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PREFACE

"The Sclence of today is the Technology of tomorrow.” ....... Edward Teller

IU1s sadd that Science I8 the mother of all Technologies, Though technologies
change very rapidly the hasic concepts ol Science romain largely unchanged, Physics,
a major section of Sclence plays a pivotal role in the field of Engineering. The subject,

Engineering Physics bridges the gap between theoratical Physics and Applied
Engineering,

This book on Engineering Physics is written according to the revised (2019-
2020) syllabus of The University of Mumbai, The objective of this course is to understand
the basic concepts of Physics and the founding principles of technology, This course
will develop the scientific temperament in the learners for scientific observations,
recording and inference drawing essentials for technological studies,

The salient features of the hoolk are

1) The subject is presented in a very simple and lucid manner,

i) The topics are explained in a logical and systematic way with plenty of
itlustrative simple diagrams.

i) The mathematical parts are treated very methodically with related
solved examples,

1v) Modules are complete with previous university question papers along
with the solutions,

v) Above all to make this hook a texthook plenty of systematically illustrated
Mathematical Problems and Review Questions are retained and expanded.

I'hope that this ook will serve as an im portant learning resource for the students
of Engineering courses.

Feedback and suggestions from the readers will be really appreciated.

Dr. Swati Bawra
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m Introduction

[t 1s a matter of common experience that waves bend round obstacleg placeg i
path. The amount of bending, however, depends upon the size of the Obstacle ang
wavelength of the incident wave. Thus when an obstacle or a small aperture, of th
of the wavelength of light, is placed in the path of light, the light deviates from straiph

propagation and enters in the geometric shadow. This phenomenon is called diffragy;
light which is an important characteristic of wave motion.

Examples of diffraction effect in day (o day lifc arc :
(1) A series of dark lines parallel to the fingers when one tries to view 2
source of light through the gap between two closely spacced fingers.

(i1)  The colours seen on a compact disc.

The phenomenon of diffraction leads to a basic limitation in resolution o
instruments like camera, (elescope, microscope, clc.

The diffraction effect is pronounced if the size of the obstacle or aperture is off

order of the wavelength of the incident waves. As the wavelength of visible

(~ 10™® m) is much smaller than the size of the objects around us diffraction effect i
much visible in our day to day life.

Prerequisites

1.2.1 : Wave Front and Huygen’s Principle

+

A wave is a disturbance that propagates throu gh a medium in space and time. Duft

a wave motion the particles of the medium oscillate about their mean position
cnergy is transferred from one particle to another. Every particle begins to vib
Iittle later than its predecessor. Hence, there is a progressive change of phase
particle to particle in the direction of wave propagation.

+  Huygen introduced the concept of a wave front which is an imaginary smj
formed by the equiphase points of a wave motion. For a sinusoidal plane
the wave [ronts are planes perpendicular to the direction of propagation.

+ During a wave motion, the propagation of a wave front is cxplained by Huyg

principle as follows :

(i)  Each point on the given wave [ront acts as a source of secondary waveletir
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(ii) The secondary wavelets from cach point travel through space in all directions
with velocity of light.

(iii) A surface touching the secondary wavelets tangentially in the forward direction
at any given time constructs the new wave front at that instant. This is known
as secondary wave front.

The propagation of a wave is visualized as the propagation of the wave fronts.

For a point source of light the emitted

energy propagates uniformly in all directions |
and the wave fronts are spherical as seen in —
Fig. 1.1 (a). These waves are called spherical 1 T

Waves.

Spherical W

' ‘ wave fronts Plane wave front
beam of light the energy propagates uniformly (a) (b)

For broad source that produces a parallel

n one direction and the wave fronts are planes _
l Fig. 1.1 : Wave fronts

1s seen in Fig. 1.1 (b). These waves are called
blane waves.

1.2.2 : Reflection and Refraction

A) Reflection

When a beam of light is incident on an interface separating two optical media the
ight is partly reflected into the first medium and partly transmitted into the second medium.
T'his phenomenon is called reflection of light.

A
Incident rays Reflected rays

Reflected
wave front

Medium 1
Medium 2

Incident
wave front

» Interface

Fig. 1.2

InFig. 1.2, it is scen that a plane wave is incident at the angle of incidence, ‘i’ on the
nterface and is reflected at the angle of reflection, ‘0’. The phenomenon follow the laws
f reflection, /.e.,
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() The incident beam, the reflected beam and the normal to the j lnterface ﬂl
the same plane called the plane of incidence.

(ii) The angle of incidence, i and the angle of reflection, 0 are equal,

According to Huygen’s theory a beam of light is represented by a serieg ﬁf—i
fronts which are perpendicular to the beam. Hence, the phenomenon of reflectiop ;
]

change of direction of a wave {ront at an interface between two transponent media, g,

in Fig. 1.2. |
(B) Refraction

Refraction is defined as the bending of light wave as it passes from one transpa
medium to another. The laws of refraction state that

(i) the incident ray, the refracted ray and the normal drawn perpendicular tc
interface between the two media, lie in the same plane.

(i1) the angle of incidence, 1 and the angle of refraction, r obey Snell’s law, i

Sin 1 __ ].1.2

sinr
where 1| and L, are the refractive indices of the first and the second my
respectively.

The bending of wave front during the incidence and refraction of light wave is s
in Fig. 1.3.

Incident rays

Incident
wave front

by

> Interface
Hy > N,

Reflected
wave frur:t/,

Reflected rays

Fig. 1.3
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1.2.3 : Huygen - Fresnel Principle of Diffraction ! ?
_ g o
Diffraction is defined as the bending of light around ~ wave from ;
an opening or an obstacle. . ;

Hyygen-Fresnel principle states that during diffrac-
tion every point on a wavefront is a source of secondary
wavelents. These wavelents spread out in the forward
direction, at the same speed as the source wave. The new
wavefront, thus formed, is a line tangent to all the
wavelents. This is shown in Fig. 1.4.

1.2.4 : Types of Diffraction

The diffraction phenomena are divided into two
categories as follows :

(i)  Fresnel diffraction in which the source of light and the screen are. in general,
at a finite distance from the obstacle as shown in Fig. 1.5 (a).

(ii) IFraunhoffer diffraction in which the source of light and the screen are placed
at an infinite distance from the obstacle as shown in Fig. 1.5 (b).

Source :.‘/

secondary
mavelets \‘

T w e, W= W

—

Viave
iraveiing
througha ¢
narrow siit

Fig. 1.4

YY

- Finite distance — -

Slit Screen

Fig. 1.5 (a)

m Fraunhoffer Diffraction

+  Consider a plane wave front (parallel beam of monochromatic rays) incident

on a slit.

Fig. 1.5 (b)
Fresnel Diffraction Fraunhoffer Diffraction

Infinite distance 4"

Slit Screen !

“~ranhaea Wit t.amscal
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\“\
+  Everypointon the slit is a source of secondary wavelets according to Huyge,

principle. These wavelets interfere with the wavelets emanating from o
points, in a way, as is shown in Fig. 1.6.

Screen

Fig. 1.6 : Fraunhoffer diffraction

+  Theundiffracted rays travel straight along the shortest path and interfere at tk
centre O of the diffraction pattern. This point receives maximum optical energ
and hence it 1s the most intense point.

+ It is seen here that a group of rays parallely diffracted from different poir
sources interfere at a single point on the screen.

The sets of parallel rays which travel identically on both sides of the undeviate
rays meet at two equidistant points P and Q on both sides of the central point(

+  Similarly, more sets of parallel rays interfere at various points equidistantly o
both sides of point O.

+  Depending on the type of interference taking place the points appear as maxim:
or minima. At all these points a sharp image of the slit is formed. The imag
has maximum brightness at the centre followed by secondary maxima wit
intensities gradually decreasing with distance. This intensity distribution OF
the screen is known as the Fraunhoffer diffraction pattern which is actually
the interference pattern of the diffracted waves,
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1.3.1 : Fraunhoffer Diffraction at a Single Slit
- Consider a plane wave incident on a slit of width b,

+  The slit is assumed to consist of n number of point sources of secondary

wavelets. Let the point sources A, Ay, ...., A, be scparated by a constant
distance, A.

+  Tostudy the diffraction pattern produced on the screen (on the focal plane of
the lens) calculate the intensity at any arbitrary point P

+ [ (or 0)

Imln, 3 31‘[

Imm max; 2
‘ X 2n
| 1 p
'/ Imal. |
; Ali In'|I|'|. 1 n
A Intensity,
Az' ;

i

Il'.‘!

|

Il'ninr 1 - T

u '_1.431[ Imﬁ'ﬂ,l

|
|
|
I
. |
]
l : : Imln,.‘! - 21
PR " A A“: 1-2.43n Ima:.!
|

Imln, a1l ~ 3n

- f »

Y
- P (or 0)
Fig. 1.7 : Fraunhoffer’s Single slit diffraction

+  Consider a set of parallel rays that interfere at point P and produces an intensity.

+  For an incident planc wave the secondary waves emanating from points Ay,
Ay, ..., A, are In phase. By dropping a perpendicular from A, to different
wavelets the path differences Ay Ay', A3 Aj', ....., A A can be calculated.

If 0 is the angle of diffraction, the path difference between ray 1 and ray 2 is
Az Az' = A sin 0
It is known that a path difference of A / 2 produces a phase difference of . Hence,
the path difference of A, A, introduces a phase difference given by

b = ZTE agide Al T e (1.1)

—— Sscannea wWith camascar
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| Thus if the wavelet which reaches point P after being emanated form
written as

Poing.
€] = acoswl
the wavelet emanating from A, with a phase difference of ¢ is written as

€ = acos(wt+0)
and that of the wavelet {from A, is
€3 = acos(wt+29)

Thus the resultant field at P due (o all the wavelets cmanating from the entire ¢
given by ‘

E

}
iy
+
v
9
+
(D
Ll
+
+
D

Il

ACOsT+acos(wt+9)+acos(wt+20)+....
tacos[wt+(n-1)¢]

sin(ng/2) [ 0
= d— cos|wt+(n-1)=+
' sin (¢/2) > _ (n-1) 2| e (
ThE'- Sllt Wldth can bE: W[‘it[cn as
b=@-HA=na (
asnisvery large. T

Substituting equation (1.1) and (1.3) in cquation (1.2) it is obtained that

E=a- sinp cos (W
sin (/n) (@t+) e (
where B T bsin6
A TPRR—— |
As n is very large, n —» 00, = — 0 and
n
(B/n)—0 I L e (!

Hence, equation (1.5) becomes

41

-?.'L‘!.'..'_ LNt
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sin 3

Ex = A v iani (1.8)
b
Hence, the intensity at P is given by
. D
) 7 S1IN°“
[ = |EAI = A 2[3 ............... (19)
which is wnittenas | I= ), —— } (1.10)

Analysis of the Diffraction Pattern : Positions of Maxima and Minima

(1) Central maximum

This is produced by the undiffracted rays for which 6 = 0.

For 8 =0, equation (1.5) becomes

nbsinﬂ_

P A

sin [3

]

Since, lim
—0

| —
—

the intensity at the central point of the diffraction pattern is

« 2
. sin“f3
Leeniral = o BllTﬂ Bz =l =l 00 e (1.11)

i

(2) Secondary Maximﬁ

As the secondary maxima are identically spaced on both sides of the central maxima

dI
@ =0
Referring to equation (1.10) this can be written as
dl
d_B =0 R ) O 7.
Using equation (1.10), here it is found that
=P ° 0000 e (1.13)

which is true for f =0, + 1.437, + 2.46m, ...., SO on.

Here, 3 = 0 corresponds to the central maximum, as already shown in equation

(1.11). Hence, secondary maxima are produced at angles 3 = + 1.43m, £ 2.46m, .....
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: (3) - Secondary Minima

The central and secondary maxima are separated by the secondary minimg, At
- minima the ntensity is zero. Hence,
J' .
‘ sin’ 3

1 = I(l 7 —
3

' e, sinf} = 0

This is true for B=mn withm=0,£1,+2,... ... (1.

Here m =0, i.c., B = 0 corresponds to the central maximum. Hence, the secong
maxima occur at the positions for which p = + 7, + 27, + 3, ...... and so on. The positi
of all the maxima and minima are shown in Fi g. 1.7.

1.3.2 . Fraunhoffer Diffraction at N slits
i

———

Consider the diffraction of a plane wave by a system of N slits, cach of width b.
distance between any two consecutive slits is assumed to be d. Each slit is assumed

consist of n equally spaced point sources with spacing A. It is already found that the fi
at P due to the first slit is

sinf3
Ei= A 3 cos(wt+P) (24

Incident monochromatic

light (1)
T =/

_
—

Lens

= —

Fig. 1.8 : Fraunhoffer Diffraction at N slits
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The resultant ficld at P due to the wavelets emanating from the system of N slits will
essentially be the sum of N fields as

sin 3

cos(wt +P)+ A——cos(wt+ A+ y)+ ...

+ASinBcns[olt+ﬁ+(N—1)w]

sinf sinNy
B siny

The corresponding intensity distribution is

coslot+B+(N-1y] | ... (1.16)

. 2 .
= S0P SNy (1.17)
B*  siny
. 2
sin . o ey ey s
where I, 'Bz represents the intensity distribution produced by a single slit.
Positions of Maxima and minima
(1) Principal maxima
For N very large, a mathematical result is
: sin N v
Iim =&«N "' - = « o A - ad s (1.18)

Y—mn siny

Thus, the intensity for the principal maxima is found from equation (1.17) as

Hence, the condition for principal maxima is

Y = mA, m=0,1,2, ...

ie., | dsm0 = mA | ceersenne veeee (1.19)

Central principal maxima occurs form =0 and®=0i.e.,p=0and B =0.

lim b—'rlﬁ = 1 ich gi
30 = which gives

Here
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oy

l' 2 i
I =N In=lumx e, ]

the maximum intensity observed at the central principal maximum.,

Englineering Physics - Il

The other principal maxima, which are equispaced on both sides of the cer
principal maxima are observed for m = 1,2,3,..

From equation (1.5) and (1.20), it can be written as

B'__ nbsin@_ﬂ:b(ml]_(}g]mn
== " Ay (

the values of B for which the principal maxima are observed.

From equation (1.101), it is found that
d
m < I’ since sin B <1
Hence, there will be a finite number of principal maxima.
(2) Secondary Minima
From equation (1.17) it is seen that for zero Intensity
smNy =0 forNy=pn forn=1,2,3, ...
and sinB = 0 forB=nn  forn=1,2.3 ...
Here Ny =0 and 8 = 0 both results into 6 = 0 which corresponds to the cer
principal maximum.

Hence, the condition for secondary minima is
dsin® = %}., p=1,2,3,..... e, (1.

and bsin® = nA, n=1,2,3, ... i, (1.

Expanding equation (1.22), it is found that
A 2A (N-DA

N N T R
in which d sin 0 = A corresponds to the N principal maximum whereas d sin 0
corresponds to the central principal maximum Hence, from equation (1.90), it is obvl

that there are (N — 1) secondary minima in between any two consecutive principal maxi

A. RRRIRIP: X ( |

dsinb =

In a practical set up the diffraction pattern consists of the maxima for which
condition is given by equation (1.19) as
(a+b)sin0 =mA e
known as the diffraction formula.
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m Diffraction Grating and its Characteristics

4

A diffraction grating is a very important application of diffraction. This is a
series of a very large number of extremely narrow parallel slits separated by
opaque spaces. There are two types of grating :

(1)  Transmission grating through which light is transmitted, and
(11) Reflection grating from which light is reflected.
Transmission gratings are made by drawing very fine equispaced rulings on

the surface of a very good quality glass plate using a diamond tip. The rulings

act as the opaque spaces and the gaps of equal width between the rulings act as
a system of slits.

1.4.1 : Different Characteristics of a Plane Transmission Grating

(A) Grating element: (a + b)

+

If the width of each ruling is a and the width of each slit is b, the length (a + b)
1s called the grating element.

A

As there are very large number of lines, say N lines, there 4 ]
are (N — 1) slits present on any grating. 3| (a+b)
Number of lines, N =~ number of slits (N - 1). b 1
1 Y
The number of lines/cm = ‘
a+b
_ ‘ 2.54
and  The number of lines /inch =
a+b Fig. 1.9

since 1 inch =2.54 cm.

The dimension of the grating element (a + b) is of the order of the wave length of

visible light.
(B) Missing Orders : Absent Spectra |
Sometimes a few maxima disappear from the diffraction pattern.

A
This can be explained as follows : b l

Opaque space width a, slit width b and grating element d = a + b, 2

Condition for maxima: (a4+b)sinO=mA ... (1.26-2) —

Condition for minima:bsin® =nA ... (1.26-b) Fg. 1.10

From equation (1.103) and (1.105), it is found that for a grating of —-}—\ d=a+b
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When some of the maxima satisfy the condition for minima absent gy,

appears.

Lets assume that the absent maxima sa

of the absent maxima and n (= 1, 2, 3, ....) is the order of the regular minima. The un,
(1.106-a) by equation (1

(isfy equation (1.26-a). Hence, miis the,

orders of the absent maxima are found by dividing cquation

dS

a+b m
b - n

or

This can be explained as follows :
(i) If the slit width is same as the width of the ruling, a = b and equation (

becomes

m = 2n
The regular orders of minima are n = 1, 2,3y veee
Hence, the maxima of orders

m= 2,4,6, ...
will be missing from the spectrum. This means that all the even order ma

remain absent in the grating spectrum,

(ii) If the width of the ruling is double the slit width a = 2b and equation (
becomes
m = 3n

Substituting the regular orders of minima, n =1, 2, 3, .... here it is found

e, the3 6" 9™ .. order maxima will remain absent in the grating spec

Hence, it is found that the absent spectrum depends on the dimensions of the gro

(C) Highest Possible Orders of Maxima in a Grating Spectrum : mp,x

The condition for maxima is given by
(a+b)sin® = mA
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For a given monochromatic light of wavelength A incident on a given plane
transmission grating of grating element (a + b),

(a+b) sin Oy = My A

atb ¢ (1.28)

I‘.II'E'I'HI'.."I: A.

as sin 0,0 = 1
This can be explained with a few examples, as follows :
(i)  If the grating element is less than the incident wavelength i.e., (a + b) <A,
Myaw < 1
This means that only the central maximum is visible.
(i) If the grating element is less than double the incident wavelength i.e.,
(a+b) <2A,

My < 2
This means that the central maximum and the two first order maxima are visible.

It is known that the grating element 1s given by
1
No. of lines/cm
1
A X No. of lines/cm

a+b =

I
o,
[—
o
\O
p—

Hence, Mpox =

Therefore, the larger the number of rulings on the grating surface, the smaller 1s the

number of visible orders in the grating spectrum

m Resolving Power of a Diffraction Grating

When two objects are placed very close to each other or kept at a large distance
human eye cannot distinguish them. Telescopes or microscopes are required to be used to
view them. These optical instruments receive the rays diffracted by these objects and produce
the corresponding diffraction patterns consisting of various maxima and minima. The objects
can be viewed distinctively if their diffraction patterns are distinguishable. The ability of
an optical instrument to produce just separate diffraction patterns of two close objects is

called its resolving power.
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1.5.1 : Rayleigh's Criteria of Resolution

Two close spaced point sources of light are said 10 be just resolved by an ¢
instrument only if the first principal maximum of the diffraction pattern due tg ¢
coincides with the first minimum of the diffraction pattern duc to the other

in Fig. 1.11.

Neg
HUUI’C{:'_ 2

First principal
maximum of
1st source

r

_-.-.-h--"‘-

--q-----—,

First minimum
of 2nd source

(b) Just resolved

(a) Unresolved

(c) Well resolyeq

Fig. 1.11 : Rayleigh'’s Criteria

| 1.5.2 : Resolving Power of a Grating

To determine the resolving power of a gratin

two wavelengths A and A + dA very close to each
grating element (a + b).

g consider a beam of light cont
other, incident on the grating surfy

 <— Principal maximum

------...._’ of A + di

———<—— Principal
maximum
of A

<—— Central Principal maximum

Screen
surface

Fig. 1.12 : Resolving power of a grating

As scen in Fig. 1.12, the wavelength )

alter being diffracted through an an|
strikes the screen at point P where the first pri

neipal maximum of its spectrum app



Engineeting Physics - |l (1-17) Diffraction

The wavelength A + dA is diffracted through an angle 0 -+ d0 and strikes the screen at
point P, where 1ts lirst principal maxima is produced (shown with dotted curve).

According to Rayleigh's criteria if the two waves of wavelengths A and A +dA are to
be resolved by the grating, at point P5, the [irst minimum due to A should coincide with
first principal maximum of A + dA.

The conditions for the m™ order maxima for the waves of wavelengths A and A + d.
which are diffracted through 0 and 0 + dO respectively are given by,

(a+b)sin® = mA and o - reeecne kg (1.30)
(a+b)sin(0+d0) = mA+dr) (1.31)

The distance between the central maxima due to wavelengths A and A + d A is
given by
P, P, = (a+b)sin(0+dB)—(a+Db)sinO
= mA+dA)-mA
PP, =mdh s (1.32)

On the other hand, PP, is the distance between the central maximum and the first
minimum in the spectrum of the wave of wavelength A.

From equation (1.22) the condition for minima is given by

(@a+b)sin® = A,  p=1,2,3,..

N
which when expanded becomes
| A 2A
(a+b)sinB = NN e (1.33)
where (a+b)sin®@ =0 (1.34)

corresponds to the central maximum.

From equations (1.33) and (1.34), it is understood that from the central maximum,
the first minimum occurs at a distance A /N, the second minimum occurs at distance

2A./ N, and so on.

Here PP, is the distance between the central maximum and the first minimum in
the spectrum of A.

A
PP, = mdA= ﬁ ............... (1.35)
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The resoling power of z grating.

L

i< defined as the ratio of the wavelength of any spectral line (255, /. of wavelengty),
difference in the wavelength (d2.,) between the former znd e ne cignnuring line (g
wavelength 7. + d7.) such that the two lines appeer 10 he just resolved,
Here, N is the minimum number of lines required on the grating surface
resolve the wavelengths 7. and 7. + d..
From equation (1.36) it is obvious that by increasing the nurm her of rulings g

prating surface the resolving power can he improved.

S

u..T'
-
-
k)
b
-

|

1.5.3 : Polychromatic Grating Spectra
+  Consider a plane transmission grating illuminated by 2 beam of white light contz
seven wavelengths ranging from violet to red.

+  Every wavelength will cxhibit a separate diffraction spectrum contzining the ¢
principal maximum and higher order principal mazima with gradually decre:
intensities on its both sides.

df
+  Asthe dispersive power of a grating is given by 7k the larger the wavelengtl

—_—

more is the dispersion.

~ 2ng orger principzl
9.

. mazimurn
" ,I }
A paral_lel t?r:am v, \ 15t order principal
of white light ? S maximum |

e 2000 Order, white central
principal maximum

-

v
Grating ] 1st order principal
R maximum '

‘ v
g V7 / 2nd order principal
maximurn

| Fig. 1.13 : Polychromatic Grating Spectra

4 Hence, every principal maximi will appear to split into seven different

according to their 2. values as shown in Fig. 113,

_ AR \WWITAR L aAame
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+  The individual grating spectrum of each colour consists of a central principal
maximum. Hence, at the central principal maxima all the colours overlap producing
a white spot.

+ In the diffraction spectrum a central white spot is found with coloured bands (ranging
from violet to red outwards) cqually spaced on its both sides with gradually
diminishing intensities.

m Application of Diffraction Grating : Determination of Unknown
Wavelength of Light by Diffraction Grating

Diffraction grating has wide use in determination the wavelength of light by using a
spectrometer in Laboratory.

m = n, nth order
principal maximum

m = 2, 2nd order
0 . principal maximum

m = 1, 1st order
principal maximum

. M = 0, central
principal maximum

YYYYY

N

Grating

m = 1, 1st order
principal maximum

m = 2, 2nd order
principal maximum

m = n, nth order
principal maximum

Fig. 1.14 : Polychromatic grating spectra

As seen in Fig. 1.14 a parallel beam of monochromatic li ght of wavelength is made
o fall on the grating surface of grating element (a + b). The diffraction patiern is formed
n the screen, consisting of the central principal maximum and higher order principal
naxima with gradually decreasing intensity on its both sides.

The telescope of the spectrometer is adjusted to view the central principal maximum
m = 0). Then the telescoupe is rotated through an angle 20, to view the two first order

rincipal maxima on either side of the central spot. For first order diffraction maxima, it is
vritten as

(a+b)bin0| — }'
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Knowing the grating element (a + b), A can be determined.

The same method can be used for any order of diffraction.

Solved Problems

Problem 1

A parallel beam of monochromatic light is incident on a plane transmission gr;
having 3000 lines/cm. A third order diffraction is observed at 30°, Calculate the wavele
of the line. (M.U. May 2007; Dec. 2006) (

Solution :

Dt . = — - u'
ata a+b 3000 cm, n=3, =30
Formula : (a+b)sin® = nA, n=1,273, ...
. i .
Calculation : A = ath sin O
n
| .
— % sin 30°
3000 3
= : 5.555 % 10>
T 9000x2 U0 om

Result : Wavelength = 5555 A°.

Problem 2

In a plane transmission grating, the angle of diffraction for second order prin¢
maximum for the wavelength 5 x 10™ 7 ¢m is 35°. Calculate the number of lines / cn

the grating surface. (M.U. May 2013, 17) (
Solution :
Data : 0= 135, A=5%x10""cm, n= 2.
Formula : (a+b)sin0 = nA, n=1,23,...
a+b = l
No. of lines/cm
Ezu_

1l

Calculation : (a+Db) ,
sin0
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Diffraction
cv 1=
+b) = 223X 17.43 x 10~ 3
b SHER e
1
No. of lines/cm = 5 =5737
17.43x10
Result : No. of lines/cm = 5737
Problem
= Monochromatic light of wavelength 6560 A° falls normally on a grating 2 cm wide.

The first order spectrum is produced at
total numbers of lines on the grating,

Solution :

an angle of 18°14" from the normal. Calculate the

(M.U. May 2013, 18) (5 m)

Data : A =6560 A°= 6560 x 10~8 cm,
0=18°14"=18.84° width=2cm, n=1.
Formula : (@+b)sin® = nA. n=1,23, ...
|
"*B = No oflneslem
nA  6560x10"8
Calculation : (a+b) = sinb = Sin 18.84°
= 2.03x 10" % cm.
‘ 1 1
No. o f lines/cm = T+ b = 2 03% 102 = 4926

i
| Total No. of lines = 4926 x 2 = 9852
|

Result : Total No. of lines on the grating surface = 9857,

Problem 4

In plane transmission grating the
maxima for the wavelength 5 x 107
diffraction grating,

angle of diffraction for the second order principal
¢m is 35°, Calculate the number of lines/cm on the

(M.U. Nov. 2016) (5 m)
Solutiop -

Data : A=5%10""cm, 0 =35° p=2.

Formula : (@+Db)sin® = p), n=1,23
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|
a+b

Number of lines/cm

nA  2x5x10"°
sin 6 S1in 35°
.74 x 1074

1 1

= = 5735
a+b 174x10°¢

Result : Number of lines/cm = 5735

Calculation : a+Db

Il

Number of lines/crﬁ =

Problem 5

In a phase transmission grating the angle of diffraction for the first order prit

maximum is 20° for a wavelength of 6500 A°. Calculate the number of lines in one
the grating surface. (M.U. Dec. 2019

Solution :
Data:n=1, 6=20° A=6500 A°=6.5x 10~ cm.
Formula: (a+b)sin® = nA, n=1,2,3,

1
No. of lines/ cm

hA  1x65x107°
sin@® sin 20°
19.0047 x 10>

1 1

" a+b  190047x10°°
Result : Number of lines in one cm = 5261,

lllll

a+b =

Calculation: (a+Db)

No. of lines / cm = = 5261

Problem 6

A monochromatic light of wavelength 5 x 10~ cm falls normally on a grating,
wide. The first order maxima is produced at 18° from the normal. What are the total nu
| of lines on the grating? (M.U. Dec. 2019)|

Solution :
| Data:n=1, 0=18° A=5x10"°cm, width=2 cm.
Formula: (a+b)sin0 = nA, n=1,23

', ]  Tawmw i
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Diffraction

|
No. ol lines/cm

hA  1x5%1077

a+Db

Calculation : (a+D)

Il

sin 0 sin 18°
= 1.618 x 10" 4 em
1 1

No.of lines/cm = ——= ;
at+b  1618x10”

Total no. of lines on the grating surface
= 6180 x 2 =12360

Result : Number of lines in onec cm = 12360,

Problem 7

= 06180

Calculate the highest order spectrum that can be obtained by a monochromatic light

of wavelength 6000 A° by a grating with 6000 lines/cm.

Solution :

Data : A = 6000 A° = 6000 x 10~ % cm,
No. of lines/cm = 6000.
Formula : (a+b)sinO = nA, n=1, 2,3,
|
a+b =

No. of lines/cm
Calculation : Tor given (a+b) and A
sin 0 e n
(a+Db)sin Oy = Nyx A
sin 0, = 1
(a+b) = ng., A

at+b |

) —_—
e A 6000x6000% 108

Npax = 2.7

As Ny = 2.7 < 3, 3 order is not visible.

Dnax = 2.

Result : Asn,, = 2.
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A plane transmission grating having 6000 lines/cm is used to obtain 4 SPectn.

~ light from a sodium lamp in the second order. Calculate the angular Separatiop |, Formula : (a+b)sin® =nA, n 1,2, 3; i
the two sodium lines whose wavelengths are 5890 A° and 5896 A°, El ' Calculation : '
(M.U. Dec. 201 (a+b)sin® = nA;=2,

Solution :

(a+b)sinB; = nAy =2,
| . M
1 . SIn 91 = —
Data: n+b=mcm. n=2, A;=5890 A°, A, =5896 A°, § a+b
1 A
0, = -1 2
- Formula: (a+b)sin® = n) | T [3“’)
Calculation : (a+b)sin 8, = n), = sin” ' (5890 x 10~® x 6000) = 20.69°
* Ay
and sinfy = —=
BI — gin_l [i}i] Bz H+h
a+b As
. _ |
0, = sin~' (2 x 5890 x 10 # x 6000) 02 = sin [a+b)
. 8, = sin' (0.7068) = 44.97° = sin” ' (5896 x 10™% x 6000) = 20.71°
a4 = i _) (“}"ZJ . BZ_BI = 20.71°-20.69°
2 = S§In —— '
a+ b | = 0.02:. - 1.2'
8, = sin” | (2 x 5896 x 10~ 8 x 6000) | Result : Angular separation =0.02° = 1.2,
6, = sin™ ! (0.7075) = 45.03° ——
g 0,-8, = 45.03° - °=0.06° | isi
Result : Aneul 2 _ ! 3.03°-44.97°=0.06 | The visible spectrum ranges from 4000 A° to 7000 A°. Find the angular breadth of
« Anguiar separation = (.06° the first order visible spectrum produced by a plane grating having 6000 lines / cm when
Problem 9 !Ilght is incident normally on the grating. (M.U. Dec. 2015, 19) (5 m)
. lution :
A plane transmission grating havin i ; : =
_ g 6000 lines / cm is used to obta :
light from a sodium lamp in the second order. Calculate the angular sep;:;::l: :]:::T ' Daa: W =ARRATSRET
the two sodium lines whose wavelengths are 5890 A° and 3896 A°, ccq A, =T000 A®=7x 10 5 cm, n=1,
(M.U. Dec. 2007) (7 m l
Soluation : ; a+b= )
on | 6000 lines/cm
Data : a+b=——cm, n=2, Formula : (a+b)sin® =nA, n=1,273,...
}'l - 589.0 A® = 539{} % I{]- 8 cm, Cﬂ[ﬂ”ﬁﬂ”ﬂﬂ .

- - ) a+b)sinf =
}.2—5396A -5895){]0 HC]TI. ( )51[1 | }l.:
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(1-28)
1 (_}1‘_'_
s 1

5

G~ (4 x 107 x 6000)
«in~ ! (0.24) = 13.88°

A

(a+b)sin0; =

(n4b) = 3.24x107*

3086

at+h
Result : No. of lines / cm = 3086.

No. of lines /cm =

| Problem12

s _ﬁ!...
8, =sin {T.p
= s (7% 107 x 6000)

sin~ ! (0.42) =24.83°
24.83° — 13.88° = 10.95°

A—
—
1
|
—
—

2 0,-9,
Result : Angular separation = 10.95°.

Problem 11

ed at normal incidenc
" Adiffraction grating used atn
—moosed on another line 4050 A° of the next higher order. If the angle of d|ffract1

*_how many lines / cm are there on the grating?

e givesa linc 3400 A° in certain md

slatior -

. Data - },I=54mh°=540-[]xl[}'ﬂcm

(5400 - 4050) % 10"
(ﬂ"l‘b_} sin @ = l]}..|

3:«54UU:r 10"

e o e

(@+b) = 24

| illuminated by a light of wavelength in the range 5000 A” to 7500 A®.

(M.U. May 2010; Nov. 2012) (5
|

|

: A, = 4050 A°= 4050 x 10"8cm,  6=30°.
L.-' Formula : (a+b)sin8 =nk, n=1273 ..
3 Calculation :
E (a+ b) sin 0 = A |
. o since n e< -1— for constant (a+b) and g
(ﬂ"i‘b)ﬁlﬂl: (’n.p.])}.'2 N
n }I-[ —_ (I'I . 1} }"E
_ M
ad VI
4050 % 10"
n= — =3

How many orders will be observed by a grating having 4000 lines / cm if 1t is

(M.U. May 2009) (7 m)
1 Solution @
]
Data : n+b—mum
A, = 5000 A° = 5000 x 10~ ° cm,
Ay =7500 A° = 7500 x 10™ % cm.
Formula : (a+b)sin0 =nA, n=1,23, ..
Calculations :
Forn=ng .., sn0=1  (a+b)=np. A
a+b 1
For A, Nae = = =5
| ™A 4000%5000% 1078
a+b 1
For A, n — = =33=3
: TN, 4000% 7500 1078 ’

Orders observed arc fromn=3ton=>5.

Result : T'or the wavelength range of 5000 A° to 7500 A®, three orders will be observed
- the 3, the 4™ and the 5" orders.

' Problem 13
1' Inanexperiment with grating, third order spectral line of some wavelength coincides
~with the fourth order spectral line of wavelength 4992 A°. Calculate the value of the

wavelength. (M.U. Dec. 2011) (7 m)

Solution :

Data : Let the unknown wavelength be A,.

n =3 lor A =4 for A, =4992 A°,
=400 w 18

'RIANT
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Formula :
Calculations :
(a+b)sin® = nj Ay

(a+b)sin® = mA;

Problem 15

Calculate the maximum order of diffraction maxima seen from plane transmission
| grating with 2500 lines per inch if light of wavelength 6900 A falls normally on it.

= | (M.U. Dec. 2017) (5 m)
m A= M "2 3 | Solution :
_ Ny Ay,  4x4992x10° | 1
" M= =T 3 | Data: N = ——- = 2500 lincs / inch = 2500 x 2.52 x 1072 = 63 lines / m
1 '
= 6656 x 1075 cm. 11 A =6900 A°=6900 x 10” '/ m.
Result : Unknown wavelength = 6656 A°. Formula : (a+b)sin0® = nA
| Calculation : For n = n_,, sinf=1
A diffraction grating used at normal incidence gives a yellow line (A=6000 A°) & max ) :
certain spectral order superimposed on a blue line (A =4800 A®) of next higher order. I Result : Moy = 2.
. i m m w] :
anole of diffraction is sin” ' (3/4) calculate the grating clement.
¢ (M.U. Dec. 2015; May 2016, 17)| Problem 16
Solution : A plane transmission grating has 5000 lines / cm.
. — °—6x 10”° cm. (a) Determine the highest order of spectrum observed if incident light has
Data : 1‘1 6000 A
A, = 4800 A° = 4.8 x 107 cm. A = 6000 A®.
6 =sin-! (3/4) (b) 1f the opaque spaces between the slits are exactly double the transparent space
- _ | and the maximum order observed is three, find which order of spectra wiil be
Formula : (a+b)sin® =nA, n=123 .. i | absent.
1 |
Calculation : For given (a+b) and 8, n e e Solution :
1
" e o -5 N Dl
| (a+b)sin® = nA Data: (i) A=6000A°=6000x10 I:m.,a+b-5mnun
i (a+b)sin® = (n+1)A () =2, ni.=3,
[ nAy = (n+1)A Formula : (a+Db)sin® = nA, n= 1, 2, Joce,
I n Ao 48x107° 4 Calculation :
i — = —
| A=Ay (6-48)x107° | 1) (a+b)sinO,, = Npay A
nA; _ 4x6x107° s . -8 :
F a+b = sin© - (3/4) =32 % 10~ cm. | TININ A SU{]{]}QGOUUKIU_E
Result : Grating element =32 x 10 5 em. | Ny = 3.33 =3

g Y

E:‘: ‘ — <rrAanABAWITA T :am®




I (a+b)sin0 = nA maxima
e bsin® = nA minima
a+b m
b n
2b+b
i a;bnz b+ N =3n
m= 3,609,...
Since N, = 3. absent order =3 only. IH'

Result : (i) Maximum visible order, Ny, =3

(ii) Absent order, mp,, = 3.

Problem 17

A grating has 620 rulings/mm and is 0.5 mm wide. What is the smallest wavele
interval that can be resolved in the third order at A =481 nm? (M.U. May 2016, 17){

Solution ;
Data: N=620%05=310, A=481x10""m, m=3. |
) |
Formula : H = mN
-9 |
Calculations: d) = A _481xX10 7 _5s5172%10-°m
mN  3x310 .
Result : dA = 0.5172A° |
I
Problem 18

Light is incident on a grating of 0.5 cm width with 3000 lines. (i) Find angy
separation in 2™ order of two sodium lines 5890 A° and 5896 A°. (11) Check whether (i
two lines are resolved in 2™ order or no. (M.U. Dec. 2010) (¢

Solution :
Data:  Width of grating =0.5cm, n=2,

Total No. of lines on the grating = 3000,

A =5890 A° = 5890 x 10~ % ¢m,

Ay = 5896 A° = 5896 x 10" ¥ cm. |

| pitfraction
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Formula : (a+b)sind = n), n=1,2.3. ...
R.P = = ;:l_}:
Calculations :
3000

(i) No. of lines / cm on the grating = "5~ =

1
a+b = ﬁ=l,ﬁﬁ‘!xlﬂ‘*m
(a+Db)sin@ = 24,
| o 20 2x5390x10‘3]
et (n_:ﬁ):sm [ 1667 x 10~
0, = 44.96°
(a+b)sinB, = 24,
o 2A ) . 2x5896x107°
O = = [m]_sm { 1667 %10 ]
6, = 45.03°
8, -0, = 45.03°-44.96°=0.07°
(ii) A= e -12-12 =5893 x 107> cm
dh = A—A;=6x10"° cm.
RP = A . 589310~ =9097.166
dA  6x107° |
The number of lines on the grating 1 cm required to resolve A, and A, is
N = m}:il = 020 = 498.38
N = 498
3000

The no. of lines / cm on the given grating is = 05 = 6000 which is quite large.
Hence, the sodium lines will be well resolved. b

Result : Both the wavelengths 5890 A° and 5896 A° will be well r:snlf.'._c.d m the 2™
order.
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hen the width of the opacity j )

be absent W
“Which particular spectra would be o (M.U. Dec. 2019

1t of the transparency in a grating?

M: :1::’_ |

Formula (a+b)sinf =m A maxﬁmm |

bsin® = nA minima

a+bh l

T Ty |

|

2b+b |

Calculations : m= "y n=3n |
m= 3.6.9, ...

Result : The 3@ g g orders will remain absent. |
Problem 20 '
Calculate the minimum number of lines required on a grating that can jus! resg

. the two sodium lines A = 5890 A° and 2, = 5893 A° in the third order. |

(M.U. Dec. 2014) s

3, = 5890 A° = 5890 x 10 ° cm
A, = 5893 A° = 5893 x 107 8em, m=3.
2

ax - MmN

}.] +12 a
2
5803 x 10”8 cm

Formula : Resolving power =

(5890 + 5896) x 10~°
2

e

! Calculations :

‘ d) = (5896-5890)x 10" 8=6x 10" cm ‘
-8
N= —~__2893x10 - =327.38
md) 3x6x10”

I
~~ Hence, the grating surface needs minimum of 327.38 lines on it which ml::msJ
I lines, at least. |

Result : Minimum of 328 lines are required.

(1:33)
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Problem 21 .
Deduce the missing orders for a double slit Frauﬁaffer dlfl'r.’lt:tmn pattern if the slit
widths are 0.16 mm and they are 0.8 mm apart. - iy o

1 Solution :
| Data: b=0.16mm=0016cm, a=08mm=0.08cm
, a+b TR
Formula : Missing orders, m =[ b ]n
. 008+ 0016
Calculations : m = 0016 n = 6n
m = 6,12,18,.....

Result : The 6“‘, 12‘h. 13“11 etc. orders will be absent.

lllll

Problem 22

Find the maximum resolving power of a grating 2 cm wide with 6000 lines / cm
illuminated by a light of wavelength 5890 A°.

Solution :

Data:  Width of grating surface =2 cm
= — ° = 8
a+b 2000 cm, A=5890 A°=5890 x 107 ° em.
Formula : RP = mN, (a+b)sin6=mA, m=1,2.3,.....
Calculations :
(RP)ax = mpu N
a+b _
Mmax = ~3 since B, = 1
W ]
T 6000x5890% 1078 T

Here, 2<my,, <3.

Hence, m,,, = 2.

N

—
—

6000 lines fcm X 2 cm = 12000 lines
2 x 12000 = 24000

Rsult : Maximum resolving power = 24000.

—

max —

RP



b 6000 A° by means of a diffraction grating with 5000 lines / om,

i -
-\-I

¢

| engineering Phystes - |

R L) | | Diffraction

What is the highest order spectrum which can be seen with monochromgy;

Clig

roblom 26

(M.U. Dec. 2013; May zm;i

Data: ) =6000 A°=6x10" m, No. of lines / cm = 5000

Formula: (a+b®sinO=nk: n=1. 23 .

Data: No.of lines/cm=5500, A=5896A°=5896x 10" m.
Formula: (a+b)sin®=nA; n=1223,...
Calculations : Forn=n,,, sinf=1

A diffraction grating used at normal incidence gives a‘}ﬁl'lnw line (. =6000 A°)ina

Wcertain spectral order superimposed on a blue line (A =4800 A°) of next higher order. If the
angle of diffraction is sin™ l (3/4), calculate the grating element. (M.U. Dec. 2015) (5 m)
4Solution :

Data : l,=ﬁU{J{]A°=6xIG'?m_ ?.2:4800#:4.3::10“7“1,
Calculations : (a+1b) = o 2% 10 %m 0=sin"' (3/4) .. sin0=(314)=075.
5000 Formula: (a+b)sinB=nl:; n=1273,. .
Forn=ng,, sinf=1 Calculations : For given (a+b) and 0,
a+b 1
Npay = — 51— o
A A
2%107° Since A > A5,
Npax = 5 =33 |
6x10 (a+b)sin® = nA,
Result : Highest order = 3. (a+b)sin® = (n+1)A,
Problem 24 nAp = (n+1)2,
Calculate the maximum order of diffraction maxima seen from a plane diffrgy ;i A As _ 48x107"7 -4
grating having 5500 lines/cm if light of wavelength 5896 A° falls normally on it. M=% 6x1077—48x10~7
(M.U. May 2015) s 2
- [ a+b = nl,_4x6x10 =32'HIG-TI'H
Solution :

sin® 0.75
Result : Grating element =32 x 107 % m.

Problem 26

A plane grating just resolves two lines in the second order. Calculate the grating
slement if A\ =6 A°, L =6 x 10" > cm and the width of the ruled surface is2 em. -

(M.U. Dec. 2013) (5 m)
Solution : |

a+b
Hm — }L
1 —6
a+b = —— = 1818x107°m
1.818 x 1070
max = g6 x10-10 o0

Result : Maximum order, n,, = 3.

Data: dA=6A°=6x10""m, m=2, A=6x103cm=6x10""m.
| Width of ruled surface =2 cm. “
| , A 1

Formula : — =mN, a+b=

dA Number of lines/cm

L e

T I




. -1
! 6x10 = = 500
0

2x6xl

Problem 27

‘ Engineering Physics - N

Calculations :

(n+ h} &in ﬂl

o 'l}]

0y
(a +b) sin 0,

[ A
§in (__n+b]

sin” ' (5890 x 1078 x 5000)
17.1275°
2

Calculate the minimum number of lines in a grating which will just resolve j, 0, = sin™! ( }-I ]
first order the wavelengths 5890 A° and 5896 A®. (M.U. Dec. 2014) ¢ 2 2+ b
| Solution : , = sin” (5896 x 1078 x 5000)
Data: ) =5890 A°=5890x 10" "m, By = 17.1455°
A, =5896 A°=5896x10"""m, m=1. 0,-0, = 17.1455° - 17.1275° = p.0177°
: ! Here, dA=6A° )=58093 A°
S : ax-™ _ _ A _s893x1078 i
Calculations: d)\ = 6A° = 6x10"'°m md. gx10-% -
Al + Ay o _10 - Number of lines / cm required on the grating = 982,
* 2 P AT=IER 0 T ~ Number of lines / cm available on the grating = 50000
~10 Sraling =
N = A = 3893x10 = 082 166 | Results : UZ - Bl =0.0177°
mdl  1x6x10" !0

These lines will be resolved well by the grating.
Result : Minimum number of lines required = 982.

E —_—— [Impnrtant Paoints to Hemamhar]%

Problem 28
Light is incident normally on a grating 0.5 cm wide with 2500 lines. F ind the ungnﬁl L. Fraunhoffer Diffraction
separation of the two sodium lines in the first order spectrum. Can they be seen distinctiy , _ sin® B
if the lines are 5890 A° and 5896 A°? | M Atsinglestit. — 1=1, 7
- Solution : il .o D
i | (ii) AUN slit, Y B sin” Ny
Data ; Number of lines/cm = 5000, m = |, ¢ [31 sin’ Y
A= 5890 A°, ), = 5890 A°, | where 3 = I_t_b;iuﬂ_ widliy= ndsin®
A A
Formula: (a+b)sin0 = n), mN = —— L2

Diltraction maxima

Dillraction minima

(A+M)sinO=naA
bsin) = nA
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No. of lines/cm on the granting surface

i. | .'(n + b) = grating clement

Diffraction

4 a+b= . What is a diffraction grating and the grating element?

T Explain th '
method of determination of wavelength of spectral Jine u P e experimental

= Wi f opaque space (rulings), b = slit width. o WO sing diffraction eratine.
5. a=width of opaquc §p 5. State Rayleigh’s criteria for resolution. Defin e

a+b : t. Deri . € resolving power of an optical
6. Absent spectra : T = [ b )ﬂ Igr:'jliﬁrgnm S v epreasion for the resolving power of a plane transmission
m = order of absent maxima,
- C) Pr :
n = order of regular minima (1, 2, .....) | (C) Problems for practice
St . Redlight of wavelength 7500 A% is normally incident on a plane transmission grating
7.  Maximum order : My, = T with 6000 lines / cm. How many diffraction orders are observed? [Ans.:2]
! Y LA diffrm:tiinn gratinhg wi'm 3086 lines / cm gives a line (5400 A®) in a certain o-der
8.  Resolving power of a grating : RP = 5 =mN. superposcd on another line of the next higher order. If the angle of diffraction is 30°
calculate the wavelength of the second line. [ Ans. : 4050 A° }
) = A+ Aq CdA=(A - A9) . Ina grating with 5000 line / cm for is wavelength of 6000 A°, what is the hiei
2 order spectrum observed? If a = 2b which order of spectra will be absent?
= EXERCISE ]————ﬂ [Ans.:3,3" 6% 9% _
. The light of wavelength 6000 A® is incident normall i : -
) Y on a plane diffraction eratin
(A) Short Answer Type Questions of 1000 lines / cm. Calculate ; ‘ ; i
1.  What are the types of diffraction? Differentiate between them. (i) The difference between the wavelengths that just appear separated in the first
2.  What are called absent spectra? Explain, order, and
3. Define a diffraction grating. What is grating element? (1)  The resolving power of the third order spectrum. [ Ans. : 6 A°, 3000 )
4. What is called the maximum visible order in a diffraction SPL‘C[I'U[TI? Explain_ . nghl 15 ]I]I'r:ld{'.'.lll nnrnmll_:f' I:].I] d graling 0.5cm wide with 2500 lines. Find the ﬂnglt‘.‘
| | | | of diffraction for the principal maximum of the two sodium lines the first order
5.  What are the advantages of increasing the number of rulings on the grating? spectrum [ A} = 5890 A° and A, = 5896 A° ]. Are these two lines resolved?
6. Explain Rayleigh's criteria for resolution. [ Ans. : Yes ]
7. Explain how is the number of missing orders dependent on the dimensions ¢ : — .
grating. EI Previous University Examination Questions with Sulminns]E
. . Define diffraction of light. Why is it not evident in daily life?
(B) Long Answer Type Questions [ Refer § 1.1 ] (M.U. May 2008) 3 m)

1.  Discuss the phenomenon of Fraunhoffer diffraction at a single slit and nbmin!_ What do you mean by diffraction? State its types and differentiate between them.

conditions for maxima and minima. [ Refer §-1.2.4 | (M.U. May 09, 11; Dec. 2009, 11, 15) (3 m)
3.  Discuss the phenomenon of Fraunhoffer diffraction at N slit and obtain the condit
for maxima and minima.




Discuss the phenomenon of Fraunhoffer's diffraction at a single slit ang o4
condition for the 1*' mimmum. (M.U. May 2000
[ Refer § 1.3.1 ]

For planc transmission grating, prove that the condition for diffraction
dsmO=nk. n=1,23, ... (M.U. May 2018; Dec. 2014, 19)

[Refer §1.3.2 ]

Describe the construction of a diffraction grating. What is grating and grating g,
Explain the experimental method of determination of wavelength of a speeypg

—

Laser and Fibre Optics

s e

T o : it

(Prerequisites : Absorption, recombination, energy bands of p-n junction,
Refractive index of a material, Snell’s law.)

using diffraction grating. (M.U. May 2008, 11,13, 16, 17; Dec. 2009,12,13)4| Laser g Sp'untanfanua emission um.:l atimulated emi*asinnr, Me?un.table state,
Population inversion, Types of pumping, Resonant cavity, Einsteins’s equations,

|
[ Refer §14,14.1 (A), 1.5] _ | Helium Neon laser, Nd:YAG laser, Semiconductor laser, Applications of laser-
6. Whatis diffraction grating? What is the advantage of increasing the numbernf]i Holography.

ina graling? {MU. ME}' 201{:‘; Dec. 2“111 14}&

Fibre optics : Numerical Aperture for step index fibre, Critical angle, Angle of
[Refer§ 1.4and 1.5.2 ] | acceptance, V number, Number of modes of propagation, Types of optical fibres,
Fibre optic communication system. (06 Hours)

(Weightage - 27%)

7. What is grating element ? Explain how the number of lines on grating decidg
maximum number of orders of diffraction.

[ Refer § 1.4.1 (A) and 1.52 ] (M.U. May 2012, 14; Dec. 2013, 16)(f Course Outcome : CO2: Learner will be able to illustrate the working principle
Lis diffraction grating and grating clement? Explain the experimental me of variﬂ:ls Lasm*s; and their applications in different fields, the concept of optical
y ha ine the wavelength of a spectral line using a diffraction grating. fibre and its applications in communication system.
[Refer § 1.4, 1.4.1 (A)and 1.6 ) (M.U. Nov. 201g)y
What is Rayleigh's criteria of resolution? Write the expression for the regnhl 1
power of a grating. (M.U. May 2010, 11, 13, 14, 15; Dec. 2016, 17); SYNOPSIS E
[ Refer § 1.5.2 ] 2.1 Introduction of LASER
10. What is absent spectra? Derive the condition for absent spectra in grating, e Qlilﬂg“_'m I;m“:jﬂ':s_ﬂfr Laser Production : Absorption, Spontaneous emission |
[ Refer § 1.4.1 (B) | (M.U. May 2013, 18; Nov. 2018; Dec. 2010, 16, 19 el |
, 16, 19) (3 e g -
2.3 Einstein’s Coelficients
r : .
24 Basic Requirements of LASER Production : Population inversion, Pumping,
0 Metastable state, Resonant Cavity.

I
Types of Pumping

2
2.6 LASER Sources : He-Ne, Nd-YAR, Semiconductor
2.7 Application of Laser : Holography

1' Important Points to Remeber

n Exercise

Previous University Examination Questions with Solutions




.l
i 'l"h'h.‘._

B

—

e i o
'_'F:q ' .Inlrndllr.'hun of Fibre DP“ES
L T

i~ 29 Principle of Fibre Optics

, : * Optical Fibres g
2.10 Basic construction and Types of Op m Intraduction

Numerical Aperature of a Step Index Fibre, Critical Angle and Angle

- 211 d

Acceplance
2.12 Modes of Propagation : ¥V number

2.13 Applications of Optical Fibres : Fibre Optic Communication Sytem
2.14 Solved Problems
Important Poinls to Remeber

Exercise

Previous University Examination Questions with Solutions

= —
— _———-————-—.\
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Laser and Fibre Optics

I wser |

LASER is acronym for Light Amplification by Stimulated Emission nfRadiati:}q._
LASER is a mechanism to produce a light beam with very special features. LASER

light has the following characteristics :

}.‘erigh monochromaticity, "j.i-iingh coherence.
(iitf High directionality, (i») High intensity, and
(v) T.ow divergence,
(:.-i} On the otherhand, ordinary light is polychromatic, incoherent and highly
diveregenl,

Due to these characteristics LASER radiations are used in communication systems,

reading and recording of data, defense technology, holography and so on.

m Quantum Processes of Laser Production
.2.2.1 : Principle

+

The principle of LASER production is based on the theory of interaction of radiation
with matler.

A material medium is composed of identical atoms or molecules each of which is
characterized by a set of discrete energy levels. The atoms can transit between any
pair of energy levels when they receive or release an amount of energy equal to the
energy difference between the two states.

For simplicity. consider a substance in which atoms have only two allowed encrgy
states, the ground slate, E; and the excited state. E; with E; - E| = hv, the energy of
a photon, '

When this substance is exposed to a radiation of a stream of photons each carrying
energy. hv, three distinet interaction process can take place. These are absorption
spontuncous emission and stimulated emission as shown in Figs. 2.1, 2.2 and 2.3
respectively,

A1) Absorption : When an atom in the ground state E; absorb an incident photon

its energy increases by an amount hv and it goes to, the excited state Es. This
process is called absorption that can be represented by '



gt s Gk (2-4)

I _ £
A+hv — A*

where, A= ground state
and A* = excited state photon.

/gpontanmus emission : Normally the excited
’ <tate is an unstable state where the lifetime of an
I.-F" -

-8
atom is very short, around 10™ ° sec. Hence the

atom in the excited state, E, returns o the ground
releasing one photon of

photon

state spontaneously by
energy, hv. This process is called spontaneous

emission which can be represented by

A¥ 5 A+hv

(iii) Stimulated emission : In this process an incident
photon is absorbed by an excited atom as a resull
of which the atom becomes unstable in the state
E, and makes a transition to the ground state
releasing two photons. This process IS called
stimulated emission which can be written as

A*+hv — A+2hv

2.2.2 : Amplification by Stimulated Emission of Radiation

The emitted photons propagate in the same direction as

or the stimulating photon. These two photons are identical in all respects to the stimula

by the emilled radiation are not in phase travel in the same direction.
M and also directed in all possible
"""" hw 1 10ns
" . M directions.
h s e [ A®] e e e e e " ‘ . e . . .. f
h -...--x:—-»a- &) hv ‘4. Interference ol emitted radiations take | 4. The emitted radiations being in phase
W h? M . . .

m " M _______ . place constructively and destructively interfere constructively only. Hence the

hv
---""\-..-""'-'ll- hy M B

e - also. Hence the intensity of the emitted i i , :
N " R v T " Y intensity becomes very high.

hy

M """" hv

Fig. 2.4 : Amplification

Laser ang
(aser and Fibre Opfics
ngineering Physics = Il (2-8)
E=h | .
” ns will stimulate two more excited atoms resulting in four

hoton. Hence, these two photo
esultant photons. Thesc four photons in tum stimu

photons, and so on. This is shown in Fig. 2.4. |
is bui i valanche manner.
+  The number of photons is built up in an L_EET—T- ‘
+  As all the light waves arc generated from one initial wave all of them are

coherent. Being in phase they interfere constructively the net intensity of which
Es
"\: becomes
2
- lotat = N
Fig. 2.2 where N is the number of atoms present in the material.

spontaneous emisiy  Since the number of atoms in the material medium is very large. coherent emission

ate four more excited atoms and generate

ight

O

eads Lo an enormously high intense light.

EI T
P ﬁ.z.a . Comparison of Stimulated Emission and Spontaneous Emission
E, 3 - : Table 2.1
Fig. 2.3 Spontaneous emission Stimulated emission

imulated emissi . i
itl 81y 11 is 2 random and uncontrolled process. | 1. Itis a controlled process.

)

Being uncontrolled it can take place | 2. Itis possible only between two specified

between any pair of energy states. energy states. Hence, all emitted
_ Hence. Photons can carry any amount photons carry equal amount of energy.
that of the incident phy  of enerey.

3. As the transition take place randomly | 3. All the emitted photons are in phase and

radiation becomes moderate.

LAY 5. In this process photon multiplication | 5. Light amplification occurs due to mul-
o \ does not take place. Hence there is no tiplication of photons.
l‘l w g B "
o~ (&) amplification of light.

B S ——

-




-;,-T : +  The probability of the absorption process to occur depends on :

~ where the proportionality constant C,) 1s called the Einstein’s coefficient of stimul

Eins!am 's Coefficients 4
" Consider a medium with atoms having only two allowed energy "lﬂtcs
with population Ny and N, respectively. When a radiation of density ‘p» 13 ,
on this medium, the three interaction processes. absorption, qpn"l"nﬂﬂust
_ and stimulated emission take place with probabilitics Pyps, Py em and P, el

shown in Fig. 2.5.

(i) The number of atoms present at the ground state (N) and

(i) The number of atoms present at the excited state

(i1) The photon density of the incident radiation (p)
and is given by

Fig. 2.5 (c)

= cup®

SL €m

emission.
—
+  In thermal equilibrium, the probability of transition from state E, to E, mis

equal to the same from E, to E,. Thus,
Paps = Py

_-_l-‘-""lh

|

r-'- cm + PS[ cm ““_“........"mﬂ

Enginaering Physics - i 1247) Laser and Fibre Optfics

=

Ap PNy = By N+ CypN;

p (A2 N =Cy) Ng) = By N;

0 = BaiNa By N2/CyN;
A Ny - CﬂNz A2 Nlij
Cat Nz
_ By /Cyy
Az x ol E2~E /KT _ 4
Gy

(ii) The photon density (p) of the incident radiation. E2 | Here Ny = e E/KT and No=e" HFARA by Maxwell - Boltzmann distribution where,
Hence, it is given by P 'k’ is Boltzmann constant and ‘T’ is the absolute temperature.
By /C
P = App N (2.1-a) E, — p= AL 2] : Ii’ll' .................. . (2.3)
. Vv
where A, is the proportionally constant called the Fig. 2.5 (a) E};x - -1
Einstein’s coefficient of absorption. Comparing this with Planck’s radiation formula,
+  The probability that the spontaneous emission will take K. 8 p 3 1
place depends on the number of atoms are excited to E, = ___: p = 3 [eh""” : l) ____________________ (2.4)
the higher state (N,) and is given by
| It is found that
PSp.Em - BZI Nz - (21-b)
: _ __ . s E, S B'}l 8m h'h"3
where B, is the praportionality constant called the Einstein’s 1 Ch = ol R e = (2.5)
- o Fig. 2.5 (b) 2] N - <t b
~ coefficient of .s_;nﬂntaneaus emission. A *
+  Lastly, the stimulated emission takes place with a and Cz = 1 1€, Ap = Gy ..(2.6)
probability that depends on : I
e, | Equation (2.6) shows that the Einstein’s coefficients for absorption an-d stimulated

emission are equal. This can be explained as follows :

Taking ratio of equation (2.1-¢) and (2.1-2), it is found that

Pyt em.  Cy1pN,
Pis — AjapNy
Using equation (2.6) in this. the ratio becomes
Pst.em. . N —{F-. - I}H-.T —hw‘IcT
Pybs B 1‘q‘ll or {2 ?}
For ordinary visible light with an average wavelength of A = SDDO A“ at room

lemperature T = 300 K
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e - 44
.E:" gl _ : P-!;Lcm. = & he/AKT = 10
aﬂh e Pabs

- hichis negligible . l
g “h‘ This means that stimulated emission does not occur na
_ 1S

| m Basic Requirements for LASER Production

:ocident on a material medium, all the three proceg,
s in

urally. It needs to be i

When a radiation i

feci - . Of
‘ taneous emission and stimulated emission take place. OF thes,
absorption, spon

Various methads of pumping that are generally used are as

)

(ii)

(iii) Direct conversion : In this method the electrical

follows :

optical energy is incident on the atomic system.
required energy value the atoms transit to the

Optical pumping : In this case
On absorbing photons of the
higher cnergy states,

Electrical pumping : A strong electric field is applicd to the atomic system

with the usc of a high voltage power supply. The high energy electrons collide

with the atoms and transfer their kinetic energy to the later. As a result atoms
risc to the higher encrgy state. -

LA cnergy directly creates the
- duction of LASER. Hence, stip, o . .
stimulated emission is essential for the producti _ . state of population inversion and LASER is produced. Here the electrical energy
F“m':&?sms.tn::ruh:l dominate absorption and spontancous emission. To make it possiy| Is dircctly converted into optical energy.
. emission
| requirements are as follows 2.4.3 : Metastable State : Need of a Three Level System y
e Sulation Inversion +  In the excited states atoms have a very short life time of aretnd 10" ? sec.
L This is a state of matter in which the number of atoms in the excited g hence the excited atoms have a natu@ 'tendency [o rapidly de-excite to the
+ ! ground state through spontaneous emission.
higher than that in the ground state. _ _ o
g o : 2.1-a) and (2.1-c). For L + Even though atoms are continuously pumped to the excited state it IS not
+  This canbe explained by considering equations (2.1-a A ibl - ion i ion.
possible to achieve the state of population inversion. :
production it requires to be +  Atoms do not stay in the excited state for a significant period of time so as to
P om. > Puan be stimulated by the incident radiation.
CypN; > AppN, +  Therefore, a third kind of cncrgy state called the metastable state is required.
2 2 . . cn . . -3 s &
Here Cy; = Ao, as seen in equation (2.27). Hence, In a meltastable sllﬂlc: the l.le time of atoms is arm‘mc.l 10"~ sec. which is much
21 12+ “longer than the time required for spontaneous emission to take place. Hence, a
N, > N ermess et large number of atoms gel accumulated at this level making the population
The chances of stimulated emission taking place increases when the st inversion and stimulated emission possible. - WL
population inversion is achieved in the medium. +  Metastable states are not artificially created. These are naturally present in
! between the ground state and the excited state in some materials as shown in
y:'r"umping Fig. 2.6
: +  Usually atoms have a tendency to return to the grmmdl state releasing ., e s
| absorbed energy. Hence, the population of the ground state is found to be g (lfe time ~ 10°" sag)
* than that of the higher excited state. E, Metastable state
_ ] (life time ~ 10 sec)
F +  Thus, the state of population inversion can not be achieved naturally, Ithlj
be induced artificially by continuously raising a large number of atoms E, {ﬁ:und stm] S
: ' T Ife time ~ = e
higher energy state with continuous supply of external energy. This is¢

the pumping mechanism.

Fig. 2.6 : A three level atomic system
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- :T';':T::T allowed atomic energy levels: the ground state, the , - ' o
ca ' -
oate and the excited stale. 2. The stimulated photons, which are coherent in nature, when undergo muitipli-

cation by repetitive reflections at the two reflectors interfere constructively

4.4 - Resonant Cavity : Optical Resonator and a higher amplified LASER beam is produced.
24.4: :

of optically flat parallel mirrors one totally reflecting and the othey

o )
Apal ity. The two I‘Eﬂtclnrg

reflecting constitutes the optical resonator or resonant cav
the medium that emit LASER radiation.

Types of Pumping : Three Level and Four Level Lasing Schemes

Generally there are two 1 ypes of pumping schemes used in LASER production. These
re: o

. T T |
The functions of a resonant cavity are explained in Fig. 2.8 as follows :

’."i
' nrimari ~ Three Level Pumping Sc
1. Licht initially eenerated in a LASER source 1S primarily due to spg ping Scheme

emission. These spontaneous photons ben

contribute to the LASER beam. The photons, insl i
utilized as the trigger photons for the induction of stimulated emissiop,

\g incoherent in Nature 4 [he three cnergy levels involved in the atomic transition for laser production are the

cad of being wasteq round state, E|, one metastable state, E; and the excited state., E;.

The principle of LASER produclion in three Jevels pumping is explained in Fie, 2.8,

a resonant cavity the spontanecous photons are fed back to the mcdiuqu E, soges
purpose. |
i o 52 o400  -sseee
~ “~—~_ Z (2) Immediately after the atoms are pumpeg Iﬂfﬂr -y
1 ™ ~ 4 into excited states spontanecous photong = E -
F:;:: T~ N E arc critted. radiation "
Z E, —o0— —— o— — oo _'.J'.-
~— \ (b) Spc_ml:ancuus photons in_litialﬂ stimulateq PUmping Hi:a‘::ijtiﬁ:t;“ P::?ll;;n-fn Stimulation Lasing
“‘t-\\ N - cmission and the pairs of coherent conversion h:ad"fg::‘ transition

photons arc released inall directions,

AR

Fig. 2.8 : Three level Laser

: . : + The atoms a 15 > oxCl \ : .
. PP 7 (¢) Lightwavestraveling along the axis form re raised to the excited state by pumping transition.
A ~—~— o v : : =ni /2 Iavi o 1T : -
~=r standing waves (L = nA / 2) between (he + Having a very short life time in the excited state atoms immediatel
—~— —— g ﬁ reflectors by reflections and other waves down to the metastable state by . . i Y 80cs
A~V are lost. SHbic state by non radiative transition, emitting some heat
l energy,
Z > (d) Tach of the photons in its back and forth - '
A g 7 . . : + Since s ANeoUs emission is IR ;
;f o A € A % journey triggers more stimulated ; bpml”""‘_m“’ CMIss10n 1s not possible in a metastable state atoms stay In
? N ISV emission and create more coherenl level E; for a significant period of time. This results into population inversion
7 7 photons. between states E, and E,. |
e A 5: () The ?rgﬁ number of coherent w]:y:s . I'he medium keeps on receiving the incident radiation. The incident radiation
7 m" ~— > A ARAT A gl Z o interferes construclively and high initiates the atoms of level Ey 1o transit simultaneous) to the d sta
o oy, o~ N~  Lasen emplitude, high intensity LASER beam The lasine o - y ground state.
T A T comes out of the partial reflector. 1¢ fasing transition occurs between levels E» and E;.
Fig. 2.7
{-'T.'".'.- 3 ARETR F are
b TNy | 25 Lo T A R e
- 1 - ¥ i - e T — =




E; o lation inversion occurs between the metastay), | Engineering Physics - i
~ % In this scheme popul

; : ore than half !
E, which is possible only when mor Of the
and ground state k her state. This requires a very hig,

state atoms are pumped to the hig
power.
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By the time the first lot of atoms returns to

atoms through pumping reaches the
inversion between levels E5 and E, whic

Thus a four level Jaser operates

the ground state another lot of
level E, re-establishing population

heventually results in Laser production.

over the metastable state 1s empty and (p, In conlinuous wave mode.

. tion 1s .
+  Once the lasing transition after the population iy

. ible only *+  Asthe lower lasing level E, | t vacant very small ' !
. { lasing is possib ) . ' . €ry small pumping power is
b i 'Eh:ﬂ the three level laser operales in pulsed mode. required to achieve population i

E re-cstablished. Thus,

and the lower lasing leve] E,.

ing Scheme
5 (b)? Four Level Pumping . d have four allowed energy
terial used ha _ - He. | .
+  In this case the atoms of ﬂu.i ;:;hle tates. Er and E; and the excited stm LASER Sources : He-Ne, Nd YAG, Semiconductor
- g =
the ground state, Ej, twom

+ A) The basic components of a LASER source -
|
E, 0opo These are as follows -
S e R e -so00- -0000- => N (i) Anactive medium : This is material in which the state of population inversion
e - .
i N LASER can be induced easily. The wavelength of the emitted LASER beam depends
adiation E, on the energy values of the lasing levels of the active medium.
(ii)  Anenergy source : This 1S required for pumping the atoms from ground state
£ Non- State of Stimulation Lasing Accumulation  Ngp. to higher ener level
Pum?t{in?'l radiative  population transition  of atclhms I:rauiliv,qtl;j,,.! Y gY levels.
transitio L at the lower Fansitie - . . i . .
transition  inversion lasing level (11i) A resonant/ optical cavity : This is required for the feedback of spontaneous
|
seE— photons to the active medium and the
Fig. 2.9 : Four leve

multiplication of the stimulated photons
which is essential for LASER production.

i " : 1 state, 2y, . :
+ By pumping transition atoms are raised to the excited state, E, B)  The mechanism of a LASER source :

+  Being unstable in the excited state, E4 almost immediately the atoms yf This involves
non radiative transition emitting heat energy and reach the upper mets (i) Excitation,
state Es. iles Buani (i) Population inversion. and
b +  Population inversion occurs between the metastable states E; and E,, (i) Cavity response
{’ +  Being initiated by the incident energy all the atoms simultaneously tr

- - i) Classification of LASER Sources
the lower metastable state, E,. Here Ej is the upper lasing level and B,

lower lasing level between which the lasing transition takes place andLd ~ LASERs are classified according to the

active medium used in the source, as follows :
is emitted.

(1) Solid LASER
+  Allthe atoms are accumulated in level E,. As E, is a metastable stated (i1) Liquid LASER

can not go down to the ground state by spontaneous cmission. Insteadl

(ili) Gas LASER
radiation transition the atoms to the ground state,
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? LY ‘b o
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g i (iv) Dy¢ of chemical LLASER, an
y Semiconductor LASER Enercyp: - b Y SqEarle AT ~ m: ? "T
' v + o below \ s (2.5
s - s are dCSCnhE - S~~~ §JIB A?
A i imprtan LASER 5011 1 Vi ATy
D er '. N, & =
<4 Four Level Gaseous Source Las ! %N b Spontanesus
s . HE—NB Laser . Ao i ; “a -"d_“.. ermission at
N ats of this source are as follows : 1 Pumping M gqr;“ €, (m.5.) 6000 A”
in]l componciit: . , : . NG
b The essentia P“ s is 2 mixiure of Helium and Neon gases with He. NN «— De-exciation
e i) Active medium ¢ TIL i rex tube of diameter about 1.5 cm and |e Fy H"JL E, P coffeion
1: 1_', . =10:1 ratio. filled 1In @ P? e the tube 18 Il'lﬂiﬂlﬂiﬂﬂd at about 1 mmq <«— He energy levels —» =<+— MNe energy levels —
* i ure insl ' s, : ; . : exct
373. about 35 cm. The press 1 *Ne' is called the activator, because lNE'u m.s. : metastable state;  e.s. : excited state
5‘ Here ‘He' is the host gas an Fig. 2.11 : Energy level diagram of He - Ne LASER
- :volv in lasing transition. _
part actively in lasing | voltage power SOUrCe of about 4 kvy +  The two gases are in close energy level structures as shown in Fie. 2.28. The
. Thic 3 ieh voltage ' : : - - .
;.;’! . (ii) Energy source : This is a high . [h:é ctive medium. Hence, the Pllmg excited He atoms collide with the ground state Ne atoms and transfer their
connected to the pyrex tube 10 €XCI energy to the later. As a result, the ground state Ne atoms are excited to the
is electrical pumpIng. _ metastable energy states Eg and E,; which are almost parallel to the levels Fy
(iii) Resonant/optical cavity : A pair of reflectors, one total, and one partiy|g and I, of He respectively. The He atoms return to the ground state.
— ube. . o ..
to the two inner end surfaces of the pyrex +  This causes population inversion in Ne at Eg and E;4 levels with respect to Es
; 71 LASER output and Ej levels and lasing occurs on three possible transitions as -
,ﬁ -Ne = 10 : —
He-Ne = 10 : 1 mixture —=> Eg— Es  emitting LASER of wavelength 3.39 um in the infrared region,
Total T_@_T S E¢— E; emitting LASER of wavelength 6328 A° in the visible region,
reflector reflector AN e : ) . N e
i esueneviper et and Ey— E;  emitting LASER of wavelength 1.15 pm in the infrared region.
Fig. 2.10 : Construction of He-Ne laser. + 1 hi: Hlf.:wzls Es and E; are excited states where the life time of Ne atoms 1s about
1077 sec. Hence, the Ne atoms transit to the metastable state E, from E and
Working of He - Ne Laser E; levels by spontaneous emission.
it The working of the Laser source can be explained with the help of its energyk +  The energy level E, is metastable from which Spontaneous emission is rare.
diagram shown in Fig. 2.11. Hence, Ne atoms are accumulated at leve] E;. During their stay at E, level Ne.
£ . , _ . atoms collide with the tube wa¥s and ei i oLy TR
3 +  As the high voltage power supply is switched on, the high energy elea and returns to the sround stat nd give up their excess encrgy as heat energy
; ' | ' ‘ ‘ ground state. -
% start flowing through the gas mixture and collide with He and Ne atom By the 6
: : - T T ¢ (ne » firs !
3 the time of impact the electrons transfer their kinetic energy to the gasal N}' me the first set of Ne atoms return to the ground state one more set of
i . i - i ¢ atloms are rais el F : ; S : '
il He atoms being fairly lighter than Ne atoms, absorb the electron kinetic en resulting in Lasi = “? level Ey and Eg inducing population inversion and
. ) S E asimg action. He - -
| and are excited to the metastable levels F- and I easily from the grounds| : .  action. Hence, He - Ne laser Operales continuously and
BN . : . = T = hence emits continuous wave, , -
i F. This is the pumping transition of He atoms. Durin g this transistion, Y —— e
¢ atoms exist in the ground state, s one of'the output is in the visible region (6328 A®) the output power is low
ranging from 1 mW to S0 mw. Though the output power is low, due to coherent
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2. Highlystable

.. 3.  Noseparate cooling is required

_ Demerits

Low efficiency and low power output.

2.6.3 : Nd - YAG Laser : A Four Level Solid Source LASER

Nd-YAG LASER is one of the most popular type of LASER.
(a)

Components

B e ) e § =~ L st - - ' » . p
i —— . . . ut radiation is very high. So it i .
b Lditionthe intensity of theoutp dan
R SRty .
".:::_: jook at the source dll’tﬂl}'- '
e ications in research and cducational laboy,
- _ " He -~ Ne Laser has applications 1n Alori
7 .31.,: Rde of He atoms | l :
Al 1. Heatoms being lighter than Ne atoms absorb the energy from the hlgh _
; | electrons easily and very fast.
s 2. He atoms have longer lifetime than the Ne atoms at the metastap),
é 5 Hence, the state of population inu-ersic{n i_s maintained for a long time
' i | makes the induction for stimulated emission easy.
E 3.  The ratio He : Ne = 10 : 1 makes the probability of energy transfe; fﬂt
i atoms to Ne atoms much larger than that of the reverse.
4. Being a good conductor of heat He acts as a coolant and no separate oo
system 1s required.
Merits
1.  Continuous output Laser source

The essential componcnts of the source are as follows

0 ”

Active medium : This is Yttrium Aluminium Garnet (Y3 Als Oyy) or}
which is an optical] y 1sotropic crystal in which some of the Y2+
by neodymium {Nd3+) ions. Therefore, YAG acl
Ions arc the activators which take part actively i

medium is in (he form of a Nd -
| diameter ]2 mm.

lons are repls
as the lost crystal, and
1 lasing transition, The o
YAG rod typically of length 10 cm

()  Energy source : A krypton flash lamp in tube from is

(ifi) Resonator / optical cavity : The two ends of the Nd

As seen in Fig, 2,

ine. The light leaving one focus of the ellipse reaches the other focy
e inner silvered surface of the cylindrical

ncident on the ND-YAG rod.

- -

used as the energy
Source,

-YAG rod are polished
and silvered partially at one side and totally at the other side to form the optical

resonator.

Construction

12 the system consists of a pair of optically cylindrical reflectors
od along one focus line and the flash lamp along the other focus

s after reflection from
reflectors. Thus the total flash lamp radiation is

Nd-YAG rod
Ellipsoidal
Ellipsoidal H D reflector
reflector M, } [ M, (Partialty
(totally transparent
reflecting) Fiash lamp to Infrared
radiation)
M, : partially polished surface

Fig. 2.12 : Nd-YAG LASER

Fig. 2.13 : Cross-sectional view of the reflections in the cylindrical reflector

)  Working

+*

The working of the Nd-YAG LASER is ex

plained with the help of the energy
level diagram, given in Fig. 2.14, '

When krypton flash lamp is switched on it emits intense radiation of wavelength
range 7000 A° to 8000 A°.
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5 Rl EnergY ‘ Non-radlative |
e | T transition * z,s/aﬁnmicnnducmr LASER
SN E, (m.s.) ' { ({} Principle
0.73 — LASER (1.06 um) _ Semiconductor diode LASER is formed by a heavily doped forward biased p-n
ﬂ‘rﬁ pm _ E; (M.s.) { junction diode made up of compound semiconductors.
Dt_ﬂcitatinn |
mping by collision 0 f LASER S
. ’ !{J{{dﬁﬂgﬂq“ﬂﬂﬂﬁﬂ:ﬂFﬁ
nsitions Es '0oo0O0!eese! |
‘ d..‘ﬂ-‘;ELEEEr O —> :gﬂﬂﬂilllla -—
ﬁg.!.lﬁ:hﬂmlﬁﬂdﬂgﬂmnfﬂ |nggg:::::: L
ﬁfff&ﬁuﬁﬁffm
: —i[ifafr|—
_ mped to the excited y T :
. The Nd3* atoms absorb this energy and are pump Say : : i
and Es. Ng>* atoms make anon rndialivem I: .=
. Being unstable at levels B and E5 - | Spontaneous E 20 r_En
1o the metastable state E;. g ..'3.'.‘:;‘31‘: I' E 1 i Ec
o s isenn e dE\'ﬂ]DPEd between levels E3 &l}ds . E { ] E . o~ Stimulated E
i The state of Popula“gn mversion - X \ /| : -f- B E%‘:ﬂﬂ:& E " photons
Few Nd>* ions make fast transition from level Ej to level E, mj i ?%% ﬂggn 0 000 ,
+ initi stimulated emiss; 2000500002
Spontancous pﬁutum. These photons initiate the Slo E’N&@
rest of the Nd™" atoms. o le— Depletion —|
. Lasine transition takes place from E3 to E, level emitting LASER of way, region
10 GUEI A® in the infrared region. Fig. 2.15 : Semi conductor diode LASER with energy band diagram
+  Being reflected back and forth between the refelectors, M, and Mg The energy band diagram of this p-n junction is shown in Fig. 2.15. The diode has
resonant cavity the LASER beam hecomes more intense and comes Gﬂquav}' doping of holes on the P side and that of electrons on the n side. Hence, the Fermi
partial reflector M, and then through the ellipsoidal surface. 'Lﬂﬂl' Erp on the p side enters the valence band and that on the n side, Ey enters the
- conduction band.
Function of the Ellipsoidal Reflector I(i:u] Components
+ Inbetween the consecutive flashes of the krypton lamp the Nd-YAG rod T :
_ o 1e essential components ‘ i
on receiving light through multiple reflections on the ellipsoidal reflect 0 A P s of this LASER source are as follows :
| 1) Active medium : The depletio ' ' ; .
+  The LASER beam is emitted continuously by ND-YAG rod. Hence, NI which ideally s | pretion region of the diode act as the active medium,
. cally should be free of charee carriers.
LLASER works on the continuous wave (CW) mode. i) I =
: pnd— - -NETgY source : An electrical power supply is used as th
, . . S — e 1) r—— : . i - € cnergy source. In
| ND-YAG LASER has applications in feldmb ﬂn_d _df:llm: in hardware ind this case the pumping is of direct conversion type
surgery, etc. ' Om: : .
.. . | (1i1) Resonator cay !.IF : The two open sides of the depletion region are polished to
3 : Stlzrw:: as the partial and total reflectors, This serves as the resonator cavity with
' diode thickness equal to an integral multiple of A / 2.

§
[ e o ki MR



|'"

T

e | Engineering Physies -
< working ~3 i pplnyECs D (2-21) Laser and Fibra Optics
97 Iy working of diode LASER depends on the forward currens, 1 8
| . biasing, clectrons and holes enter the depletion region. .,
s nt these electrons and holes recombineg in d‘!
arc incoherent. In gy

.1‘.?.15

e
T
I- o
- i
-
& §

B g Ly I'.u. *‘-_
e

(d) Merits and Demerits of Laser Diode

| Merits :
e Atlow forward curre

region cmitting Spontancous photons which
diode act as a light cmilting diode (LED). _ ]

+  With alarge applied forward bias @ large number of clc';;trnr_ls and by,

the depletion region. A time COMES when ralf: of recombination s gy
- than the rate of injection of the charge Carriers to the fieplﬂtinn Tegiy:
E:: 3 result, a crowd of electrons and holes is accumulated .111 this region
supposed to be charge free. This artificially created state 1s the state of
e | inversion which is developed between encIgy levels E. and E,.

1. Itis simple and compacit. '
2. Itishighly efficient.

3. Itrequires very low power.

4. Itistunable that means the wavelength of the emitted LASER can be reculated
g :

Demerits : It is highly lemperature sensitive.

L y/ Application of diode LASER

1. Used in optical fibre communications as the light source

+ A sponuneous photon can rigger the stimulated emission of al] the q 2. Used in satellite communications.
gathered in the depletion region. As a re:sfull ﬂl.l the electrons Si““ﬂlaag 3. Used in LASER printers, copiers.

: transit from E,. level to E, level to recombine with the holes TE]EESing% 4. Usedin CD players optical floppy discs

photons. |

(¢) Comparison of LED and Laser Diode

-I-_-ul-I.'—'F'
- ¥A
+

Being reflected within the resonant cavity the emitted radiation is slnangg4
and a high intensity LASER beam is emitted through the partial refleey

Table 2.2
+  Since the recombination energy is released as the LASER beam, the Sr. No, Parameters LED
of the LASER depends on the band gap energy, E; of the dinidgm:z ; "y Laser diode
Hence. . equired forward bias Low High
he 2. Light emission process S :
_ _ he : pontaneous Stimul
EE = hy = X 3 Ponulati . . ) ated
pulation inversion Not required Essential
and the wavelength of the emitted LASER beam is given by 4. Resonant cavity N : -
e Ot required Ejssentlal. Opposite
Y . sides of the pn
.' g junction are made
| + Fur_ Ga As, the wavelength of the LASER is 8500 A° which is in the irf parallel and reflecting
" region. 10 cause fEfdbiﬁ.'k
*+ A GaAsPdiode LASER ey > | Emitted radiation Incoherent Coh ioh. .
ode operated at liquid nitrogen temperaturd emits LA low i A ~olerent, high
of wavelength 6400 A® in the visible region. o ‘“}:E“E‘W- intensity, mono-
monochromatic | chromatic.
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HolographV and Other Applications
R:HO -

y Danis Gabor in 1948 but e,
1960 Th|5 1s because hn.ln
onochromatic, highly inte, !

ighly m
ly coherent, mgt’y ASER radiation,

essed by only 2 L

o of recording 2 WO dimensiuna;: L:lmagg of g
T Phutﬂgrﬂl? biect 1S |luminated DY the inclc}em wavf; and the wave r,
h : d;mﬂlﬁlﬂﬂﬂ] object. The 00)¢ A ave that carries the information about E'U'Er? {
3 iect is called the object wa © o e obicct wave reaches the phoi 28

in Fig. llﬁ,'ﬁlf”“ig B—B" recording of the object is done, Th“!
(e.g. A A, the photographic plate is sensitivetoiny
The intensity (e< amplitude?)ig,
ic image is a two dimensiona|j,

hy is the techniqV

Jate and a point 10 point . .
e :icordcdimageis identical to the object. Sm‘ce
g the intensity of the object Wave.

- ations. it records
varanons, 1 Hence. the phﬂtngfﬂph

:mensional physical quantity.

" ‘which cannot be viewed from different perspectives.
/ Amplitude
A i
¢ A
= 4L |

Fig. 2.16 : Photography

| 'thv .
i In holography, in addition to the two dimensions of intensity, a third dimen
. the phase of light is also recorded. This s done by using the principle of interfert

Engineeting Physlcs - I

Recording :

A weak but broad beam of LASER is split into two bcams, one is made to be
incident on the object and the other on a mirror as shown in Fig. 2.18.

The plane wave reflected from the object, the object wave which carries all the
information about the object, reach the photographic plate. Simultaneously
another plane wave reflected from the mirror, called the reference wave also
strike the photographic plate.

The object wave and the reference wave interfere on the recording plate and

the intensity distribution is recorded on it.

Recording
plate
Object Clbjec: wave
= ¥
SIS |
LW
~S p
RS
O3S
) ,' Incident plane
"I'-* wave
"l-#
Mirror >
LASER
Incident source
plane wave

Fig. 2.17 : Recording of Hologram

The recorded interference pattern is called the hologram which contains the
information not only of the amplitude but also of the phase of the object wave.

The hologram does not have any resemblance with the object but a photograph
has. This is because the two interfering waves have very complex phase
differences as the object wave is produced from different parts and depths of

the object. Every point on the hologram contains the information of the entire
object.

The hologram represents a complex interference pattern with alternate dark
and bright fringes in which the information of the object is uptichlly coded. .

* The image produced by holographic technique has three dimensions and on )  Reconstruction :

RN view the image from different perspectives.

e The basic technique of holography involves two stages :

+

[n this process a reconstruction wave identical with

_ . the reference wave is used
lo 1lluminate the

hologram. If the hologram acts as a diffraction grating the
process leads to a real and a virtual image of the object. -



L] i o

od in front of the hologram at the [irs Ot
0

| image is for! d at the other first order gl Enpineering Physics - (2-28) Laser and Fitre Opfics
o  Thereall hh hsCIVET iS positioned @ ﬂlm,{
- . 1[[ ¢ O - -
one side rded. on the image. Hence there is a point to
. a0c can be 1ec0 . also formed behi : * ; -
imag .onal vertical image 18 also nd thg he point correlation between the object and
imensi .
¢ three dim the image.
A in Fig. 2.18. .
shown 3. Fromatorn orshattered photograph the | 3. The image can be reconstructed from
Oberver o image cannot be reconstructed., even a small fragment of the hologram.
s QT Holog Reconstruction 3
order - wave (LASER) .
- _ | 2.748": Other Applications
i —— = (a) LASER Detection and Ranging (LIDAR)
order _ ; . 2
g - | This 1s an accurate distance measurement technique. The is used to measure the
b 4 distance between the moon and the earth.
3 L4 1 3
e, . order Vertical image LIDAR technique has other applications also. It is used in atmospheric pollution
|" REHI imagE

tion monitoring system, surveying, detection of fog layers, altimeters in aircraft etc.
o L] tm
Fig. 2.18 : Recons

(b) Defence Applications

1. The Laser range finders (LRF) with Nd-YAG Laser source are used to locate
the enemy tank and other targets.

', The virtual image can be viewed from different perspectives anq Ithgg
gy

effect.

_ PP bject. This fact is used to exhibit , - .

+  The image is identical to the obj - S p— ‘—S—'@; 2. Laser guided missiles are very effective w eapons. Here a remote control device
like diamonds in the museum.

emitting an infrared Laser beam is used to guide the missile. Laser guns and
Laser induced bombs are also used in defence.

2 - Comparison of Holography with Photography

In photography, the intensity (2D) of the object wave is recorded on the Phntng
plate resulting in a two dimensional image (called the negative) of the three dimey

3. Emergency action messages can be conveyed efficiently and quickly between
submarines, satellites and aircrafts by Laser guided communications.

(c) Industrial Applications

L Shject. ‘ * | L. Laser is used for welding, cutting, drilling, soldering, heat m:aunent elc.
@ In holography, in addition to the intensity (2D) the phase (1D) also of the int 5 . N ) Y
 wavesarerecorded. This results into a three dimensional image (called the hologa + l-aserbeam scanning is uscd in printing industry and in Laser printers.
- mrcﬂ dimensional object. 3. Laser is used in memory and logic circuits in semiconductor chips in
microelectronic industry.

Table 2.3 .
: 4. A large amount of data can be stored in a compact disc (CD) using a Laser
- Photograph (negative) Hologram —
b |1 Ordinary light can be used. 1. LASER beam is necessary. 5. Lasers are used in bar code scanners in Library and supermarkets.

&

2 Information of each point of the object | 2. Information of the entire objectis
- | isrecorded at a correspondence point at each point of the image.

Lasers are used in optical fibre communications

e P




1. Uising T heam hupe dat can b wored on 8 hologram

o safoware proprams, certifieates t prover falufication

_ ‘ B = ._.____u -

Sl Ahsomiton - Aalyv 2 A"

: Spomancous emssion A* =+ Ashv

E: | Sumulated enission A* e v —» A e 2hv

? with hw = k.-
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it a neat encrgy 1eve
4 .Nd . YAG laser. Statec s ap

8 What is the principle of asem
diagram. Stale its applications.
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| Previous Universi

1. What does LASER stand for? In what
light?

[ Refer § 2.1]

2\ Write full form of +
LASER with appropriate d1agrams.
[ Refer § 2.1, 22.1]
Differentiate between spontanco

" to Laser operation.
¥ [Refer§22.3] (M.U.May 2008, 12, 17; Nov. 2018; Dec 2010, 13, 14, 15, 4

-

L ASER. Explain main three processes involved in prog i

(M.U. Dec 2006, 12; May 200

us emission and stimulated emission procege

What is a population inversion state? Explain its significance in the opery;
LASER. (M.U. May 2013, 17; Dec, 201)
[Refer § 2.4.1 ]
5.  What is pumping in LASER? Give the types of pumping.
[Refer§2.4.2 ]

6.  Explain the terms :

(i) Spontancous emission,  (ii) Stimulated emission,

(1i1) Metastable state,

[Refer § 2.2,1,24.1,2.4.2 ]

7. What s resonant cavity in the operation of 2 LASER?
[ Refer § 2.4.4 |

(iv) Population inversion,  (v) Pumping,

. # I
8. With neat energy level diagram describe the construction of 2 He - Ne Laser.V

are 11s merits and demerits?

[Refer §2.6.2] (M.U. May 2007, 08, 13, 15, 18; Nov. 2018; Dec. 2007, 14, 19)(

Principle of Fibre Optics : Tot .
(M.U. May zmm p p Total Internal Reflection

The optical beam is made 10 travel through the optical fibre not by the simple mode

Draw the energy level diagram of He - Ne Laser. What is its wavelength in visible
range? © (M.U. Dec. 2012) (3 m)
[ Refer § 2.6.2 |

Explain with neat diagram the construction and working of a Nd-YAG Laser.
[ Refer § 2.6.3 ] (M.U. May 2011, 12; Dec. 08, 09, 19) (8 m)

Explain with ncat diagrams the construction and working of a semiconductor diode
laser. What scrves the resonant cavity irrsemiconductor Laser?

[ Refer § 2.6.4 ] (M.U. May 2010; Dec. 2012, 16) (7 m)
Write the difference LED and Laser diode.
[ Refer § 2.6.4(e) ]

What is holography? Explain the construction and reconstruction of hologram. What
is the difference between holography and photography?

[ Refer § 2.7.1 | (M.U. May 2009, 10, 13, 14, 17 ; Dec. 2011, 13, 15, 17, 19) (8 m)

Write a short note on holography. (M.U. May 2007; Dec. 2007, 10, 11, 16) (5 m)
[ Refer § 2.7.1 ]

Differentiate between photography and holography.
[ Refer § 2.7.2 ]

(M.U. May 2012; Nov. 2018) (7 m)

(M.U. May 2007, 19) (3 m)

I FiBRE oPTICS i

Introduction

Fibre optics is a technology in which information is transmitted from one place to

(M.U. May 2009; Dec. 201, 17)gnother with the help of an optical signal propagating through optical fibres. Optical fibres
(M.U. Dec. 2008, 09, 10 “HI'FE used to transmit light signals over long distances.

An optical fibre is defined as a dielectric waveguide that confines light energy

0 within its surface and guides it in a direction parallel to its axis.

of transmission but by the principle of total internal reflection,

Whenever a ray of light comes from a rarer medium (of refractive index 1) and
enters a denser medium (of r.i.. H2 > 1) 1t bends towards the normal as shown In
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E L Gelrs law s written as

[Fig. 2.19 (b)) In this case

fﬂl = P_?'. > 1
_ sin0 4y
i
By
K2
0
(2) (b)
b = 90° ™ "
: Ha - W,
(c) (d)
Fig. 2.19

On the otherhand, if a ray of light falls on a denser surface after passing
rarer medium, the refracted ray bends away from the normal on the

Ineeting Physics - Il (2-31) Laset and Fibre Opfics

@“““5’- if a ray of light in denser medium is incident on the interface at an angle of
incidence, i > i, the critical angle the light is reflected back into the denser medium

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

i = T
and Snell's law becomes Sin Oy = % ................... (2.10-d)
2

In ordinary reflection 4% of the incident energy is absorbed by the interface due 1o
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.

b In a typical 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.

Basic Construction of Optical Fibres

,  The transmission properties of an optical fibre depends on its structural prupc:rﬁc's.
L‘m\ In the most widely accepted structure, an optical fibre consists of an inner solid
= diclectric cylinder made up of high-silica-content gl_nss kn-nwn as the core of the
fibre. The core is surrounded by a solid cylindrical dielectric shell, generally made

|

|

0> | io This i ] ‘
: "1 up of law-silica-content glass or plastic. This is known as cladding as shown in
and Snell’s law becomes | Fie. 2.20
sini =T erface
— ol <1 R Core-cladding int
sin@  py w " Core (rl = 1)
Now, if the angle of incidence, i is gradually increased, the angle of refraction} el =
. ) = ! Interface
Increases and a time comes when 0 becomes equal to 90° [See Fig. 2.19 [c]]\ - )_ S — \
flﬂgle of incidence for 0 =90° is called the critical angle, i ., In this case, Snell} ’
1S written as || / Cladding
I. II Alr-cladding (r.). = p3)
sin iu = l-_l_ <1 "{H Interface T PR r.i. relation
H2 |

Fig. 2.20 : Structure of optical fibre
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the core

bre from physical damage and eny;

&

.t oc and their Refractive Index p;
ndex Fibre 7 Consider

_step Index and Graded | _ —get:
- in terms of their refractive index Plli, such that

Optical fibres may be classified
follows :

( ep Index (SI) Fibre
If the core refractive index remains constant alt value jt; throughout the cqp

and abruptly drops to the cladding refractive index W, at the core-cladding boung:
«nown as step index fibre or SI fibre as shown in Fig. 2.22 (a).

yﬁed Index (Gl) Fibre
|

If the core refractive index i, varies as a function of the radial distan
iy = py(r) with the cladding refractive index constant at value W, the {ibre isc

Suppose a ru
The diameter of a typical optical fibre ranges between 10 um and 100 pmicidence, i, The rg

a step index fibre of core refractive index. L

s

(2-33)
A )
My ﬂ
—
; My L
"ﬂ L3
T - -
| 7 r r
& sy~
, T =Cre — | :
T B B
| i i | T clagding —| | : .
| § ] S
5 | I : : ;
: . : ¢ . '
T R Lo
: i | : : :
1 ] - - ]
- : ‘ '
), <

(a) Step index fibre

Fig. 2,22 : Refractive index profile

Numerical Aperture and Angle of Acceptance

| . .
2,11/;];;:}‘5Pﬁpagatlun of Light through a Step-index Fibre

- Cone of acceptance

. .
ohd angle

ol'c and cladding refractive index
> Iy, The refractive index of surroundines is I, here.

(b) Graded index fibre

-

Fig, 2.23 ; Propagation of light through S.1, fibre

y ol light 1s mcident a Pont A on the air-co. e bo
L !a LY

y enters the core tegion it an ane

ndary at an angle of

overall diameter (core + cladding) ranges from 125 pm to 400 pm. oint B on the core-cladding inter|

‘ le of refraction, rand travels as AB. At
ace the ray is rellected alone BD.



e On the Taunching face of the fid
: _ R

sinT Ho

From A ABC, it1s seen that
r+a = 90°

sini

—

The necessary condition for the r
hoitt-B on the core-cladding boundary IS
a > Ungin
Omin = e
is the critical angle for the core-cladding b

where
oundary.

From equation (2.12), it is seen that
Tmax + Omin = 90°

From equation (2.15), 1t is found thal
SN Iy = SN (90° = o) = €OS Qi

Thus, equation (2.16) becomes

re. at point A. Sncll’s law becomeg

LR
llllllll
Ll |
L
§

-
-

Combining equations (2.17) and (2.18), it can be written

= NA. = Posinipy, = fy 2 -uy?
:._ Eﬂﬁnﬂd as the numerical aperture (N.A.) of the optical fibre,

sin im,[ = ﬂ- cos u'min
Ho
Snell’s law applied at point B on the core-cladding boundary reads
: H2
Apin =
W Omin =y,
2 2 2
which gh"’ﬂ;ﬂ cos amm — JI __u_zz_ - Ju'] IJ-Z
Ky H

S

-
-
-
=
&
i
e

.

i for 0t = Opins I = Tmax which requires 1 = ipax- Thus, equation (z‘ll)hej s
ence, = Omins

Laser and Fibre Opfics

gngineering Physics « i (2-38)

. C‘;U the rays launched at angles of incidence i < imay are totally internally reflected
nd transmitied through the fibre without any loss of inlmii_l_y. The angle 154, 1S
called the acceptance angle or angle of acceptance of a fibre. |

>

evernies, il o In three dimensions, the light rays contained within the cone of solid angle 4i_,, are
ay AB to suffer total interna] renh?

accepted and successfully transmitted along the fibre. Thus, the cone is called the
cone of acceptance,

+  Numerical aperture is a measure of the maximum angle of incidence, i,,,, i.e., the
light gathering capacity of the fibre. A< shown in Fig. 2.23, (with the dotted line), a
ray incident at an angle greater than Imax strikes the core-cladding interface on an

angle less than the critical angle, i,. Hence, a1 cvery incidence it is partially refracted
through the cladding and gradually loses all its oplical energy.

2.11.2: Fractional Refracture Index Change

The fractional refracture index change is defined as the fractional difference between
the refractive indices of the core and the cladding. It is expressed as

L —
A= Hi-ky - cessrsissssiivome (Ze20)
Hy
i Since always, lL| > 1, for the requirement of total intemal reflection, A << 1. Typically,
A is of the order of 0.01.

+ Lquation (2.19) and (2.20) can be combined to express the numerical aperture of the
step-ndex fibre as

NA = *JH]E -py” = J(y, +H2) (1) — pa)
Here, since ., is little larger than Ha (g — 1o) is small and (U + py) = 2u,.
Hence, NA = 1)’2;1, () = 1a) = 21, Ay

NA = 1% '\.EE

2.11.3 : Propagation of Light through a Graded Index Fibre (GRIN Fibre)

Inthe GRIN fibre the core refractive index decreases continuously with radial distance
from the fibre axis but is generally constant in the cladding.

Consider a GRIN fibre in which the core is imagined to be divided into individual

layers of refractive indices Iy > Ha> [y > ... These layers are so then that the refractive
Index variation seems 1o be continuous,
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ST A A AT )
AL ’f’f/’z’dﬂlaud%ﬁ

of light through a GRIN fibre |

TS A s

I A LA T A

Fig. 2.24 : Transmission

nermost layer of the co

rc region of ref Aty |
face at an angle 2. AS Ha <l the ray 4 g

Let a ray of lightenter the 1n
2 inter

and strike the layer ;I;}Hmen < ikes the layer 2-layer 3 interface ay gy ﬂngh;
. o . |
iﬂ::;ih::;;lizsﬁlm :u:glc Ba3 > 023 since {3 < Ha- h

| Applying Snell’s law at point A, It is found that
sinayy _ B2 i
% sin P2 Hi |
. o Wy sinoyy = Ko S0 B2 g

Similarly, at point B Snell’s law gives

sindaz  Ha
sinflz M2
'L!E Sin EB - !‘13 Si‘n BH “"lu..i':}
From Fig. 2.24, it is found that ’
|
Blz —_ ﬂ.g] [ﬂ"ﬂmﬂtﬂ) run...-uuu-....(l!
and B,3 = 034 (alternate) ossesensensiiiilll
Hence. equations (2.22), (2.23) and (2.24) being combined becomes
Iy sin Gy = b SN (a3 = U3 §in (L34
W (r) sinct (r) = conslant caresaasssnorail
This shows that in the core region as p decreases with r, o (r) in-::rcﬂsusm‘

reaches the critical angle i, for any interface. Hence, the ray gradually bends towart
- axis until it suffers total internal reflection at some interface of the core region. Tt
- never reaches the core-cladding boundary.

(2-37) Laser and Fibre Opfics

The refractive index function of a GRIN fibre is given by

ir) = p, Jl ~-28(r% 722y, r<a.inside core

= Wy, r>a, in cladding

+an,*I1r:r:: ‘a’ is the radius of the core.

The numerical aperture of a GRIN fibre is writlen as
NA. = Ju(r) - py?
= Juﬁ{i-zauzmzﬁ}-pf

J(mz -Hzgl-lplzﬂfrzmz}z

N.A. = Jﬂll ) (1) - Hp) - 27 A (P /a)?

Assuming [y + Js = 2, it canbe written that

NA. = |20 (4 - o)~ 211, A (/)3
... [ Using Eqn. (2.20) |

= V2u7 A-2p2 A(r?7a?)?
N.A. = py 424 ,fl-a:r'-’-mz)1

—— .y

2.11.4 : Comparison of Propagation of Light through Step-index

and Graded Index Fibres

The paths travelled by aray ina Sl and in a GI fibres are completely different.

In a step index fibre the ray changes its dircction of motion abruptly at each toiai
internal reflection whereas ina Gl fibre the direction changes gradually by suce~ .o
refraction between the total internal reflections.

(a) S.1. Fibre (b) G.I. Fibre

Fig. 2.25 : Propagation of light
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 elf-focussing of the 7S

m Mode of Propagation

* The number of allowed modes depends on the ratiod / A where 'd’ is the diag
® the core and A is the wavelength of the guided light.

* 2121 : Classification of Modes

. Fig. 225 (@) different rays launched g diﬂ'.- ;.
n in E:;c"@ﬁ at different times from differgy,

g 1 ths and . .
) dlﬁﬂ'r;’:s zuscs pulsc dispersion : 3
<cen in Fig. 2.29 (PpTEY° cnlcrmg e Gl fibre #'
On the otherhand. :' t oaths with the same time period. Thus, the,
€

and pulse dispersion is very small.

13 a-'"‘-

geation in an optical fibre is qp
In simple context, ;’-’ mﬂi:f:{"::f opag qu{%
followed by more (han 0 . N
f 2 a perfectly constructed optical fibre it is seen that all the
" e are not guided to the output end.

¥s hﬁ

This happens because while travelling through the Dplicail fibre the rays
with each other. Some groups of rays interfere constructively and gpe im"j
while other groups of rays interfere destructively and fade out.

Even
through the cone of acceptanc

Every group of rays that are intensified follow a single path called a g,

~ asaresult, the fibre allows only a few selected paths i.e., a finite number o b

1
]
1

€
.*

The modes can be classified as follows :

Modes

Mendional

Different modes are explained as follows :

+  Axial modes : These are the modes propagating along or parallel toth

gngineering Physics - I (2:39) Laser and Fibre Opfics
+  Non-axial modes : These
orcar are the modes that undergo successive total internal
> Meridional modes : Thege
‘ : modes follow
axis at regular intervals. I ety o
+  Skew modes : These modes are helical about the axis but never cross the axis.

The modes are illustrated in Fig. 2.26.

Axial mode

N AWA\VAWAW,

Meridional
mode

Fig. 2.26 : Types of modes

2.12.2 : Maximum Number of Allowed Modes (N) and V Number

In an optical fibre of uniform structure

+  The axial modes are called zero order modes.
+  The modes that propagate with ¢t = i, (Fig.2.27) are the highest order modes.
+  The modes with & > i, are the medium order modes.
Fig. 2.27 : Order of modes
+  The zero order mode is the fastest mode and the highest order mode is the
slowest mode. Hence, they reach the output end at different times. |
+

The number of modes that an optical fibre can support i1s determined by its V
number also called its normalized frequency. It is given by

21a

—

2

nd
= —N.A= -Jp,z—nz

3 e o . (2.27)
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AR 3t isth .
I ¥ + i the corc radius. and 3 '
‘' i
diameter: : . Lot i
«d" is the corc , q step index [ibre s T E—— z
- - of modes supported by a2 P Cx ]-r —|——wn j 10pm | 125 um
The maximun pumb¢ V2 chenanels | WA |
NITI o _? [I b ' 0 nludcd ind{‘:l ﬁbI’E is “‘ﬂ;
¢ modes supporteC B £5 ;
- mn n]hﬁrﬂ I
mmﬂ.ﬂmu VE
N. = 7 ﬂ-ul
. d'4 V=2 405 is called the cuf-ﬂffwave{eﬂm
~cpondIng T L
The waveleagth ComE v number and 3 specific cut-off wavelength,
cific vV nt _ : |
Every fibre has 3 spc 2 suppor! only one modc i.€., 4 single mode fibge
fibre cd . :
For V < 2.405. the In cupport many modes i.¢., a multimode fibye
fibre can e
ForV> 2.405, the
N ical Fibres
- Classification of Optica . _ (c) MMGIF
i ber of propagating modes optical fibres are classifigg, Fig. 2.28 :
According to the number oo . g. 2.28 : SMF and MME
" o/ single Mode Fibre (SMF) : A single mode fibre hias & small core gy
: / and can support only one mode of propagation r.c., the zero order mods|2.12.4 : Comparison of Different Types of Optical Fibres
e Multimode Fibre (MMF) : Multimode fibres have larger core iy The single mode step index fibre (SMSIF), the multimode siep index fibre (MMSIF)
} i compared to SMF and can allow a number of modes. and the multimode graded index fibre (MMGIF) are compared as shown in Table 2.2.
The Overall Classification of Optical Fibres and as {ollows : m S
(a) Single mode step-index fibre (SMSIF) - ~ '_ ppiications of Optical Fibres
(& Muliimode step-index fibre (MMSIP) e OI:.HIT]T ilbrf:s hfw-: wide range of I_lpnlicnliuns. They have many advantages over
- o oty et (MNP e metallic equivalents due to their various merits listed below.
% (c) Multimode grade * = . , . These are cheaper than metallic conductors.
| aded index fibre (SMGIF) is not possible to manufacture b 2o pare arvalline 5wt 12 . : ;
The single mode graded index fibre ( ) P 2. These are smaller in size, lighter in weight and more flexible yet strong as

the graduation of the refractive index is not possible in a narrow core. compared to conducting materials

T

Optical fibres are made up of diclectric materials. So these are not affected by

The structural and transmission characteristics of these three types of opicals
high voltage lings.

h—

is shown in Fig. 2.28.
4. Inoptical fibres, information is carried by photons through dielectric media

.Hr:‘nuc I 1s not atfected by external electric of magnetic fields. Also the
mlormation is transmitted in o very secured way.
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b | T MMSIF Enoi: 3) Laser ond s
e IF '

o . 5010 100 pm

B~

w?g, : Cotical carrise

.h-._ ;.'_:f : l_.ﬂ.rgl: {..: 0_5) ﬂpll;‘.‘:l

R carrler

. 'ﬁ‘::' ( wave . IEﬂﬂd&d

L) ptical carrier

;_',"];n. Many . Information Modulator; | modulate b arrnas

. 'i:ﬁ 'I 2475 nfsﬂ;Tri:n Signal T"'““”'“;’ the infnrrmu:n Mtre DE::;F‘I::'TH :;:m

o S ween 0and 2475 | Greaterhan & ' signa i

Ur :

i“ A \-puenber — High Fig. 2.29 ; Optical fibre communication system

AT ;

:‘i%. 5. | Amenustion — Large The carrier waves are clectromagnetic waves Earlier there has been a frequent use

e .-I:'.f . iﬂ, ¥ .

it.x St : | Zero - of either the radio waves (fy uency ~3 kHz to 300 GHz), the microwaves (frequency

s <200 MHz-m -3 GHz to 30 GHz) or the millimeer waves (frequency ~ 30 GHz to 300 GHz). as

St : >3 GHz-km a carrier wave.

i:‘..‘ 7 Bﬂﬂ‘m .

- ion ofthe | Less expensive Laun- | Launching oo , [t has been found theoretically that the greater the carrier frequency, the larger is the

T | Meits No ﬂtﬂ;ﬁ“ﬁ onal ching of light 1s easier | casy by “Eﬂalmf transmission bandwidth and thus the iInformation carrying capacity of the

k. E’;ﬁm transfer rate, | using LEg;;ﬁE;f Laser source communication system,

i . itable for Sources, LUv | :

b h’ﬂ;’ﬁﬁ; fibres is easier. |+ After the advent of laser in 1960, communication has become possible with an

3 co . * =

¥ Fxoensive; Launching | Signal degradation Most expensjy, A eleclromagnetic carrier selected from the optical range of frequencies.

f 9. | Demerils nfﬁ - difficult A | occurs. Lc:;iﬁ:fzhnf E‘iﬁ;‘l‘;ﬁ"’:ﬁu%‘ +  Athigher oplical frequencics (~ 1013 Hz) a large frequency bandwidth (~ 10* times
Laser source is nﬂ.f;g- for comm the I ghtg 'hf_lll' the bandwidth available with a mICrowave carrier signal) and a high information
sﬁs;y-iscﬂhcﬁﬁ_” difficult, carrying capacity (~ 10° times the information carrying capacity of a microwave

L, _ R Data links TElEphung_ﬁn? carrier signal) are available.
Applications . +  However, light energy gets dissipated in open atmosphere by inverse square law.
) - : ‘ re i1s very large as co ]
5. Information carrying capacity of an optical fib ¥ TATBE a5 Compay l o —
metallic cable. d

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

This dissipation is caused by the dilfraction and scattering of light by dust particles.
water vapour etc. and due to absorption in the medium. el

6. Due to the transmission by total internal reflection the loss of cnergy lh11‘
optical fibres is very small.

+  Hence, lo transmit an optical carrier si gnal over a long distance a guiding channel is
‘ required. This is done by sending an optical beam or pulse through an optical fibre.

m Solved Problems
+  Within a communication system the information signal is superimposed ona

wave and the carrier wave is modulated by the information signal. The m Problem 1

carrier wave is then transmitted through the communication channel to the dest
| where it is received and demodulated 10 extract the original information.

2.13.1 : Fibre Optic Communication System

+  Communication may be defined as the transfer of information from one pla
another. For this a communication system is necessary.

Caleulate the numerical aperture of an optical fibre with core refractive index 1.55
and cladding refractive index 1.53.
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t:; / !mmpﬂiﬂﬂ Physics - i
B pcu=l : P
‘,':iii_f’“'; A : NA = i~ — M2 ‘The N.A. of an optical fibre ; is 0.5 nnd he =
AR Formuld : Elﬁ'if a 53)2 =0.248 celractive mdex of cludding, the care refractive index is 1.54. Find the
Sl e i - ) M - '
el Caleulations s N = Solution : (MU Nov. 2014; May 2017) (3 m)
AR , = ] upcrllll’ﬂ‘ NA = U"4 .
f e Result: Numen® Data : NA. =05, = 1.5
2 *.'."‘__; 7 {f :,"';'-'r : _ .
a b »
P 4 Formula . NA. = 7 :
pra fﬂ’m’mz | aperture and hence the acceptlance angle for gy “pt JIH ~H2
_‘54;",_""":'_-"?; Calculate the numerica the cladding are l.45and 1 4 | Calculations ; Hy = J 2 >
T the refractive indices of the €O and the ¢ O resp, M= (N.A)
g Gnmthal c (M.U. May 2009; Deg,_ o ! J1.54)2
i - 201, = V(1.54)" - (0.5)°
.
Ao  Solution : o = 1456
o Data : 11y = 1.45, Py =1.40 Result : Refractive index of cladding = 1,456
AT 2 :
.'1 Calculations: NA = \ﬁ 145)” - (1'4[)} [= 0377 Det 13:1:51[:;:12231'.;}1115 ﬂ N: o[ 0.20 and the refractive index of cladding is 1.59.
45 N—— —cin @ (0.1425 clc ctive index and the ac =
L0 ipax = SIM (NA)=sin [ ) has a refractive index of 133, Ccptance an[l}‘e‘.tl‘n:;:e fibre in water which
p b ‘ L 201
imax = 2217 Solution : ¥y 2010,11,13,17) (5m)
" Result: Numerical aperture, NA = 0.3775 Data : NA =0.20, p,=1.59, to=1.33
Acceptance angle, ima = 22.17° Formula : — . -
i wla NA = pgsiniy, = 1!1112 2 "
4 Lo FrublemS Calculations :  NA = J“IE _ “_}3
;3;_--- ¢ A fibre cable has an acceptance angle of 30° and core refractive index of | 4, Cals ﬁ [ 3 - p
: ~ the refractive index of cladding. (M.U. Nov. 2016; May 201y Hp = y(NA)™ +p5y” TR
 Solution:, = (02)2 + (159)2
. Data:ig,=30° p =14, py=" My = 1.6025
; Ny : . —1 NA
Formula :  siniy, = J“lz . 1-122 g, = SI0 | _LI,_- = sin”! —E%
: 2 a2 =0
Calculations : Ho = I _., (SIN i) | iy = 8.64°
: J— 2
gl = (1.4)" - (sin 30°) Result : Core refractive index, p; = 1.6025
. . _ i
I: | v Ha = (1.4)" - (0*5}2 = 1.71 Acceptance angle, i, = 8.64°,
Result : Refractive index of cladding = 1.71.




Laser and Hhm%

TN

(2-46)
__.—l—'-.-—_-_._--_

optical fibre is 1 % Estimaey

- {or an :
thlﬂl"_ﬂ_ _ " 'ndexdlffemncu O ace if the COre refrgst
~ Auypical relt® rﬂftﬂt_“f;:l |ﬂnglc at the core-cladding inte LN

. and the cnt!
pumerical aperure
index is 1.46.
Solution :
pata: A=001. Hi =146
_ kR
Formulae : A=y
NA = w328
H2
sin Cymin = -!-I_I-
Calculations : NA = 146 J2x001 = (0.2064 |
u - |
<= -H2 - B2
A= T H

P_Z— - 1__&_-_-1__[}01:099
B
H2 . -1 - 81.89°
i == =35sin 0.99 = 81
i Opin = S K

Result : Numerical apert
Critical angle, @i = 81.89".

Problem 7 N |
A glass material A with which an optical fibre is made has a refractive index of [ §

This material is clad with another material B whose refractive index is 1.51. The ligh

. ical aperture of the fibre.
is launched from air. Calculate the numerical aper
-nmis (M.U. May 2013; Nov. 2018) (3

Solution : |

[ Formula :

Calculations: NA = ~,,{If1.55]1 —(Lﬁl}2 =0.349
Result : Numerical aperture, NA =0.349.

|nl"ﬂnq physics - n (2.47) o
£nf o and Fibre Opfics
I,,m;:l:‘.trl'l ¢
/'E:‘;;l]nlc the refractive index of the core and the cladd;
ical aperture 022 and fractionaltefractiv jngey gy S < Ptical bre with
. (M.U. Dec.
sﬂlﬂﬁﬂn ' 2017) (3 m)
pata : NA =022, A=0012."
Cﬂfcufﬂﬁﬂns : NA = W NETN
l"['[ — —'hE— — -—.E-Ez;__
V28 Vaxoorz - 142
NA = 'JF'IE . uzz

_ 2
Kz = "JP-: —(NA}E =J(I.42)E —(0_12}3 = 1419
Result : Core refractive index, y; =142,
Cladding refractive index, u, = 1.419,

problem 9

The refractive index of core and cladding of a SI fibre are 1.52 and 1 41 respectively
Calculate (i) critical angle, (ii) N.A., and (iii) the maximum incidence angle.
(M.U. Dec. 2016) (7 m)

Solution :

Data : 1) = 1.52, Wy = 1.41

Formulae :  SIn Oy, = ﬁl‘ NA:J“IZ'FzZ
l
Sin imu = N.A.
. o =3 [ 1.4]
Calculations :  O;, = sin ! (E) = 68.06°
NA. = V(1522 -(14D? =0.5677

i = sin” ! (0.5677) = 34.59°
Results : Critical angle, 0, = 65.06°,
Numerical aperture, N.A. = 0.5677,

Maximum incidence angle, ip,, = 34.59°.

B e s g ol e ——— o .

e T ey T
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(2-48)

npncal fibre from
x 1.48. Find the

(i1) Fractional refractive index,

L tical angle, |

‘.* W angle, and (iv) Numerical aperture.

wr, (i) Acceplance

- Solution :

R _

- patarpg=1 m=15 =148

o N
e Formulae sini, = 0,

¥ H

o 7 5

:Ef_-i 2 ) E 2
= = ! VM M2~ NA=1!;1 1y

Calculations :

air (r.i. = 1.0). The fibre has core llef-'h-'f

(1) e =
| y ﬂ_ I""‘I_H'E:I'S 148:{10]33
() = T 15
1 -
H : g~ ! JHI” —M2" _ J(l-ﬁ)‘“ - (1.48)
- - Ko I
= 14.13°

(iv) NA = J;h -p:- \[1 5)% = (1 48)% =0.244
Result : Critical angle, i, = 80.63°,

. Problem 11

E (i)

Fractional refractive index, A =0.0133,
14.13°,

Numerical aperture, NA = 0.244,

Acceptance angle, 1. =

(1)  The refractive index of the cladding,

The critical internal reflection angle,

Laser ang Flhq\ 3,

5l 2
el

I

A glass clad fibre is made with core glass of r.1. 1.5 and the cladding is doped tog'
a fractional index difference of 0.0005. Find

ln.'ﬁng Fh\r'!"-"' -l ﬂ--ﬂﬂ -
" e Laser and Fibre Opfics
(iii) The critical external acceptanee i 31-*:
(iv) The numerical aperture
(M.U. May 2003) (5 m)

s“lllliﬂn'
pata : 1y = 1.5, 4=0.0005

BKi-Hy
Formula : A= TS
SIN Iay = J“Ii _uzz
NA = |u,? - 1y X

Calculations :

(1) Ko = M (1-A)=15(1- DUDDS)
= 149925
S B . 1149975
| &
»e O = sm = S — a
("} "I’l 1.5 — 33.13
(iii) Imax = sin” ! \h—llz "llzz _
i = sin” ! \/(I.S)2 - (1.49925)* =2.718°
v NA = V(15)” ~ (1499252 0474
Result ¢ The cindding r.i., ty = 1.49925
The critical internal reflection angle, ot = 88.18°
The critical eternal acceptance angle, i, =2.718°
The numerical aperture , NA =0.474
Problem 12

An optical glass fibre of refractive index 1.50 is to be clad with angther glass to
ensure internal reflection that will contain light travelling within 5° of the fibre axis. What

maximum index of refraction is allowed for the cladding? (H.U- lllvzﬂ"l‘:! (3m)

Solution : '_ 4% L .,H]
Data : 1y = 1.5, i =5° =1 _ o 3 gl :Tl
Formula : Mo SIN iy = Jp |2 S R bfﬂ‘

P e % T
In '1.-':: .r"-‘:u":r.., "'Jh

e~ %Y Y v i‘u TR :: r*r



-Rault . Maximum allowed cladding refractive index = 1.498.

"* " Consider amuitimode step index fibre with |ty =133, 1o = 1.50andA=1pnp “d

B L

" core radius is 50 pm, calculate the normalized frequency of the fibre (V) and the

g M.U. Dec. 2013,
F - Solution : 5
E ; Data: p,=153, =150 and A=1pum=10 "m.

a=50pm=5}:10'5m.

2na ) 2
Formula : V = T.JL —H2
VE
Ny = 7 I
-5 |
2%x3.14%x5x10 2 7 |
Calculations: V= : xJ(1.53)2 = (1.5) !
V = 9471
2 2
N = \Y _ (94.71) _ 4484
2 2
Result : V = 94,71 ‘
N, = 4484
Problem 14 ‘

Calculate the V number of an optical fibre having numerical aperture 0.25 andt!

| diameter 20 um, if it is operated at 1.55 pm. (M.U. May 2015; Dec. 2017) (V"
Solution :

T ~

A  (2-50) =301 And Fily {
sind imax = M~ H2
= Ju5)? - inS)
= J1.5? - (0087
1w, = 1.498

«

dng PYAICt 261
pata:  NA=025 a=20umagx 18

A=1.55um=1,55x m—ﬁm

V = 2ma i

Fﬂﬂnufﬂ : = TKN,A_ et

. 23{3.14:{2);]0-5

: V = I
Calculalions 1.55%10-8 %x0.25 = 10.125
Resull : V number = 10.125.
problem 1°

The core diameter of a multimode step index fibre i 50 ym. The ny

. 0.25. Calculate the number of guided modes at an operating
is 0.

0.75 pm.

Snlﬂliﬂ“ :

merical aperture
wavelength of
(M.U. Dec. 2015; May 2017) (3 m)

pata: a=50pum=73X 107> m, N.A. =025
' L=075um=75%x10""m.
2Ta
Formula : V= T?{ N.A.
VE
Npy = T
-5
Calculations : V = ad 3'14}:5:(.:{] x0.25 = 5236
7.5%107
2 2
N, = V° G238 _yagg
2 2 |

Result : Number of guided modes = 1370.

Problem 16

A step index [ibre in air has N.A. of 0.16, a core refractive index 1.45 and fmm
diameter of 60 pm. Delermine the normalized frequency for the fibre when light of

wavelength of 0.9 pm is transmitted. (M.U. Dec. 2016) (3 m)

Solution : ﬁ-' o
NA, =0.16, 1ty = 145, d=60x10 *m, A=09x107"m.

4 TS L it i ¥
4 + " o
P4 AT LR 8 %l
’ » 1 g |’

Datu ;

“A~AAaNnNnaAa WWITR L AT



R
) = - gl NS ) = .
. S = r e
i 'I '._ i . g L
# oy Al ; i ;

8 % §% ola ! . 3
4 il 314><"’{lf:‘_(fl- % 0.16 = 33.49 2
.:_--, x | _ .49. ;
;é I Normalized frequencys ¥ 33 3
BRI Resu |

' f diameter 40 pm
¢ an optical fibre © | Hm wij)
\ber of mode 1.5 and 1.46 respectively. Wayeje,

.].‘h e 1 I_ . : : l...-.. ‘-
-8
g

indices arc A
{- core and cladding refractive indi M. Dec, 2016, E:ilq
3
|
S ution : - = 1.
1 3 pata: d=40pm=40X 0-6m, gy =15 p2 =146
e T : i
e A=1.5pum= 1.5x 10 " m 1
CNS - v
Formula : V= TJ;] -pp", N 5 [or SI fibre
-5
' _ 314 x40% 10 xJ{].ﬁJE —(1.46}3 i
Calculations : V = 1_5}“0-6
2
_ (283" _ 445
2
Result : Number of modes, N = 415.

roblem 18
A graded index fibre has a core diameter of 0.05 mm and numerical aperture g
at a wavelength of 8500 A°. What 1s the normalized frequency and the number ofy,

guided in the core?

Solution :

Data: NA=022 d=0.05mm=35x10""m,
A =8500 A°=8500x 10" '"“'m.
: td "u,-'z
E Formula : = T NA. N, = .
PRV
Calculations : V = 314%9%10 22 =40.63

x 0.
8500 %10 'V

(2:83)

Lasar ond Fibre Opfics

V2 (4063)?
g 4 =412.5 =412

Result : Normalized frequency, V = 40 63

Nm =

[For G.l. IFibre.

Number of guided modes, N.=4]2.

The core diameter of a multimode Step index fibre is 50 pm. The numerical aperture
is 0 75, Calculate the number of guided modes at an operatine wavelength of

0.75 pm- (M.U. Nov. 2015; Dec. 2017) (3m)
Golution :
pata: d=50pm=30x 107° m, NA=0.25
A=0.75um=75x 10" % m,
V? nd
Formula : Ny = 7 for MMSIF, V = y NA
3.14x50x107°
Calculations : V = S x 0.25 = 52.36
5

Result : Number ol guided modes = 1370.

Problem 20
Compute the maximum radius allowed for a fibre having core re fractive index 1.47

adding refractive index 1.46. The fibre 1s to support only one mode at a wavelength
(M.U. Dec. 2009; May 2013) (S m)

and acl
of 1300 nm.

Solution :

Data: W =147, [ =140,

3 =1300nm=1300x10""m, Vg =2405 for SIF
?.TEI’],’ 2 2
Formula : V=S5 B —H2
Vinax * &
Calculations : Ty =

n wﬁll! -1y’

N al~l1alalaTamYVikd s =]



5 405%1300x 1077
2% 214(1L47) - (146)°

. I = 2.908 pm.

Result : Radius, r=2.908 pm.

~ Problem?21 6 g
- A step index fibre has core diameter 29x10 " m. Thﬁj refractive Indjceg of
and the claddine are 1.52 and 1.5189 respectively. If the hight of Wavelengy lma
transmitted through the fibre, determine : 3

() Normalized frequency of the fibre, :
re will support.

(ii) The number of modes the fib (M.u, May Zﬂlai
}

Solution :

5
pmmg““'lﬂ thro

¥
7
|

{

'

S et b B i e o i B St
lcs - Il
!,.,ginﬂ""g AL ﬂ*H]
S Laser and Fibre Opfics
Snluliﬂ“ : )
ﬂ_'d=65'510_ m, =
Dal Hy =145, dl'l'tin =87° ) = 16 =
. . . = ein=1[ K2 .
Formula:  Oyip = sin [_.,.] o
Hy hmay = sin [Jﬂrz—uzz]
nd
V= _i_ J”'I1 - llzz

Calculalions & Ha = iy sin oy, = 1.45 sin g7 = 1 447

. p——
iy = S0 (\((1.4531-{1.44?}3]=0.0934°
_ 314x6x1076
V = = x(Ju.dsﬁ-u.wF]:|.756

Result = pp=1.447, i, =00934°, v =1756

ugh the fibre when wavelength of lightis]
|
(M.U. May 2017)¢

Data: d=20x10%m, ~ w=152 =1.189, |
-6
h=13um= 13X 107" m. fnmpwm Points to Hememher]——
inrt | 2 2
Formula : = = i 1. Snell’s law of refraction
y2 Bni - g
Np = — for MMSIF (i = constant) sint
- 205 10-6 2. Total internal reflection
. 3+14 ‘K :'{ 1 2 h "y L :T
Calculations : V= L 3%10°6 x\/“j-] (1.5189) il S2E
: B
V = 4.049 | 3,  Numerical aperture
2 2 l _ ST 9
N, = V _ (4.049) _g | NA = g sin iy, = J!.Ll" - uf
2 . | 4.  Fractional refractive index change
Result : Normalized frequency, V =4.049, | Iy = Iy
B Number of modes, N, =8. | o T
robj
=roblem 2, ¢ NA = 1 V22 . S fibre
- 1 optic |
E‘I‘]" al f1 Iree i | L,
. (i) the :.:glﬂ is 870, ;2: ]r:urc diameter of 6 ym and its core refractive index 145] = I J24 Jl ~(r/a)" : G.l.fibre
o lin » . . " -
mber of mog. ‘e (i) refractive index of cladding, (ii) acceptance angle 6. Normalized frequency : V number.

2ma 2 2
V=——vH —H2
A




B N = &V R

1 :fi : : i rinQ Physics - | «
vV > 2405 MMF ] eng0®== ) Laser and Fibre Opfics
Sy = r of allowed modes "3 . the numerical aperture and the mqy:
B 7; Maximum numbe . | g Ximum acceptance angle of the fibre 7
B N, = _"*_’__ for SIF o | [ Ans.:0,1717.9° 53 12" |
-.; 2 & ,,u 4 " W -
o S Previous University Examinati
Silagd ) . " | Inat 1 . .
i A for GIF o = ——10n Questions with sulm’nm]i_—
PR i = — ' . 3 .
SO REa 4 Derive the expression of numerjea _
e ) ince of acceptan Aperture for a step index fibre. What is the
& et | import: ptance angle in fibre Oplics communication?
- fer § 2.11.1 ] M.U. '
—’_,———_:__——4?——-[ EXERCISE | Re h (M.U. Dec. 2002, 05, 07, 03, 11, 12, 15, 16; May 2013, 15) (5 m)
IR ! sxplain what are step index and graded ; : T
S : ion mechanism of light through an opt; \ 2 ERP fer § 2.10.1 ] PPl tudes fibrea Explain their r.i. profiles.
: 1. Describe the propagation = = Plical fibre, LS -.... (M.U. Dec 2003, 05, 10, 15; May 2011, 17) (4 m)
' .2 Derive an expression for the numerical aperture for SI and GRIN fibre | 3 Differentiate between SI fibre and GRIN fibre. Derive the expression for numerical
_, -. 3. What is an optical fibre? Define and explain the terms : ;m::rﬂlll"E for both. (M.U. Dec 2010, 14; May 2014, 18) (3 m)
ta [ Refer § 2.10.1,2.11.1,2.11.3 ]
1) Numerical aperture (i1) Cone of acceptance ‘ :
f,‘_ ; 1) pe P 4. Whatis the difference between critical angle and acceptance angle?
.J (iii) Acceptance angle (1iv) Relative refractive index difference [ Refer § 2.11.1] mh.u. May 2010) (3 m)
2 (v) Propagating modes  (vi) Normalizes frequency. 5. Define terms :
What are called modes of propagation? Discuss various types of modes (i) Total internal reflection
Explain the allowed modes in optical fibres. How are they related 0 (1) Numerical aperture
fre 9 Oy ‘
quency (iii) Acceptance angle (M.U. May 2009; Dec. 2013, 14, 15) (3 m)
What are SMSIF, MMSIF and MMGIF? Compare their structural ang transmi | Referg 2101
- Iy  x e ,
characteristics. 6. Why aray of light is zigzag in SI fibre and spiral in GRIN fibre?
Di TSR for § 2,114
.LSCUES the advantages if using optical fibres in communication systems [ Reler 3 2.11.4 ] (- Ny 2012 S w)
Differentiate between single mode and multimode [ibyes 7. Distinguish between single mode and multimode fibres.
| Refer Table 2.2 ] (M.U. Dec 2009; May 2013) (3 m)
N Problems for practice 8.  What are monomode and multimode fibres? Explain V number.
€ numerical aperty iaal it i fer § 2.12 -
Find perture of an optical fibre is 0.5 and the core refractive indell | Reter § 2.12 (M.U. Dec. 2016; Nov. 2018) (3 m)
_ 9. What arc the advantages of optical fibre? Explain the use of optical fibre in
(1) the cladding refractjve index. and | communication systeni. (M.U. Dec. 2017) (7 m)
= i (1) the fractional index difference. [ Refer §2.13 )
‘** .2 Findthe core radius necessar for single mod [ Ans. : 1.456,00% 10.  State the advantages of optical fibre cables on conventional electrical cables.
VAR : ~EICmo : 1SS * .
L%i In SI fibre with core refractive indey | 480 ant:im]mm-“mm] of a wavelengliig | Refer § 2.13 | {.“'u' annEm
s | cladding refractive index 1414 ' 303
4 CAARARRAC AWAIITA L S Aarm s




| iy, -

| .~g] fibre N communication gy,
: ',: Fi. . thc.“_(c ﬂf l'lfﬂ?fﬂ LAY
l {Refer § 2131 o an optical fihre communication system and ey . \
fi O e teck roree (MU. Nov. 2079 "8
fupction Ol oX x
[ Refer § 2.13.1]
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; ell's equations
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e and time varying fields).
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'f SYNOPSIS
,l 3.1 Introduction
l 3.2 Prercquisies
33 Scalar and Vector Fields
3.4 Physical Significance of Gradient, Divergence and Curl
3.5  Maxwell's Equations Gauss' law, andﬂy'slawmﬂAnm'sC'mn! law.
3.6 Solved Problems |
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the electric, magnetic ang Ele;:&”"-ﬂ--..
.u ,.

; '-';_‘E.:EI: - 1S U " ations :
*;’,ﬁ.‘-“.?_-".- L™ Elmdr“a“;lcsuh carious types Of charge Cm]ﬁgmlnum_lh‘ the study of 2
- deal W ‘ . : e invariant electric an -y
il Fhmol'lw‘n' To <is ﬁscntin] The static or time ¥ ar S— _dmﬂgnc‘
By . slems i ' e varymg clectri I
" coordinate SYS(C 4 other. On the otherhand, the M Vary € and myp,
" independent of each other. romagnetic ficlds the fuunda[iun oLk

. - . e 10 EIECl ] . _
1. This gives s rtant applications of elecyy, 4.8

" gre interdependen
~ set of {four Maxw

.L::':".'. Eﬂltm \\'ﬂ\‘CEUideﬁw sulﬂuilﬁ‘ elc.

3 Prerequisites

" 3.2.1 - Coordinate Systems

' impo
ell’s equations. Some 1mp

o

¥ ¥ A =3 g . L L o i o
b -i [ e T - '
iR e LA T e | ey . ; . &
"l'l:,r".,ﬁ et e oy el s L e et K FT
% =5y ‘r._l.-'_ f’ i e 1 Pl g b 0 i - f
- .S 7 i oy I 1 o
" -‘ -.I i S e el : P : 1 3
" = | F i ]

e

iy Tt
R AR
R e

(a) The Cartesian or Rectangular Coordinate syste-m
o} coordinate axes pe -
20 Cartesian coordinate systemm, there are three | 2 1‘!3".=:ndlc:ul,.JIlu
Bads InCartes: " ot s customary o) choose nght handed Eﬂnl’dina[g E‘
: origin. e
g i other that intersect at the B1ST . \
b as shown in Fig. 3.1. Here ‘0" 1S the origin.
4 1% b2
iR Wi |
% |
i D ] |
B : ' |
23 —
Fed ¥ J i/t
Fig. 3.1 Fig. 3.2
(i) Unit Vectors |
These are the vectors of unit length oriented strictly almlg llie tllrec axes g

Al

coordinate system as shown in Fig. 3.2. These are denoted by (ix, iy, iz) or (i

-E_lfﬂng X, Y, Z directions respectively. Being mutually perpendicular to each other it
vectors are related as follows :

A A A A A A )

Ix ']TI *——]J; -]'}.. = EE 'iE :1
: A A A A A A A A A * e
: IIXI}r=13, j}dKfz:jx1 izxixziy _I

.
b
B

slcs - 1l
M PhY

i position Vectors

(3-3)

lh:hﬂﬂmnﬂgl

asition vector of P(x, v, 7) [F; |
The p . y n) [Fig. 3.3) anq i« wrilten as

i a A
= Xix+yiy + 24,
The magnitude of which is
—)
IL" I = \,xz+y2+zz

ﬁ s
An unit vector 1 along the position vector 7

A

COPIPRPTR . Jv 4

P .13.3)
1$ written as

............. -~ (3.4)

L

{1;- Y I]]

-H-—---‘

Y

-

-

Fign 3-3 rig‘ ].4

- (iii) Distance Vector : Displacement Vector

Consider a pomt P(xy, y|, ;) and a point Q (X2, Y2, 25) as shown in Fig. 3 4.
The displacement vector or distarlge vector from a point P (x,, y;. ;) to point
Q (X9, ¥2. o) is represented by a vector PQ (Fig. 3.4), is given by

—3 A A A
PQ = (12—1]}11 +(}'2_}r|}if +(ZE—Il)iz i a—— (3.5)
with magnitude
..—}
|PQ| = J(IE — -7‘-1}2 +(y2 =¥ )2 + (29 — ZIJZ wsssiinss (3.6)
—
The unit vector along PQ is given by
—)
A PQ .
iPQ = 5 T e (3.7)
|PQ]



. 7). BY increasing the coordinates, x, y and
intreached is Q (x +dx. y +dy, z + 7).y
| box as shown in Fig. 3.5. ¢

Qx +dx, y +dy, 7 + o)

Fig. 3.5

The differential length or the vector displacement from P (x, vy, 2) 1
_ y+dy,z+dz) (Fig. 3.5) is given by

[ (1 A

_} - .
dl = dxix + dyiy + dziy

with magnitude of

_-"
|dl] = Jdr.z +d.3,:2 + dz?

A

The three displacement components dX 1x, dy 1y and dz

magnitude, equal to the area and direction, normal to the area.

(jal Elements I

"1
R TS

3

H_"' T.f?

Q[h{

IR |

A,
1z also define three sy,
of infinitesimal areas in the three planes intersecting at P. The surface veclor by

g Prysic - (3-5)
W” T Uachodynamcs
1

T A 4 36] are thus gn.mby
dSx = 1 dydz fx
- A
dS y = T dzdx i}'
h_} 2 TR b g s
dS;z = idxdjiz i - (3.10)
J
here £ S1EM takes nto account two possible directions of normal to the syrf
W i .
The infinitesimal volume element is given by surface
dv = dx [IJI dz
erverennenee (3.11)

Jpich is @ scalar quantity.
‘ !

3.2.2: Fundamentals of Electromagnetic Theory

Cﬂulﬂmb'S Law '

If a static charge Q is placed in space, it develops a spherical :
electric field surrounding it. The lines of force of the field emanales ‘
adially outwards from Q as shown in Fig. 3.7. This field exerts a
force on another charge Q' which is brought into the vicinity of Q.

b r—

Fig. 3.7
Tiiis force is given by Coluomb’s law
A = 4mers e N) o TS e (3.12)

Here, €, = 8.854 x 107 % (C*/Nm®), permittivity of free space.
—3
The Electric Field Intensity (E)

Electric field intensity is defined as the force per unit charge at any point in the
field region and is given by
—)

E

A

Q 1
) r

dme, r

—

(N/C)

““““ A e

The number of lines of force passing through unit surface area.

_..
Electric Flux Density (¢) : Electric Displacement (D )

Electric flux density is generally defined as the number of lines of force passing

through unit surface area of the field region. On the other hand, electric displacement
| isdefined as the electric charge over unit area of the spherical surface with ifs centre af




*‘“iaﬁﬂ&"lw'c displacement is same as electric charge densy

A =
E: Q-plr:ElJE
inr-
f ~ ‘Total flux over the complete spherical surface is given by
Tos v - —
Q — J D-.ds
S

The work done by an external source in moving a charg
—

~*° " inan electric field E is

A —F
=_J E
B

W
Vigie —— -dl
BT Q

seen in Fig. 3.8.

. This is called the potential difference between points A
’’and B and is given by

4 & ;.' _ Q [ 1 ]ﬁ
- Vap = - .
Q [1 1
A Vaip = =1 T iisrarea 3.17
AB 471 EU Ta Ip ( l?}

Here, 1 and ry are the position vectors of points A and B,

Tk The absolute potential a1 2 point P at a distance R from a
*-. -~ charge Q as shown in Fig. 3.9

Is given by
Q
dme R e (3.18)
The electrical field at any point in the field is piven by
E = Q 5 1n scalar form
4ME,T
— Q
and E = 5 Ir  1n vector form
dmneyr

ge Q from gpp . .-

N physics - I
Yangy o een®™= W-7)
1 pgnetlc Fleld e odymamicy
] Theregion around a magy o Within yp, ich jaseadn,_
| (he magnet can he experienceq calledyy, €influep,, '.r::..--- -.-.__::-_“
o ctic lines of force o .o Magnetie N e
L The magn I Magnetic flux | feld, A
......... i sorth I-,ulr_: and end of the south pofe, €8 Stary from

An isolated magnetic pole ¢an never exis

—*
\agnetic Field Intensity (H)

I feld intensity, E in electrostatics,

_}
Magnetic Flux Density (B)

o | The total magnetic lines of forcei e
B I d . . mgnfﬂﬂﬂ:u: mlﬁﬂg a unit
—— g perpendicular direction is cqlleg magnetic flux density. Th ‘ml'fﬂttmum
A _ - -~ IS 1S measyred
m” and is very siuilar to the electri - m
) field N flux density In electrostatics
The magnetic field intensity (H) and the m i
5 = ghelic flux density (B ) are related as
B =
R - s (321)
S where, H = p, H. permeability of (he medium, .
Q : with g, = 4mx 107’ (Nfﬁ!,‘l.peﬂneabilit}r of fre¢ space,
/ and ;= relative permeability,
Fig.39
; m Scalar and Vector Fields
Field : The behaviour of a physical quantity in a given region is d:su'ihcd by its
value at each point in that region. A field is a function that describes the kﬁﬁournf a
. i physical quantity at all pointsin a given region of space. The physical quantity described
by the field can be either a scalar or a vector. Thus a field can also be a scalar Iif.-.ld ora
vector field. e

B 1 _ 1ty e
( Scalar field : A scalar field is specified by the magnitude of a physical quantity at

cach point of the ficld region. Some examples of scalar fields are temperature, m
electric potential, etc, &

=




-ﬁ - wector field ¢ A vector field is specified by both the magnitude ang the g 3
L M..ﬂlqll.lﬂl'uzit:qr at cach point of the field region. Examples of vector fiqq, m-g;'r&%\1

g ptiysical _ { ivergence m Presenting (he yey :
." !mjﬂ'ﬂ]m electric ﬁeli elc. it in sl'jﬂ[".'.c. ]?”I""Erlf. ! Eﬂsurci-ﬁ ﬂ'l{: net ﬂﬂw 'ﬂ‘f [hﬂ nuid ﬂl:lt'r‘ of the nlﬂd at each
R I;:ljd js flowing into that point, the divergence y,q be negaiy ;l:,ﬂ " B1Ven point. If e
H‘,:.—;I. T v . - X e, d-
v R~ cal Sianificance of Gradient, Divergence and Cuyy ' < scalar | 5 Vergence of a yeetsy
' [E Phsical Sig ~ nCartesion coOrdinates, B is a vector ey
- . oy eeried givny,
| 341:The Dol Operator: 7 S B = B0k 48,0 p,),
o T : : - ator which 15 essentig | . . :
3 i, We introduce a vector differential oper for the Mg s divergence s wrilten as trensnne.. (3.24)
R : fn
= clectrodynamics. | ‘ | -5 E _ dB, N JdB, , JB,
L The del operator expressed in Cartesian coordinates, as = 3y | -
A A O H )
RS A . a
e vV = ix = + 1y 3y tlage T i 0y 444 Curl of a Vector Field
| ,jl: - The curl of a veclor field at any point signifies how muych, the :
i 3.4.2 : Gradient of a Scalar Field | or twists around that point, As an example, we may consider water ‘:i:ﬂzqumq nn'i's
i  Gradient is a mathematical operation performed on a Hﬂfﬂrﬁ"’d which "esuly, 1o this motion water swirls in rotation. The curl of the velocity ﬁtldifwit mdl Lhn.ﬂc :

a vector field. Gradient is a vector that represents both the magnitude and g, direy,  |ocal rotation. The rotation has a direction and is about he - g

direction of mot;
_ _ | iy on. The curl of
of maximum space rate of increase of a scalar. 1 vector field is a vector field and is written as Vx B

If V=V (x,y, z) is a scalar function the gradient operation is written i Caﬂt&: Mathematical expression for the curl E in Cartesian coordinates

_ can be obtained by
coordinates, as - solving the determinant as given below, }
- av + aV ;' + E_V? — A A A
vV =¥11 3y y ¥l e, (3 For B = Byix+Byiy+B,i, (3.26)
Gradient is the multidimensional rate of change of a given function, ?; ?y ‘i*z
At any point in the scalar field. SN
_ d _ ' 1 _ . Curl B = VXB = 9 90
(1)  the magnitude of the resulting vector field is the maximum rate of incress! dx dy dz
the scalar field. B, By B, . &
(i) the dIIE:CtIUI] of the resulting vector field is the direction in which the maxir: gx E _ ,;. 1, . B_ B_}, . : B, ) 0B, " ?; BB:. g 9B,
rate of increase occurs. "oy 9z ) Ylaz ox ox  dy).
fnic : Diveraence of a Yeetne Bicld onenet L s < (327)
i 3.4.3 : Divergence of a Vector Field

If the curl of a vector field is zero the filed is irrotational and is called a

The divergence of a veclof /2 conservative [icld.

. The rate of change of a vector field is complex.
P2 indica : :
: a certain point.

tes how much the vector Jield spreads out from
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q I el of a Curl is Zero 5
s L Divery' mcdwm.?m of a curl of B is written as

o
o

i s A

ey o] ¥,
e I

"
2% T
n
-

L

e e
JArat S

rad |l
P i o

i TR A

o

i
'R
ey

e

“!-_.l.l .

s

¥
Lk
e T

: : =

=1

- ~ 3 * 0
‘ _,"-E':;f.‘”"r‘ o = —3 vy __a__ + v — + iz — |
T ?-{?"B}r‘-[l-lax * 9y dz
L F, [BB,_ _aB_.,, : ?}. dB, 0dB, . {;I BBy S
R i L dy 9z dz OJx I By
N X :
T “ax\ 3y 9z ) oyldz 9x ) az| 37~}
e =0
B .
¢ " 346 :Divergence Theorem and Stokes Theorem
5, e tWO important theorems essential for the study of E[L‘Elrumagnm.
. _T'. 'I:LI-'r." . .;: b= , :sm..
RIS
‘1" The volume integral of the divergence of a vector field A taken ovey any vy,
2 I:ﬁ@al to the surface integral of A taken over the surface enclosing the volume ”?
[V.Adv={A.ds :
) ! e (33
— .
- Here the direction of ds is always outward normal as shown in @,»'-
' Fig. 3.11. S
The divergence theorem is used to convert a volume integral Fig, 3.41

"' toasurface integral and vice-versa.
J . (B) Stokes’ Theorem

) -
The surface integral of the curl of a vector field A over an open Ca
surface is equal to the line integral of the vector field over the closed

curve bounding the surface area. That is Fg. 3.1
: : - = — - —, :
f(?xA).ds=§A.df _______________ !
S c * :

The Stokes’ theorem is used to replace a surface integral by a line integral or®
_ versa,

' (A) Gauss’ Law for Electric Field

wjﬂﬁm - Il

maxwell’s Equationg

Mﬂx“":” 's equations, a set of four
ry. These arc cxtensions of works o

€quation;

: f Gaugy
Maxwell's cqualions are classifjeq ;

form (he

fﬂf-mdmm

the? -Fﬂraday and Amper “fd!ﬂ:mugrﬂit
e,

15,1 : Static and Time Varying Fiejgs

gtatic fields : If the value of the physica] quant
ith time the field is called time invarjan or , Sta:icn

‘ field

Both stauF elcctnF and magnetic fiede are used in the duc:
cxample, @ static electric field can accelerate ap g Eddm
€Ctro an a ;

'+ this scheme is employed i :
deflect 1L, this sc Ployed 1n the dcs;gnnf,u I
0sc muxﬁptandmink

coupled resulting in an electromagnetic fielq.

3.5.2 : Laws for Static Electric and Magnetic Figlds

gh any closed surface is equal to the
ljﬂﬂlhtmaucilly stated as “the surface
integral of the normal component of electric flux density D over any closed surface
equals the charge enclosed” and is written as

- -
0= $D - d5 = Quoged e (330)
S

Gauss’ law : The electric flux passing throu
total charge enclosed by that surface, This is

Here, Q being the total charge enclosed by the closed surface
asshownin Fig. 3.13. This may be expressed as the volume integral

of the charge density p,. So Gauss' law is written inintegral form
as

- =
§D . ds = [pydv
5 v




RS i ] h\ﬂq
" Hence, Gauss' law for electric field in differential form or poiny fo,, |

= =3
_._'.-5: eas V.D = pv .
e . ic field, any closed surface, real or imgo: G,
- - Inanelectrnicora magnetic ’"‘-’Iglnmx I.Iq
e " -
~ @ Gaussian surface. |
R 1 e
B '
. (B) Gauss’ Law for Static Magnetic Field
= . e li ed on themsely ;
i In a magnetic field the magrxaf:nc lmcf: are CIﬂ;h o -“m €S a5 seen i Fi,
| . Hence, the total ontgoing magnetic flux Is zero. 11115 15 Writicn as |
L —_— -3
}B .ds =0 T
S

2nd is called the Gauss’ law for magnetic field in integral form.
| Using divergence theorem the magnetic Gauss’ law can be written as

- - - -
fB . ds = *[V . B)dv = 0 ererrnninnn (1)
S S
o - —F
G oo V-B=0 sersiosigdll]
g This is called the differential or point form of magnetic Gauss’ law.

bt S
'

WA ~(C) Faraday's Law for Static Electric Field
;H-; f In static electric fields the work done involved in moving a test charge arox
~ closed path is equal to zero. Such fields are called conservative fields. In this cs

-3 = |
Fap. fE -d/l = 0 ...,01
O This is integral form of Faraday’s law for static electric field. Using Stoke sthes

eyl 5 -
" this can be written as
e l

I T

-,
=

AMH\
=

dl = §(v oo —tedmanics
> fﬁ? X E) 'dir.{]
S
ap T e T TE e e g e -
H:ﬂct' V x E =0 Jg}
This is differential or point fory, of Faraday' 1, : e (3 40
Of static efects
o) Ampﬂl'ﬂ'ﬂ Circuital Law for Slaﬂc'lhgm" ¢ Field e id
Ampere’s circ_uitg_l law states thay “ipe e foge s :
mﬂy‘ﬂi; field intensity H ﬂmundaduwdmi"ﬁuu;y gral of
he direct current enclosed by that Path™. The math:r:%l J & .
rﬂgn[ﬂliﬂn of Ampere’s law is Tl
rﬂP e A
H . d; — l
f iy 5 reemesenanne. (3.4]) Fig. 1.14
The law 1s very uselul to determine H when the - _
i | current distribution is symmetrical,
Since B = 1t H, equation (3.38) can be written as
—
§B-df=pul G.42)

This is called the integral form of Ampere’s circuital I,

- = —
Rﬂplacinglzjl . ds where ) islhecunmtd:nsiq;:ﬂgigm:mm
S

—
hounded by the path of integration of H, we can write
- - =
fH-dl = [J .ds = b
S
Using Stoke’s theorem, this can be rewritten as
— - =3 s s | '
§(V x H).ds = [1+ds e (3:84)
S S
Hence, VX H = | ey --m_k_-m-{'.'r.-lﬂ
— B '
Since, B =p, H in free space, we can wrile | |
— —2 - m__““;,,_- 46}
VxDB =|.lnj " 0

This is called the differential or point form of Ampere "M law % ___



ement Av as shownin Fig. 3.15 locateq jpg;
the direction of current flow.

The current density has
w‘m s A 93, -11)
¥ il i L = .,_I iy J.
i 53 |
Jr Az ——— (J'I' - Fyf ﬁl'u) !
- Y

i - f } ¥
L e R U
f L A ] Loy
L} L +
e E i 'rll St L
'l l'u-u a T . -
P 1
;-.I'lu ; W "\-"r x = 9] a
; T o e S 1
1 -|I AT - - -]
I > |
S =, —t |
FEb { ‘! y |
] W
a - .- i i .
R 3)
IIIIl T 5 : " ~ . - 2 ' 'ﬁ:
R I_qlr. [ - t e J + — M
’ = 3
- iK'y 'Ir R LS [ ] al
" . 5 :
b Fi" ma o
i ] i
HE-TL .
|J. gk
ey M &

: , s
Fig. 3.15
[0 Ifthereis no source or sink of charge inside the volume Av (=Ax Ay Az), the gy,
_,t s steady and continuous and so s current density as shown in Fig. 3.20. W _—
B - = |
o ¥ v.] =0 |
E %n or § J «.ds =20 e, (3
- e S

All three components and their variation are shown in the Fig, 3.15.

d]
Here %'_l_ a_f. and %J—I are the rate of change of J,, ]}f and J, in x, y
X y z ,

o directions respectively. |
| If the current is not steady, the difference between the current flowing into the Wh:-l
ﬁ'_;'.rf: - and that flowing out of the volume must equal the rate of change of electric charge inﬂ

B,

ﬁ the volume.

._-E_ e A net flow of current out of the volume (positive current flow) must be equallof
AL -,r.'ll.' e 1 # . r

e iﬂfﬂv'e rate of change of charge with time (rate of decrease of charge) withind
o 7™ This js expressed by the continuity equation,

2 b B

b

W ..‘_L_,:r,-_. )
R L N s

N

i‘f _75. e V.J] = ‘apu ;
- Where D, is $ ]
r. - 1,. the Volume charge densit

"o This jg . >

—y

! the gene
A ra . :
F p v ata point, Irelation between currentdensity J and the volume chargede®

[

Electrodynamics
: fundamﬂ“t“| Postulates of Electrostaties and Mag
359 . static clectric and magnetic fields are governed by the foflon:
e foundation of electrostatics and Magnetostatics, ollowing postulates that
/’Eﬁf"-’;m'al form Integral fu—r:; Signif
—_, - P = = g il
v:-E=— IE-dS=—_ Gauss's law for
° S €0 electrostics
- -
;.B=0 §B l{iS:ﬂ GﬂuSESlﬂWFﬂ‘[
S magnetostatics
- i ,
vxE=0 §E . di=0 Fﬂflﬂda}‘!i!ajﬁuf
C electrostatics
- = - - = fen
‘G’ij=l’-u] B'df=|.lDI Amperescucula![aw
C of magnetostatics

15.4 : Time Varying Electric and Magnetic Fields

Intime varying electric and magnetic ieids.the Faraday's law and Ampere’s circuital
|aw are modified as follows :

(A) Faraday's Law in Time Varying Fields

A time varying magnetic field produces an electro
motive force (emf) which may establish a current in a
suitable closed circuit.

Faraday’s law in gencral is stated as

(a) Open loop (b) Cosed leop

me =0 = - %—? T T . (3.49] Hg_ 3_15

The em( induced in the loop (Fig. 3.16) ¢ is given by
.

E .dl e (3.50)

c =
-
where E is the emf[ producing field.
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Wy
lllllll
I._.
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51) in equation (3.49). it is obtajney
) fjj{'}] and (3 lh,u
Substituting £quations

e a

_ B d:
§E.df-— 315

e, {]_5}

— —_
ltfollows, VXE=- m e, (15

This is the differential or point form of Faraday’s law.

Modification of Ampere's Law in Time Varying Fields

Inconsistency in Ampere’s law derived for static fields :

The point form of Ampere’s law derived for magnetostatics is given in equaty
(3.45) as

- = =

VxH=
Taking divergence of both sides of it we gel
e T
V.(VxH)=V.] somsiensssin (O

Since divergence of a curl is zero,

- -
Vel=0 evemronnnennss (33
which is not consistent with the continuity equation (3.48). |

Hence, statement of Ampere’s Jaw is inconsistent and requires some modificatic
I

._i
Let us add an unknown variable G to equation (3.54), the Ampere’s law becom the integral form of Ampere’s law.

ng mwlc. -l — ﬂ“n
TN T Bactrodymomics
VxH-= J +- G
: [ both sides,
ing dwr.:rgnncc 0 wegetk 0 e (3 31
TaK . o %)
f?xll)-? (]+G]
- - —
. v.-(J +G)=0
since divergence of a curl is zero, = (3.57)
- -
V.J] =_
.. v. G
Using continuity equation here, wegetr wsneee (3.58)
- = g
V.G = ?pti
- . cwreemene. (3.59)
The point or differential form of Gauss’ Jaw jg
- =
V.:D=p,
_l
? G - D = § —
Hence, El v T
-
v, G-
Sﬂ we O [ﬂ]", - al _______ . ':360}
These Ampere’s law in differential or point form becomes
—> ) —% a_}
D
VXH=]+—
o g ¥ Y )
Integrating it over a surface area S, we get
— — — — -y
_[{"F:-*:H}-ds=.|' J+a—D v ds
dt
S S
Applying Stoke's theorem, we obtain
- - -3 - '
PH-dl = | J+%];1 N I (362)

S
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four Maxwell's equat
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- Maxwell's Equations in Free Space

jisted below: Table 3.2 |
el (Point) form_ | Tntegral o717 LN
5 §D -ds=[pdv o g
| =p v c Emmﬂﬂ[i{;

' —3 ) |
LN §_§ .d5=ﬂ GHHSEEIEW!-EH
v-B=0 magl*u':m-.mm:E

1on-exisy,
_ magnetic mop, Ef
s . - = = Py
YxE=-B JE.dl=-|B-ds Faraday's),
S
. - = - =% =
| 9xH=7+D fH.dl=[(J +D)-ds Ampere’s |,
S
F Supplementary equation o
O N
; '? i E, § ] - ds = - I p dv leliﬂllily Cquati,
S Y
T

_k

In free space, there is no charge and no current. Hence, p=0and J =0 and Max¢
equations are listed as given below.

Table 3.3

DifTerential (Point) form

Integral form

Significance

- o
VD=0
=3 5
V.B=0

— =
§D.dn=0
fE-Ezu

Gauss's law for
electrostatics

Gauss's law for |
magnetostatics
(non-existance

magnetic monopt|

Table 3.3 e

o physiCe - 19-19)
o tectodpmames
. -:'P =) -} _'* - T . -
gxﬁﬂ,ﬂ }E.d;=_jﬂ_d5 |
_ S Faraday's 2w
— e I .
L 2_74+D fH.di=(p.>
q}(H dﬁ
8 Ampere’s [aw

A vector field W is given in Cartesian coordingte system as

—3

275 i
W= (4x%y)ix ~ (Tx+22)iy + (xy 422},

-3
(0) Calculate the magnitude of W at point p (2,-3,4)

(i) Obtain a unit vector that shows the direction of the vector field at point p

Golution :

i A point P (2,-3,4\x=2,y=-3,z=4and

—_
W =

A A A
- 48ix — 22iy + 8,

_-}
W]

V=98)2 +(=22)2 + 82 = 53,4041

_...i

(i) Unit vector in the direction of W at point P is

— A A A
o WatP - 48y - 2iy + i,
_— _} —
Wl 53.4041
A

lp =

Problem 2

Find the divergence of the vector field F = xzyzi,ﬁ xziy in Cartesian coordinates. °
(M.U. May 2018)(Sm)

Solution :

A A A
— 0.89881x - 041191y + 014981,

- A

- W A ok a?' ? &
Di‘JEIEEHCE, V.F = [i"‘.ﬂ. -+ ai]}r + _Iz]-[ 2}#7-1;+ IIH’]
}F

ox

0z

F - 1
- ~ 2 - -
—— =
o .
s el il e ETL UL gy o




g (3-21)
3, 1149 (x2) = 2xyZ "
42 Lyt (=< :
eF Y (ihihai
;._; i | vV-A = Bx a}"’ 'a'- ]'[l 21-27222]4-172:}_}
d J
o Tk G YT
= + 24 ‘.
m#-&‘ﬂzmnftmurﬁmdmnﬁ xi+x’y’ -'+ (;Jlﬁn:% = 2xz-4yZ + xy?
_}
‘h‘ . l{l --I.I}. ‘E.: =7.
UfA =V-A

b

SR probleT” potan .

=[§; +'£J+§;k}(x 1+K}’ J+24 yzk /"";u;amlhﬂareaufar Eularsmfamofdunmsinm—zmsxggm
:’,-::Smﬂﬂﬂdz 2 cm.

3 2,23
9 (x2y+ —=(x* }-.--—(de y'zZ')
s T <) a}'( ’ sdﬂ“““' -
The Su_rfECE HBCD has four COIMETS,
=2x+2x +'?2:. :{"z"
o Y A(-2.1,2, B(-252, C(52, b1
V-A=2x(1+y 2436 x:{zz) Mm{ﬂccc]ement in ABCD 1s
A Z
| ds = dxdyiz Al-2,1,2) B(-2,5,2)
" Find the divergence of the vector field F = X }fl—(Z —31J_|+4:f k Total area
Lt (M.U. May 201g)p;, - 2 5 A
— €252)
Solution : S j.;:_g j _ dxdyiz (21,2 -
=, =2 = 2 r.15°
Divergenceof F = V. F = [x]5; DY]iiz X
a A a A a A N w
g. 0. 0,1, B _ — A Figure for problem 6 -
Bn +ay“asz [x yi {f:. 3x)J+4y k] and S = 161, S
. %{ 1,;-_(, _3;.;)-{—31[43; \ Result : Area is 16 iz (Cm?). -
It:. ﬁ‘: .’ & .-...r|'|_.'
5 =2xy-0-0 = 2xy IRy ¢ R
S Il a scalar field ¢ =3 (xzy - yzx.), calculate its gradient at the pﬂinl(l.-—lj 1),

- =
Result; V.F =2xy. Solution :

. Problems

"9 "d d
dx “dy dz

| 2 2
S 2 " x - = ' Grad ¢ = )-3{1 y—Yy°X)
IfA-—I JI_ZFZEZJ-FK}.ZZk.ﬁnd v‘lﬁ ﬂlpﬂinl(l..—l,]}. {

(M.U. May 2017) (i

B |




(3-22)

; " — E\V physics - (3-23) | o
1 13—{3 y-y> )+J—-;(K Yy n}+k-..(xz | . Div.F = 0+2y+(y+x) = X+3y
5 9 x sy -
o - R 1—[:1' ?x_l;
E. .. . -.ﬁ. ] .-: | C'Llf =
LE‘ | =3 i{2x>'—32)+1(ﬁ'-21”‘3+“] Il (2 ) - )
. i’%‘; ‘. - I 1}' iI
_ofiyex-p+ixx-2y '. .
& Grad¢ = * dx 0y 5;
“ - i 2., .2
AIPDint[l.-l*-I'J.ﬂlisbecnmes, YOI wiem

Grad® =-241 +15).

il —(yz+
13y “"“‘(1 +y’1] [

fj’}-.__
J 2+ z)
Problem 8 z dx ]
S o B !
Calculate the divergence of the vector field F =3xi+4y j+2zk. : [B (1 i }'2}-——_(};]]
Solution : | nA .
o s | = iz+j(-2)+k(2x-1)
Divergenceof F = V. F s A A X
9% 3" o° v AL o Cul F = 21-2]+(2x-1)k
- | —1+—j+—k|*|3x1+4y)+2zk
~|ox dy” oz 0
problem 12
_ i{Bx)+-—(4}'}+—-(“Z) Find the volume of a block bounded by I em < x <3 em. - 2 <y<d
ox ay 0z __lcm_-i_z£3cm. sJr=som
=3+4+2 =09 -
Golution =
Ans. : ;-;=9 : dV-3 g ]
- The volume is V = I = Lz] I — F_Idxdydz
Problem 9 33 . :
—) A A A _ dx d - 3 4 3
A vector field is givenas F =y1+ [xz - yj} 1+ (yz+ zx) k. Find (i) Div F.z_ - j| J_z F.[.l dz [I]‘l [3"]—2 [1]..1
{ii}Cuﬂ;_ = 2K6}¢4=43Cm3
Solution : Problem 11
-+ A A A
(i) Div ? - E,} F Find the divergence and curl of the field F = 3ﬂi,+2;yir +5x2° 1, in Cartesian
. coordinates.
a M a A a A J:u 2 2 .F: A
= |—1+—]+=—k[s|]yi+(x"+y7) ]+ (yz+zx)k Solution :
dx dy 0z
; =k d * a A g 5 A 24
aa (Y}'l'i(‘i +y* ]+*a£{}.:+m} Divergence, V. F = [—1; oo ay +"" ]‘[3“':'*2‘3”1 +3x2 1:]
X dy
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il B e g % . .
RO e S
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"y
ML
L
i
"
~1
A—
[
4
L]
LaF

ST
Fy
.

‘” & " A
**ﬂi'a:“ - ?: ly i 2% B
e Lola 9 9 |=-s2tiy+2yiz
h -'r'_' 'E"_ i - — e
o o 30 2xy T oo " = 13
e =T //f';l:  scalar field and A 1s a vector field, prove that
D - ] -3 -
L e R = 1+ 5z) —) -
E s VTS N . VXA =0(VXA)+(Vo)xa
o S R R L
& L golatio” = A A
@ — A xy:_ Find curl A at the origin. ' A A
o - + £ Jl " in " - A
L G AsyosmBOTOIE = 0ALi+0Ay ] +OA,K
:T_J:fj: : i j k
0 0 d

»
-
=
<l
X
=
=i
I

3 9 0 ox  dy 3z
50 2, dAx DAy 0A,

TAFICE

FiE S e
W L -::'l'llf |_:I||'.'|I _1
3t 8

AI A‘j’ AI i a a “ ¢ a |
— 1 TR . ] iy a
1 [By {¢’Az) 9z (¢' Ay)]+ J [BI(¢AI}‘3_!L-{¢AI}] '

; " o Al a _
ix ly Iz +k [‘a—x(qmy)—%{@ﬁl]]
dx dy 0 Ao 0A, 0 0A . _$
X F L [ ¢AI+¢’ r 2 ¢A _ _‘f] : 8 1P

Ay 0 A,

A% (0A, 0A, )Y dA " “1od dA, 09 dA
_ 2| 28x S5 _ .| g9 5. _alfg
dy b (az dx )IF dy N e Aut 0z ax'ﬁ‘“ a:] '

d A [a¢ dA, a*h BAJ,]

3

— A
Curl A = '_(3""5!”! +k|—A,+ - MY Y— R
dy dx ’ " dy © ' 9y

A

k] 9, v 0 .
+[az{ycnsax)—g—£(}'+e )}1:, ——a-;(ycnsax)l;




A

b

>1
1

B

a1

2
4
> |
1!

- - B =
V x(0A) = 0(VxA)+(V)XA. Proved

Problem 14
- A A "
Show that F = (x+i)i +(x+2) j +(y — 2) k represents a conservative figly

Solation :

-2 -
For a conservative field, V x F =0.

[ A A A

i ] k

- d d d

VXxF = Ix é‘; E
(x+y) (x+2z) (y-z)

(x47_ 9
A A A d IJ-—"‘{I* ]
= 'f1"1]+j{0}+k(]_n d ”_.
= ()
—
Hence. F is a conservative field.
15
proble™
-”’;;;;a divergence and cur] ufaveqm-zzxz + A
. I+ y)k.
Sﬂ]ulil}ﬂ-
; " mh A
we have A = X"y 1+(x-y)k.
- - 5
DivA =V.A
|95, 0% axa " )
dx ay-HE';k}[l}'Hh—ﬂk]
d , 2. 0
= —(X"V)+ —(x = v) =
E}x( y) az(x y) =2xy
4 PEAG oA
1 j k
—% —3 —
Curl A =?‘KA=—;-3— d d
E.':-: By az_
1‘2}’ 0 =x-y

:T_a_ - HIEPY 0 Al D
I[a}r(x }')j!+.] a_z‘(l F)‘B_I(E-T}]+k[-'a;~[1?y]] '

A A A A
=i(=D+j-D+k(x?) =-i-j-x*k

-3
Ans.: Div A = 2Xy
- A A A

Curl A =i - j-x*k



Az gl ol s sl 3 physics - I
3 h' -.r L _:..,_,,....-|.-||---"""""h"l | o - . 3 #‘,
T hrove that the divergence of the electric field and that of electyiq " | i (he total charge containeq in an ¢
RN jon is 2&00. X dey, | ' &) i
p e | wﬁumﬂn Ens"’ b P24 "-l-phtr"ﬂfarad
L Solution 3 fus
B ' ' - | gution’ . ety
£ 28 Data : In a charge free region, the charge density, p =, §0 s the plane specified, 11 . :
L BBCD ! - IL§ d"minn A z)
s > 9 . . i " jementary plane dS on it i, NS i
2 Formula: V .D=p: Gauss law of electrostatics an ¢ Elven by
: Calculations : dS = dydz ?:
= = =2 = = ctrical flux is given b
: V:D=V.g,E=¢,V:E=0 The e g__} _]:
.. . Problem17 0= |D.ds
:: i R . —) A 5 I - S
& Giventhat D = 10xix (C/m®). Determine the flux Crossing 1 m? 5, =3 2 9"
. lothex-axisatx=3m. Eﬂlha[is“% Forx=2 D = 2y%2%j, 4 53'222?1
B Solation - 2
4. " ik i Hence, 6= '[}’-‘-U z=() {23’23 :: + 6 222“
i Data : D,=10x, x=3m ;
. . i = 1o 12, 22
{ Formula: Using Gauss’ law, Total flux = ID . ds y=0Jz=0 <Y Z dydz
Bl Calculations : [ Since, ?: S A )
B e O N A A dd.
J.D'[h = _[(1:DI+IYD}'+11DI)'“ECISI+ide +? ds I 1l 5 2 3 2 g =3
‘ Y Z I] = EJ’D}" d}' Juzzdz=gl _Zj_ s !
= [(Dyds, + D, ds, + D, ds,) ) 3]
fun _ . _ ,(8)8
= JD: dS, = D, J.dSJ,L =Dy (1) | = 0= 3[;)[;} 14.22
P = 10x-1 = 10x i) According to Gauss’ law the volume charge, density o isgh.mb?'_
- o &4 o
Flux = 10x3 = 30 Py = ?-D=%E’-‘-+3—I3"—+§E£
Result: Flux = 30C. : X : Iy 9z |
~ Problem 18 ax( Yz }+By(31}l”+az[hm

Let D 25272 2u3’ A o = 0+ by 2
U T A E e+ 3xy"2T iy + 2xyziz (pC/m?) in free space. Find : ALP(2,2,2), 10tal charge is
(1)  the total electrical flux passing through the surface x = |

e 2,0<y<2a Py = 104 (pC/m?)
0<z<2ina direction away from the origin. 4 1.

!

| The radius of the elemental sphere in | pm,




A
1

Q= 436x107% C.

A A A ] . A B+6?!i1'li]}
- [fD=10xi-4y) + Czk, where C is a constant, find the va|ye Of C e . =6sinoi “3Cﬂ-"-ﬂj
" aw for a charge free region. gt’q .
Al ] lEm
‘i Soluhnll : . //-"al e qulumezcharge density, PyatP (1.2 2.3)in fee
'-""__.I. +F — 5 = )
24 Gauss' law : V « D = p,, where p, = volume charge density, e sox’yz+20Y" pace if h”‘“lﬂlhm
In a charge free region p, = 0. Hence, golutio *
:. 5 o ,' i ' ; - E _ 'E i B
P V.D =0 gy Gauss’ law: =Pv» D=¢gE, E=_yy
d% 94 g~
3" 9" 3! SN | B =-VV=-| i+ L 2
— i+—ij+—k|*(10x1 -4y ) +Czk) =0 | E J+ =k |+(50x +20
[Bx ayj 0z ] dx dy 9 y+20y%)
d . : 2 ) A
ai(lox)+-%(_4y) +=-(C)=0 =-[100xyz i +(30x 5*+40y}1 +suﬁyk1
X e -
10-4+C=0 D —;EULIUUIFEI +(50x° y+40y)_|+5gl Yk]
Ans, : C=- | Py = V.D
| (5 Aog :
1 = —£ — l -+ 1 + k . : 2 ': 2 A
, Problem 20 D..\ax a}"] 3e J [100xyzi +(50x y+40y) j +350x°yk)
If the magnetic field H- (3x cosP + 6ysin ) k, find the current denslty ] fﬂlsf..n =-€,[100yz +40]
fields. AtP(1,2,3), p,=-640€,.
Solution : |
- Problem 22 i
- - -3 a D | o | R 5 : : . :
Ampere's circuital lawis Vx H=1] + 30 Giventhat H=H_, ejl0t+p2) (A/m) in free space. Find E. _ ‘
- Solution : BRI |
For steady ficlds _E_E =1). L a
l For free space, V. x H = D BB

| Fn




&8 s S ) k|
N TxnslS 202
F ® 3
F T H
e Given: H, = H,, ) @+ )
Hr=0H,=0.
;- £ A A A
fey i
i ]k
e 22 co?
,"‘“ “s ? X H — i ___E?__ a
oy a
lH x 0 0
“-'1 | =1[0-0 S| 9H, 4
B " ]{ 0z ‘0}}{[0*%
b " dy
= j—(H . eil0t+fz), * 9 :
Jz  m )“kg;(ﬂmeﬂml-’rﬂz])
JBH , e)(©t+p2)
=)BHy c“m”ﬁﬂ
| BHijJ(MHBI)dl.j
IPHy | tanspy
W ]
-3 3 -—
D =1E'H=——-EH el (0t +fz)
® @ m
o £ Infree space
—
So, E = JBH «ei(0t+B2)
P P
i‘ Find lhEd
Pl 1ve A A 5 N
I Solutig, . reence and curl of a vector field A = 12§ 4 y? j+2°k.

- eleetric field strength at any poing

. 12}]
A
+k[i 2, 9
(

problem 24
prom

A region 1s specified by the

| Golution

Hx d ]+-§£k
%z+gg;+gga]
Let E =hx:+EF}+EI;:
Here, E, =—-§—x~==-——(4x2+3y 92%)=8x
B, =~-3—f ﬂay (4x* +3y% - 92%) = = By
E, =—%_-ai{411+3} -927) =-18
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Prnblum 23

h - [ =
S L e e B P e s S T T

-

8
I.

AN
L
o

2
"!-*..1

T, ————
T .—_..I - & il

£ —r i

...I ¥

Find the divergence and curl of 4 vector field !: = X

2i*i-},fr‘!j + 2%k
Sulutiun : -

i et | L
E -.dl
[} [
!'a'-_r'

R ey et S T

i, .-'..:-'.'

e L A gt :-':

MRtk

N

R —
» i
-'"_, e

s ol W
e g

s
.|

g

P
;..,

19 .2 3 X

=1 =(2%) =g i | A
[ay 2" )]H ‘E?"{‘l}-i( z
02 dx b))

A
d
+k .___

lem 24
probe——

A region is specitied by the potentia) lunction ¢ = 452
dectric [ field strength at any point (3, 4, 5) in this region. "‘312 911 Calculate the

Solution ¢

—) ) M A
I5 :—?lh':—(—-}a—p{ i}-]'l'ik}ﬂJ

dx dy” 9z
__ _}i | :]t‘[‘u fh|1
ax c}y E];
—) A A A
Let =By it By jtB,k
Here, I, :—ﬂt—"m-—{dx +3)r ~92%)=8x
' X J X
.o 00 P R o
3, = = " = —(dx* + 3y =027) = by
H dy f)}’( !

. ]l.h 0 2 2 2
E = ( e e (AX* + W =02 }H—ISI
! ﬂz af{ * y



L]
ii-

Y4 4.5)
_ mpomtﬁ ;
T =24i+24] - 90k

o .‘-_-————mummc whether or not the following pair of electric and magne;. felge
AT ummfmcspac: 8y
X Maxwell's equa L 4,
o Ty E E 2yj, H=23xi1
_ - —
First equation: V - D=0
-5 - -2 2 0%, d°" ) A
— =EC | —1+— +—Kk [¢2

Hence, not satisfied

-3
Second equation : ‘F’ B=0

I AN R KA I
. = «H= 1+ + — 1
v Mo Hol 351 % 3y 32 " (Ox1)
0
—una (5x)=5uy #0
Hence, not satisfied.
—
. . 2 7 OB
Thu'dcquaunn:?xE.:—-é—
L
1§k
-
LHS. =VXxE= 2 0 ¢
dx dy dz
0 2y 0

e —— e

E =Sxi+byj-18:k = 1[0"—‘(2}')]+J[ﬂ~0 k[a =
dx

a2y
[_,H-S =0 0]
—)
as. =-2B._ 3
Nn'r‘-’u dt a1 ﬁ_uua{sx” 0
third equation is satisfied,
CcE,
Hen L a-—l
" & — D
routh equation : V X H ==
- - SN
LHS. =VXxH= 2 & 9
dx dy 9z
5x 0 o
=?[g_.[)]++j} "3—(51}—0 +l: 9
0z _‘TT_{SI)]
LHS. =0

_ _ 0
Now, R-H-S-“jl_ ED_D Eﬂ"—{z}'l} 0

L.H.S. = R.H.S.

Hence, fourth equation 1s satisfied.

Problem 26

— A - — -
Given E = E; sin(wt —Pz) iy in free space. Find D, B and H.

Solution :

In free space, €, =1, p, = 1.

— — A 3
D = g, E =¢, Ep,sin(wt-fz)iy (Cm°)

According to Maxwell's equation, for Faraday’s law



Hence,

Given

Here,

Hence,

Agaip,

H Eﬂc:-.

(3+36)
I
—
o B
<E = 30
- —
iaf._-__;.?.xl‘:
dl
L iy 12
ag |9 0 9
3. |ox dy 0z
E:‘. E} E‘I

-3
oB
dat

- =1

o
Wl

@l wl

-
B

.-_j.

H

E=EJ ;F‘wilhEl=ﬂ.El=D~Ey=Em5i“ (ot —Bz).

E; ij’ iI
dE,» JdE
— _?— _a.. i = Fi; + }iI
~ |9x dy oz dz d x
Ey 0

I
=

= —E_ P cos(ot - Pz) ?;

= —Emﬂcns{mt—ﬁz}?; Ot

= —IEmB cos(wt - Pz)dt -;1

E . "
= ——Ehﬁﬂlﬂ{ﬂ.'i'[ - B?} I x "'fl'l‘lrl'.‘l."?l'ﬂ2

-}
= Mo H in free space,

Ey
0,

—
__

sin (wt - fz) ?x (A/m)

L ]

R I ——

H ﬂ/f‘;aﬂcsiﬂn Coordinates :

(3-37)

clﬂl’ﬁ 0

e,

Important Puinum
Em“"‘-—-.

Fﬂrﬂm - A A -
opvector s T Ix+)ytkz
F{ﬁl“ —) A A A
r.h{:l‘:pnr:.n[: dl =dxi+dyj+dzk
LCHE' —) Iy A s
s dsy, =+tdydzi, mdory: )
surfact clements * ’ U5y = dzdy 43, = dxdy
ry]ume element - dV =dx dy dz
\o — gV ‘:‘ X D_V‘] . avﬂ
gradient VY= dx dy~ 9z
- = gB,* JBy~
. oence:V *+ B= i+ y‘j'*'g-ﬁl;
pivers d x d 37
A A A
i J k
S L ]
cul: VX B=150 3y oz
By By B,
- = - -
Divergence theorem : jv - A dV = §A - ds
v S
— — — - =3
Sroke's theorem : I{‘E’ X A)- d_szf,q .dl
S C
Basic postulates of electrostatics :
— - = T
V.D=p, ng -ds=0Q Gauss' law of electrostatics
- - = LR Sare
V.B =0, [B.ds=0 Gauss' law of magnetostatic
$XE=U, JFE dl=0 Faraday's law 23
=2 = —) - —3 ikl B et i)
VXB=p,J. 3?]3..;11:““{ : Ampere's circuifal lw



, T A o @i 5 & N ) \
._ﬂu_,__,_.....--‘-"""_ (3-30) Ehﬁh 3 mﬁwl (3 9

_ Revie ,
: v, o L'Ix“t“"s cqmtiﬂﬂf’- \ /_F_ w uilﬁaﬂu"! M
: m (Point) form Integral form Slgnintan% it Cartesian coordinate systemn
L. - = . E"P . ace
: - E p fD de = I 0 dv Gm | it down l!:ur:urf vectors for (g) Cartesjy, (h) ““5421
v.-D= v oSty jnate Y5t [ Referg 4, . i |
o b gordi eferyqy <al, (c) Spher:
5 , TEHG), : fical
5 o §E .ds = 0 oSSl || pefine? field. What are scalar and vector fie). 4220) 4, ()]
v.B=0 l magnetgg, . . ient of a scalar field? Precan :, -
(noneyi ey ||+ gypatis 824 Fresenlitin Canegign | Refr§as,)
magnetic :ﬂngt of || + O0rdimate,
L4 §_,, ;} Jl_:"’: E:: : "Opal pefine and explain divergence of a vecyor field Expr [Refer g 44, ]
VxE=-B E - = — ﬂradayls € €53 WinC . .
. . .. the significance of the cur] of Mﬂﬁ 44
pa B H.dl= T + E] - ;- f What th sian coordi " vector fiel, Explain it y; %
v x H - ] & D §H di = I( Amp{:rﬁts ]a“. ' E}ZPIESS 1t 11 Cﬂﬂﬂnl COor inates, an mﬂ!plt_
S spow that the divergence of the curl of a yector s zero, [ Refer34.43
Supplementary equation \\ ?. pefin€ static and time varying fields. : Refer§4.45.
§. Refer§ 4
. - = + aw for static el T 6.1
_vi _ T =_p f J «ds=- _[ p dv Continuity Cquay || & perive Gauss I ectric field in differengy 20d in fntegrg] for
& [I e
S - —‘--..J ' law for static magnetic field ip d; [Refer§ 462 A)]
Slate Gauss 1av IC L1eld 1n dlﬂﬁﬂllial .
: 6. Maxwell's equations for free space 10. and in ‘[11“'-;511 form.
_ Refer §4.62 (B
DifTerential (Point) form Integral form Slgnim 1 State the differential and integral form of Faraday’s law for static electric field, !
| . I£
—
3 Bes {320 Rees 15200
clectrostaljg 2. Obtain Ampere’s circuital law for static magnetic field in differential and inteery)
- = — . =
V.-B=0 { B.ds=0 Gauss’s |aw for form. . | [Refer §4.6.2(D) ]
( magnelostatics | 13 Write down the continuity equation and state its significance. | Refer $4.62(E)]
non-existance of _ , : : x" ok
magnetic monopgly | M Obtain Faraday's law for time varying fields in differential and mtegral form.
— = — -y = y —) i [Rdﬁ §‘ 4.64(A) ]
VXE=-B 5EE dif = ",[ B« ds Faraday's law 15, Obtain Ampere’s law for time varying fields in differential and integral form
b. _ [ Refer§ 464 (B) ]
— - —> —* e I — = . . . - s ‘ ey ’
VxH=1J]+D jEH e J’ D .ds Ampere’s law 16. Derive point form of all Maxwell's equations and state their significance. .- |
g [Refer§46]
17,

Derive integral form of all Maxwell's equations and state their significance.. - .
[Refer§46]



P”_TIF/' (3-40) Eh’“"‘%ﬂ'\]
g .
& peywict - ! \\

i ﬁ
g ;gt;gaﬁﬁ( EXERCIS™
2 1B (4. 2)are given in the Carlesian sysieny C algy

: 2,2, 1)an
I pﬂmlﬁﬁl’l " B and a unit wcmr directed fmm AloB, 1
: mcuﬂmfmm_' e . lmgl ) 09?33
| Ans.: AB = ix - 6iy * iz, A = " 'y + 06}
1
. Using Gauss’ 1aw, find the total charge . a volume enclosed by the six Planeg g, o ]
SINg
- “151‘:’1 '1{}{3 3{3{41f
2

D 4:4‘.1,,+3}' ly "Z iz C““ n [ Ans, . 93(:]
3. Determine the net flux of the vector field D("- y.z) = 2x%yiy + zly . hI
emerging from the unit cube defined by 0$x, . 25 1. [ Ans,. ¢

] -2y .IWb!m Find the total magnetic ﬂmﬁﬂms
g

4. Giventhat, B 15(5111*?

the strip defined by 0 S x<2m, y 20,2= 0. [ Ans.: 1-5915\%1

= - o _ En ‘?. :
5. Do the fields E = Esinxsinily and H = i cosxcost iy satisfy Maxy
equations? [ Ans, . Yes)

-3

6. Given ﬁ = Hp aj{m”ﬂz} -?;.-, A /m in free space. Find E.

-

[ Ans.: E = P g g

£, 0 ly Vim

—_ =) —

Given, E E. sm(mt-ﬂz) iy in free space. Find D, B and H,

[ Ans.: D=E,:,E sin(mt—Bz]iy C/m?

ro_B

B=-—E sm{mt—ﬁz]u Wb / m?
0

E= P E sin{mt—ﬁ?]? Wb/ m°
oy ™ -) 1x m- |

E[ﬁreviuus University Examination Questions with Sulutiuns]E

1.  Whatis divergence of a vector field? Express it in Cartesian Coordinate System.

[ Refer § 3.4.3 ) (M.U. May 2017) (3m)

Y e |
W;v"d ot the divergence of a curl of 3 ”EENW

I8 Zero,

ghoV 51 My

b geler 83 AT
(R L the p]]yHILM significance of divergence 5 nd ¢y

ai

! Eﬁplf¢r5 3.4.3 and 3.4. 4] Wiofa YEcto field

T R‘-”_ Jxwell's two general equations ip i, | m'u'n"'mﬂlu
peri¥e gral ang differenyy

b pefer §3.5 ] o
| e xwell's third equation. mu.n&mm )

v M.

] D;afm 3,52 (c), 354 (A)] k2010
me Mnx“'ﬂ“m equations in differential form and give their ohysical ci.—-

b pefer § 359 mﬂm“gmﬁ
[ u'"'“mﬂﬁ m)

J33
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- Whatisrelativiy?
" Consider a train moving with a speed of 60 km/hour. The trajy s Obser,
(i) The first observer is standing al the station.

" Gi) The second observer is moving in the direction of the trajp, With ,

Veln..
20 k/hour. Clociy,
* (iii) The third observer is moving with a velocity of 20 km/hqy, in
- direction of the train. : ﬂpp‘lﬁiz:

The observations of the three observers are different as follows -

(i) The first observer would observe the velocity of the train a5 g k

rm'hﬂurl

(ii) The second observer would observe the velocity of the lrai

40 km/hour. 3
(iii) The third observer would observe the velocity of the trajy as (60 4
80 km/hour. By

The oldest theory of Physics is the Classical Physics or Newtonjan Physic
deals with the absolute motion of an object considering space and time to be g, Sy

‘two separate entities. However, this concept failed to explain the motion with high
very close to the velocity of light.

Velogigg

The development of theory of relativity by Einstein in 1905 revolutionalized i
Eﬂﬂf{ﬂpts. It discards the concept of absolute motion and deals with objects ang uhsen&,
moving with high velocities (~ c) and relative velocities with respect to each other, Ty
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,
Newtonian mechanics.

(it) Einstein's Special Theory of Relativity applicable to all laws of Physics.

Einsten’s Classical Theory of Relativity (Newtonian Theory of Relativ|

Einstein initially developed his theory of relativity for classical physics, it,

Newtonian Mechanics. This is called Einstein’s classical theory

of relativity.

mnrﬁ“l frame of reference or unacculermcd

\ frame of reference 1s said to be inertia
ipertia and other laws of Newtonjan m
i

When g

. Echﬂnicrq :
- external force. It is at rest or Moves ""'ith. nthig s
d CQ

(i

oW ©
upo?

, Non inertial frame
t

A frame of reference which is in gp accelerated mor

e of reference is called a non-inertial frame gfr'efmme |
f . o . nﬁuc
houtan external force acting on it, is accelerated, [y pop h frame g
\ p

s are 10! valid.

ample £ A ball placed the floor of a train moyeg 1o ;
_eard even though no forces act on it. In this cage

122 Galilean Transformations

The transformation from one inertial frame of reference to

pnsformation. Knowing the laws of motion of an objectinare
of motion of the same object in another reference system §

bt G
ference system S, the laws
can be derjved.

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

depending on the reference frame used to describe it. Suppose a collision of two particles
occur at 2 point (X, y, ) at an instant of t secs. We describe this event by the coordinates (x,
y,z,1)inone frame of reference, say, in a laboratory on the earth. The same event observed
from a different reference frame, e.g., from an aircraft flying overhead would also be

specified by a set of four coordinates in space and time (x', y', ), ') which is different from :
the earlier set of (x, y, 7, 1) —

.._ J

Consider now two abservers O and P, where P travels with a constant velocity v*
Wihrespect to O along their common X-X' axis. Here E s the event specified by coordinates
%% 2,1) and (x', y', z', ') in frames S and S' respectively. NP



ﬂ atroduction
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Y

. ', s e O |
- Wt is relativil - oving with speed of 60 knvhour. The trajy 4 Obse

2t Comsidera it | rveuhzf“‘%
nhs:r-ﬂ"* The first observer s standing at the station.

20 km'hour. o . Y

) The third observer is moving with a velocity of 20 kmyq, n
i .
{ direction of the train OPpag,
The observations of the three observers arc different as follows .

or would observe the velocity of the trajp -
(i) The first observer ¥ a5 60 | -

(i) The second observer would observe the velocity of the (r, as (60

40 km/hour.

(iii) The third observer would observe the velocity of the i, a5 (60 4
£0 km/hour.

The oldest theory of Physics is the Classical Physics or Newtoniyy p
deals with the absolute motion of an object considering space and time (g be g
" two separate entities. However, this concept failed to explain the motion wiy, high Velogy,
very close to the velocity of light. o
The development of theory of relativity by Einstein in 1905 revolutionalize "
concepts. It discards the concept of absolute motion and deals with objects and obsen er

-moving with high velocities (~ ¢) and relative velocities with respect to each Other. Ty
il
theory was developed in two steps and thus are divided into two parts.

--.!IJ:
0,

Il}"ﬁil:g lhy
b b
Solutey,

(1) Einstein’s Classical Theory of Relativity bascd on Classical Physics, 1¢
Newtonian mechanics.

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

- Einsten’s Classical Theory of Relativity (Newtonian Theory of Relatii

Ei_“mi" initially developed his theory of relativity for classical physics. ie.
.Hﬂmaman Mechanics. This is called Einstein's classical theory of relativity.

4

i SN

M FHFIIE‘ - _“\I‘-a]\\ =
./n:;famnnﬂ e fotn
1 : Frﬂmn h' [ | h -.--\"'*-..__'_
i Ty motion of an F] JECE Can Edﬂﬁﬂl‘ibedﬂnl}' with
; Jinate system In such cases is known 25 the [ the hglpﬂf“fmr
a Male <
e ( frame of reference, € Of teferency 4 Viem
-5 D rl: ["'E hll'!'
r pertin! frame of reference or Naccelerateq gy,
— me
) g ¢ T
; A fram¢ of rc rﬂr“‘:':“ 15 ";“d 10 be inertial e objects |
. . L .- T I
inertid and other faws n Newlonian Mechanies, 1o .- this frame Newsan®
Lol in | force. It is al rest In this frtam oI Newgy
J py exlema RN SLOTr moves "'“m‘ﬂfuml Can Object i3 10t agteq
ANt veloe; ;
" tlocit

Non iertial frame
¢ lor AP
A frame of reference which is in an accelerated mey:

of reference is called a non-inertial frame nt'r;:f:rencc

m : ‘"
i an external force acting on it, is accelergqeq. In

“ﬂhﬂﬂl
| are
cample A ball p]nchl the floor .:lrl' 4 train moves g
cvardeven though no forces acton it. In this case, (he train m

122 : Galilean Transformations

The transformation from one inertial frame of reference 10 another is called Galj]
, . . _ alilean
pnsformation. Knowing the laws of motion of an object in a reference system S, the Ly
. : ' WS
o motion of the same object 1n another reference system S’ can be derived.

Let us consider a physical event. An event s something that happens without
&epending on the reference frame used to describe it Suppose a collision of two particles
occur at 2 point (X, y. z) at an instant of t secs. We describe this event by the coordinates (x.
vz,1)inone [rame ol relerence, say. ina laboratory on the earth. The same event obsenved
from a different relerence frame, e.g., from an aircraft flying overhead would also be
specified by a set of four coordinates in space and time (x', y', 2/, ') which is different from
the earlier set of (x, y, z, (). £

Consider now two observers O and P, where P travels with a constant velocity v’
Wilhrespect to O along their common X-X' axis. Here E is the event specified by coordinates
Y.z 1) and (x', y', 2", ') in [rames S and §' respectively.



r ok ¥ h o R .. 8 .
1 _:..T w‘nﬂ" . N r/w 3 heary of relativity deals With the prnhlcN
% g _. m;p‘:‘ <fant lincar velocity relative 1o anoth Sin whlch%h
S |[h 0 Eﬂ'n' ! <r fl'ﬂ]‘]'l.e nrr f Me Dfrefgm
1\1"“‘ . ¢ Crence
¢ lates of Special Theory of Hﬂlatiﬁtv
. pos : o,
N . . 1ie Special Theory of Rel;
XX . l]-' Einﬁwin in s SPd e I:w [E ativity POstulatey that
Event in 5 : E (x, A“ the fundan e ph?ﬁ‘i[‘:_q retain the
. Y 4 t) ' (i f reference >ame form ;
- Erentin S £ (.., frames of reference. - 30 he iy
. Fig. 4.1 : Frame of reference (i The velocity of light in free space s Constant apg e
i ative motion of the source and e obae Independens of
> i tions It TVET in any fram .
(2) Galilean ST d the foll f € Of reference,
L o e 1oHowIn
From Fig. 4.1, it is observed thal A instein Prove f g facts based on pig theory of refare.
) L '= l=1 TR = | l 1 . i
. x=xewysypr=zadi=l ey [y ybethe veloeity O & SPAceship Witk respect 10 agiven frype o
These four equations arc called Galilean coordinates transformations. ﬂﬂhsﬂn,ﬂr makes his observations. eC2 Where
(b) Galilean Velocity Transformations | o) All clocks on the spaceship will go slow by a factor 'JI- (V2 h:j‘}-
The velocity coordinates of the object In r:vcnl E can be ahs.:gncq as (u,, Uy 1) any The mass of the spaceship increases by a factor [1 212 -1n
% @, u;) in frame § and in frame §' respectively. Then from cquation (4.1), it cqy (b) -(vkc ]] _
wTiflen 25 —_ v ; ) Allobjects on the spaceship will be contracted by ﬂfacthl-_.(ﬁ 1),
e = (X=V)—=—=-V=U, -V a5 — =] The speed of a material object can never exceed ;
UI dl' d! {I \ )dli d[ A {“- [[” p | lhcvtlﬂ:]t] ofEEhL
: () Mass and energy arc interconvertible,
Altogether, the Galilean velocity transformation arc . .
= me”
u1r=u1-\.r_ uyi:\rr_ “;'= "'I [4_]} ) . .. - _
_ () Il two objects A and B are moving with velocities u and v respectively alony
(c) Galilean Acceleration Transformation the X-axis, the relative velocity of A with respect to B is givenby .
 In inential frames of reference S and S', the acceleration components remain the U— vV e
Sdme. ml'.li. \'R = 2
1= (uv/c™)
': . H ! = . ': "
250 By Rl 40 wemeenmmnssinnne: (43 Here, u and v are both comparable with the value of c.
Einstein's Special Theory of Relativity 133: Lorentz Transformation of Space and Time s
B jmzt:uz ﬂbs,;;ﬁi' that his Classical Theory of Relativity fails for very high speed InNewtonian mechanics, the Galilean transformations njtptcsscdigtmﬂlm_ . ot (4.1
i Iﬂ!‘—'m E :Z.” 15 1S due to the fact that in Newlonian mechanics, there is no limil, in (42) and (4.3) relate the space and time coordinates in one inertial Emmctumthem .
Ralmifixj; 0 includ m';rj speed of a particle. In 1905, he extended his Classical Theory of fme. However, (hese equations are not valid for cases where the Ohlmﬂhmﬂ”" -
C . o & Wk ot ol P all
all the laws of Physics and Special Fheory of Relativity was developed | #oaches the valuc of ¢, the velocity of light. The transformation equations upplyfwdl .
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55 gngmeeing PV \

'j} - . )

? i snvariance of the speed of ligh

e upto ¢ and incorporate the in' oo Ve g
vekcitics known as Lorentz transformations. Opog

N

. Loreatz These are ,
1890 by | frames S and S' as shown in the Fig. 42 ‘

: inertia
Let us consider WO _ b - The g
i : the positive X directio fan
moves with a velocity v with respect to S 1n € o i My
by Py
o * Plx,y, 201
S (¥, 2, 1)
el
—=
0 0 X, X
2 Z
Fig. 4.2
Consider two observers O and O’ situated at the origin in the frames g
o g : 2
respectively. Two coordinate systems coincide initially at the instant t = ¢ = Sunﬂﬁ
* 9P

optical source is v kept at the common origin of the two frames. Let the SOurce re)

. . : _ ;
pulse at t =t'=0 and at the same instant frame S’ starts moving with a congtary . &
along +X direction, relative to frame S. This pulse reaches a point P with coq :

Iding:
(x,v.z 1) and (x', y', '\, U') in frames S and §' respectively. e

Since S'is moving along +X direction with respect to S, the transformatjon Cquay
v - m:
of x and x’ can be written as

= k(x-vt)

where, k is the constant of proportionality. o
The inverse relation can be written as,
x = k(x'+vt) w45
Putting equation (4.4) in cquation (4.5), we can write
X = k[k(x—vi)+v|
U= ki~ I(TM[I ~ L—].;] eerrerensnssnnees (40

Now, according 1o the second postulate
constant. So the velocity of the light pulse sprea
by observers O and O' should be the same

of relativity, the speed of light ¢ rema
ding out from the common origin obsentd

3

yics ! \
y S -

(4.7)

X = cl
uting eauation (4 incquation g gy el
sut ct' = k(c-v) o (45), We haye
, ct = K(c+v)y "
e ations (4.8) with equat; s
HUIUFIFIHE = Aialion (4.9), e have - 49)
k* = 2 |
e~y
l
K=2———0000
1= (v?/c2
(vZle®) e (410
1 v
and )
Using equations (4.10) in equation (4.4), we haye
X-vt

X' = ——e
J1- (21

substituting equations (4.10) and (4.11), we have

e (41)

&t o t—{xv!cz}

) 1’1 - {vzh::z)

i (4.12)

Hence, if the frame S’ moves with a velocity v in +X direction with

RSpect |
fame S, the transformation equations are, Tﬂim o the
' X -vi : ! i y) |
K=o, y'=sy, 2'=g r=2@C)
i (VETER) l-fvzfczl' SRR AT T L

On the otherhand, il the frame S moves with a velocity v in - X dnm'iﬂl

spect to the frame S', we get the inverse transformation equations as
xl+ ‘;[I

1 L] 2
i | _t'=(x'v/c%)
Jl - [1.'2;"{:2}

=17 t -

S e

Y=Y,

S, ( ) B

—~—

Ifthe speed of the moving frame is much smaller than the velocity of light, L&, -

h. La ' - i '
f!: ';i"'" the Lorentz transformation equations reduce to Galilean transformation
dlions, _ )
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meaning of im¢ dilation is extension of time. Time dilation i ad
. The _ I:;m by two clocks due to arclative motion betweep them, Cncg A
% fhtd r:::: \wo frames of reference S and §' with 8" moving with g yg, bl
it 1‘_‘“5*_1’ - th respect 10 S as shown in Fig. 4.3. Imagme a gun placed a 5 fixeq ﬂl;;,nE
i v -“1 S'. Suppose it fires two shots at instants t," and 1y’ thegs P“Eitign
P(x.y.z)m the frame : ureq \ t
ohserver O in the frame S\
LY kY
5 51 ﬁp I:xii 'll"r- EIJ
= Y
0 0' ;:1:
z z'

Fig. 4.3 : Time dilation

frame S' is called the proper time interval and is given by
To=14'-Y

The time interval (t,' — ;") of the two shots measured by O" at rest in the mov;

g

TR e ey, (J:LIS]
As the motion between the two frames is relative, we may assume that the (ram Sl

moving with velocity — v along the — X direction relative to [rame S'. In frame §_ g,

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
L= -
From inverse Lorentz transformation equations, we get

Iy’ +{¥f_fﬂ2]

LR PP
. ' +(wx'/c?)
Jl-{vzr'cz)
Substituting equations (4.17) and (4.18) in equation (4.16), we get
_ Ly
1=

e (416

e (417}

s (A 18)

(40

mdi 15) i cquation (4.19), have Jomy

(4-9)

T

T =

i : d thc proper time wh;j
gﬂl‘ is cﬂllﬂ ich is dEﬁ
fere 1;11 in which the object is af ppgt Ned ag 1, lime p,

ws that T>To

b‘unfﬂcmr v - ¢’
"oty between the two frames,
giveV
gl

Length Contraction

Tl I’ﬂECh:‘:lliCE the lenglh of an “bjﬂﬂl'.i .
In C|'JSE-ICII g » i
ncﬁ}' of the

o moving relative to the object. However, in the theory of relaiy;
ﬂ“;;;d depends on the relative velocity between the ﬂbsmc; 3 lh:;lfj. the length of
20 ect.

!
Il

0 o' A B

X
L 7 %
/

z Z'

I -

Fig. 4.4

' . - . " - i - w T :‘l'. .'i.-‘-:_:;,-
Toexplain this, let us consider two inertial frames S and §' with §* moving "i'ﬂh‘ﬁ

eloetty v In the X direction with respect to S. s . o ,_;%

=
— =
S
ey o
.'..‘.

Letarod AB be at rest the moving frame S'. Its actual length is Ly at any instant 35°¢
iexsured by the observer O' also at rest in the frame S°. o, o el TR

Atthe same time, the length of AB measured by an observer O in the Tou
ame § 1 Biven by . -



(4-10)

w | : L= X=X (4
e and X3 beimf- the x coordinatcs of the rod in frame S. 2]
X :
. wmqumnn
"'1 -— "i'l
X = 5
! 1=(vi/ic?) 4y,
1: - vl
Xy = e T
=iy T (424
| ituting equations (4.23) and (4.24) in equation (4.21), we get the actug] |,
Substituting n
W 8l
L, = X2~ %
r——___l_h.z';cz'] e, {4251
Using equation (4.22) in equation (4.25). we have
L
1- (1.'2;'!:?‘}
’ L=1L, J] ~ (v 1eh e, (426)

Thus, the length of the rod is reduced by J 1-(v2/c?) when measured by an obsepys,

moving with velocity v with respect to the rod. Here, L is the proper length defipeq as
the length of the object measured in the reference frame in which the object is at reg

The contraction takes place only along the direction of motion and remains unchaneeg
in a perpendicular direction. a

m Einstein's Mass-Energy Relation

‘ In classical mechanics, the mass of a particle is independent of its velocity but in
Einstein’s special theory of relativity, the mass of 2 moving object depends upon its velocity
and is given by

My

Jl—{vz.ﬁ:z]

where, m, is the rest mass and v is the velocity of

light. |

m=

the moving body and c is the velocityof

-

cres™™
gone N 1t
e s displaced by a distance dx g the ;

T Pplicag;
tored in it is I0n o
srated and s Biven by the woj done Faforce
dE = dW=F dx

he a I. !

€ kmgm

e force is defined as the time rate of chapg, o Momengyy o 420

g cc, .
H.E ¢econd law. Hen - o
e -
dt
B (4.28)

. the mass of the particle and v
o ['nn of the force F

jcali0 : N
’fpl s combining equations (4.27) and (4.28), we get
iE = d (mv) i
C o dt
dx
dE = Eﬂ(M?]=?[mdv+vM}
dE = mvdy+vidm '
m,, . R
sgin, mn =
Age - (vre?y
m 2
2 0
m- =
i 1- (v21cd)
2 2 p 2 2
mc —m Vv = m, c — )

Differentiating equation (4.30), with m, and ¢ constants, we have

2mdmc® - 2mdm v' - 2vdvm’ =0

dmc® = v*dm+mvdv SR 431)

Substituting equation (4.31) in equation (4.29), we get |
dE = dm ¢’

~ Showing that the change in kinetic energy is directly mehmm
s of the particle. Mo . 1 F

= H_:':

(432)

s i the energy of a particle by \m’
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E-_LT'. w BT e ——— -
e B, R

B |
W 1 obicct v=0and \ ’.—
e £ :ous that for arest 00] TR TAsS m o o ﬂ

= -
-—-'1-11:!'.' =

v (41¢)

o ﬁ@ﬂ“ﬂm (4‘30}* il 18 obvl 1
. o L
pest mass- e with 3 velocity Vo ils mass bctlzmn m and its kineti, ,
% nmrpuudt mt-imgmm equation (4.32), we g¢
I & E 2™ dm
For t ot !ﬂl dE =€ jma
Ey = ci (m- my)
2_ o ¢
E = mC -y [4.3.]]
;I e’ = Bt E" ss energy and E Uy
, = is the rest ma nd Ey is jtg i
! ol encrgy. Mo © iy et
Here, me” is the ¢
energy. Hence, We wrile )
A E=E+mC .“{435]
and E= If[ll:1 {4.36']
: instein’ -energy relation.
; known as Einstern s mass
Equation (4.36) 15
Important Points to Remembers
1. Space and Time transformation relations
Galilean Lorentz Inverse Lorent; |
transformation | transformation transformation
_ X -Vt ) X' —vi
| X - coordinates | x'=x-W X'z —— =
x VI-( 1) VI-(Pich)
Y - coordinates }I":}I‘ Y.=:I'r },=},|
: zﬂmmm I"=z z-=z 2.=z.
2 7
t=(vx/c") t' -+ (vx'/c”)
Time coordinate t'=t - 2 . VX
1-(v2/c?) Y-
I
2. Time dilation: T = o
J l —(vzf::z)
3. Length contraction: L= Lﬂ Jl _ (vzh;z)

‘4. Einstein's mass energy relation ; E = me¢? and E,= mc? - m, &,

1 - |
&nsmngﬂf in 8t Zm::'ng at 30 mps passes man stan; !
P second after the traj NG on 2 gar:

AP™ Twenty 4In passes the sy | Station platform

|
I

g1 B : ing alo i o, the
e l-n.;s ot @ bird flying n:g the tracks in the same directions on the platform |
™ Galilean transformation, find the Coordinates of e 1, 3 the train is ggp) o |
o U5 " 2irdas determineg by th !

c
;‘“ﬂs‘" |
sﬂ"liﬂn : by by = !
__, Train |
30 mps i |
0 o E

2 / o S |
Z z | |
Fig. 4.5 |

By Galilean transformation x ' = x — vt,

= BUDITI

L ier
x' = position of the bird on X-axis as seen by the passenger 0’ inthétn;‘“ .
v = 30 mps = velocity of the train o
t= 20 sec. | _ =
Xx'= 800-(30x20) = 200m |
For the stationary observer the coordinates of the bird is
(x,v,7,1) = (800 m, 0,0, 20s)
For the passenger the coordinates of the bird is

(x\y'"z' 1) = (200m,0,0,20s)

Hence,

thlﬂm 2 L 3
—— P e L

‘_a‘ sample of radioactive material, at rest in the laboratory, ejects two electrons
it directions. One of the electrons has a speed of 0.6 ¢ and the other has 2 speed

= Frs
L el ol
e
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e {4-14) M f/ikﬂﬁ the rail tract at . ..
) " \ 4 ﬂnsh sif 20 1
5‘: -3 ._ . oty 0 [Dnnﬂﬁnn . fnc | = {’ = 'ﬁa = i hr
s uﬂ““‘d by & labor3 cured from the other? Comment gy Your Why 180
L fpgeas weE clectron as Meas . Csu), t the stat S
ihe the speed of 00€ ' . (hc obscrver d 4Hon and O g ypq ¢
vl [ - ect 10 O sineer in the trg;
- Soletion : LY T 1™ with €SP _ 1 Moving a
i v ,,fﬂkm ver al the station measures the X-Coordingte of the §
mhe cer in the train measures the X-coordinates of den BX=] km.
' en h
| 7 7 0.7c X, X e X' = X-=vi "
: 1Y 2
v X = 1_(603‘;-——-— g -
‘ Fig. 4.6 130] 3km'0'666km
L L coordinates of the flash meagyreg b
Let O 2nd O' are two electrons moving in —X and +X directions, enc™ TE by the engineer Y e observer g the staion ;s
_ _ : - and by the engineering the (ra;
The electron O’ moves with v = 0.7c with respect to O in X directipp " 0.0, -I-E{-j hr ] ¥ g g the train are (0.666 km, 0, 0, _!_ hr],
The electron O moves with u, =—0.6c in —X direction. ., 180
- 4
the velocity of O' measured by O is pobler
SR g . event occurs at X = 100m, y=10m, z=5 mandt=]x 174 o ;
u' = u,—v=-06c-07c = -13c An EYETE Te—— AR SeCIn a frame S
X | iy 4¢ coordinates of this event in a [rame S' which IS MOVing with 3 veloc: 2_7 D’
The result shows a velocity gre,aler* Il.'ml'l ¢ by Galilean transformatiop This i rﬁ iih respect 10 the frame S al ong the common XX' gec usin?gﬁ;l-
inconsistent with the special theory of relativity. :ﬁmrmntiﬂﬂ and (i1) Lorentz transformation, | e
ot - |
Problem 3 wulion * .
. . 1 .
A train moving with a velocity of 60 kmph passes through a rail statiop anw S ' g' ' *P(xY.2,1)
clock. Twenty seconds later a bolt of lightening strikes the rail track one km Away from the v {::. v z' t)
station in the direction of the train. Using Galilean transformation, find the coordinates gf
the lightening flash as measured by an observer at the station and by the engineer of o o 4y
train. % X
Solution : “ &
. " Fig. 4.8
L. Pisthe event with coordinates (X, Y.z, 1) in the stationary frame S and (x",
&hame § moving with v = 2.7 x 10® m/see. with respect to S.
- %' > .
0 o % ; X=100m, y=10m, z=5m, 1=10"" sec.
‘ \ 7, n i . .
e ) ! According 1o Galilean transformation
z 7!
X' '=x_ v
Fig. 4.7 rm

}p'zy‘ Zl=z‘ Il

|
X'=100- (2.7 x 10%) 1074 = — 26900 m
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h=5m.[=10 scC.

}":10’!’1'1- I .
Soth rmrd‘matcnnhht:tmtﬂﬁf“ 26900 m, 10'm, > m, 107 Sec,)
o the ‘
: tion
- menrnnsfomu
o i e ; | t—(vx/c?)
x=¥ =y, 2 =L LU=
' v —)* 2
X ='T (‘*‘1"'52} ) ;il—[v ;‘cz)
J1-
2
B
oo = |i- 2718 | - 1-(0.9)? = 043588
Here, (viic 3x10°
-4
_ 100-{2.?:-:10 )(107 ) 6712
* = 043588
:," = 10m
z'=5m
(- (wx/c?) _107% - (27x10° )(100)/(3x 1082
Y= T043588 043588

. ' = 22735 % 107 * sec

Hence, the coordinates of the evenl in frame S' are
(61712 m, 10 m, 5 m, 2.2735 1074 S).

Problem 5
Use Lorentz transformation to show that the quantity {11 + }’2 $22-¢° t%) is invarian

Solution :

If a quantity is invariant it remains the same in all frames of reference. Consider
fremes S and S' with arelative velocity v. P is an event with coordinates (X, y, z,1) in S and
(x,y,z,I)in§"

Ay Ay
S g s P(X, ¥, 2,t)

) |

X, X'

Fig. 4.9 |

1
1

! .-l

X

(% ”
[
R.H.S.

R.H.S.

N i
, transf *
?-cf"rd'lng to Lorentz (rans “fmﬂtmnmh"’"*

X - vl

e

Ye

}fz'}'z "Czl) xlz'i"y +zr’2

|

I

I

I\

Hence, proved.

Problem 6

e —

1—(1-'2“: ) TN Ty g l-{u;.;l}
Y

- .llz
x4y tazio2n

i 12
X =vl

— 2..2 12
f Ty 25 o2 U= (vyyl
I l_(VEl,cZJ- C l (I;EZJ
LYV Ve
("‘"‘”)2"32[‘—('-*zh:2]]2 2 d
l—-(‘r'z!cz} ~+y° 47

—__+"——|__

¢t c?

1-(v¥/c?) ~+y 47
—'}‘{‘-’I+\’2t2—c2[ +2xﬂ_"'212
2
c
1 [vlkzj —"I‘yz-]-zz
o )] o) |
+y 42
1- (v2/c?) y
ke~ [1— (vzr‘cz)]
— +y* 42
1 -(v©/c7)
Cryr -t

| ormati i cle x>+ 2 =8 in frame § gppearsto
Using Lorentz transformation, show that the circle X +y1-a in frame 5 appears

| “aelipse in frame S moving with a velocity v with respect (0 S.



Rslalmﬁ,-
ength of a 104 15 F0UNG 0 be half ofits length when  reg;, g g g specd of
the observer?
Ly
“=5
L =L, 1/1—(1;2/02)
L
- = Lo V1-(v2/c?)
2
24 2 l v 1
—(v*/ = — e o 2
| —(v©/c) ; 1 7 =
2
Y 3 ,ﬁ
2 4 V="2—C=0866c .............. Ans.

Problem 9

A 1 m long rod is moving along its length with a veloci
as it appears o an observer on the earth.

Solution :

ty 0.6 c. Calculate its length

Data : v=0.6c, L,=1m.

Formula : L =1, Jl—(vzfcz)

Calculations : L=1 \/1--(0.6)2 =08m = Ans.
Problem 10

Arod h

as a length of 2 m. Find its length when it is carried in a rocket with a speed
of0.9 ¢,

Solution :
Data : L,=2m, v=009c
Formula : L = L, J 1 - (v*/c?)
Calculations : L =2 J l _&}r_g)z
' L = 0.872 m

(TR
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n

2r’ .’2'
Vz b ]-f_'j-J

[ ; ) "
/ , 99 \°
= 1—(-- =310 {1 (—J
! c\ ,J*J V' Lron

v=423~ 107 m/sec.

Problem 12
f

Calculate the percentage contraction in the length of a rod moving with a speed o
0.8 ¢ in a direction at an angle of 60* with its own length.

Solution :
Data

Fv=0Z8c, B=Hr

Formula : [= ] Jj_{vz,tczj

| Solution

| w-" e o fcumnﬂﬂf + 01s the angle hetwc&"nf

"~ rocket ship is 100 m long on the ground. When it is j Migh its | o rod AB lics in the XY plane ; inf A

5 mdﬁﬂ"'ﬂm the ground. What is its speed? " Cngyy, i‘“-’*m 5"’15,;:1 ;g ' atan angle of 60 wjy, fra;r:?

bied .I : I{' . ‘uj”ﬂl !I:fcﬂs 6(}1}1 fr:{,‘im 6{)-} a

: i 4y ' =

5? 5 f_lﬁﬂmj ky ":xm
F;'" H,-"" = [ cos 6> m
0 ol ' =031
X
7 / fj, = If=15iﬂ6‘[]=-_-._£ﬂ
Fig. 4.10 e 510 motion perpendicular to the Jengy, ¢ the rog
: 3
e . Observer O'inthe rocket moves with a velocity v with respect tg -
= "= 2
| 0'on the grownd. Hond®: © Obserye Hence. = i +hy® = o3 [*5 ‘}
53 e _ . 2
. 1*=100m as observed by O" and 1=99'm as observed hy ¢, I' = 09165 |
2,.2
. = ["yI=(v"/c™) * =
' Formaia : ! .;J 5, 2 Percentage contraction = ——!- x 100
- Cdlculations : 12 = 191 =(v* /¢ [
2 v) _ 1-0.9165!
[f] v = / x100 = 82¢
T =1-—= |
c
'~ problem 13
| e

[n the lahumtnr}r, the lifetime of a particle moving with speed 28 x |} e
|
mundtobe 2 x 10 " sec. Caleulate the proper life time of the particle.

Data : v=2 # l”_?!-i!::f:. T=28x lﬂsmfsa:.

T o
Formula : T = —======; T =Lifc lime measured, T, = Proper lifetrme
J1-v21e?)

Caleulations :

[y =




S — N
3 “ s - \%

.46 , :
o T, = 7.18% 1077 sec. f”mﬂ[  the veloctty ok “’ES?"; whose obgery Mean |
S , _ ;¢ T mesons is 2. -3 ife |
© Ams. s Proper lifetime = 7.18 % 107" sec. ﬂlﬂ“lifﬂ”f'hm X107 e, Ok 1g T g e
_ Problem 14 _ Sjol‘: T 52,5}:10_3513&. 'I'=2.5x10‘7;
T o process Tequires 10~ © sec. to occur in an atom at rest in lnhgmmr}_ . g 10 5 sec,
. _l:ﬂ_ .m . . 0w — 0
. this process require to an observer in the laboratory, whep _ : = o=
mudhl !‘.‘I:I'I'lt: will p 2 - the atom is Fﬂl’fﬂum ] - (‘-."2 J"EZ}
mvmgwnhls;minfS‘KlU seC -
jons
Solution: : galenl?™” N
| Data : TD.-_-ID'ﬁsec... v=3$ x.;D nv/sec. ]_.(vzz'c ) = ‘?
n B -
: T = 2
Formula 1_ (1’2 ,c'_'.'_) 'UE — C2 1 “[%)
-6
10 s I -
 Calculations : T = - > = 1.014 x 107 % sec. a2
_ ,I 5}{10? "..'2 _ E2 1_[253{]{]
‘ 3% 10° _ 2.5%1077
Ans. : Time = 1.014 X 10~ © sec. ; v=095c¢
| i e """'—"—H*-m
Problem 15 P _ problem 17
- Thcw life of ameson is 2 x 10™ ° sec. Calculate the mean life of a meson Moving ""'—;];k keeps correct time on the earth. It is put on the Sp&cﬁship moving uniformly
with a velocity of 0.8 c. g speed of 10® m/sec. How many hours does it appear to lose per day?
Solution : 2 cotion :
Data : T,=2x10""sec., v=038c pata : T =24 hrs as measured in the space ship
T :
Formula - T = T ”2 - T, = the time observed by an observe on the earth.
—(v©/
| —(v=/c7) v=10% m/sec. .
’ i " 251078 2%10°8 T e
- Calculations : = 5 3 Formula : T = 2
1_[%) Jl—{l’}.&:) Jl—[vzfcz}
v C
. E ‘h’l lﬂ“a 2
> T = 333x10 " sec. Calculations : T, = T J1-—=24,(1- pe
Ans. : Mean life of a meson = 3.33 x 107 ° sec. = \ -
92
TU = 24 x .'_'3—J: = 22.6] sec.

Time lost per day = 24 -22.63 = 1.37 hr



! .
Bﬂl’d . T.= N
T.n ml Ume = | year on the rocket
=4 years, as appears from the eany
Formula : T = Ty
h vl 1.2
Calculations - e
r 2
l-— = Jo
c™ T
_ ’ i
t \"1= CZ l‘—[&] :.[::" | 1 ;
- T ) E
v=097c¢ -
. Problem 19
‘ With what velocity should a space ship fly so that ey
to three days on the earth’s surface.
Solution :

Data : T =3 days as it appears on the earth’s surface.

To =1 day as measured in the spaceship.
T

Formula : T=+——
-Jl_—(vzfcz)

Calculations :

T ET—— -

S
[
ﬁM

ery day spent on jy
Pond

e - L
ulae : T=
form I-(?zh:z]
2
-2 = o
C T
| !,rz — Cz l-—(
Ii' -
v =0.1818¢
" problem 21
Golution
Dﬂfﬂ m —_— 2.25 lTlﬂ
Fgﬂﬂﬂ!ﬂ’ m = —
;;1-—(?2!::2)
Calculations
vﬁ [mn JZ '
IHT = fig=—=
c Im
1.'1 — EE 1—(mﬁ
v = (0.805¢
Emblamzi!

o

| ?ﬂﬂﬂ : . The clock. 1oses 1 min in each o, S
_s9min., T=1hour=60min

To

With what veloeit
0% of itg rest mass”?

%ﬂ speed should a clock be
Al

0

mo

[ 7 “ "
" =g amll

= =
B e

P T

e i i e e i e B o T
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Solution :
Data : m=m,+20% m,=1.2m,

Formula : m =

m,
\{1 —(vi/e?

Calculations : L 1

2 -

J—
|
i~ -
[
"
—
= |§
i
I

-

3
I
N

2 lh[.f_"'_q
1Tl

ke

Mo fi—(vrc)

)

—
Il
LR
-

V= = ¢ [0.30558]

0.553 ¢

-
|

Problem 23

If the kinetic energy of a body is double its rest mass energy calculate jis velagr

Solution :
Data @ E,.=2m, c?

Formulae : E=FE, +m, ¢, E=mc?

. 2
Calculations : mc”

m = 3m,
m
-:12 7. = 3m,
Jl-—{v /c”)

1 v ]
¢ 9

22

3

2 2
2Zm,c +m,c

M= o
J1- (V212

2

94 ¢ i An

ron 15 11 times ifs rest mass. Cajenfats i1 kmetic eneryy
- La W d !_J

m
_ M. ¢, E=mc? m= - -
. E__.Ek"" 0 I_ff;szczl
= Ek-'l'ﬂ'l Cz
mffﬂﬂs :2 4 -
calc? = 1llmyc-mec =10m,c
= 10x9.1x 1072 % (3% 1037}
821671
= 82x107J = L; eV
X
Ek = 5.1 Mc‘v’
My, s L m o
m = iy 7==—-1 = = — = |l
Nﬂ“ll 1#1 — (Vzicz) 1 r {11'-1"{:"] mﬂ'
v 1)2 _ ﬁ—I———l—
-2 = 11 T T i
v = 2.98x103m!5cc
p= ——=—— = llmyy
J1-(v21c?)
- 11%x9.1x10°!x298x10°
p = 2.98x 107 N-sec. e ADS.

Problem 25

How fast must an electron move in order to have its mass equal to the rest mass of

the proton (1.67 x 10~ 2! kg)?

Solution :

Data : m= My, = rest mass of a proton = 1.67 x 10~ T kg
m,=9.1x 107" kg
Formula m = h

;il - {'-'zfcz)



_ quculaﬁm :

g (_"h]z Y et e
c m . I'. :
- 2 _ ' ! .E”I blem 27 | . . . o
v = 2= [_ﬂ'l_q) =cl1_[ 91x e z‘f,}' f.rg--""m" the velocity of a 0.1 MeV electron according to classical and relativistic
— - . “ Y T
m o )
I i | m] ,ﬁ; mechanics.
- : T Sﬂ!ﬂﬂﬂ“ . 4
S Mo e ﬂtﬂ Data : Ep=0.1MeV=0.1x loﬁ'x].ﬁxlﬂ"';:l.ﬁxlﬂ" Joules
Problem 26 Hon ’i ‘ m=9.1 x 10" kg (classically),
Kinetic energy of a particle is (i) 3 times, (ii) equal (o its reg g iy m,=9.1x10" 3 kg (relativistically)
ity? ass )
L E[E?-‘il,}q'.i Formulae : Ey= % mv* in classical mechanics and
Solution : R .
: 2 | Ey= mc” —m, ¢” in relativistic mechanics.
Data : (i) Ex=3 m,c”, (ii) Ex =m, c% "
o
m=—Jf—
Formulae : E=ER+IIIOC2, Ek=mcz_mn,:2‘ - m, | 1—("sz2)
_ _ , i m | Calculations : In classical mechanics,
Calculations : (i) By = mc”-m,c 2 2 -14
3 2 _ 2 ) v = —Exg =v Hm)-(l.ﬁxlﬂ
m,C" = mc"—m,c m 01x10
m = 4m, v = 1.87 x 10% m/sec
5 In relativistic mechanics,
m, v
—_—_— — 4 mﬂ . 1 L 1 mo I:E
s - = ~ y
1-(v?/c?) R Ey = Jl (v21c2 —mgC
_ 2 1 | - (v©/c™)
= C - E .w V= 0_963 C . 1
- 22 e By = my & | e -
(i1) = mc“-m,c | J1-(v3ic?)
mﬂ.c2 = 111{.:2»»111{,::1 Ey 1 ,
T = —p—
me = 2m, ¢’ } moct  f1- (1)
m = 2m, =0 =2m L ‘jl IETF’ ) Ek2+l
= —(v=/ic” mgC
J1- (vzr'c?') i { ) °
2 1.,2 ] \’1
] - L L - 2 = 1- = 1 -

{H B
I
Qo Hlrm
ram—
|
|¢—n
b
(3
o
-
+
—_——
r::-5 g7
=1 Lo
o
=
0
=2
P —
il
.|.
s
(%
S
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| Review Questions

1.

A R - NV R R o

10]

~(A) Short answer type:
| Distinguish between the Special Theory of Relativity and the Classical Ty,

of Relativity.

0.54 c

1+ *2
. MeC /) |

1 .
( 16x10°14 )
I+ 23] g
\ 0.1x10 X3x10 )

Define an inertial frame of reference.

What are non-inertial frames of reference?

What are Galilean transformation?

Write Lorentz transformation equation.

Write inverse Lorentz transformation equations.

What are the postulates of Special theory of relativity?

Explain time dilation and length contraction.

f)'

Show how does the mass of an object vary with velocity.

What are (i) proper length and (11) proper time?

(B) Long answer type

L

Derive Galilean transformation cquations

(¢) acceleration.

for (i) position, (b) velocity,

TR FEIT VPSS [ "™ P W



(Prerequisites : Scattering of electrons, Tunneling effect, Electrostatic focusing,

Magneto static focusing.)

Nanomaterials : Properties (Optical, electrical, magnetic, structural, mechanical)
and applications, Surface to volume ratio, Two main approaches in nanotechnology |
- Bottom up technique and Top down technique.

Tools for characterization of Nanoparticles : Scanning Electron Microscope (SEM),
Transmission Electron Microscope (TEM), Atomic Force Microscope (AFM). Meth-

ods to synthesize Nanomaterials : Ball milling, Sputtering, Vapour deposition,

Solgel. (04 Hours) (Weightage - 10 %)

—=
=

Course Outcome : CO5 : Learner will be able to illustrate the knowledge of
synthesis, characterisation and applications of nanomaterials.

SYNOPSIS

Introduction

Prerequisite

Nanomaterials

Tools for Characterization of Nanoparticles

5.5 Methods to Synthesize

5.6 Applications of Nanomaterials

Important Points to Remember

Exercise

Previous University Examination Questions with Solutions
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~hnolog
Introduction

Nanotechnology is the term given to those arcas of svf:lcrcc ﬂﬂ(: ‘ll?-'“g:jﬂfl'rering Wher,
phenomena that take place at dimensions in the nﬂﬂUII:lClCI‘ .-’*Cﬂ c ﬂrct‘l Hse "” the desigp,
characterisation, production and application of mater:a]sﬁ. .struc]turcl, cw:I:es and $Ystemg
Nanotechnology is the manipulation of matter on an atomic, molccufar an :su[;verm.;,1,.::,;:u!ar

- ing dimensions of
scale and deals with various structures of matter having the orde, of
100 nm.

m Prerequisite

9.2.1 : Electrostatic Focussing

An electric field can be represented by a series of very closed spaced imﬂginar:;
surfaces on which at every point the electric potential is constant. Such surfaces are cajed

equipotential surfaces. The electric field is always directed perpendicularly tg
equipotential surface at every point on it.

| +  Anelectron lens consists of two coaxial metallic cylinders A and B separated by
3 .

some distance. The cylinders A and B are maintained at different positive potentja]s

V) and V, respectively such that V, > V. These positively charged cylinders are
i called cylindrical anodes as shown in Fig. 5.1 (a).
|

InFig. 5.1 (b), the equipotential surfaces of the two cylinders are shown. The electrop
beam undergoes bending at each equipotential surface and finally it is focussed at
| the point F. The gradual bending of the electron beam is
| Consider the electron travelling with velocit

H electric force f, acting perpendicular to the e
| along the axis to the point P.

llustrated in Fig. 5.1 (c).

Y Vo along the axis of the system. The
quipotential surfaces drags the electron

A more deflected electron travelling with a velocity v
electric forces f; at the first equipotential

on. At every equipotentia] surface the vel

A highly deviated electron is collected by the cylinder B. Its velocity v, changes (0
Vp to v," and so on at consecutive equipotential surfaces, S, Sy'y oy Sy duetothe
perpendicular forces f g e

np> fny -+ Iy, T€Spectively. Thus electrons emitted by the cathode,
C in various directions are focused at point F.

| 1S bent by the perpendicular
surface S|, f; at the second surface and so
ocity changes its direction.



Nanotechnology

C : Cathode, F: Focus

(b) Electrostatic focusing of electrons

Fig. 5.1 : Electrostatic focussing

5.2.2 : Magnetostatic Focussing
+ A uniform magnetic field has a focussing effect on an electron beam.

_ 4 Consider an electron beam originating at point O. In the beam electrons travel in
different directions.

Let an electron fravelling with velocity v enter an uniform magnetic field making an
angle ©.

vsing 4

- -hp‘t- -------- -*-

Fig. 5.2 : Magnetostatic Focussing
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— e

+  The velocity is resolved into two components.
(1)  vcos 0 along the magnetic ficld and
(1) v sin O perpendicular to the magnetic field.

The electron will be acted upon by a magnetic force due to the velocity component v
sin 0. According to equation

— o A
F cv X B

the force is given by

I

fn = e(vsin0) B
which will be balanced by the centripetal force as

M2
m(v;mﬁ) = e¢(vsinB) B

and the electron will trace out a circular path of radius R. From equation (3.2) the
radius of the circular path is obtained as

Imnv

= ESIHB

From equation (5.1) it is obvious that

There will be no force acting on the electron due to

the component v cos 6. However,
there will be a translational

motion of the electron due to v cos 0.

vsin©

27Tm

P= (vcos0) T

Using equation (5.4), this can be written as

27Tm
P= —=

g Vv cos 0
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+  Hence with the two velocity components the electron traces out o helical path of
cadius R and linear velocity cos 0, I'he parameter p is called the pitch of the helix.

+  For small 0 values, the pitch is constant,

27m
I] : =" ll‘l‘lllll’l‘l‘ll‘l‘rf (5I‘(JI)

¢l
m Nanomaterials

The materials with structural units which are an aggregate of atoms or molecules
with dimensions in Nano scale i.e., between 1 nm and 100 nm are called nanomaterial.
Engincercd nanomalerials are produced with required dimensions i.¢., cither onc or two or

all the three dimensions in the nanoscale.

+  Nano materials that have at least one dimension in the nano scale are called
nanolayers, such as thin filims or surface coatings.

+  Iftwo dimensions of a nanomaterial are in the nano scale they are categorized
as nanotubes or nanowires.

+  Lastly, nanomatcrials that have all the three dimensions in the nano scale arc

called nanoparticles.
+ Nanomaterials made up of nanomelter 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 cffects. These special properties are due
to the size of the nano particles.

(a) Optical Properties

Depending upon their constituents, nanoparticles absorb a range of wavelengths and
emit a characteristic wavelength. It is possible to alter the lincar and non-linear optical
properties by altering the crystals. Nonomaterials are, therelore, used in electrochromic

devices.

When light is incident on a nanoparticle it can be scattered or absorbed. The total
effect 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 gr-‘::atl y depending
on the particle diameter. At diameters less than 20 nm, nearly all of the extinction i to
absorption. At sizes above 100 nm, the extinction is mostly duc to scattering. By des; gning

a nanoparticle with desirable diameter the optimal amount of scattering and absorption
can be achieved.

(b) Electrical Properties

The size of nanomaterials leads to an increase in their ionization potential. Dye tg
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 propertics is material

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 counterp

arts in the bulk.
Nanoparticles of non-magnetic solids also may demonstrate magnetic

properties.

different directions. In the case of magnetic nanoparti
aligned in the ordered pattern of a single domain in the
such cases, phenomena of thermal excitation or quan
the hysteresis loop of magnetic nanoparticles as comp

cles, the magnetic vectors become
presence of a DC magnetic field. In

tum mechanical tunnelling change
ared to the bulk material,

(d) Mechanical and Structural Properties

potentials in different directions. The resulting surface stress
mechanical and structural properties. The intrinsic e

material is essentially the same as that of
grains until the grain size becomes Very s
Young’s modulus of the material begins

sized materials, Most nanostructured mat
under tension.

In nanoparticles modifies its
astic modulus of a nanostructured
the bulk material having the micrometer sized
mall, <5 nm. If the grain size is below 20 nm the
o decrease from its value in conventional grain
erials are quite brittle and display reduced ductility

In nanomaterials, because of theijr nanosiz
modified from its value in bulk materials,

elastic modulus, fracture toughness, sc

¢ many of their mechanical properties are
These properties among other are hardness and
ratch resistance and atigue strength. Energy



| + ) Nanotechnology
Enginoering Physies-i (5-7)

dissipation, mechanica] coupling and mechanical non-linearities are influenced by
structuring components at the nanometer scale.

5.3.2 : Surface Area to Volume Ratio

The surface area to volume ratio determines the efficiency of the object. The S}H_Fface
area to volume ratio for a material or substance made of nanoparticles has a significant

effect on the properties of the material. Nanomaterials have much greater surface area per
unit 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= 2
The surface to volume ratio is given by
S 6
v C
Ifa=2cm 2 = 3cm !
’ Vv

L)

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

The surface areais S = 4m a2,

The volume is V = 'i;' ma’ Fig. 5.3 (b)
The surface to volume ratio is given by

S 3

V7 oa

S - |
Ifa=2cm, vV C 1.5cm

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

5.3.3 : Two Main Approaches in Nanotechnology

The two approaches used in nanotechnology to prepare nanomaterials are top down
approach and bottom up approach which are explained below.
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(i) Top Down Approach

In this technique nanostructures are fabricated by reducing a bulk material to
nanoparticles through methods as cutting, carving and moulding. Despite the fact that
those techniques introduce various structural defects 1n the material it is widely used in
nanotechnology due to its simplicity.

(ii) Bottom Up Approach

In this technique, nanostructures are built up atom by atom or molecule by molecule.

Even the nanostructure formed by a single molecule can be developed. The information
storage capacity of nanostructures constructed in this approach is very high.

Though this technique does not cause much damage to the structure of the material
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

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 a

beam of thermionically emitted electrons.

The electron beam passes through two pairs of condenser lenses C, and C,.

+  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.

SCannea witn vamocan
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ElEttrnn F
gun <—— Cathode

-]

F : Filament

C, : First condenser sens

C, : Second condenser [ens
: Scanning coll

S
O : Objective lens

B : Back scattered electron detector
X

Y

T

+ X-ray detector
+ Secondary electron detector
: Image monitor

E
8] | o

VN

.._,..’ ,

Specimen /

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 nanome(ers.

+  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 clectrons are originated within a depth of few

nanometers of the surfacc o

 the sample. These are collected by the detector Y.,

+ Some electrons of the incic
sample and knock off inner
are collected by detector X.

ent electron beam go deep in to the atoms of the
shell electrons resulting in X-rays, these X - rays

+  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

(1)  The characteristics of the sample surface.

(11) The crystallographic structure of the specimen.

(i11) 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

+  ASEM can produce a two dimensional image of resolution between 10 A° and

100 A°.

+ A SEM has a very high magnifying power.

Disadvantage

+ A SEMcan 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.

3.4.2 : Scanning Tunneling Microscope (STM)

A scanning tunneling microscope

(STM) is a very powerful microscope which can

produce images of individual atoms of the sample surface.

Principle

The STM works on the principle

of quantum mechanical tunneling effect which

means that the de Broglie electron waves tunnel through A thin insulating layer between

two conducting materials.
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Construction

~*  TheSTM consists of a probe with a very fine tip made up of tungsten or gold.

The probe s fitted to a cantilever so that it can move over the surface of the
Sample. The distance between the tip and the sample surface is maintained
around 1 nm. The tip of the probe is so fine that it is possible to scan the
sample surface atom by atom.

The probe is maintained at a positive potential and the sample is maintained at
4 negative potential with an insulating air gap between then, this is shown in

Fig. 5.5.
/‘ Cantilever _®L
7 222272 |
Z T voltage
Sample ‘ —VWWW

Fig. 5.5 : Scanning Tunnelling Microscope

Working

When the biasing is done electron waves from the tip of the probe tunnel through the
air gap and reach the sample surface, giving rise to the probe current.

A STM works on two different modes

(1)  Constant height mode : In this mode the tip is moved on the sample surface
at a constant height around 4 A° to 7 A°. Due to the irregularities of the sample
surface the probe current changes. The probe current is inversely proportional
to the thickness of the air gap. The probe current gives the information about
each atom of the sample surface with the help of which the image of the surface
1s produced.

(ii) Constant current mode : In this mode, to maintain the probe current constant
the height of the probe is varied according to the irregularitics of the sample
surface. From this height variation of the tip the tmage of the surface
topography is produced,
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In the constant height mode the image information is faster 50 this is preferable
Lo constant current mode.

Applications

Due to its ability to form three dimensional images of the sample surface at atomic

scale STM has wide applications in the study of characteristic of surfaces. size of molecule.
STM is also used 1o image DNA.

9.4.3 : Atomic Force Microscope (AFIV)

The atomic force MiCroscope

1§ a scanning probe microscope used as an Imaging
device.

Principle

The various types of forces experienced by the probe while sc
surface scatters a LASER signal which
sample.

anning the sample
Is turn produces a three dimensional image of the

Construction

+  The AFM consists of 2 probe with a sharp tip fitted to a ¢

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

antilever, The radin
the cantilever ig around 10 nm as

beam Reflective surface

Probe ’% | Cantilever

Sample

Fig. 5.6 : Atomic Force Microscope

+  Thecantilever surface is highly reflective, From g LASER source a laser beam
and made to be incident on the cantilever through an optical fiber. The reflected
LASER beam is collected by a series of photo detectors.
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Working
+ As the probe is moved over the sample surface the tip experiences a force due
to which the cantilever undergoes a deflection.

According to the type of the sample the force can be of electrostatic, magnetic,
mechanical and even van Der Waals forces.

+  The interactive force is detected by a series of photo detectors which collect

the 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.

Advantages

+  The resolution of the image is in nanometer range.

4+

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

isadvantage
The scanning process is slow.

Applications

AFM can be used to study various types of samples, e.g., conductors, semiconductors,
insulators biological tissues etc. AFM is also used to form nanoparticles with its fine probe.
9.4.4 : Comparison of SEM and AFIVI

Table 5.1

Sr. No. SEM AF'M

1. | The sample needs to be conducting. | The sample can be conductine or
-

nonconducting,

2. | The operation requires vacuum. The operation is possible in open

atmosphere.
I Resolution of the image is more. Resolution of the Image is less.
4 [t produces a two dimensional image. | It produces a three dimensional image

==
==
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m Methods to Synthesize

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

(a) Mechanical Method : Ball Milling Method

In this method small hard steel balls are kept in a container filled with the powder of
the bulk material. The container spins about itself while rotating in a circular path about a
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) REF 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.

<——— Collector rod

——

= RF coll

Pestle with
/ material

—_—lF

He
gas

<——— Evacuated
| chamber
Fig. 5.7 : RF Plasma

When a high voltage is applied

Evaporation of the metg] begins.
chamber. This results in

Nanoparticles are formed

to the RF coils heat in generated and the

Then cold He gas is allowed to enter the
high temperature plasma in the region of the coils.

from the metal vapor and are collected by the collector.
(c) Inert Gas Condensation : Vapour Diposition

This is the primitive technique of synthesizing n

anomaterials. In this technique a
metallic or inorganic material is vaporized, I, the ev

aporation process ultrafine particles

Using a rotating cylinder and a cold finger both Maintained at liquid nitrogen temperature
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the nanoparticles are removed from the gas. This method is very uscful to produce composite
materials.

(d) Chemical Solution Deposition Method : Sol-Gel Method

A sol 1s a solution with particles suspended in it. When the particles in the sol form
long polymers throughout the sol it becomes a gel. The sol-gel process is a bottom up
approach technique. The bulk material is converted (o a powder and mixed in a chemical
solution to form the sol. The sol is then partly converted to gel. The sol-gel solution through
cavitation effect produce the nanoparticles.

Sol-gel synthesis is superior of all the available processes as it can produce large
quantities of nanomaterials at relatively low cost. In this technique almost any material
can be synthesized. It is very useful in producing extremely homogeneous alloys and

composites controlling the physical, chemical and mechanical properties and the
microstructure of the developed nanostructure.

(e) Laser Ablation

In this method a very high intensity (> 107 w/cm? pulsed laser beam is focused on
the material target. The pulsed laser generates very high temperature (> 10* K) at the larget
element resulting in the vaporization of the material. A cool, high-density helium gas is
made to [low over the target resulting in the formation of clusters of the target material.

The clustered material is then thermalizes to room temperature and finally cooled to a few
K to produce nanomaterials.

This technique has an extensive use because of the fact that a wide range of bulk
malerial can be used in this top-down kind of approach.

(f)  Thermolysis

In this process the nanoparticles are formed by decomposing solids at high lemperature
having metal cations and molecular anions or metal organic compounds.

m Applications of Nanomaterials

Nano malcrials have a wide verity of applications some of which are explained below,

I.  Self cleaning glass : Nanoparticles 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

B o scannea witn tamscan



~(b-16) Nanotechnology

Enginoering Physles - Il —

break down the ovganice particles on the glass surface. On the otherhand, due to
the hydrophilic nature the glass attracts water particles which then clean it.

Clothing : Clothing with improved UV protection are manufactured by applying

2.
a thin layer of zine oxide nanoparticle onit.
Also clothes can have nanowhiskers that can make them repel water and other
materials thus making them stain resistance.
Silver nanoparticles coating can have an antibacterial effect on the clothes.
3. Scratch resistant coating : Materials like glass are being coated with thin

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.

4. 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 incorporale nonsensors, nanocomputers and
nanomachines into their structure which may enable them to respond directly
to their environment.

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

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

7. 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 propertics.
8. Low-cost flat-panel electrochromic displays :

+  Electrochromic devices arc 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.

+ Il nanocrystalline materials are uscd in these devices the resolution, the

brightness and the contrast of the display increases greatly.

T N O TNR A~
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9.  Elimination of pollutants : Since nanomaterials ¢xhibit enhanced chemical
activity they can be used as catalysts to react with pollutants like carbon
monoxide and nitrogen oxide to prevent environmental pollution arising from
burning 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 engincering, marine engineering, in
medical instruments like MRI etc.

11.  High cnergy - 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 : Sensors made of nanocrystalline materials are
extremely sensitive to the change in their environment. These sensors are used

as smoke dctectors, ice detectors on aircraft wings, automobile engine
performance sensor etc.

13.  Aerospace components : Aerospace components made of nanomaterials are

stronger, lougher and more long lasting than those with conventional materials.
This increases the life of the aircraft greatly.

——[ Important Points to Remember —

1. The surface area to volume ratio : This determines the efficiency of the object.

2. Two approaches : Top down and bottom up.
h

3.  SEM.: Electron wavelength : A = .
V2meV

Sample needs to be conducting,

Operation are possible only in vacuum.

A high resolution two dimensional image is formed.
4.  STM works on quantum mechanical tunneling effect.

Sample should be conducting.

A three dimension contour of the sample surface is imaged at atomic scale.
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5. AFM: Sample may be conducting or nonconducting.
A three dimensional image of the topography of the surface is formed.

Resolution is very high.

6. Nano materials : Nano layers - 1 dimension in nano scale

Nanotubes / nanowires - 2 dimensions in nano scale

Nanoparticles - 3 dimensions in nano scale

What are nanomaterials and what are their different types?

Explain the significance of ‘surface area to volume ratio’.

Explain top down and bottom up approaches.

gu . -

With schematic diagram explain the principle, construction and working of scanning

electron microscope.

5. With schematic diagram explain the principle, construction and working of a scanning
tunneling microscope.

6.  With schematic diagram explain the principle, construction and working of a Atomic

Force microscope.
7. Compare the SEM and AFM.
8.  Discuss different methods to synthesize nanomaterials.

9. Discuss various applications of nanomaterials.

'——-E’revi—n_us University Examination Questions with Solutiuns]——

1. Explain top down and bottom up approaches to prepare nanomaterials. Explain one
of the methods in detail. (M.U. Dec. 2015, 16, 17; May 2015, 19) (5 m)

[ Refer § 5.3.3 |

2.  What is the difference between bottom up approach and top down approach with
respect to nanotechnology? (M.U. May 2017) (5 m)

[ Refer § 5.3.3 |
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Draw the schematic diagram of SEM and explain its construction and working.

(M.U. May 2013, 14, 17, 18; Nov. 2018; Dec. 2013, 14, 16, 19) (5 m)
[ Refer § 5.4.1)

Explain the construction and working of atomic force microscope.

[Refer § 5.4.3 ] (M.U. Dec. 2012, 16, 17; May 2015, 16, 19) (5 m)
What are different techniques to synthesize nanomaterials? Explain one of them In
detail. (M.0. May 2013, 17; Dec. 2016, 19) (5 m)
[ Refer § 5.5]

Explain the physical methods for synthesis of nanoparticles. (M.U. May 2014) (5 m)
| Refer § 5.5]

What are nanomaterials? Explain one of the methods of its production in details.
[ Refer § 5.5 ] (M.U. May 2018) (5 m)

Explain sputtering method for synthesis of nanomaterials. ~ (M.U. May 2019) (5 m)
[ Refer § 5.5 (b) ]

]
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(Prerequisites : Transducer conceptl, Meaning of calibration, Piezocelectric effect.)
Resistive Sensors :

(a) Temperature measurement : PL100 construction, calibration,

(b) Humidity measurement using resistive sensors.
Pressure Sensor : Concept of pressure sensing by capacitive, Flux and inductive
method, Analog pressure sensor — Construction, Working and Calibration and
Applications.
"1ezoelectric Transducers : Concept of piezoclectricity, Use of piezoelectric

ransducer as ultrasonic generator. Application of ultrasonic iransducer for
listance measurement, Liquid and air velocity measurement.

Jptical sensor : Photodiode, Construction and use of photodiode as ambient light
ncasurcment and [lux measurement.

’yroelectric Sensors : Construction and working principle, Application of
yroclectric sensor as bolometer. (05 Hours) (Weightage - 15%)

—

ourse Outcome : CO6 : Learner will be able to interprel and explore basic
nsing techniques for physical measurements in modern instrumentations.

SYNOPSIS

6.1 Introduction

6.2 Prerequisites

6.3 Resistive Sensors : Resistive Transducers
6.4 Pressure Sensor or Pressure Transducer
6.5 Piczoelectric Transducers
6.6 Optical Sensors
6.7 Pyroelectric Sensors

Important Points to Remember

Exercise
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A sensor is a device which converts a physical property ”1‘“) an clectrical Propery
(such as resistance). A scnsing system 18 & system, usually a circuit, which allows this
electrical property and as the physical propetrty to be measured.

Prerequisites

6.2.1 : Transducer

A transducer is defined as a device that receives encrgy from one system ang lransmis
it to another, often in a different form. The cnergy transmitted by transducers may he
electrical, mechanical or acoustical.

6.2.2 : Calibration

Calibration is an essential part of industrial instrument and control. Calibration cap
be defined as the comparison of specific values of the mput and output of an instrumen

with a corresponding reference standard. Though calibration does

not guarantee the
performance of an instrument, it offers a guar

antee to the device or instrument that i
operates with the required accuracy and the range specifications under the stipulated

environmental conditions. Calibration must he performed periodically to test the validity
of the performance of the device or the system.

nE . .. ..
Resistive Sensors : Resistive Transducers

Resistive sensors are resistive ir

ansducers whose resistance varies with various
physical quantities like lemperature,

pressure, force displacement, vibration, ete.
The resistive transducers convert the

. physical quantities into variable resistance which
1s casily measured by the meters.

Principle

Theresistive transducer clement works on
1s directly proportional to the length (/)
conduclor, i.e.,

the fact that the resistance (R) of an element
and iIWEl‘HD]}’ proportional to the arca (A) ol the

/

PR | L (6.1)
| A . (

where p is the resistivity of the conductor
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6.3.1 : Temperature Measurement : Pt 100 Sensor

The resistance of a conductor changes when its temperature is changed. This prOPﬂﬂy
is utili The resi s an
1s utilised for the measurement of the temperature. The resistance thermometc_r 1S :
instrument used to measure clectrical resistance of the conductor to determine the

temperature.

The main part of a resistance thermometer is its sensing element. The characteristics
of the sensing element determines the sensitivity and the operating temperature range of

the instrument.

The sensing element maybe any material that exhibits a relatively large resistance
change with change in temperature. Also the material used should be very stable in its
characteristics which is necessary to maintain the calibration of the resistance thermometer.

Platinum, Nickel and Copper are the metals most commonly used as the sensing
lement. Nickel and Copper being less expensive are used in low range industrial
applications. Platinum though expensive has high stability and wide operating range
(= 260° C to 1100° C) and hence is commonly used for most laboratory work and for
industrial measurements of high accuracy.

Pt 100 Sensor

Pt 100 sensors are the most common type of platinum resistance thermometer. Here,
Pt1s the symbol of Platinum and 100 refers to the fact that at OC the sensor has a resistance
of 100 Ohms.

Principle : The relationship between the temperature and resistance of a conductor
in the temperature range near 0° C can be calculated from the equation

Re=R,(Il+ap) (6.2)
where, R, = resistance of the conductor at t C.
R, = resistance of the conductor at the reference temperature (usually C)
At = difference between the operating and the reference temperatures
o = temperature coefficient of resistance of the conductor.
Almost all metallic conductors have a positive temperature coefficient of resistance
and so their resistance increases with an increase in (€mperature. A high value of o is

desirable in 2 temperature sensing element so that a substantial change in resistance occurs
for a relatively small change in temperature.
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(a) Sensing element : Pt 100 thermometer construction (b) Clrcuilt diagram of pt 100

Fig. 6.1 : Platinum resistance thermometer Pt 100

The construction of an industrial Pt100 sensor is shown in Fig. 6.1 (a). The Changes
in the resistance of the sensor causcd by the changes in temperature arce detected by 4
Wheatstone bridge circuit as shown in Fig. 6.1 (b).

The sensing element R is made of a material having a high tem perature coefficient,
& and Ry, R, and Rs are made of resistances that are practically constant under normal

temperature changes. When no current {lows through the galvanometer the normal principle
of Wheatstone bridge states the ratio of resistance is

When R changes due to a change in

the temperature the galvanomeler shows a
deflection and knowing o of

the sensing clement the lemperature can be determined.

6.3.2 : Thermocouple

Thermocouples are temperature sensors that work on
thermoelectricity. Thermoclectricity is the clectrical enerpy
generated by a temperature difference by thermoelectric effect.

The thermoclectric effect is the direct conversion of temperature
differences to electric voltage and vice-versa.

Principle : Seebeck Effect

In Fig. 6.2, junction M and N are seen

10 be formed by
two dissimilar metals A and B, If the junction

M and N are held

N (T2)

Fig. 6.2 : Thermocoup!é
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at two different temperatures ‘I'y and T, respectively, a thermoelectric emf is developed
across the junctions. The thermoclectric emf causes a current through the loop of the
junction. This current s known as thermoelectric current. This phenomenon is known as
Seebeck cffect.

The thermoelectric emf generated is of the order of several microvolts per kelvin
difference.

The voltage developed in the circuit is proportional to the temperature difference
(T, —T)) between the two junctions M and N respectively. Hence,

V=u(l,-T))

where, . = 0y ~ 0.4 with &4 and oy being the Seebeck coefficients of metals A and B
respectively.

Origin of Thermo emf

When a temperature gradient is maintained between the two junctions valence
clectrons diffuse from the hot side to the cold side leaving behind positive ions on the hot
side and generating ~ ve ions on the cold side. This gives rise to a thermocouple voltage.

The thermo emf gencrated varies with temperature as
e = at+bt> (6.4)

e, a and b are called Seebeck constants of the thermocouple. Equation (6.4) is known

beck equation.,
Thermo A

I the temperature of the cold junction is EE';T
at 0° C and the temperature of the hot
unction is varied the generated thermo emf
exhibits a parabolic behaviour as shown in Fig,

6.3.

>
n Temperature (t)

Fig. 6.3

The thermo emf increases parabolically 0
with the temperature and becomes maximum al
a tempcerature T, known as the neutral
lemperature which is constant for a given pair of metals. After this as the temperature of
lhe hot junction increases at a lemperature T known as the inversion temperature the

—

thermo emf becomes zero.

The graph shown in I ig. 6.3 is called the calibration curve of u given thermocouple.
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The slope of the calibration curve is found from cquation as
o = a+ bt
dt
de
Att =1, i 0
|
a+bt, =0 lh=—1 (6.5)
Att=t, e =0
From equation,
0=at+bt?
2a
Ti = — "b_ LETPP PP (66]
This follows from equations (6.5) and (6.6) that
=217, (6.7)

To measure an unknown temperature the hot junction is kept at that temperature, the
cold junction being maintained at 0° C. The thermo emf generated by the thermocouple is

noted and the corresponding temperature from the calibration curve is read. Thus, the
unknown temperature is determined.

6.3.3 : Type J and Type K Thermocouples

(A) Typed Thermocouple

The type J is very common and general
constantan. It has small temperature range and
a sensitivity of approximately 50 uV/C and an
The temperature range is narrow due to the
undergoes an irreversib|e molecular change.
is commonly used to monitor lemperatures

This thermocouple is succeptible to oxidatio
or low temperature monitoring.

purpose thermocouple made up of iron and
a short life span at high temperatures. It has
drfow temperature range of — 40 C to 750 C.
Curie point of iron being 770 C where iron
The J type thermocouple is a popular one that
of inert materials and in vacuum applications.
N. S0 it is not recommended for damp conditions

(B) TypeK Thermocnuple

The type K Ihcrmncnuple 1S a commonly
up of chromel (90% Nickel and 109 chromium)

2% Manganese and 1% Silicon), This thermoc

used general purpose thermocouple n:mdﬁ
and alumel (95% Nickel, 2% Alumm_lum'
ouple is inexpensive and reliable with a
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wide temperature range {rom - 200 C 10 1350 C, high accuracy and a sensitivity of
41 }I\UC.

Type K thermocouples arc used for measurement in many different types of
~pvironments such as water, mild chemical solutions, gases and dry arcas. Engines, oil
heater and boilers are examples of places where they may be found. These are used as
ermometers in hospitals and food industry. The type K thermocouples are commonly
ased in nuclear applications because of its relative radiation hardness.

6.3.4 ;: Humidity Measurement Using Resistive Sensors

The device used to measurc humidity is called a Psychrometer. This device consists
of a thermocouple with one dry bulb and one wet bulb. The thermocouple used in a
psychrometer is a chromel - constantan thermocouple.

The dry bulb is simply left exposed to the air to measure the temperature. The wet
bulb is covered with a cloth which and dipped in distilled water until it is ready to use.
While measuring the humidity the wet bulb is then kept exposed to air. As the water
evaporates it cools the wet bulb. By measuring the cooling of the wet bulb the quantity of
water evaporated and thence the humidity can be determined. Moist air allows a little
evaporauon and a small decrease in wet bulb temperature and dry air absorbs lot more
moisture, causing too much cooling of the bulb.

Because of the simple set up a psychrometer is a cheap but reliable instrument for
humidity measurement.

X' Pressure Sensor or Pressure Transducer

A pressure sensor is a device which converts an applied pressure into a
measurable electrical signal. These are used for pressure measurement of gases and liquids.

Pressure sensors are used for controlling and monitoring in thousands of everyday
applications. Pressure sensors can also be used to indirectly measure other variables such
as the speed of a fluid or a gas flow, water level and altitude.

The sensors have a sensing element of constant area and respond to force applied to
this arca by fluid pressure. The force applied will deflect the diaphragm inside the pressure
ransducer. The deflection of the internal diaphragm 1s measured and converted into an
electrical output. This allows the pressurc (0 be monitored by microprocessors
Programmable controllers and computers along with similar electronic instruments.
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S ¢ pressure switches which automatically turns onoroff at a Particylg,
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pressure.

There are two kinds of pressurc Sensors . l.
. . L] -i Y h,ll i
1. Analog pressure sensors : These SEnSors work by converting pressure ing 4

analog electrical signal. |
2.  Digital pressure sensors : These sensors coNvert pressurc into a digiy

electrical signal.

6.4.1 : Capacitive Pressure Transducer
Capacitive pressure sensors are devices used to measure pressure by detecting

the change in the electrical capacitance caused by the movement of a diaphragm due

to the pressure applied.

Principle

The capacitive pressure sensor operates on the principle that if the sensing diaphragm
between two capacitor plates is deformed by a differential pressure an imbalance of
capacitance will occur between itself and the two plates.

The capacitance of a parallel plate capacitor is given by
A €,
d

where, A is the area of each plate and d is the spacing between them. The dielectric constant
of the insulator is k and € , = 9.85 x 10'% F/m the permittivity of free space.

C =k (farad)

Construction and Working

Electrical connection

Since, the capacitance is inversely propor-
tional to the spacing of the parallel plates any

variation in causes a corresponding variation in
the capacitance.

InF 1. 6'41 it is seen that each plate forms :5:5%5;:‘5?-;5;EgEgE:E;E;E:€:E:i NG | R Silicone
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a capacitor with the sensing diaphragm whichis i [fi i EiENe | Lo o
connected electrically to the metal]ic body |
transducer,

------------------------------
...........................................
..................................................................

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

ible
Rigld capacitor df;l;rfragm

Two pressures are set up on (he diaphragm Plates
from its two sides. A net force proportional to  F19- 6.4 : Capacitive pressure transducer
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¢ (WO PrésSsurcs acts ‘
ﬂ‘fﬂbﬂ (WO l“ | r ) acts “‘Pon the diaphragm and deflects it. The displacement of the
diaphragm 1s sensed as a difference between the capacitances of its two sides.

118 change it aC : : . ; _
Tl TS tcapacitance is measured using a bridge circuit to measure the equivalent
pressure signal.

6.4.2 : Flux and Inductive Method

Indu;twc SEI]SO[‘:R arc the devices in which a physical quantity is measured with
the help of a change in the self inductance of a single coil or the mutual inductance

betw?en two cmls.. The physical quantity could be displacment, force, pressure, torque,
velocity, acceleration and vibration,

Principle

Inductive sensors work on the principle of magnetic induction of magnetic material,
i.e., Faraday’s law of induction.

Construction and Working

As seen 1 Fig. 6.5, the magnetic materials are used in the transducers in the path of
the flux. There 1s some air gap between them. The change in the circuit inductance can be
occurred by varying the air gap between them.

An exciter provides a current through the coil and the inductor develops a magnetic
field when a current flows through it. Alternately, a current is developed through an inductor
when the magnetic field associated with it is varied.

:/ Meter

Exciter ("

<« Air gap

770777722 von

Armature movement (magnetic material)

Fig. 6.5 : Inductive transducer working

According to Faraday'’s law of induction. the temporal variation of the magnetic flux
¢ through a coil of N turns induce a voltage
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d
c = - N _..ﬁi.). .................... {68)
(
When the current i is passed through this inductive coil, the flux produced jg
N i
o= —R_ .................... (69)

where R is the reluctance of the coil.
Therefore, substituting equation (6.9) in equation (6.8), we have
“d(Ni) N® di
- _th(R] R dt
The self inductance is given by
c N?
T dr = R eraabanesdorit e (6.10)
Therefore, the output from an inductive transformer can be in the form of either 2
change in voltage or a change in reluctance.

f

L =

Also we know that the reluctance R is given by
[

SUA L e (6.11)

where / and A are the length and the cross-sectional area of the coil respectively and p is
the permeability of the medjum.

Thus, from equations (6.10) and (6.11), we get the inductance as,

[ = N2 e (6.12)
The geometric form factor of this inductor is given by,
A
S (6.13)
Hence, from €quations (6.12) and (6.13) the Inductance is obtained as
=Ny | (6.14)

Hence, the inductance js 4 function of
factor G and permeability p.

Applications

Inductive transformers are

. ‘ ‘ | mostly used in (he determin
dynamic motion of a metalljc 0bj

. ation of the position and
ect without touching them ’
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m Piezoelectric Sensors or Transducers

A piezoelectric sensor is an electroacoustic transducer used to measure a pressure
or a mechanical stress by converting them into an electrical voltage.

The piezoelectric transducers use special type of materials which induce a voltage
when a pressure or stress is applied to it. Such materials are known as electro-resistive
materials. Examples of these materials are Quartz, Rochelle salt and Barium Titanate.

6.5.1 : Piezoelectricity

Piezoelectricity is the electricity generated by some solid materials in response to
applied mechariical stress.

6.5.2 : Principle of Piezoelectric Sensors : Piezoelectric Effect

Some asymmetric crystalline solids like quartz, tourmaline and Barium titanate exhibit
very special characteristic. Thin slices of these crystals develop a potential difference
across the two opposite faces when subjected to mechanical stress in a perpendicular
direction as shown in Fig. 6.6. This is known as direct piezoclectric effect. If the direction

of the mechanical stress is reversed the potential difference changes its polarity as shown
in Fig. 6.6.

+ ++++++] 000000 e =a
V —_— - - —_—
5 |- - - =-=-- + 4+ + + + + .

Fig. 6.6 : Direct piezoelectric effect

However, ultrasonic waves are produced by inverse piezoelectric effect which is
explained below.

Il'a voltage is applied across a pair of opposite faces of a piezoelectric crystal it
experiences a mechanical stress, e.g., expansion or contraction across the perpendicular
faces. If the polarity of the applicd voltage is reversed the nature of the mechanical stress
IS also reversed. e.g., expansion changes to contradiction and contraction changes to
€Xpansion as shown in Fig. 6.7.
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Ilg. 6,7 ¢ Inverse plezoelectrie effect

When the voltage is changed to an alternating, voltage, the crystal slice exhibi

alternate extension and contraction and starts vibrating,

at the frequency of the voltage. I the voltage Trequency
is increased to the ultrasonic frequency range, f.e., ( ______ ; ))) @: I
above 20 kHz the crystal slice vibrates at that frequency l_
and ultrasonic of the same [requency is penerated, |
| ek Fig, 6.8

6.5.3 : Piezoelectric Ultrasonic Generator

The circuit diagram as shown in Fig. 6.9 shows that the piczoclectrie ultrasonic
generator uses a transistor which is biased through a network of resistances R, Ry, Ry and
R4. The coils Ly, Ly and capacitor Cy constitute the tuning (resonant) circuit, The tuning
circuit is coupled to the transistor 1" throughi the coupling, capacitor C,. Capacitor C provides
the positive feedback to the amplifier ‘I 'The oscillators pencrated by the tank circuit are
sustained and the electrical signal obtained at the output is applicd to the electrodes of the
piczoclectric crystal through the coupling capacitor Cq. Because of high frequency electric
signal applied to it the piczoclectric crystal produces ultrasonic w::;rcx, The frequency of
these ullr.asomc wavces can be varied by the values of the components of the tuning circutt
Ultrasonics of frequency value upto 500 Mllz can be generated by this transducer.

Tuning circult

circull =

|
I i
I I
! I
: J
’ :
' R, |
': i L R .,
! |_7 ! »
I HF - g
:' »——, ' : E o LFJ E
v ' 3 7 o
| C ' y 0>
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' | : ) 3 ?
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= 1, | e [T
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: Al :
' 7 |
: Amplifier L, i
= |
' :
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6.5.4 : Applications of Ultrasonic Transducers

| 1. Distance measurement : The method of distance measurement using ultrasonics
s based on the pulse-echo method. The ultrasonic sensor cmits a high frequency (> 20
kHz) sound pulse. The time taken by the signal to reach the object and travel back to the
source after being reflected by the object. is measured. This is called the time of [light. The
speed of sound is 341 my/sec in air. Using the following mathematical equation

Time X Speed of sound
D

the distance of the object from the transducer is measured as seen in Fig. 6.10.

Transmitter
—
Ultrssonic g %
transducer j
——

Receiver
Object

Distance =

Fig. 6.10 : Ultrasonic distance meter

2. Liquid and air velocity measurement : The method of velocity measurement
using ultrasonic waves is based on the pulse-Doppler method. In the case of liquids and
ases. the object keeps moving which introduces Doppler effect. Hence. the reflected echo
Doppler shifted as seen in Fig. 6.11.

(1%

LA

1

Transmitter

Ultrasonic
transducer

Receiver

i

Doppler
shifted echo

Fig. 6.11 : Velocity measurement by pulse Doppler method

The ume of flight in the Doppler shifted echo is proportional to the velocity (v) of
the object. Velocity measurement with high resolution requires the calibration of the Doppler
shifted time of flight and an accurate distance measurement of the object.

m Optical Sensors

Optical sensors are the transducers that convert optical energy into an electronic
signal. The purpose of an optical sensor 1s to measure a phy‘;lcul quantity of light, Optical
Sensors are used for contactless detections.
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There are different kinds of optical sensors, the most common types which we have

been using in our real world applications arc —
(1) Photoconductive devices
(11) Photovoltaic cells

(1) Photodiodes.

6.6.1 : Photodiodes

A photodiode is a semiconductor device that converts light into an electric curren;
The current is generated when photons are absorbed in the photodiode.

Principle : Photoconductivity

Photoconductivity is a phenomenon in which the conductivity of a material INCreases
when it is terminated by radiation.

When radiation with photon energy E=hv 2 Eg being the band gap energy of the

diode material, is incident on a material like semniconductor, it is absorbed by the material
The energy generates electron-hole pairs.

Each photon of energy hv creates one electron hole pair. The density of the generated
electron-hole pair depends on the intensity of the incident radiation.

In this way the number
of free charge carriers increases which increases

the conductivity of the semiconductor

Construction and Working

,4/ lz\ 1{:\& A +1(pA)
Anode Cathode P &
o 1' S>—0

< + — >
4—-}-—+ --}-—)-

(a) < : T __:__]- -»
""_i_'l" -"""l'—)'- Iu +\il
-4-—}—-+____—--J—;-

Electrun_ hole pair Iy = Dark current
generation in the

(b) depletion region (c)

Fig. 6.12 : Photodiodes — (a) Symbol, (b) Circuit, (c) I-V characteristic curve
A photodiode is a normal reverse biased P-n junction diode. Materials commonly

used for photodiodes are Si, Ge, PbS and InGaAs. F igure 6.12 (a) shows the symbol of @
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photodiode. When light is incident on the diode surface as seen in Fig. 6.12 (b) additional
electron hole pairs arc generated and boost the conduction resulting in an increase in the
reverse current. Thus. by controlling the illumination level the current flowing through the
device can be regulated. As shown in Fig. 6.12 (¢) in reverse biase even in the absence of
the incident light, there is a small reverse current due to the minority carriers. This is called
dark current.

Applications

1. Ambient light sensors : An ambient light sensor is a component used in smart-
phones, electronic notebook. other mobile devices, automotive displays and LCD TVs. It
1s 2 photodetector that is used 1o sense the amount of ambient light present and appropriately
dim the screen light of the device to match it. This avoids having the screen be too bright
in a dark space or too dim in daylight. Dimming the screen on a mobile device also prolongs
the lifetime of the battery.

2. Radiation flux measurement : Radiation flux or radiant power is the radiant

energy emitted, reflected, transmitted or received per unit time.
The radiation flus 1s given by
. L

o = — (W/m?)
4mr-

where, L is the Luminosity or the total power output of the source and r is the distance

from the radiation source.

3. Optical mouse : A very familiar optical sensor is a computer mouse which is an
optical mouse. This sensor uses a LED sensor and light detector such as an array of
photodiodes to detect movements relative to a surface i.e., the computer screen, in this
case.

Pyroelectric Sensors

Pyroelectric sensors arc a kind of thermal sensors in which temperature
variations are converted into electrical signals.

Principle

Pyroelectricity : Pyroelectricity is a property of certain crystalline materials called
pyroelectric materials. A pyroelectric materials are naturally polarized and as a result contain
large electric fields. They also possess a spontaneous polarization when subjected to
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temperature variations. The change in temperature modifies the position of atoms slightly
within the erystal structure such that the polarization of the material changes. This change
in polarization gives rise to a voltage across the crystal. If the temperature stays constant at
its new value the pyroclectric voltage gradually disappears due to a leakage current.

The most important pyroclectric materials are ceramics, synthetic polymers and
ceramic-polymer cr.}fnposilcs. All pyroclectric materials are also piczoelectric. However,
all piczoclectric materials are not pyroclectric. Some piezoclectric materials with crystal
symmetry do not allow pyroclectricity. Pyroelectricity is also found to be present in bones
and tendons of human body.

Construction and Working

Pyroelectric sensors are constructed [rom single pyroelectric crystals which are
diclectrics. When an clectric field is applied across any diclectric material electrical

polarization takes place. The magnitude of the polarization is a function of the dielectric
constant of the material.

Infrared radiation

| .

Electrodes Signal

|

Fig. 6.13 : Pyroelectric sensor

Crystal

As scen 1n Fig. 6.13, the pyroelectric crystal is sandwiched between two electrodes
which are infrared transparent. When radiation falls on the crystal changes are accumulated

on its surfaces and the crystal acts as a temperature dependent capacitor with a resulting
voltage V = Q/C where Q is the accumulated charge and C is the crystal capacitance.

As the incident infrared radiation alters the surface charge distribution across the
crystal, a current 15 detected in the external circuit connected to it. The magnitude of this

current 1s directly proportional to the surface area of the crystal and the rate of change of
polarization with temperature.

Applications of Pyroelectric sensors
This type of sensors arc widely used in —

(i) absolute radiometry
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(it) infrared spectroscopy

(iii) laser interfecrometry

(iv) simple thermal imaging systems

ﬁg Impurtant Points to Rememher]——

1.

10.
11.

A transducer 1s a device that receives a kind of energy from one system and
transmits it to another device in a different firm.

Resistive sensors are resistive transducers whose resistance varies with different
physical quantities like temperature, pressure, force, displacement, vibration,
clC.

Pt100 sensors are made up of platinum (Pt) with a resistance of 100 Ohms at
0° C.

Thermocouples are temperature sensors that work on thermoelectricity, i.e.,
the electricity generated by a temperature difference.

A pressurc sensor 1s a device which converts an applied pressure into a
measurable electrical signal, used to measure pressure of gases and liquids.

Capacitive pressure sensors are devices used to measure pressure by detecting
the changes in the electrical capacitance caused by the movement of a diaphragm
duc to the pressure applied.

Inductive transducers are the sensors in which with the help of a change in the
self inductance of a single coil or the mutual inductance between two coils a

physical quantity is measured.

Piezoelectric sensor is an electroacoustic transducer used to measure a physical
quantity with the conversion of pressure or mechanical stress into an electrical.

Optical sensors are the transducers that convert optical energy into an electronic
signal. Optical sensors are used for contactless detections.

Photodiode is a semiconductor device that converts light into an electric current.

Pyroelectric sensors are a kind of thermal sensors in which temperature variation
are converted into electrical signals.
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Short Answer Type
1.

10.
11.
12.
13.
14.

B

[

_IT EXERCISE

Srate different Lypes of transducers. p

ate its working principle.

¢ measurement by a resistive sensor,

Define a ransducer.

F

of temperattl

Explain the theory
principle of a thermocouple.

Explain the working

State and explain Scebeck effect.

notes on J and K thermocouples.

Write short
midity measurement using resistive sensors.

Explain the method of hu
Define a pressure scnsor.
What is piczoelectricity? Explain piezoelectric effect.

Explain the concept of distance measurement with an ultrasonic transducer,
Explain the velocity measurement by ultrasonic transducer.

State and explain two applications of optical sensors.

Explain pyroelectricity.

State the applications of pyroclectric sensors.

Long Answer Type

1.

3.

4.

5.

6. Whatare pyroclectric sensors? Wigh o l
1ca

of a photodiode.

of a pyroclectric sensor.

With a neat diagram, explai
, explain the theor . _
(Pt 100) transducer. y and working of a platinum resistan

Define a press

ssure sensor. Wi :
- With a neat diagram explain th : .
pressure sensor. e working of a capaciti

With a neat diagr: ,
gram ex
plain how pressure can be measured by inductive method.

Explain piczoclectric effect. With 4 ne di
piczoclectric method, o

agram describe ultrasonic generation i)

ldli " . il
‘dgram explain the principle and workifs

oo



