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| FiBRE oPTICS i

m Introduction

Fibre optics is a technology in which information is transmitted from one place to
awother with the help of an optical signal propagating through optical fibres. Optical fibres
are used to transmit light signals over long distances.

An optical fibre is defined as a dielectric waveguide that confines light energy
1o within its surface and guides it in a direction parallel to its axis.

m Principle of Fibre Optics : Total Internal Reflection

" The optical beam is made to travel throu gh the optical fibre not by the simple mode

of transmission but by the principle of total internal reflection.

Whenever 5 ray of light comes from a rarer medium (of refractive index p,) and
“Hers a denser medium (of r.i., py > 1y) it bends towards the normal as shown in




Emese

(2-30)

gngineering Physics -1

Fig. 2.19
tten as
Spell’s law is wrl |
sini _ K2 o1
: 8
Ky
[ F]
i
0
(a) i
0=90° ,
] e
i H2 Kol
(c) @
Fig. 2.19

[Fig.2.19 (b)] In this case

0>i
and Snell’s law becomes o
Sl B s 3 2i0iog baswalon |
sin0 1P

Now, if the angle of incidence, i is gradually increased, the angle of refraction. £
increases and a time comes when 0 becomes equal to 90° [See Fig. 2- 193
angle of incidence for 0 =90° is called the critical angle, i... In this cast
Is written as

ad

Sinl, =——<1 e
K2
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Finally, if a ray of light in denser medium is incident on the interface at an angle of
incidence, 1> i, the critical angle the light is reflected back into the denser medium

See Fig. 2.19 (d)]. This reflection is termed as fotal internal reflection. The minimum
angle of incidence for total internal reflection is

Clinin = i
and Snell’s law becomes  sine =&AL (2.10-d)
iy

+ Inordinary reflection 4% of the incident energy is absorbed by the interface due to

refraction and absorption at every incidence but in the case of total internal reflection
total incident energy is reflected back to the medium.

This is why, using the principle of total internal reflection, optical signals are

transmitted through optical fibres without any significant loss of energy. The emergent
beam is as intense as the incident beam.

+ Inatypical optical fibre about 2 m long, a ray undergoes about 45,000 reflections.

Visible light can be transmitted successfully over a length of about 50 m through a
single fibre.

For long distance transmission couplers are used to join several fibre pieces.

L] Basic Construction of Optical Fibres

*  The transmission properties of an optical fibre depends on its structural properties.

In the most widely accepted structure, an optical fibre consists of an inner solid
dielectric cylinder made up of high-silica-content glass known as the core of the
fibre. The core is surrounded by a solid cylindrical dielectric shell, generally made

up of law-silica-content glass or plastic. This is known as cladding as shown in
Fig. 2.20.

Core-cladding interface
|
: Ho / Core (r.l. = y,)

Alr-core Y L4 A
Interface \m\ (

\ ]

Alr-cladding Sadding
interface By > g > o ¢ il relation (rl. = p,)

Fig. 2.20 : Structure of optical fibre

k
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Laser ang Fibre o |
D h

The outermost region of an optical fibre is called the buffer Coating. y ;
coating eiven to the cladding for extra protection. The buffer is elastjc i
prevents abrasions as shown in Fig. 2.21.

. 1

Flexible buffer
coating

-
-

"‘::-".:'-...

™

-

(a) Single optical fibre (b) Multi fibre cable

Fig. 2.21

+  Hence, the function of the three regions of an optical fibre can be summarizeq g
follows ;

(1) Core : used to carry light.
(i) Cladding : confines the light to the core

(iii) Buffer coating : protects the fibre from physical damage and environme_n_'
effects. i

2.10.1 : Step Index and Graded Index Fibres and their Refractive Index Profiles

follows :

(A) Step Index (SI) Fibre

If the core refractive index remains constant at value 1L, throughout the core %=
and abruptly drops to the cladding refractive index 1, at the core-cladding bounday [
£nown as step index fibre or SI fibre as shown in Fig. 2.22 (a).

(B) Graded Index (Gl) Fibre

If the core refractive index pu, varies as a function of the radial distan¢®
Hy = py(r) with the cladding refractive index constant at value i, the fibre 1s ¢
graded index (GRIN) fibre or GI Jibre as seen in Fig. 2.22 (b).

“1[., diameter of a typical optical fibre ranges between 10 pm and 100 p® a
overall diameter (core + cladding) ranges from 125 ym to 400 pm.
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(a) Step index fibre (b) Graded index fibre

Fig. 2.22 : Refractive index profile



Acceptance angle
. Consider a step.index optical fibre into yﬁ%’ch li' 3. ) nched at\tqpc end, as shown in Fig. Let
the refractive index of the core be n, and the fractive _ﬂ dex of the cladding be ny (ny < ny). Let
no be the refractive index of the medium from which light & lagffiched into the fibre. Assumec that

a light ray enters the fibre at an an@g‘i' to the axis o thc&?rc The ray refracts at an angle 'r’
and strikes the core-cladding{ T ¢ 15 greater than cntical angle ¢ the ray

- undergoes total intermal ré] te n;> ny. As long as the angle ¢ is greater

S1LAi
than ¢, the light will stay withih g

i,

"

L

e

of o-F
falvn g

iﬁcﬁf%\\: “""‘h * \ / daaur'r;?

Applying Snell’s law to the launching face of fiber, we get
sin®i_ n,
s——— . oy

sin @: g
Where ng is the R.1. of air.
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If i is increased beyond a limit i.c. imsx, ¢ Will drop below the critical value ¢. and the ray
escapes from the sidcwa'llls of the fibre. The largest value of i occurs when ¢ = ¢ .. From the
AABC, it is seen that

sm@ sin (90° &) = cos () L
Using equation (2) into equation (1) we obtaln
=Ztcosd 3
sin ¢ = cos 3)
When ¢ = ¢ (critical angle), for i= i zax
sirﬁmax =£cos 8 sen s KO)
But
. (5
From equation (4) & (5),
........ - (6)
The incident ray is launcht
)
- (7)

and propagate down thefi f

In three dimensions, the hght rays contained within the cone having a full angle 21m arc
accepted and lransmllted along the fibre. Therefore, the cone is called the acceptance cone.
Light incident at an anr[,le beyond imax refracts through the cladding and the corresponding
optical energy is lost. It is obvious that the larger the dlameter of the core, the larger the
acceptance angle. | S
Fractional refractive index change %

The fractional difference A between the refractive indices of the core and the cladding is known
as fractional refractive imlar change. 1t is expressed as

A=2 (8)

n,

P ———— . " e P SR PP, Sy
Applied Physics 11, SJCET, Palghar, Page 3
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This parameter is always positive because ny must be ]argcrlf thaff n fqr'the totall Mtern,
reflection condition. In order to guide light rays effectively through a ﬁbrcl,’ A <<< . typically,

A is of the order of 0.01. "

4

Numerical aperture (N.A): _ '
The main function of an optical fibre is to accept and transmit ag much light from th'e source as
possible. The light gathering ability of a fibre depends on two factors, namely core size and .the
numerical aperture. The acceptance angle and the fractional reﬁjactive index ‘change determine

the numerical aperture of fibre. T j :
The numerical aperture (NA) is defined as the sine of the acceptance angle. Thus

NA = sinTrax

NA = [n? —n2

n{ —nj = (n; + nz)(ny A

_ (n1 e nz) (r.l — N\
2 N

. . mytng ™
Approximating ‘2 £ = n, we can express the ahgVe re

{,

Itgives . . . - T i iten el (O)
. 3 " e L . RN . . : £ .
Numerical aperture determines the Light gatffering \\\\\& of the® 1bre._-It 1s a measure of the
// d cladding matgrials\ind does not depend on the physical
' .0.13 to 01|50, A large NA implies that a _

amount of light that can be accepted by a fibre. It is \\‘\\?@:g\‘ q[ (9) that NA is dependent only
L




r f Step index fiber / / Graded index fiber ]
[ ' Refractive index of the core- cladding is | 1 | Refractive index of the core is not ]




‘ : i abrupt change in the 2 .
2 | Since there is an abrup 2 | In this fiber, the refractive index of the

[ [ uniform. But/ the refractive index of \e—

uniform. cladding is uniform.

refractive index at the core and cladding

terface, the refractive index profile core is maximum at the centre and

takes the shape of a step. Hence, called decreases gr#dually (parabolic manner)
step index fiber. with distance towards the outer edge.
. ; : Hence, called graded index fiber.
3 | Pulsc dispersion is more 1 multi- mode ' ’ L
Pilse dispersion is reduced by a factor of

step index fiber. 3
Attenuation is less for single mode step
4 |index fiber and more for multimode 4
step index fiber.

5 | Number of modes of propagation for a
multimode step index fiber is given by 3

200 in comparison to step index.

Attenuation 15 less.
[

Number of r_inodes of propagation for a
multimode graded index fiber is given by

VZ
V2 My = ‘Z‘
My = Thus, the number of modes is half the

number supported by a MMSI fiber.

Normalized frequency (V. — Number)
An optical fibre is characterized by one more important parameter, known as V-number. Which

is. more generally called normaiiiéd frequency of the fibre. The normalized frequency is a
relation among the fibre size, the refractive indices, and the wavelength. It is given by -

2ma 5 . H 103\/-0,8'3 ~oxd94)
mackd

V=— [n}—n3

A

2na
AT R ik —- - Z SHo-asd M
Where ‘@' is the radius of the core , SR ‘ : E i L MOde.
And X is the free space wavelength. o M P
. |

As : n,V24 = N.A _ S cloy
We can write !
2na
V=—"—(NA) b gt iy s (11)

The \f'-numbcr determines the number of modes that can propa[gate through a fibre. From above J )
equam?n, the number of modes that propagate through a fibre increases with increase in the
numerical aperture. However, the intermodal dispersion is propbrtional to the square of the N.A.,

and therefore, morc modes imply more dispersion. |

The maximum number of modes My supported by a multimode SI fibre is given by
N

y?
MN = ?
While t 8§ .
ile the number of modes in a GRIN fibre is about half that in a similar step-index fibre,
Given by M., = V2
N4

(e ap’ad r
e TreX “Modg L o C.O(L,QO\ ZeMO n’oLO}‘] Modi’/g,

Mlre MOALA Al "
o Ina L ?’i Peobagete.  ofth b= d. o L’\n"j.\ﬂ)f}_

———
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2.13.1 : Fibre Optic Communication System

Communication may be defined as the transfer of information from one place 0

+
another. For this a communication system is necessary.

+  Within a communication system the information signal is superimposed on a carrié
wave and the carrier wave is modulated by the information signal. The mOdUlzlted
carrier wave is then transmitted through the communication channel to the destinatio”
where it is received and demodulated to extract the original information




physics - Il (2-43)
Laser and Fibre Optics

C o

Optical
source
— S Optical carrier
Optical
carrier
e extracted
y Optical carrier
' modulated : i
#gg:rl‘::ctc:rf : by; Optical Demodutator/ | Information
itter || the information fibre Receiver [ ’(R:tlgi:z:ed)

signal
Fig. 2.29 : Optical fibre communication system

The carrier waves are electromagnetic waves . Earlier there has been a frequent use
of either the radio waves (frequency ~ 3 kHz to 300 GHz), the microwaves (frequency
-3 GHz to 30 GHz) or the millimeter waves (frequency ~ 30 GHz to 300 GHz), as

q cartier wave.

It has been found theoretically that the greater the carrier frequency, the larger is the
transmission bandwidth and thus the information carrying capacity of the

communication system.
+  After the advent of laser in 1960, communication ha
electromagnetic carrier selected from the optical range of frequencies.
+  Athigher optical frequencies (~ 10'° Hz) a large frequency bandwidth (~ 10* times
' the bandwidth available with a microwave carrier signal) and a high information
carrying capacity (~ 103 times the information carrying capacity of a microwave

carrier signal) are available.

*  However, light energy gets dissipated in open
1

[ < 7
d2

where °I’ is the intensity of the light beam and ‘d’ is the distance travelled.

This dissipation is caused by the diffraction and scattering of light by dust particles,
Water vapour etc. and due t0 absorption in the medium. N |
over a long distance a guiding channel is

nal .
tical beam Or pulse through an optical fibre.

s become possible with an

tmosphere by inverse square law,

Hence, to transmit an optical carrier Sig
required, This is done by sending an oP




m Nanomaterials

The materials with structural units which are an aggregate of atoms or molecules
with dimensions in Nano scalei.e., between 1 nm and 100 nm are called nanomaterial.

Engineered nanomaterials are produced with required dimensions i.e., either one or tWo or
Il the three dimensions in the nanoscale.
+ Nano materials that have at least one dimension in the nano scale
nanolayers, such as thin films or surface coatings.

are called

If two dimensions of a nanomaterial are in the nano scale they are categorized

.’
as nanotubes or nanowires.

+  Lastly, nanomaterials that have all the three dimensions in the nano scale are
called nanoparticles.

+  Nanomaterials made up of nanometer sized grains are called nanocrystalline

solids.

5.3.1: Properties of Nano materials

The properties of nano materials are very different from those of the bulk materials.
One important difference is the increased surface area to volume ratio of nanostructures.
Nonstructures are also associated with quantum effects. These special properties are due

‘0 the size of the nano particles.

(a) Optical Properties

Depending upon their constituents, nanoparticles absorb a range of wavelengths and
*mit a characteristic wavelength. It is possible to alter the linear and non-linear optical
droperties by altering the crystals. Nonomaterials are, therefore, used in electrochromic
levices,

When light is incident on a nanoparticle it can be scattered or absorbed. The total
“ffect of scattering and absorption is referred to as extinction. Nanoparticles are in the size
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regime where the fraction of light that is scattered or absorbed can vary greatly depcnding
on the particle diameter. At diameters less than 20 nm, nearly all of the extinction is dye
absorption. At sizes above 100 nm, the extinction is mostly due to scattering. By designing
a nanoparticle with desirable diameter the optimal amount of scattering and absorptigp,
can be achieved.

(b) Electrical Properties

The size of nanomaterials leads to an increase in their ionization potential. Due to
quantum confinement the electronic bands come closer and become narrow. Energy states
are transformed into localized molecular bonds which can be altered by the passage of
current or by the application of a field. The change in electrical properties is materia
dependant. As an example, metals undergo an increase in conductivity whereas in the case
of non-metallic nanomaterials a decrease in conductivity is observed.

(c) Magnetic Properties

Nanosized materials are more magnetic than their counterparts in the bulk,
Nanoparticles of non-magnetic solids also may demonstrate magnetic properties.

The dynamics of magnetization and demangetization of magnetic materials in any
device are governed by the presence of domain walls and regions with magnetization in
different directions. In the case of magnetic nanoparticles, the magnetic vectors become
aligned in the ordered pattern of a single domain in the presence of a DC magnetic field. In
such cases, phenomena of thermal excitation or quantum mechanical tunnelling change
the hysteresis loop of magnetic nanoparticles as compared to the bulk material.

(d) Mechanical and Structural Properties

Due to the formation of nanoparticles the atoms which are on the surface face different
potentials in different directions. The resulting surface stress in nanoparticles modifies its
mechanical and structural properties. The intrinsic elastic modulus of a nanostructured
material is essentially the same as that of the bulk material having the micrometer sized
grains until the grain size becomes very small, < 5 nm. If the grain size is below 20 nm the
Young’s modulus of the material begins to decrease from its value in conventional graif

sized materials. Most nanostructured materials are quite brittle and display reduced ductility
under tension.

In nanomaterials, because of their nanosize many of their mechanical propcrlies arc
modified from its value in bulk materials. These properties among other are hardness and
elastic modulus, fracture toughness, scratch resistance and fatigue strength. Energy
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mechanical coupling and mechanical non-linearities are influenced by
mponents at the nanometer scale.
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gissipatio™
qucturing co

17 Surface Area to Volume Ratio
§.3.6

The surfacearea to volume ratio determines the efficiency of the object. The surface
ea to volume ratio for a material or substance made of nanoparticles has a significant
r 1 : .
affec‘ on the properties of the material. Nanomaterials have much greater surface area per
3

it volume ratio compared with the bulk materials.

Take for example, a cube with side length ‘a’.

The surface area of the cube is

S = 6a*
The volume of the cube is
V=a
The surface to volume ratio is given by
S 6
VT oa
> -1
Ifa=2cm, v 3cm

Now, lets consider a sphere of radius ‘a’.

The surface areais S = 4n a2,

4 ;

The volume is V=3m a’ Fig. 5.3 (b)
The surface to volume ratio is given by

s_3

V  a

S
Ifa ~— 2 —_— " - l

cm, v 1.5cm

The cube with larger S / V ratio than that of sphere is considered as more efficient in
I ; ; .
“notechnology. The more the S / V ratio, the greater is the efficiency of the nanomaterial.

133 Two Main Approaches in Nanotechnology

; The two approaches used in nanotechnology to prepare nanomaterials are top down
Proach and bottom up approach which are explained below.

L
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(i) Top Down Approach

In this technique nanostructures are fabricated by reducing a bulk materiq) 5
carving and moulding. Despite the fact thy,

nanoparticles through methods as cutting, .
n the material it is widely yseq i

those techniques introduce various structural defects 1
nanotechnology due to its simplicity.

(i) Bottom Up Approach

In this technique, nanostructures aré built up atom by atom or molecule by molecye
Even the nanostructure formed by a single molecule can be developed. The informatjop
storage capacity of nanostructures constructed in this approach is very high.

Though this technique does not cause much damage to the structure of the materia]
its application is limited due to the complexities involved.

m Tools for Characterization of Nanoparticles

Several forms of microscopy are available for studying nanomaterials are discussed
below. Three most commonly used microscopies are as follows :
5.4.1 : Scanning Electron Microscope (SEM)

In scanning electron microscope an electron beam is made to be incident on the
sample surface and its image is formed by the emitted secondary electrons, back scattered
electrons and X-rays.

Principles

Itis based on the wave nature of electrons and the interactions of high energy electrons
with the sample surface.
Construction

A schematic diagram of SEM as shown in Fig. 5.4.

+  There is an electron gun comprising of a filament and a cathode which emit 2
beam of thermionically emitted electrons.

+  The electron beam passes through two pairs of condenser lenses Cy and Cy-
+  The condensed electron beam then passes through a scanning coil S.

+  Before being incident on the sample the electron beam passes through the
objective lens.

e
L ——
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B : Back scattered electron detector
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Y
T

: Secondary electron detector
: Image monitor

!
L R
\ !

o

i\

I\ T
L F=

T KA B

r VY

1

] V!

N WA

ecimen - Y
~ X

Fig. 5.4 : Scanning Electron Microscope (SEM)

The detectors are used to detect the back scattered electrons, the secondary
electrons and the X-rays.

Taking input from the detectors the image is produced on the monitor.

The electron gun produces a high energetic electron beam.

The condensed lenses focus the diverging electron beam into a fine beam of a
spot diameter of few nanometers.

The scan coils deflect the electron beam in various directions to scan across
the surface of the sample.

The objective lens is used to focus the beam at a particular point on the sample
surface.

The back scattered electrons are reflected from the surface of the sample and
are collected by the detector, B.
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+  The low energy secondary electrons are originated within a depth of fey
nanometers of the surface of the sample. These are collected by the detector Y,

+  Some electrons of the incident electron beam go deep in to the atoms of the
sample and knock off inner shell electrons resulting in X-rays, these X - rays

are collected by detector X.
+  Hence the detectors collect all the information about the sample. The monitor
produces the final two dimensional image with these informations.

Applications
A SEM provides information about
(i)  The characteristics of the sample surface.
(i) The crystallographic structure of the specimen.
(iii) The physical features of the sample.

+  Hence a SEM is used in various fields of science and technology e.g., material
science, metallurgy, biology, medical science etc.

Advantages
+ A SEM can produce a two dimensional image of resolution between 10 A° and
100 A°.

+ A SEM has a very high magnifying power.

Disadvantage
+ A SEM can produce an image of the surface of the sample and not of its interior.

+  The sample to be studied with a SEM is required to be conducting. For no
conducting samples a thin conducting coating on the top surface is used.



9.4.3 : Atomic Force Microscope (AFM)

The atomic force microscope is a scanning probe microsco

_ pe used as an imaging
device.

Principle

The various types of forces experienced by the probe while scanning the sample
surface scatters a LASER signal which is turn produces a

three dimensional image of (he
sample.

Construction

+  The AFM consists of a probe with a sharp tip fitted to a cantilever. The radius

of the tip is around 1 nm and the length of the cantilever is around 10 nm as
shown in Fig. 5.6.

Optical

fibre &&

Photodetectors

Reflective surface

o
(=]
o
(]
Y

. Cantilever

||y

| Sample

Fig. 5.6 : Atomic Force Microscope
r beam

+  Thecantilever surface is highly reflective. From a LASER source a ]aseﬂeCtﬂd

o ; . 1 re
and made to be incident on the cantilever through an optical fiber. The
LASER beam is collected by a series of photo detectors.
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Asthe
hich the cantilever undergoes a deflection.
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Yor : , _ ,
probe 18 moved over the sample surface the tip experiences a force due

‘.
to W

According to the type of the sample the force can be of clectrostatic, magnetic,

mechanical and even van Der Waals forces.

The interactive force is detected by a series of photo detectors which collect
he LASER beam scattered at different direction due to the deflection of the

probe.
The three dimensional image carrying the information of the topography of

the surface is then formed.

\dvantages -

+  The resolution of the image is in nanometer range.

+  Both the conducting and non conducting surfaces can be scanned by an AFM.

lisadvantage

The scanning process is slow.

\pplications

AFM can be used to study various types of
wsulators biological tissues €tc. AFM is also use

samples, e.g., conductors, semiconductors,
d to form nanoparticles with its fine probe.

.4.4 : Comparison of SEM and AFM

- Table 5.1
Sr. No. SEM | AFM
1. | The sample needs to be conducting. | The sample can be conducting or
nonconducting.
2. | The operation requires vacuum. The operation is possible in open
atmosphere.
3. | Resolution of the image is more. Resolution of the image is less.
4. | It produces a two dimensional image. | It produces a three dimensional image.
[ T
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m Methods to Synthesize

Various methods used for the production of nanomaterials are described here,

(@) Mechanical Method : Ball Milling Method

In this method small hard steel balls are kept in a container filled with the powde; of
the bulk material. The container spins about itself while rotating in a circular path about
central axis like a planet moves around the sun. The size of the steel balls used in milling
is inversely proportional to the size of the nanoparticles they produce. This is a simple,

economical method that can be used at room temperature. This is used to make nanoparticles
of metals and alloys.

(b) RF Plasma Technique : Sputtering

+  In this technique the bulk material is kept in a pestle which is kept in an
evacuated chamber as shown in Fig. 5.7.

l_<—— Collector rod

I_ Pestle with
/ material
7
t_ﬁ,%r__ 4
_ p RF coil
= :

He
gas _______ <———— Evacuated
chamber

Fig. 5.7 : RF Plasma

+  When a high voltage is applied to the RF coils heat in generated and the
evaporation of the metal begins. Then cold He gas is allowed to enter the
chamber. This results in high temperature plasma in the region of the coils.
Nanoparticles are formed from the metal vapor and are collected by the collector

(c) Inert Gas Condensation : Vapour Diposition

This is the primitive technique of synthesizing nanomaterials. In this techniqué
n!c[aﬂic or inorganic material is vaporized. In the evaporation process ultrafine particles
are formed. These particles rapidly form clusters which in turn condense into crystallites:
Using a rotating cylinder and a cold finger both maintained at liquid nitrogen temperatur®
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anopd d from the gas. This method is very useful to produce composite
e

| chcmiCﬂl Solution Deposition Method : Sol-Gel Method

Asolis @ solution with particles suspended in it. When the particles in the sol form
2o polymers throughout the sol it becomes a gel. The sol-gel process is a bottom up
_.p}oach rechnique. The bulk material is converted to a powder and mixed in a chemical
oltion t0 form the sol. The sol is then partly converted to gel. The sol-gel solution through

qitation effect produce the nanoparticles.

11 the available processes as it can produce large
In this technique almost any material
g extremely homogeneous alloys and
and mechanical properties and the

Sol-gel synthesis is superior of a
uantities of nanomaterials at relatively low cost.
an be synthesized. It is very useful in producin
omposites controlling the physical, chemical
sicrostructure of the developed nanostructure.

¢) Laser Ablation

In this method a very high intensity (> 107 w/cm? pulsed las
he material target. The pulsed laser generates very high temperature (> 10%K) at the target
lement resulting in the vaporization of the material. A cool, high-density helium gas is
mde to flow over the target resulting in the formation of clusters of the target material.
he clustered material is then thermalizes to room temperature and finally cooled to a few

{to produce nanomaterials. _
as an extensive use because of the fact that a wide range of bulk

er beam is focused on

This technique h
naterial can be used in this top-down kind of approach.
fy» Thermolysis

In this process
1aving metal cations and molecular anions or meta

the nanoparticles are formed by decomposing solids at high temperature
| organic compounds.

m Applications of Nanomaterials

Nano materials have a wide verity of applications some of which are explained below.

1. Self cleaning glass : Nanoparticlés are coated on a glass surface to make it
photocatalytic and hydrophilic. In photocatalytic effect when UV radiation
falls on the glass surface, the nanoparticles become energised and begin to

:
| R
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break down the organic particles on the glass surface. On the otherhand‘ due g
the hydrophilic nature the glass attracts water particles which then clean jt

Clothing : Clothing with improved UV protection are manufactured by applying
a thin layer of zinc oxide nanoparticle on it.

Also clothes can have nanowhiskers that can make them repel water and othe,
materials thus making them stain resistance.

Silver nanoparticles coating can have an antibacterial effect on the Clothes,

Scratch resistant coating : Materials like glass are being coated with thip
films of hard transparent material to make it scratch resistant.

Antifog glasses with transparent nanostructures conduct electricity and heat
up the glass surface to keep it fog free.

Smart materials : Nanotechnology enabled smart materials may be able to
change and recombine much like the shape shifting cyborg in the movie
terminator 2..They may incorporate nonsensors, nanocomputers and

- nanomachines into their structure which may enable them to respond directly

to their environment,

Cutting Tools : Cutting tools made of nanocrystalline materials are much
harder, much wear-resistant and very long lasting.

Insulation Materials : Nanocrystalline materials synthesized by the sol-gel
techniques results in a foam like structure called aerogel. These are porous and
extremely light but can withstand heavy weight. These are very good insulators.
Acrogels are also used to boost the efficiency of transducers.

Ductile, Machinable ceramics : Normal ceramics are very hard, brittle and
difficult to machine. However, the nanocrystalline ceramics possess good
formability, good machinability combined with excellent physical, chemical
and mechanical properties.

Low-cost flat-panel electrochromic displays :

+  Electrochromic devices are very similar to liquid crystal displays. These
devices display information by changing color when a voltage is applied.
If the polarity of the voltage is reversed the colors gets bleached.

+

If nanocrystalline materials are used in these devices the resolution, th®
brightness and the contrast of the display increases greatly.

Nompsised fifomum ooxde, ond  ziwe o1iele arn
ud< 1y Lome Sun St o4 They  ohgoh 2l
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Elimination of pollutants : Since nanomaterials exhibit enhanced chemical

9. _
activity they can be used as catalysts to react with pollutants like carbon
nonoxide and nitrogen oxide to prevent environmental pollution arising from
purning gasoline and coal.

10. High power magnets : The nanocrystalline magnets have very high magnetic

strength given by its coercivity and saturation magnetization value. These
magnets have applications in automobile engineering, marine engineering, in
medical instruments like MRI etc.

11. High energy - density batteries : Nanocrystalline materials synthesized by
sol-gel treatment has foam like structure which can store a large amount of
energy hence batteries with separator plates made up of these materials do not

need frequent changing.

12. High sensitivity sensors : Sensor

extremely sensitive to the change in
as smoke detectors, ice detectors on aircraft win

s made of nanocrystalline materials are
their environment. These sensors are used
gs, automobile engine

performance sensor ete.
13. Acrospace components : Aerospace components made of nanomaterials are
stronger, tougher and more long lasting than those with conventional materials.

This increases the life of the aircraft greatly.

{mportant Points to Hemembe}

e ratio : This determines the efficiency of the object.

The surface area to volum
Two approaches : Top down and bottom up-
h
SEM : Electron wavelen th: A=—"
. - J2meV

Sample needs to be conducting.

Operation arc possible only in vacutim.

A high resolution two dimensional image is formed.

STM works on quantum mechanical tunneling effect.

Sample should be conducting.

contour of the sample surface is imaged at atomic scale.

A three dimension
jn Ao
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The Helium-Neon Laser:
The helium-neon laser is the most commonly used gas laser. It was first developed by Al Javan and his

collaborators in 1961. It is a four-level laser and provides a continuous supply of laser beam.
The schematic diagram of the essential components of a He-Ne laser 1s shown in Fig.7. .

Construction:
|. He-Ne laser consists of a long (10 to 100 cm) and narrow (diameter 2 to 10 mm) discharge tube

filled with helium and neon gases with typical partial pressures of 1 mm Hg (1 torr) and 0.1 mm Hg

(0.1 torr) respectively.
2. The lasing action takes place due to the transitions in neon atoms while the helium atoms help in the

excitation of neon atoms,
3. The ends of the cavity are enclosed by two concave mirrors. One of the mirrors is 100% refl ecting

at the lasing frequency while the other is partially reflecting. Earlier, the mirrors used 1o be sealed

R L S L T T O N T i e



Inside the glass but the tub

- g since the seq] gets eroded. Therefore Now an external
MITTor arrangement s preferred.
The glass tube js closed

e does not last lon
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Working: The energy levels of
L

He and Ne are shown in Fig. 8

When an electrical discharge is passed through the gas, high energy
collide with the gas atoms.

As the concentration of helium atoms is higher, the probability of collision with He atoms is higher
than that with the neon atoms.
These collisions excite the helium atoms 10

The helium atoms tend lo accumulate in th
of 10 *sand 5x 10,

The energy levels E, 4 and E
of the helium atoms.

electrons produced in the tube

the higher energy states.

€ metastable states Ey,

and Ey; with respective lifetimes

n6 Of neon atoms have almost the same CNergy as the levels E;, and Eps




6.

Due to collisions between helium and neon atoms, the excited helium atoms excite the neon ator

to the levels, Ey and Eqpg.
We can represent this process as:

He* (Exz) + Ne (En) ——-> He (En) + Ne* (E:M)

He* (Ews) + Ne (Em) > He (Em) + Ne* (Ex)
Where the letters in parentheses refer to the corresponding energy levels of gﬂsei. 4 :
The difference in the energy level of Eyyof He and Eqy of Ne 1s nearly 400 cm ™. This difference 1n
energy appears as the kinetic energy of the Ne atoms.
Direct excitations of Ne atoms to the levels Ens and E.s are also possible. Huwev_er, due tﬂ less
number of Ne atoms in the tube, it is less likely. Depending upon the energy levels involved in the
transition, the major transitions are as follows: |
The 6328A transition: When the lasing transition is from E,s — Eas, the wavelength of the
produced laser beam is 6328A. The level E.¢ is 3S, and Ens is 2Ps. This is the most commonly
obtained laser beam in He - Ne laser. The lifetime of En is of the order of 10 * sec while that of Exs
is 10”7 sec, hence, population inversion build up is possible between these two levels.
The 33913A transition: The transitions from E.¢ — Ens produce a laser beam of 33913A (or
3.3913 pum). The upper level is same in this case and in the 6328 A transition.

The 11523A transition: This was the output wavelength of the first He - Ne laser. The transition
from En4 — En3 produces photons beam of 11523 A (or 1.1523 pm) wavelength.

Advantages:

]f

The He-Ne laser system provides a continuous beam of laser light, unlike the ruby laser which
provides a pulsed beam.

Further, 1t generates a low power laser beam. Typical small models generate a laser beam of power
1 mW and consume electric power of a few watts.

It is widely used in the laboratories where highly coherent and monochromatic sources are needed.
Used in supermarket scanners, printers, holography etc.

Nd-YAG laser:

Nd: YAG laser is one of the most popular types of solid state laser. It is a four level laser. Yttrium
aluminium garnet, Y3A150;, commonly called YAG is an optically isotropic crystal. Some of the Y?*
ions in the crystal are replaced by neodymium ions, Nd**. Doping concentration is tvpically of the crder

of 0.725 % by weight. The crystal atoms do not participate in the lasing action but serves as a host
lattice in which the active center namely Nd*" ions reside.

Construction: Fig. 9 illustrates a typical design of the laser.

It consists of an elliptically cylindrical reflector housing the laser rod along one of its focus lines
and a flash lamp along the other focus line.

The light leaving one focus of the ellipse will pass through the other focus after reflection from the
silvered surface of the reflector.

Thus the entire flash lamp radiation gets focused on the laser rod.

The YAG crystal rod is typically of 10 cm in length and 12 mm in diameter. The two ends of the
laser rod are polished and silvered and constitute the optical resonator.
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Figure 9 _v U Resonator

Power supply

Working: The energy levels of the neodymium ion in YAG crystal are shown in Fig. 10.
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Ea v Lower laser level

4 Figure 10

Energy levels of Nd*’ %

The energy level structure of the free neodymium atom is preserved to a certain extent because of 11s
relatively low concentration. However, the energy levels are split and the structure is complex.

The pumping of the Nd** ions to upper states is done by a krypton arc lamp. The optical pumping
with light of wavelength range 5000 to 8000 A excites the ground state Nd** ions to higher states.
The metastable state E; is the upper laser level, while the Ez forms the lower laser level.

The upper laser level Ez will be rapidly populated, as the excited Nd** ions quickly make downward
transitions from the upper energy bands.

The lower laser level Eais far above the ground level and hence it cannot be populated by Nd®" ions
through thermal transitions from the ground level.

Therefore, the population inversion is readily achieved between the E; level and E, level.

The laser emission occurs in infrared (IR) region at a wavelength of about 10,600 A (1.06 pm).

As the laser is a four level laser the population inversion can be maintained in the face of continuous
laser emission. Thus Nd: YAG laser can be operated in CW mode. An efficiency of better than 1%
1s achieved.

Advantages: . .

2

In optical communication systems, especially in atmospheric and free space communication links,
the Nd: YAG laser is the most widely used laser.
This laser is also used for medical surgery, dnlling, welding, etc.
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113 Semiconductor Diode Laser

v Fig. 4.13.1(a) shows a scheme of an ordinary p-n junction semiconductor.
The valence band in p-region has holes and conduction band in n region has

free electrons. This is the condition when semiconductor is lightly doped.

¢ When it is heavily doped, we get some electrons shifted to conduction band
and holes are seen in valence bands. But this does not create population

inversion at all (Fig. 4.13.1(b)). The Fermi level on n-side is found on
conduction band and on p-side it 1s found on valence band but it is in

equilibrium at both sides.

' When a forward biased is applied, energy level diagram gets altered as
shown in Fig. 4.13.1(c). Electrons from conduction band of n-type and holes

from valence band of p-type are injected into depletion layer.
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n - type ' p-type

(a) Lightly dupcd p-n junctinn (unblased)

Holes

(b) Heavily duped p-n Jundinn (unbiased)
Electrons in depletion layer

Holes in dapleﬁun layer

(c) A forward biased and heavily doped p-n junction
above threshold value.

Fig. 4.13.1 : Energy bands in semiconductor laser
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jold current .(A I.ninim“m forward current) is defined below which
| Pcu-ﬂn'hﬂlﬂ recombination will have spontancous emission and p-n juction
orks 08 LED:. A fum.urd current above the threshold value, carrier
nw“tr“tion Y d cplcitwn region will reach very high values which
eribes population inversion state. The cmission of light due to

mbination of electrons and holes will be stimulated emission and

roduces laser.

+ Eloctrode

1.@“\ Ry, Laser

- Electrode

Fig. 4.13.2 : Schematic construction of a semiconductor diode

Some of the semiconductor lasers and their wavelength.
@) GaAs :8400 A° (at room temperature)

b) GaAsP :6500 A° (at room temperature)

Merits |

(a) Simple and compact.
) Requires very little power and more efficient.
© Output can be controlled by controlling the junction current.

@ Metastable state is not required.
Demerits
@) Highly temperature sensitive.

() Less monochromatic.

Applications
(a)

(b)
(c)

Laser printers and copiers.
CD players.
Optical communication (as light source).

é& el —




Holography:

In conventional photography, we obtain a two-dimensional record of the variation of intensity (square

of the amplitude) of light received on a photographic plate from an object. It does not record the 'depth'
of the object because the photographic film is not sensitive to phase variations in the waves. In 1948,

Dennis Gabor developed a technique for recording both intensity and phase variations of light coming

from various parts of the object, and thus producing three-dimensional images of the object. This

technique is called holography, which is a Greek word meaning the whole picture. Gabor was awarded
the 1971 Nobel Pnze in physics for this discovery.

Lase~x beam

Fia ute !

Genetation of « Mlcgrn:xr-m.

- The principle of holography is illustrated in Figs.
B

Holography is a two-step process. In the first step, a laser beam from a source is split into two parts.

One of the parts, called the reference wave, is allowed to fall directly on the photographic plate after
reflection from a mirror M.

2. The second part, called the object wave, is allowed to fall on the object. A fraction of the light
scattered from the object falls on the photographic plate,
3. The superposition of the reference wave and the scattered objective wave produces a complex

interference pattern on the plate. The interference pattern records complete information about the
intensity and phase of the wave from the object at each point.

T ————ere e eV MR B RO R A
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The second step makes it possible to view the image of the object from the hologram. This 1s called
the reconstruction process. The hologram is illuminated by a laser beam similar to the reference
0.

The hologram acts as a diffraction grating and secondary waves from the hologram interfere

constructively in certain directions and destructively in other directions. As a result, we get a real

image of the object in front of the hologram and a virtual image behind the hologram. Both the
Images are in a complete three-dimensional form. The real image is inverted in depth.

7. It may be noted that a stable interference pattern can be obtained only if the object wave and the
reference wave are coherent. The basic requirement for coherency is that the two waves originate
from the same source. However, if the two waves are obtained from a conventional source. then
they will not remain coherent when they reunite after travelling long distances because the coherent
length for ordinary light is small. On the other hand. a laser beam has coherent length of the order of
several hundred kilometers. Therefore. stable interference would be possible with laser light, even

when the path difference between the two waves is large. Thus. holography could be realized in
practice only afier the discovery of laser.

Applications:

Holography has wide ranging applications in science and technology.

I
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m Introduction

What is relativity?

Consider a train moving with a speed of 60 km/hour. The train s ObServedb
observers. Yth

(1) The first observer is standing at the station.

(ii) The second observer is moving in the direction of the train Withay
20 km/hour.

(ii1) The third observer is moving with a velocity of 20 km/hour in the o
direction of the train.

CIOCi[y |';1

Pposite

The observations of the three observers are different as follows :
(1) The first observer would observe the velocity of the train as 60 km/hour,

(i) The second observer would observe the velocity of the train as (60 - 20
40 km/hour.

(iii) The third observer would observe the velocity of the train as (60 + 20
80 km/hour.

The oldest theory of Physics is the Classical Physics or Newtonian Physics that
deals with the absolute motion of an object considering space and time to be absolute and
two separate entities. However, this concept failed to explain the motion with high velocities,’
very close to the velocity of light. '

)

)

The development of theory of relativity by Einstein in 1905 revolutionalized the old
concepts. It discards the concept of absolute motion and deals with objects and observers,
moving with high velocities (~ c) and relative velocities with respect to each other. This
theory was developed in two steps and thus are divided into two parts.

(i) Einstein’s Classical Theory of Relativity based on Classical Physics. i.€s
Newtonian mechanics.

(ii) Einstein’s Special Theory of Relativity applicable to all laws of Physics.

m Einsten’s Classical Theory of Relativity (Newtonian Theory of Belatlvlﬂﬂ

Einstein initially developed his theory of relativity for classical phys:cs,

Newtonian Mechanics. This is called Einstein’s classical theory of relativity-
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AL frame of Reference
4' A "

The motion of an f)hjCCl can be described only with the help of a coordinate system.
 coordinate systemin such cases is known as the frame of reference. There are two
< of frame of reference.
‘ -

0 [nertial frame of reference or unaccelerated frame
(
A frame of reference is said to be inertial when objects in this frame obey Newton’s

. of inertia and other laws of Newtonian mechanics. In this frame an object is not acted
jpon by an external force. It is at rest or moves with a constant velocity.

) Non inertial frame

A frame of reference which is in an accelerated motion with respected to an inertial
+-me of reference is called a non-inertial frame of reference. In such frame an object even
without an external force acting on it, is accelerated. In non-inertial frame the Newton’s
zws are not valid. '

Example : A ball placed the floor of a train moves to the rear if the train accelerates
forward even though no forces act on it. In this case, the train moves in an inertial frame of
reference and the ball is in a non-inertial frame of reference.

£2.2 : Galilean Transformations

The transformation from one inertial frame of reference to another is called Galilean
ransformation. Knowing the laws of motion of an object in a reference system S, the laws
o’ motion of the same object in another reference system S' can be derived.

Let us consider a physical event. An event is something that happens without

“pending on the reference frame used to describe it. Suppose a collision of two particles

*“curat a point (x, y, z) at an instant of t secs. We describe this event by the coordinates (x,

"<' 1 . . i o Ayt > v
“%.1)in one frame of reference, say, in a laboratory on the carth. The same event observed

lom 4 different reference frame, ¢.g., from an aircrat flying overhead would also be
} ' . ] [ hit se i FF,
*tified by a se of four coordinates in space and time (X, ¥, 2,1 ) which is different from

te garl:
“Carlier sy of (X, 9,7 t).

i avels with a constant velocity ‘v’
Consider now two observers O and P, where P travels with a const y

W . R < ing
r lhrcsp ¢tto O along their common X-X' axis. Here E is the event specified by coordinates
Iy’ Z [ ' . I 4 H
‘Dand (x', y', 2. ') in frames S and S' respectively.
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L
Ay AY —_—V

vt b X!

— X, X
; .
/ EventinS : E (x,y, z, t)

z &7 EventinS': E(x', vy, 2, v

Fig. 4.1 : Frame of reference

(@) Galilean Coordinate Transformations

From Fig. 4.1, it is observed that

X'=X-vt, y'=y, z’=z and t'=t

.................... 4.1
These four equations are called Galilean coordinates transformations,

(b) Galilean Velocity Transformations
The velocity coordinates of the object in event E can be assigned as (uy, uy, u,) an

(u,, uy', u,’) in frame S and in frame S' respectively.

Then from equatijon (4.1), it can by
written as

, dx' d dt dx dt
uy =———:——(x—vt-—=———v=ux—v as — =1
dt' dt dt' dt dt'
Altogether, the Galilean velocity transformation are

Uy SUx—V, Uy'=vy, u,'=v, (4.2

--------------------

(c) Galilean Acceleration Transformation

In inertial frames of reference S and S', the acce

leration components remain th
same. Thus,

a,' =a,, ay'=ay, a,'=a,

m Einstein’s Special Theory of Relativity

Einstein observed that his Classical Theory of Relativity fails for very high sl':tet’t(
(v ~ c¢) particles. This is due to the fact that in Newtonian mechanics, there is no limit. “.
principle, to the allowed speed of a particle. In 1905, he extended his Classical Theor)";-
Relativity to include all the laws of Physics and Special Theory of Relativity was develope



y
cs - |l 4-5
48 Relativity

WL,

The special theory of relativity deals with the problems in which one frame of reference
(lh a constant linear velocity relative to another frame of reference

f‘.t‘"cs "

R postulates of Special Theory of Relativity

Einstein in his Special Theory of Relativity postulated that

(i) All the fundamental laws of physics retain the same form in all the inertial
frames of reference.

(i) The velocity of light in free space is constant and is independent of the
relative motion of the source and the observer in any frame of reference.

132 ; Einstein proved the following facts based on his theory of relativity

Let v be the velocity of a spaceship with respect to a given frame of reference where

nobserver makes his observations.

(@ All clocks on the spaceship will go slow by a factor J1- (D).

-1/2
(b) The mass of the spaceship increases by a factor [l - (v2 Ic? )] ¢

(c) Allobjects on the spaceship will be contracted by a factor 1,’1 - (v2 /cz) ;

(d) Thespeed of a material object can never exceed the velocity of light.

(e) Mass and energy arc interconvertible,

= m02

s A and B arc moving with velocities u and v respectively along

(f) If two object
respect to B is given by

the X-axis, the relative velocity of A with
u-v

Vp =
B l-—(uvlcz)

Here, u and v are both comparable with the value of c.

1433 : Lorentz Transformation of Space and Time

In Newtonian mechanics, the Galilean transformations expressed in equations (4.1),
4.2)ang (4.3) relate the space and time coordinates in one inertial frame to those the other
ame, However, these equations are not valid for cases where the object velocity v
‘roaches the value of ¢, the velocity of light. The iransformation equations apply forall

P ——

e ——————
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velocities upto ¢ and incorporate the invariance of the speed of light Were g
R - ey
1890 by Lorentz. These are known as Lorentz transformations. Clnped ;
M 3 N ' r : .
1 ot us consider two inertial frames S and S as shown in the Fig. 4.9 T
: : " —— e They
moves with a velocity v with respect o S in the positive X direction, Tame
LY rY!
S s' e t
(x, vy, 2, t)
— V
0 0' XTXI
Z 2
Fig. 4.2

Consider two observers O and O' situated at the origin in the frames § aq g
respectively. Two coordinate systems coincide initially at the instant t = t' = (. Suppose
optical source is v kept at the common origin of the two frames. Let the source release
pulse at t =t'=0 and at the same instant frame S' starts moving with a constant velocityy
along +X direction, relative to frame S. This pulse reaches a point P with coordinates
(x,y,zt)and (x',y', 2, t') in frames S and S' respectively.

Since S'is moving along +X direction with respect to S, the transformation equation |
of x and x' can be written as

K=K =V 0 s (449

where, k is the constant of proportionality.

The inverse relation can be written as,

45
x = k(x'+vt') (43
Putting equation (4.4) in equation (4.5), we can write
X = k[k(x=-vt)+vt']
_._,_(4.6)
t' = kt- l(5[1 _sz
! k rcmﬂiﬂs

. joht €
Now, according 1o the second postulate of relativity, the speed of llgh-ﬂ bservﬁd
; ; i
constant. So the velocity of the light pulse spreading out from the common orig
by observers O and O' should be the same

LS ‘4
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P
{7 = ct
R 4.7)
X' = ct'
suhdi““i“g cquation (4.7) in equation (4.4) and equation (4.5), we have
= k(E=-V)t e (4.8)
and o= k(c+Vt' (4.9)
Multiplying equations (4.8) with equation (4.9), we have |
L
2 _v2
1
K= #+————=" e (4.10)
,/ 1-(v¥/ch)
q { 1 v2
an —— i
k2 c?
Using equations (4.10) in equation (4.4), we have
X—vt
X! = S e ) R (4.11)
\/ 1-(v°/c%)
Substituting equations (4.10) and (4.11), we have
2
t—(xv/c
‘= ( ) (4.12)

ey

Hence, if the frame S' moves with a velocity v in +X direction with respect to the
S, the transformation equations are,

2
' x_vt =
xa— L] ' t|_ l' (xv/c )

_ y'ey, z'mg Vet @.13)
J1-(21c2) J-(21c?

On the otherhand, if the frame S moves with a velocity v in — X direction with
“pect to the frame S', we get the inverse transformation equations as

i == T ey, aagy el (4.14)
J1-(v21c?) J-odcdy '

Ifthe speed of the moving frame is much smaller than the velocity of light, i.e.,

«c,
h“allonthe Lorentz transformation equations reduce to Galilean transformation
s

—
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w
m Time Dilation

The meaning of time dilation is extension of time. Time dilatiop i a
the clapsed time measured by two clocks due to a relative motion between the
it let us consider two frames of reference S and S' with S' moving with g ve

M. To e

locit
;e : Yva
X direction with respect to S as shown in Fig. 4.3. Imagine a gun placed g 5 fixed p, 8

Siii{]n

Xplajy

P(x',y',2) in the frame S'. Suppose it fires two shots at instants t,' and b’ measureq byt
observer O' in the frame S :

Z Z

Fig. 4.3 : Time dilation

The time interval (t,' - t;') of the two shots measured by O' at rest in the moving
frame S' is called the proper time interval and is given by

TO = lz' —tl'

As the motion between the two frames is relative, we may assume that the frame S is

moving with velocity - v along the - X direction relative to frame S'. In frame S, the
observer O who is at rest hears these two shots at different times t; and t,.

The time interval appears to him is given by

t=t)-t R A1)
From inverse Lorentz transformation equations, we get
' +(VX'/CZ) @17
' 2.2
1-(v©/c?)
ty! +(vx'/c?) (4.18)
tz S T U ssesenesassienes?
1—(v2/c2)
Substituting equations (4.17) and (4.18) in equation (4.16), we get
b — ;" 4.19)
T = —_— ] (

s = =
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ion (4.15) in equation (4.19), we have

j=| T - T‘O

" To(Pmy o e o (4.20)
1 ch shows that T> T, I
| T, is called the proper time which is defined as the time measured in the |

Here,
|_qeof reference in which the object is at rest.

Using equat

This verifies that the actual time interval in the moving frame appears to be lengthened |

._ 1 w
| ——— when it is measured by an observer in the fixed frame, v being the

_ﬁnfactor J—z—r?.
: Ve i=C

wive velocity between the two frames.

e W i i I

!

Length Contraction
In classical mechanics the length of an object is independent of the velocity of the

sxerver moving relative to the object. However, in the theory of relativity, the length of

object depends on the relative velocity between the observer and the object.

1\ Y 1\ Y'

e '

S S

Y

A
-x
N

s, A U=

1

-

0 0'

Y

. e J
:— Xy = - > . X, X
, / |
Z z !
Fig. 4.4 |

To explain this, let us consider two inertial frames S and S' with S' moving with a

docity v in the X direction with respect L0 S.

Let a rod AB be at rest the moving frame S'.
asured by the observer O' also at rest in the frame S'. So,

Its actual length is L at any instant as

Lo = le -X l. ....................
tere, x,' and x,' are the x coordinates of the rod in frame S' as shown in the Fig. 4.4.
2

At the same time, the length of AB measured by an observer O in the stationary

tme § g given by
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Li=X=%" =~ = e,

; (4,22]
x; and X, being the x coordinates of the rod in frame S.
From Lorentz transformation,
L — e
i 7 42
Xy — Vi .

i e e (4'24)
2 1-(v2/c2)

Substituting equations (4.23) and (4.24) in equation (4.21), we get the actyy] lengyp
as

Xy — X|

s v (4‘25)
RN T |

Using equation (4.22) in equation (4.25), we have

L
= \/1—(v2/02)
L=Lyyi-(v2cdh (4.26)

Thus, the length of the rod is reduced by y1-( v2/ c2) when measured by an observer
moving with velocity v with respect to the rod. Here, L,

the length of the object measured in the reference fra

is the proper length defined as

me in which the object is at rest.
The contraction takes place only alon

g the direction of motion and remains unchanged
in a perpendicular direction,

and is given by

where, m,

is the rest mass and v is the velocity of the moving body and c is the velocity of
light. '
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. easein the energy of a particle by the applications of force may be estimated
cin '

k donc O it.
dicle is displaced by a distance dx on the application of a force F, the kinetic

d and stored in it is given by the work done,
dE = dW=Fdx (4.27)

ow, the force is defined as the time rate of change of momentum of the particle, by

»W0

[fﬂpa ¢
| F gencrd
10 de e

N

]
[
]
h
L on's second law. Hence,
X

= (4.28)
T L o e—

o —

‘f:rc. m is the mass of the particle and v is its velocity with which it moves on the
Jication of the force F.
Thus, combining equations (4.27) and (4.28), we get
— s (mV) «dx
dt
dx
dE = a d (mv)=v [mdv+vdm]
dE = mvdv+vZdm e 4.29)
m
Again, m = 02 >
1-(v©/c®)
2
So, m? = m% >
1-(v©/c™)
m?c? —m?v? = m02 T S (4.30)
Differentiating equation (4.30), with m,, and c constants, we have
2mdmc2—2mdmv2—2vdvm2=0
dmc? = Vdm+mvdv s (4.31)

Substituting equation (4.31) in equation (4.29), we get
dE = dmc® (4.32)

Showing that the change in kinetic energy is directly proportional to the change
Mass of the particle.
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From equation (4.30), it is obvious that for a rest object v =0 apq Mass
rest mass. e
If the particle moves with a velocity v, its mass become m and s Kinetj¢
; : n
becomes Ey. Therefore, integrating equation (4.32), we get rgy
Ek 2 (m d
= m
jo dE = ¢ i
2 2
¢ = MG =M™ . e
E; 02 ....... (43
= c
or mc Be+mee™ 43 4

Here, mc? is the total energy, m, c?

is the rest mass energy and Ey is its Kinetjc
energy. Hence, we write

2
E= Ek+m0c O Sy e (435)
and E=m¢ (436)
h Equation (4.36) is known as Einstein’s mass-energy relation.
‘ Important Points to Remembers
1. Space and Time transformation relations
Galilean Lorentz Inverse Lorentz
transformation transformation transformation
: X—vt X' -t
X - coordinates X'=x-vt Xi= X==—
- (1) 1-(v*/c)
Y - coordinates y'=y y'=y y=y'
Z - coordinates Z's¥ 72'=17 ="
2
2 ' '[c”)
_ t' + (VX
Time coordinate t'=t [ —t—M = —_ﬁ
V1-(v21c?) L= 16
———I--'-.--.-‘
T,

0

2. Timedilation: T =
\/ 1-( v2 /02)
3. Length contraction : L =L /1~ (v?/c?)

. . ; 2
4.  Einstein’s mass energy relation : E = mc¢? and Ey = me? — m, c”.
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