear fission?

8) How does the molecular weight difference between U-235 and U-238 hexafluoride molecules
enable enrichment? What role do porous barriers play in the gaseous diffusion process?

Comprehensive Questions

1) Explain the terms mass defect and binding energy.

2) What is radioactivity? Explain.

3) How can you 'fins.'l energy from a nuclear decay?

4) Describe the importance of radiations in medical field?

5) What is nuclear fusion? Explain in detail. Also discuss some practical applications of this
reaction.

6) What is nuclear fission? Explain in detail.

7) Discuss the function of the principle components of water moderated power reactor: such
as: core, fuel, rods, moderator, control rods, heat exchange, safety rods and shielding.

8) Explain the exponential nature of radioactive decay.
9) - Explain annihilation reaction in detail.

10) lllustrate how PET scanning works.
Numerical Problems

1) If an isotope has a half-life of 10 days and there ai*e initially 5000 nuclei, how many will
remain after 30 days?. (Ans: 625)

2) If a nucleus of carbon-14 has a decay constant of 0.00012 s™', what is its half-life?

(Ans: 5775s)
3) What is energy released when a nucleus of U-235 undergoes fission and release two neutrons?

(Ans: 1.793x10 "))
4) Calculate the number of nuclei of C-14 remain un-decay after 40110 years if the initial atoms
were 10,000 (The half-life of C-14 is approximately 5,730 years). - (Ans: 4670)
5) Calculate the mass defect and binding energy per nucleon for silver (Ag) nucleus if it’s atomic
mass in 107.905949 u. (Ans: 41.031x107'? J/nucleon)
6) Calculate energy released in the following reaction:

N+ QU = 3Sr+ 'gXe + 3)n +Q (Ans: —6.474x10"" J)
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COSMOLOGY

Student Learning Outcomes (5LOs)

The student will

Explain the term luminosity [as the total power of
radiation emitted by a star].

Apply the inverse square law for radiant flux
intensity [F-in terms of the luminosity L of the

source F =—1].
A ? ]

Define and apply standard candles [Explain the use-

of standard candles to determine distances to
galaxies].

Explain blackbody radiation and apply Wien's
displacement law to Solve problems [AmaT =
constant to estimate the peak surface temperature
of a star]

Apply the Stefan-Boltzmann law to solve problems
[L= 4 r? x oT* to solve problems)

estimate the radius of a star [applying Wien's
displacement law and the Stefan-Boltzmann law]

Explain that the lines in the emission and absorption
spectra from distant objects show an increase in
wavelength from their known values.

explain why redshift leads to the idea that the
Universe is expanding [include using % & g =
= for the redshift of electromagnetic radiation from

a source moving relative to an observer to solve
problems relating to the expanding universe].

State and explain Hubble's law and how it leads to
the Big Bang theory.
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Electromagnetic radiations are playing a vital role in facilitating us during research. It can give
us in depth information of a living or non-living body by penetrating into it. Electromagnetic
radiations also give us information of far-off outer space or universe.

Electromagnetic energy travels in the form of waves and spans a broad spectrum ranging from
very long radio waves to very short gamma rays. The human eye can only detect a small portion
of this spectrum, called visible light. NASA's scientific instruments use the full range of the
electromagnetic spectrum to study the Earth, the solar system, and the universe beyond.

Cosmology is the study of the origin, development, structure, history, and future of the entire
universe. Radiation plays a significant role in cosmology, particularly in understanding residual

radiation from the Big Bang. These aspects help us study the universe's origins, evolution, and
structure.

23.1 BLACK BODY RADIATION

A black-body is an ideal object which is perfectly opaque and non-
reflecting.

= |t absorbs all the radiation that falls on it.
+ |t is also a good emitter.

A black-body is a theoretical object; however, stars are the best
examples. The radiation emitted from a black-body has a
characteristic spectrum that is determined by the temperature.

Wien's Displacement Law

Figure 23.1: An ideal
This law helps understand thermal radiation, temperature and blackbody. |
emission spectra. It shows that hotter objects emit shorter

wavelengths (e.g., blue light), while cooler objects emit longer wavelengths (e.g., red light).

Wien's displacement law relates the observed wavelength of light emitted by a star to its
surface temperature (T). It states that:

The black body radiation curve for different temperatures peaks at a wavelength, which is
inversely proportional to the temperature.

1
2\ 2
“T

- This relation can be written as:

' 1
A .=constantx —
or T

Amax is the maximum wavelength emitted by the star at the peak intensity, as shown in Fig.

23.2. Here the constant is equal to 2.9 x 102 m K. Thus, the equation for Wien's displacement
law is given by:

.?‘-ml,gT = 2.9 x Iﬂ_] m K {23-1}
This equation shows that:
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¢ The higher the temperature of a body, the shorter the wavelength at the peak intensity.
Therefore, hotter stars tend to appear white or blue and cooler stars tend to appear red or
yellow.

¢ The higher the temperature of a body, the greater the intensity of the radiation at each
wavelength.

2
Wavelength A (pm)

Figure 23.2: The intensity-wavelength graph shows the relation of temperature to the peak ,
‘wavelength for four different stars.

23,2  LUMINOSITY AND RADIANT FLUX INTENSITY

Luminosity and radiant flux intensity are two different quantities related to electromagnetic
radiation. Let us understand each term separately, before exploring the relationship between

them.

Luminosity

In astronomy, luminosity is the total amount of electromagnetic energy emitted per unit time
by a star or other celestial objects. This represents the power output.of radiation emitted by a

star.
Luminosity is a measure of the total power output of radiation emitted. by a star.

In SI units, luminosity is measured in joule per second (J '), or watt (W).
Luminosity depends on temperature and surface area of the star. The relationship between
these two quantities is known as the Stefan-Boltzmann Law, which states that:

The total energy emitted by a blackbody per unit area per second is proportional to the fourth
power of the absolute temperature of the body.

Mational Book Foundation ” @ 23-Cosmology



Qi halaTaabi N, e Cosa

When considering a star to be a completely black body, the Stefan-Boltzmann law can be
applied to find the value for luminosity (L) for a black body. i.e.,

L = AoT* (23.2 a)

Where A is the surface area, T is the temperature (in kelvins) and o is the Stefan-Boltzmann
constant, with a value of 5.67 x 10® Wm™ K. The surface area of a star (being sphere) is equal
to 4nr?, so Eq. (23.2 a) can also be written as:

L = 4nriaT* (23.2 b)

If two stars have same temperature, then the star with double radius will have approximately
four times the luminosity.

Radiant Flux Intensity

Light sources (such as stars) that are further away from the Earth appear fainter because the
light they emit is spread out over a larger area. The moment the light leaves the surface of the
star, it begins to spread out uniformly through a spherical shell (with an area of 4nr?). The
radius r of this sphere is equal to the distance d between the star and the Earth. By the time
the radiation reaches the Earth, it has been spread over an area of 4nd®.

The luminosity per unit area measured on the surface of the Earth is known as radiant flux
intensity.

Thus, the relationship between the luminosity (L) and radiant flux intensity (F) can be expressed

as: ; ;
F=L/A (23.32) _ i
; .
F= 23.3b
4nd? i

where A is the area of the illuminated surface. In Sl units,
radiant flux intensity is measured in W m™. Eq. (23.3) shows
that the radiant flux follows an inverse square law: when
light is twice as far away, it has spread over four times the
area, resulting in a four-fold decrease in intensity.

For Your Information

Consider a point source of light of luminosity L that radiates
equally in all directions, as shown in Fig. 23.3. A
hollow sphere centered on the point would have its entire
interior surface illuminated. As the radius increases, the
surface area also increases, and the constant luminosity has
more surface area to illuminate, leading to a decrease in
observed brightness (radiant flux intensity).

Value of solar luminosity is:
3.84x10% W

A greater radiant flux intensity (larger F) indicates that the star is closer to the Earth
(smaller d).
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The luminosity is the total power output of the star, whereas the radiant flux intensity is what
is measured on Earth.

| Radiant flux
intensity (F)

Star with wminesity L

(like a point source)

. Figure 23.3: Inverse Square Law of radiant flux intensity.

Example 23.1: A star has a known luminosity of 9.7 x 10’ W. Observations of the star
show that the radiant flux intensity of light received on Earth from the star is 114 nW m™.
Determine the distance of the star from Earth.

Given: Luminosity = L = 9.7 x 107 W
Radiant flux intensity = F = 114nW m?Z = 114 x 10° W m?

To Find: Distance from the Earth=d =7

. L
lution: We use the equation, - F=
0 _ - ' 4nd’
By rearrange for distance d, we get: d= EI:E
By putting values, we get: d=8.2x10"m

Assignment 23.1

What is the relative luminosity of the objects A and B if: Ta = 100 K, Ts = 200 K, Ry = 10 m
andRa=5m.

23.3 . STANDARD CANDLES: A Distance Indicator

Measuring astronomical distances accurately is an extremely difficult task. A direct distance
measurement is only possible if the object is close enough to the Earth. For more distant
objects, indirect methods must be used. Standard candles are useful for this purpose.
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In astronomy, a standard candle is a source with a known luminosity. A standard candle is
defined as:

An astronomical object which has a known luminosity due to a characteristic quality possessed
by that class of object.

If the luminosity of a source (i.e., standard candle) is T N
known, then the distance can be calculated by using the Eq.
(23.3 b), which is based on how bright (i.e., the
measured radiant flux intensity) it appears from Earth.

Tala

Examples of standard candles are: Cepheid variable stars
and Type 1A supernovae. Each standard candle method can
measure distances within a certain ranhge. Organizing the Edwin Hubble used Cepheld to
data and measurements from each method allows 4aotermine the distances of
astronomers to build up a larger picture of the universe, “nebulae” and derive the Hubble
from nearby stars to. distant galaxies. This is known as law. Nebulae are interstellar
the cosmic distance ladder. clouds of gas and dust.

Estimating the Radius of Stars

The radius of a star can be estimated by combining Wien’s displacement law and the Stefan-
Boltzmann law. The procedure for this is as follows:

« Find the surface temperature of the star by using Wien's displacement law.

« Find the luminosity of the star by using the inverse square law of flux (if the radiant flux
and stellar distance are given).

« Then, using the Stefan-Boltzmann law, the stellar radius can be obtained.

Example 23.2: The spectrum of the star Rigel in the constellation of Orion peaks at a
wavelength of 263 nm, while the spectrum of the star Betelgeuse peaks at a wavelength of
828 nm. Find the surface temperature of-these two stars. Which of these two stars is cooler?

Given: For the star Rigel: Amax = 263 nm =263 x 10°m

For the star Betelgeuse: . Amax = 828 nm = 828 x 10°m
To Find: Surface temperature for the star Rigel: T=7?

Surface temperature for the star Betelgeuse: T =7
Which of the two stars is cooler =7
Solution: We use the equation,
AmaxT=2.9%x 10" mK _
By rearrange for distance d, we get:
T=2.9x%107/ Ao

For the star Rigel: T=2.9%10/ Anax =2.9 x 10 / 263 x 10® = 11026 K
For the star Betelgeuse: T=2.9%107 / Amax=2.9 x 107 / 828 x 10° = 3502 K
As, Betelgeuse has surface temperature of 3500 K, therefore, it is cooler than Rigel.
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Assignment 23,2
Betelgeuse is our nearest red giant star. It has a luminosity of 4.49 x 10®' W and emits
radiation with a peak wavelength of 850 nm. Calculate the ratio of the radius of
Betelgeuse rs to the radius of the Sun rs.

23.4 SPECTRA OF LIGHT

Astronomers are very limited in how they can investigate objects in the space. All of the
techniques used by astronomers involve analysing the light emitted from the star, or galaxy.
One of these techniques involves analysing the emission and absorption spectra of stars.

Elements in the star (mostly hydrogen and helium) absorb some of the emitted wavelengths.
Therefore, characteristic lines are present when the spectrum is analysed. Every element has
a unique set of absorption and emission lines. The pattern of lines is known as a spectral
signature. The absorption and emission spectra of each element are inverses of each other: The
wavelengths of a particular*element’s absorption lines are the same as the wavelengths of its
emission lines. Astronomers can compare the spectrum of a celestial object or material with
the spectra of known elements and molecules to figure out what the object or material is made
of.

Absorption Spectra: When light passes through a gas, atoms and molecules in the gas absorb
certain colors, or wavelengths, of that light. The result is an absorption spectrum: a rainbow
with dark absorption lines.

Emission Spectra: The same gas can glow, giving off very specific colors to form an emission
spectrum with bright lines known as emission lines.

Spectra of Light from Stars and Galaxies

When astronomers observe light from distant galaxies, they observe differences in the spectral
lines to the light from the Sun. The lines in the emission and absorption spectra from distant
objects show an increase in wavelength from their known values. These lines appear to be
shifted sightly towards the red end of the spectrum but, the lines have the same characteristic
pattern, meaning the element can still be easily identified.

ength

(a) Normal. .

Ib) shifter toward ! l!!l.

Figure 23.4: Emission spectra of hydrogen (a) spéctral lines of
hydrogen measured from a source in laboratory. (b) spectral lines

of hydrogen measured from a distant galaxy.
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Red-shift and Speed

Astronomers see red-shift in all galaxies. It is due to the reason that ‘the space between the
Earth and the galaxies is expanding'. This expansion has the effect of increasing the wavelength
of the light from these galaxies, shifting them towards the red end of the spectrum. The more
red-shifted the light from a galaxy is, the faster the galaxy is moving away from Earth. Recall
that the Doppler effect is defined as:

There is apparent change in wavelength or frequency of the radiation from a source due to its
relative motion toward or away from the observer.

Doppler effect of light can observe when spectra of distant stars and galaxies are observed,
this is known as:

« Redshift, if the object is moving away from the Earth.
e Blueshift, if the object is moving towards the Earth.
Redshift is defined as:

The fractional increase in wavelength (or decrease in frequency) due to the source and observer
receding from each other.

Red-shift can be calculated using:
o _Af _v
R S
Where, AA is shift in wavelength, A is wavelength emitted from the source, Af is shift in

frequency, f is frequency emitted from the source, v is speed of recession and c is 5|:|-eed of
light in a vacuum.

Expanding Universe

(23.4)

After the discavery of Doppler redshift, astronomers began to realise that almost all the galaxies
in the universe are receding. This [ed to the idea that the space between the Earth and the
galaxies must be expanding. This expansion stretches o(t the light waves as they travel through
space, shifting them towards the red end of the spectrum. The more red-shifted the light from -
a galaxy is, the faster the gataxy is moving away from Earth.

Activity'23, 10 A balloon inflating issimilarto.the'stretching of the space between galaxies

\

Whan a dotted balloon is inflated then all the dots move away from each other as the rubber stretches.

The expansion of the universe can be compared to dots on an-inflating balloon. Just like the dots, the
galaxies move away from each other.
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23.5

HUBBLE'S LAW AND THE BIG BANG THEORY

Edwin Hubble investigated the
light spectra emitted from a
large number of galaxies. He
used redshift data to determine
the galaxy's recessional velocity
(v), andstandard candles to
determine the distances (d)
between the galaxy and Earth.
From these measurements, he
formulated a relationship, now
known as Hubble's Law.
Hubble’'s Law states:

The recession speed of a galaxy
is directly proportional to its
distance from the Earth.

Expression for the Hubble's Law
can be written as:

v=Hod
(23.5)

Where, H,is Hubble's constant,
or the rate of expansion of the
universe (s'). The Eq. (23.5)
shows that:

e The further away a galaxy,
the faster it’s recession
velocity (v).

Figure 23.5: The Big Bang Theory explains how the universe

began 13.8 billion years ago.

- . distance

Figure 23.6: Graph of recession velocity against distance.

» ~The gradient of a graph of recession velocity against distance is equal to the Hubble
constant (i:e., v/d = Hg), as shown in Fig. 23.6.

galaxy evolution, star

expansion of the universe.

‘Mational Book Foundation

Hubble Space Telescope.
The Hubble Space Telescope is a space-based
observatory launched in 1990. It orbits very
low in earth orbit, approximately 340 miles
(540 km) above Earth's surface. It observes
ultraviolet, visible, and near-infrared light. It
contributed significantly to understanding
formation,
cosmology. It has also determining the rate of

SR

and
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Age of the Universe

If the galaxies are moving away from each other, then they must've started from the same
point at some time in the past, as shown in Fig. 23.7. If this is true, the universe likely began
in an extremely hot, dense singular point which subsequently began to expand very quickly.
This idea is known as the Big Bang theory. According to the Big Bang theory:

About 13.8 billion years ago the whole
universe was a very small, extremely hot
and dense region. From this tiny point, the
whole universe expanded outwards to
what exists today.

Redshift of galaxies and the expansion of
the universe are now some of the most
prominent pieces of evidence to suggest
this theory is true. The data from Hubble's
law can be extrapolated back to-the point
where the universe started expanding,
i.e., the beginning of the universe, as
shown in Fig. 23.7. Therefore, the age of
the universe T, is equal to:

Figure 23.7: Tracing the expansion of the universe
1 back to the beginning of time leads to the idea the
T, = T — (23.6) universe began with a Big-Bang.
Q
Presently estimated age of the universe ranges from 13 to 14 billion years. There is still some
discussion about the exact age of the universe, therefore, finding accurate measurements for
the Hubble's constant is a top priority for cosmologists.

James Web Space Talescone
It is launched in 2021. It orbits approximately
1.5 million kilometers from Earth.
It observes near-infrared and mid-infrared
light, studying galaxy formation, star birth,
and planetary systems. Its main objectives are
to studying the universe's early stages, to
understanding galaxy formation and
evolution, observing star formation and
planetary system development.

Example 23.3: A specific line in the spectrum of light obtained from a source in laboratory
has a frequency of 4.570 x 10" Hz. The same line in the spectrum of light from a distant

galaxy has a frequency of 4.547 x 10" Hz. What speed is the distance galaxy moving in
relation to'the Earth? Is it moving towards or away from the Earth?

Given: frequency of lab source: f =4.570 x 10" Hz
frequency of distant galaxy: f = 4.547 x 10" Hz
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To Find: Speed of the galaxy: v =7
Solution: Shift in frequency: Af = (4.570 - 4.547) x 10" = 2.3 x 10" Hz

Af

Now we use the equation: T:%

Rearrange for speed v and putting values, we get:

_cAf _ (3x10°)(2.3x10%)

- AST iR =1.5x10°m s

v

The observed frequency is less than the emitted frequency (the light from a laboratory
source), therefore, the source is receding from the Earth at 1.5 x 10° m s™.

Assignment 23.3

A galaxy is found to be moving away with a speed of 2.1 x 10" m s'. The galaxy is at a
distance of 9.5 x 10** m from Earth. Assuming the speed has remained constant, what is
the age of the universe in years? .

SUMMARY

L4

L

Luminosity is a measure of the total power output of radiation emitted by a star. In Sl units,
luminosity is measured in joule per second or watt.

Stefan-Boltzmann Law: the total energy emitted by a black body per unit area per second
is proportional to the fourth power of the absolute temperature of the body.

Blackbody is an idealized object that is perfectly opaque and non-reflecting.

Luminosity per unit area measured on the surface of the Earth is known as radiant flux
intensity.

A standard candle is defined as: an astronomical object that has a known luminosity due to
a characteristic quality possessed by that class of object.

Wien's displacement law states that: The black body radiation curve for different
temperature peaks at a wavelength, which is inversely proportional to the temperature.
Redshift is defined as: the fractional increase in wavelength (or decrease in frequency) due
to the source and observer receding from each other.

Hubble's Law states: the recession speed of galaxies moving away from Earth is
proportional to their distance from the Earth.

According to the Big Bang theory: about 13.8 billion years ago the whole Universe was a
very small, extremely hot and dense region. From this tiny point, the whole Universe
expanded outwards to what exists today.

Estimated age of the universe ranges from 13 to 14 billion years.

Formula Sheet

AmaxT=2.9x107 mK L = AoT* F=L/A
A Af v 1
o TR T = Ho d y T
2 F e L ° H,
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EXERCISE

Multiple Choice Questions

Encircle the Correct option.

1)
2)

3)

; ”

3)

6)

51 unit of Luminosity is

A. watts B. joules C. newtons/meter D. cd/m

Luminosity is associated with energy produced by

A. objects B. celestial bodies C. light source D. fluorescent lamp
Luminosity depends on

A. Size of the star B. Temperature of the star

C. Colour of the star D. Option 1 and 2

Which law states that brightness of a source is inversely proportional to the square of its
distance

A. Law of brightness : B. Direct Square Law of brightness
C. Inverse Square Law of brightness D. Inverse Square Law of light

SI unit of Hubble's constant (H,) is )

A s’ B. m" C.m D.ms"
Which statement about the Big-Bang theory is not correct:

A. There was a giant explosion known as the big bang.

B. This caused the universe to expand from a single point.

C. Each point in the universe expands away from the others.

D. The further away galaxies are the slower they are moving.

Short Questions

1)
2)
3)
4)
5)
6)
7)

8)
9)

What is meant by blackbody radiation?

What is the relationship between luminosity and radiant flux intensity?
What is the inverse square law for radiant flux intensity? :

What is meant by standard candles? Give any two examples.

What is Wien's displacement law?

Define Stefan-Boltzmann law.

How can we estimate the radius of a star by applying Wien's displacement law and the
Stefan-Boltzmann law?

How redshift leads to the idea that the Universe is expanding?
How does the expansion of the universe support the Big Bang theory?

National Book Foundation _ 2 ok 23-Cosmology



= 3 .
‘ { 5 b o w‘
Al i Rt

10) How do different types of spectra (emission, absorption, continuous) provide insights into
the composition and properties of celestial objects?

Comprehensive Questions

1) Explain the term luminosity and radiant flux intensity.
2) Discuss the use of standard candles to determine distances to galaxies.

3) Explain that how the radius of a star can be estimated by applying Wien's displacement law
and the Stefan-Boltzmann law.

4) Why redshift leads to the idea that the Universe is expanding? Discuss.
5) State and explain Hubble's law and how it leads to the Big Bang theory.

Numerical Problems

1) There are two stars, let named A and B. Which star has the greater temperature? Given that:
La = Ls = 10* J/s; Ry = 10* m; Re = 10° m. (Ans: star A)

2) The Sun has a surface temperature of 6000K produces peak radiation of 420 nm. Find out the
temperature of the Sirlus if peak radiation of Sirius is 72 nm. (Ans: 35000 K)

3) If a source has a luminosity of 3.826x10% W and is at a distance of 3 lightyear, what is thze-
radiant flux intensity? (Ans: 3.78 x 10° W m™)

Mational Book Foundation 23-Cosmology
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EARTH?S:CLIMATE

Student Learning Outcomes (SLOs)

The student will

Describe Earth's climate system as a complex system
having five interacting components [the atmosphere
(air), the hydrosphere (water), the cryosphere (ice
and . permafrost), the lithosphere (earth's upper
rocky layer) and the biosphere (living things)]

Relate ocean currents and wind patterns to the
climate system [as the statistical characterization
of the climate system, representing the average

'weather, typically over a period of 30 years, and is

determined by a combination of processes in the
climate system, such as ocean currents and wind
patterns]

Explain climate inertia as the phenomenon by which
climate systems show resistance or slowness to
changes in significant factors e.g. stabilization of
greenhouse emissions might show a slow response
due to the action of complex feedback systems]
Explain that climate change can be categorized into
internal variations and external forcing.

Explain how global climate is determined by energy
transfer from the Sun [with specific reference to the
below factors and terms

- state and use the term Earth energy budget

- Explain how the energy imbalance between the
poles and the equator can affect atmospheric
circulation]

Explain that due to the conservation of angular
momentum, the Earth's rotation diverts the air to
the right in the Northern Hemisphere and to the left
in the Southern hemisphere, thus forming distinct
atmospheric cells.

Explain that ocean water that has more salt has a
higher density and differences in density play an
important role in ocean circulation.

Explain how the thermohaline circulation transports
heat from the, tropics to the polar regions.

Explain how climate science is an example of a
chaotic system, [using the metaphor of a butterfly's
wing flaps may cause hurricanes in another part of
the world, mathematics of chaos theory is not
required; just the idea that with very complex
systems it is very difficult to predict outcomes and
they are very sensitive to initial conditions]
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Understanding Earth’s climate system is a complex interplay of various components that
collectively determine the average weather conditions over time. Each component contributes
its unique role to the global climate equilibrium. From the depths of oceans to the heights of
the atmosphere, from the microscopic interactions of atoms and molecules to the grand
movements of continents every facet of Earth’'s system influences and influenced by the
climate. One of the key ingredients of this system is the radiant energy received from the Sun.
This solar energy powers Earth’s atmospheric circulations, ocean currents and the hydrological
cycle shaping the distribution of heat and moisture across the planet. The composition of the
atmosphere is primarily made up of gases like nitrogen, oxygen and greenhouse gases such as
carbon dioxide and methane. Methane acts like a blanket, trapping some of incoming solar
radiations and regulate the planet’s temperature. The Earth’s surface, with its diverse
landscapes of oceans, ice caps, forests, deserts and urban areas play a significant role in
modulating climate patterns. These surfaces absorb, reflect and emit radiations differently
leading the complex patterns of temperature and precipitation across the globe. Meanwhile the
biosphere which contains all living organism interact with the climate system through processes
like photosynthesis, respiration and the release of greenhouse gases. In unrevealing the
complexities of Earth’s climate system, scientists employ a multitude of tools and techniques
from satellite observations and computer models to field experiments and climate
reconstructions. Through continuous advancements in technology our understanding of the
Earth's climate system continues to evolve.

24,1 EARTH'S CLIMATE SYSTEM

S L —

Earth’s climate system is a complex system mth fwe
interacting components the atmosphere, the
hydrosphere, the cryosphere, the lithosphere and the
biosphere.

Global climate is influenced by many factors including
the Sun, Earth’s position in space relative to the Sun
and human made factors (such as greenhouse gas
emission). The five interacting components of the
Earth’s climate system are shown in Fig. 24.1, and are
discussed below:

1) The Atmosphere (Air)

The atmosphere envelops the Earth and extends Figure 24.1: Five components of !
hundreds of kilometers from the surface. It mainly Earth's climate system. i

consists of nitrogen which is 78%, oxygen which is 21%
and argon which is 0.9%. Additionally, there are trace gases such as water vapors (H:0), carbon

dioxide (CO;), ozone (0:) and methane (CH4). These trace gases play a significant role in the
climate system. '

The role of the atmosphere is the shielding: as it protects life on Earth by shielding it from
incoming ultraviolet radiations. It insulates the planet as it keeps the planet warm by acting as
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an insulating layer. The atmosphere prevents extreme temperature variations between day and
night. It is responsible for convection and weather patterns as the solar heating causes layers
of the atmosphere to convert, driving the air movement and influencing global weather
patterns. Some trace gases like carbon dioxide and water vapors act as greenhouse gases. These
gases allow visible light from the Sun to penetrate to the surface but block some of infrared
radiations emitted by the Earth’s surface which traps heat within the atmosphere contributing
to the overall warming effect. The atmosphere is divided into different layers depending upon
their altitude and functioning, as shown in
Fig. 24.2.

e Troposphere: The lowest layer
extending from the ground (the
surface of the Earth) to about 16 km.

_ It’s the layer where weather occurs.

« Stratosphere: Above the troposphere,
from 16 km to 50 km, is the
stratosphere. The ozone layer is found
here which prevents us from the
harmful ultraviolet radiations coming
from the Sun.

e Mesosphere: Above the stratosphere
from 50 km to 136 km is the
mesosphere. Meteors burn out in this
part of the atmosphere.

s Thermosphere: Above the

. mesosphere from 136 km up to about
600 km is the thermosphere. It is
where the auroras occur due to solar
radiations.

e Exosphere: The exosphere is outer
most layer into which extends from
600 km up to merging into the space.
Satellites orbit in this region.

2) The Hydrosphere (Water)

The hydrosphere encompasses all the water on the Earth whether it is in liquid water, solid ice
or the gaseous water (vapors form). The Earth contains 70 % water on its surface. Most of the
hydrosphere consists of liquid water primarily found in the oceans. Our planet’s abundant
surface waters give Earth its distinct appearance as a blue globe and set it different from the
all-other planets in the solar system. Some of the characteristics of hydrosphere are:

The hydrosphere plays a critical role in regulating Earth’s climate.

« It influences patterns of precipitation and affects the movement of energy throughout the
climate system.

e Ocean currents, evaporation and condensation are all parts of hydrological cycle which
redistributes the water around the planet.

National Book Foundation 24-Earth's Climate
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The hydrological cycle is shown in Fig. 24.3. The water balance equation is the fundamental
" equation tool for understanding the movement and distribution of water in the hydrosphere,
This equation relates inputs, —
: i S T

outputs and changes in the =

water storage over time and i
can be given as: ;
AS=P-E-Q ___(24.1)

Here ‘AS’ is the change in the
storage of hydrosphere
(which may be a specific
region like lake sea etc.), ‘P’
is the precipitation (which is
the amount of water falling
from the atmosphere), ‘E’ is |||I|l||il

the  evapotranspiration uu {||[| ‘i||1|m:f|..
(which is the evaporation | g, QUL
from the Earth’s surface and
plants) and ‘Q’ is the runoff
(which is the water that E// 700000000
moves across the surface to  Figure 24.3: Hydrological cycle.
rivers or lakes and also the

water which infiltrates into the groundwater).

Py
i

3) The Cryosphere (Ice)

The cryosphere refers to any place on Earth where water is in its solid form, where low
temperatures freeze water and turn it into ice. The frozen water can be found in the form of
solid ice or snow and occurs in many places around the Earth. The cryosphere exists in the
polar-regions but is also found wherever snow, sea ice, glaciers, permafrost, ice sheets and
icebergs exist. In Pakistan, the examples of cryosphere are the ice caped mountains and glaciers
in the Himalaya, Karakorum and Hindu Kush Mountain ranges in the north. Snow and ice are the
basic elements of the cryosphere as they interact throughout Earth's different environments to
create sea ice, glaciers, ice shelves, icebergs and frozen ground. Although direct measurement
of the cryosphere can be difficult to obtain due to the remote locations of many of these areas,
satellite observations help scientists monitor changes in the global and regional climate by
observing how regions of the Earth’s cryosphere shrink and expand. Some of the components of
the cryosphere are explained as:

« Snow: Snow is the precipitation that forms when water vapors freeze into ice crystals. It
can form whenever there is high humidity and cold temperatures in the atmosphere.
Because of its reflective property it regulates the climate by reflecting incoming sunlight
back into the space and hence cooling the planet

« Ice: Ice forms when liquid water becomes a solid at temperatures below the freezing point.
It is the part of sea ice, glaciers, ice shelves, icebergs and frozen ground. The ice in polar-
regions has important impact on polar regions and Earth’s climate. The sea ice layer
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increases the salinity of sea water. It also restricts wind and wave action near coastlines. It
also reflects much of the sunlight into the space back. Ice currently covers 10 percent of
the Earth’s surface and is disappearing rapidly

Permafrost: Permafrost refers to permanently frozen ground found mainly in high altitude
regions. It contains ice and soil that remain frozen for extended periods.

The components of cryosphere are shown in Fig. 24.4.

Figure 24.4: Cryosphere,

4) The Lithosphere (Earth’s Upper Rocky Layer)

The lithosphere is the outermost solid shell of the Earth consisting of the crust and the
uppermost- part of the mental. It composed of various types of rocks and minerals. The
lithosphere interacts with other components such as the atmosphere, hydrosphere and
biosphere. Some important features of lithosphere are as:

Land surface: The lithosphere provides the surface on which climate processes occur.
Different types of land surfaces have different influences on the Earth’s climate for example
forests can moderate the temperatures while deserts tend to have extreme temperature
fluctuations.

Carbon cycle: Lithosphere plays a major role in carbon cycle which is essential for
regulating Earth's climate. Rocks weather and erode over time releasing carbon dioxide into
the atmosphere. On the other hand, some types of rocks like lime stone are carbon sinks
which takes carbon from the atmosphere over a geological time scale.

Tectonic Activity: Processes like tectonics, which involves the movement and interaction
of lithosphere plates, can have significant impact on climate over a large timescale. Due to
movement of tectonic plates mountain ranges are formed which affect atmospheric
circulation patterns and precipitation distribution influencing regional climate.

Volcanic Activity: Volcanic eruption which is related to tectonic activity can release large
number of gases and particles into the atmosphere these emissions can temporarily cool the
climate by blocking sunlight, leading to short term cooling events known as “volcanic

- winters"”

The movement of tectonic plates and volcano formation is shown in Fig. 24.5.
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Figure 24.5: Movement of tectonic plates and volcano formation.

5) The Biosphere (Living Things) [© Suniightt == ,m\ 7

The biosphere refers to the relatively thin
life supporting layer of Earth's surface. It
extends from a few kilometers into the
atmosphere to the deep-sea vents in the
ocean. Biosphere deals with the living things
and their impact on the Earth's climate
system. It consists of living organisms
(plants, animals, fungi and microorganisms)
and the non-living factors from which they
derive energy and nutrients. The role of
biosphere in the Earth’s climate system can
be given as:

¢ Climate regulation: The biosphere plays
a crucial role in regulating the Earth's  Figure 24.6 (a): Carbon cycle
climate. Changes in the biosphere can T S
directly impact climate patterns Sz : —

= Carbon cycle: The biosphere is an integral
reservoir in the carbon cycle. Through
processes like photosynthesis living organisms
absorb carbon dioxide (CO:z) from the
atmosphere and convert it into organic matter.
The carbon cycle is shown in Fig. 24.6 (a).

= Energy flow: Solar energy is captured by the
plants during photosynthesis and this energy
flows through the food chain as organisms
consume each other. This energy transfer
affects climate dynamics. -t e,

e Water cycle: The biosphere is closely linked to ~ Figure 24.6 (b): Biosphere
the water cycle. Evaporation, condensation,
precipitation and transpiration all involve living organisms.

e Nutrient cycles: Elements like carbon (C), nitrogen (Nz) and phosphorous (P) cycle through
the biosphere impacting both living organisms and the environment.

el =
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The biosphere is essential for maintaining species diversity, regulating climate and supporting
life on the Earth. The biosphere is shown in Fig. 24.6 (b).

Example 24.1: Find the change in storage of hydrosphere in terms of volume whose area of
the watershed is 120 km?, with precipitation of 110 mm while evapotranspiration and
runoff are 60 mm and 30 mm respectively.
Given: Area of watershed = A = 120 km?® Precipitation = P = 110 mm
Evapotranspiration = E = 60 mm Runoff = Q = 30 mm
To Find: Change in storage: AS =7
Solution: First of all we have to find the volumes of all these using:

Precipitation volume =P x A ;

P, =0.11 mx 120,000,000 m? or P, = 13,200,000 m’
Now Evapotrans portation volume = E x A

E, =0.06 mx120,000,000 m* or E, =7,200,000 m’
Also Roundoff volume = Q x A

Q, =0.03 mx120,000,000 m* or Q, = 3,600,000 m’
Now to calculate the change in storage volume, we use:

=P, -E, -Q,
Putting values: AS, =13,200,000 m® —7,200,000 m* —3,600,000 m®
AS, = 2,400,000 m’
Assignment 24.1

Find the precipitation in mm if the change in storage of water is 20 mm, while
evapotransportation is 50 mm and runoff is 30 mm.

24.2 OCEAN CURRENTS AND WINDS

Ocean currents and wind patterns are-atér_f-;nnnected phenomenon that play crucial role in
regulating the Earth’s climate and distribute heat around the globe.

Ocean currents are the continuous, predictable and directional movement of seawater driven
by gravity, wind and water density. Ocean water moves in two directions i.e. horizontally and
vertically. Horizontal movements are called as currents while vertical changes are called up-
welling and down-welling. The movement of ocean water is continuous and is broadly
categorized into three types i.e., waves, tides and currents. Ocean currents can be defined as:

The streams of water that flow constantly on the ocean surface in definite directions are called
ocean currents.

Ocean currents help distribute heat globally influencing climate patterns. They carry nutrients
and food to marine organisms supporting sea life. Ocean currents can be categorized into two
group i.e. surface ocean currents and deep ocean currents.

1) Surface Ocean Currents

The ocean currents which produced on shallower waters near the surface are called surface
ocean currents. These currents are produced due to various factors like:

National Book Foundation @ 24-Earth's Climate



e Wind: Major surface ocean currents are primarily set in motion by the wind. As the wind
blows across the ocean surface it drags the water along with it creating currents.

» Subtropical Gyres: Large rotating currents that start near the equator are called subtropical
gyres. These gyres transfer heat from the equator towards the poles helping moderate
climate and concentrating plastic trash in certain areas of the ocean.

Coriolis Effect

The rotation of Earth influences the
path of these currents. A force
resulting from the Earth’s rotation is
called coriolis force. In the northern
hemisphere predictable winds called
trade winds blow from east to west just
above the equator. These winds pull
surface water and the Coriolis effect
deflects the currents. Then they bend
to the right heading north. At about 30
degrees north latitude another set of
winds called westerlies push the Figure 24.7: Coriolis force.

currents back to the east creating a

closed clockwise loop. Similar patterns occur in the southern hemisphere but currents in this
side are counter-clock wise i.e. bend to the left, as shown in Fig. 24.7.

2) Deep Ocean Currents

The ocean currents beyond the depth of 500 meters are known as deep ocean currents. These
currents are formed due to the differences in temperature and density of the water in different
parts of the ocean. Some of them are explained below.

+ Warm Water Northward: The surface currents carry warm water north from the equator as
this water moves into higher northern latitudes it cools down

e Density: The density of sea water plays a major role in producing ocean currents and
circulating heat as cooling process increases “he water’s density. Sea water density varies
due to its salinity and temperature,
high salinity makes water denser
because more salt is packed into it.
Denser water sinks and flows back
toward the equator at deeper levels
creating deep ocean currenis. On
the other hand, high temperature
makes the water less dense. Near
the ocean surface a combination of
high salinity and low temperature
makes water dense enough to sink

difference.
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water above pushes deep water molecules together making them denser. Deep circulation
affects the entire ocean and significantly impacts abyssal properties (abyssal is the region
in deep oceans where there is no light and very little oxygen with very high concentration
of salts and density, this region has very few examples of life in it) where wind driven
currents have no effect. The movement of water due to density is shown in Fig. 24.8.

Thermohaline Circulation

The Deep Ocean currents are caused by differences in water density. This process is called
thermohaline circulation where “thermo” refers to temperature and “haline” to saltiness.
Thermohaline circulation is a large-scale ocean circulation driven by density gradients created
by surface heat and freshwater fluxes. The wind driven surface currents move toward poles
from the equatorial region and cool the water during their movement and this cooled water
sinks at high latitudes and this cycle continues which transport energy and mass. Thermohaline
circulations act like a giant conveyor belt moving warm surface waters downward and forcing
cold nutrient rich deep waters upward, as shown in Fig. 24.9.

L B_GL cooling

I warm Shaliow Current T Cold & Saty Deep Current
Figure 24.9: Thermohaline circulation.

Earth’s Angular Momentum and Wind Patterns

The conservation of angular momentum plays a crucial role in determining the wind patterns
on the Earth. This is closely related to the Earth’s rotation and is responsible for the Coriolis
effect which deflects the movement of air masses in different directions depending on the
hemisphere. Angular momentum is a property of rotating objects depends upon velocity of
rotation and the perpendicular distance from the axis of rotation. Due to this phenomenon the
air moves from high latitudes (near the poles) to low latitudes (towards the equator). It
experiences a change in velocity due to Earth’s spherical shape and varying rotational speeds.
The turning of winds due to the rotation of Earth is called as Coriolis effect, as shown in Fig.

24.7, and the force which bends the winds due to change in speeds is called as Coriolis force
which can be given as:

F. = 2mvo sin® (24.2)
Here ‘F.' is the Coriolis force, ‘m’ is the mass of the moving air packet, ‘v’ is the wind speed

w’ is the angular velocity of the Earth’s rotation (which is approximately 7.292x10°® rads™)
and ‘6’ is the angle with latitude (at equator it is 0° while at poles it is £90°)
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At the equator the Coriolis force is zero due to sin0° =0, while this force is maximum at the

poles due to sin90° = 1. The Coriolis effect causes winds to be deflected more strongly at the
higher latitudes closer to the poles. It is important to note that the magnitude of wind speed
is not directly influenced by the Coriolis force but the direction of the wind will change
significantly as we move from equator towards the pole.

As from the equator where the distance of the surface of Earth from the axis of rotation is large
i.e., it has large moment of inertia at this point, here the speeds of winds will be low but near
poles the moment of inertia becomes small and hence increases the speed of winds. This
difference in the speed of winds accounts for the weather patterns on Earth. The deflection of

air due to Coriolis effect helps to create distinct atmospheric circulation cells as shown in Fig.
" 24.10. '

&

Figure 24,10: Wind circulation cells.

* Hadley Cells: Between the equator and 30° latitude, warm air rises at the equator due to
intense heating and moves towards poles at high altitudes and finally descends around 30°
latitude creating a cycle.

» Ferrell Cells: Between 30° to 60° latitude air descends around 30° and moves towards pole
at the surface and rises at 60° latitude with movement towards equator at high altitudes.

* Polar Cells: Between 60° latitude and the poles air rises at 60° latitude and moves towards
pole at high altitude. Finally,-air descends at the pole.

These cells distribute heat and moisture around the globe which influences weather patterns
and climate.

Wind patterns are integral components of the climate system playing a significant role in
shaping regional and global climate. Wind patterns are the result of complex interactions
between various atmospheric and oceanic processes. They are necessary for distribution of
heat, moisture and energy across the Earth’s surface influencing weather conditions and
climate for both short and long timescales. The basic relationship between atmospheric

pressure and horizontal wind can be described using the geostrophic balance.
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This balance occurs when we disregard friction and changes in wind direction and speed. The
geostrophic wind blows parallel to isobars and is influenced by two main forces as:

e Horizontal pressure gradient force (the change in pressure measured across a given distance
is called a pressure gradient) derives the air movement from higher to lower pressure areas.

e Coriolis force results from the Earth’s rotation and causes the deflection of wind to the right
in the northern hemisphere and to the left in the southern hemisphere.

Wind speed increases as the distance between isobars decreases or pressure gradient increases.
The impact of wind on climate can be given as: .

+ Heat Transport: Wind carries heat from one region to another. For example, ocean currents
driven by wind transport warm water from the equator towards the poles.

¢ Moisture Transport: Wind transports moisture affecting precipitation patterns
(precipitation is any liquid or frozen water that forms in the atmosphere and falls back to
the Earth). Trade winds, westerlies and polar easterlies play essential roles in distributing
moisture globally. These winds on globe are shown in Fig. 24.10.

+ Pollutant Dispersion: wind disperses pollutants like dust, smoke and industrial emissions
across the large area.

« Pollen Distribution: Wind help disperse pollen helping plant reproduction.

« Daily weather Patterns: Coastal regions experience daily changes in wind direction due to
differential heating of land and water (the difference in how land and water surfaces absorb
heat is called as differential heating).

Over a 30-year period these wind patterns exhibit statistical regularities that contribute to the
climate of the region. Variations in these patterns over long-time scales can result in changes
to regional climate and even global climate. Understanding and monitoring wind patterns are
crucial for predicting weather events, mapping natural resources and assessing the impacts of
climate change. Advanced modeling techniques and observational technologies continue to
improve our understanding of these complex interactions within the climate system.

As the air mass starts to move it is deflected to the right by the coriolis force. The deflection increases
until the coriolis force is balanced by the pressure gradient force. At this point the wind will be blowing
parallel to the isobars (having same pressures) when this happens the wind is referred to as the
“geostrophic wind",

Example 24.2: Find the magnitude of the Coriolis force which bends the path of air mass

200,000 kg up to 25°, while the mass of air is moving at the speed of 80 km h™'.
Given: Mass of air packet= m = 200,000 kg Speed of air = v = 80 km h"'
Angle = 8 =25° Angular velocity of Earth = w = 7.3x10% rad s™.
To Find: Coriolis Force = F =7
Solution: First we need to convert the velocity into S| units as:

v=mh11h_1=ﬂﬂx1m
3600

ms™ or v=222ms"

To find the Coriolis force, we use: F.=2mvwsin(8)
Putting values, we get: F. = 2(200000)(22.2)(7.3x10)sin(25) =274 N
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Assignment 24.2

Find the angle through which a Coriolis force of 200 N will deflect the air mass of
100,000 kg moving at the speed of 60 km h™'.

24.3 CLIMATE INERTIA

Climate inertia refers to the tendency of the Earth’'s climate to resist or respond slowly to
changes in external factors like greenhouse gas concentrations and solar radiations. This
phenomenon occurs due to various complex feedback mechanisms and processes within the
Earth’s climate system. These feedback mechanisms include:

« Positive feedback: Some feedbacks amplify initial changes for example as the arctic ice
melts due to warming it reduces the Earth’s reflectivity leading to further warming.

* Negative feedback: Other feedbacks dampen changes for example increased carbon dioxide
(CO2) levels stimulate plant growth which absorbs some carbon acting as negative feedback.

The climate inertia is time dependent as for example if greenhouse gas emissions were to
stabilize immediately the Earth’s climate would continue to warm for some time due'to heat
already stored in the oceans. Climate processes operate on various timescales from days to
centuries like:

« Short-term Inertia: The ocean and land surfaces absorb and release heat relatively slowly
leading to short term inertia this is why daily temperature fluctuations occur

= Long-term Inertia: changes in greenhouse gas concentrations like carbon dioxide take
decades to centuries to fully impact the climate system. When we stabilize greenhouse gas
emission the climate system does not respond immediately.

Oceans play a main role in climate inertia as they have high heat capacity means they absorb
and release heat slowly. Changes in ocean temperature occur gradually affecting climate
patterns over extended periods. Similarly, the carbon cycle involves exchanges of carbon
dioxide between the atmosphere, oceans, land and vegetation. It also takes time due to slow
decomposition of organic matter. The melting of ice sheets and glaciers contributes to sea level
rise but this process occurs over centuries leading to inertia in the response to climate change.
Climate inertia underscores the importance of adaptation (adjusting to existing changes) and
mitigation (reducing emission) strategies. Even if we take immediate actions the effects of past
emissions will persist. Earth’s climate change can be categorized into two main components
i.e. internal variations and external forcing.

ro

BB oreY ol Information™

24.3.1 Internal Variations Jet streams are fast-moving
bands of air in the upper
Internal variations refer to natural fluctuations within the atmosphere, typically

i i between 6 km to 15 km
climate system itself. These variations occur due to interactions - the Eartis suthce:

between different components of the Earth’s climate system They play a significant role
such as the atmosphere, oceans, land and ice etc. some of the  in shaping weather patterns
examples of the internal variations are: and atmospheric circulatiom.

« Atmospheric Circulation Patterns: Changes in atmospheric circulations like jet streams,
monsoons lead to regional climate variability.
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« Solar Radiations: Variations in solar
radiation due to sunspots and solar cycles
impact climate over shorter time scales.

e Volcanic Activity: Volcanic eruptions
release aerosols into the atmosphere
affecting global temperatures
temporarily. Internal variations are often
cyclic and occur over decades to
centuries.

+ Ocean Oscillations: ocean currents and
oscillations 1i.e. El-Nino southern
oscillations (ENSO), Atlantic multi-
decadal oscillations (AMO) and Pacific
Decadal Oscillations (PDO) cause
variations in the sea surface
temperatures affecting weather patterns
globally. Some oscillations are shown in
Fig. 24.11.

24.3.2 External Forcing
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Figure 24.11: Ocean oscillations.

External forcing refers to factors outside the climate system that influence the behavior of the
climate system. These factors can alter the Earth’s energy balance leading to long term climate
changes. Some of the examples of the external forcing are:

Greenhouse Gas Concentrations: Increased levels of greenhouse gases like carbon dioxide and
methane etc. due to human activities enhance the greenhouse effect trapping more heat and

causing global warming.

Solar Variability: Changes in solar output over
longer time scales impact Earth’s climate.

Orbital Variations: Earth’s orbit around the
Sun undergoes periodic variations.
Eccentricity and axial tilt affect the
distribution of solar energy, as shown in Fig.
24.12. But these effects are long time scales
changes extended up to thousands of years.

Aerosols and Pollution: Anthropogenic
aerosols (a suspension of particles.or droplets
in the air and includes dust, mist, fumes or
smoke and anthropogenic mean such particles
from the industrial sources or - from

il
.ﬂmlﬂil yean

Figure 24.12: Eccentricity, tilt and precession
of Earth.

combustion processes) can cool the climate by reflecting sunlight back into space.
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External forcing factors operate over longer time frames like centuries and contribute to
gradual climate shifts.

24 .4 -ARTH ENERGY BUDGET

The Earth’s energy budget is a way of accounting for the balance between the energy that Earth
receives from the Sun and the energy it radiates back into the space. It is simple the balance
between the incoming solar radiation (insolation) and outgoing terrestrial radiations. The
Earth's energy budget can have the components like:

+ Incoming Solar radiations: The Sun emits energy in the form of sunlight. Approximately 49%
* of this solar energy is absorbed by the Earth’s surface primarily by land, ocean and
vegetation.
* Atmospheric Absorption: About 20% of solar radiation is absorbed by the atmosphere itself.
+ Outgoing Terrestrial Radiations: The Earth which absorbs radiation can also re-emit these
radiations as heat. This process occurs through infrared radiations emitted by the surface
and the atmosphere.

The greenhouse effect also plays a role in the energy distribution in the Earth’s climate in
regulating the globe’s temperature. It involves the interaction of solar radiation with
greenhouse gases in the atmosphere. It can be explained in terms of steps like in first step
sunlight penetrates the atmosphere and warms the Earth's surface. In second step the heated
surface of the Earth emits infrared radiations. In third step greenhouse gases absorb some of
these outgoing radiations preventing them from escaping directly into the space. Instead, they
re-radiate part of this energy back towards the surface effectively trapping heat. Without the
greenhouse effect Earth’s average temperature would be well below freezing.

24.4.1 Solar Variability and Climate

While the Sun is essential for maintaining Earth’s habitable conditions, its influence on climate

change is relatively small compared to other factors. Some of the factors are as follows:

* Solar Cycles: The Sun undergoes 11-years solar cycles during which its activity varies. These
cycles affect solar radiation, sunspots and solar flares.

e Long-term Trends: Over the past 40-years satellites have observed the Sun’s energy output.
However, changes in solar activity account for less than 0.1% of the warming observed since
1750.

¢ Human Induced Warming: Human activities particularly the burning of fossil fuels release
greenhouse gases. The warming caused by these gases is over 270 times greater than any
sunlight warming from the Sun itself during the same period.

24.4.2 Energy Imbalance

The uneven distribution of solar energy across the Earth’s surface creates an energy imbalance.
The energy imbalance on the Earth is the main cause of the atmospheric circulations. For
example, equator receives more solar energy due to direct sunlight while the pole regions
receive less solar energy due to oblique sunlight, as shown in Fig, 24,13,

This energy imbalance drives the atmospheric circulations as:
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« Warm air rises at the equator creating low-pressure zones.

+ Cooler air sinks at the poles forming high pressure zones.

s The resulting pressure
gradients lead to winds like
trade winds, westerlies and
polar easterlies.

e Ocean currents also play a
role in redistributing heat
globally.

Changes in energy balance can

impact atmospheric circulation

patterns, affecting weather
systems, ocean currents and
climate zones. As the Sun’s
energy is vital for Earth's
climate, human induced

greenhouse gas emissions have a

more significant impact on global

warming. Understanding these

E{;:::;E » ':_jf::g:s tgn:ddr?; Figure 24.13: Energy imbalance between poles and equator.

consequences.

24.4.3 Climate Science as a Chaotic System

Climate science provides a fascinating example of a chaotic system. In a chaotic system there
is no equilibrium and no repeatable patterns emerge. Chaotic systems exhibit extreme
sensitivity to initial conditions. This means that even small changes in the starting conditions
can lead to vastly different outcomes over time. Climate being a complex and interconnected
system can exhibit chaotic behavior as we often think of climate as having predictable seasons
and weather patterns (like the news inform us about a rain today but it does not happen) it can
also undergo sudden and rapid changes due to chaotic dynamics.

Butterfly Effect: Consider the metaphor of a butterfly flapping its wings in one part of the
world then according to chaos theory this seemingly insignificant event could potentially set
off a chain reaction of interactions that eventually lead to a hurricane forming in another part
of world, this phenomenon is popularly known as the “butterfly effect”. The butterfly effect

illustrates how small perturbations can amplify and propagate through a complex system
ultimately influencing large scale events.

Predictability and Uncertainty: Climate scientists sometimes refer to the effects of chaos as
intrinsic or unforced variability. These are unpredictable changes arising from dynamic
interactions within the climate system rather than being directly caused by external factors.
Our atmosphere and oceans do not behave in simple easily predictable ways they are non-linear
chaotic systems. As a result, we can only predict large-scale weather features with relative
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certainty and only for a few days in advance. In this scenario the weather forecasting for an
extended time period is less reliable, these predictions may be more reliable only for short
time scale afterward.

Climate science exemplifies the delicate balance between predictability and chaos. While we
strive to understand and model climate dynamics the inherent complexity and sensitivity to
initial conditions remind us that some aspects of our climate remain inherently uncertain and
difficult to predict.

SUMMARY

4

>

<

Earth’s climate system is a complex system with five interacting components the
atmosphere, the hydrosphere, the cryosphere, the lithosphere and the biosphere.
Hydrosphere encompasses all the water on the Earth whether it is in hqmd water, solid ice
or the gaseous water vapors form.

Cryosphere refers to any place on Earth where water is in its solid form, where low
temperatures freeze water and turn it into ice.

Permafrost refers to permanently frozen ground found mainly in high altitude regians It
contains ice and soil that remain frozen for extended periods.

Biosphere refers to the relatively thin life supporting layer of Earth’s surface. It extends
from a few kilometers into the atmosphere to the deep-sea vents in the ocean.

Nutrient cycles: Elements like carbon (C), nitrogen (N:) and phosphoorous (P) cycle through
the biosphere impacting both living organisms and the environment.

Large rotating currents that start near the equator are called subtropical gyres.

Coriolis force: The rotation of Earth influences the path of these currents. A force resulting
from the Earth’s rotation is called coriolis force.

The Deep Ocean currents are caused by differences in water density this process is called
thermohaline circulation.

Horizontal pressure gradient force is the change in pressure measured across a given
distance is called a pressure gradient.

Precipitation is any liquid or frozen water that forms the atmosphere and falls back to the
Earth.

Climate inertia refers to the tendency of the Earth’s climate to resist or respond slowly to
changes in external factors like greenhouse gas concentrations and solar radiations.
Aerosol is a suspension of particles or droplets in the air and includes dust, mist, fumes or
smoke. '
Chaotic system is system in which there is no equilibrium and no repeatable patterns emerge
it exhibits extreme sensitivity to initial conditions.

Butterfly Effect: the metaphor of a butterfly flapping its wings in one part of the world can
lead to a hurricane forming in another part of world.
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EXERCISE
Multiple Choice Questions

Encircle the Correct option,
1) Which of the following gases has the maximum contribution to global warming?

A. Chlorofluorocarbons (CFCs) B. Methane (CH4)
C. Sulfur hexa-fluoride (SFs) D. Carbon dioxide (COz)
2) Which of the following gas is not responsible for global warming?
A. N20 B. H:0 C. SO D. COz
3) In global warming the temperature of increases:
A. Troposphere B. lonosphere C. Mesosphere D. Stratosphere
4) Which type of climate is found in our country Pakistan?
A. Tundra B. Equatorial C. Monsoon D. Western
5) What is the height of troposphere near the poles and the equator in kilometers?
A.8and 18 B. 6 and 16 _ C.4and 16 D. 10 and 20
6) What happens in the ionosphere?
A. Meteors burns B. Airplanes fly C. Radio waves reflected D. Satellites move
7) Which atmospheric layer contains ions and helps in wireless communications?
A. Troposphere B. Thermosphere C. Mesosphere D. Stratosphere

8) The part of the Earth atmosphere which contains about 70% of the total air in the
atmosphere is:

A. Troposphere B. Thermosphere C. Mesosphere D. Stratosphere
9) Hot and dry winds blowing in the northern plains of Punjab and Sindh are:
A. Trade winds B. Loo C. Westerlies D. Easterlies
10) Pakistan is located in the region of : winds:
A. Trade B. North easterlies C. Westerlies D. South easterlies

Short Questions

1) Where in the atmosphere is water vapor most concentrated and why?

Z) What is the difference between the weather and the climate?

3) Warm air has a greater capacity to hold water vapors. Why?

4) How does the atmosphere retain itself?

5) Describe global latjtudinal air movements due to uneven heating at different latitudes.
6) What would be the consequences if all the polar ice melts?

7) s the lithosphere a part of mental? Justify your answer,

8) What are the four components of the biosphere?

9) Why stratosphere is called a calm and stable layer?

Comprehensive Questions

1) Describe Earth's climate system as a complex system having five interacting components,
2) What is climate inertia? Explain.

3) Explain how global climate is determined by energy transfer from the Sun.
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4) Discuss the Earth energy budget in detail.

5) Explain how the energy imbalance between the poles and the equator can affect
atmospheric circulation.

6) Explain that due to the conservation of angular momentum, the Earth’s rotation diverts the
air to the right in the Northern Hemisphere and to the left in the Southern hemisphere, thus
forming distinct atmospheric cells.

7) Discuss that how differences in density of ocean water |:ul.a1..|r an important role in ocean
circulation.

8) How the thermohaline circulation transports heat from the, tropics to the polar regions?
Explain.

9) Show that the climate science is a chaotic system in terms of butterfly effct.

10) Differentiate between surface ocean currents and deep ocean currents.

11) What are coriolis force and thermohaline circulations?

Numerical Problems

1) If the volume of change in storage of the hydrosphere, whose area is 30 km? is 600,000 m?,
find net precipitation (P) if the volume of evapotranspiration is 1,500,000 m* and runoff volume
is 600,000 m3. (Ans: 90 mm)

2) If a Coriolis force of 30 N deflects a mass of air at 30° moving with speed of 40 km h™'. Find
the mass of this air packet (where w =7.3x10% rad s™). (Ans: 369,900 kg)
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Student Learning Outcomes (SLOs)

The student will

Explain that piezo-electric effect and its application
in medical science [ultrasound waves are generated
and detected by a piezoelectric transducer]

Explain how ultrasound can be used to obtain
diagnostic information about internal body
structures,

Explain that X-rays are produced by electron
bombardment of a metal target and calculate the

minimum wavelength of X-rays produced from the
accelerating p.d.

Explain the use of X-rays in imaging internal body
structures [including a describing of the term
contrast in X-ray imaging]

Explain how computed tomography (CT) scanning
works [it produces a 3D image of an finternal
structure by first combining multiple X-ray images
taken in the same section from different angles to
obtain a 2D image of the section, then repeating this
process along an axis and combining 2D images of
multiple sections]



In medical, imaging is a range of tests used to create images of internal body parts. Medical
imaging seeks to reveal internal structures hidden by the skin and bones, as well as to diagnose
and treat disease. Medical imaging also creates a database of normal anatomy and physlology
to make it possible to identify abnormalities.

There are many different types of imaging techniques used in modern medicine, such as
ultrasound, X-rays, CT (computed tomography) scans, and MRI (magnetic resonance imaging).
Each imaging type uses a different technology to create an image. In this unit, we'll discuss
some of the imaging techniques in detail.

25, 1 PIEZOELECTRIC EFFECT AND ULTRASONIC WAVES

Piezoelectric effect is the ability of certain materials to generate an electric charge in response
to applied mechanical stress.

When piezoelectric material is i
placed under mechanical stress, a dead

shifting of the positive and ‘ / Hibusrieshe )

negative charges in the material el o o

takes place, which then results in ¢ _\

an external electric field, as Sl e & W e i

shown in Fig. 25.1 (a). t Metol plote
The piezoelectric effect s W

reversible, as shown in Fig. 25.1

(b), it means that: Figure 25.1 (a): Piezoelectric effect.

The material can also generate stress when an electric field is applied. This is called inverse
piezoelectric effect.

The piezoelectric effect is very S —
useful within many applications w""f_ﬁ'\"’//

that involve the production and T a—

detection of sound (especially f’::"\ g IE
ltrasound), generation of high

generation and microbalances. It

x& -
is also the basis of a number of “““‘“'!'IHEE!! Metal plake

scientific instrumental techniques
with atomic resolution, such as Figure 25.1 (b): Inverse piezoelectric effect.

scanning probe microscopes etc. BEEAEL et

i ion of Ultrasound Lithium niobate {LleD:] isa
Generation and Detectio L e LI

in optical and acoustic
devices. Some other popular

u
voltages, electronic frequency w —/

A normal human ear can hear a sound of frequency 20 Hz to

20,000 Hz. piezoelectric materfals are
The sound waves above 20,000 Hz are inaudible to normal €ar | ead zirconate titanate (PIT)
and are called ultrasounds. and Quartz. '
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Generation of ultrasound uses reverse ;iieza-electric effect.
In ultrasound equipment, a piezoelectric transducer
converts electrical energy into extremely rapid vibrations.
These vibrations are so fast that it makes sounds of too high-
pitched for our ears to hear.

When ultrasound waves hit an object and bounce back,
creating an echo. After reflection or scattering, ultrasonic
waves return to the detector causing the piezoelectric
materials to vibrate, which generate an electric signal to be
detected. In medical ultrasound, the detected signal
determines the shape, size, and consistency of the object,
generating a real-time image that appears on a screen. An
ultrasound image of the pancreas is shown in Fig. 25.1 (c).

Applications of Ultrasound in Medical

Medical technology uses ultrasound for many purposes.
Ultrasound is used to generate images of tissue and organs;
this technique is known as sonography or echography. The
great advantage of sonography over other imaging methods
in medical technology is that sound waves are
comparatively less harmful and can even be used for unborn
babies.

The ability to focus very intense ultrasonic waves in a small
region without disturbing the surrounding tissues provides a
very effective tool in neurosurgery. Special types of
ultrasonic equipment are in use for the treatment of
arthritics, muscular, rheumatism and sciatica.

An important industrial application is the ultrasonic flow
meter. Ultrasonic flow meters measure the flow rate of a
liquid by transmitting high-frequency sound waves into the
flowing liquid. The waves reflect off particles or bubbles in
the liquid, exp-erielncing a frequency shift due to the liquid's
flow velocity, known as the Doppler shift. This shift is
measured and used to calculate the flow rate. The meters
typically consist of transducers installed on the pipe, which
transmit and receive the ultrasound signals. The signals are
then processed to extract the Doppler shift information, and
the flow rate is calculated based on the pipe's cross-
sectional area.

This technique has also been applied to monitor blood flow

Sl R IR T

|‘: 7 I: iob. ¥ ._rl_.

Figure 25.1 (c): Ultrasound
image of the pancreas.

For Your Information

Few animals such as bats and
frogs have the ability to use
ultrasound to communicate with
each other. Bats navigate and
find their food by echolocation.
Bats emit high pitched sound of
short wavelength in order to
navigate. These waves hit the
surrounding and bounce back
allowing bats to get an exact
map of the surrounding.

DaYou Know?

Hm;t. ultrasonic waves provide
the basis of the eye and vision

systems for robots?

through arteries in the body. It provides information on blood clots, blocked arteries and

cardiac function in adults and developing fetuses.
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25.2 X-RAYS

X-rays originate from heavy atoms. Transitions of electrons between the shells in heavy atoms
produce X-rays. X-rays can also be produced by Coulomb interaction of a fast-moving electron
with orbital electrons as well as the positive nucleus. Let us see the production of X-rays in
detail.

Inner shell Transition and Characteristic X-Rays

The inner shell electrons in heavy atoms ndoent

are tightly bound. Large amount of energy X-ray phot Kp X-ray
is required for the displacement of these
electrons from their normal energy levels.
When a heavy target material is | Kg X-ray
bombarded with a beam of electrons, that
has been accelerated by several k eV, |
some of these electrons will collide with |
inner-shell electrons of the target and |
knock them out of their respective atoms
(Fig. 25.2 a).

Let.a K-shell electron is knocked out from
an atom creating a vacancy in K-shell.
Then an electron from either, L, M, or N-
shell will quickly jump down to fill the
vacancy in the K-shell emitting the excess Figure 25.2 (a): Emission of characteristic X-rays.
energy as X-ray photon. These X-rays

consist of series of specific wavelengths or frequencies and [ SIS BIS I EISE
hence are called characteristic X-rays.

An X-ray photon is emitted due to transition from L-shell to
the vacancy in the K-shell, called K. characteristic X-rays.
An X-ray photon emitted due to transition from M-shell to
the vacancy in the K-shell is called Ks characteristic X-rays. = The study of characteristic x-rays
An X-ray photon due to transition from N-shell to the spectra has played a very
vacancy in the K-shell is called Ky characteristic X-rays. important role in the study of

atomic structure and the
Continuous X-Rays

periodic table of elements.
When a high energy electron travels towards a target nucleus in the X-rays tube, it has coulomb
interaction with orbital electrons as well as the positive nucleus. The interaction with the
nucleus is very strong due of the presence of concentrated positive charge in the nucleus. The
force of attraction due to the large concentrated positive charge in the nucleus accelerates the
electron, as shown in Fig. 25.2 (b). The electron begins to decelerate as it moves away from
the nucleus. The decelerated electron emits radiation called Bremsstrahlung (a Germen word
meaning braking radiation). This Bremsstrahlung is called continues X-rays. Energy of the
electron decreases due to the emission of these radiations. According to quantum theory, these
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radiations must appear in
the form of photons.
Since  the radiated
photon carries energy,
the electron must lose
kinetic energy because of
its encounter with the
target nucleus.

Let wus consider an
extreme example in

@ower energy
which the initial energy electron
of the electron (eV) is  pyoire 25,2 (b): Emission of continuous x-rays. R

transformed completely

into the energy of the photon (hfma) during a single
collision, i.e.,

eVs= hfrlm
hc
or ey =
Artin
hc
=— 25.1
or A oV (25.1)

Actually, all radiation produced does not have the
wavelength given in equation (25.1) because many of
the electrons are not stopped in a single collision. This
results in the production of the continuous spectrum
of wavelength. Graph of X-rays obtained from
molybdenum target is shown in Fig. 25.3.

Setup for Production of X-Rays

X-ray is a form of high-energy electromagnetic

molybdenum
1} target at 35 kV |

Wavelength {m-;r}

Figure 25,3: Graph of x-rays obtained
from molybdenum target.

radiation that passes through most objects. An arrangement of producing X-Rays is shown Fig.

25.4.

Cathode

Water
(Coolant)

Figure 25.4: Production of X-rays in X-ray tube
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The cathode is made of a filament which is heated by the current supplied from a battery.
Filament emits electrons. The anode is made of a solid copper bar. A high melting-point metal
like platinum or tungsten is embedded at end of the copper rod and it serve as a target. The
cathode and anode are enclosed inside an evacuated glass chamber. A high DC voltage of the
order of 50,000 V is maintained between cathode and anode.

The electrons emitted from the cathode are accelerated by the high potential difference., The
energetic electrons strike the target and X-rays are produced. When such highly energetic
electrons are suddenly stopped by target, an intense beam of X-rays is produced. A small part
of the kinetic energy of the incident electrons is converted into X-rays, the rest is converted
into heat. The target becomes very hot; therefore, it must have a high melting point. The heat
generated in target is dissipated through the copper rod. Sometime the anode is cooled by
water flowing behind the anode.

Applications of X-Rays in Imaging Internal Body Structures

X-ray imaging/photography is the most common and
oldest diagnostic imaging technique. During an X-ray
test, X-rays are allowed to pass through the body and
are absorbed in different quantities by different
organs. For example, the calcium content in bones
means that they absorb x-rays better than other tissue,
such as fat. An X-ray detector receives the X-rays after
they pass through the body, generating an image that
appears in shades of gray. The bones cast their shadow
on the photographic plate, as shown in Fig. 24.5. It is
because that bone is opaquer to X-rays than flesh. The
X-ray photographs reveal fractures of bones or the :
presence of foreign bodies. Figure 25.5: X-ray image of hand.

Conventional X-ray image is sufficient when looking at

bones and other dense structures, but there is difficulty while looking x-ray image of soft
tissues. For better evaluation of X-ray film of soft tissues, contrast is used in X-ray imaging.
Contrast is the range of brightness, from lightest to darkest, in an image. Contrast in X-ray
imaging allows the radiologist to evaluate structures that are not clearly evident on
conventional X-ray exams.

29.3 CT SCAN

A CT scan (Computed Tomography scan) is a medical imaging method that is useful to get a
detailed 3-D image of certain parts of the body, such as soft tissues, the blood vessels, the
lungs, the brain, abdomen, and bones etc. A CT scan machine uses X-rays and computer to get

image.

In the CT scanner there is an X-ray source and large number of detectors. Each detector records
an image. The source and the detectors are mounted on a large ring, as shown in Fig. 25.6.
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During CT scan, the patient lies down on the table
(called couch) that slowly slides through the
gantry, which is the circular part of the CT
machine. Through the gantry, beams of x-rays are
aimed at the body. The source and detectors,
mounted on the ring, are rotated around the
patient to give views from a variety of direction.
This generates 2-D cross-sectional images called
tomographic images. The couch and patient are
then moved along the axis of the machine and
another set of images is taken. These large Figure 25.6: CT scanner.
numbers of images are then combined by a

computer to give a merged detailed 3-D image of the organs under investigation.

A CT scan of brain is shown in the Fig. 25.7. Here the CT scanner first combine multiple X-ray
images of brain taken from different angles to obtain a 2-D image of the section. Repeating this
process along an axis and combining 2-D images of multiple sections, a 3-D image of brain is
obtained.

(a) (b)

Figure 25.7: CT scan of brain (a) Dotted line shows the position of cross-section from where image
is to be taken at different angles. (b) 2-D images of the different sections.

Importance of CT Scan Over Normal X-ray Film

CT scan gives a more detailed view than normal X-ray film. A normal X-ray film gives only
limited information because it is like a shadow. Fine detail within the X-rays film may be
invisible especially if one organ lies in front of the region of the body being studied. To give
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high-quality image CT scans are used. CT scanner helps in the study of the tumors in cancer
patients where images of high quality are essential.

Medical Physics and Technology
Tumor detection involves various methods to identify abnormal
cell growth or tumor presence. Some detection techniques
fnclude: imaging tests (such as X-rays, CT scans, MRl scans, PET
scans, and ultrasound help visualize tumors), biopsy, blood
tests, and physical examination. In physical examination

doctors check far abnormalities, such as lumps or changes in
skin,

Tumor detection is a complex process, and ongoing research
aims to improve diagnostic accuracy and effectiveness. In
future, Al-assisted imaging analysis and diagnostics would be
used for tumor detection!

Example 25.1: When electrons are accelerated through a potential difference of 10° volts
in an X -ray tube. Calculate the minimum wavelength produced.

Given: Potential difference: V = 10° volts
To Find: Minimum wavelength: A =7

hc

eV

_ (6.63x107)(3x10°%)
T (1.60x10°"%)(10%)
Assignment 25.1

What will be the minimum wavelength of x-rays produced, if the electrons were slowed
down by the target. The potential difference across the x-ray tube is 4000 V.

SUMMARY

< In medical, imaging is a range of tests used to create images of internal body parts. There
are many different types of imaging techniques used in modern medicine, such as
ultrasound, X-rays and CT scans.

Solution: We use the equation: A=

By putting values, we get: R =1.24x10" m

+ Piezoelectric effect is the ability of certain materials to generate an electric charge in
response to applied mechanical stress.

< The material can also generate stress when an electric field is applied. This is called inverse
piezoelectric effect.

< The sound waves above 20,000 Hz are inaudible to normal ear and are called ultrasound.

>

Due to transition of electrons between the shells in heavy atoms produce characteristic x-
rays.

< An x-ray photon due to transition from L-shell to the vacancy in the K-shell is called Kq
characteristic x-rays.
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An x-ray photon due to transition from M-shell to the vacancy in the K-shell is called Ks
characteristic x-rays.

An x-ray photon due to transition from N-shell to the vacancy in the K-shell is called Ky
characteristic x-rays.

Continuous x-rays can also be produced by coulomb interaction of a fast-moving electron
with orbital electrons as well as the positive nucleus.

Contrast in x-ray imaging allows the radiologist to evaluate structures that are not clearly
evident on conventional x-ray exams.

A CT scan (Computed Tomography scan) is a medical imaging method that is useful to get
a detailed 3-D image of certain parts of the body.

EXERCISE

Multiple Choice Questions

Encircle the Correct option.

1)

Frequency of X-rays depends upon
A. Number of electrons striking target . B. Accelerating potential
C. Nature of the target. D. BothBand C

2) Target material used in X-rays tube must have following properties:

3)

4)

3)

A. High atomic number and high melting point.

B. High atomic number and low melting point.

C. Low atomic number and low melting point.

D. High atomic number only.

Which of the following is drawback while conducting a medical imaging test:

A. Early detection of problem. B. Accurate diagnosis.

C. Contribution to choose of effective treatment. D. Exposure to radiation.

In an experiment, high speed electrons emitted from the cathode are accelerated through
a potential difference of 20 kY. Find the minimum wavelength of the X-rays produced.
(take Planck's constant, h = 6.6x107 J 5)

A. 0.36782 A B. 0.61875 A C. 0.45867 A D. 0.72854 A

In an X-ray tube, electrons accelerated through a very high potential difference strike a
metal target. If the potential difference is increased, the speed of the emitted X-rays:

A. increases. B. decreases. C. is always equal to 3x10* m s™.

D. increases or decreases depending on the target material.
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Short Questions

1) Differentiate between piezoelectric effect and inverse piezoelectric effect.
Z) ' What is the distinction between a continuous X-ray and a characteristic X-ray?

3) What is the main purpose of X-rays?
4) X-rays can emit electrons from metal surface and X-rays can be diffracted. Comment.

3) Why X-rays have different properties from light even though both originate from orbital
transition of electrons in excited atoms?

6) What is meant by breaking radiation?
7) What are Ks characteristic X-rays? Show with the help of diagram.

Comprehensive Questions
1) What is piezoelectric effect? How is it used to generate ultrasonic waves? Write its
application in medical science.

2) How ultrasound can be used to obtain diagnostic information about internal body structures?
Explain.

3) What are X-rays? Draw and explain the setup that produces X-rays.

4) Discuss the phenomenon of producing continuous X-rays. Also derive an expression for
calculating the minimum wavelength of X-rays produced during the process.

[ ]

5) Explain the use of X-rays in imaging internal body structures.
6) Explain how computed tomography (CT) scanning works?

Numerical Problems

1) If potential difference of 3000 V is applied across an X-ray tube. What will be the minimum
wavelength of X-rays produced, if the electrons were slowed down by the target.
' (Ans: 0.414 nm)

2) Find the voltage across the X-ray tube through which an electron must be accelerates in
order to generate the continuous X-ray of exactly 0.1 nm, (Ans: 12, 400 V)
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NATURE OF SCIENCE: A Debate

Student Learning Outcomes (SLOs)

The student will

Debates about beuauly In Physics

[SLO: P-12-G-01) Explain, with examples, what do
thinkers who hold the view that there is inherent
mathematical beauty ini the natural world mean by:
(i) elegance of simplicity (ii) symmetry.

[SLO: P-12-G-02] Explain, with an example, a
counterargument to the claim that physical truths
must be inherently mathematically elegant or
display symmetry

Lrepates.

[SLO: P-12-G-03] Describe the main pros and cons in
the debate about: (i} whether humans should
research whether there are aliens somewhere in the
universe. (ii) whether research should continue on
uncovering the secrets of subatomic particles, given
the advent of nuclear weapons.

Thought experiments

[SLD P 11 G-04] Explain how the below thought
experiments helped convey fmportant physics
contepts that Would have been impractical
investigate empirically: (i) Newton's cannonball



The logic of shape, quantity, and order is the subject of mathematics. The use of mathematics
in everything we do. In other words, it's everywhere. In everything the mathematics can be
used on a daily basis; for examples: computers, software, hardware, art, money, engineering,
sports, and even ancient and modern architecture is built around it.

A fascinating subject, mathematics includes formulas, branches, equations, and mathematical
reasoning. Without realizing it, math’s significance in daily life can be seen in a variety of ways.
In daily duties, mathematics is essential, whether it is for gaming or computation. Whether we
enjoy mathematics or not, it is a necessary part of daily life. As a result, we ought to
acknowledge this situation and the importance of mathematics in day-to-day living.

26.1 ELEGANCE OF MATHEMATICS

Although mathematics is an extremely elegant field, understanding its elegance requires some
knowledge. The beauty of mathematics is a topic that mathematicians like discussing. The
synchronizations, patterns, and assemblies of numbers and forms, the traditional principles of
symmetry and balance format, make the showcase of the beauty of mathematics.

The elegance of mathematics lies in how well everything fits together, unfortunately, the great
majority of people who are frightened by a fear of difficulties with numbers sometimes fail to
see its beauty. This is fixed by Mathematical Elegance. The author gives an interesting and
approachable picture of the mathematical world through the use of hundreds of examples.

The natural sciences, engineering, health, economics, computer science, and social sciences
all depend on mathematics. The fundamentals of mathematics are unaffected by scientific
experimentation, despite the fact that they are often utilized to model a phenomenon. Logical
reasoning and mental consistency are encouraged by mathematics, which also offers an
efficient method of developing mental discipline.

Furthermore, a comprehension of mathematics is essential for understanding the material
covered in other academic courses, including natural science, social studies, music, and even
the arts. For the purpose of conveying relationships of any kind quantitatively, mathematics is
a highly brief language.

Through the years, poets and authors have explored, with sometimes surprising, the link
between the expressive richness of natural language and the thoroughness of mathematics.

Artists have used mathematics to create bold analogies and set tight parameters within which
they can express their creativity. For example; Jorge Luis Borges, who is inspired by
mathematical reasons in several of his works, like the “An Aleph is a point in space that
encompasses all other points, offering a unified perspective where every location on Earth can
be seen simultaneously from all angles, without spatial confusion or limitation”.

The Magic of Mathematics

The majority of people may associate mathematics with intricate equations, chalkboards
covered with numbers, and sometimes even recollections of past tests. Mathematics is a

universal language that bridges the vast scales of the universe, describing the intricate patterns
of a seashell and the majestic spirals of distant galaxies with equal precision and beauty.
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Mathematics is the thread that connects everything in the universe, from the fascinating
patterns of the Fibonacci sequence seen in sunflowers and pinecones to the basic ideas
underlying the technological advancements we use on a daily basis.

Numbers are not the only thing in mathematics. It is the fundamental component of invention
as well as the language of the cosmos and the beat of nature. You are experiencing the amazing
magic of mathematics every time you are surprised by the design of a building, listen to a
beautiful melody, or just esteem the symmetry of a snowfall.

Mathematicians behave like Poet; who conveys a wide spectrum of human experiences and
emotions with the help of flowers' delicate petals, brilliant colours, and perfumed tracks.
Similarly universal equation is very much similar to flower where different parameters, numbers
play role like petals, colour and even perfume to design equation, for example:

The Euler’s Equation;
e"+1=0

Euler’s identity shows that geometry, calculus, and complex numbers are iritimately related.
Everybody knows the value of mw, which represents the ratio of a circle's diameter to its
circumference. Scholars have researched this universal mathematical constant for millennia. It
is fundamental to geometry and can be found everywhere. Another number that is at least as
significant as w is e, which is approximately 2.718281. It is used to describe how something can
increase or decrease in proportion to itself, which is a fundamental idea in calculus, and it
plays a special role in the definition of exponentiation. Indeed, ‘e’ holds the same significance
in calculus as m does in geometry.

Finally, there is ‘i’, the hypothetical unit. In contrast to ‘e’ and ‘n’, ‘i’ is not a number. It is
absent from the standard number line. It is essentially a fictitious number: Although it was long
since established that negative numbers had no square roots, someone questioned whether or
not this would still hold true in practice. It turns out that complex numbers—numbers with both
real and imaginary components—are produced when square roots of -1 are allowed. i, which is
the positive square root of -1, is the fundamental unit of analysis in sophisticated mathematics.

Indeed, ‘e’ holds the same significance in calculus as m does in geometry. m, e, i. the three
integers that matter most in mathematics. They all appear to be quite unique, don't they?
Throughout thousands of years of mathematical history, various individuals have studied them,
they are all abstract, and they appear to have no clear connection to one another. They are
also derived from quite distinct areas of mathematics. Complex numbers, geometry, and
calculus are closely connected, as demonstrated by Euler's identity. After all, they may be
explained in terms of one another, therefore they are not really distinct domains. Complex
numbers can be thought of as the link between circular motion and arithmetic: The arithmetic
of complex numbers provides information on angles, rotations, cycles, and periods, whereas
the arithmetic of real numbers informs us about quantities.

Symmetry

In mathematics, symmetry is the balance and proportion that an object or geometric figure
displays when one half reflects the other. It happens when specific points, lines, or forms
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perfectly match one another along a given axis. Group theory is an important area of algebra
with applications in computer graphics, chemistry, and crystallography. The study of symmetry
is essential to comprehend group theory.

People typically associate symmetry with reflecting a picture over a single plane to reveal the
exact identical image, much like when they look in a mirror. However, that is merely one kind
of symmetry. There are lots of alternative options. Rotational symmetry, for example, explains
that an object's attributes remain unchanged as it is rotated around an axis, such as the Earth's
orbit.

. The word symmetry can be studied in the following four different phases;

i) Reflection Symmetry 11) Translational Symmetry

A4

Pact 2 Parl 2

1ii) Rotational Symmetry iv) Point Symmetry

Applications of Symmetry

Not only does symmetry exist in abstract mathematical ideas, but it also infuses everyday life
and effects on many aspects of human existence.

Architecture: Structurally sound and aesthetically pleasing buildings are the result of
architects using symmetry.

Art and Design: Artists frequently utilize symmetry in their works of art to attain harmony
and balance.

Nature: The radial symmetry of starfish and the hexagonal symmetry of honeycombs are only
two examples of the many examples of symmetrical wonders found in nature.

Music: Symmetry is a tool used by composers of melodies and harmonies to arouse feelings and
produce enjoyable aural experiences.
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The world in which we live is three-dimensional. While there are many advantages to this,
according to Ivan Loseu, a mathematics associate professor at Northeastern University; it also
makes for a challenging math problem. He claimed that minimizing the number of variables at
play is the best route to asolution. imagine that the Earth is rotating around the sun. Given
that the motion takes place in three dimensions, the Earth's position can only be described by
three variables. Given that the Earth never deviates from a specific plane, Newtonian physics
allows us to further decrease the number of variables to only two. One variable is. actually
preferable to two, though. This is the reason why physicists track the Earth's elliptical journey
using the characteristics of gravitational force.

Accnrding to Loseu,

The formula for gravity depends nnly on the distance between the sun and Earth. You can
change the image, but the physical law doesn't change.

He said tﬁat_symmﬂtry is the single most important factor explaining why this problem can be
resolved with just one variable.

According to Loseu, symmetry is any transformation that keeps your issue intact.

What Scientists say about Mathematics?

Pure mathematics is, in its way, the poetry of logical ideas.

(Albert Einstein, German theoretical physicist)
We will always have STEM with us. Some things will drop out of the public eye and go away,
but there will always be science, engineering, and technology. And there will always, always
be mathematics.

(Katherine Johnson, African-American mathematician)
Mathematics as an expressmn of the human mind reflects the active will, the contemplative
reason, and the desire for aesthetic perfection. Its basic elements are logic and intuition,
analysis and construction, generality and individuality.
(Richard Courant, German-American mathematician)
It is impassible to be a mathematician without being a poet in soul.
(Sofia Kovalevskaya, Russian mathematician)

Elegance of Mathematical Poetry

This equation represents the relationship between a FepPadd
right-angled triangle’s sides, is a fundamental concept in

geometry. Its simplicity and universal validity are l \

reflected in rocket flight, hui[dmg design, and a myriad

of other uses.

Pythagoras’ Theorem :
IR
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Mass-Energy Equivalence energy  mass

It is arguably the most well-known equation in | \ "

physics, connecting mass (m), energy (E), and the /"“H

speed of light (c). It reveals a significant truth about E m Cz

the inter convertibility of mass and energy with \ wgm
beauty and conciseness. (constant)
Planck-Einstein Relation Figure 26.2: Mass-Energy Equivalence.
A fundamental formula in quantum physics, the

Planck-Einstein relation (E=hv), states that a

quantum of energy (E), sometimes known as a hc

photon, is equal to the Planck constant (h) times the E - h —
oscillation frequency of an atomic oscillator. Planck’s — v -
equation quantized energy is employed to liberate
electrons from the photovoltaic material, resulting in
the creation of an electric current.

Euler’s Identity
This equation establishes an amazingly simple

relationship between five of the most important eiﬂ + 1 — 0 %
numbers in mathematics: 0, 1, m, e, and i. It.unites =

disparate mathematical domains in harmony,
bridging them like a moving poem. Figure 26.4: Euler’s Identity.

26,2 ARE ALIENS REAL?

The prospect of life beyond Earth has long fascinated human curiosity. Since man dlscnvered
that Mars and other surrounding planets were distinct from other points of light in the night
sky, people have speculated about the possibility of otherworldly life. The question of whether
we are alone in the universe remains unanswered even though modern technology has made it
possible for us to investigate those worlds up close and even look at (and hear from) planets
orbiting other stars.

A very interesting comment on existences of aliens or aloneness of Earth;

Two possibilities exist: either we are alone in the Universe or we are not. Both are equally
terrifying.

~ (Arthur C. Clarke, science fiction author and former Planetary Society board member)

Many people have an alien belief; however, this idea is mostly based on movies and reports of
UFOs (unidentified flying objects). However, science sheds light on the possibility that we are
not alone in the universe and can address some of the most pressing concerns regarding the
nature of life that is most likely to exist.

Where might aliens exist?
There’s a chance that life from beyond the solar system exists.
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The comprehensive Mars exploration program of NASA (Mational Aeronautics and Space
Administration) and other space organizations have taught us that the red planet was once a
warm, wet planet that may have supported life. Even though scientists haven't discovered any
evidence of it yet, tiny life might yet be present there. Given that, several of Jupiter's and
Saturn’'s moons have liquid water beneath their ice crusts, there is a chance that these bodies
could support otherworldly life. Certain frozen worlds in the outer solar system, such as Europa
on Jupiter and Enceladus on Saturn, appear to have potentially functional underground waters.
And that's the only thing found in our solar system. The number of divergent settings that
potentially support life is increasing as scientists discover additional exoplanets around other
stars and that is the thinking domain of future research for space seeker. According to Carl
Sagan (American astronomer) point of view;

There is a lot of space in the universe. If we're alone, it feels like a terrible use of space. So,
NASA will continue its search.

Main pros and cons in the debate about:
“Should Humans Research the Existence of Aliens?”

Pros:

e Expanding Human Knowledge: Researching the existence of aliens can lead to a deeper
understanding of the universe, its origins, and the possibility of life beyond Earth.

* Potential Benefits: Discovering alien life could lead to new technologies, resources, and
insights that could benefit humanity.

¢ Inspiring Future Generations: The search for extraterrestrial life can inspire young people
to pursue careers in science, technology, engineering, and mathematics (STEM).

Cons:

s Resource Allocation: Researching alien life requires significant funding and resources,
which could be allocated to more pressing problems on Earth, such as poverty, disease, and
climate change.

e Low Probability of Success: The likelihood of finding alien life is currently unknown, and
some argue that the probability of success is too low to justify the investment.

¢ Risk of Unintended Consequences: If we were to encounter alien life, there is a risk of
unintended consequences, such as contamination or conflict.

Main pros and cons in the debate about:
“Should Research Continue on Subatomic Particles?”
Pros:

» Advancing Fundamental Knowledge: Researching subatomic particles can lead to a deeper
understanding of the fundamental laws of physics and the nature of matter.

« Potential Applications: Discoveries in particle physics can lead to breakthroughs in fields
like medicine, energy, and materials science.
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* Inspiring Innovation: The pursuit of knowledge in particle physics can drive innovation and
lead to new technologies.

Cons:

« Nuclear Weapons: The discovery of subatomic particles and the development of nuclear
physics led to the creation of nuclear weapons, which pose a significant threat to global
security.

« Ethical Concerns: Some argue that continuing research in particle physics could lead to
new, potentially devastating technologies.

« Opportunity Cost: The significant resources required for particle physics research could be
allocated to other areas of science or pressing global problems

This debate highlights the complex trade-offs and ethical considerations involved in pursuing
scientific knowledge.

26.3 THOUGHT EXPERIMENT: NEWTON'S CANNONBALL

It was common knowledge that objects had a tendency to fall to the ground, but no one was
sure why. Yes, the term "gravitas,” which simply means "having weight” or gravity, was applied
to this unexplained effect. It was Newton who explained gravity, not who discovered it. Newton
provided a clear mathematical law that could be tested to explain all of these occurrences and
tie them together in a straightforward manner. The apple and the Moon are both connected to
the Earth by gravity. The Moon moves sideways, which accounts for their different motion and
the reason it doesn't land on Earth.

There were following two curiosity points of Newton's research domain;

1. Why doesn’'t the Moon fall from the sky and land
on Earth, given that all objects experience
gravitational acceleration towards Earth?

2. Why does the Moon move in a circle instead of
a straight line, if, as Galileo said, objects move
with constant speed and direction until acted
upon by an external force?

Newton understood; due to the combination of its
orbital motion and inertia, the Moon does not fall
perfectly to Earth, nor does it fly away due to the
acceleration Earthward that it experiences.

Newton devised a designed experiment in which
cannon was positioned on a towering mountain and
shot horizontally, as shown in Fig. 26.5. He was Figure 26.5: Newton's Orbital Cannon.
aware that the cannonball's horizontally travel

distance in a time interval (t) could be calculated by multiplying its speed (v) by the interval
like; horizontal distance covered by cannon ball can be measured as;

X=vt
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While the vertical distance covered by cannon can be measured as;
1
Y= —gt?
- g

Newton therefore understood that, if he selected the ideal velocity, the cannonball’s trajectory
would curve at precisely the same rate as the Earth's, as the Earth is spherical, and the
projectile would always remain at the same height above the earth.

By doing this, he strikes a balance between the cannonball’s inertia, which causes it to desire
to keep going in a straight path and away from the Earth, and the acceleration brought on by
the Earth's gravity, which causes the cannonball to move towards the Earth's centre. As a result,
the projectile orbits the planet, never getting any closer to it yet constantly increasing in speed,
though acceleration is the change in velocity i.e., the change in both the speed and direction
of an object. The projectile in this instance accelerates even if its speed is constant since its
direction is changing. Newton discovered that the acceleration caused by Earth's gravity (a) and
the orbit's radius (r), which is measured from the orbit's centre (i.e., the Earth's centre), were
connected to the cannonball’s speed in the following ways: i

Centripetal acceleration = a = v/r

Newton discovered it for a cannonball orbiting the Earth, but it holds true for any circularly
moving object as well. Because of inertia, objects always prefer to move in straight lines; some
sort of acceleration is required to cause them to bend into circular motion. The acceleration
for Newton's cannonball came from the Earth.

Results
Newton found the following results:

1) If velocity of cannon ball is less than the orbital velocity ball will fall on the Earth.

Figure 26.6: Velocity of cannon ball is less than the orbital velocity ball.

2) If velocity of cannon ball is equal to the orbital velocity ball will stay in orbit.
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Figure 26.7: Velocity of cannon ball is equal the orbital velocity ball.

3) If velocity of cannon ball is greater than the orbital velocity ball will escape from the Earth.

—

 Figure 26.8: Velocity of cannon ball is greater than the orbital velocity ball.

‘National Book Foundation @ 26-Nature of Sclence



Glossary

Absolute potential energy: The amount of work
done in moving a body from Earth's surface to a
point at infinite distance where the value of g is
negligible.

Acoustic levitation: A method for suspending
matter in air against gravity using acoustic
pressure from high intensity sound waves.

Aerosol: A suspension of particles or droplets in
the air and includes dust, mist, fumes or smoke.

Alpha decay: An atomic nucleus emits an alpha
particle.

Amplitude: The maximum displacement of a
vibrating body from mean position.

Artificial satellites: objects intentionally placed
into orbit around the Earth or other celestial
bodies.

Atomic mass: The number of protons and
neutrons in the nucleus.

Atomic number: The number of protons in the
nucleus.

Beta decay: An atomic nucleus emits a beta
particle.

Big Bang theory: The whole Universe expanded

outwards from this tiny point to what exists
today.

Binding energy per nucleon: Total binding
energy of an atom divided by the number of
nucleons.

Binding energy: The minimum energy required

to break an isolated nuctei into its constituent
particles.

Bioelectricity: the generation or action of
electric currents or voltages in biological
processes.

Biosphere: Thin life supporting layer of Earth's
surface. It extends from a few kilometers into
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the atmosphere to the deep-sea vents in the
ocean.

Black body: An idealized object which is
perfectly opaque and non-reflecting.

Bose-Einstein Condensation (BEC): A state of
matter that forms at extremely low
temperatures, such as close to absolute zero,
causing particles kinetic energies to decrease
significantly.

Butterfly Effect: The metaphor of a butterfly
flapping its wings in one part of the world can

lead to a hurricane forming in another part of
world.

Capacitance: The capability of a capacitor to
store charges.

Capacitor: An electric-devices used to store
electric energy.

Carbon cycle: Lithosphere plays a major role in
carbon cycle which is essential for regulating
Earth's climate.

Cepheid variable stars: An example of standard
candles.

Chaotic system: A system in which there is no
equilibrium and no repeatable patterns emerge
it exhibits extreme sensitivity to initial
conditions.

Characteristic x-rays: X-rays produced due to
transition of electrons between the shells in
heavy atoms.

Choke: An inductor used in a circuit.

Climate inertia: The tenhdency of the Earth's
climate to resist or respond slowly to changes in
external factors like greenhouse gas
concentrations and solar radiations.

Coherent Sources: Waves that have the same
frequency and a constant phase relationship are
considered coherent. This means the crests and
troughs of the waves occur at the same time.
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Constructive Interference: When the crests
(peaks) of two or more waves overlap, they
. reinforce each other, producing a resultant
wave with a higher intensity (brighter light,
louder sound) compared to the individual waves.

Continuous x-rays: X-ray produced due to
coulomb interaction of a fast-moving electron
with orbital electrons or the positive nucleus.

Control Reds: Rods that are used to control the
extent of reaction and do not allow the fuel to
react at once.

Coriolis Force: A force resulting from the
Earth’s rotation.

Count Rate: The number of decays detected per
unit time.

Critical Damping: When an oscillator comes to
rest without any oscillation in the shortest time
under damping force.

Critical Mass: The minimum mass of the
material to sustain the fission chain reaction.

Critical temperature or 'su;:-ercunductinn
transition temperature: The temperature
below which the resistivity of substance become
zero.

Critical volume: The volume occupied by the
critical mass of a material.

Cryosphere: Any place on Earth where
in its solid form.

CT scan: A medical imaging method used to get
a detailed 3-D image of certain body parts.

Curie: Unit of activity.

Cycle: One complete set of positive and
negative values of an alternating quantity.

Damped oscillations: Oscillations whose
amplitude decreases under damping forces.

Degenerate matter: A state of matter where
particles are so densely packed. that quantum
mechanical effects dominate over classical
mechanics. This typically occurs in extremely
high-pressure environments, such as the cores of
massive stars like white dwarfs, neutron stars.

water is
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Destructive Interference: When the crest of
one wave coincides with the trough of another
wave, they cancel each other out partially or
completely.

Diffraction Grating: A periodic structure with
many closely spaced parallel slits or grooves.

Diffraction Pattern: The spatial distribution of
intensity observed after a wave diffracts around
an obstacle or through a slit. This pattern
typically consists of alternating bright and dark
bands due to constructive and destructive
interference of the diffracted waves.

Diffraction: The bending of a wave around the
edges of an obstacle or through a narrow slit.

Earth’s Climate System: A complex system with
five interacting components the atmosphere,
the hydrosphere, the cryosphere, the
lithosphere and the biosphere.

Electron microscope: A device that is based on
the wave characteristics of electron.

Electroreception: ability of some animals to
detect weak naturally occurring electrostatic
fields in the environment.

EMF: energy supplied by a battery per unit
charge

Energy imbalance: The uneven distribution of
solar energy across the Earth’s surface creates
an energy imbalance.

Equilibrium position: position where the spring
is neither stretched nor compressed.

Exosphere: The outer most layer merging into
space is the exosphere which extends from 600
km up to merging into the space.

Farad: unit of capacitance.

Filtering: In a rectifier circuit, a capacitor
smooths out the pulsating direct current into a
more stable, constant output.

Fission chain reaction: A fission reaction in
which every time at least one released neutron
goes further fission.

Fission: A process where the nucleus of an atom
splits into two or more smaller nuclei, some
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particles like neutron and a large amount of
energy.

Force constant (k): Characteristic of a spring
which is defined as the ratio of the force applied

to the spring to the displacement caused by the
force.

Forced oscillations: oscillations under the
influence any external force.

Free oscillation: Oscillates under the influence
of restoring force without any external force
acting on it.

Frequency: The number of vibrations or
oscillations per unit time.

Fringe Spacing: The distance between two
consecutive bright and dark fringes.

Full wave rectification: the complete cycle of
AC signal is converted into pulsating DC.

Fusion: A process where two or more light
atomic nuclei come close to each other to form
a heavier nucleus by releasing a large amount of
energy.

Gamma decay: When an atomic nucleus
transitions from a higher energy state to a lower
energy state, emitting a gamma ray in the
process.

Gas centrifuge method: A method uses rapidly
spinning centrifuges to separate uranium
isotopes based on difference in their masses.

Gas diffusion method: A method used for
enrichment of uranium in which the gas is
allowed to diffuse from a porous wall.

Geostationary Satellites: satellite that remain
stationary above some point on Earth.

Grating Constant (d): The distance between the
centers of two adjacent slits (or grooves) in a
diffraction grating.

Gravitational field strength: It is a measure of
the force exerted by gravity on a unit mass at a
certain point in space.

Half-life: The time it takes for half of the
radicactive nuclei to decay.
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Half-wave rectification: -process by which one
half-cycle of the AC signal is converted into DC
and blocking the second-half

Heisenberg uncertainty: It is impossible to
accurately define both, the position and
momentum of an object simultaneously.

henry (H): unit of inductance.

Hubble’s Law: The recession speed of galaxies
maoving away from Earth is proportional to their
distance from.the Earth.

Hydrosphere:  All the water on the Earth
whether it is in liquid water, solid ice or the
gaseous water vapors form.

Hydrostatic equilibrium: The net outward
pressure in the core of stars that is
counterbalanced by gravity.

Impedance: combine effect of the resistance
and the reactance in an AC circuit.

In phase: When the phase difference between
two oscillating systems is 0° or 360°.

Interference: The interaction of two or more
waves propagating through the same medium,
resulting in a superposition effect that can lead
to constructive or destructive interference.

Inverse piezoelectric effect: material generate
stress when an electric field is applied.

Isotopes: Atoms of same element which have
different mass but same atomic number.

K, characteristic x-rays: x-ray produced due to
transition from L-shell to the vacancy in the K-
shell.

Kgs characteristic x-rays: x-ray produced due to
transition from M-shell to the vacancy in the K-
shell.

K, characteristic x-rays: x-ray produced due to
transition from N-shell to the vacancy in the K-
shell.

Light Damping: The damping is said to be light
when the amplitude of oscillations decreases
gradually with time.
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Lithosphere: The outermost solid shell of the
Earth consisting of the crust and the uppermost
part of the mental. It composed of various types
of rocks and minerals.

Long-term Inertia: Changes in greenhouse gas
concentrations like carbon dioxide take decades
to centuries to fully impact the climate system.

Luminosity: Measure of the total power output
of radiation emitted by a star.

Mass defect: The difference between the mass
of the nucleus and sum of the masses of its
constituent particles.

Medical Imaging: Range of tests used to create
images of internal body parts.

Mesosphere: Above the stratosphere from 50 km
to 136 km (85 miles) is the mesosphere.

Moderator: Material that slows down the
neutrons in a reactor.

Monochromatic Waves: The waves having a
single wavelength.

Mutual induction: Changing current in one coil
induces an emf in neighboring coil.

Newton's law of universal gravitation: Every
object in the universe attracts every other
object with a force which is directly
proportional to the product of their masses and
inversely proportional to the square of the
distance between their centres,

Nuclear physics: A branch of physics that deals
with the study of the atomic nucleus, its
properties and interactions.

Nuclear reactor: A device used to initiate and
control a nuclear fission chain reaction.

Nutrient cycles: Elements like carbon (C),
nitrogen (N;) and phosphorous (P) cycle through
the biosphere impacting both living organisms
and the environment.

Ocean currents: The streams of water that flow
constantly on the ocean surface in definite
directions.

Orbital velocity: constant tangential speed of
satellite in orbit.
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Oscillation or vibration: A complete round trip
of an oscillating or vibrating body about the
mean position.

Osclllatory or vibratory motion: A body moves
to and fro about its mean position.

Out of phase: When the phase difference
between two oscillating systems is 180°.

Pair annihilation: A process in which an
electron-positron pair produces two photons.

Pair production: When a high energy photon
interact with matter photon energy is changed
into an electron-positron pair.

Parallel plate capacitor: Two identical
conducting plates separated by a distance.

Pauli Exclusion Principle: Two electrons cannot
occupy same guantum state.

Peak value: Maximum value of alternating
quantity.

Permafrost: Permanently frozen ground found
mainly in high altitude regions. It contains ice
and soil that remain frozen for extended
periods.

PET scanner: A powerful imaging technique that
allows us for detailed observation of metabolic
physiological processes within the body.

Phase difference: The fraction of a period
difference between the peaks expressed in
degrees,

Phase of the motion: The angle which specifies
the displacement as well as the direction of a
point executing SHM.

Photoelectric effect: is the process of emitting
the electrons from the metal surface when the
metal surface is exposed to an electromagnetic
radiation of sufficiently high frequency.

Photoelectrons: The electrons which
are emitted from a metal surface upon the
influence of light.

Piezoelectric effect: Ability of certain
materials to generate an electric charge in
response to applied mechanical stress.
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Potential gradient: Rate of change of potential
along with displacement.

Precipitation: Any liquid or frozen water that
forms the atmosphere and falls back to the
Earth.

Predictability: unpredictable changes arising
from dynamic interactions within the climate
system rather than being directly caused by
external factors.

Pressure gradient: The change in pressure
measured across a given distance.

Pressure of gas: The pressure exerted by a gas
molecule is a measure of the force exerted by
gas molecules per unit area as they collide with
the walls of their container.

Quanta: The smallest amount of energy that can
be emitted or absorbed in the form of
electromagnetic radiation.

r.m.s value: value of an alternating current is
that steady current (d.c.) which when flowing
through a resistor produce the same amount of
heat as that produced by the alternating current
when flowing through the same resistance for
the same time. '

Radiant flux intensity: Luminosity per unit area
measured on the surface of the Earth.

Radioactivity: The natural process of emission
of radiations from unstable nuclei.

Rectification: process of converting ac voltage
into dc voltage.

Redshift: the fractional increase in wavelength

{or decrease in frequency) due to the source and
observer receding from each other.

Resonance: The phenomena in which the
amplitude of vibration of an oscillator attains
maximum value when deriving frequency equals
the natural frequency of oscillator.

Root Mean Square (rms) Speed: The square root
of the mean square speed of the gas molecules.

Rubens tube: A tube used for demonstrating
acoustic standing waves.
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Satellite: any object that orbits another object
due to the force of gravity, maintaining a stable
path around it.

Self-inductance: The phenomenon of changing
current induces an emf in the coil itself.

Short-term Inertla: The ocean and land surfaces
absorb and release heat relatively slowly leading
to short term inertia this is why daily
temperature fluctuations occur.

Simple harmonic motion: Oscillatory motion in
which acceleration of the particle is directly
proportional to its displacement from the mean
position and is always directed towards the
mean position.

Simple pendulum: A small but heavy bob of
mass m which is suspended by a light and
inextensible string

Spontaneous decay: The natural process by
which an unstable atomic nucleus breaks down
into a more stable configuration by emitting
radiation.

Standard candle: An astronomical object which
has a known luminosity due to a characteristic
quality possessed by that class of object.

Statistical mechanics: A branch of physics that
connects the microscopic details of a system
(such as motion, energy, and the interaction of
individual particles) with the macroscopic
observables measure (such as temperature,
pressure, volume, and entropy).

Stefan-Boltzmann Law: The total energy
emitted by a black body per unit area per second
is proportional to the fourth power of the
absolute temperature of the body.

Stopping potential or Cut off potential: In the
photoelectric experiments, at certain negative
voltage at which the current becomes zero.

Stratosphere: Above the troposphere from 16
kilometers to 50 kilometers (31 miles) it is called
the stratosphere.

Subtropical Gyres: Large rotating currents that
start near the equator are called subtropical
gyres.
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Super conductivity: In certain conditions, Bose-
Einstein Condensation leads to super-
conductivity, where electrical resistance drops
to zero, allowing current to flow without
resistance.

Super fluidity: A notable property of Bose-
Einstein Condensation, where condensate shows
zero viscosity, allowing it to flow without
resistance.

Superconducting transition temperature or
critical temperature: The temperature below
which the resistivity of substance become zero.

Superconductors: Those substances whose

resistivity become =zero at very low
temperatures.
Tectonic Activity: Processes like tectonics

which involves the movement and interaction of
lithosphere plates can have significant impact
on climate over a large timescale.

Thermohaline circulation: The deep ocean
currents are caused by differences in water
density.

Thermosphere: Above the mesosphere from 136
kilometers up to about 600 kilometers (372

miles) is the thermosphere.

Threshold frequency: The threshold frequency
is the lowest frequency of electromagnetic
radiation that will produce a photoelectric
effect in a material.

Threshold wavelength: The  Threshold
wavelength is the largest possible wavelength of
the incident radiation which allows
photoemission to take place.

Time Period: The time taken to complete one
oscillation or vibration.

Troposphere: The lowest layer extending from
.the ground (the surface of the Earth) to about
16 kilometers (10 miles).

Type 1A supernovae: An example of standard
candles.

Ultrasound: Sound waves above 20,000 Hz.
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Uranium Enrichment: The process of converting
non fissile material like uranium-238 into. a
fissile material like uranium-235.

Van Der Waals Equation: Equation that describe
the behavior of real gases, but it can also be
used for ideal gases as well.

Vibration or oscillation: A complete round trip
of an oscillating or vibrating body about the
mean position.

Vibratory or oscillatory motion: A body moves
to and fro about its mean position.

Volcanic eruption: A tectonic activity that
release gases and particles into the atmosphere.

Volt: unit of electric potential/e.m.f.

Voltage: The potential difference across a cell,
electrical supply or electrical component.

Wave front: A surface connecting points in a
wave that are in the same phase (at the same
point in their cycle).

Wavelength (A): The distance between two
consecutive crests (or troughs) of a wave.

Wien's displacement law: The black body
radiation curve for different temperatures peaks
at a wavelength, which is inversely proportional
to the temperature.

Work Function: The minimum amount of energy
required to escape the electron from metal
surface.
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