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1. KINETIC THEORY OF GASES: Deduction of Maxwell's law of distribution of
molecular speeds — Transport phenomena Viscosity, thermal conduction and
diffusion of gases. ’

2. THEROMODYNMICS: Heat and work Internal energy = Indicator Diagrams work
done in Isothermal and adiabatic processes - First law of thermodynamics- significance .
and applications of first law of thermodynamics- Reversible and irreversible process -
carnot's Theorem Carnot's engine, efficiency- Clausius - Clapelyron equation - Second
law of thermodynamics, different statements - Thermodynamic scale of temperature -
Entropy concept - Entropy and disorder measurement of entropy changes in reversible

and irreversible processes - Entropy of universe - Entropy = temperature diagrams.

3. THERMODYNAMIC POTENTIAL AND MAXWELLS EQUATIONS:

Thermodynamic potentials = Derivation of Maxwells thermodynamic relations -
specific heats- Derivations for ratio and difference of two specific heats -Joule - Kelvin
effect - expression for Joule- Kelvin coefficient. ‘
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4. LOW TEMPERATURE PHYSICS:

Liquefaction of gases using Joule-Kelvin effect - porous plug experimentDistinction
between Joules expansion. Adiabatic expansion -and Joule-Thomson's expansion =
expression for Joule-Thomson cooling = liquefaction of Helium Kapitza's method-
Adiabatic demagnetization production of low temperatures, Principle of Refrigeration —
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Block body Fery's black body = distribution of energy in the spectrum ofa
black body - Wien's displacement law, Wien's Raleigh Jeans law = Quantum theory
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. Law Wiens Displacement Law from Planck's Law - Measurement of radiation =
. Types of pyrometers- Disappearing filament optical pyrometer - experimental
determination - Angstrom phyeliometer - determination of solar constant
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MATRIX METHODS IN PARAXIAL OPTICS:

Concept and derivation transition, refraction and system matrices position of the
image plans and magnification of the optical system - application of matrix
methods to simple optical systems (1) a thick lens (2) thin lenses in contact

(3) two thin lenses separated by distance cardinal points of lens system Umt and

nodal planes.

 ABERRATION (MATRIX METHODS)

Chromatic aberration in a lens- achromatic doublet - Achromatic for two

lenses in contact and separated by a distance - monochromatic in aberration. The
spherical aberration ( longitudinal spherical aberration) due to (i) a plane refracting
surface and (ii) a spherical surface (expressions without proof) minimization of
spherical aberrations - explanation of coma = astigmatism .

8. INTERFERENCE:
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 interference light. Interferencerby division of wave front- Fresnel's biprism -
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Time: Three hours Maximum: 100 marks

PART A- (2x 15 =30 marks)
Answer.any TWO questions _

Basing on Maxwell’s distribution law for molecular speeds explain C,

' m,CandC p
and velocities of gas molecules at a given temperature. Deduce the relation between
these three velocities.

Define Maxwell’s thermodynami¢ potentials. Obtain the relation (C,-C,)=R
betweenC, and C, from Maxwell’s thermodynamical equations.

Explain with theory the adiabatic demagrxcﬁzaﬁon process of producing very low
temperatures.

What are pyrometers? Describe Ferry’s total radiation pyrometer.

PART-B (2x15=30 marks)
Answer any TWO questions

Explain various defects of lens. Describe the methods to minimize each defect,
Describe the principle and working of a Michelson interferometer. Describe the
method to determine the wavelength of a monochromatic light using this
intetferometer. : _

What is meant by polarized light? How is polarized light produced? State and
explain Malus law and Brewster’s law.

Write differences between Fraunhofer and Fresnel diffraction. Discuss the
Fraunhofer diffraction due to N slits. -
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12,
13.
14,
15.
16.

17.

18.

19.

20.
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22.

23.

24.

PART C—(®x 4 =20 marks)
Answer any FIVE questions.
Explain the workingv of refrigerator. |
State and explain thermoelectric power with graph.
Define mean free path and deduce the expression for it.
Define dispersive power and resolving power of a grating.
Obtain first T-ds equation.
Explain the cardin';l points of a lens system.
Explain the formation of colours in thin films.
Define block body. Describe Farr’s black body.

PART-D (4 x 5 =20 marks)
Answer any FOUR questions.

The efficiency of a Cornot’s engine is 60%. Calculate the increase in the temperature

of the source so that efficiency becomes 75%.

Find the wavelength at which maximum energy is blackbody at a temperature
327°C . Wien constant is 3x10”mK |

The radius of the 8" ring 12" ring in Newton’s ring apparatus is and respectively.
Find the diameter of the 20" ring.

Calculate the change in entropy when 500gm  of water at0°C is mixed with 500gm
of water at 100°C
Calculate the ordéf of the speétrum wh;:n grating with width grating having 15,000
lines with resolving power 75,000.

A black body at 500°C has a surface area of 0.5c¢m? and radiate héat at the rate of.
1.02x10*Js™" Calculate the Stefan’s constant.

Two thin lenses of focal lengths 16cm and 12cm form a combination which is
corrected for spherical aberration. Find the distance between the principai poixits of
the combination.

Ordinary light is incident on a plane glass plate at angle 58° the reflected light is
plane polarized. Find the refractive index of glass plate material and also the

refracting angle of the light ray.
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" LESSON-1

KINETIC THEORY OF GASES

Objectives:-
In this lesson the following particulars will be able to understand
- 1. The velocity of gas molecules range from zero to infinite.
2. There is certain probability for the molecules having the velocity in a partiéular
range.
3. Transfer of momentum of gas molecules produce viscosity of gases.
4. Transfer of kinetic energy (K.E) of gas molecules to produce conduction,

5. Transfer of molecules of gas gives rise to diffusion.
Structure of the lesson:-

1.1 Introduction

1.2 Maxwell’s speed distribution law
1.3 Transfer phenomena

1.4 Viscosity of gases

1.5 Thermal Conductivity

1.6 Diffusion of gases

1.7 Solved examples

1.8 Summary

1.9 Keywords

1.10 Self Assessment Questions
1.11 Reference Books
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. 1.1 Introduction:-

The molecules are in random motion with all possible velocities and in all
directions. The molecules collide with one another and with the walls of containing
vessel. All coilisions are perfectly elastic. The distance between two successive collisions
is called free path of the molecule. The average distance between two successive- ‘

collisions is called mean free path

1
- «/5 md’n
Let m be the mass of each molecule, n be the number of molecules per unit volume, V be
volume of the container and v be the root mean square speed of the molecules . On the

basis of the kinetic theory of the gases, the pressure exerted by the gas molecules is given

by

X % T Where k is Boltzmann’s constant k= 1.38x10%J/mole - K
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1.2 Maxwell’s speed distribution law:-
The law of distribution of speeds among the molecules of a gas was first established by

Maxwell. In order to derive the law the following assumptions are considered.

1, The gas consists of molecules with all possible speeds between 0 and . . ,
2. The average density of a gas enclosed in a vessel in eqﬁilibrium- is same at all plac}es.
3. Though the speeds of individual molecules are changing. But a definite number.of .
molecules have speeds between definite tanges. '
4. The probability that any molecule selected at random has velocities lying between
certain limits is a purely function of velocity and the limits considered. | ‘
5. The components of velocity of a molecule in three mutually perpendicular directions

are considered to be independent of each other.

it 3
F-au—/(
m;P’ [
e
oL v
b o ..,\....f..u. e o ]
Cow
o -t
z
figl.1

Let us i'epresent the molecules in a velocity diagram. Consider a molecule at point P
having a velocity C represented by a vector as shown in fig(1.1). Let the projections of
this vector in X, Y, Z. directions be u, v, w res »ctively. All the molecules having the
velocity components lie in the range u and u+du, v and v+du and w and w+dw will be

contained in the volume dudvdw. The probability that a given molecule having the
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velocity between u and u+du is f(u)du. The probability that a given molecule having the
velocxty between v and v+dv is f(v)dv. The probability that a given molecule having the

velocity in between w and w+dw is fiw)dw.
The probabiliiy that a molecule having the' velocities between :

u and u+du, v and v+dv, w and w+dw—f(u)du f(v)dv f(w)dw
—f(u)f(v)f(w)dudvdw----(1 l)
The resultant vcloéity of the molecules is a single vector C.

The probability for a molecule _having the velocity C in the volume dudvdw 1s |
f(c) dudvdw. Mdre conveniently it can be written as ¢(C 2 ),dudvdw ....... (1.2)
From equations (1.1) & (1.2) we can write
f(u) f(v) fiw) dudvdw = ¢(C)2 du dv dw
= f(u) fiv) f(w)=¢(C?). . (1.3)
For a particular value of C chosen, ¢( C’) is constant
Diff eqn.( 1.3) and equating it to zero we get,
d[f(u) f(v) fw)] = d[®(C)2] = 0 >(1.4)
This equation can be written as }
fl(u) f(v) fiw) du + f(u) f1(v) fiw) dv + f(u) fv) flw)dw = 0
Dividing with fu)f(v)f(w) we get,

f()d+f()dv f(w) = 0 (1.5)
f(w) s(v) 7o) ™
-'C is considered as constant we can write,
C2 =u2 + v2 + w2=constant
Diff we get, .
d(C)2 = d(u2 +v2 +w2) = 0
= 2udu + 2vdv + 2wdw = 0

= udi+ vdv + wdw =0
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= ludu+lvdv+lt7dw=0—>(l.6)

Where A is a constant quantity
Adding equations (1.5) & (1.6) we get,

f'(u) u ‘u u fl() +Av +f|( ) + =

‘f(u)d + A ud +f(v)dv Avdy f(w)dw Awdw =0 |
L@, s | LO L L o

=>[ (u) A ]d [ (v)+l ]dv [f() A ]dw 0 (17)

“* " u, v & w are independent upon each other, we can equate each term to zero.

S (u) -
[f(u) +1u]du—0,

£') |
[f(v) v4 ”] 0, e (1.8)

dv =
[f;((:,’)h iw ]dw:O

Consider

JECA

OV
f(u)du ~Aud

- Integrating on both sides we get,
2

log, /(u)= + log, a




) e
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Where log, a is a integration constant o

2
log, /() log, & = =~

,
= log, (f(u)) _ ~Au
a 2
‘ -Au? ‘ -

= flu)=ae ?

-A v

Similarly ()= f(v) =ae * . f(w)=ae

The probability of finding a molecule having the velocity in between u and u+du. v and
vidv, wand wrdwis £ (u) f(v) f(w) du av dw=ae™. aet. ae™ dudv dw
b

= f(u) f(v) f(w)dudvdw =a’ e ) du v dw > 1.9)

Let ‘n’ be the number of molecules per unit volume. The probability of finding the

molecules in one unit volume having the velocity in between - and + cisn.

n Ii_:‘j J.f(u) f(v) f(n//) dudvadw = n

Il
|

= J‘?Iaj‘ ) dy dw

i

= a J']. I o) v dw

1-(1.10)
Solving‘ this integral we can obtain,

\:;i;e"'"zdu:\/%, :[e"’vzdv=\/%, Ie_bwzdw=\/zbt——,

!

Writing these values in equation (1.10) we get,

s /7[ ’ﬂ' ’72’
a J— = J==1
b Vb Vb
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3
= a3(£)2 =1
b

=a =(—b—)% - (1.11)

/4
. m
We can obtain b =—— (1.12)
kT

Where m is the mass of each molecule
k is the Boltzmann’s constant

T is the absolute temperature of gas

Writing equation (1.12) in equation (1.11) we get

27kT
The probability of finding the molecules in one unit volume having the velogity in
between u & u+du, v & v+dv and w & w+dw can be written as |
dn=n f(u) f{v )f(w)dudvdw

3 —I).(uz v+ wz)

=dn=nae du dv dw

a = (—ﬁ-—)i - (1.13)

3
) 2 S (2 av? aw? )
=>dn=n( ) ez’“'( ) —(1.14)

m
2z KT
It is called Maxwell’s speed distribution law.

The probability of finding the molecules having the velocity in between C & C+dC in
one unit volume can be obtained by replacing the volume dudvdw with volume between

the spheres of radii C & C+dC.

dv = g-n (C+dC)' - %nc‘
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_4n o s o
=30 [(c+acy-c’]
=30 [C*+ dC*+3C%C 4 30dCH-C]
4 2
= 3nacuc
3
cdv=4TICdC
We havew® +v> +w? =2

The no. of ‘molecules having the velocity between ¢ & c+dc in one unit volume canbe
written as '

O on( ) F ncac
’ AT ) ) T

32 ot
= AT CHIC - (1.1
mh) . €3 CC > (1.15)

It is also called Maxwell’s speed distribution law.

= dn(C) = 4l'ln(

Maxwell’s speed distribution curves:
If a graph is drawn taking no. of molecules per unit speed interval along Y-axis -
and velocity of the molecules along X-axis the curves are obtained at different

temperatures as shown in fig(1.2).
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Itis observed that the no. of molecules in a given speed mterval mcreases up ‘toa max

. and then decreases. towards zero at any temperature .The no. of molecules in a glven
speed interval is obtained by the aréa under the curve which is shown as shaded reglon
The total area under the curve and X-axns gives the total no. of molecules as the. .
temperature is mcreased The distribution curve becomes flatten and broaden. The speed

at which the no. of molecules is maximum corresponds to peak value shown by curve is

called the most probable,speed ¢,
Most probable speed (c,): ‘It is the speed possessed by maximum number of moleeules "
_in a’lgiven sample.
=1.414 Lz

m

Average speed (E) sIt is the speed of all the molecules divided ‘by total number of

molecules.

kT
™

E=159

RMS speed(Crms):It is the square root of average of squares of speeds of all the

molecules.

n m
Mean free path: The distance between two successive collisions is called free path. The
average distance between two successive collision is called mean free path. It is denoted -

by A .from Maxwell’s speed distribution law. The mean free path is obtained as

1
T J2ndn
Where d is diameter of each molecule

n is number of molecules per unit volume,
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1.3 Transpm't phenomenon When the gas is not 1n equilibrium state. We can obtain the
followmg three cases.
1. The veloc1ty components may not have the same value at all parts of the gas. Now the
layers havmg more momentum transport momerntum to the layers having less momentum
to get the equilibrium state. This gives rise to the phenomenon of v1sc051ty
2 The different parts of the gas may be at different temperatures Now to brmg the
eqmlxbnum state, the molecule of gas will transport kinetic energy from the regions of
higher temperature to the regions of lower temperature. ThlS gives rise to the
phenomenon of condition. ' -
3.the different parts of the gas may have different densities i.e., no. of molecules per unit
v.elume :Now to bring the equilibrium state, the molecules of gas transport mass from the
regions of higher density to regions of lower density. This gives rise to the phenomenon
of diffusion. |

" The transport of 1 momentum energy and mass represent conductlon viscosity and
diffusion, they are called transport phenomenon.
1.4 Viscosity of gases: Let the molecules in different layers possess different velocities.
Let us assume the molecules which are present in the layers which are in touch with X-

axis posses zero velocity and velocity of molecules will increase along Y-axis.

3
o }
A L B

A
¥ U—A{duidy)

*-q-\{,q i

- Fig(1.3).
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The change in velocitj? per unit distance is called velocity gradient.’ 1t is denoted by %uy_
Let u be the velocity of the molecules m layer AB as-shown in fig-(1.3). Now: the

4 veloc1ty of the molecules in the layer CD which i 1s at dlstance Alisu+A i— ,

Consider another layer EF at dis’tance% below the layer AB .the velocity of the

molecules in this layerisu -4 % .

. . e . .. . i . R
" Let the number of molecules pet unit volume be n. fiow we can wnte,-’-;tas

number of molecules along any axes. _
The number.of molecules which are traveling along any axes in a particular direction is

n

6

Let C bethe average velocity of the molecule
The no. of molecules which are travehng through one umt area in one second can be

wrxt;en as

=
o]

Let m bg the mass of each molecule.

The mass of the molecule traveling through 1 unit area in 1second

_ mnC
6
. _mn cl du | L
The momentum of the molecule in the layer CD= u+ i > - (1.16)
The momentum of the molecule in the layer EF= mzC u-— '/1(% > (1.17)

The change in momentum per unit area per second is
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F' mnC[ dul mnC du
L. s8] u-1%
4 6 dy | 6 dy |
= ”mc[u+lé‘——u + 4 i'i]
6 | dy - dy
" mnC du mnC . du
= 20 —. = A —.
6 dy 3 dy
, —
B o mC 4 f,f — (118)

The viscous force which is acting between the layers can be written.as

o - gdn
Fl'=g4—
dy
F du
= 7 = dy‘—)(l.w)

Where 7 is coefficient of viscosity

From equations (1.18) and (1.19) we can write,

=7 =% mn C A—> (1.20)

We know that m n= p (density of the gas)

l_
== pC A
n=3P

We have the expression for the mean free path as

1
A= ——(1.21)
27z d* n (1.21)

Writing equation (1.21) in equation (1.20) we get.
ib . l . —_— ) l N

: = — mnC X ~—=———--—-
LI R PR
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mC :
= —— 1.22
= 32 a2 d > (1.2)

From this expression we may conclude that |
1. The coefficient of viscosity of a gas is independent of pressure or density or number of -
molecules per unit volume. ' "

2. The coefficient of viscosity of gas is directly propotﬁonal to averdge molecular speed
(9 -

3. # is directly proportional to T sincec e ﬁ

4. The coefficient of viscosity # is inversely proportional to square of the diameter of
molecule. '

1.8 Thermal cimdnctivity: Let us assume the presence of different léyets of a gas which

are at different temperatures. Let the layer which is inl touch with X-axis posses zero
temperature and the temperature increases along Y-axis i.e., along OY.

c Hot T+ hdTddy) o
*
§ i T ]
I a
A T B
gl ¥ | T-wdldy)
" Cold y
0': ¥ X
Fig(1 4) .

Let T be the témperature in layér AB. Consider two layers CD&EF at a distance 4 on

both sides as shown in ﬁg(l.4). The temperature at the uppér layeris 7 + 4 %;; ,where
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——1s temperature gradient i.e, change in temperature per unit distance .The temperature

of the lower layer EF is T— A E’I_ Let n be the number of molecules per unit

Ly

volume.The number of molecules travel along any axis is g.The number of molecules

traveling along any axis in a particular direction is 5

Let ¢ be the average velocity of the molecules and m be the mass of each molecule.

. . . . .. nC
The number of molecules which are passing through an unit area in one second is o

The mass of the molecules traveling along any axis in one direction is _m?nc;
The heat energy transferred through in one unit area in one second from the upper layer
CDis

O, = mass x specific heat x temp

0= é. mnc x ¢, x [T + 4 %J (1.23)

Where c, is specific heat of gas at constant volume. The heat energy flowing lower layer
EF through one unit area in one second in the upward direction is

0, =%mnzx c, x(T—ﬂ,Z—:) —) (1.24) -

The resultant transfer of heat energy perlunit area per second is

‘Q=lngcv T+A£ —lmnzcv T - AET—
6 dy 6 dy

=lmnEc, r+ea % 1%
6 dy dy

1 mnc c, 24 ET
6 . dy
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Q= -;-mnécv A %—»(1.25)

The coefficient of thermal conductivity (k) is defined as the transfer of heat enerzy oo

unit area per secondvper unit temperature gradient.

Here A=l, t=1sec

. _© - L
k = = 0=k - (1.26)

(5)

From equations(1.25) &(1.26). we can write,

k=9 mn;c‘vliz
dy

| =>k=§1-mn;»cvﬂ - (.27)
We have m..in=p
k=-:-1;—,pz'c, A - (1.28)
We have the expression for the mean free path as

N
@)= mra

Write equation (1.27) in above e_quation,.

_ mec,
32 7 d?

Equation (1.27), (1.28) & (1.29) represents the expreSsions for coefficients of i

P - (1.29)

conductivity.
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We have
e
V2 n d?

k=nc - 030

It is the relation between k and n

The conclusions are as below. A

1. For a given temp. k is independent of i or pressure or density.

2.k a c_',E a T Hence we can write & a ﬁ

1.6 Diffusion of gases:- ,

* Let us assume the gas in a container having different concentrations
in different layers. Let n be the number of molecules in the layer AB i.e. numbser of
molecules per unit volume in that fayer. )

Let us imagine the two layers CD anid EF which are présent at a distance on

either side. Let the concentration is increasing along positive z-axis and increase in

. . . dn . . - .
concehtration per unit distance is > It is called concentration gradlent. nw change in
concentration for 4 units distance is 1[ zz) One thitd of the concentration of

molecules will travel along any axis. -:; of total molecules will travel along any axis in a
particular direction. Let ¢ be the average velocity. The number of molecules travelling
from the layer CD to EF per unit atea per sec is= :; '[n + A %ﬂ ......;':.;j....(l.3l)

The no. of molecules traveling from the layer EF to CD per ﬁnit area per sec is |

-1 [n- 2 5’1}2 - (132)
6 dz

The resultant number of molecules crossing through 1 unit area in 1 sec
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=1 n+l£ﬁ E-—l[n-l.—d—z c

6| —dz] 6 Ldz]
=1 n+/l—‘-l—n——n’+/i,dn ¢

6 | d ]

1., dn- 1. -dn .
=222 L il 1.
i = ¢ 34 - (1.33)

. Diffusion of a gas is defined as the ratio of the number of molecyles traveling through

one unit area in one sec and concentration gradient.

y

o B L pragye.n. 1T
D=2 . (135 n=2pc A
p (1.35) 7 3 Pe

} - .
We haved = —=————...........(1.35
rxdn 7 (135)

w5

- Write above equation (1.35) in eq (1.34) we get,

1 c
D e ———e— — ‘36
~ Equations (1.34), (1.35), (1.36) represent the expression for diffusion of a gas.
@D acaNT -
(ii)Dalaﬂal(;-.p=nkr=>'n=£_J | ",
n p P KT ). S

' Combining these two we get,
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Da ﬁa£
P .

3 .
= DaT?.p’ - (1.37)

Diffusion for a gas is directly proportional to T2 and inversely proportional to pressure P

1.7. Solved Exaxirples -

1.Particles of mass 6.2 x 107" kg are suspended in a liquid at27"c. They are found tor
have a rms speed of 1.4 x 107 m/sec .Calculate Avagadro’s number. ’

AN

m =62 x 10" kg |
T=27c = 27+273 =300k
Cue = 1.4 x 107 m/sec N =?

3kT

m

Il

e = 1732 JL & rms = (1732)° (H)
' : m m

6.2x 1077 x (1.4 x 10'2_)2 62 x 1.96 x_.i()”' |
3% 300 - 9x10°

k=2 clrms =
3T

12.152% 10 >
= 5 =1.35 x 10 A(

k=135x102J/K

KN =R
v
k .
8314

=350 - 61585107 molecule [(mole)
35x v
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half of its value at0’C.

T, =0C= 0+273=273K
Crm.\-l = Cnn.s C;rm.\'2 = _3”-& TZ = 9 *
c,, = 1732 K1 c,, = 1732 KT,
m m
__ |KT,
1. =
Cr.msl = 732 m = _7_-;_
Cons 1.732 KT, L
m
C o I = 2 = ' = 4 = —T—
(C T, T, T,
T, = _ 2B =; 68.25k
4 _
T, = 6825 - 273% = -204.75°C

3.D¢duce rms value speedb of hydrogen molecule at SOOOK. Given |
K=138x102J/K. | -
| T =5000K,K =1.38x107J/K
m=2xl. 67x10 kg .

=23
1 fKT 732 ,38x10 xs_?:)o
2%1.67x10

= 787x10°m/sec’”

4 At what temperature will the average spe2 ' of hYdmgen molecule will same as

- that of hydrogen molecule at 35°C.
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Sol: .

Hydrogen:

cu, =¢-

m =2 units.

T, =2

Nytrogen:

Cy, =¢

m, =28 units

T, =35c=35+273=308K

¢, =1.59 /E,EN"=1.59 fﬁi
2 ml 2 mz.

1.59 /ﬂ=1,59 L

‘ m, m,

KT, KT,
mo m, ‘ e
T _mT, _ ZX308*=22k
m, . 28

T,=22-273=-25I'C .

5. Calculate the rms speed of hydrogen.(i) at NTP (iAta pressure of 2x10°N/m?

Given that the density of hydrogen is 8.9x107? K%,. and

- 2 J .
R=84x10'J4 e K

Sbl: Consider
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RT PV['PV =NRT }

“NM_ NM|PV=RTifn=1

='g["‘M =NM|

il

g:‘.:’: %

: Jl)
N Vv

~ N

it
o [~

Cpo =1 732,,-’91_: 732‘[- ,
C,.=! 732\[’ . - | R
p B

p=89x10"Kg/m’
NTP::

T=0°C=0+273=273
p= ialm=76cm of Hg=0.76m of Hg '
=076x136x10’x98N/2

-.=|.013><m’-1%-z

c,,,‘.='1.732€=._|.732x e
=1.732x/0.138x10’
=1.732x1.0667x10°
=1.847x10’m/s

P=2x10° N 1’
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5
1732, [2 21730 [ 200
yo)

8.9x1072
=1.732x/0.2247 %10’
=1.732x+/2.247x10°

=1.732x1.4989x10°
=2.596x10°m/s

6. Find the values of C,C,,, C, for a molecule of a gas with density of 0.3 gm/ht at

a pressure of 300mm of Hg,

Sol: :
m/ 03 03 107 0.3
p—Q.B 4,— TS gm/cc= ><1_0'_‘S Kg/m T x10” Kg/m

10°
s p=03Kg/m®

p=300mm of Hg
=300x10"m of Hg=0.3m of Hg
=0.3x13.6x10° x9.8N / m®

P =39.984x10°N/m?

we know that —IiT— = £

yo)

C,=1414x [57::1414\/_71
M ¥
3
414 [39984x10
03

=1.4144/133.28x10°
=1.414+/13.328x 10"

=1.414%3.6507x10?
=5.162x10’m/ s
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C=1.59 /51 =1.59\F}1 =1.59%3.6507x 102
M P

=5.804x10’m/s

C,. =1.732, /%,T— = 1.732\[E =1.732x3.6507x10? \
2

=6.323x10%m/s

7. The rms speed of hydrogen molecule is 1.84 km/s. What will be the rms speed of

oxygen molecule at the same temperature. The molecular weights of hydrogen
and oxygen are 2 and 32 respectively.

m = 2amu
32 amu

(Co)H, = C, = 1845/ = 184 X 10° m/

(Crm.s) = C2 = ‘7

m,

‘ KT
Co = 1732 |KL (Co)H, = 1732 =
- m , 1
KT
(C,,m)oz = 1.732 o
rms)() mH \/'_—' _ 1
rm.\ 4
(Crm.v)oz _ 1
1.84x10° 4

; .
(Coms)o =1—°§‘~‘—:ﬂ—=0.46x103m/s
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o . o i i & ’ : * ’ | .]9 o 7
8. Catculate the diameter ot molecule of benzene, if n=2.79x10" molecules / cc

and mean free path for benzene is 2.2x10° cm

; |8 5 1
A == e i posen) d S e __/—__________
2 X dn N2 wAn
5 _ i 1
ar = y g3 o= 13
1414 x 3.14 x 2.2 x 107 x 2.79 x 10  27.252x 10
= et = 0.36694 x 1071
27252 » 19°
d = 0.6057 % 107
= 6057 x 10° cm.

The moeai fiee path of COy molecule fill in a container is A = 7.9x107 m . If the
density of a gas is 1. 7&0/ m' Find the diameter of CO; molecule.
Sof; A=79x167m , p=] .7Kg; [, d=?

pra OO = C O+ O0=12+16+16 = 44amu

107 =73.48x107 Kg

Ao

£
(M = ps> =
/:’ wd’n m
m s m
,‘l - “‘? (f" e e
J2nd? /7 \/ 2mAp
s 75.48x107 .
d’ =

144x>.14x7.9x10_5><1.7
Fﬂi 48¥ 10—22
T 59628
C=1.232x107%

Sd=111x10"m

Find the coefficient of thermal conductivity of air from the following data.



-

¢, =155 x 10° %cg—mole—-k k=138 x 1072 %{

8 x 107 kg 4 =32 x 10 m, T =10°¢c

m =
Sol:
T10% =10+273 = 283k, k =7
me ¢ - kT
k= ——=—2— and ¢ =159 |—
3\/5 7 d? m
)
~1.59 1.38 x 107~ x 283 _
8 x 107%

_ 3
7=1.59 x /390.548x 10

c=1.59 [48.8175 x 10° = 1.59 \[4.88175 x 10’

c=1.59 x 2.209 x 10> = 3.513 x 10> ™/
S

e |
mce, _ 8x107 x 3.513 x 107 x 15.5 x10°

32md®  3x 1.414x 3.14 x 32x10°)

3.193 x 10 %m_K

_ J
k = 0.3193 AMK

11. If the coefficient of viscosity of hydrogen gas is under certain conditions. Find the

\k-=

coefficient of thermal conductivity. Given

Sol:

Cv = 1.1 X10* J/mk.

- - - “J _
7 =86x10° N.%f 6 =LIx10° I/ o k=2

k=lmnzc‘,ﬂ | -
3 and n=§mncﬂ..

L k=mnc, =86x10"° x LIx 10°

¥
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_ 2 g
= 9.46 x 10 /n.u(

i;s.Summary: v
j Even though the gas- meolécules are moving randomly in all possible directions
wu:h all possible velocities, Maxwell derived the expression for certain probability of the
molecules having certain range. Transport phe'ndmena explained the transfer of
momentum, kinetic energy and molecules from one layer to another layer to get.
_eqdilibrium state. In the transport ph_enomena'we_, obtained viscosity. of gases, thermal
conduction and diffusion.

1.9. Key words:
Maxwell’s speed distribution law, mean free path, viscosity, conduction,
diffusion.

1.1Q, Self Assessment Questions: o
1. Derive an expression for Maxwell’s laws of distribution of molecular speeds in a gas?
2. What are transport phenomena? Derivf,e’the expression for the coefficient of viscosity?
3. Derive the expression for thermal conductivity of.a gas and diffusion of a gases-on
the basis of kinefic theory. o
_Exercises:

1.Determine the rms velocity of N, molecules at S.T.P.(density of ) N, is 1.25 gm/c.c)

{Hint:Cm = Ff- Ans:4.93x10*cm/ s]
A P

2.At what temperature is the ems speed of oxygen molecules will be double of its rms at
27°

c. v
[Hint:c,,, = flK_T_,Em_u F Ans:927°¢]
m C., T,

3.Find the rrms velocity of hydrégen molecule at N.T.P.and at 127°¢.

Hint:C_, = Jlli,g"'—“{\li Ans:1.85x10°cm/ s and2.3x105cm/s]
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UNIT-1
LESSON-2

Fundamentals of Thermodynamics
Ohjectives:

tis this lesson we are be able to learn
1. Main fundamentals of thermodynamics.
2. System, surroundings, equilibrium state
3. Carnot’s heat engine constructipn, working, efficiency.
4. First law of thermodynamics and second law of thermodynamics.

Carnot’s theorem.

U

6. Absolute scale of temperature.

Structure of the lesson:

2.1 Introduction

2.2 system and surroundings

2.3 Thermodynamic equilibrium’

2.4 Concept of temperature-

2.5 Internal energy of the system

2.6 Workdone in an isothermal system
2.7 Workdone in an adiabatic system

2.8 First law of thermodynamics

2.9 Application of First law of thermodynamics
2.10 Reversible and irreversible processes
2.11 Carnot’s reversible heat engine .

2.12 Efficiency of carnot’s heat ‘engine ,
2.13 Carnot’s theorem

2.14 Coefficient of performance

2.15 Clausius- Clapeyron’s equation
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2.16 Second law of thermodynamics

2.17 Thermodynamic scale of lemperaiuve
2.18 Important formulae

2.19 Solved examples

2.20 Summary

2.21 Keywords

2.22 Self assessment questions

2.23 Reference books

2.1 Introduaction

Thennodynamiés is the branch of physics, which deals with the transformaton of
heat energy to the other forms of energy such as mechanical energy, chemieal energy,
electrical energy etc and vice versa. Hers we discuss the translonnation of heat

energy into mechanical work and vice versa.

2.2 System and surroundings:

If a definite quantity of mattor is present b@twcen the speciﬁed bbunda.ﬁes‘ it i§
called a System. Everything'afouhd the sys'tevﬁ is called .mrroupdings, The gas whichk
is present in a cylinder with movable piston can;be‘,taken as 3 system.

The systems are classified into 3 types ‘

1. Open system: When there is transPormation of beth energy and rratter between
the system and the surroundings, it is called oben system.

2. Closed system: When thére is transformation of energy hut not mattér between the
system and the surroundings, it is called clesed system.

3. Isolated system: When' there is tran.sformati;én of weither energy nor matter

4. Between the system and the surroundings, it 1s called isolared syseem.
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2.3 Thermodynamic equilibrium:

The state of the\system.can be represented by pressure, volume and temperature
‘provided the system\is in equilibrium. These parameters are called themiodynamic
variables or thermodynamic coordinates. For a system to be in thermodynamical
equilibrium, the following conditions must be fulfilled.

1. Mechanical equilibrium: When there is no unbalanced force between the systermn
and the surroundings, then the system is said to be in Mechanical equilibrium.

2. Thermal equilibriurii: If the temperature at each and every part of the system is
same and it is same as that of the surroundings, then the system is said to be in
thermal \equilibriuin. '

3. Chemical equilibrium: If the chemical combination is same at each and every part
of th}q"system and 1t is samc as that of the surroundings, then the system is said to

be in chemical equilibrium.

Thermal equilibrium: When all the properties of a body remain unchanged, we say that
the state of the body is not changed. On the other hand, if any property changes we say
that the state of the body is changed.

When there is no heat exchange between the bodies, the bodiesI are said to
be in thermal equilibrium. Ex: Consider two identical bodies A anci B. Body A feels hot
to the hand while body B be feels cold to the hand. Both are placed in contact for
sufficient time. Due to this, heat flows from body A to body B. Now both the bodies are
separated. Both A and B give the same temperature sense. It means Aand B are in

thermal equilibrium with each other.

2.4 Concept of temperature: -
All the bodies in‘themiﬁkéquilibrium must have a common property, which has
the same value for all of them. This property is called temperature.
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Temperature is the physical property that tells whether a body is in thermal

equilibrium or not with another body .If the two bodies are in thermal equilibrium their

temperature is same.

Heat:

The temperature of a body is a measure of its dcgree of hotness or coldness. Hzat
is transferred from one body to another body due to the temperature difference. (Heat is
a form of energy, which is transferred from one. body to another body due fo the
temperature difference between them). _

Work: When a force acts on a system such that it preduces a displacement in the system.
the work is said to be done. ' - '

If the system is displacing the surroundmgs in the outward dmectxon the work done is
external work and it is positive. Here the work is done by the system on the surroundings. "
Ex: Consider the gas present in a cylinder, which is expandmg If the piston displaces
then the work done is external work and it is +ve .Jf the work is done by the surroundings
on the system again the work done is external work and it is taicen as—ve.

If a part of the system does some work on another part of the system, it is called internal

work .In thermodynamics external work is more important.

2.5. Internal energy of the system: - ,, _
The stored energy which is not apparently shown by the system is called its

internal energy or intrinsic energy.
Ex: 1. A mixture of hydrogen and oxygen gas on explosmn provxdes mechanical energy.
2. When Zinc plates are arranged in Coppcr sulphate solutlon (Daniel cell) both react and
provide zlectrical energy.
3.A liquid freezes into a solid by giving heat energy.

According to kim;tic theory of gases matter consists of small partifles calléd-
molecules. The molecules move randomly with different velocities in differentdirections.
Due to this each molecule possess some K.E. The sumof the kinetic energies of all thé*

molecules is called internal kinetic energy.
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Due to inter molecular force of attraction each molecule possess some potential
energy. The sum of potential energies of all the molecules is called internal potential
energy.

The sum of internal kinetic enrgy and internal potential energy of a system is
called internal energy of a system .It is denoted by’U’. .

Consider the presence of a gas in a cylinder'with movable piston. Let U, be the
initial internal energy. Let some work W is done on the system (gas) by moving the
piston in the downward direction. Due to this the teniperature of a gas increases Asa
result of the internal kinetic energy mcteases and intemnal potential energy increases it
means intemel energy of the gas increases .Let -U, be the final internal energy. Now we )
can write the change in mtemal energy as | Ui=U=-W
Here W is the work done by thie sunomdingsonthe eystem. itis taken as —ve.

Indicator diagram:

Consider the presence of a gas in e-eylin'der with movable piston. Let the initial
pressure and volumes of the gas be I:,V ifa grapll |s plotted taking pressure along y-axis
and volume along x-axis the. mmal poﬂnon is represented by point A as shown in

figure(2.1). Due to the expansron of gas et this plston is movmg in the outward direction.
Due to this the volume of the gas mereases and pressure decreases It is shown by the
curve AB on the graph. Aﬁer expansnon P be lhe pressure and V, be volume

During expansion consider a small regnon in which the pressure P is almost
constant and volume is changed by dV The wotk done dunng this small expansmn is
dw=PdV=shaded area CDEF Tl\e work done m the enme pmcess 1s represented by the
area between the curve and volume nxis. '
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2.6. Work done in an isothermal process:-.
The changes,' which are taking place in pressure and volumie by maintaining
constant temperature for a thermo dynamlcal ‘system, are called “isothermal changes”.

When the volume of the gas increases, pressure and temperature w111 decrease. But by

)

absorbing heat energy-the temperatiré is -mafitained” constant. When the - gas i

compressed, volume decreases, pressure and temperature is maintained constant.

Consider 1 gm mole of an ideal gas in a cylinder with movibie Fisive et e+

initial pressure and volume be P,V,. Let T be the temperature of the gzs. The iwisia!

position is represented-by-point A :on-P-V.graphi(ite.; Psalong Y+axis-& V along X-axis)

Let the gas is allowed:to expand. Dug to this veltime ingreases, pressure and temperature -

will decrease. But by absorbing heat.energy,.the temperature.T is mainiajned constant

Let P, and V;. bethe final pressure.and. velumes.; This:expansion: is repiesented by the

curve AB.
During expansion, consider a-small-expansion:at point C. Here, let theipressure P
is constant and the. volumg is increased: by dV,..The.work .done during.this: smail

expansion is, . _
dW = PdV [Pch=—ZxAxS dW}
“* dW = shaded area, CDEF.

The work done during the entire expansion is

!
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W= j PdV = j—dV( PV—-RT) | | | .

=RT ‘;[ T RT[logeV]zi‘_

v,
=RT log | L
&[w)
Vv
=2.303 RT log,,| —-
Bio ( v ]
W = area ABB'A’A |
- It is the expression for the work done, during isothermal process. If the_initial

pressuré-and volumes are’ BV, and the final pressure and volumes are- B,,V,; then we

can wﬁtg the work done as.
W =2.303RT log,, 7
. 1

2.7.Work done in an adiabatic process: -

The chfmges, which are taking place for a thermodynamical system in pressure,
volume and temperature without having any exchange of heat energy between the system
and the surroundings, are calledadiabatic changes.

Consider 1 gm mole of an ideal gas, ina cylinder' with movable piston. Here the
walls, piston aﬁd base “are madé with perfectly non-conducting material. Let the initial
pressure, volume and temperature of the gas be P,V, and ;. When the gas is allowed to
expand, volume increases and pressure and temperature will decrease. After expansion,

' let the final pressure, volume and temperature be P,,¥, and T, .On a graph which is
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drawn taking pressure along Y-axis and volume along X-axis, we can obtain the curve

AB as shown in figure(2.2).

A
'
]
'
i
t
f

i e
p'__,_:_-_,_ﬂ.._,;'_;”' B

C
R B

Fig. (2.2)." |

During ‘the expansion, consider a small expansion-at. point.C. During this' small

expansion, let the pressure ‘P’ is constant and the volume is inctcas.ed;by dV. The work
done during this small expansion can be written as

wdW = PdV
=shaded area pqrs

The work done during the entire expansion from A'to B is

v, .
w= j PdV
%
v
=k j voray
g §
V-7+I VI
B [ -7+ 1-];/, *
; ' Yit ; Rt

=y +1H
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=5 —[kV AL V,."*‘]->(2.1)

The points A and B lie on the same adiabatic.
We can write, PV = P,V; =k

Writing tius 1 eq (1) we get,

.1w=~-—[pfv’ ’*'—p,.v,?v,””]
Py Ve DV,
1=y
\!
= F’ _f_‘_'ﬁ —2.2)
1-y

We have PY, =R, and PV, =RT,

Sy RT]: [T 24E

- L
e ) 03
1y i

1. (2.2) is the expression for the adiabati€ expansion il terms of pressure and volume.

£q. {2.3) is the expression for the adiabatic expansion in terms of tenipérature.

For adlabatlc compresswn we can obtain the curve from B to A. The work
done during ke adlabatlc compressmn e e wntieh as, i
W=—[PV, PV]
Pt
Cws T, =T
g
If the initiak, pressure, volume and tempcrature are P,,V and T and the ﬁnal pressure,

volume and temperatures are, P,,V,and T, we can write the work done during adiabatic

expansion agi., . -

268 (- ' LA
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W=r_—};[l’z V: - R vij
. |
or W=~ I5-1)

The work done in adiabatic compression can be written as,

1
W=7:T[P,y, —PéVZ] |

or W=;-:—l-[7;—7;]

2.8 First law of Thcmodynanim- '
First law of Thennodyuamlcs is based on the pnnclple law of conservation of

energy. It may be stated in two. ways '
1. According to the First law of Thermodynamws. if some. mechamcal work is done, a
certain amount of heat will be produyced JIf some heat energy dlsappcars an equivalent
mechanical work will be done. ’

WaH

W=JH where J is called mechanical equivalent of heat

J=42J/cal -

=4.2x10"J/K.cal

2. If some heat energy (dQ) is supplied to a system it is utilized in three ways.

() A part of heat energy is utjlized to increase the temperature of the gas; As a

result the internal kinetic encrgy of the system increases. It is denoted by dU,

(i) A part of the heat cnergy is utlllzed agamst thc mtermolecular force of
attraction Due to this mtemal potential ( cnergy lncreases Xt is denoted by
du

P . . B ’
(iiiy The remainiag part of the heat encrgy is uﬁlmdtodo the external work .It is
denoted by dW. The total heat encrgy (4Q) supplied can be written as
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dQ=dU,+dU, +dW
dQ=dU+dWw — (2.4)

Where dU is increase in internal energy .It is the mathematical or of first law

of thermodynamics.

We know that dW=PdV
dQ=dU+PdV
Rt is also the mathematical form of first law of thermodynamics.
‘The first law can be stated, as the heat energy supplied to the system is equal to the sum
cf increase in internal energy and the external work done.
Significance of first law:-

1. Heat is form of energy in transit.

=3

. Energy is conserved in thermodynamic system.
3. Every thermodynamic system in equilibrium state posses internal energy, which is a

function of the state of the system.

2.9 Applications of first law of thermodynamics: -

1. Isothermal process: In isothermal process, the temperature of the gas is
maintained constant .Due to this the internal energy ‘U’ remains constant.
. U is constant we can write dU=0
rrom first law of thermodynamics we have,
dQ =dU +dw
dQ =0+dWw
sdQ=dw
Ti this process the entire energy which is supplied to the system is utilized to do the
external work only. ' |
2. Adiabatic process: In this process the exchange of heat energy between the system
and the surroundings is equal to zero.

i.e., dQ=0.
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From first law ¢{ ihermodynamics we have,' '

dQ = dU +dw
0=dU +dWw
. dW =—dU

In this process the work done is equal to change in :nternal energy.
3. Cyeclic process: A Cyclic process is the process in which the system gains the
initial state after number of changes. Since the system is gaining the initial state, the
temperature of the gas is same for the initial and final states .Due to ﬂ'llS the internal
energy U is same. |
The change in internal energy dU=0.
From first law of thermodynamics we have,

dQ = dU +dw

dQ=0+dWw

SdQ=dw
In this process the heat energy, which is absorbed in the cyclic process, is equal to the
work done in the cyclic process.
4. Isochoric process: Isochoric process is the process in which the volume of the gas
is constaﬁt. |

=constant
= dV=0
=PdV=0
It means the external work done dW=PdV=0

From first law of thermodynamics we have,

dQ =dU +dw
dQ=dU +0
~.dQ=dU

In this process, the entire heat, which is supplied to the systerh, is utilized to increase thé
internal energy only. ' | |

S. Free expansion: Free expansion is an adiabatic process is which no. work is
performed on the system or by the system. Consider two vessels A and B, which are

idzntical and the walls are made with perfectly rigid material. Both the bulbs are
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connected by means of a narrow tube. Both are separated by using stopcock. Bulb A is
completely filled with gas where as bulb B is evacuated. When the stop cock is pulled
suddenly the gas A rushes from bulb A to bulb B. since the gas is not doing any work, the
expansion is called free expansion.
aw =0
Since the walls are perfectly rigid, there is no exchange of heat energy between the
system and the surfoundings. |
From first law of thermodynamics we have,
dQ=dU +dw
0=dU+0
~dU=0
U = constant
ie,U,~U,=0
U, =U,
Since the internal energy is constant in this expansion, the temperature of the gas

is constant.

2.10 Reversible and irreversible process:-

Reversible process: A reversible process is one, which can be reversed in such a way
that all changes occurring in the direct process are exactly repeated in the opposite order,
and-inverse sense and no changes are left in the system or in the surroundings. If heat is
absorbed in the direct process, the same amount of heat would be given in the reverse
process. If work is done on the working substance in the direct process and the work will

‘be done by the working substance in the reverse process.
Examples of reversible process:

1. Slow isothermal and adiabatic processes are reversible.
2. If the spring stretched or compressed slowly, it is reversible.
3. If a perfectly elastic ball is allowed to incident on a perfectly elastic surface. it is

reversible.



| 2 B.Sc. PHYSICS ~ 14FUNDAMENTALS OF THERMODYNAMICS|

4. In thermo electricity, Peltier effect and Thomson effect are reversible.
5. Slow evaporation or slow condensation is reversible.
6. By absorbing heat energy, ice converts into water. If same amount of heat energy
is removed from water, it converts into ice.
Irreversible process: A process which is not reversible is called irreversible process.
Almost all processes in nature such as conduction, radiation, radio activity are
irreversible.
Examples of irreversible process:
1. Sudden isothermal and adiabatic proéesses are irreversible.
2. Sudden stretching or compression of a spring is irreversible.
3. If a steel ball is allowed to fall on the lead surface, it is irreversible.
4. Sudden evaporation or condensation is irreversible.
5. The heat produced according to joule’s effect (i*Rt) due to the passes of current
through a resistance wire is irreversible. |

6. Joule-Kelvin effect is irreversible.

2.11 CARNOT’S REVERSIBLE HEAT ENGINE:-
in 1824, Carnot conceived a theoretical heat engine, which cannot be obtained in actual
practice. But it is useful to determine the efficiency of the other heat éngines. The

Carnot’s heat engine mainly consists of 4 parts

1. Working substance
2. Source '
3. Sink
4. Insulating stand
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' 1. Working substance: As the working substance an ideal gas is taken in a cylinder
with movable piston. The walls and piston are made with perfectly non-conducting

material, where as the base is made with perfectfy conducting material.

Working

substance

g

Fig(2.3)
2. Source: Source is maintained at high constant temperature T (K). Even though it

gives heat energy continuously its temperature should b€ maintained constant. It happens,
if the thermal capacity js very high.
3. Sink: Sink is maintained at low constant temp T, k.. Even though it absorbs heat

energy continuously its temperature should be maintained. It happens if the thermal
capacity is very high. '

4. Insulating stand: In order to isolate the working substance from the surroundings,
this insulating stand is used. When thé cylinder is placed on the insulating stand, the
working substance is isolated. '

The working substance undergoes the following 4 operations.

1. Isothermal expansion

~ 2. Adiabatic expansion

.1.3 Isothermal compression

"} Adiabatic compression
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1. Isothermal expansion: One-gram mole of an ideal gas is taken in a cylinder with

‘movable piston. Let the initial pressure, volume and temperatures of the gas be

P1,V1,T1.0n a graph which is drawn taking pressure along Y-axis and volume aiong X-
axis, the initial state is represented by point A as shown in fig (2.4). Now the cylinderis
placed on the source. The gas is allowed to expand. When the gas is expanding vblume
increases, pressure decreases and temperature decreases. But by absorbing heat energy
from the source, the temperature of the gas is maintained constant. This isothermal

expansion is represented by the curve AB. At the point B, the pressure and volumes are

- P,and V,.
Py
APV Jﬁo’hemw
ay
Pa"fﬁicﬂ a (P "‘lz}
%
< %k A
%% 1y Adiabatic
> ] -
'4,53: 1 \ xpansion
P ‘-’dD : j Y |
. 1 Isothgemgy =G (F3, V3l
A [4 ) ) 1 { N
P oj meresson |
R S B LI -
A D B C v
W i
Fig.(2.4)

The work done during this isothermal expansion is



v
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4 " RT
W, = [Pdv= [=>tav (. PV =RT)
v, v, v

W, = areaABB A 4
If Q, is the heat energy absorbed from the source we can write,

- W, =0, =RT,log, (%) ........ (2.5)

1

2. Adiabatic expansion: The ¢ylinder is separated from the source and placed on the
insulating stand. The gas is allowed to expand further. Due to the expansion, volume
increases, pressure decreases and temperature decreases. The gas is allowed to expand
until the temperature of the gas becomes the temperature of the sink i.e., after expansion
let the pressure be P3 and volume be V3. This exparsion is represented by the curve BC.

The work done during this adiabatic expansion is

=___k___ v—y+1_v—}’+l:|
B 3 2

o1 -y +1_ v+l ‘
——--—1_7[kV3 kV2 ]

Since B and C lie on the same adiabatic,
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Vo ) - =
Py V2 = Py V3 = k =constant

W, =_1_[p3 vYyor+l_ pzv}' vf‘)"*’l]

1 '
Wy = 1o [BYi- BY]

At point B, P,V,=RT,
At point C, P3V3=RT2

Writing these values in the above equation we get,

Wy = 1__1_7 (&7, - &1
W, = 1—% (7, - 1] ni26)

W.= area BCC)B!B

3.Isothermal compression: The cylinder is separated from the insulating stand and
placed on the sink. The gas is allowed to compress. Due to compression, volume
decreases, pressure increases and temperature increases. But by rejecting the excess heat
energy to the sink, the temperature of the gastK is maintained constant. After

compression, let the pressure be P and the volume be V4

This isothermal compresswn is represented by the curve CD.
The work done dunng this process is
vV, RT.

= IV:PdV = V: —2-dV smcepv=RTz
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W3 = --RT2 loge -I—/;-

= areacDD'Cl C

* 1), is the heat energy rejected to the sink we can write,

Wy ==0Q, = - RT, log, ;; ................ Q.7

4.Adiabatic compressibn: Now the cylindér is éeparated from the sink and placed
on insulating stand. The gas is allgwed tq compress further. Due to this, volume
decreases, pressure increases and temperature increases. The gas is allowed to compress
until it gains the initial state A. i.e., pressure P volume V; and temperatlire T,. This
‘adiabatic compression is represented by the curve DA.

The work done during the adiabatic compression is

R
Wy 1 [Tz -Tl] ............... (2.8)

The total work done in the entire cyclic process is

W= 2 Ll R 106 3| =L _
RTI loge {Vl] + .1_7[ 2 Tl] RTZ loge [V4) 1-y [TZ Tl] ‘

A A _, V3 |
"= RTI lo‘ge ;1- - RT2 loge -I;_—— :

4 .

"." )y is the heat absorbed from the source angl . QZNis the heat rejected to the sink we can

write the work done as

=0 -0,
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v 2 |
= 21| 3
RT, log, [Vl) RT, log, [VJ ............ (2.9)

2.12 EFFICIENCY OF CARNOT’S HEAT ENGINE :-

The efﬁclency of Carnot’s heat engine is defined as. Iheltatlo of work done in the
cychc process and heat absorbed from the source.

o -0 )
p=X A% 2 ... (2.10)
9 2} 9 ‘
i T A TAF L vr PEEE LT

Writing the values of W & Q, from equation (2.9) &(2.5) we get,

V. V.
2| - 3
RT1 loge (Vl ] RT2 loge (V‘J

n=2 l e 2.11)
| 9 g
RT log | -2
1 e Vl

BISow 5L SR
In the adiabatic process we have
PV? =constant

RT y
—V =cons tant
V

y-1 constant

R

. ;,_1
TV =cons tant

. e foa i
B RS Ly s

The points B and C lie on the same adiabatic we can write,
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Similarly,
*."  The points D and A lie on the same adiabatic we can write,

¥ =1 _ ooy -1
r,v]. "' = 1,¥] |

y -1
(ﬁ] _h
V..l , T2'~

T y Y 1
= -1 = (_4.) ............. (2.13)

L, ",

From equations (2.12) & (2.13) we can write,

GEOE
Vs Y
3 Y%
v, V, |
é= % ................. @.14)
4 Y

 Writing equations (2.14) in (2.11) we get,
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RT 1 /) \f)
1 log V—l —RTzlogc 71

77:
RT 1 V2
‘ 182 v,
=T1_T2
4
T,
n=1e =2 (2.15)
T .
1
17-_—1—1..&: _.{2_
Q 9 4

It is the expression for the efficiency of the Carnot’s heat engine.

IMPRATICABILITY OF CARNOT’S HEAT ENGINE:-

1. Even though the heat engine is extracting heat energy from the hot body (source), its
. temperature should be maintained constant. Even though the heat engine is giving the

heat energy to the body (sink), its temperature should be maintained constant. Both are

impossible.

2 The walls and piston are made with perfectly non-conducting material where as the

base is made with perfectly conducting material. It is also impossible. |

3. The heat engine is slowly working. Whatever may be the efficiency, slow working heat

engines are not useful in our day-to-day life.
4. If the engine is operated in the reverse direction, it has to take heat energy from the

cold body and has to supply heat energy to the hot body. It is the principle of refngerator.
It is impossible without taking any help from the external agency. |

2.13 Carnot’s Theorem:-

According to Camnot’s theorem no heat engine is more efficient than the reversiblc
heat engine, which are operating between the samé two temperatures. The second part of
the statement is, all reversible heat engines, which are operating between the same two
temperatures, possess some efficiency (irrespective of the nature of the working

substance taken)
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Proof:

Consider two heat engines one is irreversible (I) and the other is
reversible(R) which are operating between the hot body (source) of temperature T and
cold body (sink) of temperature T, as shown in ﬁgure(2.5) .

: Hol source
i T.X

Cold sink
T.K

Fig. (2.5)
"Let the reversible engine I is absorbing Q units heat energy from the source.
Converting a part of heat energy W into work and rejecting the remaining heat energy
(Q-W) to the sink. Let the reversible engine ‘R’ is absorbing "Q'" heat energy from the

cold body, some work"'W"' is done on the working substance and rejecting the total
" heat energy Q'+W' to the source. Let the heat energy rejected to the source be ‘Q’ ie

Q'+W'=0 Due to this the heat content of the source is maintained constant. Let us

assume that the efﬁciehcy ‘of irreversible heatenginé (7 ) is more than the efficiency of |
. Y _

reversible heat engine (77 R ‘
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7y >y v —
w W

—_— D —

o ¢

w> Wll

W-W' is positive
Let both the epgines are connected by means of a belt and they are allowed 16 more
combine.
The combined engine is drawing =Q-W' heat energy from the sink and giving
QO-W heat energy to the sink.

N

The resultant heat energy taken by the combined engine from the sink is.,
(Q-77")-(o-w) |
= Q-W'-0+W
>W-W'

But it is obtained as positive.
It indicates that Q-W'is greater than Q—W . It means the combined engine is

- extracting more amount of heat energy from the cold body and giving less amount of
heat energy to the hot body. But it is contradiction to second law of thermodynamics. It -
means our assumption is wrong.

The efficiency of reversible heat engine (7 R) is more than the efficiency of

" jrreversible heat engine (7 ] ). To prove the second part of the statement considers two

reversible heat engines A and B, which are operating between same two temperatures

YiK andT, K. Let both the engines A and B are combined by a belt. If A is moving in

the forward direction and B is moving in the back ward direction. It means A drives B. In

this casen g >Ny If engine B moves in the farward direction, A moves in the

backward direction. It means B drives A. In th*~ case we can write 77 4> B
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From the above two cases we can writen 4 =g It means the efficiency of

both the reversible engines is same.

2.14 Coefficient of performance (K):-
The coefficient of performance K is defined as the ratio of the heat taken from the cold

body and the work needed to run the refrigerator.

_ S
w
- )
Ql'Qz
_ 1
L
9,
1
I
1
k=
L -T,
T,
T
_ 2
Tl‘Tz
T.
'.k=T2T
12

It is the expression for coefficient of performance. For a good refrigerator, the coefficient
of performance is more.
Relation between 7] &K:-

We have the expressions for 7 and K as,

T T
T]=l——T2- and k = T 2
1 1~ 4
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. T
Consider % =—2
71 - T2

Adding one on both sides we get,

T
k+l=T 2T +1
1 "2
K+1=——-——Tz+TI_T2
Tl"Tz
T
K+1=T 1
175
K+l1= !
1--2
h
K+1=l
n
o 1
=R

It is the relation between 7 and K.
2.15 Clausius — Clapeyron’s equation:-
Consider two isothermals ABCD and A'B'C'D’ at temperatures T and T- dT on

a graph which is drawn taking pressure along Y-axis and volume along X-axis as shown
in figure(2.6). Consider two adiabatics BE and CF to complete the carnot’s cycle. At

points B and E the substance is in liquid state while at points C and F the substé_mcé is in

the vapour state. Let V1 and V2 be the specific volumes of liquid and vapor. Let L be the.
latent heat of vaporizations. Let m be mass of the liquid at temperature T and pressure P.

At point B, the volume of the liquid ismV1 . At point C, the volume of the liquid is mV2

Change in volume
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= mV2 —mV1
=m(V2—Vl) ............. (2.16)

'r'.'nlumé —

Fig.(2.6)

The working substance undergoes the following cycle.
1. Isothermal expansion BC:-During this isothermal expansion ,the substance is
changed from liquid to vapour at constant temperature T. the heat energy absorbed for

this process is Q) =mL...... (2.17)

2. Adiabatic expansion CF:-During this process, the pressure is decreased from P
to P-dP  and the temperature is decreased from T to T-dT

3. Isothermal compression FE:- During this process, by rejecting

T = 270C = 300K heat energy at temperature T-dT, the substance changes from vapor
to liquid state.
4. Adiabatic compression EB:- During this process, the pressure is increased from
P-dP to P and the temperature is increased from T-dT to T.
the work done in the entire cycle process is , |
W=area BCFEB
=BC X CF

= Change in volume X Change in pressure
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W i ('Vz -V, )[P ~(P-dP))
i A

W:m(V2 -7 )dP——>(2.18)

we have the expression for the efficiency of camot cycle as,

9 7
in_(yg:_pl) dP=1- Tg
mlL Tl

2.18 Formulae:-
1. In4sothermal process , PV= constant PV - PV,
2. In adiabatic process, PV’ = constant P,/ v/ =PRV/
LV = LV,

Pll-rTlr =P2'_7T27 o

3. work done in an adiabatic isothermal process W = 2.303RT log,o (%)

4. ~work done during adiabatic expansion W = ~1—I[ RV, - PV,]
: Y-
== {1,-T]
7 __1 4

1

[ﬂ’é-ﬁ’ﬁ]=ﬁ

- work done in adiabatic compression ‘W = [T2 - 7}]

-1
5. from first law of thermodynamics we have dQ = dU +dW = dU + PdV

v _9-9 ,.2_, L
o 0 o 7

6. From cornots cycle we have n =
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7. From thermodynamic scale of temperature % =-§2—
1 1

L _9

8. coefficient of performance K = ==2
-, W . .

9. Relation betweenn and kis n= 1
k+1
10. Clausius-Clapeyron’s equationil—)— = L
4 ar T (Vz - VI)
2.19 Solved examples:-
- 1. A certain mass of a gas at NTP is expanded to three times its volume under

adiabatic conditions. Calculate the resulting temperature and preésure.
Sol:- T, = 0°% = 273k,P, =latm,V, =V, V, =3V

T,=?P,=2 y=14

(a) B v/ = PBV]=P, LR =I)I(J—) o

V7 v,
4
= P, (l] =P x —1—
3V 37
1 1
P2 =1x e = —— = 0.215atm
3 4.65

-1
3 3 TV v Y
) TJ’.’_‘ =Ty =T, = 'Vz,’_l =T (7;) |

= 273 (—\le 4-1
3V

N 273 273
273 |2 =S = 2
3 3 1.552

= 1759k = 176k

= T,

T, =176 — 273%

= - 97%



[2BSc.PHYSICS 3OFUNDAMENT LS .m.-‘.l,:‘_dRMODYNAMICS'
2. A certain volume of a gas at 10S N /m pressure ds thermally untll its
volumeis  doubled and then adiabatlcallyun,,;__,__ “volur ___1's rec_loubled. Find the

final pressure of the gas. [y 1 4]

ol R E
vew  B=?
A -ﬁ’i-‘.l‘O’j;fV; ~v
v,
P 05><10’N/m
Ld_mb_atlc_;’

=o.5x105x.2_}_4_'

_ 0.5x10°
2.63 |
5B =0.19x10°N/m?

3. A fixed mass of air at 1 atm pressure is compressed adiabatically to 5 atm allowed to
expand isothermally to its ongmal volume. Calculate the pressure at the end of

isothermal process. [y,,,, =1.4]
Sol:-
| R=lam ¥,

I
N




[ ACHARYA NAGARJUNA UNIVERSITY31CENTRE FOR DISTANCE EDUCATION |

Adiabatic compression:-

P, =Satm V,=?
RV =RV
yr - BW

2 })2

s14d
vy =2 _oaxpe
1 |
v, =020 xV

V, =03169V
Isothermal expansion:-

v,=V P =?

BV, =R,

_hbh
Vi
_5x0.3169¥
v

P,=1.5845~1.6atm

A

4. A mass of a gas occupies a volume of 4 litre at s pressure of'latm and a temperature
of 300 C .It is compressed adiabatically to a volume of 1 litre .Determine a)The final

pressure and b)the final temperature .Assuming it to be an ideal gas for which(7 = 14)

V, =4 lite P =lam T, = 300k

V,=llite  P,=2T,=?

Y 14
(a)=P,V, =PV =P, =P, (Y'—) =1 x(i)
| v, 1

= 44 = 8 am
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\r
/ (b) I - I = pzl—'y‘ = \(}?K] LI =T
Wil

=2x300 = 600K

T, = 600K = 600-273 = 327°C

5. A tyre pumped to a pressure of 3atm ,suddenly burst .Calculate the fall in temperature

due to adiabatic expansion .Temperature of the air before expansion is 27°C and y=1.4.
sol:-
B =3atm P, =latm
T, =27°C = 300K, T,=?
In-adiabatic process,
P'7T” = constant

Pl'-rT'r = le—rTZr

- -y |
TP_L=[£) .

pzl—y‘ ) | ‘ /\ .

b\ ’ |
e | |
/ J
_ =14 / | ' / .
7, =(3)™ x300=3)Tix300 | / /
27 \T x —( ) x !/ /
04 / /
T, =(3) " x300=3"% %300 / /
;“5 7;
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1

T, = %300 = x300 = 219.18K
87 |

302857
T, =219.18-273°C
T, =-53.82°C

6. 1gm of water (volumelcc) becomes 1671CC of steam when boiled at a pressure

of 1atm .The latent heat of vapourization it 540 cal/gm .Compute the external work done

and increase in internal energy (1 atm = 1.013 x 10° % 2)

sol:-
V, =lcc = 10° m’, m=1gm =107 kg, V, =1671cc =1671x10°m’

540 x 4.2
= cal/ - 540 x 42 J/ =72 J
L=340 /gm >40 x gm = 107 Ag

= 2.268 x 10° %g
dW = PaV = p(V,-V,)
=1.013 x 10° (1671x 10°~1x 10°)
= 1.013 x 1670 x 10° x 10
= 169.171 J
d0 = mL =107 x 2.268 x 10°.= 2.268 x 10°J

dQ
dQ = dU + dW = dU =dQ - dW

2268 J

= 2268 — 169.2

= 2098.8J = 2098
42

“dU = 499.7 cal



[ 2 B.Sc. PHYSICS 34FUNDAMENTALS OF THERMODYNAMICS

7. 1m® of water is converted into 1671 m® of steam at atmospheric pressure and 100°C
temperature .The latent heat of vapourization of water is 2.3x10°J/Kg . If 2Kg of
water be converted into stem at atmospheric pressure 100° C, then how will be the

~ increase in it’s internal energy.

- *Sol:-
P=1atm=1.01x10° N /m’
I =23x10°J/Kg

vapour
p=1.0x10’Kg/m’

m 2

V== = o5 =2x10Kg/m’

V, =1671x2x107m’ |
dW = PdV =1.01x10° x(1671x 2x10™ -2x107)

=1.01x10°x1671x2x10°®
=33734x10? '
=3.3734x10°J

dQ= mLWM,

=2x2.3x%10°
=4.6x10%J
=46x10°J

dQ = dU +dW
dU =dQ-dw

=46x10° -3.3734x10°
=42.6266x10°

- dU =4.263x10°J
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8. A reversible engine takes heat a source at 527° C and gives heat to the sink at 127° C.
If the power of engine is 750watts .What is the heat it takes per second from the source .

sol:-

T, = 527°% = 527 + 273 = 800K
T, = 127% = 127 + 273 = 400K

p= % =750 Watt, @ =?, T =lsec
77:1_._7.:2_ _i(_)g._—_é.l—}— =—l—
T 800 ' 2 2
v o1 750 '
77:———:— = — :$Q =750X2
g9 2 0 !
= 1500 J

9. The efficiency of a cornot’s engine is 25% .On réducing the temperature of the sink by

50° C the efficiency becomes 50% what are the soﬁrce and sink.

Sol:-
T,
n,=25% = Z‘aﬂlz "'3?—
1.5 _1
”l 7-;‘-.4
4 T
3 _ 14
—_— = s 1
=2-2 50
I =T, - 50
7]=50%=l
2 4 2 |
T 1 T,-50 1
=]-4==-o1- = —
772 T|I 2 ]; 2
] T, -50
> ]l-- =
| 2 (8
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T, - 50 '
2~ 1 T, - 50

L35 a1 = 150
T,-50 2 C

T, = 150K

T_4_ . 4L _ 4x150

, 3 ' 3 3

= 200K

10. The carnot’s engine with the cold ‘body 17° C has 30% efficiency .By how much

should be hot source alone be raised in temperature if it requires 60% efficiency.
Sol:-
T, =17% =17 + 273 = 290K

7, =30%=0.3

.

r .
=1--2=03
‘771 T

<1
:>1-O.3=£
T,
:>—TL=O.7:TI =~T2—
X 0.7

7 =29 _41428¢
0.7

m = 60% =0.6

’r;,=1—5=o.6‘
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= 1—0.’6}= L?
T

=>1?—=0.4::> 7}'=A
T, 0.4

7 =20 _ sk
0.4

T' -T =725-414.28K =310.72K

11. Carnot’s engine has the same efficiency between 1500K and 500K and T K and
1000K (being the temp of the sink in this case ).Find the value of T.

Sol:-
1* case:-

T =1500K, T,=S500K
2" case:- |

T,=T, T,=1000K

T, 1000
=1-2) 22

Given that 7 >7,
2 . 1000

L21-===
3T
1000 1

T 3
=T x1=3x1000

-~ T =3000K
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12. A camot’s refrigerator takes heat from water at 0° C and discards it to the room at the
temperature of 27° C. If 100Kg of water at 0° C are to be changed to ice what is the
required work in Joules. Latent heat of ice =3.4x10°J/Kg |
Sol:- "

T, =0°C = 273K
T, = 27°C = 27 + 273 = 300K
m = 100kg, Lice = 3.4 x 10° Yg =7

Q = mLice = 100 x 3.4 x 10°. = 3.4.x 10'J

o 0 ) 5__ _
-0 -0 - Q:[Qz ] Qg[Tz 1]
= 3.4 x10’ (ﬂ —l)

273

W =34 x10" x _2-7- = 0336 x 10'J
273

W =336 x10°J

13. Calculate the work done when a gm mole of a perfect gas expands isot!né_rmdh at
27°C to double its original volume (Given R=8.32 J/Kcal-mole) '

sol:-

T = 27°C = 300K

= J = = =
R =832 Acal‘ma[e’ W=2V,=V,V,=2V

=2.303x8.32x300x0.3010
=1726J

W = 2303 RT log,, (Z’ ) = 2.303 x 8.32 x 300 x log(zy)

2.20 Summary:
This lesson explains the complete basic fundamentals of thenlodynamncs

Hence the student learns about system and surroundings. Work done in an isothermal
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process and adiabatic process are explained efficiency of carnot’s reversible
heat engine is explained. First &second law of thermodynamics are explained relation
between Carnot’s theorem and second law of thermodynamics ;s discussed. ‘Absolute

scale of temperature is explained with division of scale.

2.21 Key words:
System, surroundings, equilibrium, isothermal, adiabatic, carnot’s reversible heat
engine, carnot’s theorem, absolute scale, first and second law of thermodynamics,

, reversible and irreversible process.

2.22 Self assessment questions:

1.Distinguish between isothermal and adiabatic processes. Derive the expressions. for
work done in isothermal and adiabatic process. ‘ |

2 Describe the working of carnot’s engine and derive an expression for efficiency.

3.State and explain carnot’s theorem. Explain the absolute scale of temperature.

Short answer questions.

1.explain first law of thérmodynamics.

2.explain second law of themodynémics.

3.derive clausius-clapeyron’s equation.

4.Explain irreversible and reversible process.

5.State and prove Carnot’s theorem.

6.What are the api)lications of first law of thermodynamics.

Exercies:-

1.How mech work must be supplied to transfer 1000J of heat ﬁ'om a cold reservour at

-73°C to the hot reservoir at 27°C by means of refrigerator .
‘ Ans:500J.
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T, = 27°C=27+273=300K

W=Q,-Q,=Q, [g;——

‘=-1000x%=500.'1

Hint:Q, =1000J, T, =-73°C ==73+273=273K

]=Q2[L_l]=looo[i°2-1] |
T, "L 200

40FUNDAMENTALS'OF THERMODYNAMICS

J

2.Assuming that a doniestic refregerator can be regarded as a reversible engine working

between 0°C "and 17°C Calculate the energ; that must be supplied to freeze 1Kg of

water already at 0°C
L=43x10°J/Kg

Hint:T, =0°C =0+273=273K,m =1Kg.

Q,=mL, =1x4.3x10°J

Q
W= — =Q,| =—-
(Q-Q)=Q [ 2,

T, =17°C =17+273=290K,L,, = 4.3x10°J/ Kg

}=Q2[I'--—l]=2.677x10‘J
T2

3.Calculate the workdone when a mole of an ideal gasexpande
isothermally at 123°Cto double its original volume,R=8.314 J/degree-mole. Ans:2305.3)

o

-

Hint:T=127°C =127 + 273 = 400K, R=8.314)/deg-mole.
W=2V, =V,V, = 2V.

| ‘_W=2.303RTlog,o(¥;—)

-

4.Calculate the workdone when a gm mole of an ideal gas expands isothermally at 27°C

to double its original volume. R=8.3J/Cal-mole.

l:Hint:T=27°C =300K,V, = V,V, = 2V,W=2 *\3RTlog,, (72)]

Ans:1726].
V.
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UNIT-I
LESSON-3

ENTROPY

Objectives:

In this lesson student will be able to know the following
1. Concept of éntropy ’

2. Physical significance of entropy

3. Entropy in reversible and irreversible processes

4. Entropy of universe

5. Change in entropy due to change of state.

‘Structure of lesson:-

3.1 Concept of entropy

32 Measnrrement of entropy

3.3 Change in entropy in a reversible process

3.4 Change in entropy in an irreversible process

3.5 Entropy and second law of thermodynamics

3.6 Entropy and disorder

3.7 Entropy of universe

3.8 Entropy and temperature diagram or T-dS diagram
3.9 Entropy of the perfeét gas

3.10 Change in entrop.y on heating a substance

3.11 Change in entropy when ice converts into stream
3.12 Change in entropy during free expansion

3.13 Solved examples o '

3.14 Summary

3.15 Keywords

3.16 Self assessment questions

3.17 Reference books
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3.1 Concept of entropy:-

Entropy is a Greek expression used for transformation concept we know that in an
isothermal process, temperature of the systeml'remains constant. In an adiabatic process,
Clausius showed that one property remains constant in an adiabatic processiand itis
called entropy. The entropy is denoted by S. |
Consider a graph which is drawn by taking pressure 'ong y-axis and volume along x-

- axis. Consider three isothermals at temperatures, 7, ~ and 7, as shown in Fig(3.1).

Fressurg —p

WOlume »>

Fig. (3.1).
Consider two adiabatic A and B én these isothermals. Let the intersecting points be a, b,
¢, d e, f. Let us assume that the system absorbs (), heat entropy at temperature T, from a
to b. Let the system rejects (, heat energy at temperature 7, from ¢ to d. We can

consider abcdé as carnot’s reversible cycle. We have the expression for the efficiency of

caritol’s engine as,

77—~1_.&_1_Z2_ :.gl_?i:>Q|=Ql
O, T, 0 T, T T,
Y =—Ql 0 = e =Q=constant
1, T T

The quantity % i5 a detinite thermal property of the working substance and is termed as

enlropy.
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Physical significancc of entropy:-

We have the e_xpression for the change of entropy as,

change of entropy = heat encrgy
temperature
a = %

T
Heat energy =change of entropy x temperature......(3.1)

In mechanics we have the formula
Gravitational potential energy =mgh

Gravitational potential energy= mass x height....(3.2)

If we compare equations (3.1) & (3.2) the height in gravitational potential energy
corresponds to temperature in heat enefgy. The mass in gravitational potential energy
corresponds to change of entropy in thermodynamics. Hence entropy may be thought of
asa property which bears to heat motion similar to that of mass in linear motion. Hence
entropy is also called as thermal inertia.

Entropy is not a physical quantity because there is nothing to represent it physically.
Hence it is called as thermal property.

3.2 Measurement of entropy:-

It is impossible to measure the absolute value of energy at any state. We always
measure the change in entropy.
Change in entropy =heat energy/temperature

If a small quantity of heat energy dQ is absorbed or rejected at constant temperature T,

the change in entropy is, AS = ng

If a system changes from state A to state B ,the change in entropy can be written as,

B
s,-S, = [

T

A
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Let us assume that the entropy in the initial state is zero. i.e., S, =0

8, -0= dQ =8, = a9
p T
So, by considering the entropy in the initial state as zero, we can determine the entropy in

the final state.

Consider a carnot’s reversible cycle ABCDA .Let us calculate the change in
entropy between the points D&B along the paths DAB and DCB .Change in entropy in an
adiabatic process from D to A is equal to zero .In an isothermal process from A to B ,the

heat energy absorbed is O, at temperature 7,.Change in entropy from A to B=%
I

Change in entropy between the points D and B along the paths DAB= 0+ 9 = 9

4
In isothermal process from D to C, 0, is the heat energy absorbed at temperature 7, .

Change in entropy from D to C =-Q—2—

2

In the adiabatic process from C to B the change in entropy =0.Change in entropy between

the paths D and B along the path DCB = —%+ 0= 2

2 !
From carnot’s reversible cycle we have, a = 1)
i 2
It means change in entropy between any two states depends only upon the initial and final

states but not upon the path.

3.3 Change in entropy in a reversible cycle:-
To calculate the change in entropy in a general reversible process, first of all let us
calculate the change in entropy in carnot’ s reversible cycle.

Consider a carnot’s reversible cycle ABCDA.In 1sothermal process from A to B,Q,

heat energy in absorbed at temperature 7, .




' [ACHARYA NAGARJUNA UNIVERSITY5 CENTRE FOR DISTANCE EDUCATION |

o

Increase in entropy from A to B= +T

In adiabatic expansion from B to C, change in entropy =0.In isothermal expansion from C
to D, 0, heat energy is rejected at temperature 7, . |

9

2

Decrease in entropy from Cto D =-

In adiabatic compression from D to A, change in entropy =0

Total change in entropy in carnot’s reversible cycle

=g+‘0——Qi+0=-Ql—&'='o --&LQ‘_z
I, I, L T, Y

It means the change in entropy in a carnot’s reversible cycle is zero .

A . JsO"',ﬂrma,
1l
?Lﬁ'; i 1 .""
£, § . "‘é
> "
Isotharmal  ©

. Fig (32

Now let us apply this to a general reversibie process-in which the system is changing
from state A to state B and then to state A. Now let us consider the number of carnot |
.c);cles abcd, efgh, ijkl, ‘mnbp, -------- on this general reversible proééss. But the paths | ,
bh.fl,jp----------- are traversed for twice in opposite directions. Due to this, the cffebt of .
these paths is zero. The resultant path is abefijmn-----opklghcda.

Since the change in entropy in each carnot cycle is zero, the.change in‘entropy in
aQ_,

these carnot’s cycles can be written as AS =¥, T



[2BScPHYSICS >~ 6 " ENTROPY

ol TN o ———————

gy,

Pressure -——p

o . o

Nolpme —w
Fig. (33)

If we consider a very large number of carnot cycles, the ngzag path converts
into a smooth curve from A to B and B to A.

The change in entropy in the reversible process is

dS:ji’TQ:o

It means in all reversible process the change in entropy is zero.

3.4 change in entropy in an irreversible process:-

The examples for irreversible process are conduction of heat, radiation
diffusion of gas, electricity through conductors etc.

consider an irreversible heat engine which is absorbing O, heat energy
from the hot body of temperature 7, and rejecting O, heat energy to the cold body of

temperature 7,.its efficiency can be written as,

Lo
"=

Consider a reversible heat engine which is operating betweén same two

' . T,
temperatures 7,K and 7,X .its efficiency can be written as, 77, =1 -——]% .

We know thatsn, <7,
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:1—&<1—£

1 I

2.9
L, T,

.0.0
L, T

. Q—z-—&>0

=
L T

=dS>0

= dS is positive
Since the change in entropy in a reversible cycle is zero, this increase in entropy is taking
place in irreversible process. It me‘an's‘.i'n all ifreversible proceéées the value of enfroli')'

increases.

3.5 Entropy and second law of t'he'rmodynamics:—v !

The second law of thermodynamics is a law which is connected with the direction |
in which any chemical or physical process involving energy"cha'nge takes place.In |
reversible process the change in entropy is zero and in-irreversible process the value of
entropy increases.Basing on this the second law of thermodynamics is expressed as -

_below. | | _'
A natural process that starts in one equilibrium state and ends in another
- equilibrium state will go in a direction that causes the entropy of the system, plus
environment to increase. _
Let the system is changed from initial state A to final state B. In this proceés the
change in entropy is, ‘ '
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B
s,-S, = [2

T

A

If the system absorbs a small quantity of heat energy dQ at constant temperature T, the

change in entropy is
dsS = f’-TQ[-.- dQ =TdS)

This equation is called mathematical form of second law of thermodynamics.
The basic principle of entropy explains both the statements of second law of
thermodynamics as below.
1. According to Kelvin’s statement “it is impossible to draw the heat energy from a body
by decreasing it to teniperatute less than the temperature of the surroundings”. Let us |

assume that it is possible.

If the heat engine draws Q units heat energy from a body of temperature T, the

decrease in entropy is -%' Since the working substance gains the initial state, its change

in entropy is zero.Hence the total change in entropy is —% .The decrease in entropy of

the system is against the principle of entropy.

2. According to Clausius statement “it is impossible for any self acting machine to
transfer heat energy from cold body to hot body without having any aid from external -
agency.”Let us assume that it is possible, a heat engine (refrigeratdr) is transférring Q

units heat energy from the cold body of temperature T, to the hot body of temperature7,.

Decrease in entropy of the cold body =-

Q
5

0

Increase in entropy of the hot body = +?
1

The entropy of the workiné substance is considered as remains constant.

Total changc\a in entronyv.
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This shows that the total energy of the system and surroundings is decreasing. It is

against the principle of entropy.

3.6 Entropy and Disorder:-
The solid state is an orderly state as the arrangement of molecules can -
be specified because they are held by intermolecular forces. Here the orderliness is more:
and disorder is less. When the solid is converted into liquid, the liquid molecules can
move from one place to another place within the liquid. As a result the disorder increases
and entropy increases .When the liquid is converted into vapour the disorder further
increases, because the gas molecules can move randomly in all possible directions with
all possible velocities. Due to this the entropy also increases. The converse of this effect
is also true. it means if steam is converted into water disorder and exitmpy. will decrease:-
If water is converted into ice again disorder and entropy will decrease.
The entropy of a system is the measure of the degree of the dlSOl'dCl‘
prevailing among the molecules
Examples:-‘ |
1. Free expansion: - Consider two bulbs A and B which are connected by means ofa
narrow tube and separated by using a stop cock The bulb A is completely filled with gas
and bulb B is evacuated. If the stopcock is pulled suddenly the gas rushes from bulb A to
bulb B. It is an irreversible process.
Before pulling the stopcock all the gas molecules are present in bulb A. When the
stopcock is pulled the gas molecules are present in bulb A and bulb B. Due to this the
disorder is increased and entropy also increases.

2.Conduction of heat:- Consider two bodies at temperatures 7K and T,K . Let
I;,>T, Now the rms veloclty of the molecules in the first body is greater thag,the rms
velocity of the molecules in the second body. When both the bodies are made in contact
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conduction of heat takes place. They acquire a common temperature TK. Now both the
bodies are separated.. The rms velocity of the molecules in these bodies is same. It means
the classification is less when compared to the initial stage. It indicates that the disorder is
increased. It is also an irreversible process. Therefore entropy increases due to conduction

of heat.

3.7 Entropy-of universe:-
' In a reversible process the entropy remains constant-where as in an irreversible
. process the entropy is increases. In the universe almost all the process are irreversible and
entropy is increasing.
: According to the principle of degradation of energy the available energy of
the universe is tending towards zero. ‘ L
Consider a carnot’s engihe which is dperating'between the temperaturés T, and

T, Let it is absorbing O, heat energy from the hot body of temperature 7| and rejecting |

0, heat energy to the cold body of temperature 7, . Available energy for work=0, -0,

[ ~Qz".
o)1-2]

T
~ 1‘5:‘]

If Q is the heat energy absorbed from the hot body available energy for work

=0l1-22
o)-%]
Now let us consider still lower temperature T; . If the engine is operated between the

temperatures 7, and 7.

T,

" available energy for work = Q[l - F"}
1

If the engine is operated between temperatures 7, andT;,

T
available energy for work = Q[I - %]
2]
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when the engine is operated between the temperatures T, and T, ,

Loss of available energy= Q| 1- L Q 1—1;’- ,
| I T

_— _g.]_:)..r_'.%.
=9 T 2t T

1 2

9% _Oh
L T

=7},xd$’ .

where dS is change in'entropyf.l
As irreversible procesé is continuously going on in nature, the entropy is increasing
- while the available energy of the uhiversaiscontiﬁdodsly decreasing.
3.8 Temperature -entropy diagram of T-dS diagram or T-S diagram:-
In carnot’s reversible cycle, the working substance undergoes the following

four operations.

_A lsotheeral B

s

s £
f%ﬁ?%

féﬁ?fiﬁ'.ﬁ,&y’ Vi
O isothermal

-8 Adizbatic

(2) | | {h)
Fig. (3.4)
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1. During isothermal expansion from A to B,Q, heat energy is absorbed at constant
temperature 7] .
" 2. During adiabatic expansion from B to C, the temperature decreases from 7; to T,.
3. During isothermal compression__frem C to D, 0, heat energy is rejected at |
temperature T, . | ”
4. During adiabatic compression from D to A, the temperamre is increased from T to T;.

In a graph which is drawn taking pressure and volume along Y and X-axis, the
curves are obtained as shown. ‘ ‘

In these four operations are drawn in a graph taking temperature along Y-axis and
entropy along X-axis we can obtain four lines as shown.

1. During isothermal expansxon, temperature 7, is constant and the entropy is mcreased _

from S, to S by absorbmg O, heat energy - )

2. During adiabatic expansion from B to C, the temperature decreases from It T, at
constant entropy S, .

3. Duﬁng isothermal compression from C to D, 0, heat energy is rejected at constant
temperature 7, and the entropy is decreased from S, t6'S,.

4. During adiabatic coxhpression from D to A, the temperature raises trom T, to T at
constant entropy S, . | R

From second law of thermodynamics we have, ds =iTQ— =d0=TdS:

The heat energy absorbed Q, during isothermal expansidp from A to B i's.. '
=T,(S,-S)) —~AF(0E OF) = 4Fx FE
Ql —jarea AFEB | 4 |
The heat energy rejected ( Q,) during isothermal E_compressiqg fmm CtoDis
Q, =T,(S, - 5,) = DF(OE - OF) = DF x FE
! Q,=area DFEC‘
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The heat energy which is converted into work is W = 0-0,
=area AFEB-area DFEC
- =area ABCD
The efficiency of the heat engine is

”____=Q Q2 AreaABCD _ ADxAB - AF-DF T T,
o 0 AreaAFEB AFxAB  AF T,

T,
=1-22
=T

Thus the efficiency of carnot’s reversible cycle can be obtained using entropy -

temperature diagram.

Uses of T-S diagram:-
1. They are used in meteorology.
2. They are of great use in predicting the defects in the performance of the engine.
" 3. To check the efficiency of heat engine.
4. To obtain the work value of the fuel used.

3.9 Entropy of the perfect gas:-
' Consider one mole of perfect gas .Let its pressure be P, volume be V and
temperature be T.
| From first law of thermodynamics we have,dQ =dU +dW ...... G. 3)
'Due to absorption of heat, let us assume that the internal energy is increased initially. If
C, is the specific heat at constant volume and dT is the increase in temperature, the
increase in internal energy is dU =C,,dT
Later on, if the external work is done and the volume is increased by.dV, the external
work done isdW = PdV | ‘
Writing these values in equation (1) we get,

dW =C,dT + PdV ....(3.4)




[ 2 B.Sc PHYSICS

14

ENTROPY |
dQ =Tds...(3.5)

From equations (3.4) and (3.5) we can write, 7dS =C,dT + PdV

C RdV * PV =RT

AT +—..... 3.6

= —(36) P _R
1T VvV

g CAdT+PAV _ o C,

Let the initial volume, temperature and entropy beV,,T, and S,
Let the final volume, temperature and entropy beV,, T, and S

VIntegrating equation (3.6) and applying these limits we get

j ds = j —£.dT + j [RaV =[S =, [log, 7T +R[log, V]!
| T v
S, -8 =C,1 L : L
=8,-5,=C, ogf(];J+Rloge(K)
. . o 'T f
~S, =8, =2.303[Cv log,o(T )+R log,, (7)} (3. 7)

It is the change in entropy in terms of temperature and volume

To calculate the change in entropy in terms of temperature and pressure we have to
eliminate volume.

For one mole of perfect gas we have PV=RT
differentiating we get, PdV + VdP= RdT

PdV = RAT —Vdp = dv = XL VP

~ writing equations (3.8) in equation (3.6) we get

dS:_CLdTJr_J_g[RdT—VdP]
T vL P
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G R -
7"-dT +R—T[RdT ~VdP]['+ PV = RT]
_Cv gy RdT _vaP

T T

~

o d
=C, 7~V [+C,-C,=R=C,=C,+K]

dS=C, d%—%dP‘ [- PV = RT].uecevrrrnni(3.9)

Let the initial pressure, temperature and entropy be P, 7, and S,

e

Let the final pressure, temperature and entropy be .Pf ,Trand S, '

Integrating the above equations and applying these limits we get,
) 7 ’r » '

fas=c, [L-r[Z

S A
ST =C;[10g, TT) — Rtog, P];/

L T Pf
=8,-8,=C,log, T - Rlog, 3l

T (P |
s,-s,.=2.303[0,,1og,o[7f]—xloglo(;f-)J ...... (3.10)

i i

It is the change in entropy in terms of temperature and pressure.

To calculate the change in entropy in terms of pressure and volume we have to

eliminate the tmperature .
For one mole of perfect gas we get, PV = RT

Differentiating this we get

PdV +VdP = RdT

dT = Pav 1—; vdpP

........... Gy oo .
writing equation (3.11) in equation (3.6) we g » _
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C, (PdV +VdP) RdV
ds=—-xt
T R V

_c, PdV + VdP) N RdV
PV 14

(dV dP) RdV
..C + ———
v P V

=CdV ng RdvV
14 P 14

av dP
=(C. & o
(C,+R) 7 +C, >

=c,,d7V+cy%Ii[-.- C,-C, =R=C,=C,+R]

as =G+, i’ﬁ ........ (3.12)

Let the initial pressure,volume and entropy be P,7, and §,
Let the final pressure, volume and entropy be Pf s Tf andS,.
Integrating this equation and applying these limits we get,
s '

dechj

?1

[S]; =C:[log. V]; +C, [log, P
=8,-8 = 2.303C, [log, V]::{ +C, [log,, P];’

=8-S = 2.303[0P log,, (-X-f) +C, logm(%—)] ..... .(3.13)

It is the expression for change in entropy in terms of pressure and volume .

3.10.Change in entropy on heating a substance :-
Consider a substance (solid or liquid ) of mass m and specific heat ¢ .By absorbing
- small amount of heat energy dQ , let the temperature of the substance is increased by dT.’

- dQ = medT
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The increase in entropy is

By absorbing the heat energy if the temperature of the substance is changed from T, to

T, ,then the change in entropy is

as = IdQ ImCdT crj'g = mc[loge T];z
T,

dS =mclog, (—le
T

~.dS =2.303 log,o(

?J (3.14)

It is the expression for the change in entroﬁy of the substance in the same state .

3.11. Change in entropy when ice converts into steam:-
Consider m units mass of ice at 7K (0°C).Let L, be the latent heat of ice and L., be
the latent heat of steam. Let C be the specific heat of water.
1. For the conversion of ice at T,K to water at T, K, the heat energy required
isdQ=mL,_,
Change in entropy is dS, = 9 =l

i i

(3.15)

It is the expression for change in entropy when ice converts into water at ;K
2.Now we have to obtain the change in entropy when ice converts into water at 7, K.
By absorbing small amouint of heat énergy dQ, let the temperature of water is raised
by dT.
~.dQ =mcdT

dQ mcdT
T T

Here the change in entropy is AS
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The change in entropy when water at 7K is changed into water at T,Kis

s _"edQ _"pmcdl
0T -] T
T L

‘ T
ds., =mclog | =~
2 mc gL(T)

1

=mc|log, T]::

ds, =2.303mclog,, (E) ........ (3.16)

It is the expfession for change in entropy when water at 7,K is changed irto water alc
T, K. |

3. Now we have to calculate Fhe change in entroi)y when water at T2 K converts into
steam atT, K |

The amount of heat energy required to convert water into steam-is dQ =mlL_,,,

The change in entropy when water converts into steam at* T; K is

dQ mL o
das, = —= =2t (3.17

The total change in entropy when ice at 7K is changed intosteain‘-at T, K is obtained
adding equation (3.15).(3.16) and (3.17)-
- dS =dS, +dS, +4ds,

mlL. T, mL oy
dS = Zice 4 2 303melog.. | 22 |4 —Tseam  (3.18)
T mc 10g;, ( T } T ( )

) 4

3.12.Change in entropy during free expansion:-

Consider u moles of an ideal gas in vessel A. Both vessels A and B are thermally
insulated, connected by a narrow tube-and separated by a stop.cock .The bulb B is
completely evacuated.

When fhe_gop cock is pulled suddenly, the gas rushes from bulb A to B. The expansion is

called free expansion. Since the gas is entering into vacuum,the work done by the gas is
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zero. At the same time, the internal energy U is constant due to constant temperature The

change in internnl er-igy is zero i.e., dU=)
The heat energy supplied is zero i.e., dQ=0
Here we are not in a position to calculate the change in entropy. But actualiy free
expansion is an irreversible process in which entropy increases .So we consider an
equivalent reversible process to obtain the change in entropy.
F romA first law of thermodynamics we have, dQ = dU + dW
For an ideal gas, U is constant in free expansion, it means dU=0
dQ=0+dW =dw

dQ = Pdv
k dQ-“RT dv [+ PV = uRT]
a0 dv
= yRZ
T Ty
The change in entropy is
dQ dv
AS =—== yR—
T

The change in entropy when the volume of the gas is changed fromV, to V; is
ds = .f— = IM == I——— = uR loge V]z:
rY
dS = uRlog,| %
R, ( a

ds =2.303uRlog,, (%)

It is the increase in entropy during free expansion. Since V,>V,. The increase in entropy

of the universe due to free expansion can also be written as
v,
dS =2.303uRlog,, v
1

3.13 Solved examples:- |

Formulae:

1. Change in entropy when the temperature of the substance is changed is
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-.dS =2.303mclog,, (%—) -—-——=(3.14)

1

2. Change in entropy wben the state of the substance in changed is

3. Change in entropy when the volume of substance is changed is
£
dS =2.303uRlog,, v
1

where x is number of moles.

4. Change in entropy when the same substance of equal masses at different temperature

are mixed with each other is dS =2mclog, M
IL,
1. One gram mole of a perfect gas expands isothermally to four txmes its mltlal value.
Calculate the change in its entropy in terms of gas constant R?

£ do _ ¢ dw _"; Pdv
Sol ds = rav _
olution: ﬁ[ T ; T I I—dV =R I

= R[log, ¥]; = Rlog, (%—J =2.303Rlog,, [%) |
‘ 1/ S|

Vi=V.V,=4V,
dS =2.303x Rlog,o(tﬁ/)

=2.303x R x 0.6020
dS=1.386R J/K | |
2. 0ne Kg of ice at 0°C is melted and converted to water at 0°C. Compute the Chang.e‘ in
entropy . Given that latent heat of L, =3.34 J/Kg '

m=1Kg,T =0°C = 273K, L, =3.34x10°J / Kg

. 5
dS—-‘Q mL,, ___1x3.34><10 =O.01222x105
T T 273 '

ds =1.222x10°J/Kg
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3. One Kg of boiling water at 100°C is ‘mixed with one Kg of water at 0°C . Ca.lculate the
change in entropy.

Solution:-

¢/ dS =2mclog, St
2T,

m=1Kg,C = 4.2x10° %(_Kg

T =0°C=0+273=273K
T, =100°C =100+273=373K .
ds=?
| 273+373
dS=2303x2x1x4.2x10%x log,, { ————su—
Bio {2J273-+ 373}

=19.345x103xlog,o{ 646 }
: 24101829

323
=19.345x10° xlog,, 4 —>}
| * x°-g.‘°{319.106}

=19.345x10° xlog,, 1.0122 =19.345x10° x0.0052

=0.10059x10’
ds =100.59J/ K

4, Calculate the change in ghtropy when 10 Kg of ice at 0°C is changed to water at
0 _goKCal/ | c-
2°C (L,u =80 %{g)
Solution:-
m=10Kg,T, = 0°C = 273k,T; = 2°C = 2+ 273 = 275k

L,, =80kcal /| Kg =80x10°x4.2J | Kg =336x10° =3.36x10°J / Kg -,
specific heat of water ' ' :
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42J
. C=1cal e = 3J :
=1ca K=T05Kez 42x10 /B; ole

when ice Tk is changed to water at T}k we have

mLicc
T
when ice 7;k is changed to water at T,k we have

ds, =

dS, =2.303mclog,, g—f—)

ds = dS, +ds, = mL, +2.303mclog,, | L)
T T
S
_10x3.36x107 5 303x10x4.2%10° xlog,, (2—73)
273 | 273
=0.1236x10° +0.028x 10*

=1.236x10* +0.028x10* =(1.236+0.028)x10°
= «10%J

ds =1.264x10 A(

3.14 Summary:-

This lesson explains, what is entropy.How entropy can be measured.

What is its physical significance? How the entropy of universe is changing.

3.15 Keywords:-

Entropy, free expansion, reversible process, irreversible process, universe.
3.16 Self assessment questions:-
Long answer QUestidns

1. Define entropy? what is the physical significance of entropy? Derive change in

entropy in reversible and irreversible process.
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2. Explain the concept of write about entropy. Explairi T-dS diagram. Derive the
expression for efficiency using it. What are the uses of T-dS diagram.

Short answer questions

1. Explain change in entropy in free expansion o
2. Explain the concept of entropy and second law of thermodynamics

3. Describe the change in entropy of universe,

Exercises:-

1. Calculate the change in entropy when 300 gm of lead melts at373°C Lead has the
latent heat of fusion as 5.85 cal/gm.

_hint:ds-—dg— mLﬁm’"
. T T

ans:12.28J/k] |

2.Find the increase in entropy when 10 gm of i ice at 0°C is converted into water at

same temperature, given that latent heat of fusion of ice is 80 cal/gm.

L
hint:ds = 22 _ Mhpson _10x80 _, o0 o
T T 273

3.Find the change in entropy when 0.1 kg of ice at —10°C is completely converted

into steam at 100°c .Given speclﬁc heax of ice =2100 J/kg-k; Latent heat of fus1on of
ice=80 cal/gm.

Lo =540cal | gm

dS =dS, +dS, +dS, +ds, =2.303xmélog,o(',ll: )
1

2 2

Ans=867.9J / k

‘ee +2.303melog,, (%) "L eon

<
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"UNIT -1
LESSON-4
MAXWELL’S EQUATIQNS AND
| THERMODYNAMIC POTENTIALS
Objectives:
We will be able to learn in this following lesson:
1. The energy functions of thermodynamncs which are called as thermodynamic |
potentlals v
2. Using thermodynamic potentials; Maxwell equatlons are: denved
. 3. Alternative derivation of maxwell equations is dlscussed

4. Difference of specific heats and ratio of specific heats are obtained.

5. Joule-Kelvin effect and its expréssion using Maxwell’s equations.

Structure of the lesson :
4.1 Introduction
4.2 Thermodynamic potentials‘
a) Internal energy (U)
b) Helmholtz function (F)
¢) Enthalpy or total heat energy function (H)
d) Gibb’s function (G) |
4.3 Maxwell’s equations (alternative treatment)
4.4 Ratio of specific heats ‘
4.5 Difference of specific heats
4.6 Joule Kelvin effect and Joule Kelvin coefficient
-4.7 First and second T-dS equations
.A 4.8 Solved problems
‘4.9 Summary
4.lb keywords
4.118Self assessment questions
4.12Refercnce books
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4.1 Introduction:
Thermodynamical state of a system may be represented by
thermodynamic variables like pressure‘P, volume V, temperature T and entropy S.
We have first and second law of thermodynamics as
dQ=dU+PdV and dQ=TdS
Using four thermodynamic variables and these equations we can formulate number
of relations. In these only four relations are important and they are called as Maxwell’s

equations. At each time two variables are independent and other two are dependent.

4.2 Thermodynamic Potentials:

Thermodynamic functions or potentials are energy functions which
are formed by combining the basic therrqodynamic variables. They are internal energy U,
Helmholtz function F, enthalpy or total heat energy functions H and Gibb’s function G.
a) Internal Energy (U):-

The internal energy (U) of the system is the energy whiéh it possess due to its
molecular constitution and motion. This is the sum of kinetic energy and potential energy
of the molecule.

From first and second law of thermodynamics we have,

dQ = dU + PV ......(4.1)
dQ = TdS.......(4.2)

From these two equations we can write,
dU + PdV =TdS = dU =TdS - PdV ...(4.3)

Taking the partial derivative of U with respect to S at constant volume V we get,

Taking the partizil derivative of U with respect to V at constant entropy S we get,\
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[ﬁj—] =Tx0-2x1
s

ov

), {5)
?) (7)....

It is called first Maxwell’s thermodynamic relation;

b) Helmholtz functien (F) :-

From equation (4.3) we have,

dU =TdS - Pdv
dU-TdS==PdV.....(4.6)
If the process is isothermal the temperature T is constant.
Now we can write TdS=d(TS)
Writing this in equatidn (4.6) we get,
dU-d(1IS)=—-Pay
d[U-TS]=-Pdy
Let U-TS=F, where F is called as Helmholtz free energy function or work function.
LF=U-TS........ 4.7
Taking small change in F we get,

dlF’ =dU - TdS - SdT
dF =T1dS - PdV —TdS - SdT
dF =—~PdV - SdT

Taking the panial derivative of F with respect to V at constant temperature we get,
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Taking the partial derivative of F with respect to T at constant volume V we get

(QF—) =0-Sx1:
oT ),

oF)
('a?)y = —S......(4.9)

SincenF is perfect differentiable we can write,
2] - ;a_(éf_) ‘
ov\er),), |oT\oV )},

7] 0

—(-S){ =|—=—(-P

ERIRES

| éi) __(?ﬁ)

\ov ), \aoT),

A(E) (Z) e

It is called the second Maxwell’s thermodynamic relation.

c¢) Enthalpy of Total energy function(H) :-

The Enthalpy or Total energy function is defined as
H=U+PV....... (4.10)
Considering a small change in H we get,

dH = dU + PdV +VdP
=TdS - PdV + PdV +VdP
dH =TdS +VdP......... 4.11)

Taking the partial derivative of H with respect to S at constant pressure P we get,




[ ACHARYA NAGARJUNA UNIVERSITYS CENTRE FOR DISTAN CE EDUCATION I
(6_11) =Tx1+0
as Jp

()

Taking the partial derivative of H with i‘espect to P at constant S we get,

(é—f{) =0+Vx1
OP )g

(QH_’) v
oP )

Since H is perfect differentiable we can write,

L EF]
#0) 50

’_6_[) =(6_V) (111)
2P ), S P .......

This equation is called third Maxwell’s thermbdynamic relation.

d) Gibb’s function (G) :- ‘ , o
Enthalpy is an extensive thermal property and it is mathematically defined
as H=U+PV......... (4.10)
Considering a small change in H we get,
dH =dU + PdV +VdP _
dH =TdS - PdV + PdV + VdP (using equation 4.3)
dH=TdS+VdP........(4.1])

If the process is isothermal ; the temperature T is constant

. TdS = d(TS)
If the process is isobaric, the pressure P is constant

~dP=0

If the process is isothermal as: well as isobaric equation (4.11) becomes
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dH =d(TS)+0
dH-d(TS)=0

d(H-1S)=0

dG=0

WhereG = H~T5.......... (4.12)

and it is called as Gibb’s function.

The Gibb’s function G is constant and minimum, if the process is isothermal and
isobaric.
Considering a small change in G we get,
dG = dH - TdS - SdT
U.sing\equation 4.1 I) in thlS éqﬁation we get,

dG = TdS + VdP - TdS - SdT
dG=VdP-SdT.........(4.13)

Taking the partial derivative of G with respect to P at constant T we get,

(QG-—) =Vx1-0
oP ),

()

Taking the partial derivative of G with respectto T at constant pressure P we get,

(ﬁ) =0-Sx1
ar ), ’

(E) --§
ar J,

Since G is perfect differentiable we can write,
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F)-)
)5
(g)r 5 _(%)P .......... @)

It is called the fourth Maxwell’s thermodynamic relation.
Importance :-

1. The change in internal energy when a system changes from one state to another is
independent of the path followed between the two states.

2. In an isothermal process, the decrease in Helmholtz free energy (F) is a measure -
of the maximum work obtainable from chaﬁge in state(-dF=dW) | ,

3. Enthalpy (H) is an extensive thermal property of the system. The change in
enthalpy is equal to the quantity of heat given to the system for the change of state at

constant pressure. , '
4. /Gibb’s free energy function (G) is a characteristic property of a system. In an
isothermal and isobaric process dG=0 . It means Gibb’s function G is constant and

minimum.
4.3 Maxwell’s thermodynamics relations(Alternative derivation) :

The internal Energy of a system is completely described by volumeV and temperature T.
Due to this we can write the independent variables as pressure P, volumeV, temperature T,
entropy S and internal energy U. '

From 1* and 2™ law of thermodynamics we have,

dQ=dU+PdV........(41)
dQ=T4dS........(42)
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Taking two independent variables at each time and using first and second law of
thermodynamics we can obtai;i number of relations .In these relations only four relations
are important. They' are called Maxwell’s thermodynamic relations.
From equations (4.1) and (4.2) we can write,

dU +PdV =TdS = dU =TdS-PdV ............ 4.3) _
We have to take two independent variables at each time .Let us assume the independent -
variables as x and y. Now we can write dU, dS and dV in terms of partial derivations as

below.

dU=(§E) dx +(-(-39—) dy
ax y ay x

a8 as
ds=| 2| dx+[21 d (4.
(ax), x+'(3Y)x y 4.14)

dV=(§Y) dx+(-a-‘1) dy

ax y ay X

Wriﬁng equation (4.14) in equation(4.3) we get,

W) g e[ ayo1](25) a3 gy |p[2Y) axs(2Y

(3 (3) ) (5) ) () o

* Comparing the coefficients of dx and dy we get

(a_u) =T(§§) —P(g\—,) ————————————— (4.15)
ox y ox J, ox: y '
(@) =T(QS-J'-P(9X) -------------- (4.16)
o), \&), \ay),
Differentiating equation (4.15) with respect to y we get A
2 2 2
ou =(_qr_) (_a_s_) +T-‘?-§—(-‘?}_’) (ﬂ) Y ——(@417)
oy \oy)\ox),” oxdy \oy)\ox),  owoy
Diﬂ’erenﬁating equation (4.16) with respect to y we get
2 ¢ . (AP [ Y,
20(2)(8) (8] () + B
axdy \oy)\ax),” axoy \oy)\ox), " ooy

Since u, s and v are perfect differentiable we can write,
- 9*U _ U 9’8 _ 'S Vv _ Y
Oyox Oxdy Oydx Oxdy Oyox Oxdy

(4.19)
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Writirig equations(4.19) in equations (4.17) and (4.18) we get,

R N E——

It is the general expression using which we can obtain the required thermodynamic
' relations. . (
(i) Let the independent variablesbe Sand V . -
x=S,y=V

RN A Y A
ox oy oy ox

Writing these values in equation (4.20) we get,

(“’T) x1-0= o(a") “1
av ) a8 )y

orT oP
(5 g e

Itis céll_éd first Maxwell’s thermodynamic relation.

(ii) Now let us choose the iridependent variables as temperature ‘T° and volume ‘V’

Writingjthese values in equation(4.20) we get,

0-0= 1(35) (QP-) x1
av), \ar),

() ()
v ), \aT)y

It is called second Maxwell’s thermodynamic relation. .
(iii) Let us choose the independent variables as entropy S and pressure P..
ie, x=S,y=P

o _ P S oP

2,5 =1,2=0%=0
& ey oy &

Writing these values in equation (4.20) we get,
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(Q—T—J xl—lx(-al) =0
oP J oS Jp

:(ﬂ) =(—‘3X) ————————————— am
o )\ ), ~

It is called third Maxwell’s thermodynamic relation.

(iv)Let us choose the independent variables as temperature T and pressure P.

ie, x=T,y=P
g:l,a_P=l,?j—=O,-a—P=O
ox oy Oy ox -

Writing these values in equation (4.20) we get,

O—-lx(—q\—l) =1x(§§) x -0
T J, oP ),

=(%) (&) ----------- )
or ), = \ap ).

It is called fourth Maxwell’s thermodynamic relation
4.4 Ratio of specific heats:

In the case of solids and liquids ,the change in volume is very small with the increase in
‘temperature .But In case of gases , volume and 'pressure will changes with change in

temperature to the greater extent by the absorbing the heat energy.
Specific heat at constant pressure(C, ):

Specific heat at constant pressure is defined as the amount of heat energy required to raise

the temperature of unit mass of the substance by 1 °C or 1K at constant pressure.

c,,=(iQ_.) =T(—a§) ................ (4.21)
or ), ~\aT ), -




[ ACHARYA NAGARJUNA UNIVERSITY11 CENTRE FOR DISTANCE EDUCATIONT

Specific heat at constant volume(C, ): |

Specific heat at constant volume is defined as the amount of heat energy required to raise-

the temperature of unit mass of the substance by 1C or 1K at constant volume.

R
ACy= =2 =T 2| e 42
(61‘ . ; (4.22)

'The Bulk modulus of elasticity can be written as,

. .. Stress oP oP )
™ Sitrain _( v ) (av)
\'/
In an adiabatic process entropy Sis cohstant .So we can write,
N . . oP
Adiabatic elasticity= E; =-V (——) ........... (4.23)
ov Js ,

In an isothermal process temperature T is constant .so we can write

Isothermal elasticity=E; = -V (g—s-) .......... (4.24)
) T

The ratio of adiabatic and isothermal elasticities can be written as
(5] (3
Eq  \av); _\av)
IS ()
oV )y \oV )y,

. (22) (2)(@)

1%

m

=8 =
" &%) EF)
88’ av), \as)\av ),

Using four MaxWell equations, in this equation we get,
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(2)(5), (22

E, _\av)y \as)y |av ! | as _(8s) (T

2w e B B 218
av ), \ 0T ),

_E__(_ai) (Q

“E, \8TJ, as)\,

This equation can be written as

g, (7l o) o

It means the ratio of adiabatic and isothermal elasticity is equal to the ratio of the two

specific heats.
4.5 Difference of two specific heats:

In the case of solids and liquids, the change in volume is very small with the increase in
temperature. But in case of gases, the volume and pressure changés with temperature to the
greater extent by the absorbing the heat energy. Due to this reason, two specific heats are
considered for gases.

Specific heat at constant pressure(C, ):

Specific heat at constant pressure is defined as the amount of heat energy required fo raise

the temperature of unit mass of the substance by 1°C or 1K at constant pressure.

80) _.(88Y
C= (ar) T(aT) (421)

Speclfic heat at constant volume(C, ):
Specific heat at constant volume is defined as the amount of heat energy required to raise

the temperature of unit mass of the substance by 1°C or 1K at constant volume.
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¢ - (GQ) T(ﬁ) ________ (4.22)
or or ),

- G, is always greater than C, (C, >C,).

The reason is, in the case of C,, the heat energy which is supplied to the gas is utilised to
increase the temperature of the gas and to do the external work In the case of C,,, the entire
heat energy is utilized to increase the temperature of the gas only. Hence C, is always

- greater than C,

.- (aQJ %)
ar ), \or ),
()
oo or aT ),
~C,~C, THGS) (2‘5) ]__-____(4,25)/' N
or ), \ar),

Let us assume the entropy ‘S’ as a function of volume V and temperature T.
~S=fV,T)

Writing S in terms of partial derivatives we can write,

ds = ("’S) dT+ (35) v
oT v ),

Dividing with dT and taking pressure P as constant we get,
as) -[asj (as) (aV)
— | == xl+|—| | —
or or ov).\aoT ),
(2)-(2)-5) (&)
oT or ov ).\oT ),

- Writing equation (4.26) in equation(4.25) we get,

C,-C, T(aS ) (i‘i) _________ “27)
av ).\ et ), _

From second Maxwell’s thermodynamic relation we have,

| (&)%)

 Substituting this equation in (4.27) we get
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C,-C, T(ap) (aV) —————(4.28)
oT ),\aT ), ,
It is the expression for the difference of specific heats.
- Case (1) perfect gas:-
For 1mole of a perfect gas we have, PV=RT--------er-e-muu- (4.29) -
Differentiating equation (4.29) with respect to temperature T at constant volume V we get,
(E) <V = Rxl:(a”) @30
oT ), oT v
Differentiating equation (4.29) with respect to temperature T at constant pressure P
 Weget Px(‘?-’f) =Rx1=> (aV) R (431
orT ), oTr ), P
Writing equation(4.30) and (4.31) in equation (4.28) we get,
C -C, =T R R_T-R R_
Vv P RT
C,~C, = R--mmermermmenan (4.32)

(if) Vanderwaal’s equation:

For ordinary gases we have the Vanderwaal’s equation as

(P-I—‘%)(V—b):RT

(PJ'"I%) - (VR—T b)

P+aV? =RT(V-b)"' ————- 4.33) |
Differentiating equation (4.33) with respect to ‘T ‘at constant volume “V’ we get,
(95), +0=Rx1x(V-b)"
aT J,
oP R
Y i L S 4.34
(aT) V-5 (439

Differentiating equation (4.33) with respect to temperature T at constant pressure P we get,
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— a 4 a
0+a(=2)/3 o = RT(=1)(V - b)2 o + Rx1x(V —b)"!
-2 (aT),, =1 ) (GT],, , Bx( H)

2a(aVJ RT (6V) R
D-—l=| == +
v:\er), w-b?\or), (V-b)
RT (6V) Za(aV) R
= —_— ] ———)f — =—_—
(v-by\or ), v:\or), (Vv-b)
(6VJ RT  2a R
= — —— e [ ——
oT J,L(V-b) V| (V-b)

R
:(5_”] =[ s (4.35)

aT RT  2a
V-5 V?

| Writing equations (4.35 ) and (4.34) in equation(4.28) we get,

C.—-C, =Tx—F i
P (V-b) | RT  2a
V-bP V?

_ TR?

- RT 2a
V—b) -
v=9 [(V—b)’ VJ]
TR?
2a(V - by’

-

v G -G,

C,-C, =
RT

LV >>b,(V-b)Y =12

TR? TR?
CP_CV:RT 2a7* —RT[I—Z—G]
V3 VRT |
-1
“pl1-22
VRT
2a
nCo—C =Rl 1+ | __ 4.36
€ =G [ VRT] (4.36)

It is the expression for difference of specific heats for ordinary gases.
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Another form for difference of specific heats (C, —C, ):-
The difference of specific heats in terms of bulk modulus (E) and coefficient

of volume expansion (&) can be obtained as below.

We have the express1on for the difference of specific heats as,

c,-C, T(a”) (‘W) ————— (4.37)
T J,\ oT ),

Let the pressure P be the function of temperature T and volume V.
P=f(T,JV)

In terms of partial derivatives we can write,

dP=(9-'i) dT+(9£) dv
oT ), v ),

If the resultant pressure P is constant then dP =0

~0= (a") dT + (a”) av
T v ),

Dividing with dT we get,
o~(3F), ()57

or ov ).\ oT
23]

oT ov ).\or ),
o) __(op) (V) _______
(aT) (aV) (ar)p - @38

.10 %) (), (o)
av )\ ot J,\oT ),

Writing equation (4.38) in equation (4.3 7) we get, = —T( o ) (g; )
P

oV
Bl

=—§ a;V' <V —a_Vf"
7)) ,,

-C, =Z~;,><E><V2><(z2
V .




¢
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SinceE = Stress _ OP
. stain ( oV )
7
-4
_ change in volume per unit volume _\V
Temperature diffrence T er
~.C,—C, =TEVa’®

It is another ferm of difference of specific heats.
From this equation, we draw the following conclusions.
(1) If T=0, then C, -C, =0=>C, =C,.
It means at absolute zero, the two specific heats are equal.
(2)AsT,E, V and a are always positii}e, C, —C, can never be negative. It means Cp is

_always greater than C,

4.6. Joule-Kelvin effect or Joule-Kelvin coefficient :-

In this lesson we derive the expression for Joule-Kelvin effect using Maxwell’s
equations. |
Joule-Kelvin effect :- .

When a gas is passed from high constant pressure place to low constant pressure
place through porous plug (like cotton), there is a change in the temperature of the gas.
This is called Joule-Kelvin effect or Joule-Thomson effect . The experimental results of
Joule-Kelvin effect are as below

1. All the gases (expect H, and He) suffer cooling effect when they are passed from hlgh
constant pressux;e place to low constant pressure place.
* 2. The change in temperature is directly proportional to the change in pressure.
3. If the initial temperature of the gas is increased, the cooling effect decreases
4. At one particular temperature _called inversion temperature( T, )the gas is suffering neither |
heating effect nor cooling effect. ‘
5. If the temperature of the gas is more than the inversien temperature (T>T;); the gas-

suffers
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heating effect. For H, and He, the room temperature is more than their inversion
Temperature. Due to this reason only H, and He are exhibiting heating effect at room

temperature.

6.If temperature of the gas is less than inversion temperature (T>T)), the gas suffers
cooling effect.

Expression :-

When a gas suffers Joule-Kelvin effect the enthalpy of a gas remains constant
+.H=U + PV =Constant |
Considering a small change in H we get,
dH =dU + PdV +VdP =0

From first and second law of thermodynamics we can write

dU+PdV =TdS
Writing this in the above equation we get,
dH =TdS+VdP =0-———~~— (4.39)
Let us assume the entropy S as a function of preSsure P and temperature T,
S=/(P,T) S
das = (—aﬁ) dP+(?£) dT ———(4.40)
oP ), oT ), '

Writing equation (4.40) in equation (4.39) we get,

T (QS-) dP+(-a§) dT |+ vdP =0
), % \r),

T(-aﬁ) dP+7‘(§—) AT +VdP =0 ——— (4.41)
P ), oT ), /

From fourth Maxwell’s equation we have,

()4 -
op ). \oT ), |

we can write,

T(_a—s_) =(Z"_5£) =(§‘Q‘) =] O/e— (4.43)
oT ), aT ), aT ), -
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writing equations (4.42) and (4.43) in equation (4.41) we get,
—T(a—VJ dP+C,dT +VdP=0 S
P S

" CodT = T(a—V) dP - VdP
ar ),

Dividing with dP we get,

CpéZq(i’i)_ _y
op " \oT ),

or 1{,.(oV
(&), &)+ .

It is the expression for Joule-Kelvin effect. or Joule-Thomson effect.

@) If (9—]:) is positive, the gas suffers cooling effect.
H
. or) . . - . :
Gi) If (—a-l-; is negative, the gas suffers heating effect.
H

(i) If (6_TJ is zerb, the gas suffers neither heating effect nor cooling effect. -
o _

a) Joule Kelvin effect for perfect gas :-
For one mole of perfect gas we have, PV=RT

Différentiating with respect to T at constant P we get,

P ,a—V):Rxl:(ﬂ):ﬁ ............. (4.45)
oT \or) P

Substituting equation (4.45) in equation (4.44) we get,

(?Z) =L[Tx£_y]
“\er), c,L P

(aT) _L[R_T_V]=L[£K_V]

\ep), cC,| P c,| P
\ (QT-) =L [V-V]=0[. PV =RT]
&), C,

(QT.) -0
“\apr),
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It means perfect gas suffers neither heating effect nor cooling effect.
b) Joule-Kelvin effect for vanderwaal’s equation :- -

For ordinary gases we have the vanderwaal’s equation as,
(P+fl“—z_)(r-b) = RT-—--- —(4.45)

Differentiating equation‘(4.455 with respect to T at constant P we get,

(P ——)(g%) +(V- b)[O+a(—2)V‘3(g;) ]—R -
(7‘*_%(%‘%);["2“(?;) ](V b)=R
Multiplying with (v-b) we get,

RT(aV) 2“(67,) w - b) = R(V -b)

oT
ov _2a 2 _
_(aT) [RT (V b)] RV -b)
(g}:) _ _R(r-b)
T ),

2a
RT - ;;(V -b)?

YV >>b=> (Vb = V?
(gz) __R@-b) _RW-b)__R-b)
oT ), RT - 2axV? T_Zg RT[I--zL]

| 44 V

VRT

| (Q) __V-b
OT )y T[l__z_e_]

VRT
. -1
T(aV) Vb - b)[l_ Za]
or Jp [1- 2a ] VRT
VRT
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T(B_V) —y-ps 20V _2ab
oT ), VRT VRT

The term@- ~0
VRT

oV 2a
T V==L
(ar) 'RT (4.46)

Substituting equation (4.46) in equation (4.44) we get,
or 2a ' :
— | =|—=-b|—-—==— 44
(51’ )H [RT ]Cp : @47

It is the expression for Joule-Kelvin effect in the case of vanderwaal’s equation. o

or
If 22— b, th =0
W If 7 = b then (aP)

"Now the gas suffers neither heating effect nor cooling effect. The corresponding

temperature is called Inversion temperature (T;)

It is the expression for inversion temperature.

(IfT>T then(gf—)) is negative. Now the gas suffers heating effect.
H

(i) If T <T, then (%}T_}) is positive. Now the gas suffers cooling effect.
H
4.7 First and Second T-dS equations :-
First T-dS equation: - _
Let us assume the entropy S be the function of temperature T and volume V.
S=f(T,V)

In terms of partial derivatives we have,

s = ("’S) ar + (as) av
or ov

TdS = T(as) dT +T ( aS) dV————— - (4.49) R
a.T v oV T ” .Y
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) as\ (Tas) (o0
. te, T —| =] —}| =|—= =C, —————== 4.50
we can write (aT),, ( aT )V (BT)V v (4.50)

From second Maxwell’s thermodynamic relation we have,

(_5_5_) =(9£) RN (4.51)
av ), \ar), o

Substituting equations (4:50) and (4.51) in equation (4.49) we get,

TdS=C,,dT+T(§£] dvV ————(4.52)
or ),

It is called first T-dS equation.
Second T-dS equation:-

Let us assume the entropy S be the function of temperaturé T and pressure P.
~8=f(T,P)

In terms of partial derivatives we have,

dS=(§) dT+(2§) dP
aT J, oP ),

oS AY ‘
TdS=T|— )| dT+T| —| dP————- 4.53
o (aT)p (aP)T ( )

. (aS) (Tas\ (&g
can write,T| — | =| —| =|=| =C, -————- 4.54
we can write (aT),, (8T ),, (a:r),, , (4.54)

From fourth Maxwell’s thermodynamic relation we have,
(_aﬁ) ='._(.a_KJ —————(4.55)
oP ), oT ),
substituting the equations (4.54)and(4.55) in equation (4.53) we get,
Tds=CdT + T(—ﬂ] dp
ar P

=~ Tds=CdT - T(—a—-v—) dp————— (4.56)
aT P

It is called second T-dS equation.
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4.8. Solved problems: -
1.Considering mercury at0°C and 1 atmospheric pressure calculatey. Given
C, =28]/mole -k, specific volume C, =1.47x10"m’/ mole, volume expansively

o =1.81x10k" and compressibility is 3.94x10atm™0r3.89x10™"" pa™'.
Solution; - |

Given  C, =28]/mole~k,V =1.47x10°m’ /mole, o =1.81x10k""

E'=3.94x10"atm™"0r3.89x10" pa™, T = 0°c = 273K

P=1atm=1.01x10°N/m’orpa,y =?

2
2y 273%(1.81x107%) x1.47x107
C,-C,=TE?v=1%Y_ ( )-,,

PV , 3.89x10

_ 273x3.2761x1.47x1072 x107° x10"
- 3.89

=337.977x10°°
=0.0003379J/mole -K

C, =C, -0.0003379 = 28 —0.0003379 = 27.9996J / mole — K

C, 28 K
‘Y:—.‘: zl

C, 27.9996

Cp

=—P =1

T=¢

2. Calculate the molar heat capacity at constant volume of mercury at 0°c and 1

atmospheric pressure. From expansion we have, C, = 28/ mole - deg ree, V=0.0147litre/mole

0 =1.81x10° deg ™ and compressibility is 5. +x107/atm.
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jon;-
C, = 28J /mole —degree, T=0°c=0+273=273K

3.94x107° ot

a=1.81x10%deg™,E =3.94x107/atm =T0Ix10° p

=3.89x107"pa™
V =0.0147x10”m’ /mole,C, =?

2
€,-C,=TEVa =22

_ 273x0.0147x10° x(1.81x10)’
3.89x10™"
_13.1473
3.89

C,-C€, =3.379x 10™* =28-0.0003379

€, =C, ~0.0003379 = 28-0.0003379
..C, =27.9996] / mole -K

4.9, Summary :- |
* The four important energy functions are discussed using thermodynamic

x107 =3.379x107*

variables pressure, volume, temperature and entropy. Using these 'thennodynamic
-potentials Maxwell’s equations are derived.The ratio of specific heats and difference ot
spocific heats are explained. Joule-Kelvin effect is explained in detail and it is obtained
using Maxwell’s equations. '
4.10, Keywords :-
| Thermodynamic potentials, Maxwells equations, specific heats, J oule-Kelvin effect.
411, Self assessment questions:-
Long answer questions
1. Define four thermodynamic potentials. Obtain Maxwell’s thermodynamic equations

using these potentials.
2. What is Joule-Kelvin effect? Derive the Joule-Kelvin effect from Maxwell’s

thermadynamic relations.
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3.Explain specific heats. Derive the expression for difference of specific heats.

Short answer questions:

4. Explain specific heats. Derive the éxpression for the ratio of specific heats.

5. Derive first and second T-dS equations.

Exercise:

1.For a metallic copper disc at 300K, the following values are known

C, =24.5]/mole-k,a = 50.4x10°k™, V = 7.06cm* / mole

Isothermalcompressibility = 7.78x 102N / m?

y
[Hint C,~C, =TEVa? = Tgf"
4.12 Reference books:
Unified Physics Dr.S.L.Gupta

& Sanjeev Gupta
Heat and Brijlal and
Themodynamics Subrahmanyam
B.Sc heat Telugu Academy
Theinodyh»amics D.C.Tayal
D.S.Mathure’s Revised by
Heat and - D.M.N.BAPAT
Thermodynamics
B.Sc.Physics Dr.J.P.Agarwal
Thermodynamics &Amit Agarwal

&Heat

Ans:23.8085 J/mole-k ]

Jaiprakash Nath & Co., Meerut -2005

S. Chand & co

Himalaya Publications

SULTAN CHAND  NEW DELHI-1997
&SONS "

Pragati Meerut:{992° -

Prakasam



UNIT 1
LESSONS

LOW TEMPERATURE PHYSICS

Objectives:-
In this lesson the following topics will be discussed
1. Joule Kelvin.effect process in detail
2. Difference between Joules expansion, adiabati. expansion and Joule-Kelvin effect -
3. How the gases can be liquefied '

4. The process of adlabatlc demagnetization to obtain very low temperatures

Structures of the lesson:-

5.1 Introduction
5.2 Joule-Kelvin effect or porous plug experiment
5.3 Expression for Joule-Thomson expansion
5.4 Distinction between Joule expansion, adiabatic expansion and Joule-Kelvin effect
5.5 Liquefaction of gases
a) Principle of regenerating cooling
b) Liquefaction of air
¢) Liquefaction of hydrogen
d) Liquefaction of helium
5.6 Adiabatic demagnetization
5.7 Refrigerator
5.8 Solved examples
5.9 Summary
5.10 Keywords
5.11 Self assessment questions

5.12 Reference books
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5.1 INTRODUCTION:-

Phase change of first order
The thermodyhamics state of the system is explaii:ed by the variables pressure P,
volume V and temperature T. In thermodynamics we use the word the phase for
‘transition of matter. For examples ice, water and steam are the phases of a single
distance. A first order phase change is one which is accompanied by emissioa or
absorgtion with out any chahge in temperature.
For each substance, there is a set of temperature and pressure at which any of the

two states of the three (solid, liquid, gas) may exist in equilibrium . We can consider the

following curves.

1. Liquid vapour curve on curve of vaporisation:-

Consider an enclosure filled with liquid and its saturated vapour. The vapour
pressure increases with the increase in temperature. Both liquid and vapour are in
equilibrium at some temperature and pressure. It is shown by the curve OA in ﬁg 5.1 and
it is called curve of vaporisation. Above the curve, the substance is liquid and below the
curve the substance is vapour.

2. Fusion.curve:-
The solid may coexist in equilibrium with liquid . The temperature and pressure at
which the solid and liquid may exist in equilibrium, is shown in curve OB in fig5.1.The

curve is known as fusion curve. On the right side of the curve the phase of the substance

Pressure

Temperatung -

Fig. ¢ (55 1)
Fig. 5.1

is liquid and on the left side of the curve it is solid.
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3. -Sublimation curve:-.

The solid may co-exist with vapour in equilibrium .The temperature and pressure at -
which the solid and vapour may exist in equilibrium is shown by curve OCin fig 5.1. The
curve is known as sublimation curve .Above OC the substance is in solid phase, and
below the curve the substance is in vapour phase.

When all the three curves are plotted on the same graph with the same scale, they
intersect at point O. The point ‘O’ is called the “triple point”. The triple point may be
defined as the point at which the temperature and pressure are such that the solid, liquid
and vapour phase co-exist in equilibrium .The corresponding temperature is called “triple

point temperature (Ty)”and the corresponding pressure is called “triple point pressure (Py).

5.2 Joule -Kelvin effect (or) porous plug experiment:- e

According to Joule -Kelvin effect when a gas is passed from t_ligh constant pressure
place to low constant pressure place the gas suffers change in temperature.
The results of Joule —Kelvin effect are as shown.

1. Almost all gasses (except hydrogén and helium) suffer cooling effect, when they are
passed from high constant pressure place to low constant pressure place at room
temperature. |

2. The variation in temperature is dire_ctlyb proportional to variation in pressure.‘

3. If the initial temperature of the gas is increased ,the cooling effect decreases.

4. At one particular temperature called inversion temperafure (T;) the gas suffers
neither heating effect nor cooling effect.

5. If the temperature of the gas is less than the “inversion temperature” (T<T;) the gas

suffers cooling effect.

6. If the temperature of the gas is more than the “inversion temperature” (T> T;) the

gas suffers heating effect.
Fof hydrogen and helium the inversion temperatures are -80°C and -240°C

1zspectively due to this reason only hydrogen and helium are exhibiting heating effect at

room temperature.
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5.3 Expressions for Joule -Thomson cooling:-

Consider a thermally insulated cylinder PQ which is divided into two compartments
by a porous plug as shown in fig(5.2). It is fitted with two non-conducting pistons A and
B .Suppose the piston A forces one gram mole of a gas through thevporous plugata
constant pressure (£).The gas coming out frofn the porous plug pushes the piston B in

out word direction to a small constant presstylrek(Pz) . Let V,V, be_the frolumes of the gas

before and after passing through the porous plug.

Porous plirg
P " e
A F E 8
Loscmn s Siacronoi]
/

Fig :(5.2)
Work done by the piston A on the gés in the left compartrneﬁt = BV,
Work done on the piston B by the gas in the right compartment = IAA
Net work done by the gas = PV, - BV, ------ 5.1
Let, initial internal energy=U, |
Final internal energy=U,
. Decrease in internal énergy= U,-U,------ 5.2

As the system is thermally isolated, this work must have been done at the expense of
the internal energy of the gas. Hence we can write,
pV,— oV =U,-U,
pV, +U, =U, + p¥,
pVi+U, = pV,+U,
ieH=U+ PV
=constant------=-==---=-- 5.3

Hence enthalpy H is constant in Joule-Kelvin effect. From equation (1) we have;

Net work done by the gas(W,) = BV, ~ BV,
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In addition to this some internal work is done against the inter molecular force of
attraction .If we assume the gas to obey the Vanderwaal’s equation, the attraction

between the molecules is equal to internal pressuref/‘—zz— , where a is constant and V is

volume.

The work done against the inter molecular force of attraction

v, v, . A
w,= j—g;dv=a]—l—2-dv=a(:l-)
VnV VnV

Vv "
1 1
W,=a] —=- lerreerrernss 4
’ (V. Vz] 9
Total work done by the gas is -
W=W+W,

(11 :
= p2V2 -pW +a(?’:—l_/2_] ...... 6.5

From Vander waal’s equation we have,

(P +—V22-)(V ~b)=RT

:PT/-be-If?.V-%ﬂT

=>PV—Pb+%=RT - [ ib—zo]

=>PV=RT+Pb——;- ——————— (5.6)

For the values in the left compartment we can write,_

PV,=RT+Pb—2 - (5.7)

For the values in the right compartment we can write,

PV,=RT+Bb-—-—————- (5.8)
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L]

58-57>
PV~ PV, =RT +Pp- alVv,— RT - P,b+a/Vl

V —._— —_
P2l ~ BV, =RT+ Bb~o—RT - Pb+v

2 1

'Psz‘ =(P, ‘P)b"'a[Vl—I—}] ...... --6.9)
1 "

Substituting equation (5.9) in equation (5.5)

: 1 1
W=(P,-P)p+ a._4 +q ———
(Fa =) [K V;J v, V)

- W=(p, —P)b+20(————} ......... 6.10)

: 1 1 L .
Since values — and— are small we can use the approximate relation
1 2 ’

(PV=R4T:>—1—=L
V RT

for the values of left and right compartments we can write,
1 B 1 _p

—_— T e—— — i ——i

, RT"V, RT

Substituting these values in equation (5.10) we get
W=(P,- Pl)b+-gi(Pl -P)
RT
W=(P ~ P,)(———b) .......... S.11

As the system is isothermally insulated this work is drawn from thé’ internal energy of
the gas .If C, is the specific heat at constant pressure and dT is the change in temperature
;the heat energy drawn by the gas is C,dr calones C,dTJ joules --}-—44-----(5 12)

From equations (5.11) and (5.12) we can write,

C,dTJ =(P - P)[————b]

(PC j’) [ ;c} b] _______ (5.13)
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It is the required expression for Joule-Kelvin effect
2 ' | v
OIf 7{—;— =b ,then dT=0, now the gas suffers neither heating effect nor cooling effect .The

corresponding temperature is called inversion temperature JItis denoted by T,

2
9 _pmr =22 614
RT, Rb

(DIf T > T, then dT is negative, now the gas suffers heating effect.

(ii)IfT < T, , then dT is positive now the gas suffers cooling effect. -

5.4 Distinction between joules expansion, adiabatic expansion and
Joule-Kelvin expansion (or) Distinction between differeht types of
" expansions:-

(i)Joufe’s expimsion:-lt is a free expansion in which the gas expands into vacuum and
hence does no external work.In this expansion ,some internal work is done by the ‘against
the intermolicular force of atraction .Due to large heat capacityof apparatus , the
temperature of the gas is maintained constant.

(i))Adiabatic expansion:- In this expansion ,the compressed gas suddenly released into
atmosphere .The gas performs External work .The process is so fast and-external work is
drawn from the internal energy of the gas .Thus the gas cools.
(iii)Joule-Kelvin expansion:- In this expansion ,the gas at high pressure is forced to pass
through porous plug through a region of lower pressure .Here external work is done on '
the gas as well as by the gas ,in additional to the internal work .Due to this .there may be
a heating effect or cooling effect depending upon the initial temperature of the gas .At
room temperature, almost all gases (except Hydrogen and Helium)exhibit the cooling
effect.
5.5 Liquefaction of gases:-

The principles involved in the liquefaction of gases are Joule-Thomson effect and

, regenerating cooling.
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a) Principle of regenerating cooling :-

According to Joule-Kelvin effect when a compressed gas, whose initial
temperature is less than the inversion temperature, is forced through a fine nozzle its
temperature falls. The fall in temperature is more, when the initial temperature of the gas
is less. The Joule-Kelvin effect is not only sufficient to liquefy the gases .This draw back
is removed by the priﬁciple of regenerating cooliné.

In regenerative cooling, the gas which has been suffered Joule-Thomson
expansion is made to flow back over the tube containing the incoming gas .Thus the
incoming gas is cooled .Again it suffers Joule-Kelvin effect -Due to this, the gas is still
more cooled .In this way, by gsing principles of regenerative cooling and Joule-Kelvin

effect the desired low temperature can be obtained at which the gas is liquefied.

b) Liquefaction of air:-

(i)Hampson air liquefier; - Hampson air liquefier is as shown fig(5.3).The air which is

free from dust, carbon dioxide and moisture is compressed to 150 atmospheres by using a
compressor P .The compressed air is passed through a tube on which the cold water is
circulating .Due to this, the heat producgd due to compression is removed .Now the air
flows into the spiral tube of heat exchanger, where it suffers Joule Thomson effect at
nozzle ‘N’. The pressure out side the nozzle is one atmosphere Due to this the air is

cooled.
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The cold air flows back over the spiral tube .in this process ,it cools the incoming
gas and returns back to the compressor P .By continuing the process ,the temperature of
air coming out from the nozzle N, becomes at about —188 °C. At this temperature the air
is liquefied . The liquid air is collected into Dewar flask.

(i) Linde’s air liquefier:- The Lindes air liquefier iéaishown in Fig. 5.4. It consists of

two compressors Py and P, .In compressor P, the air is &mpressed to 20 atmospheres.

This compressed air is passed through a tube on which cold water circulation is taking

place .Due to this ,the heat of compression will be removed .Now the air is passed

through ;Lhe solution of caustic potash (KOH), calcium chloride (CaCl,) and Phosphorous
- pentoxide( P2 Os).Due to this, the carbon dioxide and water present in air are removed .If

CO, and water vapour are not removed choke will be formed in the entire system.
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The air which is free from CO, and water vapour is compressed to 200 atmospheres
using a compressor P».This compressed air is passed through a spiral tube immersed in a
freezing mixture (ice + NaCl). Due to this, the temperature of the air falls to at about
~ -20°C. Now the air is passed through the tube A. When the air is coming out through the
nozzle N; of tube A, the pressure decreases to 20 atmospheres. Due to this, temperature
decreases to at about -70 °C. This air is passed through the tube B. When it is passed

through tube B, it cools the incoming air in tube A. Then this air enters into the

compressor P,.
With in a few cycles, the temperature of the air coming out from the nozzle N,

hecomes at about—183°C . Now the nozzle N, is open. Here the pressure is chaiging
from 20 atmospheres to 1 atmospheres .The temperature of air coming out from nozzle
N becomes at about —183°C .At this temperature the air is liquefied . The liquid air is

collected into Dewar flask.
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The air which is not liquefied is allowed to enter into the compressor P, after
passing through tube C. when the air is passing through tube, it cools the air present in

the tubes A and B .The cyclic process is continued to obtain more liquid air.
¢) Liquefication of hydrogen'-

The hydrogen gas is free from dust , CO; and water vapour is compressed to 200
atm by means of compressor P . This compressed hydrogen gas is p;cISSCd through a spiral
tube placed in a chamber containing solid CO> and alcohol as shown in fig.(5. 5). Then
the hydrogen gas is passed through coil C; in chamber ‘A’ which is cooled by the out

goirig hydrogen gas.

Then the hydrogen gas is passed through coil C; in chamber B .The chamber B is

filled with liquid air. Due to this the temperature of hydrogen gas in coil C; becomes at

about —170°C .Then the hydrogen gas is passed through the coil C;in chamber C. In this

chamber liquid air is evaporated at low pressure. Due to this, the temperature further

decreases. The temperature of hydrogen becomes at about —200°C ..
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Now the hydrogen gas is passed through another coil C,
which is cooled by the outgoing hydrogen gas. When the hydrogen gas is coming out
from nozzle N of coil C, the. pressure decreases from 200 atm to 1 atm. Due to Joule-
Kelvin effect the temperature furiher decreases. This cooled hydrogen gas is allowed to

enter into compressor P after cooling the incoming hydrogen gas in the coils C4,C3,C,
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and C;. Within a few cycles, the temperature of hydrogen gas near the nozzle becomes at
about ~250°C . When hydrogen gas is coming out from the nozzle, the teniperature |
becomes less than—253°C . At this temperature hydrogen gas is liquefied. The liquid

hydrogen is collected into Dewar flask.

d) Liquefaction of Helium:-
Helium is the last gas to be liquefied. All attempts made before

1908 to liquefy helium are failed. The reason is inversion temperature (T;) of helium
—240°C and critical temperature of helium is —268°C . In order to obtain cooling effect
due to Joule Kelvin effect, the initial temperature of the gas should be iess than —240°C.
After attaining —268°C , the helium.gas is liquefied.

() KAMMERLINGH ONNES HELIUM LIQUEFIER:-
Kammerlingh Onnes helium lidueﬁer is as shown in fig.5.6.. Pure, dry and

pre-cooled helium is compressed-to about 40 atmospheres in a compressor P.

- Pressure 1 atmos

" The compressed helium is passed through tube AB At B, the helium gas is
'y .
divided into two parts. A part is passed through spiral tube S, and a part is passed through
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spiral tube S,. Both parts are allowed to combine at C and this llelium gas iS
allowed to travel from C to D. At D the helium gas is again divided into two parts A part
is passed through spiral tube S; and apart is passed through spiral tube S4. Both are
allowed to combine at E. The spxral tubes S; and S, are placed in a chamber which
contains the outgoing helium gas. The spiral tubcs S; and S; are placed in another
chamber. In this chamber, liquid hydrogen evaporated at low pressure using suction
pump. The temperature of hellum gas near point E becomes less than -240°C . When it
is coming out from nozzle N the temperature further decreases due to Joule-Thomson
effect. This cooled helium gas is allowed to enter into compressor P after cooling the
incoming helium gas in the spiral tubes S; and S;. Within few cycles, the temperature of
_the. helium gas coming out from the nozzle becomes at about —268°C . At this

temperature helium gas is liquefied. The liquid helium is collected into Dewar flask.

(i) KAPITZA’S HELIUM GAS LIQUIFIER:-
'The most important modification by Kapitza’s was made’in the
expansion‘engln'e where no lubricant is used. All lubricants will become solidified gt-such

——
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low temperatures. He used the compressor where the piston is loosely fitted with the

cylinder with a very small clearance as shown in fig. 5.7. When adiabatic expansion takes

place a little gas escapes through the clearance which is negligible.

5.6) Adiabatic Demagnetization:-
In order to obtain vefy low temperatures, the adiabatic

demagnetization process is used. A paramagnetic substance contains molecules which are

lying in an orderly mahner when the substance is magnetized. The molecules are set in
the direction of magnetic field. Due to this the temperature of the substance rises. This

magnetized substance is kept at very low temperature. Now if the magnetic field is

removed, the temperature of the substance decreases.
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-

The paramagnetic substance ‘P’ i.c., (gadolinium sulphate) is suspended in vessel A as

shown in the fig.5.8.

& ¥o vacum

Ligui
batiurm ™~ i

P oaydrgen

Fig. 5.8

vessel A is filled with liquid helium evaporated at low pressure. The temperature of

helium vapour becomes at about 1K. The vessel A is placed in another vessel B which is
filled with liquid He at 1K. The vessel B is placed in vessel C which is filled with liquid
H2 at 20 K. A strong magnetlc field is applied to magnetize the paramagnetlc substance.
Coils M are placed to measure the temperatures by susceptibility measurements. Due to
magnetization, the temperature of paramagnetic substances slightly increases. But this
heat is absorbed by He gas, from it and this heat is transferred to liquid He. Again the
temperature of paramagnetic substance becomes 1K. Using vacuum pump helium gas is
removed from vessel A. Due to this the paramagnetic substance is thermally isolated.
Now the applied magnetic field is switched off. Due to this adiabatic. demagnetlzatlon the -
temperature of the paramagnetic substance decreases.
Expression:- ~ . , e

If B is the strength of the magnetic field applied dI is the increase in
intensity of magnetization, work done on the substance=B dI ‘ N

When the substance is demagnetized work done by the substance= -BdI

Total external work done is dW=PdV-Bdl-------------(5.15).

From first law of thermodynainics we have dQ=dU+dW------eo-—- (5 16)

From these two equations (5.15 & 5.16) we can write,
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dQ=dU+PdV-Bdl

Since Volume V is constant, dV=0 = PdV=0
dQ=dU-BdI---------- (5.17)

From second law of thermodynamics we have,
dQ=TdS-------------- (5.18)

From equations 5.17 and 5.18 we can write,

dU-BdI=TdSmmmemm- (5.19)

From Maxwell’s third thermodynamic relation we have,
(?_Zj {92) .............. (5.20)
oP ) oS J,

In order to obtain the required relation let us replace pressure P with -B and

volume V with intensity of magnetization I.
_(?1) - ?1)
OB ). \0s )y
(

oT T(%) —(%) !
— | == B = B ..(521
)
: \ \0T /) oT Jg

If m is mass of the substance and C, is the specific heat at constant magnetic

field B, we can write

90 _ .
(aT)B mCp......... 6.22

Writing equation (5.22) in equation (5,21) we get,

(?.Z) _T (_ai) ......... 6.23
aB N mCB aT B

The susceptibility of a material ( 7 ) is defined as the ratio of intensity of

magnetization (I) and strength of the magnetic field applied (B).

intensity of the magnetic field(I)
strength of the magnetic field(B)

Susceptability () =

I
=2 (524
x B
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From Curie’s law the susceptibility of a material is inversely proportional to its

absolute temperature.

Where C is Curie’s constant

From equations (5.24) and (5.25) we can write

.—..:._.:
B T

Substituting equations (5.26) in equation (5.23) we get,

(Z) - %) e (=)

OBJ)s mcy| OT mey, \T*)
“(3). 77
0B ), mc,T
{0T) KB - c
\35). "o K=
L), Cp where m

* K ‘is curies constant per unit mass.

or=KBOB ___ _55q
c;T

~When the maénetic field is changed from B; to By, let the temperature of paramagnetic
* substance is changed from T; to Ty. Integrating equation (5.27) and applying these limits

we get,
Ky B, ' Tr 2\\Bf :
IGT = J'Kg‘;B =[r] =_K__[£_]
T, 5 “B I CsT| 2 B,
T, -T,=—>—[B,*-B? }—---- (5.28)

" 2C,T
" Letthe strength of initial magnetic field be B i.e., Bi=B. When the substance is.
demagnetized, the final magnetic field is zero i.e., Bf~0.
Writing these values in equation (5.28) we get,
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Tr=ti=%r o' -]

Here negative sign indicates that the temperature of the substance decreases due

to demagnetization.

Refrigerator:-

A machine used for producing low temperature beiow
sﬁrroundings and maintaining an enclosure at that temperature is called as refrigerator.
‘Actually a refrigerator is a Carnot’s engine working in backward direction. The liquid
which on evaporation produces cooling is called refrigerant. Commonly used
_ refrigerators are Ammonia (NH3) for large planté and sulphur dioxide (SO,), Methyl
Chloride (CH;Cl), Freon (CCl,F3) and svon is used in small plants.

Refrigerating machines are of two types

1. Vapour Compression machine
2. Vapour Absorption machine

Here we discuss vapour compression machine only.
-Vapouf Compression machine (Frigidaire):-

The Vapour compression machine is as shown in fig.5.9. The refrigerant is
compressed by a compressor ‘P’ When the piston P moves in the downward direction
valve Vi opens and valve V is closed. If the pxston is moved upward direction valve V; -

" opens and V; is closed.

When the piston P is pushed in the downward direction valve V; opens
and valve V, is closed. Now the refrigerant under high pressure enters in to the condenser

coil (C) on which cold water is circulating. Due to this, refrigerant converts mto liquid.
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The liquid refrigerant passed through regulator valve V and enters into the evaporator

coil. Due to low pressure; the liquid refrigerant evaporates in the evaporator E. As more
and more liquid evaporates in an evaporator coil (E), more cooling is produced, because
the required latent heat of evaporization is extracted from the surroundings. After a -

certain time the temperature reaches the desired value. The cycle is repeated again and

again.

5.8. Solved examples:-

1. Calculate the change in temperaiu:e when the gas suﬁ'érs FJ’oulé -Thoxﬁsqn, éffect
~expansion at -1 73° C The pressure difference on the two sides of the ialug being 20
atn;ospheres. Dpés the gas show a heéting effect (or) a cpoling effect on the expansiqn.

cal '

Given a= @ =0.0341lit* —atm/mole® | b =0.02737lit I mole and 7~ > mole~ Kelvin

a=0.0341lit? —.atm/mole2
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=0.0341x (107 m )’xl 01x10° N/

N -
mole2

= lit - -3 m’
b=0.0237 /nole_o.ozsulo""/mo,e
T=-173%c=~173+273 =100k
=20atm=20x1. SN/ | = SN,
dp m=20x1.01x10 /mz_zo.leo A,

R=831 ) /nole —kelvin

—scal = J
Cp=5 a/nole —kelvin 5x4.2 /nole ~kelvin
dar =?

dT:—p.—pz[2a _b]
¢, LRT

~20.2x10°| 2x3.444x107*
‘ 21 8.31x100

=-0.9619x107[0.0083897 - 0.0237]
=-96.19%x(-0.01531)
=1.4726k .
dT =1.5k : ' (Heating effect.)
5.9 Summary :. ‘
| ' Change of phase of a substance was discussed. Joule-Kelvin effect

—mole?

=3.444x1073

-0.0237 x ]0'3]

process was explained. Principle of regenex;ative cooling and Joule-Kelvin effect are
| commonly used to liquefy gases.such as air, hydrogen and helium. Adiabatic
demagnetlzatxon process was discussed to obtain low temperatures. The process of
refrigeration was discussed.
5.10 Key words:-
Phase, Joule-Kelvin effect, Liquefacﬁon, Regenerative cooling, Adiabatic

demagnetization, Refrigeration. ’

5.11 self assessment questions:-
'Long answer questions:- ‘ _

1. Describe Joule -Kelvin effect porous plug experiment. Derive the concerned

- expression.
2. Explain what is meant by adiabatic demagnetization. Derive the concerned expression.
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3. What is the principle of regeneratwe cooling? Explain Kapitza’s method of
liquefaction of helium. -

Short answer questions:-

1) What is Joule-Kelvin effect? Explain.

2) Cdmpare different types of expansions.

3) What is the principle of regenerative cooling?
4) Explain adiabatic demagnetization process.
5) Expléih the principle of refrigeration.
Exercises:-

1. Calculate the temperature of oxygen after expanding through a 150 atmosphere having
¢, =7 cal/mole-K and vanderwals constants a = 1.32liktre* —atm/ mole and

b=3.12x102 litr %n ol 20d the initial temperature 27 and R= 8.3 1x1072litre - atm/ mole

'[Hint:dps_(p'c—pz)[;; :H [dms —117"C}
P

2. The vanderwaal’s constants a and b for one mole of a gas are 0. 24511tre —atm/ mole

and b=2.67x 10'2 litre respectively. Calculate the temperature of inversion. -
mole :

24 3x0245 _ 0.49x10*]
Hint : 7:__ 2 = :
S Rb 83x102x2.67x107 22161

Ans:221K (or) -52°C
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UNIT 11

Lesson 6 : ’ |
QUANTUM THEORTY OF RADIATION

Objectives :
This lesson covers the folldwing and also will be able to learn.

1. Black Body and its radiation and energy distribution.

2. Important laws of Thermal radiation.

3. Pyrometers to measure high temperatures.

4, | Solar constant and determination of the temperature of the sun.

Structure of the lesson :
6.1  Introduction
62  Black body and its radiatior. y
(a) Fery’s black body
(b) Wien’s black body
6.3 Energy'distribution in black body radiation.
6.4  Laws of Thermal radiation.
6.5 Wien’s displacement law.
6.6  Rayleigh — Jeans law.
6.7  Planck’s radiation law.
68  Deduction of laws from planck’s radiation law
6.9  Pyrometers _
6.10  Fery’s total radiation Pyrometer
6.11 - Modification for the measurement of very high temperatures.
6.12  Disappearing filament optical Pyrometer,

6.13  Solar constant and its determination.



2 B.Sc PHYSICS ‘ 2 ' QUANTUM THEORY OF RADIATION

6.14  Temperature of the sun.
6.15  Solved problems.

6.16 Summary

6.17 Keywords \

6.18  Self assessment questions.

6.19  Reference books.

6.1 Introduction

Transfer of heat takes place in three processes called ¢onduciion, convection and radiation (i) If the
transfer of heat is taking place without the actual involvement of the movement of the moleculgs along with
heat flow, is called conduction. (ii) The transfer of heat due to the actual movement of the molecules from
one place to another place is called convection. (iii) The transfer of heat from one place to another place

irrespective of the presence of material medium is called radiation.

The radiation emitted by a body by virtue of its temperature is called Thermal Radiation. Thermal
Radiation is a particular range of electromagnetic radiation. Thermal radiation wavelength band extends -
from 1000 A° to '10,00,000 AO. The radiation of wavelength between 1000 A to 3800 A© is called Ultra’
violet radiation. The radiation of ‘wavelength between 3800 A® to 7500 AO is called visible region.  The

_ radiation ranging from 7500A° to 100,000 A© beldng to infrared region.

- According to prevost’s theory of heat ‘exchanges, every body emits and absorbs radiant energy
. continuously as long as its temperature is more than OK. .' ' |
6.2 Black body and its radiation :

A perfect black body is one which completely absorbs all the radiations of all wave lengths incident
on it. Since it may neither-reﬂect no;' transﬁnits any radiation. it appears black whatever be the colour of

radiation. A perfectly black body is a good absorber as well asa gdbd radiator. As the radiations én_ﬁitted by
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a black body possess maximum possible wavelengths, the radiation is called full radiation or total radiation.
The radiation emitted by a black body depends only on its temperature, but not on material of the body.
There is no perfect black body in character. The nearest approach is lamp black or platinum black.

Here we shall discuss Ferry’s black body and Wien’s black body.

a) | Fery’s Black Body:

The apparatus consists (fig. 6.1) of a double walled conducting sphere. The inter space
between the walls is evacuated to prevent the loss of heat by conduction and convection. It has a small
hole‘O’ and a conical projection P Just opposite to the hole “O’. The inside surface is coated with lamp black

and outer surface is polished with Nickel.

Fig:(6.1)

When the radiation is incident oh the hole, it passes inside the enclosure. The radiation

suffers multiple reflections and is completely absorbed. The radiation which is incidenting on the opposite
surface may be reflected back. To eliminate this projection P is arranged. Since all the radiations which are
entering are absorbed, it behaves like a black body. If the enclosure is heated to a definite temperature, it is

filled with radiation of all possible wave lengths.

b)  Wien’s Black Body :
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The wien’s black body consists of a long metallic tube C blackened inside(f‘ig. 6.2). The tube
is heated fby electric current passing in the coil‘.": These coils are called heating coils. Then the tube is
surrounded by i?, P (porcelain tubes). The temperature of the Central part of the tube is measured by using a
thermocouple. : | |

-' When current is passed through the eoils heat radiations emerge out from the hole O. The
radiation from the inner chamber can be limited with the help-of diaphragm shown by dotted lines. The hole

‘O’ acts as a black body radiator.

6.3 Energy distribution in black body radiation:
First of all Stefan gave the fourth power law. According‘to Stefan’s law, the total amount of radiant
energy by a black body per unit area per second due to all ané jl;eng’ths is directly proportional to fourth

power of absolute temperature.

EaT* = E=0T" where o is Stefan’s constant .
= -8.J w
| o =5.67x10 A_mz_K,, (or) /nz—K
This law gives the total energy radiated by a black body. But it is not giving any information about the

- energy distribution.

The distribution of energy in black body radiation for different wave lengths and its different

temperatures was experimentally determined by Lummer and Pringsheim. The radiation from a black body
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‘O’ was focussed on a sht S by a concave mirror M, (fig. 6.3). The slit ‘S’ is placed at the focus of another

concave mirror M,. Due to this the radiation reﬂectcd from the mirror M, becomes parallel. The parallel.

beam of radiation is passed through Fluorspar prism ABC. If ordinary glass prism is used it absorbs certain

radiations, hence it is not used.

 Fig:(8.3)

 The Prism produces the spectrum of radiation. The dispersed beam coming out from the prism is allowed to
incident on concave mirror M,. This mirror M, focuses different wave lengths at different angles. The
intensity of the radiation E, is measured by using Bolometer. ‘'The deflection produced in the galvanometer

Gis dlrectly proportional to intensity of radiation E, .Different wave length radiations are allowed to enter

into bolometer by moving the bolometer from one place to another place ot by rotatin’g the mirror M,.

The intensify of radiation - E, is defined asE,dA is energy for wave lengths in between A and

A+ dﬂ emitted per second per unit surface area of a black body. The experiment was repeated at different
temperatures of black body. A graph was then drawn taking E, along y axis and 1 along X-axis. The

curves are obtained as shown in fig. 6.4.
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AN AECIONS
{1 micrens = 07 meter}
Fig:(6.3)

The experimental results are as below: -

L

The emission from a black body at any temperature is composed of radiation from all wave
lengths: , A
At agiven temperature the energy is not: uniformly distributed. As the temperature of the. black

body. increases, -the intensity. of radiation for each wave length increases. After certain wave

. length the intensity of radiation is decreasing,, ..

The total energy of radiation at any temperature is given by the area
between the curve corresponding to thét temperature and the 'horizontal axis.

The amount of radiant energy emitted is small at very short and at very long wave lengths. Ata

_ particular temperature the intensity of radlatlon E, is maximum for a partlcular wave length

A, Most of the energy is present near 4,,.
The wave length corresponding to maximum energy and absolute temperature of the bléchody

is alwéys constant.
2T = constant = A,T = 4,'T'
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64  Laws of Thermal Radiation:
1. Stefan ’s law or Stefan — Boltz mann’s law :
According to Stefan’s law the total amount of radiant energy emitted by a black body per second
per unit area is directly proportional to fourth power of its absolute temperature. |
| EaT* = E=oT* |
Let the temperature of the hot body be T; and it is surrounded by another black body of absolute
temperature 7, . Then the energy radiated from the black body is
E=o(f'-T})
2. Wien’s displacement law :
According to wien’s displ;u:ement law the product of wave length corresponding to maximum
energy and absolute temperature is constant.
AT =constant
3. Wien’s Law :

According to wien’s law, the energy distribution in the thermal spectrum is given by -
E,{ =A.ﬂ.'5e'm”

This formula agrees with the experimental curves for shorter wave lengths.

4. Rayleigh — Jean’s law:

According to Rayleigh Jean’s law, the energy disﬁibution in the thermal épectrum is given by
_ 87kT

where k is Boltzmann’s constant.

This formula agrees with the experimental results for longer wave lengths.

5. Planck’s'law :

N On the basis of quantum theory, Planck derived the formula for energy distribution in the therma

spectrum as -
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8xkT

Al (e%" —.1)

where h is planck’s constant, C is velocity of light and K is Boltzmann’s constant.

E, =

Planck’s formula covers the entire range of thermal radnatlon
6.5 Wien’s displacement law:

Accordmg to wien’s displacement law, the product of wavelength correspondmg to maxrmum
energy (4, ) and the absolute temperature T is constant.

AT =cons tant =b
The value of constant (b) is 0.2896 x10 2 — k
Expression :- Consider a spherical enclosure with perfectly reflecting walls and expandmg like foot
ball bladder. Let it be filled with black body radiation of energy density ‘ u’ at a temperature T. If V be the

volume of the enclosure, then total internal energy U of radiation is given by

By electromagnetic theory, the pressure exerted by the radiation on the wall of enclosure is 1/3f4 of internal

energy density
ie P=—..... cerneenn(6.2)

From first law of thermodynamics we have,
dU + PaV = dQ

Since there is supply of energy from outside dQ=0
dU + PdV =0

writing eqliations (6.1) and (6.2) in this equation we get,
u
duy) +§dV =0
4
V.du+udV+§dV =0

Vdu+§-udV -0

dividing with uv we get,




ACHARYA NAGARJUNA UNIVERSITY 9

Integrating on both sides we get,

.
log, + 3 log, =constant

%
Vs __
- logi+log, = constant
: 4
logu.V’'® = constant
4
= u.V 3 =constant

From Stefan’s law, we have, u=o.T 4

4
oT*V3 = constant

4
T* V3= constant

Taking fourth root on both sides, |
l :

T.V3 = constant

If r is the radius of the spherical enclosure, ¥V =%7rr
(4 3) v .
=T 37[" = constant

= T.r =constant-

" CENTRE FOR DISTANCE EDUCATION: -

L (63)

According to Doppler effect, when the spherical enclosure is expanding the wavelength of radiation
increases. Let the radiation is incidenting at point ‘A’ on the wall at position S;. Let & be the angle of
incidence. After reflection the radiation travels along AC. Let A be the wavelength. During the time of
time period T, let the wall is displaced to another position S2. If v is the velocity of the enclosure, the
displacement of wall is T. Now the next radiation which is traveling in the same direction travels along path

ABD. Let ABD= A'. AN is the perpendicular drawn from point A onto the line BD.
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. o 5 5,
e BRI 8
.x"J ,H g . %
. f * “:ﬁ.\ Lo “
i‘/ st e
. ; AN
S/ A } ) ,/ [
‘-.\\
o |
Fig:(6.56) .

- The change in wavelength can be written as )

P AA=A'-2=AB+BD-AC
=AB+BN+ND-AC
=AB+ BN+ ND-ND
=AB+BN.................. (6.4

The line BD is extended. The normal drawn at point A to the walls is also extended anditis AMA'.

From figure 6.5, A” ABM and A'BM are identical.
AA=A'B+BN = A'N
Writing AB=A4'B in equation (6.4) we get

"AA=AB+BN=AN————- (6.5)
From A A'N we can write,
Cosp=AN ___AN___ AN

- = = (" AM = MA)
AL AM+MA  2AM ; M
We have AM =VT

. Cosf = AN = AN =2vTcosd
2vT

AA =2VTcos@ (6.6)
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It is the expression for change in wave length between two successive collisions. Consider a spherical

enclosure of radius ‘r’. The radiation will reflect on the walls as shown in fig.6.6.

The distance between two successwe colhsnons is
rcos@+rcos@ =2rcost

The velocity of radiation is c. It is the distance traveled by the radiation in one second.

Numl;er of collisions in one second = ¢
2r cos@
S, ! cdt
Number of collisions in dt seconds = 6.7
2rcos@ :
cdt
Change in wave length in dt seconds = dA =2vT.cos@x
2r.cos@
_ vTcdt
r .
= l/-‘L-cdt ¢ T= ZL—)
cr C
dl= Av. dt /l.dr
r r
dA dr
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Integrating on both sides we get,
log; =log[+ constant

., _ _
= log, (7) = constant => % = ‘constant 6.8)

From equation (6.3) we have, r x T = constant

From equations (6.3) and (6.8) we can write,

A
rxI'x—=constant => A.T = constant
r

SAT=4T (6.9)

This equation shows that the wave length is inversely proportional to the temperature 6f ‘black body.
From first law of thermodynamics we have,
dU + pdV =0 (.. dQ = 0)
d(uV)+-’3idV=o | (6.10)

If u,dA is the energy density between the wave lengths A4 and A+dA per unit volume,

then we can replace u  with #,d2
d(u,dV) +%x u,dAdvV =0
d(u,d AW +u,dAdV + %x u,dAdV =0

d(u,dA)V +—§—xu1d/1dV =0

dividing with #,d4 we get,

d(u,dA) +i av _
u,di 3V=0

Volume of the enclosure is

V= girr3,dV = —g-ﬂx.?rzdr‘ =4xridr

av _ 4rridr _ 3dr

V i;z‘r3 r
3

Writing this in equation (6.11) we get
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d(u,dA) +i¥_ 3dr _

0
wu,di 3 r
il_(.uL).+4_dL= 0
“u dA r

Integrating on both sides we get,
log, (u,.dA)+4log, r =Constant

log, (u,.dA)+log, r* =Constant
log, (u,.dAr*)=Constant

u,.dAr*= Constant

we know that, A oc r,dA o dr -
u, dr.r* = Constant
u,.r'.dr=Constant

Integrating on both sides,

5
u,.r

=constant

uxr®= Constant................. 6.12)
From equation (6.3) we haver x T = constant.
From equations (6.3) and (6.12) we can write

u, T~ = constant. .
Since the spectral radiancy £, #, We can write
E TP =E xT">" )

E, - E, e '...‘.(6.13)

T ’

CENTRE FOR DISTANCE EDUCATION:

ax
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Experimentally one curve is drawn on a graph taking wave length A4 along X — axis and spectral

radiancy E, along Y - axis (fig.6.7). Taking the values the graph and using equation (6.13) we can draw the

curve at any unknown temperature 7' .

From the curves, it was found that the i i
, product of wavelength corresponding to maximum e
absolute temperature is constant. - g " nerey and

A, T =constant

It is wien’s displacement l‘aw.
6.6 Rayliegh — Jeans law:-

Rayleigh and Jean developed a theory for the spectral distribution of black body radiation by the

application of electrodynamics and statistical mechanics.
Consider a hollow cubic enclosure of side ¢/’ with perfectly reflecting walls. Let us place a black

particle inside the enclosure. The radiations emitted by the particle will be reflected by the walls. The waves
travel in all directions with all wavelengths. In a course of time, the enclosure will be filled with stationary

waves of all wavelengths. In ‘I’ unit length, if n loops are present

i‘-;__w\ n_j"=l:>l=2—l
~ _ 2 n

~ ==
A 2

Every allowed frequency is called a mode of vibration.
Let n,,n,n_ be the number of loops present along x, y and z axis. As the radiation is diffuse

(scatter), the waves can be inclined at any angle to the rectangular axis. For waves making the angles
a, B,y  with three axes, We can write, : :

lcosa=n" ]
Icos n,A
cos ff=—"—
, 2
lcos —11—’&
Y=

these equation can be written as

nA n,A ni
=cosa = ;€08 f=——;cosy =~

2! 2l 2l
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Herecosa cos 8 and cos y are direction cosines(fig.6.8). they obey the relation,

cos? @ +cos® f+cos’ y =1

2 AN 2
(53]
21 21 v 2
2
=>n"+n +n (%l-) .................. (6.12)

This equation represents an ellipsoid or sphere of radius -211— Each set of values of n,,n,,n, satisfying the

above equation corresponds to one mode of vibration.

The total number of modes of vibrations is the total number of possnble set of (n,,n, n.)

First of all, let us consider the number of modes of vibrations in two dlmenslonal plane. For two
dimensional plane equation (6.14) becomes, ~

2
nent(2)
A

"This equation represents the circle when we plot n_ along X-axis and n, along Y-axis. Each point of

intersection represents one mode of vibration. Since only positive values of 7., riy are allowed, we have to

consider in positive quadrant only (fig.6.9). The area of each square is unity.
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Hence the number of Squares is equal to 1/4 th of the area of the circle and it is equal to number of

modes of vibrations.
Number of modes of vibrations.

@
S
=

1
92468
ng—*

Fln:(s.gj

_ If we extend the above idea to3 — dimensional space, the circle will be a sphere and each unit square
wnll be a unit cube. . Now the number of modes of vibrations upto wave length 1 isequal to 1/8th of

the volume of the sphere.

, . 1 4z (21)
Number of modes of vibrations = EXTX —I

3 3
LA 8 (6.15)

8 3 23 Ky

Volume of the cube = 7°

"Number of modes of vibrations per unit volume = %

-

'/Number of modes of vibrations having the wave length in between 4 and 2. +dA  per unit volume

d( 4z )__ —47:
323
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As the transverse electromagnetic waves have two polarizations for each mode, the total number of modes of

vibrations is given by

8xdl
r=2

According to law of equipartition of energy, the average energy for each value of vibration is KT, where K is
Boltzmann’s constant and T is absolute temperature.

The energy between the wavelengths A and A+dA

E,da="9% k1
)
:>El.dﬂ=87:f}.”.kT ....... (6.17)
\ ) '
We have ‘v=£:>/1=—c-:>|d/1‘=_—fdv
A v v

= dA=—dv
v

Writing these values in equation (6.16) we can obtain number of modes of vibration having the frequency in

between v and v+dv as,

8r ¢ 8xevidv
= P 4x;2—dv= 2
8
2
Smdy 618
c

Taking the average energy as KT from the law of equipartition of energy, the energy between the.

frec sencies v and v+dv

can be written as

87KTV?
EdA=STY e . 6.19

(of
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6.7 - Planck’s radiation law :

In 1900, Max. Planck ,introduped the revolutionary concept of radiation known as quantum theory of
radiation. He made the following assumptions.

1. A black body radiator contains simple harmonic oscillators of possible frequencies.

2. The oscil!ators cannot emit or absorb energy continuously which is contradiction to electro

magnetic Atheory.

3. Emission or absorption of energy takes place in discrete amounts. For an oscillator of
frequency v, the energies are O, h v , 2hv s eerereteererernneee It means, it is the integral multiple of small
unit of enérgy hv  which is called as quantum or photon. For an oscillator of frequency v the energy is
given by |

E=nhv—> (6.20) Where n=0,1 B

And h isPlanck’s constant,

Average energy of an oscillator:

If N is the total number of oscillators in the black body and E is the total energy of these oscillators,

the average energy can be written as,

e=f _____ 6.21
N

Let Ng,Ni,Ns.......... Nr,..... be the number of oscillators having the energy 0,€,2 €,......... FE ..
The total energy of all the oscillators is

E =(Npx0)+(N,x&)+(N,x 2€)+(Nyx3e)+ = === +(Nrxre) = === ....... (622)

* total number of oscillators in the black body is

According to Maxwell’s distribution formula, the number of oscillators having energy r € is given by .

re

-
— kT
N,=N,e

The number of oscillators having the energy o is N, = N,.e’ = N,

The number of oscillators having the energy 1 is N, = N, e
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2

The number of oscillators having the energy 2is N, = Ny.e ¥

writing these values in equation (6;23)wé get,

£ = _re
=N,{1+e ¥ +e* +...+e

= No(l—e_ﬁ)

Slx+ 4= (1-x)"

.

1-e ¥7 |

writing these values of N,,N,,N,,
" below, .

—€ -2e - ~3e -re

E=eN,e" +2eNye" +3e.Nyet +-———- +————freNoe T m———

e -k 2e e
=€ N,.e"" [1 +2eF +1+3e¥ +———+re ¥ A-——= -----6.25

e -1
E=eN,e" [1 —2e“1 [ 1+2x+3x? +———(1—x)"]

writing equations (6.24) and (6.25) and equation (6.21) we get,

e Nye VT
€ 2
[l—e"—"') -€
- ek’ E. E.
e= = = = I = 3
N0 1—e* —~ o L |
l—ek_ET_ ek7

we know that €=hv

- hv
€= e

ekT

(6.26), ltisthe expression for the average energy of oscillator.

Planck’s formula :-

.......... in equation (6.22)we get the toial energy of all the oscillators as
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We know that the number of oscillators per unit volume in the frequencies range v andv+dv is

given by

The energy per unit volume between the frequencies v and v+dv can be obtained by multiplying

equations (6.26) & (6. 27) is
2
Edv= 87v dux hv

3 hv
¢ er —1

]

3
Edy= 8zhuv’du - (6.28)

.” C’(e’f;-lJ ' o

This is known as Planck’s radlatlon law.

v-—::du———d/l
A A?

o] = —5da
writing these values in equatlon (6.28) we get, the Planck’s radiation law in terms of wavelength,
EdA=31C 8 gax 1
& A ( e )
e —]
E,di= —s’ﬂchi’i— .......... 629
Y [em-lJ

~ This is known as Planck’s radiation law.
It rcprésents energy per unit volume between the wavelength Aand A +dA . This formula agrees well with
the experimental curves throughout the whole range of wavelengths. This formula converts into,

(i) Wein’s formula for shorter wavelength.

(ii) Rayleigh-Jean’s law for longer wavelength

(iii) Wein’s displacement law for maximum energy radlatlon
(iv) Stefan — Boltzman’s law for total radiation.
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68  Deduction of laws from Planck’s radiation law -

(i) Wein’s formula :-
We have the expression for the energy between the wavelengths L and A +d /1 as
Swhedd _ . .(629)

Eﬂ.d}. ='——7__ ......
As(efﬁ-l)

If"A" issmall theﬁ he is more
IS . Bt ]
- AkT

e

Due to this one can be neglected when compared to e**

8zhedv
E/ldi. i v
A% x e 1
Let 87hc=A and % =B N

B
EdA=A42"e *dA
It is wein’s formula.

(if)Rayleigh — Jeans law :- '

If "A" is more, _115_ is small
AkKT

he 2
T =14 +[————hc ] +————

AKT \ AkT
he
eHT =1 +—hc
AKT

neglecting higher order terms.

writing this in equation (6.29) we get,
8mhcdA 87hc AKT
Eid, = he A The
A’ (l +— 1),
AKT

E, dl‘=84_”;_€_‘4.1_}: » Itis Rayleigh-Jeans law. -

(iii)  Wein’s displacement law :-
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For the wavelength corresponding to maximum energy we can-use the condition
dE

=0
d,
he -1
We have E, = —%— =8xhcA™ .l:e“‘—’ —I:I
A3 (em - 1)

e fr | oo

 A#O,
he

1 hc e AT 5 1

—_— =0

-—;x 2 x’ he 2——6— he
) zkj (e"‘_r—l] A (em_lj

ae )
multiplaing with 1° x(e"‘" -l) we get

e
hc ekl

A kT ( 3 _IJ

he

~5=0

X

X ~5=0

e -1
The solution to this equation are x=0 and x=4.965

But xX= —bf-— =0 is not allowed

AKT
x_—h°—-4965 he _ar
AKT 4.965
4T = e 0.2896x102mk
7~ 4965k
AT =constant

Since it is the wavelength corresponding to maximum energy we can write,

A,,.T =constant
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>4 T=AT |

(iv)Stefan’s Law :-
According to Planck’s formula in terms of frequency we have,

3
Ed = 87rh‘1; dv |
e (eﬁ -—1)

The spectral radiance - E, (spectral) and the energy density E, are related by the relation

(E,)spectral = %.Ev

(E,)spectral.dv = %.Ev.dv

_c 8zh’dv o

KE

The total radiant energy due to all frequencies is given by

E= I(Ev)spectral.dv |

a 3
E= c. Szhﬁdu

o4 cz[eﬁ—l]

hy kTx ‘ ‘ ‘ S K
Let —=x , Vv=—

kT ‘ h

writing these values in the above equation we.get, : R
“ oxh  kTx., kTdx 2zxh_ KT’ kT ¢ xX’dx
E= [—x() x— =" x(557) X -
st =) h - h c h og -1

\
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4 4 a
| =2;kaxT‘x£- Ix-s"h=”_‘ '
¢ h 150 Je*-1 15
27%k* '

=_1T2}13XT4=E=0.T4;
when o = l.‘i‘zh’ =5,67x10" walts/m* = k*

It.is stefan’s law.

6.9 Pyrometers ;-

Pyromgters are the instruments which are used to measure the high temperatures. There are two tyﬁes of
pyrometers.
1 Total radiation pyrometer : _
The in?truments that measure total radlatioq emitted by the body under test are called as total
radiation pyrometers. - Here the radiations of all wavelengths.are considered. Here the temperature is

measured making use of Stefan’s law.

2. Optical or Spectral Pyrometer :- _
The Optical pyrometers compare the intensity of radiation of a certain wavelength emitted by the
body with that the radiation of same wavelength emitted by a standard body at a known temperature.

The temperature of the body is obtained by applying wein’s plancks displacement law or planks law.

6.10. Ferry’s total radiation pyrometer :-
The apparatus consists of a large concave mirror [C of copper and nickered on the front
surface. The mirror is provided with a'small hole at it§ centre and an eye is fitted in it. The mirror
can be displacéd from its one position to another position with the help of rack — pinion screw.

. Before the mirror C, two plane mirrors M, , and M, are arranged. They are inclined at an angle of

5% and separated by a distance of l.Sr;lm. In the gap, a blackened strip S is arranged. The mirrors
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M, and M, and the strip S are placed in an enclosure in order to prevent the direct incidence of

radiation from the hot body on these substances. The blackened strlp S is connected to one junction

ofa thermocouple. Dependmg upon the deflection in milli voltmeter, the temperature of the hot

body can be estimated.

The radiation from the hot body for which the temperature is to be determined ate allowed to

incident on concave mirror C. By moving the concave mirror C to a suitable position the i mlages of

the two mirrors overlap exactly to form a complete circle as shown in fig.(6.10).
"—(j"“l
oy = __; ﬁ ' ﬂ? T In focus
Cold

E ! “ M

— S

= &’.
T\ s‘l , junction

Fig:(6.10)

Ot of

If T and To are absolute temperatures of the hot body and that of the pyrometer case and 8 is the deflection
in milli voltmeter, we can write, 8 oc T* i
But the power lies in between 3.8 and 4.2 |

Hence we can write’
QT C
ie.0 o T*
Logf o« !},ogT"
Log0 o< kLogT -
Log8 = ckLogT,

where c¢is constant

Initially, using bodies whose temperatures are accurately known, the deflections in the milli

voltmeter are noted. A graph is drawn between log@ and log T. The graph comes out to be a

straight line and it is called calibration graph.
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An unknown temperature can ‘be obtained‘.with the help of this graph, taking the
corresponding deflection in milli voltmeter experimental ly.

6.11Modification for the measurements of very high temperatures (Rotating sector method):-

T
r-w.-..-_-," rj‘w/k~ ]
e i

e 7 S ?
-a.m;? e o
T e
R -
& Pyrometer

‘Fige1) T
In order to measure the very high temperatures a rotaﬁng sector is used. This is an opaque circular disc in
" which apart is cut off in the shape of a sector. This is plaéed in between the hot bady and pyrometer
(fig.6.11) and made to rotate rapidly on the axis of the eye piece. The sector allows only a fraction of total

. . 6 ' .
,rotation is equal to %to enter the pyrometer, where @ is the angle of the sector.

Due to the radiation coming from the sector we can'measure the temperature less than the actual temperature

fc;f the body. If the pyrometer measures the temperature 7; and the actual temperature of the hot body is 7, ,
 they can be related by -
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1
" 6 T 360 (T, (360)1
I A T e
TF 360 T' 6 \L ) \#

ST, =T, (360)
6
6.f 2Disappearing filament optical pyrometer:-

The apparatus(fig.6.12) consists of a telescope filled with an objective ‘O’ at one and an
eyepiece ‘E’ at other end. The distance between objective and eye —piece can be adjusted using rack
and pinion arrangement. The point at which the light rays using coming from the objective are
incidenting the cross wires are to be arranged.

The cross wires are replaced by an e‘leétric lamp S. The filament F of the lamp is connected
to battery of emf B, key K, rheostat Rh and ammeter A in series. The filament is heated by passing

current through it. Diaphragms D, and D, are arranged to limit the core of radiation. The red glass

filter G is placed before the eye piece E in order to observe the radiation of particular wave length.

w O 5

, bl ‘I T E ' . I‘ r—LE v

Filtﬂl’

| T J\

. Rh e

—i l""—(':""’v*f" Liile Q/ ’
5 K}

FIg:(6.12)

The pyrometer is turned towﬁrds the hot body. The radiations coming from the hot body are made to focus on
the filament by adjusting the position of objective with the help of réck and pinion arrangement. The image
is viewed with the help of eyepicce E. The current passing through the filament is increased gradually. Due
to this its temperature increases. The current through the ﬁlameﬁt ‘is adjusted until the filament just
disappears.When the filament just disappears. The current in the filament are recorded with the help of

ammeter. At this stage both filament and image are equally bright.
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t
If T is the temperature of the hot body of filament and I is the current flowing through the filament, they are

related by

[=a+bT+cT2
Where a , b and ¢ are constants.

The constants a ,b and ¢ are calculated as below.

Three hot bodies whose temperatures are accurately known are taken. The pyrometer is turned
towards each hot body and current in the ammeter is noted when the filament disappears, at each time.
Substituting these values in the above equation we can obtain three equations. on solving these three
equations 'we can obtain the values of a.,band c.

Now the pyrometer is turned towards the hot body of unknown temperature. The current [ in the
ammeter is noted when the filament just disappears. Writing the values of a, b, ¢ and I in the equation
I=a+bT +cT?

The temperature of the hot body can be determined.

6.13Solar constant and its determination:-

Sun is radiating energy in all directions. The earth receives only a fraction of this energy. A -
considerable portion of the incoming radiation is lost by reflection and scattering by the atmosphere. The
radiation is also heavily absorbed by the earth’s atmosphere. The radiation absorbed by the earth atmosphere
depends upon the time of the déy and the season of the year. Thus we need a hore constant quantity
regarding the solar radiation received by the earth. It is termed as solar constant. |
Solar constant is defined as the rate at which the solar energy is received by a black surface per unit area
placed normal to the sun rays at the average distance of the earth from the Sun in thé absencelof the

atmosphere. It’s value is 1340w/m’ (or) 1.92cal / cm — min

Angstrom pyrohelimeter for the determination of solar constant

The instruments which is used to determine the solar constant is called pyroheliometer
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Fig:(6.13)

Angstrom pyrohelimeter is as shown fig (6.13)

The apparatus consists of two thin exactly similar blackened strips S, and S, of platinum or

constantan. The two strips are arranged such that one is open to receive radiation from the sun normally

while the other is protected by a double walled shield H. The two strips S, and S, are connected to the two

junctions of'a thermo couple by means of a galvanometer G. The metals in the thermo couple are made of

copper and constantan. The strip S, is heated by passing electric current through it. A voltmeter V is

connected in parallel and an ammeter I is connected in series to measure the voltage and current. When both
S, and S, are at the same temperature, the galvanometer shows no deflection. Now S, is exposed for sun
_ radiation, the galvanometer shows deflection. Now current is passed through and the strength of current is

adjusted using rheostat R h such that the galvanometer shows no deflection. At this stage the heat received

by both S;and S, are equal. Now the solar constant can be calculated usmg the formula

_ VIx60 caV o
Aax 42 /cm®—minute

Where “V’ is voltmeter reading, ‘I’ is ammeter reading, ‘A’ is area of cross section of strip and ‘a’ is its

absorption coefficient.

The experiment was repeated several times on the same day under constant sky conditions with

different elevations of the sun. The average value of solar constant was calculated. The same experiment was
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repeated throughout the year. If ‘S’ is the solar constant obtained S, is the true value of solar constant and Z

is the zenith distance i.e., angular altitude and 7 is the transition coefficient, the relation between them is
S =8, '
log S =log S,7**
log S =log S, +log r***
logS =logS, +seczlogz

It is in the form of y=mx+c

From the experimental data, the graph is drawn in between logs and Secz. A straight line is obtained as
shown fig . (6.14) . The Y intercept value gives log So.

From this, the value of so can be calculated. It is obtained as 1.92 cal/cm*-m (or) 1340w/ m?

Y
\ (12}
tn
_OJ By
Log &,
¥
. Secz o
Fig:(6.14)

6.14Temperature of the Sun:-

Different temperature regions of the sun is shown in fig. (ﬁg.6ﬂ.15) The temperature of the
central core of the sun .is at about 20 million degrees. The boundary of the central core is a thick shell
called the photosphere. Temperature of the sun usually means the temperature of photosphere which
is around 6000 K . The next 300 to 400 Km thick layer is called as reversing layer which contains
most of the elements in gaseous state. The extension of reversing layer is chromosphere. This is only
seen during total solar eclipse. The outer gaseous layer which extends to a more than half a million

Kilometers is called corona. -
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Reversing

Fig:(6.15)

Let R be the radius of photosphere of the sun. Then its surface area is 47R’.
Let T be the absolute temperature of the sun. Then according to stefan’s law, the amount of energy emitted

by the sun per minute is given by

E =4xR*0cT* x 60,where 'o' is stefan’s constant | (6.30)

This energy is spread in all directions. Let r be the average distance between the sun and the
earth. Let us consider a sphere of radius r with sun as the centre. The radiant energy coming from the sun
will spread over the surface area 4zr? . If S is solar constant, the energy received by the surface area axr’
per minute is 47r’s '

’ From equations (6.30) and (6.31) we can write,

4xR*oT* x60 = 4xr’s - >
o TS .
R%060

Substituting the values of r ,R ,S and o ,the temperature of the sun can be calculated.

6.15solved problems:-
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1. Determine the temperature of the sun with the help of wien’s law.
Given (b=2.92x10"m~k; A__ =49004°)
Am =49004° = 4900x10"°m 4 9%x107"m

b=2.92; T ?
Solution:- b=AmT
b 292x107
=T = = =5959K
Am  4.9x107
ST =5959K

2. A body at 1500K emits maximum energy at a wavelength 20,000 4° . If the sun emits
maximum energy at a wave length 5500 4° then what will be the temperature of the sun.
T, =1500K; Am = 20,0004°
o T'=9 Am' =55004°
Solution: AmT 20,000

R oo X 1500K
m

T' =5454K

3.A black body at 1500K radiates maximum wavelength of 2 microns, if the wavelength of
maximum energy of moon is 14 microns, what is the temperature of the moon.

Solution:
T, =1127° = 1127 + 273 = 1400K
Am =2microns =2x10%m
Am' =14microns = 14x10°m
L =?
AmI,  2x107 x1400

= 7t Tl= = =200K
A=A = L = = T 1o |

T' = 200K

4. Calculate the surface area of tungsten filament of 100 watts electric bulb.  The operating
temperature of tungsten is 2450K and emissivity is 0.3

Solution:
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E =100 ;T =2450K;e=0.3

E= eocT* o =5.67x10"

m’ -
E=AeoT!
A= E = 100 7 — - Where A is area

eoT! 0.3x5.67x(2450)" x10

A=1.6316x10"*m’

5. Calculate the maximum amount of heat lost per second by radiation by a sphere 10 Cm in

 diameter at a temperature of 227°Cwhen placed in an enclosure at
27°C(o = 5.67x10°W /m* —k*)
Solution:

T =227°c =227+273=500K
T, =27"c =27+273 = 300K

2r =10cm=r =5cm=5x10"m
o =5.67x10°W /m* - K*
0=2

According to stefan’s law E = o(T* -T;')

The net rate of loss of heat (or) by the total surface area of the sphere is given by
Q=Ex4nr’ = a(T“ '—Z},‘)x47rr2

=5.67x107[ 500" - 300" x4x3.14x(5x107?)”
0 = 0.0969J/¢ = 0.0969wait

6. The luminosity of a star is 20000 times that of the sun. temperature T of sun is 6000K. Find the
surface temperature of sun star.

Solution:
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E, = 20000.E,;T, = 6000K;T, =?
. -El =oT;*
E, =oT}

1
E, T \L,) 1 LEz

1

n

T T(QJ
EZ

-;—' = [20000]‘ =11.89,T) =11.89x 6000 = 71352.4K
; .

T, =71352.4 K

7.Calculate the temperature of sun from- the following data adius of the

sun(R) =7.92x10°km, distance  of sun  from earthr =1.5x10*Kmand  stefan’s

constanto = 5.7x10°W /m* ~ K* S =1.34KW / m?,

et {ie

3 \2 V 3\ |+ 1
[t ()] s s

Solution:

7.92x10° 5.7x107
8. Calculate the average energy of an oscillator of frequency 5.6x10sec™ at 330k .Treating it as
(1) classical oscillator (ii) planks oscillation

v=5.6x10%sec™! =5.6x10"2 Hz
T =330K

Solution:

(1) Classical oscillator

€= KT =(1.38x10"2 x 330)
=44.54x107> = 4.454x10'J
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(2)Planck’s oscillator
-  hv
€= hu )

eKI

ho = 6.62x107 x5.6x102 =37.07x10™
ko 37.07x107
KT~ 4.454x157™
37.07x107*

8.323x107
e 23x1 _1

=8.223x107"

€= =2.945x107%J

9.Calculate the number of modes of vibrations in wavelength range 5000 A%to 5002 A° for radiation in a
chamber of volume 100 cm’

Solution:
V =100cm® =100x10°¢m’ = 107w’

2, =50004°, 4, = 50024°
dl=24, -2 =24 =2x10""m

gt ”1 _ 50014° = 5001x107°m

87rVd/l 8x3.14x107* x2x10° 10
f— 4 = 0
A (5001x10"' )

_ -14 »
_ 50.24x10 = 0.0803x10" =8.03x10"
(5.001x107) S | \

- £=8.03x10"Hz

6.16Summary:-

In this lesson the types of black bodles are dlSCUSSCd The energy distribution for black body
radiation was explained by various laws like wien’s dlsplacement law, Rayleigh —Jeaﬁ’s law and
Planck’s quantum radiation law. Pyrometers are discussed to measure high temperatures. Solar

constant is determined and the expression for the temperature of the-sun was obtained.

6.17Keywords:

Black body, Absorption,.radiation, energy distribution, quantum theory, pyrometer, solar

constant.




2 B.Sc PHYSICS N 36 QUANTUM THEORY OF RADIATION
«\ . : ’

6.18.Self Assessment Duestions

~ Long answer questions:-
1. What is a black body ? Explain Lummer and pringsheim experiment for energy distribution

of black body radiation.

2. Derive wien’s displacement law.

3. Derive Rayleigh —Jeans law.

4. Derive plancks radiation law. Obtaine various laws from it.

5. Explain types of pyrometers. Explain filament disappearing optical pyrometer.

Short answer questions:- | |

1. Write a short notes on back body.

2. What is solar constant ? wa' it can be determined.

3. Derive the expressf(;n for témberatufe of the sun.

Exercises:

1. In an atomic explosion, the maximum temperature produced was of the order of 107k
Cailculatze the wavelength of maximum energy. Wien’s constant 0292 cm—-k

Hint: 4, T=b | '

Ans:2.92A°

2. _An energy of ' 8.25cal/sec is radiated from an area of 6.1cm? in fumace. Assuming  the

furnace to be a back bbdy find its temperature.
 [Hint:E = edoT* Ans =10600.4k |

3.A 8cm diameter copper sphere is smeared with black spot. This is heated to 627c. What amount of

heat energy is radiated per second. »
[Hint:£ = eAoT* Ans =752.34watt |

4,A sphere of 20cm diameter at a temperature of 327°C placed in an evacuated vessel at a

temperature of 27°C . Calculate the heat lost by thé sphere per second by radiation. Assume‘the

sphere to be a black body.
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= -12 J
o =5.7x10 o — s — des®

[HintE=edo(T*-T,)  Ans:869.81]
5. _Calculate the surface temperature of the sun from the following data
S =134 %?
R=692x10"m
r=15x10"m
_ S W .
o=567x10 %nz-—k‘
. rY s g
Hint: T= [(—) x —] Ans :5773K
R) o

The activity of a black body radiator is in the shape of cube. Find the mimber of modes of vibrations

»er unit volume in the wave length range between 4995 4° and 5005 4°

Hi tf—s”d’” ~Ans:4.019x10"]
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UNIT I

Lesson;7 .
STATISTICAL THERMODYNAMICS
Objectives : -
This lesson gives the information and deals about the following

1. What is necessity of statistical mechanics?
2. Difference between classical and quantum statistics.

3. Various distribution laws comparison.

Structure of the lesson:-

7.1. Introduction

7.2 Methods of statistical mechanics ,

7.3 Statistical equilibrium

7.4 Ensemble

7.5 Concept of probability

7.6 Maxwell -Boltzmann distribution law

1.7 Appliéation of Maxwell —Boltzmann’s law to an ideal gas

7.8 Quantum statistics

79 Base-Einstein distribution

7.10 Bose-Einstein distribution law.

7.11 Photon gas or Blackbody radiation energy distribution

7.12 Fermi- Dirac distribution law |

7.13 Fermi energy of electron gas ’

7.14 Comparison between Maxwell-Boltzmann, Base-Einstein and Ferml-Dlrac K
statistics.

7.15 Solved problems. -

7.16 Summary

7.17 Keywords

7.18 Self Assignment questions

7.19 Reference books.
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7 1 Introduction:-

Con51der the case of gas consnstmg of 10% molecules in order to obtain the complete
information concerning the meotion of the system. We_have to solve 10% equations of
motion or more. But it is not possible. It means, it is impossible to apply the ordinary
laws of mechanics to such a physical system. Such problems have been successfully
solved by the method of statistical mechanics.

Statistical mechanics is a branch of science, wh1ch establishes the relatlon between
macroscopic behaviour (Bulk properties) of the system in terms of its microscopic
behaviour (individual particles). So, statistical mechanics investigate the most probable

behaviour of the assembly of particles.

7.2 Methods of statistical mechanics:-

The study of statistical mecharics can be classified into two Categoriesx./

1. Classical statistics or Maxwell —Boltzmann’s statistics:-

The classical statistics utilizes the results of Maxwell’s law of distribution of
molecular velocities. The classical statistics suctessfully explained the phenomenon
of temperature, pressure, energy etc., But it is failed to explain black body radiation,

photoelectric effect, specific heat at low temperature.

2. Quantum statistics:-

To explain the phenomenon like black body radiation, photoelectric effect, specific
heat at low temperature the quantum statistics was developed by Bose, Fermi and

Dirac. The quantum statistics is sub divided into two categories.

a)Bose-Einstein statistics

The particles obeying Base-Einstein statlstlcs are known as bosons. Ex: Photons, neutral
Hehum atoms in ground state, a- particles etc., These particles possess the spin value as
integral.

b)Fermi-Dirac statistics

The particles obeying Fermi-Dirac statistics are known as fermions.
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Ex: - electrons, protons, neutrons etc., these particles possess half spin. -

7.3 Statistical equilibrium (Thermodynamical isolated system) :-
Consider a thennodynamically isolated system consisting of N particles. Let the
energy‘ states available of these particles be E;, Ej, < E,. Suppose that n,
particles are in state of energy E,, n, particles are in the stéte of Ej, ------ The total
number of particles can be written as,

N=m+n+...=2n
i

The 1otal energy of the system can be written as

U=nE, +nE, +nE,.. =2nkE,

If the particles are non interacting the total energy U is constant. But due to collisions
the transition of molecules from one energy state to another energy state takes place.
As aresult nj, ny,n3,-----==-e- are continuously changed. Hence a particular most

favoured distribution is concerned. When this distribution is reached, the system

attains statistical equilibrium.

Statistical Equilibrium (General) :- _
If we have a collection of particles, then each single particle is refracted as system.
‘T'he collection of particles as a whole is called as an assembly. The collection of

large number of assemblies is known as ensemble.

Gibb’s suggested that any instantaneous state of a particle may be represented by

I.magining a 6 dimensional space in which the 6 co-ordinates (X,Y,Z,Px,PyPz Jare
making along 6 mutually perpendicular axes in space.This is purely a mathematical
concept. The 6 dimensional space is known as phase space or p spabe. A point in the
phase space representing the instantaneous state of particle is called phase point. The
number of phase points per unit volume is called the phase density of these points.The
density function ‘p’ is called as density of distribution or probability density or
distribution function. The density function is-a function of position co-ordinates

G TIC: T q;) and function of momentum ¢ . “dinates (pi, P2,.-+.++. Pi) corresponding
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(

to 2; combined position — momentum axes in phase space. The density function p is also

a function of time. p= p( q1,92,e0es0000e iy P1.P2,sererses pi, t)
Simply p=p (4.p:0)

When the ensemble is a statistical equilibrium, it obeys the following two conditions.

1. The pi‘obabilities of finding phase points in various regions of phase should be

independent of time.

2. The average values for the properties of the systé_m in the extent should also be
independent of time. |

Mathematically the conditions of an ensemble in statistical equilibrium is giverr=.____

by

or

0,
(_ﬂ) =0 For values of g and p
ar

Suppose *p’ is taken as a function of energy ( o ) which is inturn can be expressed as a

function of q's and p’s. Let the property is expressed by @
We can write,

% _% da |, (7.2)
oq, da dq,

o = gﬂi-a- —(7.3)
op, Oa 0op,

_ According to Liouville’s theorem we can write,
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(2) sf[a) 2n),
o )., T|\% Ot ap, ot J| .

0
:(_p) +5%5.9, o

ot ar ' aqi op,
ap) op . Op
— _Z g +-L
( O Jq.p ! (aq, ‘ op, b
Op O . Opoa .
== _E’———qi +22 P 4
i\ 0a Og, O op,

The ensemble will be in statistical equilibriur: if p is independent of time.

7.4 Ensemble :-

The collection of particle is known as assembly. Each assembly is characterized by
the same values of set of macroscopic parameters which uniquely determine the
equilibrium state of the assembly. The collection of large number of assemblies is

called as an ensemble.

The ensembles are ¢tlassified into three types.
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1. Micro canonical ensemble: -

It is a collection of essentially independent system having the same energy E, volume

V and number of particles N. All the assemblies are of the same type. The assemblies

Are separated by impermeable and well- msulated walls separate the assemblies such

that there is no exchange of E, V & N. We cannot specify the macroscopic energy of

ensemble energy.

W/’ O A AN A
4

%
A Evn | EVN ] EvN A
4 Y
4 s /I\
1 EvN | EVN | EvN L 5
¢ A
4 /
v& EvN ] EVN]EVN |/
k 77 7 7 Z /711//
Fig(7.1) | Fig(7.2)

Consider a closed system for which the total. energy E is constant

E=E(qs, q2, q3-----=-- qs Pi, P2, p3-------pr) = constant

The surfaces having the same energies are called energy surface or ergodic surface.
Consider a graph which is drawn taking momentum p along Y -axis and position q
along X-axis. We can obtain two energy surfaces as shown. In between these two
surfaces the density is constant Below the 1% curve and above the second curve the

density is zero. It means the area between both the curves represents micro canonical

ensemble.

2. Canonical ensemble :-

It is a collection of essentially independent assemblies having the same values of
temperature T, Volume V and number of identical particles N. As all the assemblies are

having the same temperature, we can say that the assemblies are in thermal contact with
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each other. The individual assemblies are separated by rigid, impermeable but diathermic
walls. Since energy can be exchanged between the assemblies they will reach common

temperature. Thus in canonical ensemble, system can exchange energy but not particles.

L L L7 72727

Ml TVN | TVN | TVN
/

T,V.N T,V,N T,V,N

TN | VN | TVN

AN NI

AN AN

L L L L L L L L

Fig(7.3)

3. Grand Canonical ensemble :

From micro canonical ensemble to canonical ensemble the condition of constant energy
is released. This has simplified the calculations in thermodynamics. Now we have to
rem;)ve the condition of fixing the total number of particles ie. N. As in all the chemical
and physical processes the.number N changes. So, such an ensemble where exchange of

energy and particles takes place with the heat reservoir is known as Grand — Canonical

ensemble.
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Fig(7.4)

Grand — Canonical ensemble is a collection of independent assemblies having the same

temperature T, Volume V and chemical potential.
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75 Concept of probabxhty : ,

Consider the tossing of a coin. The toss chance that the head or tail falls upward is
Y2 i.e. 50%. If the coin is tossed for a large number of tlmes, the chances of gettmg the
head or tail upwards are equal i.e. 50%. This fact can be expressed in terms of
probability. | R

The probability of an event may be defined as the ratio of number of cases |
in which event occurs to the total number of cases, provided the total number of cases is
very large. ,
Number of cases’ in which the evént occurs
Total number of cases:

The probability of an event =

Consider that an event occurs in ‘a’ ways and fail occurs in ‘b’ ways. -
Probability of happening the event = a/a+b o
.Probability of failing the event  =b/at+b

pbility of composite event = The product of the probabllltles of the individual -

#¥ependent events.

Probability theorems for various distributions laws.

pf ways in which N distinct particles can be arranged in an bfdéf =N,
galliparticles in a system. The particles can be arranged in 24 ways

- i.e. 4! Ways.

ber of different ways in which n particles can be sélected from N
N!
tinguishable particles 1rrespect1ve of the order of selectlon ——————(N i
~Ex :- Suppose we want to select 3 particles out of 4 partxcles drrespective of the order
: of selection, we can write n=3 and N=4 '

4 4
(a-3)13t 1131

Number of ways =
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3. The number of different ways in which n distinguishable particles can be arranged in
g distinguishable states with not more that one particle in each -8
nl(g—n)!
Ex :- Consider 4 distinguishable states (g=4) and 3 distinguishable particles (n=3)

4! 41

Number of ways = = =4
4 31(4-3)! 31

7.6 Maxwell Boltzmann distribution law :-

" Maxwell Boltzmann distribution law is one of the important distributions in classical
statistics. Consider a system of ‘n’ similar but distinguishable molecules of a gas
contained in a vessel .The gas molecules are moving freely with in the vessel in all
possible directions . Different gas "molecules possess different energies .Maxwell
considered that how a fixed total amount of energy is distributed among the various
members of an assembly .Basing on this idea Maxwell-Boltzmann‘s law was derived
Out of this ‘N’ molecules, let n; be the number molecules Having energy E; . riz
molecules have energy Ej, n; molecules have energy E; and so on .The total number of
gas molecules N and also total energy of gas molecules E is constant .we can write,

N=nm+nm+..=2n
The total energy can be written as

E=ng +nme +ne, +ann... =) &n

Considering that priory, probability for a molecule have energy & as gi. Maxwell and

Boltzmann derived the following relation.

IR
ES IR N ]

B U B e
P

n, = gie_ae_ﬁei

Where a and 3 are constants.
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1
The val. s —
e value of B is XT

&

n=gee

This result explains most probable distribution of molecules among the various energy
states and known as Maxwell-Boltzman distribution law.
If a graph is drawn by taking number of molecules along the y-axis and energy along x-
axis, a curve is obtained as shown . The number of molecules being maximum in zero

energy cell and decreases exponentially'with energy.

Fii e Y

Fig:(7.8)

7.7Application of Maxwell Boltzmann’s law to an ideal gas :

_ Let us consider an assembly of ‘n’ molecules of an ideal gas contained in a volume V
at absolute temperature T. The number of molecules having the energy €;can be written
as

=n=ge’e’ > (1))
Where e andP are constants

Instead of considering discrete energies €;, € € -—---—, here the continuous

distribution of energies are considered. If we consider the number of molecules having
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the energy: in between € and etde  equation(7.1)  becomes
n(e)d e= (e)e"’ el 5(1.2), -
_ ; P’ N : ,
We know that e= Ey™ where p is the molecular momentum
The number of molecules having the momentum in between p and p +dp is
n(p)dp=g(p)e“e ™

2

-8r*
n(p)dp=g(p)e e * dp—(1.3)

The values in the above equation are obtained as

3
N ( B )5
= ] 7.5)and
¢ V(Zn'm = ( )an.

Writing equatlons (7.4), (1.5) AND (7. 6) in equatmn (7.3) we get,

pz

)2 e gy

. 47th N#* ( B
n( )d V \2zm

3 2
5y =P
n(p)dp = 4xNp’ (2 kT)z e’ dp — (1.7)
m :

2

We have £ =¢ = p’=2me
2m
diff.we get
2pdp=2mde ,
| _mde_mde
j /] 2me

Writing these values in equation (7.7) we get,
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. 1 .
n(e) de=47rN.2me( 1 )2 ot m A<
2amkT 2me

mde

=87Nme 31 T

22m
3
N 87sze( 1 )Ee
T30 31
55*7 7 KT

3
= -e "1/
- SﬂJV”f ( 1 )Zezf G% de
© 22m® \#kT ‘

-€
ﬁmde

1
e?

]
n(e) d e= 27N €? ( !
kT

)2‘ eF'd e—> (7.8)
/4

1) =
(—) e ———
kT Dim? &3

It is the expression for the.number of‘molecules having energy between € and e+de inan

ideal gas containing N molecules at absolute temperature.

Equation (7.8) is called Maxwell — Boltzmann distribution of energy.

We havee= %sz,d e= %.m.ZVdV = mVdV.

-

The number of molecules having the velocity in between V and ¥ +dV is

-mp?

1
2 1 2 =
n(V)dv = ZﬂN(—!—mW) (;—15;) e X mvdvV.

2

S
2p2 3 =2
i ) £ mydV.
22

3
(7
kT
3

_ 4zNm?V’ ( 1

-mV?

2
) £ 2T gy,

1
222
3 -mi’?

. -
=47 NV? —"’—] U gy, —» (7.9
n(V)dv =4xn (ﬂkT e (7.9)
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It is the expression for the number of molecules having the -velocity in between V' and
V +dV . If a graph is plotted taking number of molecules per unit range n(v) along y-
- axis and velocity (V) along x-axis, the curve first raises parabolically, reaches maximum

and falls exponentially.  The fraction of the molecules havmg the velocities in between

v and v+dv is given by

. -mb?
M = 4xV? (_m_] XL, 4
N Do kT

™~ | W

l_"I{u]‘ _

05' : By '

Fig:(7.8)

.The fraction n(v)av fepresents the probability that a molecule will have speed

" in between v and v+ dv. It can be written as p(v)dv
m 2 =
=4zVi]| —— | e ¥ dV
p(V)dV. AnV (Zﬂ'kT)

-m¥?

p(V)= 47rV2(2”k )—ew - (7.10)

".‘hé probability function is defined as the probability'_'that a mqlecule will possess the
speed v.
7.8 Quantum Statistics: -

rature, pl'CSSlll'C,

X mental observed
chergy ete. But it iy failed to g,\_plan_n the ong crine
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body radiation, '\ﬁhoto@}ectric effect, specific heat at low temperature etc. To explain
these phenomena, Qufum\ﬁn statistics was introduced. In quantum statistics fhe particles
are considered as,in’/d/istinguishable.

In 1924, S.N. Bose developed a new statistics and Einstein applied it to active-
axis. The statistics is known as Bose — Einstein statistics. The particles obeying this
statistics are known as Bosons. The particles do not obey Pauli’s exclusion principle.

The particles are identical, indistinguishable and possess integral spin.

Ex: Photons, neutral Helium atoms,o particles etc,

In 1926, Fermi and Dirac independently modified Bose — Einstein statistics in certain
gases. This statistics is called' Fermi — Dirac statistics. The particles obeying Fermi —
Dirac statistics are known as Fermions. The particles obey. Pauli’s exclusive principles.
The particles are identical, indistinguishable and possess half integral spins (1/2 , 3/2, 5/2
72, .....) '

Ex :- Electrons, Protons, neutrons etc.,
7.9 Bose — Einstein Distribution :-

In Bose — Einstein distribution the particles are indistinguishable. Consider the
distribution of four particles (a,a,a,a) among the two cellsx and y such that there are three
particles in cell x and one particle in celly. The distribution according to both Maxwell —

Boltzmann and Bose — Einstein are as shown fig(7.7)]

Csflx | ber i acd_m! i andm‘ fabc ] : 'rélém%
- > ’ b - . powee]
) 3
"y . ~ H r—..‘ E
cay [a] & lej  Ta 1 s
Maxwoil-Boltrmana slaliskos Bose Einsdoin
: ‘mm‘is[iw
Fig:(7.8)

Now let us assume that each cell (xy) is further divided into four

compartments. The distribution is as shown in fig (7.8).
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Flg:(7.8) ‘

In general the number of ways in which n particles are distributed along g;
sublevels of i.ts quantum states is
(n+g -D!
n (g -1)!
If n=3, g=4
Number of states

_(3+4-1) 6 _6x5xdx3_
31(4-1)1 3131 3x6

If ni=I and gi=4

Number of states =
(+4-1)1 41
1(4-1)! 31
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" Hence the total possible distributions are 20x4=80 -

Let there are n; particles in g; states with energy Ei, n particles with eneréy Eg;------ n;

particles in the g; state with energy E;

The total number of arrangemeﬁts will be | .
_[(n+g-D[(m+e, —1)!]..-[(n,__+g,. -1‘)!]
oy e L)
”[(n +g,-1)! ] '
(g -1)!

As ni and gi are very large we can write g, —1 = g

_ (n, + g,)!
i nlg!
7.10 Bose — Einstein distribution law :-

In Bose Emstem staustxcs the particles are mdlstmgmshable The number of different

gl)'

ways in which indistinguishable particles can be distributed among g,» cells.i 1s 1 '
nig!

The total number of distinguishable eigen states is given by

(n +g.)!
) i nl'gl

For equilibrium state G =0

The two subsidiary conditions are

1. . Thetotal number of particles in the system is constant.

@ie)n= Z i, is constant (or) on= Z on, =0

2. The total energy of the system is constant.

E=ZE,=ZnE =constant (or) SE = azn,E 0
i
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Basing on these conditions the number of j:articles having the energy ¢; can be written as

n = E
a+—t

e -]
This equatibn is known as Bose — Einstein distribution law.
It is the most probable distribution of the particles among various ehergy states obeying
Bose — Einstein statistics.

7.11 Photon gas or Black body radiation energy distribution :-

Consider a black body that is a cavity in same opaque material. L&t V be the volume
of the cavity which contains a large number of indistinguishable photons of various
frequencies. It is called photon gas. According to Bose — Einstein distribution law

number of particles having the energy ¢, is

&

&
a+-L

e M _]

n =

In case of cavity , the number of photons is not fixed due to their .abSOrptidn and
reemission by the walls of the cavity.

In this case we write,
D 8n, 0

Under this condition o =0,
Writing this equation (7.11) we get,

In case of photon gas, the energy difference between successive allowed values is very
small. Hence we can'replace g; with g(E)dE The number of particles having the energy
in between E and E+dE is

an=EEVE _ 8(E)E ;5

e -1 e —1
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Replacmg g (E) dE vnthg(y) dy weget i

dn =22 (")‘a’ - (1.14)
A e"ﬂr -1
From Raylelgh Jeans law, we have the number of states in black body radlatlons in the
frequency range vy and y+dy as . '

Ba¥v'dy —(7.15)
C

g( )dy =

- Writing equatlon (7.15) in equation_(7.14)‘we get,

' 1 8avuldy
dn=——
oy ©
an__8aV0' 016 ‘ \

c (e"’ l)
Consider “dn’ photons in frequency range v and v +dv .The energy of these photons
ishudn. '

Energy per unit volume in the frequency range v andv+dv =——
v v

It can be written as E(o )dv of photdn gas.

E(v)du—-’-’-vign—
1014 E(u)V _dn

7.17
hv dv ( )

From equations (7.16) and(7.17) we can write,

E(v)Y _ 8arv’

3
Swhy BN U

By =S
"OE)
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This equation gives energy distribution of a photon gas. |
7.12 Fermi — Dirac distribution law:- o
Fermi — Dirac statistics is applied to indistinguishable particles which are
governed by pauli’s —exclusion principle. These partlcles are known as Fermions.
Consider a system having n indistinguishable particles. Let n; be the number of particles
of energy €;, n; be the number of particles of energy &, n;be the number of particles |
having energy € .Letg; denote degenenagy or number of sublevels of ith level.
The total number of distinguishable eigen states for the whole system is given by
] !
S P T ey e PR T

- g!
Gy Y

The two subsidiary conditions are

1. ‘The total number of particles of the system is constant
n =X n, =constant o, =5Zn_i =0

2. The total energy of the system is constant.
E=xXne =constant SE=6) ne =0

3. From the above considetations Fermi—Dirac distriﬁution law was répresented as,
n = —Z_Lﬁ—-— —(7.20)
et +1 ‘ -

This equation represents most probable distribution of particles among the various energy

states for a system obeying Fermi —Dirac statistics. |

7.13 Fermi energy of electron gas:-

For the particles obeying Fermi —Dirac statistics, in thermal equilibrium and at

_ absolute zero, the energy levels from o to a certain values of & are occupied by the .

particles. Other energy levels are above sf.aré left vacant. The energy & is known as

Fermi energy.
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From Fermi -Dirac distribution law, we have the expression for the

number of particles having the energy &;as.

4 &

n=—>=5___5(721)
e H 4] ’

To obtain the number of particles having their energy lie in between E and E + dE, we
have to replace with g (E) dE and with dn(E). Now equation (7.21) becomes, '

dn(E) ;ﬂ?i -(1.22) | .
e 41

For a system of free electrons enclosed in a volume V , we have the relatidn,

g(E)dE = ?k4ﬂ1;2de

The factor 2 is introduced following the pauli exclusion brinciple, such that two electrons
up spin +1/2 and down spin —1/2 can be accominodated in energy state. Represents the
translational energy states per unit volume in phase spacé. Writing the value of g(E) dE in
equation (7.22) we get, o

8rdpVp? N 1

n avE
e ¥ 41

an(E) =

dn(E) = §’—’!§fﬂx f(E)> (1.23)
" where f(E)= FI,

a+—
e M 41

and it is called Fermi Dirac Distribution function.

The total number of electrons in the system is obtained by integrating equation (7.23)
e=e v

n=[dn(E)= j’

e=0

8z pidpV
ﬂ’}?ﬁ- f(E) = (7.24)

At absolute zero we can write,
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fese,f(e)=0
if e>e,, f(€)=1
Writing this value in equation (7.24) we get,

ene, 375
e 8~V pr’dpxl— S”V-[L] - —=(725)

. ’ - €= h3 3 €=0..

We have the relation between the energy and momentum

- 2

_p
As €e=—
2m

o | S
= 2me=p’ =>@2me)*=p
h
" =>(Q2me)? = p*

‘Writing this in equation (7.25) we get,

N R T
8zv | (2me)?
S n= ha‘ 1. 3 .
L =0
8V (,. \3 )
=—0y\(2me)2 -0
n 3h3 \( )
Ink’ 3
—8-’;1—/--':(2"15)2
3nk® )3
(_—SnV) =2me,
3
- 2] o

It is the expression for Fermi energy of an.electron gas.
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and Fermi-Dirac statistics
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7.14 Comparison between Maxwell-Boltzmann’s statistics, Bose-Einestein statistics

s.no

M-B statistics

B-E statics

- F-D statistics

Applies to systems of

identical,distinguishable

"jparticles such as'gases

Particles are called as

- classical particles

There 1s no restriction in

the number of particles ina’

"|given state.

The distribution law is

8;

El
a+—L

ekT

1

The distribution Function
is

1

fO=—5
e kT

The energy of the system
such as an ideal atomic gas

may be zero at absolute

“Izero

Applies to systems of
identical,distinguishable
imrticles not obeying pauli’s
exclusion principle such as

photons, liquid He etc..
Particles are called Bosons.

There is no restruction on
the number of particlesina

given state

The distribution law is

8i

st
e *~1

n =

The distribution function
is
1

&
a+k7‘ _1

fle)=

e

The energy of the system
may be zero at absolute

ZCr0.

Applies to systems of

-lidentical distinguishable

particles not obeying
pauli’s exclusion principle

kuch as electrons.
Particles are called

Fermions.

| Only one particle in a
given quantum state is

| a}lowed.

The distribution law is
g

€
a+—L+

e M +1

n =

The distribution function
1s

1 .

|fe)=

€

a+—L
e M +1

The énergy of the system

at absolute zero can not be

‘|zero.
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7.15 SOLVED PROBLEMS

1.Caluculate the probabxhty that th¢ speed of an bxygcn molecule lies between 100 and

.4 ‘10lm/sata temperature of200K.'ﬂw mass. ofln oxysen molecule is 5.3X10% kg, The
value of K=1 38x10-23J/K S

Solution :- o - o 4
The probability that a molecule has spoed bétween v.and v+dv is given by .

T

NTRE FOR DISTANCE EDUCATION |

s,
m 2 i
dv 4 'ezkr-dv‘
) ”(2 kr) Ay
m  53x107 .

27kT 2x314x138x10"z’x200
mv’  53x10%x100 ’01
2kT 2x13sx10"’x200

Putting these values we gct,

wa“ B

P(V)dv 4x3, l4><(3><10“)2,((100)a 01 g
=4x3.14x52x107 x10°x09
© =6x10™

2. Show that maximum kinetic mgyb?h'&dwmx\smmverat kas 5.6ev.
For silver n=5.86x10 28elech'ons/m

Solution:- |
2 2
i K (3n) h (3n)
I om\ 8z 8m

_(6.624x10"‘) (3x5 36,,108)—,"* i
T 8x9x107 ol

(3 14)3' :
=9x10™"°J R
-19 ;
=%%$ eV =5.625 eV
LOX10

€= 5.625 eV
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7.16 SUMMARY | o
Statistical mechanics deals w1th macrosgog_ic\ behavior and microscopic behavior
of the system.In Classical statistics or Maxwell-Boltzmann’s statistics the particles are |

distinguishable.In Quantum statistics the particles are indistinguishable.

7.17 KEYWORDS -
Statistical equilibrium, Ensemble, Maxwell-Boltzmann statistics, Bose-Einstein statistics,

Fermi-Dirac statistics.

7.18 SELF ASSESSMENT QUESTIONS: -
LONG ANSWER QUESTIONS:

1.Discuss classical Maxwell-Boltzmann distribution law regarding the distribution of
particles into various energy states .
2. Express Bose-Einstein distribution law mafhematically. Apply it to a photon bgas to
obtain the energy distribution. | |
3. Give the expression for Femﬁ-Dirac distribution law. Derive an expression for
Fermi-Dirac energy of a system of free electrons. ~ '
SHORT ANSWER QUESTIONS:
4. What is the difference between classical and Quantum statistics.
5.Compare M-B,B-Eand F-D statistics
EXERCISES:
1. The density of sodium is 970kg/m* and its atomic weight is 23. Assuming that
one- electron per atom contn'butes-to electrical conduction. Compute the fermi -energy at
0° K of this metal.
IN, n

. 3
H]NT;77=T=and eF=§Tn-(§£-)2 (Ans:3.145ev) .
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UNIT-III o
Lesson 8
MATRIX METHOD IN PARAXIAL OPTICS
Objectives:1. Convey hte 1mportance of matrix method in defining the final i 1mages plane for complex
system of lenses.
2. Define the optical cosine and formation of co-ordinates for dlﬁ‘erent rays
3. Derivethe translatin matrix, refraction matrix and hence the system matrix.
4 Derive the eqation for image plane and magnification.
5.Derive the system matrix for thick lens and extended it to thin system.
6 Finally derive the system matrix for two lenses separeted by a distance .
7. Define cordinal points of lens system enumerate their importance.
8.Define uint planes and nodal planes
Structure of the lesson
8.1 Introduction
8.2 Concepts of Translation, Refraction and System matnces
8 .2.1 Translation matrix
8.2.2 Refraction matrix
8.2.3 System matrix - -
8.3 Image plane and Magnification
8.4 System matrix for a thick lens
8.5 System matrix forathinlens
8.6 System matrix for combination of lenses
8.6.1 System matrix for thin lenses seperated by a dlstance
8.6.2 System matrix for lenses in contact
8.7 Cardinal points
8.7.1 Principal points -
. 8.7.2 Focalpoints
8.7.3 Nodal points
8.7.4 Location of unit planes
8.7.5 Location of nodal planes
8.8 Solved examples
8.9 Summary
8.10 Keywords
8.11 Self assesment questions
8.11.1 Long answer questions
8.11.2 Short answer questions
8.11.3 Exercise
8.12 Reference books

8.1 Introduction :-

Optics is branch of physics Whlch deals with nature of light and effects of light. Itis -
again subdivided into two branches namely 1 .Physical optics-Deals with nature of light.
2.Geometrical optics -Deals with affects of light when it passes through lenses and mirrors.

When a ray of light from the object is incident on an optical system it either reflects or
refracts forming the image of the object.Itis quite easy to locate the position,size and orientation of the
image with a single lens or mirror. But an optical system like telescopes or microscopes which form the
images of the objects contains series of lenses or mirrors.So it is difficult to locate the image plane for
such systems geometncally Matrix method is the solution for such problems.
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Wecaneasﬂy detihe the i lmage plane and magmhcatxons ot optical system usmg matrices

8.2 Concepts of Translation sRefraction and System matrix :- ‘

 Whenalight ray travels between two points manoptlcal system,thepathoftbe :
between two points or between two lenses i lsrepresenued bytranslatxon malnx ' lightray
8.2.1 Translation matrix :- ' '
When aray of hght propagates through the homogeneous medmm,the
effect of translation takes place. Before constructmg a ttanslatlon matnx,let us define the pomts on the
pathofhghtumngdxretxonalcos _

| Fig81
Any point on the light ray is specified by two parameters

1. Distance of the point from principal axes ‘x
2. The angle made by the ray at the given point wnh principal aJus[Z-a)us]

Infig8.1 point Pis given by (x,,a,)
point Qis glven by (x,,a,).

Optical direction cosine ) :- e :
Itis the product of refractive index of the medium w1th the cosine of the: angle

which hght ray makes with x-axis.
where  A=Hcosy= ucos(90-a)
hence point P is given by (x,,A,)
Qisgiven by (x,,1,)

where A, =pcos(90-a,), A, =pcos(90-a,)
Construcnonoftranslatlonmamx
From figure 8.2, thetwopomtsPananredeﬁnedby (xl,J\.,) and (x,,X,) 'I‘hetranslatlonbetween
th&setwo pomts is obtamed by finding relations between x,,x2 and.A, and A,
Fromﬂg82 a0, (81 - - -
"X, =X, +Dtana, (82)
whenanglesare small, , »x,+Do,_____ . (83)
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Fig8.2 _
A, =p,cos(90-a,) =p, sina, = p,Q, - 8.4)
‘A, =p,c08(90-0,) =y, sina, =, (8.5

- where p, is the refractive index of homogeneous medium through which the light ray is txanslatmg
fromeq (8.1), a,—-oc2=>k =A, = A, =0x, +1X (8.6)

fromeq (8.4), 4=
‘ M

. . A‘l
Substituting in eq.(8.3) , X2 =X + D‘u—
’ 1

=X (;-)-7» ' (8.7)

Writing the two equations (8.6) and (8.7) in matrix forms leads to

A, =14, +0x, (8.8)
D .
X, =—.)\.l +_1.xl (8.9) .
M
- 1 0O
My
x|~ | = 1]lx (8.10) |
B : | : 1 0
Hencewecantranslatefrompomt (xl,?») to (x,,A,) using thematnx b 1l

Ay
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MATRIX METHODS IN PARAXIAL IN OPITCS
Henceitis _called translation matrix ‘T”.

1 0
=|D | _(8.11) , Determinant |T|=1
K : : '

8.2.2 Refraction matrix : -

When alightray is incident on a lens under go refraction. The path of the hght ray after refraction can be
‘obtained from points before refraction N, usmg refraction matrix.

REEHAS rED
-/ RAY

Fig8.3

romFig.8. 3,PQ-mc1dent ray ,QS-refracted ray, NC—normal OC=R=radius of the curvature of
thelens.

OC=QC=R, LPQN=i,‘£PQMl =a,/MQN=0¢, £SQC=n, AMzQC=¢,
ZSQM, =0,,Z0CQ=¢
.'.i=d)+q,, Yy=¢+a,

sini . i,

= . iwherep,, 4, fractive indices of air and refracting
From Snell’s law w,  sinr =7 e St T :Hn 2 are re

medium.
Eq —(11) = py(0+ay) = (+ay)
= P00, = o+ — 1,9 B
= Ry = l‘lo’n ¢(lvlz ®y) ' {8'12)
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But from A°0CQ( Tang =_;-):; L

, ' X

From Eq.(8.12) = 1o, =@, —E(uz -)

Optical direction cosines before and after refraction are
M=y, A, =Hy0, (8.13)

) X
A, = B0y = 10 —E(Pz -1y)

X
= A, =) _(“2"1‘«1)'1{

My~
Lo B of W
Let R
S Ay =M -Px (8.14) -
and x=x2=-§x,$x2=0.k,+l.x, 4 (8.15) -

The point after refraction (x,,A,) can beobtained from point before refraction (x;,A,)

by writing (8.15) and (8.14) equations in matrix form. -

1 -P .
R=[0 1 ] is called Refraction matrix.

8.2.3 System matrix ‘S’:- L
’ ' The effect of translation between lenses and refraction at the lenses is

combindly given by System matrix. The coordinates of light ray when it enters the system are and
when it leaves the system the coordinates are (x,,A,). Considering the translation and refrac-

tion in same order we can write,




X, X,
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b -a
R x T=S(system matrix) =

-d ¢
1 o] |1-2 _p
~ 1 -P D N m (b -a
RxT=|0 1]|= 1| | D “l-d. ¢
7] — 1
]J, .
Determinant of S= 1 =>bc -ad =l--e--n~(8.17)

where a, b,c,d are known as Guassian constants representing the elements in final system matrix.
Negative signsare taken arbitrarily so that the determinant of S , be-ad =1

8.3IMAGE PLANE AND MAGNIFICATION OF OPTICAL SYSTEM :

From Fig. 8.4, 00’ -object plane,, [I’-image plane
PQ-optical system[series of lenses]

co ordinates of 0’[/1,,x|],P[Z,,',x,’],Q[/L:,x;],l'[ﬂz,'xz]
- D, -Distsnce of image plane from lence

D, -Distance of image plane from lensesysatem. :
All distsnces towards left of refracting system are as negative and right side are taken as positive.
The hght ray fromobject O’ translates along (' P .undergoes refraction and translation between

Pand Q and translates from Q to 7! i.e upto image plane.
Hence the translation matrix for distsnce O'P is

1 0]
- T=
) -D, 1

Note:The medium considered is air. Hence

‘A 1 0
S I

The system matrix for translation and refraction between P and Qis given by -

S=[—b4 _ca]
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[/’Q’_bﬂ—alO’ _(15 :
X, “1-d ¢ ||-D 1_—_—_‘—_(- )(8'19)_

Translation matrix for translation between Qand ' is given by
Te 1 0
D, 1

| PzHlob-aloTx,] R
Hence %D, 11 ¢l olx —————— (8.20)

The product of the matrices [T'S T] is given by

b+aD, -a
= bD, +aD,D, -d-cD, c-aD,

)\.2 b+aD‘ o ‘_a' 7“‘ .
= (
x,| = |bD,+aDD,-d-cD, c-aD,] X, (821)

—,  x, =(bD,+aD,D, ~d—cD)A, +(c-aD,)x,

When object lies on _x-axis,image also lies on x-axis. Hence X, =X, = 0 .Substituting in above

equation. :
0=(bD, +aD,D, —d—cD))A, +(c—aD,).0

bD, +aD,D, —d—,cD=0 (8.22) (Since A, #0,)
" This equation is called equation of image plane. ‘ -

S 6+aD, -a A _ .

”.[xz}z[ 0 é_—-aDJ\ix,] ' SR ,{8'23)
From eq-(8.21) - : :

.~ When x,#0,

x, =0, +(c—aD,)x, =(c—aD,)x, (8.24)
Magnification of the system : | o

. . - X2 _ aD ) .
Magnificationm™="7 "~ c—-aD, [fromeq8.24]
1

But the determinant of system matrixis 1.

b+aD, -a
. 0 c-ab,

=1

Therefore
1 _1
c—-aD, m

= (b+aD,)(c—aD,)=1=>b+aD, = (825)
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Hence wecan write coordinates of image plane as
1 . .
x, | |
2 0 m X

8.4 System matrix for a thick lens:-

Ny e s “ NN a1 . -
MATRIN METHODS IN PAPANAL INGIY S

b -~ -Dy- — i}

Fig 8.5

Thickness of thelens =t,
Refractive index of the lens material = p

Radius of curvature of two surfaces of lences = R,‘, R2 R
Distance of object point ‘O’ from lens= D, |
Distance of image pointl fromlens =D,

From fig8.5, Light ray from object point ‘O’ travels 'aldng OP, refracts into lens at P,
translates between P and Q, refracts at P,Q and finally travels along QI to form imageat 1. The

coordinates of Pand Q are (k,‘xl),(?»z_xz) respectiizély.

YR
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cpobtlp _lop_—w-d | . |
where ©1 7 I = are refracting powers of two surfaces. Hence
RI RZ R2

system matnx for a thick lens is given by

[t P 1 oIt -p, |
“lo 1 ||—= 1llo 1 (827
M
1-p, L -P P@—Eq
S=| - |
t Bt (8.28)
B o | - |

a=P +P,(1-P,1)=P, +P,~PP,~
T n

t t '
b=1-F he=I1-h-, meneeere(8.29)
d=-1

Substituting the values of a,b,c,d in equation of image plane

bD, +aD,D, ——d—cD, =0,We get v

. P
(1-?-1)1) +(P P-Eﬁ)np2 ——(1——1)1) =0
e p ) U

L1 Rt Rt t

P+P PP-———-—— 8.30
p D, D uD, "uD, DD, (8.30)
But D,, D, >>t.Hence neglecting last three terms in above equations
| PPt 1 1 111
P S L L 1 .2
l+ 2 M D2 D, s But Dz D‘ f
Where D, and D, are image and object distances, f is the focal length of the lens
Also |
p‘=£‘l_'_'l,p2=_(_"___l
Rl RZ

M= ‘
Substituting in the above equatlon, 'tT =(p- 1)[?{ - i" WRR,. -—(31)8.31)
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8.5 System matrix for thin lens :-
System matrix for this lens in general is

[ ,

10 MATRIX METHODS INPARAXIAL IN OPITCS

b —al | n B
S=[—d c]— t Pt
o n
For this lens is t=0

b -a] [1 -P-P |
".'S,=[-d c f[o 1 2]——(8-32)

Comparing a,b,c and d valuesa=P, + P,,b=1,c =1,d = 0
Substituting in equation of image plane
bD, +aD\D, -d-CD, =0

=D, +(P,+P,)D,D, ~D, =0

=Pp+p =L .1
' 2 DI f
kol op-1 1 11
R, R, D, D, f
1- * )
= -=WU-No-) (8.33) (Lens makar’s formula)
£ R, R, —— , :
| e

System matrix of lens L,,S,=

8.6 System matrix for combination of lenses :- 0 1

8.6.1 System matrix for two thin lenses seperated by a distance :-

Let us consider two thin lenses L, and L, of focii f, and f, re-
spectively (fig. 8.6). Let they be seperated by a distance t. System matrix for these two lenses can be
obtained by multiplying the system matrix of lens L, ,Translation matrix between lenses and System
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1 -1

Systemmatrixofienst,Sz= 0 1f2 ............. (.8.35)

1 0
Translation matrix between two lenses T=[ ¢ 1]
p=1 forair.

t t

Hence"=T=t

Hence system matrix for two thin lenses separated by adistance ‘t’ is given by

1

| 1
1 ——{1 o)|1 -=
S=S,TS, = f,[ } 1,

.
o. 1 |t %o 1

Hence the combined focal length F of two lenses seperated by a distance is given by

8.6.2 Thinlenses incontact -

When lenses are in contact t=0.

The combined focal length F is given by
111
—= .,
F £ f .

(Sée Fig. 8.7)

e
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Fig8.7.

- 8.7 Cardinal points of lens system :-

When we consider co-axial system of lenses [number of lenses havmg acommon
principal axis] ,it becomes dlfﬁcult to locate i image and object location because refraction takes place at
each lens.So “cardinal pomts are the points which help in locatmg the Obj ectand image spaces with a
co-axial system of lenses.”

There are three sets of cardinal pomts

1. Two Principal or Unit points.

2. Two Focal points.

3. Two nodal points.

8.7.1 Principal or Unit points (H,,H, ) :-

“The: prmcxpal points H;and H, area palr of conjugate points on

principal axis with unit lmeartransverse mggmﬁcauo n.” Fhe planes passing through these points and
perpendicular to principal axis are called unit planes. if an obJect is placed atone prmcrpal point,image -
of same size is formed at another principal point. _

8.7.2 Focal points (F,,F, ) :-
The point on the principal axis where parallel rays meet forming the
image .of dlstant object is.called focal point. There aretwo such focal points on the principal axis on two

sides of alens system (F,,F,) (Fig. 8.7). The planes pasing through these points and perpendicular to
principal axis are called “focal planes”.The image of the object at the first focal point F, is at infinityand -
the object of the image at F, isat infinity. | '
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8.7.3 Nodal points - R e _ A

) Two conjugite points on the principal axis N, and N, with unit
angular magnification are called N_o,ggmm planpassmgﬂu'ough the nodal points and perpen-
dicular to principal axis are called nodal planca.If a ray strikes the first nodal point N, atanangle it
comes out of the segondnod‘ﬂ: point N, ‘parallel to the object ray. S
Note :-If the medium on the bothstdcsofeo;-axml system Qf lue‘nsas'i‘s same ,the nodal points and unit
points coincide with each other. LT T , :

e74locstionofunitolanes=

osjecy FRsT > 4 sec
PLANE UNITPLANE =~ UNSECOND"MNE | %ﬁg%

Fig88
Generally object and image distances are measured fromunit plancs in a co-axial system of lenses. The
magnification of optical system m=1 for unit planes (Fig.8.8) - '

D, =0, D, =f =>b+ac = ——=1 A
.I /2 ﬁ c_‘ap% (8.37)

=>a=7,5=~'—.,r-‘ e (838

&

For object plane -D,. = u+a "
Forimage planeD, =v+B________(839)
Image plane equation is bD, +aD,D, ~d-cD, =0
=D, (b+aD)=d+eD,

e . (84D)
2" b+aD, - S
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Substitﬁting D, and D, values in above equation

vi fodrelura)
. bta(u¥a)

MATRIX METHODS IN PARAXIAL IN OPITCS '

(;‘*1) d+c(u+1;b~)
=>v+ = a

a

b+a(u‘+ﬁ)
a

' ad-bc+au+1
Simplifying and re-arranging the the equations v="" a(l+ au)

but det [§=1=>bc~ad =1

-l+aut] u

() v

a(l+au (8.41)
T lvan 1 1 4, @
A u u vV u

(8.42)
Hence ‘a’denotes the reciprocal of the focal length £

Ja=—

f

8.43
l_l___l (43)( )
v u f

Hence

“when the distances are measured from unit planes in co-axial system of lenses ,the value
in position ¢

a’ of the system matrix of co-axial system of lenses gives the combined focal length of the
'System”. a, B values give the positions of unit planes.
8.7.5 Location of Nodal planes :-

7,0 =distances of nodal planes from the system of lenses.

According to the definition of nodal points N, and N,, SeeF ig. 8.9

A =pcos® =%, =pcosh ,when the medium on two sides is same.

CHYTIC AL
S Y E A

Fig. 8.9
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so the image plane is given by :
Ay | _|b+aD, —-a |IA]
X, -0 c—aD, || x,

For nodal planes D,=7, D2_=.5

[, ] [bray  —a f[A | L
=1x,| | 0 c-adjjx |— ‘ (844
" From above figure, x, =0, x,=0 [distances of object and image points from principal axis].

Lo 2]

=\, =(b+ay)A, = b+ay =1

1-b _

or Y=—=Q
a

When medium is same on both sides , Nodal point®and principal points coincide.

. Linear magnification m=1

- (8.45)

=1=>c-ad=1

= b+aD, = 5
- 2

-1
=5="—=p (8.46)

8.8 SOLVED EXAMPLES

1.The radius of curvature of the surfaces of a double convex lens are 25 cms and -25 cms. The

refractive index of the lens is 1.5. Find the power of the lens ? [ Ans4 diopters]
Solution :- '
R,=25c¢cm, R,=-25cm, R =1.5

Power of the lens in diopters =100/f _
where ‘f is the focal length of double convex lens

‘f” is given by the formula
1 1 1 o 1 1
e (u-D—-—")=0S5-1=+=2
£ = (D) = 0555
=05x—2—'=—l—
_ 25 25
1_1
f 25
= f=25cm
. power of the lens P=100/f
=100/25

=4diopters.

)
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2.Find the focal length, unit planes of Ramsden’s eyepiece ?

N
b { /2~
fl=eemee 21/3---x--- » f
Fig8.10
Focal length of L, =f, Focal length of L, =
Distance between lenses =2f/3
1=
Systemmatrix of L,,S,= |
0 1
I 0
Translation matrix from L,,to'L,,T= | 2f 1
3
System matrix for lens L,,S,= 0 f
System matrix of Ramsden’s eyepiece
| SR 14
= ] P U s
Lo f"zi'lof 21
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. SN U G
auss:anconstantsa-3f, —3,0"3, = 3

Combined focal length of the eyepiece

_ L 3
a 4
The distances of unit planes from respective ienses
dul =1___ti=£’du2 =g=:.£
a 2 a 2

Here nodal planes coincide with unit planes

3.Find the focal length unit planes of Huygen’s eyepiece ?

Ly , LY

¥

)

_,
=

£
—— e o - W
¢
e

- n .
H
-
Ry
oy
N
'

Tt | 7 S
B i Y
et o s e B e e e e i

Fig 8.11
The focal length of L, =3f,
 Focal lengthof L, =f
Seperation distance =2f
g 2t
3f

System matrix of lens L, ,S,=

' (1 0
Translation matrix between L, and L, .T=| 5¢ 1}
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- 1 i
1 . 1 -
System matrix of lensL,, S, =[ - f
: 0 1
System matrix of Huygens eyepiece
-1 -1 -
I —i[1 o]jl — 3f

9 :
Gaussian constants are a = 3F b=-1 ,c=1/3 ,d=-2f

Combined focal length of Huygens eyepiece

1 3f
a 2
The distance of unit planes from respective lenses
dulztlz::3f s duz___:l_:
a

4. In Huygen’s eyepiece the two plano-convex lenses have focal lengths 12 cm and 4cm

respectively .They are seperated by a distance of 8cm. Find the position of unit planes ?
Solution : - SR

For Huygen’s eyepiece the focal length of first lens is three times the focal length
of second lens. :

f=4cmfor L, and

3f=3x4=12forL,
System matrix for Huygen’s eyepiece

] 2 -
T3 b -a
S- 31f =[ j ]
2f o = C »
3
a=—g—,b=—l,c=l,d=—2f‘
3f 3

where a,bc,d of system matrix are called Guassian constant.

2

. 1 3f
Combined focal length of the system F = = =
The distances of unit planes from respective lenses are given by

C
dul=-f-‘-—=a, du2=——=
a a.
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Substituting f=4cm in above equation we ha\_/e .

_2_ 2 2.1
3f 3x4 12 6

b=-1,

c=1/3,

d=-2=2x4=-8 ,

d _1_ _Li—__

WS Twe T TR
d _c- _1/3—1_:_2_)(

W= e 3

Hence distance of unit planes from respective lénse_s el2cmand4cm. |
5. Write the system matrix of 2 convex lens (placed in air ) made of glass of refractive index 1.5

and radii of curvature 50 cm .
Solution :- . '

. T 1 “‘—;Pl:; P,
System matrix of the thinlens =S= |, =~

pn=1.5, ,R'=50 cm’, R, =-50cm
P,=b.5/50=1/100 , P2=-(0.5)/-50=1/100
_B -P,=-2/100= -1/50

where

2L
S= 50 i

0 1 ]
f=1/a=50cm

6. A convergent thick lens has radii of curvature of +6 cm and -6 cm and thickness 2 cm .The
refractive index of its material is 1.6 and is placed in air .Obtain its system matrix . Find the focal length
ofthelens. '

Solution :-
I-le -Pl"Pz(l“'P-ll) .
S= B R
System matrix of a thick lens is given by t 1-P. t
Lt - - I -
‘ B B
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where I R“ 1 -,

p B __ (-1
) = =
R, R,
In the given problem , R1=6 cm,R2=-6cm,t=2cm, p= l 6 o )
Substltutmg these values in above forms , |

P =0.6/6=1/10, P,=-0.6/-6=1/10, Pt/pn =1/10x2/1.6=1/8
Ptu =1/8, vp =2/1.6=5/4 | |
1-Pt/p  =1-1/8=7/8

1-Btp =78

el dadi L
g G 10(8))

s=[s 7
3 3
=) .
8 16|_[b %] . =

| EAEN I
43

’ Van
Gaussian constants are b 7/8 a= 3/ 16, d = -5/4 c=7/8
Combmed focal length F=1/a

=16/3
=5.33¢cm.

- 7. The focal lengths of two tlun convex lenses are 20 cm and 10 cm .They are at a distance of 10cmon

the axis of symmetry. Find the combined focal length of the whole system ?
Solution :-

Combined focal length of two lenses seperated by a distahce is g_iveh by

1 1 1 10

— T — —_——

- F 20 10 20x10

1
10
F=10cm

<
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8. Two thin converging lenses of powers 5 diopters and 4 diopters are placed co-axially 10 cm

apart .Find the focal length of the combination?

Solution :- _
Power of the lens P=1/f (in metres)

f,=1/P,=1/4=025m=25 cm ,

f,=1/P,=1/5=0.20 m=20 cm
The focal length F of the combination of two lenses seperate

1 1 1 t
= —
F f f, ff,
Substituting these values
11,1 10
F 25 20 25%x20

=0.04+0.05+0.02

=0.11

1

=01

_100
11
. =99 cm
8.9 SUMMARY :-

d at adistance tis given by

1. Translation matrix between two refracting surfaces is given by

. ) L 1 -P
2. Refraction matrix at the refracting surface is givenby R= L) i ]

) ' b -a
3. System matrix due to a lens system is given by S=[ d ]

-d ¢
4. Image plane equation us bD, +aD,D, —-¢D, ~d =0.

. M : m=-————= —_ D
5. Magnification of the system b+aD, ¢—al),,

t
1-p,Y P -P,(1--P)
" "

6. System matrix for a thick lensS=| t ot

B p
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1 1 1
3 _— —1 ——
7. Tmn lens formula £ (n )(Ru Rz)
1 1 1 (u-1)t
. —— __] —_——
8."['111::klensformula f (n )(R, R, "RR, H)

9. The resultant focal length of two lenses seperated by adistance is given by

1 1.1 t
— e ——
F fl f2 fle

I 1 1
10. The focal length of two lenses in contact(t=0) ¢ = = + S
| 2

11. The three cardinal points are principal points, focal points and nodal points .
12. Unit planes : The two conjugate planes for which the lateral magnification ig unity.
- Nodal planes: The two conjugate planes with unit angular magnification are called Nodal planes.
1-b c-—1

13. Location of unit planes @ = _a—B =

. Location of nodal planes  y =a,6=p _ _

' 14. Concept of construction of Translation , refraction and system matrices are explained.
Image plane equation is derived and magnification value defined. Thick lens formula and thin lens
formula’s are derived and their system matrices constructed. Cardinal points are defined and their

location derived. ’

8. lO.KEYWORDS: Coaxial system of lenses, object plane, image plane, translation, refraction and

system matrices, optical directional cosine lenses, refractive index, magnification, radius of curvature,
- cardinal points, unit planes, nodal planes, focal planes, gaussian constants.

8.11. SELF ASSESSMENT QUESTIONS:

8.11.1.Long Answer questions :-

1. Explain the translation,refraction and system matrices. Obtain the system matrix for a thick lens and
hence obtain the formula for a thin lens ? ‘ 4
2. What is system matrix ? Obtain it in the case of a system of two thin lenses.seperated by a

distance and hence find the formula for its focal length ? )
3. Show that the focal length of combination of two thin lenses of focal lengths f, and f,

seperated by a distance ‘t’ is given by
' 1 1. 1 t

8.11.2 Short Answer questions :-

1. Write translation and refraction matrices?
2. What is a System matrix and its determinant ?
.. 3. Deduce the formula for the focal length of a thin lens uéjngmatrix method
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. 4. For an object on the principal axis show that co-ordinates corresponding ta the image plane
can be written as

B ]
=l m
%2 o m %

5. What are the various cardinal points of a lens system ?Explain.

- .

8.11.3 EXERCISE :-

1. A lens of thickness 2 cm and refractive index 1.5 placed in air has radii of curvature 8 cm
and 8 cm. Find the system matrix and focal length of this thick lens

- _[o9167 -0.1198
fans; $=| 1333 09167 | + 5347

2. The focal lengths of two thin convex lenses are 20 cm and 10 em. They are at a distance 10
cm on the axis of symmetry .If a point object of length 1 cm is placed at adistance of 20 cm from the
first lens, find the position of the image and magnification? -

[ans:Image plane v=10 cm,magnification m=-1/2]

3. Obtain the system matrix and determine the focal length and position of unit planes of a
convex lens of thickness 1 cm and radii +4 cm and -4 cm respectively when placed inair?

_ 09167 -0.24
[ans:

0.6667 0.9167

4. Two convex lenses of focal lengths 6 cm and 2 cm are co-axially placed ata distance of
seperation 4 cm between them. Calculate the power of combination ? ’

] ,4.2cm,0.35¢cm,-0.35cm ]

[ans:33.3 diopters] .
/
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UnitIl. - ABERRATIONS
.LESSON 9
OBJECTIVES:-

1.The deviation from the actual size,shape and position of the image formed by an optical lens
from ideal image measurements is called “Aberrations”.So objective of the present chapter
is to define different types of aberrations produced in an image by the lens,and derive the
value of aberration mathematically and give methods to minimise the aberration.

2.Derive the equations for deviation produced by a lens and the dispersion produced by an

- optical instrument. . , : : .

3.Explain about two types of aberrations namely Chromatic and Monochromatic.,

4.Derive an expression for longitudinal chromatic aberration. '

5.Explain the principle and working of an aghromatic doublet and also achromatism with two
lenses seperated by a distance. o ' :

- 6.Define and explain spherical aberration and mention the expressions for spherical aberration in

case of plane refracting surgface sperical.
7.Give methods to minimise the spherical aberration.
8.Give an overview of coma and ast'rgmatisrh. ‘
- STRUCTURE '
9.1 Introduction ‘
9.1.1 Deviation produced by a lens
9.1.2 Dispersion through a prism
9.2 Aberration . \
9.3 Chromatic aberration »
9.3.1 Types of chromatic aberration N |
9.3.2 Calculation of Longitudinal Chromatic aberration
9.3.3 Achromatic doublet
9.3.4 Achromatism for two lenses in contact
9.3.5 Achromatism for two lenses seperated by a distance
9.4 Spherical aberration - .
9.4.1 Spherical aberration by plane rgﬁ'agting surt:ace
9.4.2 Spherical aberration due to spherical refractn.lg surface
9.4.3 Methods of minimisation of spherical aberration
9.5 Coma ‘ -
9.6 Astigmatism
9.7 Solved problems
9.8 Summary
9.9 Keywords
9.10 Self assessment questions
‘ 9.10.1 Long assessment questions
9.10.2 Short assessment questions
9.10.3 Exercise
%11 Reference books
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9.1 INTRODUCTION:- _,

\ o .

- In real optical systems.image formation is due to paraxial rays(Rays coming from
object and nearer to principal axis) as well as marginal rays(Rays from object travelling far off from
Principal axis).Although we use defectless lenses in optical systems,we obtain a coloured ,spread out
image of point object. The reason is the focal points of marginal rays and paraxial rays are differenq“ and
their deviations at lenses are different Hence image of single point object may notbea single image. We
may obtain images of different colours of at different points and also of different sizes for a single
object. When object has longitudinal and lateral dimensions,these defects become more prominent
producing distorted image. These defects produced in the image formation are called as “Aberrations”.
There are mainly two types of aberrations, namely

1.Chromatic aberration
2 Monochromatic aberration

Before going into details of these topics first let us derive the mathematical formulas for
deviation produced by lensina light ray and dispersion produced by the prism in white light ray. These
values will be helpful in deriving mathematical formulas for aberrations and in methods to overcome
these aberrations. :

9.1.1 Deviation produced by alens :-

§,,,‘W i e Q f e - .\b.*,g_-._,‘_.. \, w— "'H
Fig9.1

OA-incident ray , Al-emergentray, £ =Angle of deviation , AC=h- height at which the light ray from
object strikes the lens (see Fig. 9.1).

/POC=qa , LAIC= Jij ,u=6bject distance, v=image distance
From A AlO,sum ofinternal angles= external angle.
Z B , 9.1)
when angles are small, o =~ Tana, B~ TanP
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h h
from fig 9.1 Tana. =— ,Tanp =—-
-u +v

substituting these values in above equations,

=8 -------------------------- (9.2)

sc;deviation produced by a lens to a ray is equal to the ratio of the height at which the ray strikes the
lens and focal length of the lens. ’

“Hence although ‘f” is same ,rays coming from the object and touching the lens at different
heights have different deviat_ions”.

9.1.2 Dispersion through a prism:-
The refractive index ofa prism ‘1 is given by

_ e

where A-anglé of prism and § is the deviation produced by the prism of a light ray. Refractive index of
the prism ‘p ¢ varies with colour, hence produces different deviations to different colours.
pblue > pured '

From equation 3,when angles are small.we can write

=A+d

2
p—é A
2

SHA=A+S o pA-A=S = =(n-1)A 9.4)
W ’s are different for diﬁ’erent_colours

we have 8v =(pv —I)A ; SR =( uk —l)A 9.5)
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DISPERSIVE POWER:- -
It is the ratio of angular dispersion between two colours to the deviation
produced for mean ray by the prism.Itis denoted by ®. ‘ .
5,5 . |
- Dispersive power,®= ¥ 5 R (9.6),
5, +81
8= L ©.7)

substituting eq(5),(7) in eq(6)

e

(p,—-l)A p-l
__du '
m—(p'—‘_‘ij-_ """""""" (9'8)
+
where du=p —Hp and uz“v ZHR

where M, ,HR arerefractive indices of prism or lens material for violet and red colours respectively.

9.2 ABERRATIONS:-
“The deviations from the actual size,shape and positions of an image as calcu-
lated by simple equations are called aberrations produced by a lens”.
These aberrations or defects are classified mainly into two types.
1.Chromatic aberration : When the light is not monochromatic i.e white light , then the image be-
comes multicoloured and the defect is known as chromatic aberration. ‘
2. Monochromatic aberration : When light is monochromatic, the defects produced in the shape of
image are called monochromatic aberrations, They are subdivided into four categories namely
* 1.Spherical aberration o : - :
2.Coma
3.Astigmatism _ ,
4.Curvature : o g

- 9.3 CHROMATIC ABERRATION: . :
Chromatic aberration is the result of the fact that the refractive -

index, p ofan optical system (lens) changes with colour .
According to lens makers formula,
1 . 1 1
2 (=D (— - —
F (0 )(,R, R, ) ‘
o, > pef, <fp =8, >8; /
So, the white light disperses into seven colours when it is incident on the lens and violet ray deviates

more than red ray.So violet coloured rays come to focus before than the red ray.So, each colour forms
image at a different focal point. '
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o - .
hd - ——

WHITE LIGHT

“Thus the i 1mage  of a white object fotmcd lbyalensis coloured and blurred This defect of i 1mage is
knownasChromatxc Aberratno : ,

9.3.1 TYPES OF CHROMATIC ABERRATIONS -
_ Chromatlc abenatlon is of two types
1. Ldng;tud;maj’ Chromatlc Alggn'atlo

“The foxmanon of unag&s of different colours in dlfferent posmons along the axis is known as
longltudmal or axlal chromatlc aben'atlon '
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“Thus the image of a white object formed by a lens is coloured and blurred. This defect of
image is known as Chromatic Aberration”

9.3.1. TYPES OF CHROMATIC ABERRATIONS :-

Chromatic aberration is of two types
1. Longnudmal Chromatic Aberration :- -

“The formation of images of different colours in dlfferent posi-
tions along the axis is known as longitudinal or axial chromatic aberration .

vr-*" T = ”"“3
ONGITUDINAL
O HC'.“‘\& IC ABSRRATION
Fig9.4

Longitudinal chromatic aberation = | w—d, == 9.9)
When object is at infinity,

Longitudinal Chromatic Aberration= f; —f

Longitudinal Chromatic Aberration of convex lens is positive and that of concave lens is
negative. o

2. Lateral Chromatic Aberration :-

r’/ AV AR
N | LATERAL
8

CHROMATIC
ABERRATION
Fig.9.5 |
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“The images of different colours are formed of different sizes and this defect is called Lateral Chromatic

Aberration” From Fig 9.3, it is evident that the height of red coloured image > the height of violet
coloured image.

Lateral Chromatic Aberration = ByA, ~B,A, ’ (9.10)

9.3.2 Calculation of Longitudinal Chromatic aberration:-
Case-1:

When the object is situated at infinity then Lens Makers Formulais
1 1 1
== (= I - ——
F (1 )(Rl Rz)
since is different for different colours ,we can write expressions for f,,f,,f, where f, -focal length for

red colour f, -focal length for violet colour £, -focal length for yellow colour respectively.Hence

1 11
£ =0 D)= {44
1 1 1 |

£ &, - 1)(Ef_ _I-{j)‘ ————— @._—(12)
1 11
T e =

Substracting €q.9.12 fromeq.9.11,

1 1 _[(uv 1)- (uR'—l)][‘R——f(Lj

V

Multiplying and dividing the above equation with u, —1),weobtain -

1 1 @)D 1
f, f. (=D R, R,

v

Substifuting €q.9.13 in above equation and simplifying\
fR —fv =("‘l‘v—“‘R)_1_ 9 14
fof,  (u,-1) £, 7T (©-14)

f f (“’v“"‘lR)_}_
ff ~f = ff (”y_l) fy

o=tF o £ =of, (9.15)
"‘ly-—l ’ ’ N

But for object at infinity f,, —f, is the measure of longitudinal chromatic aberration.

But dispersive power

Longitudinal Chromatic Aberration = of,
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Case-2 : A
When the object is at finite distance the expression for focal length in terms of object
T 11 |
and image distances is given by T = PR ' (9.16) .

Although the object is placed at a fixed distance u, the image distance v and hence focal
length ‘f* vary with colour.Hence differentiating eq.16, we obtain
—-df -dv_ dv_df

& v? A

(9.17)

But taking two colours,

dv=vg-v,,df =f, —f,

Fromeq.15,df =f, —f, = of,
Substituting these values in above equation we get

ve-v, of @

vy,fy are for yellow colour (Middile or mean ray)

o.v: .
R e CAD)

Here v, — v, =Longitudinal chromatic aberration for objects at finite ,c_listancé.
9.3.3 ACHROMATIC DOUBLET :-

Achromatisation : _ | | '
The minimisation or removal of chromatic aberration is known as “achromatisation”

Achromatism : ‘ .
The process in which two lenses are placed such that the image formed is free from

chromatic aberration is called as achromatism.

Achromatic doublet :
A pair of lenses selected in such a way that the image is free from chromatic aberration is
called Achromatic doublet.
Ex: 1.A convex lens made of crown glass with high power and a concave lens made of flint
glass with low power in contact.
2. Two convex lenses seperated by a distance.
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9.3.4 Achromatism for two lenses in contact :
Achromatic doublet is selected in such a way that all colours focus at

‘one pointi.e. all colours have same focal length

/

. Lens makers formula is = f =(u- )(—R——R_) (9.20)

M - refractive index of the lens changes with colour.
So differentiating above equation, we get

( ) [( _l)[iz—".ﬁ"ﬂ ----------------- .<9.21)

Dividing equation (9.21) by equation (9.20) we have

f(l):ﬁk‘_
f) p-1
f) p=<1'f °f

r

d
where ®= ;l—u— «dispersive power of the lens.
Let us consider two lenses of focal length £, and f, and dispersive powers o,,®,,in
contact .Hence the resultant focal length of the combination ‘F’ is given by
1 1 1

.__=_+._._.
FLL (9:23)

" Differentiating eq 9.23,
1 1 1
Zl=df = |+d| —
d(f) [f,J* (fzj
| 1 . .
Substituting eq.22 for d('f') inabove equation

1Y 0o, o©
dl —[=—t4+=2
(F) f, f

For an achromatic doublet there should be no change in focal length with colour

".d(—l')=03—62!-=:&=>91_=:£
F k f, o, f

Lo - ee(9.24)
f, o, *
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Hence the ratio of focal lengths of two lenses should be oqual to the ratio of their
i ive powers and -ve sign indicates one of the lens should be a concave lensinan achromatic

Fig9.6

9.3.5 Achromatism for two lenses seperated by a distance :- -

Let us consider two convex lenses of focal lengths f,, f, and of same dispersive
power o and seperated by a distance x. The combined focal length of two lenses seperated by a
distanceisgivenby ,
1r1r x - R
F f, f, tf, (9.25)

If the combination s to be achromatic., change in focal length °F" with change in refractive index

1
shoudesquitozeroie 4( =0

Dnﬂ‘ermtnaung eﬁuat,ipn 25)

1 1 1) x (1) x (1 -
R O Y i O —rpy

But:from the previous section, we can write

(e (1) e
f,) £ \f,) £
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Substituting these values in above equation ,we get

Since the dispersive-powers of the lenses are equal, o,

o,f, + 0.1
f.f,

_ x(o, +,)

=0)2.:'1:0) .

- of, +of, - fi +f2
200 2

(9.28)

Hence the two lenses seperated by a dlstance X wﬂl be achromatlc 1f the lens&s seperanon 1s equal to
average of their respectlve focal lengths

9.4 Spherical aberration :-

As mentioned 9.3, spherical aberration is one of the monochromanc aberratlon.

Definition :-
The inability of the lens to form a point image of a point objectis called
- spherical aberration. : e
Explanation: ,
-« 1 R § P
S~ } | <

ACHARYA NAGARJUNA UNIVERSITY .
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\ The marginal rays OM,OM from point object ‘O’ touch the lens at greater height than the paraxial rays
OP,0OP. According to deviation formula § =h/f, therefore the marginal rays deviate more than the .

paraxxal rays and come to focus at I, and paraxial rays farther away at I, .So wecan say the focal
lengths of marginal rays < focal length of paraxial rays. Thus there are two images 1, and I, for same
object O. Similarly for remaining rays , images form inbetween I and I, .Hence instead of 4 point

image of a point object ‘O’ we obtain a spread or spherical image from I toI, .Thisis termed as
spherical aberration.Hence image is a circular disk at each point .
The distance between | and I is called “longitudinal chromatic aberration”.

Aswemove from I tol ,imagesare circles of different radii . But at one point

between AB,a circular image of minimum radius is formed . This minimum circular image is considered
as the image of the object. This circle is called “Circle of least confusion”. The radius of the circle isa
measure of ‘Lateral spherical aberration’.

9.4.1 Spherical aberration by plane refracting surface:-

Fig9.8

In above figureAB-Plane refracting surface, P-object point , i-angle of incidence , P, -Image point , -
angle of refraction, h- height at which the incident ray touches the plane refracting surface '
1, , ., -refractive indices on the two sides of refracting surfaces.
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As mentioned in prewous section the image point changes from margmal rays to
paraxlal rays .So the image distance x, changes with height ‘h’. Hence if we express X, interms of ‘h’

;we can find the distance x, for marginal rays and paraxial rays s_eperately. The difference in these two
distances is a measure of longitudinal spherical aberration. Hence X, interms of ‘h’ is givgn by

h? 1
xl=—uoxo-—2x" (1-;7] : (9.29)
0

For Paraxial rays, h ~ ()
X, = —pXq

For marginal rays,
hp 1
— W 2X, ( “2)
‘h’ ismaximum ,hence

Longitudinal Chromatic Aberration=x! - x,

—h2 1
=, LT e (930)

9.4.2 Spherical Aberration due to Spherical Refracting Surface :-

fe3 =
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In above figure let SP be the parallel incident ray which meets spherical surface AB at a height
‘h’.Radius of curvature of the surface OC=R=CP. CN is the normal to the spherical surfaceat P. /j=

angle of incidence, « =angle of refraction. The ray refracts and forms the imageat F, .OF, =f, — fo-
cal length of the surface for rays incidentata hei)ght ‘h’.So f, varies with ‘h’.
f, is given by

£ =R —— |
pCosr —Cosi

For paraxial rays ,h—0and cosi,cosr— 1

Longitudinal Spherical Aberration s given by q/u\*b

Af, =f,—f, =R| ———— !
- . 'Lur1 pcosr—cosi

h? ‘ . c
In terms of ‘h’ Af, = W ----(9.32) This equation is a measure of longitudinal
o R .

‘ R
. spherical abberation in case of spherical surface. where f, = ":L_—l ----(9.33)

'9.4.3 Methods of minimisation of spherical aberration :-

<

1. Since spherical aberration arises due to different focal lengths for different height zones, it
can be minimised by closing or stopping some of the zones in the lenses.Hence stops which cover
different zones can be used to minimise spherical aberration .But this method reduces the intensity of the

image. : , _
2. Spherical aberration can be minimised by using plane convex lens such that the deviation is

equally divided at the two surfaces.
Explanation:-
Spherical aberration  §2
when there are two surfaces 8 =3, +9,
So, spherical aberration e (8, +38, )’

Spherical aberration o« (3, -5, )5 +46,8, ‘_ .' 4 ;,
Spherical aberration will be minimum when 1
3, =8, =0=>8, =8, ~--eommmmmmmommmeeee ---(9.34)

To attain this condition in microscope objectives or telescope objectives, the curved surface of
_plano-convex lens should face the side with parallel rays, either incident or emergent.
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N 4 .\
. . . . ‘ \
v . 3. By using suitable combination of convex and concave lenses, spherical aberration can he
minimised . The positive spherical aberration of convex lens is nulled by the -ve spherical aberration of
concave lens.

4. By using crossed lens :- ‘ o

IfR1 and R2 are the radii of curvatures of two surfaces of the lens, and W isits
refractive index, then ratio of radii of curvature is given by

Roawonsd (9.36)

. L R
A lens with refractive index p =1.686 satisfies the condition El‘ =0 and such lens is

called crossed lens.

5. By using two plano- covex lenses seperated by a distance :- ‘ ' “‘

4
ESLY T IR
4 L0 e Nt T
< KLz o L2 ¢’ F
b d o]
Fig9.10 \

The spherical aberration can be minimised by using two plano-convex lenses
made of same material and seperated by a distance equal to the differenc_:e of their focal lengths.
Proof:- - :
_L,,L, - Two plano convex lenses of focal lengths f, and f,

. : h
The deviation produced by lens L, to ray AB touching at heighth1, % = }"
: . !

=

Similarly the deviation produced in ray by second lens L, is 8, = f2
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The emergent ray from two lenses focuses at F}
For minimum spherical aberration

3, =9,

=
(9.37)

=

:r‘_p' ) |__'.=‘
Rad ;h|5"

2
From similar triangles BL,F,andCL,F) in the above figure
b _LE: § _ f

e = =
h, Lzﬁl LIF:-LILZ f,-d

h _f,
But from eq9. 37,5" =T
2

Substittiting these in above equation,

(9.38)

L. RN i}
f, f-d '
6. Minimisation by using Aplanatic surface :-

Aplanatic Surface :-
' It is a spherical surface characterised by the property of formmg apoint

image of a point object placed on the principal axis. The two focii of the surfacg are u\R and R/p
.When object is placed at a distance of R/p from the centre of the surface, image “free from spherical

aberration “ is formed at a distance of uR .

/ N\ AR
/éy' - P

S Z Figd1)
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Proof :-From the fig.9.11
C is the centre of spherical surface.
CP=CA=R=Radius of spherical surface,
u-refractive index of the surface,
O-object , I-image , OA- incident ray , AB- refracted ray
CN-normal to the surface at incident point.
OP- Second incident ray which is not deviated.
- When the deviated ray AB and OP are extended back, image is formed at 1.
Hence 1 is the virtual image of object ‘O,
From figure,
ZAIC=0,,Z0AC =1, i, /NAB =R, ZAOC = 0,
Intriangle OAC,
AC CO R R/p
— =

sin®; sini  sin®, sini

sin®, = psini------4£ e (9.40)
Refraction is taking from denser medium 1t into rarer medium air
sini 1 C
S = — > USI =SINT e (9.41)
sint ‘

From equatior(9.40) and equation(9.41),

sin@, =sinr ‘

=0 =T oo (9.42)
Intriangle OAL

external angle = sum of internal angles

6,=0,+(~)

=>r=0,+(-i)=0,=i (9.43)

Now from similar triangles OCA and ICA, we have
O _CA_ o (€AY _R

CA CO CO R/ no
9. Equation (44) isindependent of 6,and0, .Hence all rays starting from ‘O’ and incident on

refracting surfaces at different anglés 0, after refraction appear to be coming from same point I. Hence

we obtain a single point image I for point object ‘O’
9.5. COMA :- _ :
When we consider a point on the object which is away from principal axis , the

image of that single point on the object will be in the form of a comet or egg like shape. This defect of

image is called ‘Coma’.
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. ) - -
- T Ao, . P
b Rl s
g - A

: R """«.‘,‘ . z

N

Fig9.12
In above figure 9.12, the rays starting from single point A on the object (off the axis pomt) ’

pass through different circular zones(1-1),(2-2),(3 -3) etc of the lens.Each zone brings the rays into
focus at different points1,,1,,1, etc.So smaller the radius of zone ,farther the image is formed and

hence lateral magnification is more.

(MAGE OUE FO8,8) |
o8

vb’

b AT
COMATIC '
LOMATIS  C'(IMAGE
CIRCLE  nyETO c0)

WY
. RESULTANT IMAGE
DUE TO IFFERENT ZONES

- Fig9.13 S
ider each circular zone of alens as shown in the figure the points a-a, form

Now if we consi
we geta é{rcular image

image at g',b-bat p' ,c-cat ¢! ,d-dat 4' .Hence dueto circular zone,
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a'b' ¢! d' forapoint object ‘A’ As the radius of the zone increases, the image radius increases.So

each zone gives one cicular image.So as we go from I, to1, the radius of circle increases and we get an
image of comet shape as shown in figure for single point A.

This defect can be minimised by using
1.Stops :

R, -1

2.Crossed lenses of ratio of Radii curvature ‘R—‘ 9

3.Using lenses which follow Abbe’s sine condition p,y, sin®, = M,y,sin0,
where 1, and p, are the refractive indices on two sides of spherical surfaces y..y,are

heights of object and image respectively and 8, and 8, are the angles made by incident ray and eme
rgent ray with the principal axis.

9.6 ASTIGMATISM :-

When a pont object is situated far off the axis of a lens, the image
fonned is a patch of light but not point image. The image consist of two mutually perpendicular lines
separated by a finite distance and the lines in 1mage arein perpendlcular planes. This defect of image is
called “Astigmatism”.

~ Since lens is of finite thickness, we can imagine it consisting of different layers These layers
neednot be in same plane.In the ﬁgure 9.14 if we consider a point object ‘O’ far off from the axis the

plane containing ‘O’ ,principal axis and plane M,, M, oflensis called Meridian Plane.The plane per-

pendicular to meridian plane i.e. S,S, and passing through principal axis is called Sagittal plane. These

two planes of lens form the image of O at different points M and S in form of circles or patches perpen-
-dicular to each other.Hence we obtain a patch of light between M and S . This defect is termed as

Astigmatism

MERIDIAN

\Tic 014
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9.7 Solved Preobicms -

i

1. Calculate the focal length of a lens of disbersive power 0.031 which should be placed i
contact with a convex lens of focal length 84cm and dispersive power 0.021 to make the combination
achromatic?

Solution :-

The condition for achromatism for lenses in contact is
QLD g @ _h
A ¥ o, f
o, =0.021, f, =84 cm
o, =0.031, £,=7?
Substituting these values in above equation,
0.021 0.031 0.021 -84
——+ =0 —=—
84 f, 0.031 f,

=1, = -—84x—3—1= ~124cm
: 21

So, the second lens in contact should be a concave lens of focal length 124 cm.

2.Find the focal lengths of two lenses of crown and flint glasses with dispersive powers 0.015
and 0.025 respectively inorder to make an achromatic converging lens of focal length 25 cm?
Solution :- ‘
For an achromatic doublet

o, =f0Jf)lf5ancPa)2 =0.025 )
The focal length of combination or achromatic doublet, F=25 cm.

A ,
0015_f £ _-3_1_-3 o
From(1). 9025~ ¢, f, 5 f, S,
Substituting in equation (2),
113 5-3 2
25 £, Sf,  Sf,  5f
ﬂf,:%x25=10cm ' L
f, N 23106 67em
3 3

Hence focal length of two lenses are 10 cm and 16,67 em respectively,
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3. Aflint glass biconvex lens has radii of curvature of +20 cm and -20 cm . If the refractive indices of
flint glass for violet and red rays are given as 1.8 and 1.5 find the longitudinal chromatic aberration ?
Solution :-

Itis given that p, = l.S,pR =1.5

R,=+20 cm = o m, R, =-20 om =t
= cm—loom cm = 1Ool’n

The focal length for red rays is given by
1 1 1
—_— = 1} ~—=—
fR (P-LR )(Rl RZ )
=(1.5- 1)(100 100) 5=, =02m,

Similarly the focal length £, of violet rays is given by

—-—(m—)(——-—-) (13- 1)(100 100)

v l
=8
=f, =0.125m
Longitudinal chromatic aberration is f;, —f,=0.2-0.125=0.075m

4. A transparent sphere of radius 60 cm is made up of a material of refractive index of 1.5 .Find
the position of aplanatic points on the axis from the centre of lens?
Solution :-

R=60cm=0.6m , p=1.5

Aplanatic focii are given by % and pR

R/_06/ —
A[— 15 =0.4 m,

MR = 0.6x1.5=0.9 m.

5. Two lenses of focal lengths 8 cm and 4 cm are placed at a certain distance apart.Calculate
the distance between the lenses,, if they form as achromatic combination? :
Solution :-
For lenses seperated by a distance to be ach.romatlc the condition is

x=hith

 fi=8cm  f,=4cm

Distance between the lenses , X = §;—4 =6 cm=0.06 m
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6. The focal lengths of a thin convex lens are 100 and 96.8 cm for red and blue rays respectively. Find
the dispersive power of the glass?

Solution :- .
Longitudinal chromatic aberration is given by
- f, =of
or o = fR - fv

where f'is the mean focal length
fr =100cm, f, =96.8cm

_100+96.8
f=—————=084cm.

f, —f, =100-96.8 =3.2 cm.

3.2
Dispersive power of the glass = 084 0.033

9.8 SUMMARY :- ,

The defects produced by lens systems in forming images of the objects
are explained . Methods to estimate the extent of aberrations produced by the optical systems is dis-
cussed. Methods to minimize the aberrations introduced by lens systems are explained. Chromatic and
Spherical aberration are dealt in detail . Coma and Astigmatism are introduced .

9.9 KEYWORDS :-
Aberration , Deviation , Dispersion , Chromatic aberration , Monochro-

'matic aberration , Refractive index , focal length , Marginal rays , Paraxial rays , Dispersive power,
Achromatism , Spherical aberration , Stops, Crossed lens , Aplanatic surface , Coma , off the axis
point, Circular zones , Astigmatism , meridian plane , saggital plane, circle of least confusion.

9.10 SELF ASSESSMENT QUESTIONS :-

9.10.1 Long Answer questions :-

1. What is chromatic aberration ? Obtain an expression for the chromatic aberration of a lefs .
Derive the condition for achromatism when two lenses are in contact ?
2. Derive an expression for the seperation between the two lenses if chromatic aberration is to

be minimised in case of seperated doublet ?
3. What is Spherical aberration ? Distinguish between lateral and longitudinal spherical aberra
tion . Mention two methods of minimising spherical aberration ?How?
5. Write a short notes on coma ?
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9.10.2 Short Answer questions :-

.

1. Find an expression for longitudinal chromatic aberration for an object at infinity ?
2. Discuss different monochromatic aberrations ?
3. Deduce the condition for minimum spherical aberranon in a combination of two lenses
seperated by a distance ?How?

4. Can you eliminate chromatic aberration and sphencal aberration in a lens system ? If so
5. Write a short notes on coma ?
6. What are aplanaic points ? Find the aplanatic focii for a sphencal refracting surface ?

. erte anote on astxgmatlsm ?

- 9.10.3 EXERCISE -

1. A double convex lens has radii of curvature of 40 cm and 10 cm . Find the longitudinal

chromatic aberration for object at infinity .Given p, =1.523,p, =1.5145?
[ans : 0.253 cm ]
2. Find the focal lengths of the two component lenses of an achromatic doublet of focal length
25 cm. The dispersive powers of the crown and flint glasses are 0.022 and 0.044 respectlvely
[ans: 12.5cm , 25 cm]
3. The objective glass of a telescope is an achromat of focal length 90 cm. If the magnitude of
the dispersive powers of the two lenses are 0.024 and 0.036, calculate their focal lengths ?
fans:30cm, -45cm ]
4. Two thin lenses of focal lengths f,and f, are seperated by a distance x have an equivalent
focal length 50 cm . The combination satisfies the condition for no chromatic aberration and minimum
spherical aberration. Find the values of the f, , f, and x . Assume that both are of the same material ?

[ans: 100 cm, 33.33 cm ]

5. A convergent doublet of seperated lenses , corrected for spherical aberration has an equiva-
lent focal length of 10 cm . The lenses of the doublet are seperated by 2 cm . What are the focal lengths
of its component lerises ?

fans: 18 cm, 20 cm]

6. An achromatic lens of focatlength 30 cm is made of two lenses of materlals A and B are in the
ratio 1:2, find the focal length of e4ch lens?
[ans :15 cm, -30 cm]
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. INTERFERENCE

Objectives:-

1.Convey the impertance of interference phenomena in establishing the wave nature of hght
2.Introduce the principle of superposition in combining waves.

3.0btain interference fringes practically using young’s experment and determine the mtensnty
at different points on interference pattern.

4.Importance of coherence in formation of interference fringe.

5.Explain formation of colours in thin filims through interference by division of wave front ..
6.Calculation of wavelength of monochromatic source through fresnels biprism experment and
formation of achromatic fringes through Lloyd’s mirror experiment. "
7 Derive the cosine law through division of amplitude

8.Understand the concept of non- reflecting films.

9.Learn wedge method experiment to check the optical plainess of glass surface.

10.learn the theory behind the formation of Newton’s rings and its applications.
11.Importance of Michelson inter ferometer in determining the wavelenth of monocramatic
source and the resolution of spectral lines.

Structure of the Lession:-

10.1.Introduction

10.2.Principle of superposition

10.3.Interference of light

10.4.Coherence and coherent sources

10.5.Condition for interference

10.6.Types of interference

10.7.Young’s Experiment

10.8.Fresnal’s Biprism

10.8.1.Adjustments to the Experimental setup

10.8.2. Theory of interference fringes

10.8.3Procedure .

10.8.4.Determination of the thickness of a thin sheet of transport material

10.9.Change of phase on reflection

10.10.Interference by division of amplitude

10.11Cosine law

10.12Colours of thin flims

10.13.Non Reflecting flims

10.14.1.Interference by a plane parallel film illuminated by a point source
10.14.2.Interferene by a film with two non-parallel reflecting surfaces (wedge shaped film)

10.14.3.Determination of diameter of the wire-wedge methqd
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10.15.Newton’s Rings
10.15.1.Newton’s Rings in reflected light

10.15.2. Newton’s Rings in transmitted light :
10.15.3.Determination of Wavelength of Sodium light using Newton’s Rings

10.16.Michelson interferometer
10.16.1.Construction
10.16.2. Types of frings
10.16.3 Mathematical analysis
10.16.4 Uses of Michelson interferometer
10.17.Inteference filter
10.18.Solved problems
10.19.Summary
.10.20.Key words
'10.21.Self assesment questions
10.22 Reference books
10.1. Introduction:-

Interference i a phenomena in which coherent light passmg through closely placed
pinholes and dark bands termed as mterference fringes .It is a phenomena which proved
Newtons corpuscular theory'to be wrong and established the wave nature of light through
Huygen’s wave theory.lt is a strong proof for the statement that “every point on the light wave
acts as a secondary source and gives it secondary wavelets which propagates in forward
direction”.When secondary wavelets from each point on the light wave super- impose with
other ,they produce interference fringes .The interference can be explained by two methodes .
1.Divison by wave front and

2.Divison by amplidude.

10.2 Principle of superposition:
“ The resultant displacement of a particle of the medium acted upon by two or more
waves simultaneously is the algebraic sum of the displacements of the same particle due to

" individual waves in the absence of others “.
~ Suppose the displacement produced in the partlcle of the mediurn acted upon by first

wavetrain is y,,in the absence of second wavetrain and y, is the displacement produced by
second wavetrain in the particle in the absence of the first wavetrain. The resultant displacement

produced in the particle when acted by the two wavetrain ‘R’ is given R =y, +y{
according principle of superposition.if displacements are in opposite directions

thenR =y, -y,
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10.3 Interference of light: :
When two light waves superimpose then the resultant intensity in the
region of superposition is different than the amplitude or intensity of individual wave this in
the modification in the distribution of intensity in the region of superposmon is called inter-
ference”. | o
Constructive interference:

When the resultant amplitude is the sum of Individualwave
amplitudes,then the interference is termed as constructive interference.
Destructive interference: :

- When the resultant amplitude is the difference of 1nd1v1dual wave ampli-
tudes ,then the interference is termed as “destructive interference”. ’
10.4 Coherence and coherent sources:

' When two light sources emit light waves of same wave-
length and whlch maintain zero or constant phase difference between them are called coherent
sources and the phenomenon is termed as coherence .The two coherent sources emit continu-
ous waves of the same wavelength and time period. '

10. 5Condltlon for interference of light:

Stationary interfernce pattern can be obtained with a pair
of light sources when following conditions are satisfied.
1 Conditions for sustained interference:

!

The two sources should be coherent.If a, and a, are the
amplitudes of waves emitted by two coherent sources and § is the phase difference between
them ,then the resultant intensity at any point due to two sources is given by

I=a’+a,” +2a,a,co088
If the sources are not coherent the phase difference § continously changes and we obtain
continuous illuminatation instead of interference bands .when §=0 or constant or ©

coss=1 or -1 and I=a’+a,’+2aa,=(a +a,)

_ I=a’+2>-2aa,=(a, ~a,)
first is the continuous for constrnctive interference giving bright band and second is the
condition for destructive interference giving dark band.

2.Condition fof observation:

- : o XD

The band width of interference fringes is givenby ~ B=—~
so the seperation between two sources (2d) should be small and the d1stance between sources
and the screen 'D' should be large,so that Bis of considerable spread. Then only we can observe

clear dark and bright fringes of considerable width. In other cases ,although may form, we
cannot observe interference pattern due to invisible widths and looks like uniform illumination.
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3.condition for good contrast:

When interference fringes are formed,there should be good contrast between dark and
bright bands so that we can see distinct 1nterference pattern.as we observed i in condition (1)

that the intensity of bright band I=(a, +a, ) and dark band is I=(a, az) so for the dark band to

be perfectly dark,"the amplitudes of the wave trains from two sources should be equal”
Also the sources should be narrow,or else each point in each sources behaves asa
separate point source and the interference pattern due to them may overlap.

The sources should be monochromatic(sources of single wavelengh)if the source is
white light,after passage through optical system it disperses into seven colours.Each colour
forms a source.so the two coherent sources will emit light waves of seven different wave-
lengths and each wavelength produces irs own interference parttern. These patterns overlap each
other and we may not observe distinct interference pattern.Similar thing may happen w1th other
sources which are a combination of more than one wavelengh.

10.6 Types of interference:

The phenomenon of interference can be classified into two types
1 D1v1son of wavefront and 2.Divison of amphtude depending on the method utilised to pro-
duce interference pattern.

l.]_)ivison of wavefront:

When the light sources are point sources,the wavefronts from the source
is divided into two parts by methods of reflection,refraction or diffraction.These wavefronts
travel unequal distances before combining producing phase difference between two
wavefronts. These wavefronts superimpose with each other to form interference
friges. Experimental setups which utilfse this principle are fresnel biprism,Lloyd's mirror.

2.Divison of amplitude:
Instead of point sources if we have extended sources like sodium vapour

lamp behind a slit or sunrays from the sun on to a oil film,then the amplitude of these
wavefronts are divided by methods of parallel reflection or refraction.these wave trains of -
divided amplitudes superimpose with each other to produce interference patterns.The experi- .
ments which utilise this principle are newton's rings,michelson interferometer etc.
10.7 Young's experiment and intensity at a point on the mterference pattern:-
Young's experiment: :

This experiment setup consists of a single source 'S'from which light rays

travel and incident on two pinholes S,and S, as shown in figure. now S, and S; act as two,; -
coherent sources.the distance 2d betweenS$, and S, is of ordet of the wave ledgh of llghtEB tand

S, emit spherical wavefronts.according huygen's wave theory,each pomt on these sph«e:n(:’a’lr

wavefronts acts as secondary sources. they emit secondary wavelets emitted by two sources
overlap each other forming inteference patterns.
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When the crest of one wavefront overlaps with crest of another wavefront (or trough of one wave front with
trough of another wavefront), Construtive interference takes place. Similarly when crest of one wavefront
overlaps with trough of second wavefront, destructive interference pattern takes place. Hence all the points
corresponding to constructive interference form bright bands and all points corresponding to destructive
interference form darkbands in the interference pattern.

Fig. 10.1

Sources s, and s, are obtained from a single light source S, hence they form coherent sources. The two

wave trains or light rays from two sbu_rces s, and s, travel different diétance_s s,p and s,p (Fig. 10.2)
and reach point p on the screen. :

Fig.10.2 -

Path difference between two rays= s,p—s,p

This path difference introduces a phase differece § between tworays s,p | and s,p.
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211
Phase difference = X path difference

211
d = T(Szp-sup)

Let y, is the displacement produced at point pdue to source s, . Itis given by y, =a,sinot -(10.1)

where a, is the amplitude of wavetrain givenby s, and o isits angular frequency. Slmllarly y, bethe

displucement produced by s, at point. It is givenby y, =a,sin (cot L) [— (10.2)

where a, is the amplitude of the wave produced by s, . & isthe phase difference introduced due to path
difference between s,p and S, - According to Principle of superposition, the resultant displacement at p
isgivenby

Y=Y,+Y, =a,sinot+a,sin(ot +3)
=a,sinot+a, sinowtcosd +a, coswtsind

y =sinot(a, +a, cos8)+coswt(a, 1Y) J— (10.3)

Let a +a,cos§=Rcos@® -~----n- (10.4), a,sind=Rsin® =-e-meeee- (10.5)

Where R and @ are new constants.

Substituting in equatioin (10.3)
y =sinotR cos 0 + cos wtR sin §
=R(sinwtcosO +cos wtsin §)

y=Rsin(wt+0) —mmeeem- (10.6)

Squaring and adding equations (10.4) and (10.5), we get
R’sin’ 0+ R?cos? 0 = (a, +a, cos8)’ +(a, sin §)?

R?=(a,® +a,” +2a,a, cos§)

Hence resultant intensity at point Pis,
[=R’?=(a’ +a,” +2a,3,c088) cerer......... (10.7) |
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~
-

e

(i) Condition for maximum intensity:-
from equation (10.7) intensity at P is max,

I=1,, when cosd=1=>8=2nk

§=2nn= %—:E(szp ~8§,p) = 2n%

= (S,p=S,D) = DA voereerene (10.8)
1 =al+al+2aa, =(2,+8,) e (10.9)

So intensity at point P is maximum when path difference between two rays reaching point P is equal to ‘n’
times). where n= 0,1,2,3,.... etc. ’ ‘

(i) Condition for minimum Intensity:-
Intensity at P is minimum I="1_;, ," where cosd=-1
from equation (7)

cos8==1=>8=(2n+D)r.....(Jok10)

=2 (s;p-sp) = @n+ DA

=>szp—slp=(2n+1)—x2— ........... [o.£11)

[ =al+al-2aa, =(a ~a,)"(ox12)
So intensity at point P is minimum when the path difference between waves reaching P is

odd number times ‘5 .

(iii) Special case :-When the amplitudes of wave fronts from two sources s,,s, areequalthen a, =a,,
Substituting in equation (9) ’

I =(a+a) =4a” =4L...{Jo(13)
substituting in equation(10.12)
L = (a—2)} =0...(}0t14)

In this case we obtain interference bands with perfectly bright bands and complete dark bands.
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Energy distribution in interfernce fringes:-

'’ Fig.10.3

Above figure 10.3 shows variation of intensity in interference fringes with phase. Law of conservation of
energy is perfectly observed in the formation of interference fringes. The intensity lost in darkbands is
gained in bright bands. Energy is redistributed between dark and bright bands.
Proof:- We will prove that average intensity is equal to the sum of the separate intensities.

Average intensity of interference fringes,

2n 2n :
[1ds J (a? +al +2aa, cos5)ds

I - 0 = 0
average 2n 2z
Joo Ja
0 (10.15)
2
_leBradelag,singl . b sy
(31"

Hence the result.
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Nodal Lines:- ‘

\,

figl0.4
The secondary wavefronts from two sources and are overlap with each other to form 1nterfer-
ence fringes as shown in the figure 10.4. The line joining the points where the crest and trough meet is called
nodal line. So the lines joining the points of minimum intensity are called nodal lines. Now we shall derive
the equation of nodal line. Let us imagine the centre of co-ordinate axis O at the midpoint of two sources

and . The co-ordinates of P is (x,y),of s,is(—d,0) ,of s,is(d,0).

From figure

(sip) = (x+d)’ +y’

= 5p=J(x+d) +y?......(16)
MYs,p=(x—d)* +y*....(A7) _
pathdifferenceA =s,p—sp= \/(x +d)’ +y’ - \/(d -x)? +y?

ém=A+m

squaring on both sides we get

(xrd)? +y? = A? +2A'(\/(d—x)2 +y? )-i-(d—x)z +y?
= 4xcii—A2 = 2A(\/(d—x)2 +y? )

Again squaring. on both sides we get
16x2d% + A* = 4A’d* +4A7X* +4A%y?
Dividing by A’d? and rearranging ~ we get,

2 2

X __ y“ =l:.,.v ...... (18) . |
Ep @=Ly T w
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‘This is an equation of hyperbola. | .
curves correspond to minima when A = (2n+1)A/ 2)
curves correspond to maxima when A =n),

10.8 Fresnel’s Biprism: , _

Fresnel Biprism is used to produce interference fringes. Biprism produces two
coherent images of a single source, which act as two coherent sources separated by a distance. So basically
the action of Biprism is to produce two Pseudo coherent sources from a single source, It is formed by

grinding a plane glass plate on two sides such that the obtuse angleof the prism is {79° and two acute
zanglesare 30! each. The basic experimental arrangement is shown in the figure10.5.

A G
- g, = ot o e e e P
TSm““‘- o 1Hi £ s
29 ok = Br eI HHIRI i
is et T T il H filne ui
oy AU, —
— D H
fig 10.5

The experimental set up consists of an optical bench with three stands of same heiglit. The stands can move

horizontally and also vertically to the optical bench. One stand is for slit S, the second stand is for biprism
and third stand for micrometer eyepiece. The slit is illuminated with the monochromatic source. The biprism
and the slit can be rotated in their own planes. o , ,
Action of Biprism:-The divergent light rays SA and SC emerge as parallel beam from the prism. Ray is
divided by the edge of the prism B into two parts. One part which travels in downward direction appears to
be emerging from a virtual source s, and the upperpart appears to be emerging from the virtual source S,

- So these divergent beams and the paralled beam overlap each other forming interference pattern in region -
EH. This interference pattern can be viewed through micrometer eyepiece. s

10.8.1 Adjustments to the Experimental setup:

1. The optical bench is levelled with spirit level.

2. The three stands are adjusted to same height.

3. Eye piece is focussed on its cross-wires. '

4. The slit is made narrow and vertical and illuminated with inonochromaticlight.

5. The biprism is moved at right angles to the optical bench till a bright patch of light is yisible in
micrometer eyepice. The slit is rotated with tangential of view of the eyepiece.

6. The fringes are made clear by rotating biprism in its own plane.

7. When we move the eyepiece, the fringes appear to be shifting. So the distance between biprism and
slitis adjusted till there is no lateral shift in the fringe pattern.
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10. 8\2 Theory of interference fringes:-
Now let us derive the path differnce between two rays reachmg apointPon the

screen in the terms of the distance between two sources s, and s, and the distance betweenthe sourcg
. and the screen D( Fig. 10.6)..

. fig 10 6 A
Letus considera point P on the screen at a distance ‘X’ from the centre point ‘O’. From right angled

~ triangle S,PQ

(&) =(6Q +(QP)
s,p* =D? +(x~-d)’
|I¥ from rightangled triangle S,PR
S,P? =S,R? +RP? = D* +(x +d)?
~.§P?-SP? = (x+d)’ —(x—d)’ = 4xd
—  (S,P-SP)S,P+SP)=4xd
since the distance between slits s,s, and screen is large,s,p—s;p=D

o(sp-sp)=Fm—=—" (19) (10.19)

'Bright fringes: For bright fringes the path difference S,P-S,P=nA

2xd nAD
5 nA =>x= g e (10.20)
The distance of 'ﬁrst bright fringes from ‘O’ is given by
AD
foom=1,x, = 54
for n=2,X, =—2—7P— ,
2d
3AD

for n=3,X, =od
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The distance between the adjacent bright fringes is given by

¢ —x <24_AD_2D .
2R T T T g e (10.21)

Dark fringes :

For dark fringes the path difference
_(2n+DA
2

3AD
First dark fringe n=1,x, = d

5AD
Second dark fringe n=2,x, = e

S;,p—5s,p

nth dark fringe ]
. _(@n+DAD

" 4d
The distance between the consecutive dark fringes .
X, ~ X, = 2D
2 1 2d

' ' AD
Hence the spacing between ‘consecutive bright fringes or dark fringes is same and is equal to EY)

AD

-Hence the fringe width , X, — X, = 29 S (10.22)

2d
Hence the wavelength of the source of light 3, isgivenby A = 95—

10.8.3Procedure:

1

After the formation of interference fringes ,they are viewed through micrometer eye-
piece .The vertical cross-wire of the eyepiece is adjusted on one bright fringe and reading of micrometer
eyepiece is noted. The cross-wire is next adjusted to next bright fringe and reading of the micrometer is
noted. The difference between these two readings gives the fringe width B . Distance D is measured from
optical bench by measuring the distance between slit ‘S’ and the micrometer eyepiece .‘2d’is measured
with a small setup.A convex lens whose focal length<1\d(the distance between biprism and eye piece ) is
mounted on a stand in between biprism and eyepiece. ’ o
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Then we can observe the image of slit s, ands, in the field of view (E)f eye piece in two positions of
lens.. Ifthe lens is in position L, when first the slitimages appearsand L, the seqand positidn where slit
image is again observed ~
The distance betweenreal i imagesof s,ands, viewed through eye pieceinposition L,= d,

The distance between real images of s;ands, viewed through eye piece in position L,= d,

- d v _d, u
From fig » 24 ~w™2a7y

=2d=2dd, .......(10.23)
Thus we can determine the value 2d.

Fig. 10.7

Using the values of2d ,Dand P the wavelengths of monochromatic source is deterrmned usmg the formula
2= B.2d
D

10.8.4. Determinatlon of the thickness of a thin shéet of transparent material:

When . athin sheet of glass of thickness ‘t’ is introduced in the path
of light rays between biprism and the screen.the fringe pattern shits or displaces through asmall distance
S. Usingtheshift S’ wecan find the thickness of the glass plate.

Asshown in the figure lightray s,p travels througha distance (s,p—1) through
air and distance *t’ through the glass plate Let the ve‘loc1tyof light through air be ‘C *and through the
glass or material bec, ‘ o



2 B.Sc. PHYSICS . 14

FIG 10.8

: ¢ c
If p istherefractive i ndex of the material then “=:’=>cx=;
g

*The time taken by the light ray to travel the distance s,p
. s,p—t+__t_=s,p—t¥t_u'

C C (v c

s —_—

= ."’_12.11“_"1_)‘.“"24 (10 24)
¢ R

. Thusthe path or distance travelled by light ray s,p isequivalentto

sp+(p—-Dt= S;p
Hence the path difference between the light rays,pands,p is given by
S,p=5,p =$,p—(5,p+ (1 -1t )...25 (10.25)

, 2xd
But fromeq:19 , S;P-S|P="B“ ’

INTERFERENCE
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. 2xd
Path difference =A = ’%— —(u-Dt

2x,d
D

The ,* maximathe path difference =n), —(u—-Dt=nA whichimplies

X, = %[nk +(p-Dt]....26

x,, denotes the position of * maxima.

When the glass plate is absent ,t=0 ,

X, = D ni
2d

H ence the shift produced in p® maxima due to the glass plate in path-s,p isgiven by

. D
=x, —X, =—(p-Dt....27
S=X, =X, =3 d(u ) (10.27)

EQ:27 isindependent of ‘n’ hence the shift is same for all maxima. »
Hence by measuring the displacements in fringe pattern by introduction of glassplate in path of light
ray we can find the thicknes of the material using eq: 10.27

2d

D=1 e
d,D values are measured as explained in biprism experiment of wave length . Then the monochromatc

source is replaced by white source .We observe an interferene fringe pattern with central white band and
remaining being coloured bands.The cross wire of micrometer is coincided with a white fringe Micrometer
reading is noted Then the glass plate or mica sheet of thickness is inttroduced in the path of light ray The
maxima or white band shifts. Again cross wire is coincided with white band The micrometer reading is
noted . ' : :

The differeence between R,andR, gives the displacement of fringes due to glassplate Using

these values of d,Dand S the thickness of glass plate is deteemined using formula ( 10.28).

t=s. (10.28)

10.9 Change of phase on reflection:

_ , ' A .
Stokes law states that the lightray suffers a phase change of mor path change of 3 whenitis

reflected at the surface of optically denser medium. This does not happen , when it is reflected at the
surface of optically rarer medium. : :
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fig 10.9

proof : As shown in the figure10.9 let A be the incident ray. ona glass slab :Let the refractive indexbf
‘glassbe p, andof airis p,. p,>H, in this case hence , light is reflected at optically denser medium. OB
isthe reflected ray and OC is refrated ray. Let‘t’and ‘r’ be the coefficients of transmission and reﬂecnon
respectively .So if ‘a’ is the amplitude of incident ray, then the amplitude of reflected ray is a, and the

amplitude of transmittedray is ~ a, .

Suppose now if OC is taken as incident ray of amphtude a,., the reflected ray will be OA. If

the reﬂectlon and transmisson coefficient in denser medium are ‘r’and 1, then the amplitude of ODis atr’
and amplitude of OA is att’.

On reversing OBor taking it as incident ray OB is ‘ar’ ,amplitude of reflectedray OAis ar?.

, amplitude of transmitted ray OD is art.
\ Reversing OB and OC we should obtain the ongmal incident ray OA . Hence the ray oD
should be absent.

art+art =0 .
~ Along OA we should have wave of amplitude ‘a’

ar’ +att =a.....30 (10.30)
eq..29=>r =-r...31(10.31)

eq.30=> tt =1-17....32(10.32)
Negative sign in equation ... 10.31 shows that the ray reflected at denser medium suffersa  phase

change of n or path change of 5
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Example: Lloyd’s mirror is an instrument to produce achromatic fringes with white light.

This mirror utilises the above principle In this experiment direct rays from the source and light rays

reflected from Lloyds mirror interferece with each other to produce interference pattern'. When white

light is used as a source , we obtain central dark band instead of white band . This fact proves that the
_ reflection of light rays at mirror introduces a phase differenceof =. So, the central band satisfies the
~ condition of dark fringe at the centre of white light fringe pattern and coloured bands on either side. .
10.10 Interference by divison of amplitude

I n some cases we may have extended light source .Interference fringes can be obtained from such
source also using the method of division of amplitude oflight rays . Interference fringes are obtained in
such cases using the following procedure (Fig. 10.10). :

MONOCHROMAT
RADIATION - A

—_—

-
B T

oo
e SR - G

}-—'

‘ s

t R ,_;}_-.;gg Cil L TELE _-::jE;{ ;4‘
$ THIN FiLsa
- FIG 10.10

The divergent rays from extended source are made to be incident ona glass plate G
placed at anangle of 45° totheincidentrays. Thenthe light rays reflected at glass plate G get

converted to a plane wavefront or parellel light beam. These parallel rays are made to incident
normally on a thin film (or glass plate ) of thickness ‘" and refractive index p. These rays get partially
reflectedat the uppersurface of glass plate . ‘So the incident amplitude a of light ray isdivided
into two rays of amplitudes ar andat . :
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This is division of amplitude the ray transmitted ‘at’ again gets reflected at the -bottom
surface of glassplate, transmitts through upper surface and comes out. So the two rays (1)
reflected from upper surface (2) transmitted and then reflected ray at the second surface are

obtained from same source but have a path differerence. Hence they interfere with each other to
form interference fringes on the thin film itself (Fig. 10.10).

The extra path travelled by the transmitted rayorpn  ray =2ut
- Path difference between tworays = 2pt.

But first ray suffered reflection at denser medium . According to stokes law the path difference

introduced due to reflection is — 5

<

Total path difference between two rays A=2ut-A/2
For constructive interference the path difference A - ni
S2ut=A/2=nA
= ut = (2n A2 T (10.33),n=0,1,2,3--etc

For destructive interference

2ut = nA ------- (10.34),n=1,2,3-----etc
10.11.Cosine law:Oblique incidence of plane wave on a thin flim A ,
If the parallel rays from glass plate G are incident obliquely on a thin film(example
wedge type film ), then the procedure in finding the path difference is slightly different. That methodology is
explained below (Fig. 10.11) which leads to cosine law. i.e., path difference in terms of cosine of the angle.

A, !;3 =1 | Ry
I AIR

t i F (DENSE)
§ LN\ _Hy
F 3 Q: WC
¥ i S AR

3 r;/ i
A

fig 10.11
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AB is the incident ray incident obliquely on thin film at an angle of incidence ‘i’ It is partly reflected along BR
,and partly transmitted along BC. Again it is reflected back along CD and transmits along DR, .BR and

DR, are two parallel rays obtained from same ray AB. So they interfere with each other.The path differ-
ence between these two rays is BC+CD+BE. To determine this value normals BF and DE are drawn.
ZABN = 1, ZQBC=r

- From geometry of figure ZBDE =i,ZQPC=r

DCis extended back to meet normal BQ at P

Path difference A = path(BC+CD)in thin film

. _path BE in air
= A=pn(BC+CD)~BE --------- 10.35
ue sml) BE/BD }g )

But from Snell’s law H=Snr FD/BD _FD

BE = puFD ----—--(10.36)
Substituting in above equation is |
A =puBC +uCD —-puFD
‘A =pBC+p(CF+FD)-pFD

A=uw(BC+CF)=pPF  ,(+BC=PC) ----- (10.37)
In A*BPF — Cosr = PF/BP = PF = BPCosr = 2tCosr -~ (10.38)
~ Substituting in equation (10.37)

A =px 2tCosr = 2utCost ------ (10.39)

The optical path difference given by equation (10.39) is termed as “Cosine law™.
But the reflection at denser medium introduces a path difference of 3./2 . Hence

Total path difference = 2utCosr+a /2 ---------(10 40)
condltlon for Constructive interference is
2utCosr +A./2=nA
= 2utCosr = (2n L A /12 --—--—-(10.41)
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Condition for destructive interference is _
’ 2utCosr+A/2=(2n+1)A/2
= 2utCosr =nA ------—- (1042)

10. 12 Colours of thin films: -

When white light is incident on a thin film (of water or glass or any transparent ﬁlm),
we observe beautiful colours on the film. The fozmation of these colours on films can be explained with the
help of interference . _

When white light is incident on thin film , the white light isreflected” partly by the upper
surface of the film and partly transmitted to second surface. It is then reflected at second surface and passes
through first surface . The rays reflected at first surface and reflected by second surface will be able to
interfere each other. Depending on the path difference between two rays, it will satisfy the condition of
bright fringe for certain colours of light or wavelengths. so that colour will appear on the film. According to
cosinelaw 2utCosr =(2n+1)A/2 iscondition for constructive interference.

Since the thickness t and refractive index p of the film are constant,depending on the angle of
the refraction above condition is satisfied for one colour. -

When we change the position of the eye ‘r’ changes and we may observe
different colourat the same position of the film. If we observe different parts of a film from same position
also,  maychange and we observe another colour. Hence we can see different colours on same thin
film depending on the position of the eye or the part of thin film. Other colours may be feeble. The colours
for which minima condition is satisfied are absent.

If we observe the same film in transmitted light mstead of reflected light,colours which
are absent in reflected light will be visible in transmitted light. ’

10.13 Non Reflecting Films:
When a light ray is incident on transparent material like glass , a part of the light

ray is reflected and remaining part is transmitted. According to Fresnel’s equatmn the intensity of the
reflected light is given by .

2 2
L= (uz “1)13.1__(”2 ”')' ......... (10.43)
TRETH I\ +y :

Where p, -refractive index of first medium(air)
p, -refractiveindex of second medium(glass)

Generally p, =1.5and p, =1
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So when light is incident on any glass surface in an optical instrument , a part of light is lost atarate
0f 4% at each surface.In certain objectives there will be about four lenses , hence a loss 0f 30% light .only
70% of light is transmitted. When the source of light is not intense, then image formation will be dull due to
this loss. To overcome this loss by reflection of light, non reflecting films are used.

Non reflecting films are generally transparent materials like MgF, coated on

glass as a thin layer of thickness t =A/4u ,where ) isthe wave length of the source, 1 isthe

refractive index of coating material . Loss of light by reflection is overcome by destructive interference of
reflected light ravs. As shown in the fieure10.12.

Rt Ro
1. s

|
i
{
i

fig 10.12
The refractive index of airis p, ,of the coating material is 0 and ;)f glassis u, . Therayis
incident on the coating material or non-reflecting film is reflected partly along R, and partly transmitted.
Againitisreflected back along R, by the lower surface of the non-reflecting film. The refractive index of

non-reflecting film is selected suchaway that p, <u <p,.Soboth the reflections are at surface of
denser medium. So the path dfference introduced at bothsurfacesis A/2 and A/2 or phase

difference &t and w .ThesetworaysR, and R, which differ by a path difference of /2
interfere destructively.
2t =A/2=>t=2A/4p

Hence the thickness of the film should be equalto A/4p . Therefractive index of MgF,=1.38in

2n .
between that of air and glass. Phase difference betweenR, and R, = > pathdifference

—x2ut =

2n .2 A
=e——=T
A A2
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For complete destructive interference of R, and R, their intensities should be equé].

: 2 2

N K, —p

S e R [ — 10.44
(F""”l] [Pz'*‘“) ( )

Ifoutside mediumisairie p, =1 ,then

2
H-l) (Bamm)  Lpol_p- . |
(H"‘l , (“2 +;J ’ R+l p,+p “’“‘(10-45) addlpg(l)onbothsxdesof
equation
S
we get T (10.46) and
1 __ v
wHl ppbp T (10.47) |
Dividing eq(45)by(47) we get =g, =>p=Ju, - (10.48)

Hence the refractive index of the non-reflecting films should be equal to the square root of the
glass material. The process of decreasing reflectivity of a surface using non-reflecting films is known as
“Blooming”. 4

10.14.1 Interference by a plane parallel film illuminated by a point source;

fig10.13
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When light is incident from point source on a plane parallel film,a part of the ray gets reflected along 1.Re-
maining part transmits to second surface,again gets reflected and transmits along 2. the rays 1 and 2 appear

to be coming from two point sources S, and S, . These two rays interfere with each other .similarly the rays

getting reflected along TP and rays transmitted and reflected along MP interfere each other. These two rays
produce interference pattern (Fig. 10.13).

The fringes will be dark if path difference A =SL +u(LN+NM)+MP — (ST +TP)-(10.49)
isequalto n), ,else bright fringe.

10.14.2 Interference by a film with two Non -parallel reflecting surfaces (Wedge shapéd film):
Let us consider two plane surfaces GH and G,H, inclined at an angle o,

and wedge shaped air film is enclosed between these surfaces as shown in the fig 10.14. The thickness of
the film increases along GH.Interference takes place between the rays reflected from the first surface (BR)

and the ray transmitted to second surface and transmitted along (DRl ) . These two when extended back
meet at S and appear to interfere at S.

The path difference between BR and DR,
~ A=p(BC+CD)-BF
A=p(BE +EC+CD)~ jBE
A =p(EC+CD)=uEP = 2ptCos(r + )

Due to reflection at the surface of denser medium additional path difference )./2 isintroduced.
Total path difference = A+A/2=2utCos(r+a)+A/2 ----- (1 0.50)

" For Constructive interference A = nj.
= A+A/2=nk=>2utCos(r+a)+A/2=nk

= 2tCos(r+a)=(2n+A/2) --—-(10.51) Condition for constructive interference
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Similarly condition for destructive interference is

2utCos(r+a)=nk --(10.52)
From equations 10.51 and 10.52 itis evident that when refracting angle ‘r’ and angle of wedge
appearance of bright or dark fringe depends on the thickness of the airfilm in the wedge . Thickness of thc

air film in the wedge is equal along the direction parallel to the thm edge Hence interference patters: i
formed parallel to thin edge of the wedge ‘

Spacing Between Fringes:
For normal incidence of light ray, r=0 and if thin ﬁlm inthe wedgeis air, u =1

= 2utCos(r+a)=(2n+1)A/2 o ,;-:;--Brlght frmoe
=2tCosa=(2n+1)A/2"  wmeees (10. 53)

If we consider p* fringe formed ata dlstance of X, from the end of wedge (Fig. 10.1 5) then

t=x, tan'a------i -------- (10 54)

Fig. 10.15

Substituting in equation (10.53) we get
- A/
2x, tanacosa = (2n + I)A

= 2x, sina=(2n+l)% ----- (10.55)

Similarly for (n + 1) fringe _
7SS T O S (U5 1Y A — (10.56)

Spacmg between two bright fringes is
Subtracting (10.55) from (10.56) 2x,,,sina—2x, sina =2

2sino(x,,, —X I

n
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This distance between two consecutive bright or dark fnnges is termed as fringe width B.
=X - =
P= %o 2singt -

When angle of the wedge ‘a’ issmall, sing »a

B—— — ’1058)

Since fringe width is mdependent of fnnge number ‘n’ ,Hence the fringes are equally spaced.
10.14.3 Determinatidn of diameter of the wire-wedge method ;

Two optically plane glass plate are taken and a thm wire or paper is placed in
between the plates at one end and tled up (see Fig 10. 16) '

Then air film in the fonn of wedge is formed between the plates. The thicknees of air film goes on increas-
ing along the wedge as we move away from point of contact. This wedge is illuminated by a monochromatxc

source after making rays parallel with the glass plate G placed atan angle of 45° .These parallel rays are '
incident normally on wedge of air film. Due to reflected rays from upper and lower surfaces of the film,

interference takes place. Interference pattern or bands of equal thickness are formed along AB,CD,FF etc.

Since it isan air film p = 1 , normal incident r=0.
Let the thickness of air film at CD is t, . If dark fringe is formed at ‘CD’ then

2t, =nA : -- (10. 59)
Similarlly another dark ring at EF where film thickness is t
t, =(+1)A --es “is ’1060)

PQ

Fig,. 10.16.
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L, t
From figure tana = AP—AZQ
t, -t
AQ- AP
But AQ-AP=fringe width 3.
sty —t, = Blan ol ~=emiem- -e--(10.61)

=tana

From equation (10.59) and (10.60) - t;=t, =3/ oo —~(10.62)

. —A
Comparing (61) and (62) Btan_a—A_ .

=B= %taﬁa = %a (10.63) (Whéi! o is small)

Let the diameter of wire placed between plates=d. - N
~ Thedistance between wire and line of contact of plates =x.

d
Fromtheﬁgure tana——;c—:a-ﬂ-. .

Ex eriment : s

Observe the fringes formed on wedge shaped film throughrmicros,cvope.Co_incide.the cross wire of
microscopeon p* fringe. Get the microscope reading R, . Count 5 fringes and coincide the cross wire with

R - .
(n +5)™ fringe. Note thereading as R, . 21 gives the fringe width B .Me,aswev‘the distance

5 B .
between the wire and the point of contact ‘x’ with a scale. Using the wavelength of the monochromatic
source },, the diameter of the wire ‘d’ can be determined uisng equation (1 0.64).

10.15 Newton’s Rings :-

Neivton’s Rings are another practical demonstration of interference of light .
When parallel light rays are incident normally on a convex lens placed on a glass plate alternate dark ard
bright circular fringes are formed round the contact point of lens and glass plate These c1rcu1ar fringes are
termed as “Newton ngs”
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The reason for formation of newtons rings can be explained as follows in Fig. 10.17. When
light ray AB is incident on the lens, it is partly reflected and partly transmitted along BC. This transmitted ray
is reflected back by the lower surface of the lens and transmits into air along 1. A part of this ray BC gets

transmitted along CD to the lower glass plate and gets reflected back and transmits through lens along *2°,
These tworays 1 and 2 are obtained from same ray AB. Hence they interfere with each other formirig

Newtons Rings . The path difference between these two rays =2 ptcosr + %
When film between the lens and glass plate is air, p=1 and for normal incidence of light ray, r=0. -

Fig. 10.17

Path difference A=2t+ %

For bright circular fringe A=2t+ %4 =na,

=2t=(2n+D% ceeeeee(10.65)

For dark circular fringe 2= nj (10.66)

From equatibns (10.65) and (10.66) it is evident that the formation ofdark and bright fringe de- ‘
pends on the thickness of air film between the convex lens and the glass plate. ‘t’ is equal along a circle with
~ point of contact of lens and the glass plate . Hence we obtain a concentric circular fringes with point of

_contact as centre.
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J0.15.1 Newton’s Rings in ‘reﬂected light :-
- In this section we try to findout the diameter of circular fringes in terms of ), and R
isthe radius of curvature of lens [,0f ! -Lens

.Jtis part of the circle D1 01 ! of radius R.

- 0C= CD¥R .Let us consider a Newton ring forr »d at QP. Let air film thickness at QPbe‘t’.
The radius of this ring =r. PC is also equal to ‘R’ frc :: geometry of this figure.
- The property of the circle gives the following equatic '

NP xNQ = NOxND

~ Substituting these values,
rxr=tx(2R -t) = 2Rt - t?

r2

st<<R, T’ SRSt e e (10.67)

" Condition for bright fringe 2t=2n-1)%4

i .
) by _ _ ;\'
=25—=(2n-1) /2
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= =(2n»_—-1)7~% emmemnnns (10.63)

The diameter of the Newton’s Ring D=} 5
Substituting in above equation
D’ _(2n-DAR
4 2

=D (2n-1) (10.69)

2

For dark fringe 2.%{— =nAh =1’ =nAR

= D=2AR@n-1)

=5 D? = 4nAR => D = 2J/pAR ---------- w-sennanen=(10.70)
or PDon (10.71)

Thus diameters of the newton’s rings are proportional to square root of natural numbers. As the
order of the fringe increases, width of the fringe decreases. In case of reflected light central ring is dark .
Since the condition t=0 is satisfied by dark ring only.

10.18.2 Newsan's rings in transmitted light :

In transmitted light,
2t=n), forbright fringe
2t=2n-1)%4  for dark fringe-

Using equation (67)
2

2.—=paA =1  =nAR
2R .. :

2
:>—D——n7».R
4

D -4an=>1) 2Jnx SEUR——— {1 )|
Doc\/.

: Snmlarly for dark ring: > D | /(Zn )
In transmitted light central ring is brlght nng The Newton’s rings in reflected light and transmltted
lights are complementary.

Butr=

b
2
=
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10.15.3 Determination of Wavelength of Sodium light using Newton’s Rings :-
FPAICROSCOPE

/

<> :

>

L

I - e
— 3

SODRIM
LAMP

Figle.19

Experimental Arrangement:- )

A plane -convex lens of large radiys of curvature is placed on a plane glass plate with its
convex surface in contact with glass plate. The convex surface touches glass plate at C.and an air film of
increasing thickness is formed between the convex surface and glass plate from C t6'L. Light rays froman
executed monochromatic source [sodium vapour lamp placed behind a slit] are made to incident on a glass
plate G,placed at an angle of 45° to the normal . This glass plate reflects the light rays and makes the light
rays to be incident normally on the convex surface or lens. A part of these rays are reflected by convex
surface and remaining part transmits to the plane glass plate. The plane'glass plate reflects these rays and
they pass through the lens and interfere with the light rays reflected by convex surface. As a result Newton’s
rings are formed. These are viewed using travelling microscope. '
Theory:- '

Let ‘R’ be the radius of curvature of the lens  the wavelength of the monochromatic source,
D, -the diameter of the nthring, D,, , -the diameter of'the (n+p) thring. Then from equation-(10.71)

D! =4nAR  and DZ_ =4(n+p)AR
-.Dy,, ~D; =4pAR = A =D}, -~ D’ - (10.73)

Usin "~ above formula wavelength of the monochromatic source can be determined.
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Procedure:

_ Experimental arrangement is done as described above. After obtaining Newton’s rings, the cross-
wires of the travelling microscope are made to coincide with central dark spot Then counting 20 rings
travelling microscope is moved to 20 th ring. The cross wires are made to coincide with the end of the 20 th
ring, such that the vertical wire Jooks like tangent to 20 th ring . Microscope reading is noted . Moving 5
rings atatime , the reading of 15 th,10th ,5 th and 0 thring are noted towrds right side . Similarly proceed-
ing in same direction the readings of the same rings on lefi sides are also noted, The difference between right
hand side of 5 thring gives the diameter of 5 thring.(Fig. 10.2")) Similarly diameters of other rings are also

" determined . A graph is drawn with no. ofrings_en X-axis and its gigmeter® OD Y-axis.

[ O L b

/ $ 1
'!ﬁ .n-(-p
0 G D :

Hooof rings =2~

Fig.qu.ZOy _
1t will be a straight line . Selecta ﬁng number n and ring number n-+p and determine D? and D,,2+,, from
the graph- : ,
| (D2, -D?)/p=AB/CD

2

The Radius of curvature of plano convéx lens is determined using spherometer R = x + 5 or

through Boy’s method
Substituting these values in eq(10.73),we can find the wave length of the monochromatic source.

10.16 Michelson interferometer::

It is a permanent instrument used to produce interference fringes without any further experimental
arrangement as in Newton’s rings or Wedge method. It can be used to find the wave length of the mono-
chromatic source, resolute closely spaced spectral lines,to determine the refractive index and thickness of
thin transparent materialsand tandardisation of meters in terms of the wave length of the light.
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0.16.1 Construction:-

: : Fig 10.21 ,
It consists of two optically plane,highly polished mirrors M, and M, atright anglesto each other. It also

consists of two semi-silvered glass plates G,and G » made of same material and same thickness at an angle

of 459 to the plane of mirror- M, Mirror M, is mounted ona carriage which can be moved forward or

backward with fine screw adjustment ( See Fig. 10.21 )- The mirrors are mounted on three levelling screws
with the help of which the mirrors can be titled (atan angle to) horizontal. The rays from a monochromatic
source are made to be incidentonalens L, to attain a parallel beam of light. The interference fringes formed
can be viewed through the telescope.

Working:-The parellel light beam from lens is incident on glassplate G,. A part of lightray ‘1’ is reflected
back to mirror M, and passes through G, . Another part of the light ray 2 is transmitted to M, _These two
rays are incident on M, and M, normally. So they are reflected back normally and follow the same path

and reach G,.The two rays coming out of G, afterreflection from M, and M » arederived from same
source, henge.are in a position to interfere, Depending on the path difference between rays ‘1’ and <2,
interference fringes are formed. But Ray]1 travels through G, twice ,while the ray2 passes through only

G, once(see Fig. 10.22). To compensate this path difference, second glassplate G, of same thickness as

G, 1sintroduced.So this is termed as compensating glass plate. The interference fringes formed can be

~ viewed through the telescope T,

When we view the mirror M, through telescope, we can also view the virtual image of M, , M,
formed by the glass plate G, behind M, . So the two rays reflected from M, and M, can be viewed as
reflected from M, and M. So Michelson interferometer is equivalenttoanairfilm

(ORI . T, 8 gl
fermina fotwees, M, and MY
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) .
Mz N N N _\‘«'-"‘k

Fig. 10.22
From figure OM, =X, , OM, =X,
| The path difference between interferingrays A = 2(X, —X;)

and additional path difference of %} forreflection from M,

o A=2x,-X,)t 7/2 (10.74)
‘ The interference fringes formed may be circular,straight or paraboic depending on path difference between
M, and M;.

10.16.2 Types of fringes :

The path diffrence between the light rays coming from M, and M, depending on

1.The seperation between M, and M; o

2.The angle subtended at an eye.

3.The inclination between M, and M;.
Circular fringes :- When the two mirrors M, and M, are perfectly perpendicular to each other or M, and |
M; are perfectly paraellel and a uniform thin air film is formed, then circular fringes are formed. The path '
difference between the rays from M, and M‘z is given by |

2tcosr+ % =nA

Since ‘t” the thickness of air film and ) are consfant, above equation is the locus of radius ‘r’.
Locus of radius *r’ are concentric circles . Hence we obtain circular fringes which can be viewed through
the telescope T (Fig. 10.22). ' o

{'I.ANE < Mwuion BNA “‘

_ » M
e M"'—:"“‘:‘:—‘— s
My === w -4
DN (T @
e @ ® @
cerom fig10.24
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Localised fringes:- When M, and M; are at all angle to each other or cross each other ,then the our

film  between the mirrors is wedge shaped. Depending on the thickness of the film and the angle of
incidence shape of fringes changes. When the mirrors cross-each other, stright fringes are formed . When the
mirror are wedge shaped ;then circular fringes with lourelity towards the thin edge of wedge are observed as
shown in the figure.

Localised fringes with white light :-

When monochromatic source is replaced by white light,when the air film between M 1 and M, isthin
coloured circular fringes with dark fringes in between are formed.

10.16.3 Mathematical Analysis :-
Let the light ray from M, produces a displacement of y, inthe medium.

o P
y;=aexp{i wt-k(Zx, +—2-)

—
=

Similarly M, produces a displacement

y2=é exp{i rcot-k ( 2x,+ %)
L i

o)

The resultant displacement

. r
Y=y, +y, =2a. cos‘(—g)exp i(wt—a, +§)]
2

ImenSity I= (\/—y?)z = (23 COs g) = 4#?00;2 _g_

[/ 7
Intensity is maximum when COSE =t= 5 =nr

o) a{ 2] o

0

e 4 r
Condition for minimum intensity is, COS - = 0= 5= (2n +71)—2—

1 p A ‘ A4
= 'z'[k(le +5)‘ k(szv + E)] =(2n+ l)g - Interms of path difference 2(x, ~ x,) = (2n + 1)—2-i >

P,
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10.16.5& -Uses of Michelson interferometer : :
1.Determination of difference of wavelength of monochromatic light:
“The Michelson interferometer is arranged for circular fringes with central bright spot. The cross wires

are coincided with centre of bright spot. Let the bright spot be p* bright spot.Now if we move the
distance between M, and M, by % [by adjusting the micrometer screw attached to M, la patl_i
difference of 7 is introducedand (n+ D™ bright spot appears at the crosswires. Like wise as we
move M}, away from M,, for each distance % increase between them, one bright spot disap-.

pears and another one appears Suppose M, is moved from distance x; to X, and N brighf

2(x, — X,)
N
measuring the distance (X, — X, ), we can determine the wave length of monochromatic source.

2.Determination of difference of wavelength of closely spacéd spectral lines :
When we use monochromatic sources like Sodium also , they emit two wave-

A A
spots appear the centre then,NE =X, —X, DA= By counting no.of spots N an

lengths A, and A, (D, and D, lines) which have small difference . To find the difference A A,
interferometer can be used. ‘

Arrange interferometer for circular fringes. When the path difference x, —X, or the dis-

tance between M, and M, is such that the central bright spot of circular fringes of A,,exactly

falls on the central bright spot of circular fringes of A,, thenwecan observe distinct circular fringe-

pattern in the field of view of the telescope. When we move M, away from M, the Lright fringe of
A, may fall ondark fringe of A,.Then we observe that indistinctness in the field of view of tele-
scope. So by moving M, through ‘x’ distance, suppose we find next indistinct position, then

fringes of A, and (n+1) fringes of A, appearin the field.

Substracting above equation.from ‘each other
2x  2x  2x(A —-)y)

n+)-n=—-"—=
@+D A M M,

A, A AM+A,
=>x,—x2=-)-‘{-)i--—=z“—“— where =5k, =12

R 2x . 2

Thus measuring ‘x’ we can find the difference of wavelengths A, — kz

>
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3. Determination of thickness of a thin plate :

straight line fringes. Then the cross-wires of the telescope are coincided with the central .fringe. Thin
dlate of thicknesgse\t’ and refractive index K is introduced in one of the paths 1 or 2 . Then the central

fringes shifts due to introduction of path difference = 2(y - Dt bythe plate. -

Now the mirror M, is moved such that again the cross wires are set on central fringe. If the
distance moved by M, isx, then ' ’
. | a .
2x =2t(u-1) or no1 '
Using above formula, we can find the thickness of the glass plate.

10.17. Interference Filter :

To choose few wavelengths around a particular wavelength for experimental pur-
pose, Interference filters are used. When white lightis incident on parallel plates seperated by a distance

2t

2ut=nA = A =
. n

that ifthe thickness of air film between plates ‘t’ is extremely small, conditibhr_ formaximum is satisfied
only for few wavelengths . Suppose t= 500x10°m and ) = 600.x 10 mthen ~.] there ig only -
one maxima. Thus we can get wavelength 5000 A° andtwomore wavelengths 10000 A° and

3333 A© around it. This typeof. arrangi;ment to filter few wavelengths from incident light is called “Inter-
ference Filter”, - '

Ifthe medium between plates in air, A = e From abov,e equation we can infer

It consists of a glass plate coated with thin metallic refiegting film of dieleetric ( MgF, or
. quartz) and again coated with metallic reflecting film. Then it is closed with another glass plate. This
interference filter transmits only aband of order’n’ at wavelength ) . '
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" 10.18 Solved problems :
'~ 1.Ifaslit illuminated by sodium light (58
what will be the distance between consecutive
AD

Solution ; Fringe width P = >4
A=5893 A0, D=100cm,2d=2x0.15=0.30cm
Distance between consecutive bands or fringe width

B= 5893x107* x100
0.3
2. Find the thickness of a soap film (p=1.33) which gives constructive second order interference

of reflected light of A = 700mp (millimicron). Assume normal incidence giventhat Imp =10"m?

93 50)isplaced 0.15cm from the plane of Llojd’s mirrof ,
bands formed on ascreen 1.0 m from the slit ? '

=0.02cm

Solution : For constructive interference 2ut = (2n - 1) %

For second order interference n=2

. X * = ———
2}11—3A or 't an
But ) =700x10®° m, =133

_ 3% 700x107°
4%x1.33

=3.95x10" m.

3. A broad source of light (), = 5890A°) illuminates norrhally two glass plates 10cm long which
touch at one end and are seperated by a wire 0.05 mm in diameter at the otherend . How many bright

fringes appear over the 10cm distance.

AX : L
Solution: Diameter of a wire d= ‘2‘6 inwedge method ,B - fringe width, x- distance between

wire and contact end of glass j)latps.
M
2d
A = 5890A°, X=10cm, d=0.05m=5x10" x107 =5x107cm
5890x10® x10 1178x10™
B= 3 = cm
. 2x5x107 2
since length of glass plates=10cm
No.of. bright fringes or dark fringes in this distance h
_10__10x2° _ 4 60085x10° =85x2=170

=B 1178x10% -
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4. In an experiment on Newton’s rings , the diameter of the tenth dark ring formed by
yellow sodium light (589nm) and seen in reflection is 3mm. What is the radius of cur-
vature of the lens surface ? ' ‘

Sol: Diameter squari: of nth ring

2

D
2 _ 4y R=_—2"
D; =4nAR, or R=/

D, =3x10”m, n=10, % -589%10"m

2

-3
= (3 x10 ) =0.382m

T 4x10%5.89%10°

5.In an experiment in the Michelson interferometer , it is found that 40 rings to
merge the centre, the mirror had to be moved thriugh 0.01mm. Calculate the wave-
length ofthe light used . '

Sol: Wavelength of light used A= -21%

where ‘X’ is the distance moved by M, and N - no. of rings merge in the
centre : | ' -
N=40, x=0.01mm =0.001cm
2x  2x0.001 s
l:i— =T=5x10 cm | |
6. A thin film with refractive index p =1.58 for light wavelength 3 =5890
A° isplaced in one.arm of a Michelson interferometer. If there is a shift of 20

fringes, calculate the thickness ‘t> of the film .

Sol: In Michelson interferometer ,path difference - 2(p- l)i!% NA
‘where N- no. of fringes moved '
NA

= —— ane.

2(“""1) ’ N=2Os A=5890x10%, M =l~§8 fmed

i

. 20x5890x10
- 2(1.58-1)

=0.00lcm

5 -
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10.19 Summary: Interference establishes the wave nature of the light. Principle of superposition leads
to addition of waves. Thischapter explains the condition forinterference , the position and intennsity of
fringes , fringe width , conditions for the bright and dark fringes . Italso explains how to produce interfer-
ence by division of wavefront and division of amplitude . It explains concepts of colours in thin films,
non reflecting films , change of phase on reflection and cosine law . We understand the methods of produc
ing interference using Fresuels Biprism , Wedge method , Newtons rings and Michelson interferometer. -
Using these instruments we can find wave length of monochromatic source, thickness of a thin sheet of glass
or mica, diameter of wire, and resolution of spectral lines. :

10.20 Key words:- Interfernce, Interfernce bands, Princple of superposition, Wave front, amplitude,
displacement,coherence, crest, trough, path difference, phase difference, Intensity, Normal lines, Fresnel
Biprism, Bright fringe, dark fringe, fringe width, cosine law, constructive interfernce, destructive interfer-
ence, thin film, Non-reflecting films, wedge, Newton’s rings, Interferometer, circular fringes, Localised
fringes, interference filters. : :

10.21 Self asscsment gquestions:
Long Answer Questions: oo

1. Derive the equation for intensity ata pointon the screen in Young’s double slit experiment. Show that
interference phenomenon obey’s law of copservation of energy.
2. Derive the equation for fringe width in Young’s doubleslit experiment. _
3. What is Fresnel’s Biprism ? Explain how to form interference fringes in Fresnel’s biprism experiment
Show that how would you use this to determine the wavelength of monocromatic light.
4. Derive the expression for the displacement of fringes when a thin transparent sheet is introduced in
the path of one of the interfering beams in biprism . How this method is used for finding the thick-
ness of mica sheet? Ry , :
5. What is wedge shaped film? With necessary theory explain the interference of reflected light from
wedge film when illuminated by a plane monocromatic wave.
6. How do you determine the diameter-ofa thin wire by the wedge shaped air film? Discuss about
fringe pattern.

7. Describe the theory and experiment of Newtons rings to determine the wanelength of
monocromatic.source of radiation. ’ ' R
8. Describe the principle, construction and working of a Michelson interferometer . Explain how the
wavelength of light is determined withit.
9. How Michelson interferometer is used to determine the refractive index of a thin transparent shee?

Short Answer Questions: SRR

1. What is the principle of superposition? - , ’

2. What are the conditions to produce sustained interference pattern?

3. Write anote on interference with white light.

4. What is nodal line? Derive equation for nodalline? , ;

5. Discuss the phase change dueto reflection of light from the surface ofadenser medium.
6.Explain the occurence of the colours of thin films.
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7.Explain cosine law.

8. What is the basic principle behind a non-reflecting film? And explain its needs.

9.Whatis Blooming? \ _ ‘

10. Show that the refractive index ofthe coating material should be equal to square root of the
refractive index of coated surface material, ) |
11.Explain how you can check up optical planeness of a glass plate .

12. Explain the formation of different types of fringes in Michelson interferometer .
'13.Describe the principle and application of non-reflecting films. How are they prepared.
14.Explain why the central spot in Newton's Tings obtained with reflected light

is perfectly black. )
15. Discuss the phase change due to reflection of light from the surface of denser medium.

16. Explain the principle and action of an interference filter.

Ex- -cise :-

1. Inthe young’s double slit experiment, the distance between the two holes i s0.5mm, =510 cm and
D=50cm . Calculate the fringe width.(Ans 0.05m) |

2. A thin sheet of transparent material ( 1 =1.6) is placed in the path of one of the interfering beams is
biprism experiment. Using sodium light A=5890,0 , the central fringe shifts to a position originally
occupied by the 12th bright fringe. Calculate the thickness of the sheet.(Ans | 778 x 10~ cm)

3.Ina biprism experiment the slit and eyepiece are at 1¢m and 100cm marking on the optical bench. The
seperation between two images of coherent sources were 1.2mm and 0.3mm for two positions ofa
convexlens between the biprism and eyepiece.If 10 fringes were 9.72mm apart,then find the wavelength of
light used.(Ans 3, =5890 A 0)

4. Find the thicknessof'a soap film ( 1 =1.33) which gives constructive second order interference of
reflected red lightof ) =7000 A° under normal incidence.( Ans t=395x10"°cm)

5.Light of wavelength 6000 A © falls normaily on a thin wegde shaped film of refractive index.

1.4 forming fringes that are 1.5mm apart .Find the angle of the wedge.(Ans o =1.428x107*)

6. Ina Newton’s rings experiment the diameter of 5th ring was 0.336ecm and the diameter of the 15th ring
was 0.59cm .Find the radius of curvature of the plano convex lens if the wavelength of light used is 5850

A° {( Ans R=99.82) ’

7. In Micheison interferometer 200 fringes cross the field of view when the movable mirror is displaced
through 0.0589mm. Calculate the wavelength of the monocromatic light used

() =5890 70 ) _

8. A transparent film of glass of refractive index 1.5 is introduced in the path of one of the interfering
beams of Michcison’s interferometer which is illuminated with light of wavelength 4800 5 ¢ ,. This causes
500 dark fringes to sweep across the field. Determine the thickness of the film(Ans 1=0.024cm)
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UnitIV
LESSON-11 _ v
DIF FRACTION

OBJECTIVES: -

We will able to L ' N
1. Define diffraction and understand the phenomenon of bending oflightwaves = = =
around obstacles and formation of diffraction bands. Co o

2. Theoty behind the resultant of n-wavefronts. _. .

3. Understand diffraction at single slit, experimental set up,theory behind the diffiac.

tion bands formed and intensity distribution in the fringes. o

4 .Understand Fraunhofer diffraction at circular aperture and applying to find the -
resolving power ofthe  optical instrumients. '

5. Fraunhofer diffraction at double slit and its extension to N-slits.

6. Learn Fourier transform and its application to diffraction at single slit.

7. Construction and usage of diffraction grating and to determine the wave length of
‘light with grating. -

8. Explain Fresnel class of diffraction, Half period zones and zone plates.

9. Concept of diffraction at st. edge using Fresnel class and diffraction of plane

waves :

STRUCTURE OF THE LESSON .

11.1 Introduction
11.2 Difference between Interference and Diffraction
11.3 Resolution of n-single harmonic waves.
11.4 Normal Incidence.
11.5 Oblique Incidence.
11.6 Fraunhofer Diffraction at a circular aperture.
11.7 Resolving powers.
11.8 Fraunhofer diffraction by a double slit,
11.9 Oblique incidence on double slit.
11.10 Plane diffration grating.
11.11 Multiple spectra with grating.
11.12 Maximum no.of orders available with grating.
11.13 Absent spectra with diffration grating.
11.14 Determination of wavelength using diffraction grating.
11.15 Dipersive power of grating. :
11.16 Resolving power of grating. ‘ '
11.17 Huygen’s-Fresnel theory of light propagation.
11.18 Fresnel’s half period zones.
11.19 Zone plate. '

'11.20 Diffraction of straight edge.
11.21 Diffraction of a plane wave by straight edge.
11.22 Solved problems. ‘
11.23 Summary.
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11.24 Keywords.
11,25 Self Assessment questions.
11.26 Reference books

11.1:INTRODUCTION:
, Bending of the light waves around obstacles and small apertures iscalled as
«diffraction”. Diffraction effects are observable only when the size of the obstacle or aperture is of the

order of wavelength of the light. Thus when light falls on obstacle or small aperture whose size is com-
parable with wavelength of light, there is a departure from straight line propagation, the light bends
round the corners of the obstacles or apertures and enters in the geometrical shadow. This bending of
light is called diffraction. A
. When an obstacle comes in the way of light, its geometrical shadow is cast on
the screen. But we can observe a small amount of light intensity in shadow region also. This is dueto
diffraction. We can also observe bright and dark bands of varying widths and varying intensities in the
exposed region (The region not stopped by the obstacle) due to interference of secondary wavelets
originating from various points of wavefront which are not blocked by the obstacle. Diffraction effects
are observed only when a portion of wavefront is cut off by some obstacle.

Diffraction phenomena can be classified in two types depending on the position
of the source and the screen :

1.Fraunhofer diffraction: .

In this class of diffraction source and screen are effectively at infinity. Inthis -

case the incident wavefront on the aperture or obstacle is plane wavefront. :
2.Fresnal’s diffraction: ‘ :

In this class, source and screen are placed at finte distances from the aperture

or obstacle having sharp edges. The incident wavefront is either spherical or cylindrical.

11.2. Differences between Interference and Diffraction :

Interference Diffraction

1.The interaction takes places between two 1.The interaction takes place between the seco

separate wavefronts originating from the ndary wavelets originating from different poi
two coherent sources. nts of exposed parts of the same wavefront.

2 Regions of minimum intensity are perfectly 2. Minimum intensity regions are not perfectly
dark. dark '

3.Width of the fringes are generally equal. 3, Width of the fringes are never equal.
4.The maxima of interference patternareof  4.The diffraction maxima are of varying intensity
_same intensity. ' , \ T

1413 RESULTANT OF N-SIMPLE HARMONIC WAVES:-

. Generally the diffraction phenomena or bands are observed when the
secondary wavelets originating from different points of primary wavefront obstructed by an obstacle or
aperture interfere or superimpose or overlap with each other. Hence we will try to find the resultant of
n-wavefronts or n-simple harmonic waves. Let ‘a’ be the amplitude of'the wave, ‘d’ be the phase
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Figy(14.1)

The resultant of these ‘n’ waves is given by wavefront wavefront OP,with resultant amplitude R and
resultant phase @ .Using principle of superposition , we obtain ' : :

R,__.asinoc _nasina_Asina

(%) a a Ly
where na=A. '
' n-1)d nd : '
G;%z%:a | (112

11.4 . Fraunhofer Diffraction due to a single slit -Normal Incidence :-

_ AB is a narrow slit of width ‘e’ perpendicular to plane of the
paper Let a plane wavefront ww’ be incident on the slit . ), is the wavelength of the incident light . Ther.

according to the Huygens-Fresnels theory , each point on the wavefront passing throughsslitact as
secondary source and emit secondagy wavelets in all directions . All these secondary wavélets interfere
with other. The diffracted light is focussed by means of convex lens on a screen placed in the focal plane

of the lens (Fig. 11.2). All wavefronts travellingnorm:  thesliti.e. ttavelling along OPogfé broughk to

focus at P by the 1¢ns forming bright central image.




2B.Sc.PHYSICS 4 '~ DIFFRACTION .

Fig:(11.2)

Secandary wavelets travelling along direction ‘ § * with incident wavefront are brought to focusat Py
onthe screen . The point P} is of minimum or maximum intensity depending on the path difference
between the secondary wavefronts. * o

THEORY :-
The path difference between secondary wavelets from Aand Bin direction

§=BC=ABSing =¢Sing

: 2 o
Phase difference ﬁ"—%esme ‘

Let the slit be divided into n- equal parts and amplitﬁd eof the wave from each partisa
The phase difference between consecutive wavefronts in these n- wavefronts =1/n(Total Phase)

, 'x";'l-(gg:esi'nﬁ}d(s'ay)
n\ A ) ‘

The resultant amplitude of ‘n’ wavefronts ‘R’ is given by :

/

_asin(nd/2) _asin(nesin8/A) -
“Tsin(d/2) sin(nesing/nA) {From equation (11.1)}
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\

_asin(a) here G=TC5iN0
sinfg/n) Vo0 T A

asina nasina Asina
:)Rz = o=

an o @
Azsmza

a2

‘R’whenex;iandedintermsofSina, ‘

r=A o a3*a5 a74 -
a 3! hd 5! '7! f“."““".”

1 a? a4 a6 .
= TG T '3',' ....... |

whmrxggahvetexmsvamsh,kwxllbenmxmm

Intensity at point Py=I=R?=

Ny

+ Principal mexi
When a=0 weobtampumxpalmaxunum

nesme .
=0 =sin6=0 =6=0 ‘ (H3 -

Thenl , =A>
Hence Central maximum or pnnclpal maximum is formed when secondary wavelets -
travel normal to the slit.
Minimum intensity positions :
Minimum intensity will be observed when sin a=0=>a=tx,+2x,13x,.....=tmn

nesin6
=>esinO=tmA (4)(11.4).  where. m=1,2,33.i.......€tc,,.

=tmn

Secondary maxima :-
In addition to principal maxima, there are secondary maxima between minima
equally spaced. These are obtained by differentiating intensity ‘I’ according to calculus

‘dl d ‘sinaA _ ) T '
' o ‘ (11.5)
-, A22sina (acosa-sina) |

— =0 4)
o o ' .
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ssina=0 or . ocoso-sina=0
But sina =0 gives values of * o * for minima
-. Position of secondary maxima are givenby
acoso—sina =0 '
=> o="Tana
Consider the equations as two graphs,y =+ wnd y = Tana .Draw both the graphs
and they look like the figure 11.3shown .

£

Fig11.3

The points where y =aand y = Tana.  intersect each other are points of Secondary

maxima.These are givenby o =0, +1.43n, +2.462r, £3.471n etc.,
Intensity of principal maxima 1, = A’

. . A
Intensity of first sccondary maxima I; = >

Intensity of second secondary maxima IZ:@ dc.
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So, the intensity of maxima increase drastically.Due to+1.430 7t [+or-signs], secondary maxima
are situated on both sides of principal maxima . This inténsity distribution is showr by followmg grap‘i
with  onX-axis and intensity on Y-axis. (see F1g 11.4)

Fig. 114 -

"The diffraction pattern consists of a central principal maximum in the direction of
incident rays . The subsidiary maximum of decreasing intensity on either sides of it at positions
£3n  *5n .y . .. 4
o= o Ty etc.,. Between subsidiary maxima are secondary minima at
a=+n, +2n, +3m,etc.,Secondary maxima arenot exactly between secondary minima, but shghtly

displaced towards the centre of the pattern.

11.5 Single Slit Oblique Incidence :-

Let the wavefront ww* be incident on the slit at an angle ‘i’ i.e.oblique incidence. -
Now we consider the diffraction effects atangle ‘g’ .Now agam divide the slit into n-parts of equal
length .Width of each partis ox (Fig. 11.5) -

The path difference between wavelets from A and B = e(sini+sin@)
The total phase difference between wavelets from A andB=2¢
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DIFFRACTION

“Fig. 11.5

=-2%s-(sini+sin6) | (11.6)

The resultant amplitude is given by chord OM
@~chord OM=20N=2r Sin
Length of the arc o« Width of the slit

Length of the arc OM=ke=A

ArcOM A A
20 = =2r= —
Radius r a

From (6) and (7)

chord OM=A Sina /o0 and

Asina
a

2_x2(sina )’y (sin
Intensity I= R4=A [5-%&] =Io[sa°‘

Minimum intensity when sina. =0 => a = tn,$2x,..........

= -’;—i(sihi+sin9) =tmr,m=12,3

(11.8)
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Since ‘i’ is constant , depends on ‘m’ only .

L mA
sini1-+smn 9,,. =i-e—

11.6 Fraunhofer Diffraction at a circular Aperture:-

Let AB be a circular aperture of diameter °d” .A plane wavefront ww is incident on circular aperture
normally . The diffracted beam by the circular aperture is focussed on screen by lens .All the
- wavefronts(secondary) eliminating from circular aperture, normal to aperture, travel equal distances and

reach P, .So these wave fronts with zero path difference reinforce each other fprming central maximum
at P,.When we consider secondary wavefronts travellig along an angleto the slit, they get focussed at

P, (see Fig. 11.6) .Depending on the phase difference between wanefronts from A to B, £ will be
maxima or minima.

Let P,, P, =x,the path difference between extreme waves from point A and B is
' AC = ABSing =dSing

Point P, will be minimum , when path difference is multiple of A and maximma when itisodd

A
multiple of 3

dSing = mj) manima 9

i

r
dSing (2m+1)5 maxima . (10)
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m=0 corresponds to central maxima at Po
If point P, is of minimum intensity then all points which are at a distance ‘x’

from Po are also minima . This diffraction may be considered by rotating intensity distribution graph of
single slit about the central axis passing through Po about which the circular aperture is perfectly sym-
metrical .The point Po traces out a circular ring of uniform illuminaiion . Thus the diffraction pattern
consists of a central bright disc called Airy’s disc surrounded by alternate dark and bright concentric
rings called the Airy’s rings . The intensity of dark rings is zero and that of the bright rings decreases

gradually outwards fromi[Rg.angular radius § ofthe Alry s disc i.e. angular seperation between the
centre of the bright disc and the first dark ring is given by

1.22A

o=

d

A -wavelength of the incident light,

d-diameter of the circular aperture.

Ifthe collecting lens is very near to the circular aperture and the screen is at very large distance
‘x’ from the lens then :

Sing= e=% ----- aL.11)

f-focal length of the lens.
For secondary minimum, dSing=1.3

= sinE)=9=aJE (11.12)

From (11.11)and (11.12),

’t:=‘d‘=>x=—d“ (11.13)

x is the radius of the Airy’s disc .
The exact value of °x” is given by
1.22A

== (11.14)

Thus if the diameter of the aperture is large, the radius of the central disc is small.
The diffraction pattern due to circular aperture is used in determining the resolving
powers of telescope and microscopes.

- 11.7 Limit of resolution or Resolving power :-

When the two objects are very near to each other or when the two
objects are far away from the eye ,we may not be able to see them as seperate objects. Similarly
closely spaced spectral lines in spectra may not be distinguishable by naked eye. In such situations
telescopes or microscopes are used to view those objects seperately.But these optical instruments have
also limitations.The two objects will be resolved or shown seperately by the optical instrument,only
when the central maxima of two diffraction pattern produced by two objectsare distinguishable.
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This is because the image of a point object or line produced by optical instrument is not a point o line,
but a diffraction pattern with a bright central maxima and secondary maxima of rapidly decreasing
intensity.

“The ability of the instrument to produce the separate diffraction pattems of closely placed
objcts orspect:allmes iscalled as Resolving power’

The limit of resolution of an optical instrument is the smallest angle subtended at its objective by two -
pomt objects whlch can just be distinguished as seperate. |
Resolving Power=1/limit of resolution
According to Rayleigh’s criterion, two sources are resolvable by an optic‘al instrument
when the central maximum in the diffraction pattem of one falls over the first minimum in the diffraction
of the other and vxce-versa

1.22A

‘Limit of resolution of telescope= a4 . (11.15) |

d-diameter of the objective of telescope.

11.8 Fraunhofer Diffraction bv a ;iouble' slit ;-

A[ A .,
8/, {17 <
. =1 Po
Cl M‘,
9*32 '

(a%d)

Fig11.7

Let AB and CD be two paraliel slits of equal width e and seperated by a distance ‘d’.The distance
between central poinQof two slits is (e+d). When plane wavefront from source ‘S’ through first lens is
incident on the double slit ,each point in both slits act as source of second ary waveléts .Secondary
wavelets from the slit travel forward in all directions.All the secondary waves from the two slitsitravelling
normal to form central maxima at Po.Now the fringe pattern formed on screen X Yi§ the superposition
of diffraction pattern produced by a single slit ,with the interferénce pattern produced by two stits (se
fig. 11.7).
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That is to say, each slit produces its own diffraction pattern and secondary waves from two slits inter-
feres with other forming interference fringes. So the resultant pattern is superposition of interference
pattern on single slit diffraction pattern. _

The secondary waves travelling from two slits at anangle® @ *tothe normal meet at

point P, on the screen. Depending on the total phase difference between wavelets from the two slits,
P, will be maxima or minima. .

The path difference between wavelets travelling from middle points of the slits
Theory :- . =(e+d)Sinp

We can consider each slit giving two waves of equal amplitude

ASina _ meSind

R= Where,a = 2 (11.16)

v}
The phase difference between these two waves starting from centre of the slits

Path difference = S,K = (e +d)sin0

2 . |
Phase difference = —f = (e +d)sin® e (11.17)

The resultant amplitude ‘R’ at F, is given by

Asina
a

Fig11.8

(OH)’ =R? = OG? + GH” +20G.GHCOS38

B (ASina

2
. ) [2+2C056]

. 2
=4(ASmaJ Coszé
o . 2

, [ ASina : .
R?=4| = Cos*[ /2 (e+d)Sind]
o 2

If B =3;C(e+d)Sine

A’Sin’a
a2

I=R2=4 Cos™B (11.18)
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\ Intepsitv distribution of double slit pattern :-

Asevident from eq.(11.18) Intensity pattern is superposition of diffraction
, . A%Sin’a | -
pattern by single slit %

and interference pattern by two parallel slit Cos’p

Diffraction maxima are obtained when Sing =0 and a0
>a=+tmr, m=1,23-—-

neSind

=imr, — eSind = +mi (11.19)
Central maxima is given when @ = ¢

Secondary maxima are given when a. = +3n/2,+5n 12,¥Tn/2-—-
In interference pattern, bright fringes or maxima are obtained when

Cos’B=1,= B =+n\
= %(em)sme =#n) |

=> (e+d)Sin6 = n) ;n=0,1,2,3,~---- (11.20)

Intensity distribution due to diffraction , interference and combined effect is shown in the follow-
ing figure; 1.9,

f

P O N

i N S

———-
mrﬁussw‘l‘ 4
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11.9 Oblique incidence on Double slit :-

Fig.11.10

Let AB and CD be two slits separated by distance d and width e. Letiand g be the
angles of incidence and angle of diffraction respectively( Fig. 11.10).

2
The phase difference between the waves fromCandD =8, = “Lx

7 path difference,

o, = 2—;—6 (Sini+Sin®) |
. ' 2 L
The phase difference between the wavelets fromBand C 9, = %d (Sini +Sin®).

ASino

The amplitude of each resultant wave from each slit=R =

v 2n ) s
- The total phase difference between two waves =39, +9, = = (e+d)(Sini+Sin6)

ASi
The resultant amplitude of two wavefronts of equal amplitudes ;n,a and phase difference §
is given by

R= 2(AS‘“°‘)Coss/2
(04
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AS 2
m) Cos?8/2

. Intensity = R’ = 4(
o

_4ASm o

Cos? [n/?»(e +d)(Sini + Sm@)]

A’Sin’a
=4———Cos’p - (11.21)

Where B =§‘:(e+d)(smi+sme) ,
T v . .
= —}:e (Sini +Sin6)

So, again the resultant diffraction pattern produced by a double slit in oblique incidence
is combination of diffraction pattern of single slit and the interference pattern by double slit .

.. . (sinaY .
. Condition for zero intensity is either o =0 or Cos’B=0

=o=m2713t-—=mnm, =+],£2,43 - —-— (11.22)
and B = (m2 +1/2)7t,m2 =0,£1,£2,+3 eq (23)
Let y = Sini +Sind

T
From eq(11.22), —):e\u =mn

:>\U=—"_’ml =i1,i2,i3 ------ (1124)

From eq (24), %(e +d)y =(m, +1/2)n

Dy= (m,+1/2)—% m, =0,t1,£2-—- (11.25)
So there is interference maxima under central diffraction maxima enclosed between the

minima givenby m, = +1 andm=-1

o A=A 2 :
Width of central diffraction maximum = o ( ) I (11.26)

Fromeq (11.25) ,
A
The interval between two consecutive interference maxima ~ (e " d)

. No of interference minima between two first diffraction minima is given by
20/e e+d
L Rl [— (11.27)

A(e+d)
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Interference maxima occur when
' Cos’B=1=>pB=+nn
= %(e+d)\u =+nn

nA
(e+d)

=+

0=0,21,22--- (1) 7g)

The Missing Order :- _
Suppose a certain diffraction angle g, simultaneously satisfies the conditions for

Interference maxima and Diffraction minima ,that ordered interference maxima will be missing . This is
known as missing order.

W =Sini +Sin6 = (er)' (Interference max 1ma)

y = Sini +Sin = + ™ (Diffraction min ima)
€

Since both conditions are satisfied during missing order condition, -
DA mA
e+d e
. n_e+d

o e eeneeen (11.29)

Ifd=e n=2m=24,6 '
Hence interference maxima of order 2™ ,4" 6™ etc will be missing .
Ifd=2e ,n =3m, =3,6,9 | |

 The 3,6™,9" etc interference maxima will be missing.

11.10 PLANE DIFFRACTION GRATING :-(Normal Incidence)

Dlﬂiactlon Gratmg -
An arrangement con515t1ng of large number of parallel slits of the same.

width and seperated by equal opaque spaces is known as diffraction grating .
Construction :-

Grating is constructed by ruling equldlstant pparallel lines on a transpar-
ent material like glass with a diamond point . The places drawn with diamond points act as opaque
spaces and in between glass(transparent ) parts act as transmission medium and act as slits.Hence these
are known as ‘Plane Transmission Grating’. When the spacing between the slits is of order of wave-
length of light , then diffraction of waves takes place at each slit. -
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Theory :-

285 P

oy

Fig. 11.11

Plane transmission grating is placed perpendicular to the plane of the paper. ‘e’ is the width of each slit-
and “d’ is the width of each opaque part (e+d) is known as grating element. XY is the screen placed :
perpendicular to }h”é plane of the paper. Plane wavefront WW is incident on the grating. According to
Huygen’s wave theory each point in each slit acts as a secondary source and sends out secondary - )
wavelets in all directions . The secondary wavelets travelling perpendicular to the slit interfere with each
other constructively and form central maximum at Po on the screen .The secondary wavelets from all
the slits travelling atanangle * @ * to the normal come to focus at P, onthe screen (see fig. 11.11). |
The waves reaching P, may be of different phases, so P, has maximum intensity or minimum intensity
depending on overall phase.As a result dark and bright bands on both sides of central maximum are
obtained .’ :

The intensity at P, can be calculated by considering Fraunhofer diffraction at a single slit. The wavelets
proceeding from all points in aslit along the direction g are equivalent to a single wave of amplitude

Asina . . . mesin©-
—  from the middle point of the slit where & =——"—

Because there are N-slits in a diffraction grating , there will be N-diffracted waves from
grating. The path difference between consecutive slits or waves is (e-_i-d)'Sih_ 0 .Hence phase difference

2n . .
is Tn(e +d)sin 0 This phase difference is constant and hence termed as 2 3.
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Hence the problem of determining the intensity ina direction “ § ¢ reduces to finding the resultant ampli-
Asina

tude of N-vibrations each of amplitude and having common phase difference
%(Hd)sine =28

By method of vector addition of amplitudes, the resultant intensity in direction ‘@ ‘isgivenby

2 . '
Asina )( sin NB Asino. [ sin® NB
I=R’ =1,
| ( o )( sinﬁ) ( ® )( Sinzﬂ) (11.29)
(ASina)’ I o Sin’NB
gives the distribution of intensity due to a single slit while factor _SF[T
gives the distribution of intensit); due to interference of waves from all the slits.
" Intensity Distribution - |

Principal Maxima :-

Intensity will be maximum when Sinp = 0 but at the same time SinNp = 0

. SinNB ’
then the quantity SinB becomes indeterminant .So by applying L.Hospital’s rule , the intensity equation
is differentiated seperately in numerator and denominator. |

SinNB _ . d/dB(SinNB)

Lim, , ———=Lim
B>+ Sinp Po*e% 4 /dB(Sin)

NCosNp
B-»tnn COS B :

2
. (SinNp )

~ Lt —P| =N
"**“"( Sinf )

Resultant intensity of principal maxnna=( o
These maxima are intense. The positions of principal maxima are obtained when
B=xnn

= —;-(e + d)‘Sine =+nn or

~ (e+d)Sin6-= +nm ,where n=0,1,2,3 | (11.30) -

n=0 responds to zero order maxima,
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Minima :-
Series of minima occur when SinNB=0
but SinB=0
= NB=+mn = N%:—(e +d)Sind = +mn
N(e+d)Sin6=im7L : ‘ (11.31)
where m has all values except m=0,N,2N,3N ----ueev nN, because for these val_ues the Sinp
becomes zero and we get principal maxima . Then m=1 »2,3,-------(N-1).Hence there are adjacent _

Secondary maxima :- : AR
, Since there are (N-1) minima between two adjacent principal maxima, there
must be (N-2) secondary maxima between two principal maxima.To find the position of secondary
maxima, differentiate eq.(11.29) with respectto 3 and equate it to zero.

dI (Asinog)2 .z(sinNB)x[Ncos‘NB sinB—sihNB cosB}=0'4

—=0=> . . 2
dp a sinf3 sin“ B

= Ncos N sin 3 —sin NB cosB=0

= Ntanf =tanNp _. : (11.32)
Roots of this equation give the positions of secondary maxima.As N increases, the
intensity of secondary maxima decreases . The intensity distribution with diffraction grating is shown in
the figure 11.12. ' .

~

sin? a/a®

+ " - {&1}

LR T R R N N N

.....

HESULTANT
INTENSITY
CURVE.

LA K X X1

hse s womArsmmen

o o w . . -

Fig.11.12
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#1.11 Multiple Spectra with grating :-
' Condition for the formation of principal maxima in direction ‘  ’ is given by
(e+d)sin® =£nA

n-order of the maxima,

e+d-grating element ,

».-wavelength of incident light

1. From above equation,, it is evident that for a particular wavelength (monochromatic
source),we get different orders(n) of principal maxima for different diffraction angles.

2. For a particular order ‘n’,.angle of diffraction § changes with colour or wavelength .So when
the source is white light ,for n=0 and @ =0 i.e.zero order wavelengths of all colours have same diffrac-
tion angle @ =0.Hence we obtain central maxima or zero-order maxima as white coloured band .For
other ordersi.e.n=1 etc, @ varies with wavelength 3, .Larger the wavelength, larger is the diffraction
angle© . So red colour diffracts more than violet colour.Similarly for n=2 ,we get second order maxima
of different colours .Hence we obtain multiple spectra on either side of central white band with white
light source in a grating .As no. of slits *N” in grating becomes more, spectral lines will be sharper.

Spectra of different orders are situated symmetrically on both sides of zero-order image.
Spectral linés are almost straight and sharp.Spectral colours are in the order from violetto red.Spectral
lines are more dispersed ,as we go to higher orders .Most of the incident light intensity is concentrated
in zero-order.

li.lz Maximum no of orders available with a Grating :-
” Condition for principal maxima is
+d)sin6
(e+d)sin@=nA=> n -‘—-(i——x)—.s—u—l—
Maxunum angle of diffraction g = 90°.
Hence maximum possible order
(e+d)sin90° _e+d
Pmax) = =
A A

- <q(33)

. 2\
Ex : Suppose grating element (€ +d) <2A, then Ry S == < 2
Hence we get on_ly first order spectrum.

§1.13 Absent Spectra with Diffraction Grating :- v
Sometimes certain orders of grating spectraare found to be absent. This
happens when the path difference between the waves from extreme ends of the slit in grating is equal to

anintegral multiple of 3,
Condition for Principal maxima(e +d)sin6 =nA ‘ . eq(11.34)
Condition for minima in interference pattern with asingle slitis givenby
(e+d)sin®=mh | eq(11.35)
m=1,2, 3 sirvereene
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Ifboth the conditions (11.34) and (11.35) satisfied at same time fora certain angle g , then

(e+d)sin6__n_ e,+d_ n _ _ :
esin@ m e m (11.36)

then the order ‘n’ maxima (principal) will be missing from gratmg spectra.Eq (11.36) is called condition
of absent spectra. : ) : o R ’
Ex:Whene=d, n=2m

e+d n - e+d n
_=> —

——

€ m e m
=>n=2m whenm=1,n=2.
Hence pvdorder spectra will be absent.

11.14 Determination of wévelength using Diffraction Grating :-

The diffraction grating is used to determine the wavelength of light in laboratories using spectnometers
-The principal maxima of grating are obtained when ' ‘ ' :

(e+d)sin@=n
where (e+d) is grating element ,
. n-order of the principal maxima and
0 is the diffraction angle for wavelength ), . A _
IfN=no oflines /inch ruled on grating then grating element is given by

2.54 3
e+d)=|—
_ In particular order ‘n’ [Example first order],by measuring ﬂie.difﬁ‘action gn,gle ‘9’ ,wavelength
of monochromatic source or wavelengths of polychromatic sources can be determined. A
Adjustments :- ' o .

1. The spectrometer is adjusted for parallel rays. :

2. The grating is adjusted for normal incidertce .For this:purpose, the slit of the collimator is
illuminated with given source of light. The position of telescope is adjusted such that the cross-wires of
telescope eyepiece coincide with slit image.In this position collimator and telescope are in same line .
The position of telescope is noted on circular scale .From this position;, itis moved through90¢ | so
that the axis of collimator and telescope axis are perpendicular to each other. It is clamped in that
position. The transmission grating is mounted at the centre of prism table such that the grating surface'is
perpendicular to the prism table. The prism table is now rotated such thatthe reflected image of the slit

 at grating appears at the cross-wire of the telescope. The prism table is fixed in this position; Then the’
vernier table of spectrometer is turned through45¢ from that position,such that the grating'comtiy
exactly faces collimator . Then telescope is released and brought to.original position. This adj ustment is
known as Normal Incidence,, since with above adjustments the rays from collimator incident normally

ongrating .
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The telescope is now turned to getthe first order spectrum. The cross-wire coincide with the
line whose wavelength is to be determined(say violet).The readings of the two verniers of telescope
position are reccrded. The telescope is turned to same colour of same order on the other side of central
white band . Again the position of telescope is read ontwo vemiers . The difference between readings of
the same vernier on two sides gives the value of 29 i.e.; twice the angle of diffraction . By substituting
the value of ‘9 ’in above equation , we can calculate the wavelength . The process is repeated for
second order to obtain wavelength of same colour . Following same procedure, we can find the other

wavelengths also.
1115 Dispersive Power of grating -

, “Dispersive power of grating is defined as the rate of variation of angle of
diffraction with wavelength.” . ‘ '
Dispersive power='qo"
Condition for principal maximais (¢-+d)sin® =n\
Differentiating the above equation. (e +d)cos6d®=ndh
© oy ,
. dr  (e+d)cosd—

1. Dispersive power is directly proportional to order of the spectrum Higher the order, larger is the
dispersion. . ‘ ' . _
2. Itis inversely proportional to grating element . Smaller is the grating element, spreadly the spectrum
wider. . : . | :
3.Itisinversely proportional to Cos 9 i.e.largerthe @ value,smaller is the cos@ value and higher the
dispersive power. :

(11.37)

11.16 Resolving power of grating :- : :

S Diffraction grating has the ability to seperate closely spaced spectral lines.”The
resolving power of diffraction grating is defined as the capacity to form seperate diffraction maxima of
two wavelengths which are close to each other”. :

Resolving power—'-'gh—
Let A,and A,bethe two closely spaced spectral lines and their angles of diffraction
0 and 0, +do .According to Rayleigh’s criterion,minimum of 3, should overlapon the maxima of
A+dh- | B | '
Condition for maxima with wavelength A is givenby
N(e+d)sind=mA [mg0,N,2N,........aN]
The first minima adjacentto p® principal maximais givenby
m=nN+1 for &
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= N(=+aysin(0, +d6) =(nN+1)% _(11.38)
Condition for maxima with wavelength  +d). is

(e+d)sin(8, +d0)=n(r+ dA)
Multiplying above equation with N,

N(e+d)sin(8, +d6)=nN(1+dA) (11.39)
From equation (11.38) and (11.39),

(nN+1)A =nN(A +dA)

A =nNdA

A .
(or) o nN=Resolving Power

So larger the number of lineson grating , larger is its resolving power,and resolving power is
more in higher orders.

11.17 Huygen’s-Fresnel theory of light propagation :- -

_ According wavetheory, every point in light source sends out waves in
all directions.These waves vibrate the particles in either medium.The locus of vibrations of either
particlesis.called as wavefront.Now each point on wavefront acts as a secondary source and sends
out wavelets.Fresnel proposed these wavelets(secondary) sent by each print on wave front interfere
with each other to produce intensity at any point on its way.To determine the intensity ata point
due to secondary wavelets . Fresnel introduced the cencept of “Half -period zones”.

"11.18 FRESNEL’S HALF PERIOD ZONES :-

21) Fig11.13
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As shown inthe fig 11.13, ABCD is a wavefront moving in forward direction. We want
to calculate the intensity at point ‘P’ due to interference of secondary wavelets. Although itis difficult to
find the intensity, Fresnel solved the problem with half-period zones. Draw a normal from P to the

wavefront-OP . lengtl} of OP=p. Now P as the centre,draw spheres of radii p, P +'% ,p+ 27/2 R

-------------- p+ n% . These spheres cut the wavefront ABCD in circles OM, ,OM, -—---------neee-

—-OM, . The area in circle OM, is called first half-period zone, the area between OM, and OM,, is
second half-period zone and so on. It is assumed a resultant wave starts from each zone.

MP=0P+ % =p+ 7/ .Sothe ray reaching P from ‘O’ differs in phase from M,

by n or path difference of y . The phase difference between the points lying between O and M,

varies from Oto 7 . Hence the overall phase or mean phase of secondary wavelets from first zone =
=(0+=)/2 = n/2. Similarly the phase difference between points M, and M, is = and mean phase

of second half period zone =( (ﬁ +2m)/2=3m/2 Meanphase of third half period zone is S5n/2
etc.  Thesuccessive half period zones differ by phase 7 ortime period T/2. Hence they are called

as ‘Half period zones’.
The amplitude of the disturbance at P due to the wave from the zone depends on area
of the zone, average distance from the zone and obliquity of the zone.

Area of first half period zone = ©(OM?) = (M1p2-Op2)=n{(p +44)* - B*1 = nfph + A2 / 4] = mp)
*Radius of first half period zone = /pA '
Similarly the radius of second half period zone = /2p7»
Area of second half penod zone= n{OM? - OM}]
=n[2pA-pA]
=mpA
Radius of nth half period zone = [npA
Average distance of nth zone from P

(p+nV>+(p+(n ~1A/2)

2
= p @D e (11.41)
Obliquity factor 0, is the angle between normal to the zone and line joining the zone to P

Amplitude of nth zone

n[p+(2n-l)%]7\.

' —£8,) oc TAF(B, ) ~=-n-mmemmmmmmmm (11.42)
p+@n-1%/
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As order of zone increases f (6,) decreases, the amplitude of wave from that zone at P de-
creases. Resultant amplitude at P due to all zones=R

R=R,-R,+R,~——~—~—4R, ifnisodd.
R=R,-R,+R;—~———___ R, ifniseven. .
The amplitudes due to zones go on decreasingie. R, >R, >R, ~——— - — >R,

. R, R, .
when ‘n’ is odd ,R=7+7 since R2=(R1+R3)/2

R, R
when ‘n’ is even R =—2'—_+—£~"'-R

~Asn—>oc,an}nan-1 -0 R
Hence resultant amplitude at P due to whole wavefront R ~ ?'

2

Intensity at P due to wavefront ABCD = I % ............... (11.43)
11.19 ZONE PLATE :- :

Fresnel theory says that the radii of Fresn}eI halfperiod zoneis 1= \ /npx

-So to test the correctness of Fresnel theory and also to usé zone plate(see Fig. 11. 14) for focussing
action just like convex lens ;zone plate is constructed . From above equation it is evident that radii of
half period zones are proportional to square root of natural numbers, '
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Construction of zone plate :- o
\ A White paper is takén and concentric circles of radii equal to square
root of natural numbers are drawn . They are painted black alternately. The reduced size photograph of
this paperistakenona glass plate . The resulting glass negative is called ‘Zone Plate’. If the central -
zone is transparent and odd zones are transparent and even zones are opaque that zone plate is called
as ‘Positive zone plate’. If the central zone is dark ,all odd numbered zones are black and even number
zones are transparent , the zone plate is called as ‘Negative zone plate’. ‘

Action of zone plate :-

h.--_'a'---- ! -n*o.aby--a&vﬂ :

Fig 11.15

" Let XY bethe zone plate placed perpendicular to the pla‘hé of paper. S is thelight
source at a distance ‘a’ from zone plate . P is a point on the screen at a distance ‘b’ from zone plate:
(Fig. 11.15) . The radii of half period zones is OM,,OM,,————~- ———— OM, The position of the

screen is such that there is increasing path difference of % from one zone to the next. Hence

SM,+M,P =a+b+ %

SM, +M;P=a+b+2}/

———————— — " —
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But from figure - SM; =SO+OM? ,SM? =a+12

| .,
SM, =[a?+12} ,Sana[l+2r“2]=a+-_rn_
n n a

2a

2

r T
imilady M_P = bl + ] = b+ 1o
Similarly M, [ 2b2] 5%

Substituting these valuesin eq. (11.44)

. 2 2 'M
(a+-2zj+(bf2—l’-) =a+b+ 5

$r:(l+l)=nl
a b

s : r2 _1- .1. - nx :}-1— —l =% . .
With sign-convention I, b a) M. 7 2 (11.45)
Eq.11.45is similai' to lens equation
' 1 1 1 r’
———=— “f =-o )
v u f SR VY (11.46)

This is the equation for the focal length of zone plate. Hence we conclude th,at’ “Zone plate behaves as a
converging lens”. . : ' .

Focussing action :-

In zone plate alternate zones are transparent . So the amplitudes or
waves that reach P from alternate zones differ in phase by 7t and hence reinforce each other with con-
R 2
structive interference . R, +R, +R s +————,Hence the resulatant _intensity,>,> -u—' and this shows

that zone plate focusses the light from source S, to point P.
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CONVEX LENS

ZONE PLATE

1
1. Forms real images v

1
f

s |-

2. Focal length depends on A

hence shows chromatic aberration.
3. Convex lens brings the rays to focus

by refraction.
4. All rays reaching image have same

phase.
5.Image is more intense and f, <f,

6. Convex lens has only one focii.

| 1 1 n
1. Forms real images.g—; = =

n

2. Focal length depends on )
hence shows chromatic aberration.
3. Zone plate focusses light by diffraction

4. Rays reaching image from different zones
differ by in phasenby 2n
5.Tmage is less intense f, > f,

6. Zone plate has more than one focii
R S 1’
o\ 3nASnh (2m+1)nh

Intensity decreases as focal length decreases.

11.20 DIFFRACTION AT STRAIGHT EDGE :-

(M,  SCREEN
CYUNDRICAL Nl
WAVE FRONT '\ 2
{ .
- p P

INTENSITY\ ™o

§§

4 'a g
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As shown in the fig 11.16, light from source ‘S" is made to pass through small slit . It givesa
sylindrical wavefront W W' .A straight edge (like edge of a razor blade or knife) is placed at a distance
‘a’ from slit .A screen XY is placed at a distance ‘p’ from the straight edge . A normal SP is drawn to

scréen XY which meets knife edgeat A. Let us divide cylindrical wavefront W W'

into half period zones AM, or MM, MM,,M,M; ~—~—etcand MM, MM, - —~~etchn
shadow region. According to geometric optics, the region below P on screen XY should be dark and
above ‘P’ should be bright. But we can observe some light inside the geometrical shadow PY and
alternate dark and bright bands of varying width and intensities i.e. diffraction bands above P upto
certain point above P and after that equal illumination. ‘ _

Intensity Distribution :- _ _v
1. Intensity at point P: For this point A is the pole .So it is. completely exposed to
upper half of the wavefront. The amplitudes sent by half period strips AM ,MM,,M,M, —_—

atPare R,R,R,~——-

.". Resultant amplitude at P is ‘R’= R, -R,+R,-R, +———= .
*,* Alternate strips differ in phase by
R}
So intensity at P o —4‘—
2. Intensity at point P, :- Suppose M, isthe pole for point P,. (see Fig. 11.1 7). Now

itisexposedto M, M, and M, A portions of wavefront.

T

Fig11.17 | -~
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Suppose there is only one half strip between Mo and A. '
Then the resultant amplitude at P, is

. R 3R,- .R
R = —iL +R, = ——2-'— [—5‘- is due to upper half of wavefront]
2 v

' 9R s
Intensity at P, o 7—‘- ,9 times largerthan the intensity than at P. Hence brightband at P, .

If there are two half zone stﬁps between A and M,

Resultant amplitude R = %‘—+R, -R, = %_—‘ ,
R Y
Intensity o —4‘—
Hence dark band at P, .
Similarly if there are three strips, |

R'=52-'-+(R,-R;+R,)'

This intensity is slightly less than that of the first bright band due to R,

In general “the intensity at P, will ne maximum ifthe number of half period strips en-
closed between A and Mo is odd and minimum if no of half period zones enclosed iseven.

3. Intensity at P, [in shadow region] :-
As shown in the fig 11.18 If the position of P, is such that the first half strip M; M, in upper

half of the wavefront is obstructed and lower half of wavefront is completely obstructed, then the
resultant amplitude
R=-R,+R,-R,+Rj--———-——=——mm ==~ 212
| R
Intensity oc vy << vy
Ifthe position of P, is such that it obstructs two half period strips from upper wavefront

and lower half of wavefront, then the resultant amplitude is given by

R'=R,-R,+R,-R,, ~——————=—== ¥~

t ] Y
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X
- —ip
o : N“ |
\‘\s’}?z
5

Fig11.18

R2

T =2

As we know from Fresnel’s theory that R, > R,>Rj————ee e ‘ —etc,so the

intensity at P, decreases as we go deep into.the shadow region .

ROM)MMWM -
~ Point P, in the figure is maximum or minimum accordmg as AM, containsan
odd or even numbere of halfpenod zones.

PA-PM, =(20-D  for maxima --eceeereec(11.47)

DA-FM, =20}/ fOr MiNIMA +-memmenmeceine(11.48) n=1.2.3....
But from above figure PA? = PA? +PP?
=p® +x’

PA =p?+x’
1

14 2 mp 14X ) (11.49)
2p? 2p _ (1L
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2

X
2(a+p)

Similarly PS=(a+p)+

2

X
2(a+p)

PM, =PS-MS=[@+P)+ -a]

x2

2(a+p)

=p+ (11.50)

axZ

PA-PMy=———
From (11.49) and (11.50), % T 2p(a+p)

Substituting these in eq.(47)

a1
paip) o 2!

a (11.51)

ox, ___A[(2n —-1)(a +p)pr ]}é

From eq (48)

2p(a+p) 2

% .
=x, =[?“(a:P)P’“] i(11.52)

Thus equations (11.51) and (11 .52) indicate the'position of maxima and minima of diffraction
bands with a straight edge. ’ ' ~

11.21 Diffraction of a plane wave by a straight edge :-

Now we consider a plane wavefront incident on straight edge placed perpendicular to plane of the
paper as shown in the figure11.19. The straight edge and screen are parallel to each other. Pisa point -
on the screen where we want to calculate the intensity due to aplane wavefront striking the straight
edge. Let P be a point on the screen with co-ordinates ( 0,y ) with respect to origin taken on the edge
of geometrical shadow. Consider an arbitrary point M on the plane of straight edge whose co-ordinates
are (X,Y). Distance between straight edge and screenis ‘d’. Let us consider an infinitesimal area dXdY
: ikr

around M-on the plane of straight edge .The field is proportional to A dxdy

A-amplitude of plane wave in the plane of straight edge r

: 2n
k-propagation constant= ==

R 22 e
The resultant field at P is given by integration over the wholearea u(p)=c H—Er—dxdy
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Fig11.19

ik' .
¢- constant of proportionality = --2? = _%

o i pAe™ .
~u(p) =3 j J’-T-dxdy.. (11.53) |
— MpTo2 ol
Fromfigure 11.19,  +=MP[x +(Y-y) +d*]*

e
PR
d*

[ N2 IV w2 '
PREEEY
. - d

=d+ - 4 '---;.;; ......
5 (11.54)

Substituting the value of ‘r” in (53) where r  d in denominator.
. _i A +ec o« . ’ Lo 2,0y 1. -
u(P)TF_;[ dX !exp[lk {d + X2y }]dY

_ The above equation gives the intensity distribution due to straight edge , when a
plane wavefront is incident on it. '
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1122 SOLVED EXAMPLES :-

1. A Screen is placed 2 m away from a narrow slit. Find the slit w1dth if the first minima lies 5 mm
on either side of the central maximum when plane waves of } = 5x10° cmare incident on the slit ?
Solution :- : o
“Minimum intensity positions are given by esin 0 = +mA
For first minima , m=1
- esinO=A
When issmall sin0~6

e 200
e=10.02 cm.

2. In a double slit Fraunhofer diffraction pattern, the screen is 160 cm away from the slits. The
slit width is 0.08 mm and they are 0.4 mm apart. Calculate the wavelength of light if the fringe spacing is
0.25 cm . Also find the missimg orders ? - ‘

Solution :-
Fringe spacing ‘[’ is givenby
AD
B= 2d .or
- Bx2d
D

B=0.25cm,2d=0.04cm, D=160cm 3 =6250x 10°% cm
Missing orders are given by equation '
e+d n

e m
d=0.04 cm, e=0.008 cm
n= 6m where m=1,2,3, ------ -etC.

3. A ground control radar generates a beam of 4 cm microwaves . How large should be the
parabolic antenna dish, if the radar is to resolve two aeroplanes seperated by 20 of arc ?
Solution :-
T.22M

" Limit of resolution of any instrument is givenby 9= 3

. ) 1.22A
9 -minimum angle of resolution .~ d = 5
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A=4x107m ,
0=20"'=0.00582 radians

'd_ 1.22x4x107
0.00582 -
4. Light is incident normally on a grating with 250 lines permm. A second order spectral line

makes an angle of | g0 with the central zero order image. Calculate the wavelength of spectral line ?
Solution :- : - '

=6.29 metres

Condition for principal maxima is (e+d)sin6 =1n)
Grating element is (¢ +d) = lonOm =4x10"m
Order of the maxima n=2 ,
Angle of diffraction=1 go
Ao (e+d)sin9 _4x10"xsin18°
n 2
=6.18x107" m

5. What should be the maximum number of lines ina grating which will fully resolvé in the
second order the lines whose wavelengths are 5890 A0 and 5896 A®? : |

Solution :-
' . S
The resolving power of grating is R = Ty
A
But\a =Nn

where N =n0 of lines in grating
‘ n = order of the spectrum

A
)
A,=5896 A0
A,=5890 A°,
dA =2, =, =6 A0

5896+ 5890
A= 5893 50

n= 2 (.order of the spectrum)

1(5893x10° |
N==|2222X09 | _40;
| 2( 6x10° ) “

BN
_n(
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6. How many half period elements are contained ina circle of radius 1 cm for a wavelength
5.56x10~* cm withrespecttoa point 60 cm away ?
Solution :-

Radius r, if nth half period zone is given by
: 2
- g =pnA=>n=--
r,=1cm,p=60cm, -
A=5.56x107 cm

= 1 ~300
60x5.56x107°

7. Find the radii of the first and hundreth circles on a zone plate behaving like a convex lens of
focal length50cm?

Solution :-
Focal length of zone plate is given by

2

f=2 ol =nhf |
For first circle n=1, f=50 cm.

g, =/1x5000x10™ x50 ~ 0.05 cm
For lOOthclrclen 100, f = 50 cm

Lo = 100x5000x10‘3x50 =0. 5 cm

8. A grating has slits that are each 0.1 mm wide the distance between the centres of any two adjacent

slits is 0.3 mm. Find the higher order maxima that willbe absent in the resulting spectrum ?
Solution :-

The absent Spectra with gratmg are given by the equation -

+d
grc.2 , m=1,23,

e m
e=0.1mm,
d=0.3mm

01403 _n

m

0.1
04 _mn
d m
= =4 ‘or n=4m
m o
The missing order of maxnma are 4 th, 8th, 12th etc.
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10.23 SUMMARY :- : :
* The bending of light waves at the obstacles and apertures is termed as
diffraction. The differences between Fraunhofer and Fresnel diffraction, Interference and diffraction are
highlighted. The intensity distribution in diffraction bands with single slit, circular aperture and double slit
are derived. The position of principal maxima, secondary maxima and minima are also derived. Intensity
distribution patterns are explained. Resolving power of telescope is defined using diffraction at circular
aperture. Construction,working, theory of plane diffraction grating is dealt in detail . Formation of
multiple spectra with grating . Absent spectra, missing orders, maximum no of orders possible are
defined.

Fresnel’s class of diffraction is explained with the help of half period zones. Construc-
tion and working of zone plate is detailed. Diffraction at straight edges is explained with the help of half-
period zones.

10.24 KEY WORDS :-

-Diffraction, Obstacle, Geometrical shadow, Intensity distribution,
Principal maxima, Secondary maxima, minima, Oblique incidence, Wavefront, Airy disc, Resloving _
power, Double slit, missing order, Diffraction gratmg, Multiple spectra, Absent spectra, Grating element,
Dispersive power, Resolving power, Half period Zones, Zone plate, Focussing action, Straight edge.

" 10.25 SELF ASSESSMENT QUESTIONS :-

10.25.1 LONG ANSWER QUESTIONS :-

1. Describe Fraunhofer diffraction due toa single slitand deduce the positions of maxima and
minima . Draw the representative graphs of the intensity distribution . What is the effect of change in
a. slit width and b. wavelength of the incident light ?
2. Distinguish between Fresnel’s and Fraunhofer diffraction. Discuss the Fraunhofer difffaction
atadouble slit. What is the effect on diffraction pattern by changing
a. slit width keeping the slit seperation constant
b. slit seperation keeping the slit width constant ?

3. Give the construction and theory of a plane diffraction gratmg of the transmission type and explain the
formation of spectra by it ?

4. Explain how a plane transmission grating can be used to determine the wavelength of the
spectrum of mercury. Discuss the formula used ?

5. Discuss the Fraunhofer’s diffraction due to N-slits and obtain the intensity distribution and
positions of maxima and minima ?

6. What is zone plate ? How is it constructed ? ' Show that a zone plate has multiple focii.
Compare the zone plate with a convex lens ?

7. Describe with necessary theory, the Fresnel type of dlffractxon due to a straight edge . How
would youuse it to determine the wavelength of hght ?

10.25.2. SHORT ANSWER QUESTIONS :-
1. Explain what is meant by diffraction of light .Distinguish between Fraunhofer and Fresnel

classes of diffraction ? (
2. Distinguish between single slit and double slit diffraction patterns ?
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3. Distinguish between resolving power and dispersive power of a plane transmission grating ?

4. What do you mean by limit of resolution ?Discuss the Rayleigh’s criterion ?

5. Find the maximum no of orders available with a grating ?

6. What are missing ( or absent ) spectra in a diffraction grating ? Deduce the condition for the n
th order spectra to be absent ?

7. Define dispersive power of a grating and obtain an expression for it ?

8. Obtain the formula for the resolving power of an optical grating ?

9. What are Fresnel’s half period zones ? Show that the intensity due to a large wavefrontat a
point is one-fourth that due to the first half-period zone acting alone ?

10. Explain the nature of diffraction at a straight edg ?

11.25.3 EXERCISES :-
1. A Slitof width e is illuminated by white light . The first minimum for red colour is ob-
served to fallat @ =15.Given ) for red colouris 6500 . Find the value of'sli* w1dth e?

2. Alight of wavelenth 600nm is incident on aslit of width 1 pm . Find the angular separation

between the first order minima on either side of the central maximum. |

3.A convex lens of focal lenth 24cm has a diameter of 32mm. Find out the angular separa-

. tion between two points such that they will be just resolved as per Rayleigh’s criterian. Also find out
how fara part are the centers of the diffraction patterns formed in the focal plane of the lens. Assume
A =5500 p0.

4. A plane transmission grating having 4250 lines per cm has got sodium light incident on it
normally. In the second order spectrum the spectral lines is observed to be deviated through 30°
What is the wavelenth of the spectral line conserned?.

5. A grating has got 5000 lines/cm on its surface. The opaque space are 2 times the transpar-
ent spaces Find the order of the spectrum that will be the absent in this grating .
6. A grating has a got alength of 15cm .The lines thatare ruled onthe grating surface are
-6000 lines/cm. Find the resolving power of the grating in the first order. :
' 7. The pupil of theeye is 3mmin dlameter with the wavelength 5500 A° , find the
resolution of the eye .
8. Find the radius of the first zone ina zone plate of focal length 20 cm for a light of wavelength
500 nm ?
9. With respect to point 50 cm distance for a wavelength of 6000 A ° ,calculate the no of half

period zones in circular hole of radius 1 cm?
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UnitIV
LESSON-12

POLARIZATION

OBJECTIVES:-

‘1. Prove that the light waves are transverse in nature through polarization of light

waves.

2. Explainthe concept behind the polarization of light waves and define plane of pularization and
plane of vibration. _

3. Prove that the angle between reflected and refracted light is 90° whenthe reflected light is
completely polarized through Brewster’s law. '

4. Estimate the intensity of polarized light through Malus law.

5. Explain the concept of double refraction and practically show it through Nicol prism.

6. Give abrief account of Huygens wave theory in the explanation of double refraction.

7. Usage of quarter wave plate and half wave plate inintroducing a phase difference between
ordinary and extraordinary rays . '

8. Selective absorption and polaroids .

9. Process of producing plane, circular, elliptical and partially polarized light using a quarter
wave plate. ’ o '

10. Importance of Babinet’s compensator in introducing variable phase difference between
ordinary and extraordinary light . ' '

11. Define optical activity, specific rotation and determine their values through Faurent’s half-
shade polarimeter

STRUCTURE OF THE LESSON:- ’

12.1 Introduction

12.2 Polarization of waves

12.3 Plane of polarization and vibration

12.4 Brewster’s law

12.5 Law of Malus

12.6 Polarising crystals

12.7 Double refraction

12.8 Nicol prism

12.9 Huygens theory of double refraction

12.10 Dichroism

12.11 Polaroids .

12.12 Analysis of polarised light

12.13 Production of circularly and elliptically polarised light

12.14 Analysis of polarised light of different kinds using quarter wave plate
12.15 Babinet’s compensator :
12.16 Analysis ofelliptically polarised light

12.17 Optical activity ' :

12.18 Laurent’s half shade polarimeter

12.1- Solved problems
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12.20 Summary

12.21 Keywords

12.22 Self assessment questions
12.23 Reference books

-12.1 INTRODUCTION: _ :
: Interference and diffraction phenomenon proved beyond
doubt that light exhibits wave nature. But it was not confirmed whether it is a longitudi-
nal wave or transverse wave. But the phenomenon of polarisation proved that the light wave
has transverse nature. - :

12.2 POLARISATION OF WAVES:

‘Light energy is transmitted from one place to the other in
the form of waves . Wave propagation is nothing but the propagation of energy from one place
to the other by vibrating the particles of the mediuminall three directions. Then the vibrations
caused by light wave are said to be symmetrical about direction and the light wave is called

- unpolarised wave. If this light wave is passed through a tourmaline crystal, the vibration which
are parallel to its optic axis are only 'transimitted and other vibrations are stopped . So the
resultant wave coming out of the crystal is called “Polarised wave” and the wave is unsymmetri-

" cal about a direction.

ORDINARY POLARISED  POLARISED
LIGHT (’: LIGHT 1 LIGHT
N i) pres Hrd 44y
- < &i) ERY ; e

S "o’ MAXIMUM

P, P, INTENSITY
| {a)
ORDINARY POLARISED

LIGHT

.. As shown in above figure 12.1, when light passes through a tourmaline crystal it attains
ong,sidedness; parallel to optic axis of the crystal ‘(optical axisin crystal just behaves likea slit
and;passes the vibrations parallel to it and stops other directional vibrations). The light wave which
has acquired this one-sidedness is called “Polarised light” If these vibrations are confined to asingle

plane itis called as “Plane polarised light”.
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-

As shown in the figure 12.5 the incident ray AB splits into ordinary ray travelling along BD and extra-
ordinary ray along BC .But these two rays emerge parallel to each other and also to incident ray . So

the refractive index of ordinary ray W, =Sini/ Sinr, and of extra-ordinary ray . .
K, =Sini/ Sinr, .1 <x,,p, >p, .The velocity of ordinary remains same in all directions | but the

velocity of extra-ordinary ray is different in different directions .Hence p_ varies with angles of incidence

12.8 NICOL PRISM :-

Nicol’s prism is a device for producing and analysing plane polarised light.

Principle :-When unpolarised ordinary light is incident on a crystal like Calcite, it is split up into
two refracted rays, ordinary and extra-ordinary rays. These rays are completely plane polarised with
plane of vibrations perpendicular to each other.One of these rays is eliminated by total internal reflection
at the surface of canadabalsam layer placed between two calcite crystals. '

As aresult either ordinary or extra-ordinary ray is only emitted from Nicol prism.

Construction :-

A Calcite crystal whose length is three times as its width is taken . The end faces of the
crystal are grounded in such a way that the angles in the principal section become gg° and 112° .Thisis
done to increase the field of view .The crystal is cut into two pieces by a plane perpendicular to the
principal section as well as end faces PR and QS (Fig: 12.6). The two cut surfaces are grounded and
polished optically flat and then connected together by canadabalsam . The refractive index of
canadabalsam lies between the refractive indices for the ordinary and extra-ordinary ray for

calcite. p, =1.658 Canadabalsam p = 1.55,1_ = 1.486. |

*

“

fr*&' - ' — a

~ 14° v L Sy e, L
s"“-,_~ js° YU AT

R
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Action :-
_ The incident light AB is splitup into ordinary ray BO and extra-ordinary ray BE
- inthe crystal.Since p, > J.it gets totally reflected at the canadabalsam layer. Similarly p, > p,s0
extra-ordinary ray passes through and emerges out of the crystal parallel to incident ray .Since the
extra-ordinary ray is plane polarised, we obtain plane polarised light from Nicol prism.

Limitations :- ;

: The incident beam should have an angle of /SAB < 15° -Else ordinary ray hits
PS at an angle < critical angle and it will not be totally reflected. So we obtain mixed light of o-rays and
e-rays. ‘
Uses:- |

Nicol prism is used as a polariser and analyser.

Polariser :-
_ Ttactsas apolariser i.e the instrument which gives only plane polarised light as

explained in the previous section .

" Analyser :-
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As shownin the figure 12.7, two Nicol prisms are taken and arranged co-axially .One

- of them acts as polariser. The second one is the analyser .when the principal sections of the two prisms
are parallel to each other, the plane polarised light emitted by polariser passes through analyser without

- obstructions and we can observe intense light at the end. Now if we start rotating analyser, the intensity
of light slowly decreases . At one position when the two principal sections are perpendicular to each
other, light is completely shut off . This proves that the light from polariser is plane polarised light. If the
light from polariser is not completely polarised, we never attain above condition of zero intensity. Then
we can infer that the light from polariser is not completely plane polarised . Since the position and action
of second Nicol prism analyses whether the light from polariser is polarised or not, it is called as '
analyser. .

. 12.9 Huygen’s Theory of Double Refraction :-

According to Huygen’s theory, each point on the crystal through which -
light ray is passing emits two wavefronts instead of one wavefront , in double refracting crystals . One
waveffont corresponds to ordinary ray and the second wavefront corresponds to extra-ordinary ray
wavefront. The ordinary wavefront has same velocity in all directions . So there envelope will be sphere
or spherical wavefront. But the velocity of extra-ordinary wavefronts is different in different directions.
Hence its envelope is ellipsoid of revolution. In certain crystals, velocity of extra-ordinary ray > velocity
of ordinary rays. Then sphere of ordinary, ray lies within the ellipsoid of extra-ordinary ray as shown in
the ﬁg"vt\ 17 /N ' ‘

(CALCTTE) . (QUARTZ)
! S

' OPTIC o 4 OPTIC
Y AXIS AXIS
NEGATIVECRYSTAL  POSITIVE CRYSTAL
(ay N

Fig 12.8

Such crystals are called as ‘Negative crystals’ (Ex : Calcite, Tourmaline ). In certain other
crystals ,velocity of ordinary ray > velocity of extra-ordinary ray. Such crystals have ellipsoid
within the sphere of revolution and they are called as “Positive crystals” (Ex : Quartz , Ice)(12.8b)

But in both the cases, the sphere and ellipsoid of revolution touch each other along the
optic avis Since these velocities are same along the optic axis.
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12.10 . Polarisation by Selective Absorption oi' Dichorism :-

Dichorism is the practical application of double reﬁ'aictidn. Certain types
of crystals like tourmaline exhibit a special type of action. When unpolarised light is incident on
the crystal , it is split up into ordinary and extra-ordinary rays. This crystal absorbs the ordinary

-

ray and emits extra-ordinary ray which is plane polarised. “This type of selective absorption one

refracted ray by the crystals is termed as Dichorism” and the crystals are called Dichoric Crystals.

12.11 POLAROIDS :-

This Dichorism principle is used in the construction of polaroids: Heraphiteis a
synthetic dichoric small crystal of Todosulphate of quinone . It is suspended between two thin glass
sheets in series innitrocellulose. They are arranged in such a way that all their optical axis are aligned.
The whole arrangement between the glass plates is termed as a polaroid and exhibits dichorism. It can
give polarised light of all colours or wavelengths. Other type of polaroids are H-Polaroids and K-
Pol_illroi_ds. Poly Vinyl Alcohol film is taken and is stretched 3 times to its width . Then it starts behaving
like dichoric crystal under stress. It is impregnated with Iodine. These are called as H-Polaroids. If the
Poly Vinyl Alcohol is heated in the presence of strong dehydrating agent, instead of impregnating with
Todine, they are termed as K-Polaroids. '

When two polaroids are uncrossed (optical axis parallel to each other),as
shown in the fig 12.9(a) the emergent beam is plane polarised . When the two polaroids are crossed
(optical axis are perpendicular to each other),as shown in the fig 12.9(b) there is perfect extinction.

il

il

21111 I

(a)

Fig12.9

f
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- USES :- '

1. They are used as polarisers and analysers in modern polarising instruments. R
2. They are used in sunglasses to cut-off the glair produced by light reflected from polishied
and semi smooth surfaces. | o
3. They are used to control intensity of light in trains and aeroplanes.

4. Polaroid glasses are used to produce three dimensional moving pictures.

5. They are used to improve colour contrast in old oil paintings.

6. They are used to eliminate the head light glare iri motor cars.

12.12 ANALYSIS OF POLARISED LIGHT :-

Quartér Wave Plate :-

- “Itisacrystal plate which introduces a path difference of ,/4 or phase difference of /2
between ordinary ray and extra-ordinary ray produced by doubly refracting crystals”. When we take a
calcite plate cut with optic axis parallel to the surface,as shown in the fig 12.10 the unpolarised light
incident on it splits into ordinary and extra-ordinary rays. These two rays travel along the optic axis with
different velocities hence travel different distance. Hence path difference is introduced between thé -
ordinary and extra-ordinary rays. If the thickness of the Calcite plate is selected ap'propriatly, we can
obtain a path difference of A/4 between the two . Hence it is termed as Quarterwave plate.,

" OPTIC AXIS
-
EMERGENT LIGHT

Fig 12.10

——
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Let ‘t’ be the thickness of the plate, ~ p,u, the refractive indices of ordinary and extra-ordinary

rays.Path difference between o- and e- waves= pt —p t= (1o — R It [ pe > 1, incalcite].

For quarter wave plate ,path difference=2./4

n(fy —BIt=A/4

. Lt ————
or Thickness of the plate * =73 (o — 1)

Similarly if the calcite plate introduces a path difference of 50r phase difference of thenitis
. . N x

called as “Half-wave plate”. Thickness of Halfwave plate t = 5

. K | 2o —He)

12.13 Production of Circularly and Elliptically_Polarised light :-

UNPOLARISED Q.W.P.
TR TAY
v _ N y
Mgl vdl
POLARISED" 5" _ CIRCULARLY
PLANE OR ELLIPTICALLY
R POLARISED LIGHT~

Fig12.11
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“Circularly Polarised Light :-

- Circularly polarised light is the resultant of two waves of equal amplitudes
svibrating at right angles to each other and having a phase difference of n/2

. Asshownin the figure12.1 1, unpolarised light is incident on Nicol prism N, . It

- gives out plane polarised light . Another Nicol prism N, is placed at a distance from N, in crossed

position. So there will be darkness behind N, . Now a quarter wave plate is mounted on a tube T,
‘between two nicols. The tubp T, canrotate about the outer fixed tube T, .Thusthe ) /4 quarter wave

‘plate can be rotated about a horizontal axis through any desired angle . Because of quarterwave plate

now some light appears after N, . Now qQuarterwave plate is rotated till the field of view is again dark.
This happens when vibrations of light incident on quarterwave plate are along the optic axis and so
perpendicularto N, . Now the qQuarterwave plate is rotated through 45° so that the vibrations of light

incident make an angle 45° with its optic axis . At this position the amplitude of o-ray aﬂnd e-ray be-

comes equal. According to property of quarterwave plate, it introduces a phase difference of /2

between o-ray and e-ray so that the resultant beam after quarterwave plate will be circularly polarised
light. ’

Elliptically Polarised Light :-

Elliptically Polarised Light is the resultant of two waves of

unequal amplitudes vibrating at right angles of each other and having a phase difference of 7 /2.

Same arrangement is repeated as in circularly polarised light .After introducing
quarterwave plate , the field of view behind N, again becomes bright. The quartefwave plate is
rotated in such a'way that the field of view is again dark. Again the quarterwave plate is rotated
such that the vibrations of light incident on it makes any angle other than 45°.This makes the

amplitudes of ordinary and extra-ordinary rays unequal and so the resulting light from
quarterwave plate is elliptically polarised.

12.14 Analysis of Polarised light of different kinds using Quarterwave late ;-
When Quarterwave plate is placed between Nicols, it introduces a phase
change of 7/2 between two vibrations. This helps us to differentiate between
1. Partially Polarised Light and Elliptically Polarised Light
2. Unpolarised Light and Circularly Polarised Light

L. Elliptically Polarised Light after passing through a quarterwave plate becomes plane
polarised and after analysis by the rotating Nicol show variations in intensity with minimum as zero.
Patially Polarised Light after passing through a quarterwave plate remains practically unaffected

" and hence shows variation in intensity i.e. maximum and minimum (not zero) when passed through

rotating Nicol.

2. Circularly Polarised Light after passing w.rough a quarterwave plate becomes plane
polarised and hence the rotating Nicol shows variation in intensity with minimum as zero.
Unpolarised light after passing through a quarterwave plate remain unaffected and hence shows
no variation in intensity when passed through a rotating Nicol. :
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Analysis of Polarised Light

\

Ifcident on rotating Nicol|

POLARIZATION,

fariation in intensityr
vith minimum zero
5 plane polarized ligh

z

Variation in intensity
with minimum not equal

Ol

elliptically polarized

to zero —> partially polarized

No change in intensity
—| unpolarized or circularly
polarized

)

A
ight incident on - plate and examined by

rotating Nicol

V
amation of intensity with
inimum # zero=> partially
‘Ipolarized light

N4

Pl

polarized light

fariation of intensity with
minimum =0 = ellipticallly

NS

-y ’
Light incident on 2 plate and

exa-mined by rotating Nicol

| No variation in intensity
| = unpolarized light

Z

Viriation of intensity with
inimum =0 = circularly
larized light
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12.15 BABINET’S COMPENSATOR :- |

It is an improvement over the quarterwave late » i
‘ : plate to produce vari-
_ al?le phase difference between ordinary and extra-ordinary wavefronts of differenf wavelengths
It s used to produce and analyse the elliptically polarised light, '

Coxistruction -
SCREW
s

g erree ZCRN:

L AR B
’ & 4 &
¢ ¢ & »
L Y W

——i 1] -

7 ] Q.

R & o &

’(33 ~ Fig'12.12 N (b)

The Babinet’s Compensator consists of two small angled wedge shaped pieces of -
.quartz placed with their hypotenuse in contact so as to form a rectangular block as shown in fig 12.12.
The optic axis of the left wedge is parallel to its refracting edge AB while that of right wedge is perpen-
dicular to the optic axis of wedge. Thus the optic axes of two wedges are perpendicular to one another
and also perpendicular to the incident beam. One of the edges is fixed while the other can be moved
relative to fixed edge in its own plane by a micrometer screw. .

Theory:-

When Plane polarised light is incident on the compensator normally, it makes an angle
0 with optic axis. After entering the first wedge, it splits up into ordinary and extra-ordinary compo-
“nents. As quartz is a positive crystal hence velocity of ordinary component > velocity of extra-ordinary
components. When it enters second wedge,since the optic axis is perpendicular, ordinary component
becomes extra-ordinary and vice-versa. Hence both the components exchange their velocity while
passing from one edge to other edge . Hence the two wedges tend to canceleach otheis effect -
‘ |

il

S d
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Let p,, 1, be the refractive indices of quartz for ordinary and extra-ordinary ray. Let t,,t, bethe

thickness of the two wedges respectively traversed by a particular ray.
The path difference introduced by first wedge between ordinary and extra-ordinary rays

2n
=4, = "?‘:'(”e — Moty

Similarly phase difference created by second wedge

(uo - U, )tz

. Total phase difference created by Babinet’s Compensator between ordinary and extra—ordinary
rays

2n :
d=A +A, = "i“(P-e —Ro)(t - 1)

At centre of the compensator, t, =t, = § =0 .So emergent light is plane polarised . By moving the

screw, variable thickness (t, — t,) can be introduced and can introduce desired phase difference. So by

introducing n/2 phase difference between ordinary and extra-ordinary rays of variable ampli-
tudes, we can produce elliptically polarised hght Hence compensator is similar to a wave plate of
varying thickness.

12.16 Analysis of Elliptically Polarised Light :-

ol aw
/....l/ I \Zw/
|, POLARISER N AnaLvsER

Fig 12.13

Wm
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We can use to determine the characteristics of elliptically polarised light i.e.
1. Phase difference between the components ‘ '
2. Position of 1'-¢ axes
3. Ratio of the axes.

Calibration :-
Babinet’s Compensator is placed between two crossed Nicols N, and N,

which act as polariser and analyser. The plane polarised light from N, falls on the compensator
normally and makes an angle @ with the optic axis of the first wedge. Due to variation of effec-
tive thickness along the compensator from the midpoint, it behaves as a wave plate. For those
points of compensator with phase difference nA , the emergent light is plane polarised only. As
N, is in crossed position, this plane polarised light is stopped and we get a set of ‘dark bands’ in
the field of view. At the intermediate positions in the compensator, the phase difference will be
(2n+1)A/2 - and the emergent light is plane polarised is inclined at an angle of 20 with the

incident plane polarised light. So N, will not stop these rays . When g = 45°, the light from these

places will be completely transmitted and we obtain bright bands in field of view. Hence we
obtain dark and bright bands in field of view (Fig. 12.13). Positions of the elliptically polarised light will
be inbetween these bright and dark band. :

For caliberation, the micrometer screw of wedge is rotated, so that the dark band coincides
with the cross-wire of micrometer piece through which we are observing. Then the reading of microme-

ter screw 0, , is noted. The screw is again turned to get the next dark band at the cross-wires and

reading 6, is noted .The difference between 6, — 8, = o gives the angle of rotation o, fora path

-difference of 3, or phase difference of 27.Using o we can determine the constants of elliptically
polarised light. |

1. Phase difference :- _ .
Ifan elliptically polarised light is incident on Babinet’s Compensator, it
can be resolved into two components ,one parallel to the axis and other perpendicular to the axis . The
- two components are ' ‘

X = ASin(ot + a);

y = BSin(ot + )
So, phase difference between two components is o — 3 . Now the Babinet’s compen-
- sator introduces a phase difference of § given by -

2
o= %(!—le ~Ho)(t; —t;) at a given point on the compensator.

So the total phase difference between o-ray and e-ray is o — 3+ 8 .If phase difference= 2ps,we
get a dark band and if phase difference = (2n +1)n ,we get bright band.

The monochromatic source is replaced by white light source which gives central band and
coloured side bands. The micrometer cross-wire is coincided with central dark band. There
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the white light source is replaced with monqnhro@txc light source. Then it is made to pass through
Nicol N, and quarterwave plate so that ellipticalYypolarised light emerges from quarterwave plate. This

elliptically polarised light is made to incident on the Babinet’s Compensator.Now when we view through
mocrometer eyepiece, we observe a shift in the dark band. The screw of Babinet’s compensator is
moved through a distance ‘X’ , so that the dark band again coincides with the cross-wires . Now the

27
phase difference between two components of elliptically polarised light isgivenby @ = . XX,

2. Position of axes :- :
White light source is used and plane polarised light is obtained from
Nicol N, . Then after passing through Babinet’s compensator ,it forms dark and bright bands in the field
of view. Micrometer cross-wire is coincided with central dark band. Now the screw of Babinet’s '
Compensator is rotated through ¢ / 4 such that it introduces 2./4 path difference or t/2 phase
difference. Now white light source is replaced with monochromatic source and light incident on com-
pensator is elliptically polarised. Now the central dark band is displaced. By rotating compensator
screw, it is again brought back to cross-wires. The analyser ‘N, is also rotated such that the central dark

band is perfectly dark. Then “the axis of elhptlcally polarised light are exactly parailel to the optlc axes
of the wedges of the compensator™.

3. Ratio of the axes :- _
If the compensator screw is rotated through an angle ¢ ,to bring
back the central dark band to cross-wires then the ratio of axes of the ellipse if given by
Tang =b/a. '

12.17 OPTICAL ACTIVITY :- , ’ -

" “The property of rotating the plane of vibration of plane
polarised light about its direction of travel by some crystal or by some solution is known as
Optical Activity. The phenomenon is known as optical rotation and angle through which the
plane of vibration is rotated is called as angle of rotation (Fig. 12.14).

There are two types of optically active substances . Substances which rotate the plane of
vibration in clockwise direction are called ‘dextro-rotatory’ or ‘right handed ‘ substances . The
substances which rotate plane of vibration in anti-clockwise direction are ‘laevo-rotatory’ or ‘left
handed’ substances. ,

The angle of rotation *g@ is directly proportional to the length of
the substance through which polarised light travels directly proportional to the concentration ¢
of the solution and inversely proportional to square of the wavelength of plane polarised light.

Ol

O

0o /A2
=0cclc/A?

3
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Fig12.14

Specific Rotation ‘S’:-

' ' The Specific rotation of a substance at a particular temperature and
fora given wavelength * ), *of light ray may be defined as the rotation (of plane of vibration of polarised
Light) produced by one decimeter length of its solution when the concentration is

Igm/cc.

¥

12.18 LAURENT’S HALF SHADE POLARIMETER :- C -

Polarimeters are the instruments designed to measure the angle of
rotation produced by a substance. They can be used to find the specific rotation of sugar solution when
concentration is known and vice-versa. If they are caliberated directly to find the percentage of cane-
sugar in a sugar solution, they are termed as Saccharimeters.

Construction ;-

MONO CHRer- POLARISER TUBE  ANALYSER. CIRCULAR
MATIC SQURCE . SHADE | ; - SCAE
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S’ is a monochromatic source of light . Light from ‘S is rendered into parallel beam by lens L.
The parallel beam of light is incident on the Nicol prism N, which acts as a polariser. The plane

- polarised light from N, is made to incident on a half shade device and then enter into ahollow tube *T’

filled with sugar solution (or any other solution). The diameter of the central part of tube T is large to
avoid air bubbles in the solution. The polarised light is rotated by this solution (optical activity). This

rotated light is incident on second crossed Nicol N, whichactsasa analyser. The rotation of analyser
N, canbe measured using the circular scale attached to it. It consists of vernier scale, which can read

upto a fraction of degree. The emergent light from N, is viewed through a telescope (see Fig.12.15).

Action of half shade
A
R P
D m_g X’ X

Fig12.16

When an optically active substance is introduced between two crossed Nicols, field of
view in telescope is not dark, as expected. This is because the plane of vibration of polarised light is
rotated by optically active substance. Now if we rotate Nicol N, also, no where the field of view is
perfectly dark. To overcome this difficulty , half-shade plate is used.It consists of semi-circular halfwave
plate. ABC made of quartz . So it introduces a phase change of 1 between ordinary and extra-ordinary
rays coming out from Nicol N, . Another semi-circular glass plate ADC is cemented to ABC along

diameter AC. The thickness of glass plate is such that it absorbs same amount of lightas quartz plate
ABC.

Letg’ be the angle between plane of vibration of polarised light and AC. It comes
out of glass plate without any change along PQ (see Fig. 12.1 6). But when they enter quartz plate , the
polarised light is split into ordinary ray along X! direction and extra-ordinary along yy" . Although
both the components travel along same direction, they travel with different speeds.
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velocity of 0-ray > velocity of e-rayand thé phase differénce between them s 7t .Hence the direction of
o-ray is reversed and emergesalong ON. [Itis travelling initially along OM]. Hence the resultant of
ON and OL will be along OR making an angle § with Y-axis. “Thus the vibration of the beam emerg-

ing out of quartz will be along RS.
‘ If the plane of analyser N, is parallel to PQ, glass plate looks bright . If it is
parallel to RS, quartz half appears bright. If it is parallel to AC or Y-axis, both the portions
. appear equally bright.If Nicol N, is slightly rotated from this position also, we observed drastic

intensity change in field of view. This particular aspect of equal brightness position of quartz and
glass is used in finding the specific rotation of the solution. ‘ :

Determination of Specific Rotation :-

0

§ ==
Ixc
Solution of known concentration ‘c’ is prepared. The length of the solution is
measured in the tube T directly. The tube is initially filled with water. Viewing through telescope, second

Nicol N, isrotated till we observe half-shade equally bright in field of view. Then the circular scale
attached to N, is read. Then the tube is filled with solution of known concentration.Now if we observe
through the telescope the field of view will be partially bright Now N, is again rotated till we observe
equal brightness of glass and quartz parts. The reading of N, is notéd. The difference between the
previous reading of Nicol N, and present reading gives the angle of rotation 9. |

Experiment is repeated for different concentrations of the solutions and a graph is drawn
between C and g . We obtain a straight line graph from which we can obtain % .Using ‘I’ and %

values, we can determine the specific rotation ‘s’ using above formula.

12.19 SOLVED PROBLEMS :-

1.A ray of light is incident on the surface of a glass plate of refractive index 1.55 at the polarising angle .
Calculate the angle of refraction ? ‘
Solution :- _

= tan p where M is the refractive index of glass

pisthe polarising angle.

pn=1.55

~1.55=tanp = p = 57°10'

Augle of refraction=r

.But from Brewster’s Law

.. t4p=90"=>r=90"-p

o =0n° —57°10'= 32°50'-
‘Q'
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2. The critical angle of incidence of water for total reflection is 45°. What is the polarising angle and |
angle of refraction of light incident on water at an angle that gives maximum po

?

larisation of reflected light
Solutioh -

Refractive index of water it = '—1—
| sinc
where ¢ is the critical angle .c= 45°

1
= =1.345
H sin 45°

If °p’ is the polarising angle , then according to Brewster’s Law
p=tanp
1.345=tanp
p=53°22!
Angle of refraction r
=90° -p
=90°-53°22'

=35°28'

3. Calculate the thickness of a quarter wave plate of quartz for light of wavelength of wavelength 5893
'A° assuming the principle refractive indices as 1.5442 and 1.5553 2
Solution :- |
‘Thickness of quarter wave plate ‘t* for a given wavelength ¢ ), ’is given by
A

t=——
’ 4(“’e - p‘O)
- Mgs M, be the refractive indices of ordinary and extra- ordinary rays

Bo =1.5442,1_ =1.5553,A = 5893A°
Substituting in above equations

_ 5893x10”
4(1.5553-1.5442)

=0.001327 oy

4. A half wave plate is constructed for a waveléngth 0f 6000 o ° . For what wavelength does it work
as a quarterwave plate ?

Hatior - B t=—1———
SMutnon : F or quarter wave plate. 401, — o)
Ay

t=—-2
For half wave plate 2, - “.0)
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Soaccording to the problem A, = 6000A°
From the above two equations , when the same plate acts as quarter wave plate. and half wave
plate ‘t’ is the source in two equations
M/d=2h, 12> =24,
A, =2x6000A° =12,000A°
‘ Soit-ects as a quarterwave plate for wavelength 12000 A 0

5. A tube of sugar solution 2 cm long is placed between crossed Nicols and illuminated with light of
wavelenigth 6 x 1073 cm. If the optical rotation produced is 13° and specific rotation is ¢5° ,determine
the strength of the solution ?
Solution :-

Concentration of the solution ‘C’is C = 0/1xs

where g =optical rotation produced in plane of vibration =1 3° |
s= specific rotation of the solution = g5°
I=length of the sugar solution =2 cm

1}

13
0,
2%65 10 .50 percentage of solution strength 10%

Concentration=—"——

12.20 SUMMARY :-

Polarisation is the phenomenon exhibited by light when they pass through crystals like Calcite,
Tourmaline, Quartz etc which proves that light rays are transverse in nature. Plane of polarisation and
vibration are defined. Brewster’s Law proves that the light can be polarised by reflection completely

when p = Tanp . Law of Malus gives the intensity of
transmltted hglgt through analyser. Concept of double refraction , ordinary and extra-ordinary rays is

explained . Construction and working of Nicol prism on basis of double refraction to produce and
analyse polarised light is dealt in detail. Quarter waveplate ,half wave plate positive
and negative crystals, dichorism, polaroids are briefed. The production and analysis of circular,
elliptical and plane polarised light is detailed. Importance of Babinet’s Compensator to produce
" variable phase difference between o-ray and e-ray are explained and also the production and
determination of constants for elliptically polarised light is highlighted . Optical activity and
specific rotation are defined. Laurent’s half shade polanmeter in determination of concentration
of sugar solution is taken in detail. :

1221 KEY WORDS :-

Longitudinal wave, Transverse wave, Polariéation, Unpolarised and Polarised
- lights, Plane of polarisation, Plane of vibration, Polarising angle, Polariser, Analyser, Optic axis, Double
Refraction, Ordinary ray, Extra-ordinary ray, Negative crystal, Positive crystal, Quarter wavgglate,

Half wave plate, Dichorism, Polaroid, Elliptically polarised light, Circularly polarised light, Compensator,

Phase difference, Path dlfference, Optical activity, Specific rotation, Polanmeter Half-shade device,
Crossed Nicols.
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1222 SELF ASSESSMENT QUESTIONS :- '

12.22.1 LONG ANSWER QUESTIONS :-

1. Describe the construction and working of Nicol prism. Explain how it is used as
polariser and an analyser 7 ,

2. Write an essay on the prodution and analysis of different types of polarised light ?

3. Describe the phenomenon of double refraction in uniaxial crystals. Distinguish be-
tween negative and positive crystals. How can it be explained with Huygen’s theory ?

4. Give the construction of Babinet’s Compensator and explain how you would use it to
analyse elliptically polarised light ? »

5. Define Specific rotation. Describe the construction and working of Laurent’s half shade
polarimeter . Explain how you would use it to determine the specific rotation of sugar solution ?

12.22.2 SHORT ANSWER QUESTIONS :-
1. Explain the terms ‘Plane of vibration’ and ‘Plane of polarisation’ ?

2. Explain the method of producing polarised light by reflection. Explain Brewster’s
Law?

3. Write a short note on Law of Malus 7

4. Describe the phenomenon of double refraction in uniaxial crystals ?

5. What is a quarterwave plate ? What is its use ?

6. What is meant by a. Plane polarised light

‘ b. Circularly polarised light
c. Elliptically polarised light

7. What are negative and positive crystals ?

8. What is meant by optical activity ? Define Specific Rotation ?

9. Explain the action of half-shade device ?

10. What is meant by crossed Nicols ?

12.22.3 EXERCISE :-

1. Calculate the Brewster’s angles for the following liquids : Ethyl Alcohol for which
p = 1.361 and Carbon tetrachloride for whichp =1.461
[Ans: 53°42',55°36']
2. The critical angle in a certain substance is 45°. What is the polarising angle ?
[Ans: 3526 ]

3. A ray of light is incident on the surface of benzene of refractive index 1.5. If the re-
‘flected light is linearly polarised, calculate the angle of reflection ?

[Ans: 33°42']
4. An analysing nicol examines two adjacent plane polarised beams A and B whose plancs are
mutually perpendicular . In one position of analyser beam B shows zero intensity .From this position, a

: » . I
—rotation of 30° shows the two beams matched . Deduce %IB of two beams ?
[Ans:1/3]
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5. Calculate the thickness of a mica sheet required for making a quarter wave plate ) = 5460A°. The
indices of refraction for ordinary and extra-ordinary rays in mica are 1.586 and 1.592.

: [Ans: 2.275x10~cm]
6. Calculate the thickness of halfwave plate made of quartz to be used with sodlum light

A =5893A°, n£1.544,u_=1.553
[Ans :3.273x 10%cm]

7. A sugar solution of specific rotation 570 /declmeter/gm/cc causes arotationof 12°  inacolumn of

10 cm long. What is the concentration of the solution ?
[Ans : 0.23 gm/cc]

8. Calculate the specific rotatlon if plane of polansatlon is turned through 26.4° traversing 20 cm length
0f 20 % sugar solution ?
[Ans :66°]
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UnitIV
LESSON-13

LASERS, FIBER OPTICS AND HOLOGRAPHY

Objectives: We are able to

1.To understand the laser principle, working and its appliations .

2.0Obtain the knowledge of parts of an optlcal fiber, types of fibers and modes of

propagation . _

3.To understand the prinicple behind the fiber communication technology .

4 Understand the basic principle of Holography a three dimensional imaging
technique. Get an overview of construction of hologram and reproduction of three
dimensional image .

5.Know about few appliations of holography .

Structure of the lesson

13.1 Lasers
13.1.1. Introduction
13.1.2. Spontaneous emission
13.1.3. Stimulated emission
13.1.4. Conditions for stimulated emission
13.1.5. Laser principle
13.1.6. Pumping _
13.1.7. Pumping schemes
13.1.8. Ruby laser
13.1.9. He-Ne laser
13.1.10. Einstein coefficients
13.1.11. Properties of laser light
13.1.12. Applications of lasers
13.2. Optical fibres
13.2.1. Introduction
13.2.2. Modes of propagation
13.2.3. Types of optical fibres
13.2.4. Rays and modes in an optical fibre
13.2.5. Principles of fibre communication
13.2.6. Advantages of ﬁbre optic communication
13.3. Holography
' -13.3.1. Introduction
13.3.2. Gabor Hologram
13.3.3. Limitations of Gabor Hologram
13.3.4 Applications of Holography

13.4. Solved problems | |

13.5. Summary
13.6. Key words
13.7. Self assessment questions

13.8. Reference books
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13. 1. LASERS :-

13.1.1. Introduction :

Laser is a device which produces intense, monochromatic, coherent light in a narrow parallel
beam. Laser is the short form of “Light Amplification by Stimulated Emission of Radiation”. The basic
principle behind laser is Einstein’s stimulated emission of radiation. :

‘ An atom consists of electrons in different energy states called ground states. When the atom
collides with another energy particle, it atains some kinetic.energy from colliding particle. This energy is
utilized in exciting the electron from ground energy state to upper energy state. The other method of
excitation of electrons is through irradiation. It means, when optical radiation of enérgy huis incident on

the atom, the electron in the ground state absorbs the energy hy and gets excited to higher energy level.
Nmﬁber of electrons excited to higher energy levels through absorption N A; isgiven by
N,, =B, N,;p(v)At
N, -number of atoms in ground state
p(v)- energy per unit volume in frequency range v and v +dv-
B,, -proportionaly constant, \

At -time
So absorption of light energy by the atoms in the material leads to attenuation of light

 travelling through the medium
These electrons in the excited state will not be there for infinite time.They get deexcited

to ground state in time of order 1(-® sec, known as ‘life time’ of the exicited state. So the deexcitation

‘process is of two types
1.Spontaneous emission and
2.Stimulated emission.

13.1.2. Spontaneous emission :-

As shown in fig.13.1 the process of deexcitation of electrons excited to
hlgher energy levels after the life time of the energy level, by themselves to ground level is termed as
“spontaneous emission”.

No. of spontaneous emission taking place in time tis given by

N, = A, N, At

‘where A 2 -Proportionality constant,

N, - No. of electrons in excited state
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Probability of transition occuring per second P, is given by
\

The photon emitted during spontaneous emission of the material can be
any wave length or frequency hy and may be emitted at any time (No phase relatlonshlp) and inany

direction (non-directionality). So the light emitted during spontaneous emission is incoherent, non-
monochromatic and without directionality.

Ex : Incandescent lamp emission, Emissions or hght from monochromatic sodium vapour lami).

13.1.3. Stimulated emission :- _
Suppose the energy of ground level is E, and of the excited

level in which ¢® us presentin E, as shown in fig. 13.2. The energy difference between two levelsis

E,-E,. Suppose a photon of energy hv = E,- El hits the atom, it deexcites the ele,_otén‘frorr‘l excitégl
energy state to ground state. This process is termed as stimulated emission” '
During stimulated emission whenone photon of energy hy hits the atom, it gives out

two photons of energy hv i.e. 2hy in same direction, in same phase and same state of polarization.
These two photons releasing from one atom, deexcite two more electrons,m excited '

A » — £y _ ~ E, -
. hv =E, -F, B
23 A
S e NI
52 Incident o Ly
— photon ' » ;E)}’::::éic};
¢ . ] ) g : ‘i{‘ ‘ ] -~
o e = S g ’ E y
) Before After

Fig,. 13.2
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state in the material and give out four photons of same energy hy, . In this way, a single photdn hv
i;;imulaﬁng one deexcitaion gets multiplied by chain reaction as shown in the figure 13.3..

i e AN
OB T g e s
0
e = -~ A 2
—“"*“*;w"'ﬂj T { -
R G e e AAAAA - QL
—AAAAN e . B
N o
V4 \\1"\1» | 1 TTTYWASS 9
A e ) ; , > B
. 3 [0, . c
S 2%
by o G S & S —AAAA A
(€) Exited state \W\"\ .
o I VY Vi

{53Y Cround state
Fig. 13.3

Hence due to stimulated emission, we obtain an intense beam of light [Due to multiplica-
tion of photons with chain reaction] of same wave length or frequency v, in same direction and at same
time (same phase ) and in samie state of polarisation. The resultant wave which is highly
monchromatic,coherent and intense is called ‘LASER’.

Number of atoms deexcited per second by stimulated emission process N, is given by

Ng =N2B219(U)

N, -density of atoms in exicited state
B,, -proportionality constant
p(v)-spectral energy density

Under thermél equilibrium the rate of upward transitions is equal to the rate of downward -
gransitions. Thisis known as ‘Principle of detailed balancing.” :

N, =N, +N,,
The equation proposed by Einstein indicating the stimulated emission is

A* +hv - A +2hv

where A* isatomin excited state, hy- stir . *ting phdton, A-atom in ground state, 2 hy-.
photons emitted from deexcited atom.
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13.1.4. Condition for stintulated emission :-

Starting stimulated emission in ordinary excited atoms of the materials is
not an easy process. According to Boltzmann, in thermal equilibrium, the population of energy levels is
fixed by the equation

Equation indicates that the number of electrons in ground stae are always more than in excited
state (N, > N, ). But stimulated emission needs reverse conditioni.e. (N, > N, ). This condition is
termed as “Population inversion”. Also the population of electrons decreases exponentially as one goes

to higher energy states.

To obtain the condition of’ populatlon inversion i.e. number of atoms in excited state N, >
number of atoms in ground state N, .The hfe time of excited state should be more i.e. of the order of
10~ sec.Such energy state with large life time is termed as “metastable state”.Generally the life time of

ordinary excited states in the materials are 1(-* secs. So if we continuously pump energy to the mate-

rial and take the electrons to the excited state, they come to ground level is 1% sec and we cannot
obtain population inversion.

. But crystals containing impurity atoms are taken. The energy levels of impurity atoms will be in
between the energy levels of crystal is forbidden energy gap.These have lifetime oforder 10-* sec.So
when the electrons in ground state of crystal ( E, ) are excited to next energy level ‘

(E,) they say there for 10~® sec. Then they are made to get deexcited to E, level of impurity atom, in
between E, and E, .Since the lifetime of E~(P sec, more electrons get accumulated inE, anda
state is reached when N, > N, where N, no. of electrons in E, state and N, number of electrons in

E, state. Hence state of “population invefsion” is achieved and E, is the “metastable state”. Hence we
can achieve the condition of stimulated emission by taking crystals with certain impurity atoms.

13.1.5. Laser principle:-
To produce lasers, we should follow the following steps.

1.Induced absorption :-
Exciting electrons in ground state’ E, to excited state E, by irradiating

with light or photons of energy ho (see fig. 13.4).
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Fig. 13.4

2.Create a meta stable state in the material which has longer life time. Due to meta stable state condi-
tions of population inversion i.e. more number of atoms in excited state than in the ground state is
achieved. Population inversion is achieved by “pumping”.

3.0nce population is achieved - emission is induced. Implies the material is deexcited by hitting
it with a photon hy= E, - E, . This photon deexcites the atom and we obtain two photons of energy

huin same direction and in same phase. These two photons deexcite two more atoms. This chain
action continues giving out intense radiation which is monochromatic and unidirectional. This is nothing
but the “Laser”.

13.1.6. Pumping :-
‘ As we have mentioned above , population inversion condition is
achieved by a process called as “pumping”. Now we will consider different types of pumping tech-
niques and pumping schemes. The meaning of pumping is to transfer an atom from the ground state to
an excited state to achieve population inversion in the medium.
Generally three types of pumping schemes are used.

1.Optical pumping :- ‘ _

' Optical energy (light energy) is used to excite the atom from lower

energy level E, to higher energy leverl E, . High power flash lamps are used for this excitation . Ruby

lasers and liquid dye laser which abosrb incident light considerably use these ﬂash lamps.
2. Electrical Excitation :-

An electric field of several kV/m is applied between electrodes to
produce electrons from cathode. These accelerated electrons while travelling towards anode, hit the
atoms of laser species. The laser species receive the kinetic energy of electrons and go to excited states.

Ex: Used in He-Ne lasers and Argon ion lasers.
Sometimes instead of excited electron ineathode, high current is injected into barrier
meglon in semi-conductor lasers, to excite the electrons to higher energy levels.

3. Chemical excitation :- ' -
When two reacting §pecies form the basic material for laseg, the thermal

energy release in exothermic chemical reactions is used to excite the atoms to higher energy y levels or for-
population inversion. This pricipleis used in CO, laser.
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13.1.7. Pumping schemes :- A
' Before understanding three level and four level pumping schemes, let us
define certain terms. The transition between the two levels that generate stimulated emission is called a
‘lasing transition’. The lower level in lasing transition is called lower lasing level and upper level is called
as upper lasing level. the upper level to which the electrons in lower enrgy state are excited is called as X

pumped level.

1. Three level pumping scheme :-
' E,,E,,E, arethree energy states of an atomic system E, - ground
E3 — El
h
electrons in ground state getexcited to E, level (Fig. 13.5). Since its life time is only 10-® sec, they fall

state. E,, E; excited states.When a photon of frequency v |-= is incident on the system, the

Pumpting Levei

o Lv‘\unﬂunu‘n"ES < 2 e e A E3
Upper
Rapid decay Lasing Lewal
A 'h Fal Fe'y ¥ 2 N~

Metastable state

- b Y B AR G o E

Ground State

Fig.13.5

from E, toE,{asmall partto E, also] by spontaneoﬁs emission. The difference in the energies
(E;-E,)isreleased as thermal energy and is givé’n to the crystal. After some time more than half of the
ground state atoms are acumulated at E, creating population inversion between E, and E, . One
spontaneous emission from E, to E, emita photon huy=E, - E, .This photon starts stimulated emission

between E,-and E, emitting laser.

Quantum efficiency of this laser 1] = o " E _E
3 1
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2. Four level pumping schemes :-

E, is the ground state. E, is the pumping leilel, E, isthe metastable
state and upperlasing level E, is the lower lasing level. The atgms or electrons in the ground state E,
ere excited to E, or pumped to E, (see fig. 13.6). The electrons in E i spontaneoosly dexcite to E3
level. It is a level of high life time.So more number of electrons remain in this level. Generally E,is
empty. So population inversion is obtained betwen E, and E, .Thelifefime of E, should be very small,

so that electrons will not accumulate in E,, against population inversion.

Pumpting Level
E —~—o0-o._oa_ & Upper
Lasing Level

T

Metastable
state - 2 B
e 1 : o °

. 2 ~—L—w .
! Lower Lasing Level 2
E | " Hohon ittt dg E,a8oa .

" Ground Siate

Fig. 13.6 ‘ ;
A single spontaneous emission between E, and E, gives as shown in Fig. 13.6 a photon hy= E,-E,.
This photon starts lasing action between E, and E, givng out laser .Since E, has short life time, they

fall back to E, .So always population inversion exists between E, and E, Thls scheme is used in He-

Ne laser.
Quantum efﬁcxency of this laser is

n _ho,, _E, - Ez -
hv, E,-E,

mn

TYPES OF LASERS :-
13.1.8 Ruby laser :-
Ruby laser was first developed by Theodre Maimann. It is Prepared as

optically homogeneous, highly pure, insulator crystalhne solid.Ruby is basically Al,O, crystal with
chromium ions as impurities. The red colour of Ruby is mainly dueto Cr*? ions concentration.
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Construction :-
Coolant outiet Xenon flash Iamb
. (.7
100% d Pantial reflector
reflecter | : ' / '

Coolant inlet

Fig.13.7

~ Asshown inabove fig. 13.7 Ruby rod is taken in the form of cylindrical rod of
about 10 cm in length and 1 cm in diameter. Its ends are grounded and opticaty polished such taht the
end faces are optically plane and exactly parallel and also perpendicular ta the axjs of rod. One face is
silvered totally to produce complete reflection and other face is semi-silvered for parttal reflecton . These
two silvered faces act as optical resonationg cavity. The rod is surrounded by hetieal phiotographic
xenon flash lamp to produce high intense flashes of white light whenever activated by a power supply.
The system which getstheated due to pumping radiation is cooled with the help of cookimt, circulated
around the rod. - : :

Working :- .
| E, is the ground state [belongs to Al,O,] asshowninfig.13.8, E; and E,
levels correspond to the chromium ions. These are not single levels, but band of energy levels. E, and

E, are pumping levels.When xenon flash falls on the ruby rod, the green and blue components of the
white light are absorbed by the chormium ions and raise to one of the energy levels E, or E,.
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Non rixctiastive
Tignuitiong

5 »
g —>lg,
u Blue f
it L AAAS \ : RNASI Photon 6943 A
§ Stimulated
Fumping Emission
— £
Ground Stdite !
Fig.13.8

Due to their short life period in these level, they get deexcited to energy level E . through non-radiative
transitions. E, level is the upper lasing level as well as metastable state. When population inversion. -
occurs between E, and E, , some of electrons from E, fall to E, giving spontaneous emission. This

spontaneous emission photons start stimulated emission between E, and E, and produces Laser light.
When these photons are reflected by the two polished faces of ruby rod to and fro, they increase the
stimulated emission. When the total emergent laser light reaches sufficient intensity, it emerges out of the
partially silvered mirror.

The Xenon flash remains only for few seconds.During that period lasing action will not take place.

Lasing action starts when population inversion occurs between E, and E,. When E, is completely

deleted of the electrons , lasing action stops. So laser light comes in the form of short pulses in Ruby
laser but not continuous laser. Again the whole process should repeat for next pulse. Also the green and
blue light energies are only used in flash light, Remaining light energy and the non-radiative emlssmns try
to heat up the Ruby rod. Hence coolant is circulated around the Rubyrod

13.1.9 He- Ne LASER ;- , . _

' He-Ne laser is a gas laser. It is a mixture of Helium and Neon gases
and is a “Continuous Laser” -
Construction;

) ) ) G_-as
vnror Eﬁ vwe *«‘aue . l
\{ t I

l~~~~\_, Eloctrodes connected w-——- Lasar output
10 power supply
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As shown in fig. 13.9, it consists of a long discharge tube of length about 50cm and diameter lcm filled

with a mixture of He- Ne gas in the ratio 10:1. Discharge is roduced in the gas by arranging electrodes
attheend and applying high voltage. The tube is sealed with two inclined windows at the end. Two

reflections,one fully reflective and other partially reflective are arranged at the two ends
of the tube.

Working :- ‘ ‘ -
In He-Ne laser, Neon energy levels provide lasing action.Helium atoms
provide efficient mechanism for excitation of neon atom. When power is switched on ,the electrons are
released from cathode by gas discharge and travel towards the anode. In between they collide with
light Helium atoms which are 10 parts of whole gas and transfer energy to them. So the helium atoms
getexcitedto He, or He; levels with this energy. He, and He, are metastable states (fig. 13.10), hence

the atomis remain in this state for longer time. They cannot return to ground state by spontaneous
emission .So they transfer this excited energies to the Neon atom

- Energy transfer

L Helium a;omicdollisions Naon

- ——g— —t7--* 6 - :

- 2 3
g !
c | Spontaneocus o
v g emission (- 8000 A)

e .

r . LExcitation by cotlision

- with elecirons ‘Peexcilalion by collision

di; 1 1___.__Jl;_-.___—

Fig13.10

and Neon atoms excite to Ne,, Ne, states of same energy. After transfer of energy He atoms return to

ground and are again axcited by the field. ‘
Now as more and more collisions occur between Helium and Neon atoms, Ne, and Ne,

levels get more populated. Hence population inversion takes place. Now the transitions possible by
stimulated emission are

‘Ne, —» Ne, — giving light of wavelength of 3.39 pm

Ne, — Ne, -»giving light of wavelength of 6328 A°

Ne, — Ne, —> giving light of wave lengthof 1.15pm '
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But we intend to obtain laser light of wavelenght 6328 A? {red colour}only. So to avoid ot’h‘er‘»two
wavelengths, the end windows of the tube are made of glass or quartz which absorb 1.15 pm apd
3.39 um radiations. The reflectors are also coated with thick dielectic material which reflect 6328 A

units only continuously. From lower lasing levels Ne, and Ne;, ,atoms get deexcited to Nez-levelt Se -

Ne, may become more populated. However they (Neon atoms) give up their energy by coihsxons with

the walls of the tube. Hence the tube is made narrow, so that the collisions are more and Neon atoms
come to ground state. Itisa lowpower device .

13.1.10.Einstein coeffeicients :- » :

Let us consider an assembly of atoms in thermal equilibrium at a
temparatureT having two states. Let N, and N, be the no of atoms /unit volume in E, and E, energy
levels (E,> E, )-When an electromagnetic radiation of energy hv = E,-E, fall on this

system,there are three possibilities ° -
1. spontaneous emmision
2. Induced absorption
3. Stimulated emission.

1.No of atoms jumped/ second from E, to E, i.e induced absorbtionrate N, is given by
N,, =By, N,p(v)
N, - number of atoms in E, state per unit volume
p(v) - spectral energy density _
B,, - Einstein coefficient of induced absorption
2. Number of atoms emitted by excited atoms per unit volume N, by spontaneous emission is
givenby
N, =A,;N,

where N, is the number of atoms in the excited state
3. The number of atoms deexcited from E, to E, by stimulated emission is N, per unit volume

N, =B,,N,p(v)
B,, =proportionality constant.
p(v) =energy density in therange v and + do
Fmrgyof stimulating photon=hv = E, —E,
The stimulated emission rate N, = B,,N,p(v) |
' By, -Einstein coefficientof stimulated emission
' Fig, 13.9.
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For system in equilibrium, upward and downward transition rates must be equal according to Einstein
S B;;N;p(v) = B, N,p(v) + Ay N,

A21N2
Ban _ leNz

p(v) =

Divide numerator and denominator by N,B,,

(*/.)

pL =
( BIZNI ) -1
B2IN2
After simplifying equation we obtain B,, =B,

A, 8mhv’

and B, -
The above two equation are referred to as ‘Einstein relations’. B,,, Bz'I ,A,, aretermed as
Einstein coefficients.

13.1.11 Properties of Laser light :-

~ 1.The line width of the laser light is A} = 0.01 nmi.e. it is highly monochromatic.
2.The maximum length of the resulting wave from a source on which any two points can be
correlated is called coherence length and corresponding time is called coherence time. This tells us
about the coherence of the light. Lasers are highly monochromatic with large coherence length 600km

and largest coherence time of 2 x 107 sec. So itis highly coherent.

3.Directionality :- : \ |
Lasers emit light in one direction without any deviation upto to very large.

distances. The directionality is denoted by the angular spread AQ givenby AG= 1'22% Thisis as

small as -5 to 106 radians for lasers,

- 4. Lasers are bright and intense light source. An one milliwatt He-Ne laser is 10,000 times
brighter than light from sun at earth surface. This is due to high coherence and directionality.

5. Lasers can be ‘tuned’ to emit radiations over a range of wavelengths.
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13.1.12. Applications of lasers :-
1.Lasers in metrology :- —_— :
' , Lidar (Light detection and ranging ) is an optical radar used to measure the
distances between moon and earth upto an accuracy of centimeter. This gives information about drift of
continents of earth, moons spiralling away from earth and so on. »

2.Industry :- . '
/ Laser can be focussed into a fine beam and increase the temperature at fo-
cussed point upto to 1000k. So they are used to drill holes, welding and cutting of metals.

3.Communication :- )
The amount of information that can be sent by an electromagnetic wave or
carrier wave depends on its band width. The bandwidth of lasers is very large, hence it is used in optical
and space communications. ‘ _ '

4. Medicine :- _
' Lasers are used for welding retinal detachment by opthalmologists and also for
cataract removal. Lasers are used in destroying kidney stones and gall stones.They are used in cancer
diagnosis and therapy. Lasers are used as scalpels in bloodless surgery.

5.Defence :- , _ .
Lasers are used ot guidle missiles and satellites for detecting and destroying
enemy planes or tanks. '
-6.Nuclear fusion :- : SR
Lasers can be used to induce the nuclear fusion,

7.Holomghy - S
‘ - Lasersare used in recording and reproduction olfjalogritok

8 Electronicindustry:- ' | o C

Lasers are used as supermarket scanners to detect the bar codes and display
the item code and price. Diode lasers are used to record and repoduce data from compact discs.

13.2. Optical Fibers :-

13.2.1. Introduction :-

Optical fibre (Fig. 13.11) is a thin glass of strand or plastic strand that serves as
amedium in optical communcation. The communication is done by light through optical o
fibres.Communication through optial fibres is used in telephone; computer communication$ and also in
the automation of factories. Due to large band width of laser light used in optical fibre comthimication,
large infomation can be transferred than in radio waves or microwaves.
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cladaing

Fig.13.11

Anoptical fibre is g'hair thin structure having a core diameter of 100 pm to 1000 pm and extremely
light an can replace many copper cables because of its large information carrying capacity. The optical
fibre has electromagnetic immunity and has very law losses of the signal during
communication.Importanct appliation of optical fibres are in medicine. A bundle of fibres is used to
illuminate the operated area in the body and other bundle of fibres are used to catch reflected light . This
is the principle of endoscope . In retinopathy and angioplasty optical fibres are used as wave guides.

13.2.2. Modes of propagation :-
 Modeis simply a path that a light ray follows in travelling through an optical

fibre .When the light waves enter into a optical fibre, they get totally internally reflected when angle of
incidence is greater than the critical angle. But only those waves which undergo constructive interference

L d
pass through optical fibre. Only the modes that fibre will support depends on o where disthe

diameter of the core and , the wavelength of the wave propagating. The number of modes supported
by an optical fibre varies from one to one hundred thousand in a multimode fibre.

13.2.3 Types of optical fibres :-

1.Clasification based on materials :-

a) Glass fibres :-

: These optical fibres are made of glass.. Both core and cladding are glass. The
glass used is ultra pure and uitra transparent silicon dioxide or fused quartz.. Impurities are added to
them to change the refractive index inside core or cladding .Germanium or phosporous impurities are

' added to increase the refractive index . Boron and fluorine impurities decrease the refractive index.
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b) Plastic-clad silica fibers :-
This optical fibre has glass core and a plastic cladding.
c) Plastic fibres :-
These optical fibres will havmg plastxc cladding and plastic core. These are
comparitively limited in losses and bandwidth . They have got the advantage of security and electromag-
netic immunity.

_ 2.Classification based on the refractive index of the core and the modes the fibres propagates:-
Depending on mode of propagatlon they are divided into single mode fibre and
multimode fibre, _
a) Single mode fibres:- :
As shon in the Fig 13.12 these will be having a very narrow core of diameter 5
um orless.Comparatively the cladding is big. Due to narrow core, single mode only can propagate
parallel to the central axis through this type of fibre.

i i
S At e s, .

ol
o7
kS
‘“‘".
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\\
i
g

i

Y
. "‘\
s

Fig. 1312

Because there is a'single mode through fibre, noise is eliminated These are used in long distance
trans1mlss1ons and laser beams are used. They are expensive but best in performance

\

b) Multimode fibres :-
Core has a diameter of about 50 pm .So it can propagate upto 1,00,000
signals at a time. Depending on the nature of refractive index dlstnbutxon of the material of the core;
these are again divided into two types.

1.Step index multimode ﬁbres -

The refractive index of core is nl which remains constant through out
the core. The reﬁ'actlve index of cladding which starts from claddmg is n,.Sothe refractlve index

 varies from n, to ny at the boundary of core and cladding. It is termed as step index multunqde fibre,as

shownin fig 13.13.
But this type of optlcal fibres are not suitable for long distance propaganon but are relatively 1ess

expensive. Also n,> n2
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2. Graded-index multimode fibers :-

Fig. 13.14

As shown in above figure 13.14, the refractive index varies continuously in a parabolic manmer from the
centre of the core upto the boundary of the cladding. The refractive index of cladding <the refractive
index of the fibre at the boundary of the core. Light signals are transmitted more efficiently in graded
index fiber in smooth spiral.paths around the central axis There are of intermediate cost and used for
intercity communication. ' ’

13.2.4. Rays and Modes in an optical fibers :- (Fig. 13.15 given below)
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The light travels through optical fibres on the principle of total internal reflection with out loss of intensity.
As shown in the above figure 13.15, the light ray enters into the core along AO . After travelling through

core of refractive index n, along oD (slighly refracted), it touches the boundary of core and cladding at
anangle ‘C’ which is the critical angle for cprefcladding boundary Refractive index of core n,>
refractive of cladding n, .Hence the ray is entering from denser to rarer medium at critical angle, hence

 getstotal internally reflected along DE. Again the same total internal reflection takes place at E. Thus
the light travels in Zig-Zag paths inside the core [ For step-index fibre] and comes out of the fibre along
X- or Y- direction. - :

Fig. 13.16

- Ifinstead of a single wave or signal, three signals of wavélengths A5, A enterthe core of step index
at critical angle and more than critical angle respectively. All the three undergo total internal reflections
(Fig. 13.16). R T -

. Butdueto different angles of incidence on the boundary, they trace different paths and distances
and come out of the optical fibre at different times. Hence although all the three signals entered at the
same time, they come out at different times. This defect is termed as distortion in transmission of signal
in step-index fibre. ' .

4 Rt AL DA EY SY e & Ay v

Fig. 13.17
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But if we consider a graded index fibre, the refractive index of core changes continuously from the
centre to the boundary, So the three signals are continuously bend towards central axis of the fibre,

tracing semi-circular paths. Although A, traces more path than A, and A, morethan A, the signal

with larger paths enter into regions of lower refractive index, hence travel at high speeds. The signals o
with lesser paths,enter higher refractive index areas in core and travel with lower speed.Finally all the
‘signals come out of the fibre at same time without any signal distortion (Fig. 13.17). '

13.2.5.Principles of fibre communication :-

Optical fibres are mainly used in high speed telecommunications. The main
advantage is that light is used as signal carrying wave and there is no loss of signal due to total internal’
reflecton propagation inside the optical cable. We can also send more messages per cable length due to
their band width and also clearer sound. Higher the frequencyof'the signal, higher would be the informma-
tion carrying capacity (Fig. 13.18).

OPTICAL FIBRE

Subkﬁ:btf's Y 1 : | N SUbsCribET'S
. _"*“_”__“"‘“,eremsm, o fe— e —> | electrical | *elephone
' ~= signal’ Digital light pulse ™ ™ signal

o . Fig.1318
l.Sﬁbscﬁber telephone converts sound signals into continuous electrical s}gnalsz .
2. The analog to digital converter converts continuous electrical signals into digital puls.&s.
3.These digital electrical pulses are sent into optical transmitters [Lasexsm the block d1agram]. |
There they are amplified and semi-conductor laser is used to convert electrical signals or pulses into |
o?tml 4 The optical pulses are transimitted through optical fibers. But there may be l’os; inthe infen-
sity of signals due to absorption and scattering. Hence repeaters (R,R ) are used to amplify the optical |
ignals during transmission through fibres. - . o . ‘
) ! 5.Then on reaching the destination, optical pulses are again converted.n}to electrical pulses by
photodiode. These are again converted into continuous electrical signals by digital to analog convert-
sver’s telephone converts the electrical signals into sound signals. '
SThe re;e}IY::wS - dievI;sion multiplexing is used to transmit several thousands of telephone calls along a
single optical fibre by using light pulses in digital form. .
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13.2.6. Advantages of Fibre Optic Communicatons :-
1. Optical fibres are cheaper, small in size. Light weight, flexible but mechanically strong.
2. Optical fibres are insulators, so there will be no electric shocks and signals are also immune
to surrounding electromagnetic or radio frequency radiations.
3. They have very wide band width and low losses per unit length.

13.3. HOLOGRAPHY
13.3.1. Inroduction :- : ' '

Any real life object is a three dimensional object. So it has different
perspectives, when viewed through different angles . But when we try to take the photograph of the
object, the intensity of the light reflected or scattered by the object is only recorded and the phase
information of the light is lost. So when we develop the photograph we can view only two dimensional
image with single perspective. But ‘Holography’ isa photography which records both the intensity and
phase of the light scattered by the object and produces a three dimensional image of the object. This
technique needs highly coherent light beam, which was available after the advent of lasers. So the
coherent light is made to incident on the object and the reflected or scattered beam is made to interfere
withareference beam to produce interference pattern corresponding to the object. This interference
pattern is recorded on a photographic plate and is termed as ‘Hologram’. When this hologarm is
illuminated with coherent light, it produces the three dimensional image of the object in front of us, as
good as the object. This technique is termed as Holography. ‘

13.3.2 Gabor Hologram :-
The actual arrngements to produce and reproduce Gabor

holograms are shown in the figures (Fig. 13.19 aand b)

Photographic -
© plate

() Making hoiogram

a"of
[ / T \t’ﬁ:“’é\
<7 ) sty %
[ ' F Wcans(mction Eye. .
I Psepdoscopic \._\ observl{lg
| L image

: Hologram
(b) Reconstrucﬁng the im .

Fig. 13.19
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The coherent light from source “S’ is incident on a lens ‘L’ with focus at F. The
beam gets focussed at F, and diverges from that point. The object whose whole hologram has to
be recorded is b .It should be transparent and smaller in size than the divergent beam. It is placed
at a small distance from F. Now the light obstructed by the object b creates a diffracted wave..
The undisturbed light out side the object acts as a carrier wave. Care is taken that the intensity of
carrierwave is more than the diffracted wave. These two waves which are coherent interfere with
each other forming interference pattern resembling the intensity of light and phone of the wave
from the object. Due to strong carrier wave, the regions of constructive in terference, are more
bright and dark regions perfectly.dark. A photographic plate H is placed at a short distance from
‘b’ and interference pattern is recorded. So the negative consists of high intense interference
spots as dark regions and viceversa. The positive developed from this negative is the ‘Holo-
gram’. Now if we place the hologram is same arrangement without the object as shown in set up
(b), we can see the pseudoscopic image of ‘b’ at ‘q’ with naked eye placed before hologram or
viewing through hologram.

*13.3.3. Limitations of Gaborhologram :-
‘ 1. During the advent of Gabor holograms strong coherent lights, which remain coherent for long
distances like lasers were not available . \
2. Gabor couldnot fully record the phase information as the intensity information on
photographic plates available during those days. '
3. Reconstruction has to be done by pseudoscopic image and hologam has to be illumi-
nated with point source from rear side of hologram.

13.3.4. Applications of holography :-

1. Holographic interferometry :- , .

The deformations in surfaces of different industrial machines or
scientific materials produced by stress can be detected and measured using “double exposure
technique” of Holography. First the interference pattern of the surface with out stress is recorded
on the photographic plate. Then the surface is exposed to stress and again its interference pattern
is recorded on same photographic plate. When this hologram is developed or produced, the view of
hologram shows the regions under stress and their extent.

2. Holographic microsocopy :-

‘ With ordinary micorscopes we can record only still photograph of a
biological event. But we cannot record continuous bilogical process happening three dimension-
ally . But using holography technique, we can record time varying biological or any other phe-
nomena. Then afterwards viewing through the hologram, we can observe the depths of scene or
three dimensional view of the scene at leisure, in detail .Useful in scientific research.

3. Acoustic holography :- Images formed by soundwaves can be recorded and repro- '
duced by hologaphy. This technique is used mainly to view the under water objects and internal organs
of our body three dimensionally. Coherent ultrasound wave is produced and sent into water towards the
object (object beam). The object beam reflected from the object (water object or internal organs of our
body) and the reference ultrasound wave are made to interfere with each other. This interference pattern
is recorded on photographic plate to produce hologram . Viewing through hologram, we obtain the three
dimensional information of the object or the organ.
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‘4.Holographic cinema :-
‘ Projection screen itself will be a large hologram which behaves like a

multiple elliptical mirror Real images can be projected on to the viewer in cinema hall from
series of hologams. ’ '

5. Hologaphy is used in spatial filtration, character recognition , long distance hologaphy
with microwaves, rainbow holograms, integral holograms, holographic optical elements etc. \

13.4. Solved problems :-

1. In an optical fibre the refractive index of core is 1.52 and that of cladding is 1.48.
Calcualte the critical angle related to the system ?
Solution

Sin C ='% :  n=152 ,n,=148

~sinc=148_ 0.974
1.52

2. In an optical fibre, the refractive index of the core is 1.52 arid that of cladding is 1.48
vhat is the maximum launching angle such that all the light gets totally reflected inside the fibre?

Solution ;-
sini . . .
—— =0, > sini =n,sinr,
sinr , . -
) n
sinC=-%.
n, ’
Butr=g9¢° _¢

= sinr =5in(90° - C) = cosC
cosC =1
n

But 5in2 C+cos?C=1

n?  sin?i
n, n,

= sini = (n,z-n§)

‘Butn, =1.5 and n,=1.48

Sini=,[(1.52* -1.48?) | _
=0.2828, . | e
i = 20° (approximately) ' -



| 2 B.Sc. PHYSCIS o 23LASERS,FIBEROPTICSANDHOLOGRAPHY

3. Consider a laser that emits a wavelength of ) =550 nm. If population inversion had not

been generated , what if the ratio of the population of the atoms in state E_ to that in the ground

state Ey?
Solution :-

N, E -E,
= exp
N, kT

Separation between energy levels
E, -E,=hv
_he
A |
_ (6.63x107*)(3x10%)
T (550x107°)(1.6x107?) N
=2.26 eV :
The mean energy of thermal agitation kT of an atom at room temperature (300K) is
KT=(8.62x107*)(300) |
=0.0259 eV
N

Sx - et 51.3x107%

N,

4. If a light ray is incident perpendicularly to one face of a trianglualr prism, it is totally
reflected internally at glass - air surface. If angle of incidence between normal at the slant surface

and incident ray ,0, = 45° what will be the angle of refraction of glass ?
Solution :-
Refractive index of air n, =1

Refractive index of glass n, =n

critical angle C = sin”™' (n/ni)= Siﬁ—l ( %1)

Since total internal reflection occurs ,8, <9, then
|
sin (%1)< 45°

= 1 < sin45°
n

1
sin45°
n=14"

=n>
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13.5. Summary :-

Laser is a device which produces intense, highly coherent and highly directional
monochromatic beam of light. The process of spontaneous emission, stimulated emission, population
inversion and pumping schemes are explained. Laser principles and lasing actions arc explained. Differ-
ent types of lasers are introduced. Applications and properties of lasers are briefed. '

Optical fibres are the wave guides for optical commuaication. Construction of optical fibres,
types of optical fibers and modes of transmission in optical ﬁbres are briefed. Principle of optical
communication through optical fibres are introduced.

Holography is a photographic technique which produces the three dimensional image of
the object by recording and reproduction of hologram. Construction of gabor hologram and
reconstruction of the image, its limitations are explained. Few applications of hologaphy are
explained. '

13.6. Keywords :- , o
' Lasers, Stimulated emission, Spontaneous emission , Population inversion,
Metastable state, Pumping optical resonator, Lasing levels, Lasing transitions, Radio active and
non radiative transitions, Line width, Coherence, Directionality, LIDAR, Laser welding, Laser
scalpels, Scanners, Compact disc, Optical fibres, Core, Cladding, Mode of propagation, Band
width, Single mode, Multim>de, Step index fibre, Graded index fibre, Signal distortion, Optical
amplifier, Repeater, Photo diode, Decoder, Time division multiplexing

13.7. Self assessment questions :-
13.7.1 Long Answer questions :-

1.- Explain theprinciple and working of Ruby laser ?

2.What is “Laser” ? Explain the population inversion and metastable state and thelr role
in laser action. :

3. What is pumping ? Explain various pumping techniques. Explain three level pumping
schemes ?

4. Explain the construction and working of He-Ne laser.

5. Explain the propagation of light rays and modes of propagation .
6.Explain the advantages of optical fibres in optical communication with a neat block diagram,

explain qualitatively th principles of fibre communication ?
7. Explain the principles and applications of holography. How is the Gabor hologram

prepared and reconstructed?.

13.7.2 Short Answer questibns :-

1. Distihgui sh between Spontaneous and Stimulated Emissions ?
2. Explain Einstein Coefficients .

3. Explain the important characteristics of a Laser .
N
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4. Explain the terms (a) Population Inversion and (b). Meta stable state ?
5. Mention various applications of Lasers .
6. What is a Laser and what is the principle of Laser ?
7. EXplain (a). Step index fibre ( b). Graded index fibre
8. What are modes of propagation? How are Optical fibres classified on the basns of
modes of propagation ?
9.Classify the optical fibres'on basis of materials used and their merits.
10. Compare holography and photography.
11.Explain how a hologram is prepared and viewed.
12.Explain the basic principles of holography.
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SPECTROMETER DESCRIPTION AND ADJUSTMENTS

- Aim: -To give spectrometer description and to explain the initial adjustments of the -
spectrometer before using it.
. Apparatus: - Spectrometer

Diagram of Spectrometer:

Description:
The spectrometer mainly consists of
a) Collimeter,
-v b) Telescope,
. €) Prism table and
E d) Circular scale and the vernier scale

o). Collimator:

: It consists of a convergent lens fitted to the inner end of a hallow tube, ﬁxed to the
' instmment. Another hallow tube which exactly fits into the fixed tube and can be moved
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in or out by working a Rock and pinion arrangement caries at its outer end a slit pf v
adjustable width. The axis of the collimator is set perpendicular to the axis_ of rotation of
the prism table. The collimator is fixed to the instrument and can not be rotated. The
collimator is used to obtain a parallel beam of light from a given source.

b) Telescope:

This is an astronomical telescope whole objective is fitted to the inner end of a hallow
tube. Exactly fitting into this tube there is another hallow tube which can be moved in or
out by working a rock and pinion arrangement. At the outer end the tube carries
Ramsden’s eye piece with cross wires. The cross wires consists generally of the fibers
from a spider’s web, fixed across the tube one 'vertically and another horizontally in front
of the eye piece. The axis of the telescope is set perpendicular to the axis of rotation of
prism table and can be clamped on any position by the screw S,. The angle of rotation
can be measured on a circular scale which is fixed to the telesco'pe,and moved along with
it. By means of the tangent screw the telescope after it i§ clamped can be turned thmugh
very small angles and thus fine ad]ustments can be made. The telescope is used to receive
the pamllel beam of light from the collimator.

¢) Prism table:

It is a small circular table provided with three leveling screws and is used for keeping the
prism on it. The prism table can be raised or lowered and clamped in any position by a
scmew By means of another screw it can be fixed to the vernier table and the two will
then turn together. The vernier is provided with a clamping screw and a tangent screw
for fine adjustment. The prism table can be rotated about a vertlcal axis passmg through
its centre.
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d) Circular scale and the vernier scale:
This is a circular metal plate attached to the telescope and rotates with it. Usually

graduated in to half degrees and the reading can be noted on two verniers which are fixed

diametrically opposite to each other.
Adjustments:

Before the instrument is used for measurement purpose the following adjustments are to
be made. .

1y

2)

3)

4)

Eye piece: The telescope is turned towards a which surface say a wall and the eye

piece is moved in or out until the cross wires are seen clearly.-

Telescope: The telescope is directed towards a distance object say a telegiaph post
or a tree and by working the pinion the telescope is adjusted until the image of
the object is formed in the plane of the cross wires with no parallax between the
image and the cross wires. Now the tc.;.lescope is ready to receive a parallel beam
of light.

Collimator: The slit of the collimator is illuminated with sodium light. The

‘telescope is brought in line with the collimator and the distance of the-slit from

the collimating lens is adjusted by rock and pinion until a clear maage of the slit
with well defined edges is formed in the plane of cross wires without any parallax
error and also the slit is adjusted to be vertical and narrow. B

Prism table: A spirit level is kept on the prism table parallel to the line joining
the two leveling screws. The two screws are adjusted until the air bubble of spirit
level come to the certre. The n the spirit l(j:_vel is turned on the table perpendicular
to this position and the third screw is adjusted until the air bubble comes to the
centre. Now the surface of the prism tube will be horizontal.

5) Before taking the readings, least can be measured of the circular scales which are

on either side of the table.

Least Count = Main scale division / No. of divisions on the vernier scale = S/N




Expeﬁmem No. 1
SPECTROMETER — I-D CURVE

Aim: To drdw a graph between the angle of incidence (i) and the deviation (d) produced
by a glass prism and hence to determine the angle of mlmmum deviation (D) and
refractive index of materxal of prism. v

Apparstus; Spectrometer, glass prism, monochromatic source of light (sodium vapour
lamp) magnifying lens, spirit level '

Formla:

| A+D

)

sin(
U=
sin(—;;)
where p = refractive index of material of prism
A =angle of prism
D =angle of minimum deviation
Procedire:

The preliminary adjustments of the spectrometer must be done.

Determinstion of angle of prism: The prism' is placed at the centre of prism table such
ihat both fcfraeting edges of prism are facing the collimator symmetrically as shown in
figure 1.1. Then the prism is fixed. The telescope is released and rotated to observe
reflected i image of the slit from one face say AB. The tangent screw of the telescope is
worked until the refracted image coincides with vertical cross wire. The readings of the
two verniers are noted, The telescope is rotated such that the reflected image of the slit
from second face AC is focused. Then the readings of both verniers are noted:- Then the
difference between the respective readings of vernier gives the value of 2A from which

the refracting angle can be determined.
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collimeter

telescope
telescope

Fig 1.1
To measure angle of deviation: The telescope and the collimator are putin a
straight line. The image of the slit is made to coincide with the vertical cross wire. The
reading of the spectrometer is noted. From the position the teleséope is rotated through
anangle © =180 -2i where ‘i ‘is the angle of deviation incidence for which the angle
of deviation has to be found. The value of * i’ sho;il‘d be started from . The prism is
mounted centrally on the table so that its ground sﬁrface is parallel to the axis of the
collimator. v _ o
The prism table is rotated until the reflected image of the slit from one of the
polished surfaces of the prism coincides with verScal cross wire. Then the prism table is
fixed. The telescope is released and rotated to observe the refracted image of the slit. The
refracted image of the slit is made to coincide with the vertical cross wire and the reading
~ of the spectrometer is noted. The direct reading of the telescope is noted by removing
prism. The difference between the two readings of spectm;neter gives the deviation ‘d’
corresponding to the angle of incidence’ i’. The experimerft is repeated by increasing the

values of ‘i’ by steps of and in each case the angle of deviation ‘d’ is obtained.
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"</coll'tmeter

7/

“deviated -

direct
Fig.1.2
Table: ‘
Angle of | 6=180-2i | Readings of Direct reading Angle of incidence
incidence spectrometer
‘ Vi Y T 25 S B T R VI | Mean

Xy Y, X2 Y- Xi~X2 | YI~Y;
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A graph is drawn between angel of incidence i on x -axis and angle of deviation
on y-axis. The graph is a curve. The value of minimum deviation is found from graph

and the refractive index of glass prism is calculated.

Figl.3

Precautions:

1. The optical adjustments must be dofie carefully before starting the expenment‘
2. The slit should be narrow as possible.
3. The prism must be set symmetrically on the prisni table.
4. The polished surface should not be touched. It should be handled at cdges

Result: The refractive index of a given prism material is = ~-e-eosicees,

Viva Questions and Answers:

1. What is a spectrometer
A. Spectrometer is an optical instrument used for studying the nature of llght given out by

different sources.
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2. What is meant by the angie of the prism?

A. The angle between the two refracting surfaces of the prism is called angle of prisrﬁ.
3. What is meant by angle of deviation? '

A. The angle between the ray emerging from and the ray mcxdent on lhe prism is called
angle of deviation.

4. Define refractive index. T
when a ray of light passes from one medium to other medium it is bent towards the
normal or away from it at the surface of separatxon of two media. The ratio of sane of
angle of incidence (i) in the first medium to the sine of the angle of lcfracnon (r) in the

second medium is called refractive index of second medium with respect to first.



Experiment No.2 o | .
~ SPETROMETER- DISPERSIVE POWER OF PRISM

Aim: To determine the dispersive pbwer of the material of the given prism using

spectrometer.

Apparatus: Spectrometer, Prism, Mercury vapour lamp, spirit level -

Formula: o=t2"# o o=£"F
u-1 g
where o = dispersive power of the material of the given prism

M, 14, = refractive indices of blue and red colours respectively

2
Procedure: The usual initial adjustments of the spectrometer are to be made. The

refracting angle of A of of the prism is found.

Then the prism is mounted on the prism table and the position of thie prism is
adjusted to observe the spectrum of the mercury vapour. Obsewing the blue line the
spectrum throﬁgh the telescope, the prisms adjusted for minimum déviation' position.
Working with the tangent screw of telescope the position of the prism is adjusted sd that
the blue line is just on point of retracing its path after coming to the point of intersection
of the cross wires. The readings of the telescope for the minimum deviation of rgd line
afe noted. The telescope is brought in line with the collimator and removing the prism .
The readings of direct image on the both verniers are noted. the respective differences

give the minimum deviations for blue and red colours. the refractive indices are found by
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A+ D, A+Dr

- sin(= )y . sin(———=)
A ='—.—124—— and Hy == 31 ;
. sm(E) ) sm(E)

The dispersive power of the material of .the prism for blue and red colours is found by the

relation &)=-/i"-——’ll’ '

p-1

. Observations
Least count (L.C) = S/N
Angle of Prism A: "

Spectrometer Readin T Difference in readings Angle A
Left T, Right T, 2A = T{~T;
V] Vz Vl Vz ! V| ~ V| ! Vz ~ Vz ! Mean
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Angle of minimum deviation
S.No. | Colour ' Spectrometer Readings Angle of Yoo o A*D
Spectral lines | Minimum | Direct minimum Tosin(———
Deviation(a) | Reading(b) deviation(a~b) | #= %
sm(i-)
| lons: o

1. The prism should be adjusted for each colour separately,
2. Readings should be taken without parallax error.
Resuld; Dispersive power of material of p}ism (Crownglass)is @ = .............




Experiment No. 3

DIFFRACTION GRATING - NORMAL INCIDENCE

Aim: To determine the wavelength of given source of light using plane transmission
grating in the normal incidence position. |
Apparatus: Spectrometer, plane transmission grating, magnifying lens, spirit level,
mercury vapour lamp | |
Formula:
sind
Nn
Where A= Wavelength of light
6 = Angle of diffraction

A=

N = Number of lines-per centimeter on the grating (1 5,000 /2.54)

n = Order of the spectrum
Description: A plane diffraction grating consists of a parallel sided glass plate with
equidistant fine parallel lines drawn very closély on it by means of a diamond point. The

number of lines drawn is usually 15000 lines per inch.

Procedure: The initial adjustments of the spectrometer are done. The least count of the
vernier of the spectrometer is found

Ieast Count = Value of one main scale division / total number of vernier scale divisions
a) Normal incid.ence: The slit of the spectrometer is illuminated with mercury vapour
lamp. The telescope is placed in line with axis of the collimator and the direct image of
the slit is observed. The slit is narrowed and the vertical cross wire is made to coincide
with the centre of the image of the slit. The reading of one of the verniers is noted. The
prism table is clamped firmly and the telescope is turned through and fixed in position.

The grating is held with the rulings vertical and mounted in its holder on the

prisms table such that plane of grating possess through the centre of table and the ruled
surface towards the collimator. The prism table is released and rotated until the image of
the slit is seen in the telescope by reftection on the ruled side of grating. The prism table

is fixed after adjusting thie point of intersection of the cross wires is on the image of the
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slit. Then the vernier table is released and rotated through exactly from this position so

that the ruled side of the grating faces the collimeter . The vernier table is fixed in this

position and the telescope is brought back to the direct readlng position. Now the light

from the colhmeter 1incidents normally on the grating.

Fig. 3.1

b)Measurement of wavelength:
The telescope is rotated so as to catch the first order diffracted lines on one side say on

left (see fig.3.2 )
[:jl collimeter
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With sodium light two lines very close to each other can be seen. They are called and
lines. The point of intersection of cross Wires is set on the line and its reading is noted on
both the verniers. Similarly the reading cor:espondiné to the line is noted. Then
telescope is turned to the other side i.e. right side and similarly the readings
corresponding to and lines of first order spectrum are noted. Half the difference in the
readings corresponds to any one of the line gives the angle of diffraction. The experiment
is repeated for 2nd order spectrum. The number of lines per centimeter of the granting .
(N) is noted and the wavelength of spectral line is found by the formula |

| ' sin@

Nn

A=

Observations:

Number of lines per centimeter (N)

Order of | Line | Reading of Spectrometer |4 sin@
Spectrum 20 " Nn
Vernier 1 Vernier 2
Left | Right | Left |Right | Vernier | Vernier | Mean
\ 1 2
First Dy
order
n=1 Dz
First D,
order
n=2 D,

Precautions: 1. Always grating should be held by the edges the ruled surface should
not be touched.

2. Light from the collimator should be uniformly incident on the entire surface of

grating.

Result: Mean value of for D) lines=......... cm -
D, lines= ......... cm
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Viva questions and answers:

1. What is meant by wave front?
A. When a wave passes through a medium the particles of the medium vibrate. The
continuous locus of all the particles v1brat1ng in the saime phase is called wave front
2. Are the spectra of different orders of the same intensity?
“A.No. The intensity is maximum in the zero order and decreases with the i Increase of
_ order of spectra. '
3. How many order of spectral linies are formed when a plane transmission grating is
Alt depends on the number of rulings on the grating,
4. What will happen if the width of clear space and ruled space is made equal?
A, ‘Even order of spectra 2,4,6... W1ll be absent.




Experiment No. 4

DIFFRACTION GRATING - RESOLVING POWER

Aim: To determine the resolving power of the given grating.

Apparatus: Spectrometer, Plane diffraction grating, Sodiui: vapour lamp, Magnifying .
lens, Spirit level, Rectangular slit of variable width and Traveling microscope.

Formula: :
The resolving power (R.P.) of grating is given by

theoretical, Resolving power = —'l—x cosd

di a
Experimental, Resolving power = Nn _
‘where: A= Mean wavelength of D and D, lines (yellow)

Atk g
2

di = difference in the wavelengths of two close lines D;and D= (4 ~4,)4°
0 = angle of diffraction

a = mean width of slit = 2 ;“2

where a; = width of the slit determined when the telescope is on left side of the direct
image :

W= width of slit determined when the telescope is o right side of the direct image
N= number of lines per centimeter on the grating (15000/2.543

n = order of the spectrum o - :

Theory: The resolving power of a grating is its ability to show or just'resblve as separate
and distinguishable images of two spectral lines whose wévelengths are close together. If
and are wavelengths of two spectral lines just resolved by the grating, then the‘rcsolving
power of grating is measured by where is mean wavelength of the two spectral lines
and is the difference between the wavelengths. If a the width of adjustable slit which
resolves the and lines of sodium light hen the width of the rating péssing through the slit
is for normal incidence, where is angle of diffraction. the resolving power for the entire

length 1of grating is given by :%-x Icosd

a
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AthlS is equal to Nn 1 where N is the number of lines of the grating per centimeter and N is

'the order of spectrum i.e. i lcosg = Nnl
di a

Procedure:

The preliminary adjustments to the spectrometer are to be done. Arrange the grating in
normal incidence position. Turn the telescope to left side of direct i image. First order
spectrum consisting of D;and D, lines appears. Turn the telescope to observe D; and D,
lines and adjust its position until the vertical cross wire coincides with D, and D, then fix
the telescope such that the slit is vertcial. First open the slit fully to see the first order

~ spectrum fully and clearly Now slowly reduce the width of the slit till the two lines j Just
merge into a single line. Note the readinss of vernier V1 and vernier V,. Remove the
width of slit using the micrometer attached to it Release the telescope and turn to right
side of direct image and follow the procedure that is done on left side. Measure the width
of slit a. The angle of diffraction 0 is measured. |
Repeat thé experiment for second order spectrum also. Find mean of and That gives
average or mean width of slit ‘a’. Find the length ! of the ruled surface with microscope.

note : 1. If sodium light is used then

' l] =5890 A4° , ),2= 5896 A4°
2. If mercury vapour lamp is used
M =5770 A°,2,=5790 A°

' adsustable slit
telescope Sy

fig.4
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To determine Angle of Diffraction 0

Order Colou | vemie Telescope Readings Diff. Mean Resolving power of grating
of the rof r - in angle of
spectru | the Lert Right N icr | diffractio | A Jcos@tN"
m line MS TV ] TR | MS |V | TR(R) | Reading | n —X l.|‘°°_ e
R c {amL |R |C |AamL }s20 o . | dA a |4
a ni|cC a n}C L~R . . cal :
Vi
V:
Vv
V2
Vi
V:
Vi
V.
To determine the width of adjustable slit using micrometer screw gauge
No.of head scale divisions =
. Distance moved on the pitch scale for n rotations
Pitch of the screw = P - =, /....mm
No. of rotations
made by head (n)
| Pitch of the srew
Least Count = — =,....mm
Total No. of head scale divisions
Zero error =...... divisions
Zero correction = ........ divisions
Order of Position of PSR Head Scale Reading width of the
spectrum telescope .. | ainmm Observed Corrected slit
n A+nLCin
mm
First Left . a,
Right . a
Second
Left ai
Right R
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Average width of slit of first order a = % mm

Average width of slit of second order a = L;al mm

Precautions:

1. While taking the observations the micrometer screw should be turned in one direction

to avoid back-lash error. o
. 2. The resolution of D, an dD5 lines should be carefully observed to avoid personal errors
“which occur due to visual judgmeént, - '

3. the width of slit should be narrow.

4. The two lines Dy and D, should merge exactly.

Calculations: ,
A= A+d A =
0= .

_/?._ « Icos@

dA a

Nnl. - Theoretical R.P.

—

Result:The theoretical and experimental values of resolving power of grating are
calculated and compared. ' '

Theoretical R.P.=

Experimental R.P.=

Viva questions and answers

1. What is resolving power of an optical instrument?
*A. The ability to resolve the images of fwo nearby point is termed as resolving power.
2. what is resolving power of grating? ’ ;
A. It is the ability to separate two spectral lines whose wavelengths are very close to each
other. . :
3. On what factors resolving power of grating depends?
a. It depends on i) order of spectrum (n) ii) total no. of lines (N) ruled on grating




Experiment: 5

DIFFRACTION GRATING - MINIMUM DEVIATION

Aim: To determine the wavelength of spectral using a plane diffraction grating by
measunng the angle of minimum deviation.

Apparatus: Plane diffraction grating, Spectrometer, Readmg lens, Spirit level
Sodium vapour lamp.

Forinula:
. D
2 )
sin( 5 )
Nn

A=

where A= Wavelength of light.
D= Angle of minimum deviation.
N= Number f lines per centimeter.

n = Order of the spectrum.

Procedure:

The preliminary adjustments of the spectrometer are done. The slit is illuminated
with sodium lamp. The grating is clamped to the prism table. The plane of the grating is
adjusted to be vertical and perpendicular to the axis of the collimator. |

The direct image of the slit is observed through telescope and by working the
tangent screw of the telescope. The point of intersection of the cross wires is set on fhe
image of the slit. The readings of the two verniers are noted. The telescope is moved to
the left to observe the diffracted image of the first order. The prism table is released and
itis rotated to the left .The first order image moves to the right reaches a limiting position
and then tries to retrace its path . The telescope is fixed in this liming position such that
the point of intersection of the cross wires is on the D;line. The readings on both the
verniers are noted.

_ The respective difference in the vernier readings gives the minimum
deviation for the Dyline. The same procedure is repeated for the order line D; on the right

hand side. The experiment is repeated for second order spectrum on both sides.
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b

é% sourse(sodium light)

Y

[j collimeter -

slit

prism table

telescope

Fig.5

Observations:
No,o of lines per centimeter on the o171 T —

Value of the main scale division (IMSD) § =

Number of divisions on vernier scale A —

Least count of spectrometer S\

Direct Reading of the image of the slit:

| Vernier Telescope Readings

MSR VC Total Reading
, (a) d=a+ VCxLC R
Vi ‘
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To measure angle of minimum deviation ‘d’ and A

spectral_ / Spectrometer Reading Angle of minimum average D= . D
line ' deviation Ri+Ry/2 _ 2sin(3)
Nn
Vefnier | Left Right di~dr= di~d3=
' (d2) (d) R R,
Dy Vi '
Vs
D, Vi
V,
Precautions:

N

1. After noting the readings on each side the direct reading is again checked to make sure
that it has not altered.

2. For remaining refer to experiment No.

Result' The wavelengths of sodium D, line =
D, line=

Viva questions and answers

1. What is a diffraction grating?

A) An arrangement consisting of a large number of parallel slits of equal w1dth and
separated from one another by equal opaque spaces is called diffraction gratmg

2. What is grating element?

A) The distance between the centres of two successive slits is called grating element Ifa
= Wldth of slit and b = Distance between two slits then (a+b) is known as
grating element. »

3. What are the requirements ofa good grating?

- :A) The lmes should be exactly uniform, equidistant, parallel and of equal width through.

the ruled space. .




Experiment No.6.
THICKNESS OF A WIRE -WEDGE METHOD

“Aim: To determine the tluckness or dlameter of a given wire by forming interference

fringes due to a wedge shaped air film.

Apparatus: Two optically plane glass plates of same size, wooden frame, a piece of
black paper, reading lens, traveling microscope, reflecting glass plate, wire of
small thickness and a retort stand.

Formula:

d= ?2—,5 cm
- where d = Thickness or diameter of the wire to be determined
A =Wavelength of light used (sodium) 5893 A°
I= Distance between the point of contact of the glass plates and the axis pf the
thin ‘wire ﬁxed between them

B = Fringe width of one fringe.

Description: The experimental arrangement is shown in the fig. 1. Take two optically

plane glass plates and clean them with a piece of cloth. Fix the wire whose thickness is to

be determined between the two glass plates in such a way that the two glass plates touch -

at one end and separated at the other end. A thin film of air or wedge (shaped film) will
be formed between the two glass plates The thickness of the air film or wedge gradually
increases from the point of contact of the two glass plates towards the ‘other end. Now
| place this set on the base of traveling micrdscope. Now the lower surface is covered with
a black paper. Light from a monochromatic source S (sodium) is allowed to incident
normally on the combination of glass plates after partxally reﬂected from a glass plate G
~ which is inclined at angle of with the horizontal. The rays réflected at the lower surface
of the upper plate and partly from the top surface of lower plate intérfere and produce

interference fringes. As these two rays are derived from the same incident ray and

27
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traveled over different paths. They are in a condition to produced interference fringes.

The locus of all the points having the same thickness of air film is a straight line for -
different thicknesses. Thus, alternate dark and bright parallel stralght lines will bei
observed, which can be viewed through a microscope held vertically above the centre of
fringe system. '

Procedure: The wedge shapéd illuminated by sodium vapour .Adjust the glass plate G,
until the inclination angle with the horizontal such that the light from the source S, after
the refection from G, incident normally on the air film . Focus the microscope vertically
above the fnnge system and adjust the cross wires so that the fringes are clearly observed
Move the microscope horizontal and adjust it's position. So that the cross wires
coincides with one of the fringes say first fringe near the point of contact. Note the main
Scale reading and vernier coincidence of that fringe. Let the total reading be

For our convenience treat the first fringe as the 0° th fringe. By counting the number of
fringes move the microscope so that vertical cross wire coincides with the 5th fringe.
Then, note the M.S.R and V.C. Let the total reading be R . Repeat the experiment and’
note down the observation for the 10%, 15" 20" 25" and 30™ fringes. \While taking the
readings the microscope should be moved aiways in one direction to avoid back-lash
error. Then tabulate the readings. The difference between the two readmgs Ro, Ry glves
the wxdth of 5 fringes. From this find the width of one fringe B known as fringe width.
The distance between the point of contact of the two glass plates and the wire ?. The
thickness d of the given wire can be calculated by substituting the values of A, L, and f in
equation of d. |

'Observatlons'

To determine the fringe width B using traveling mlcroscope
Value of one main Scale division S =

Number of divisions on the vernier N =

Least count of the vernier of microscope LC=S/N =

1
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S.No. | No. of Main Vemier b=nx LC | Total Width of

the Scale coincidence incm Reading 5 fringes
Fringe Rea.lding n _ atbincm | incm
a incm
i. 0 _ Ry Xi
2. 5 . R] X2
3. 10 R, X3
4. 15 , R3 X4
5. 20 Ry | xs
6. 25 R;s 1 Xs
7. 30 Rs X7
8. 35 Rs Xs ‘
9, 40 ) ' Rs X9
Total

Averae width of 5 fringes x = Total /9 = cm
Average width of one fringe = x/5 = cm

Precautions. :

1. The glass plate should be thin and optically plaue.

2. The glass plate should be cleaned with spirit and io be wiped with clean cloth.
3.The wire should be uniform and thin. It should be withént shrinks.

4. The vertical cross wire should be made to coincide,with"bﬂgh; gringe.

5.The travelling microscope should be moved only in ore direction to avoid back lash

-

error. ' : o

Results:

Thickness of given wire d = cm
Calculations:
Values: I =

A =5893x10%cm

B= cm

d= ﬂ ‘cm

2p

-r”
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Viva Questions and Answers: :
1. What is the principle of this experiment?
‘A). Interference phenomena.
2. Why the fringes are straight and parallel? - . X
A). As the thickness of film is constant only in a direction parallel to the thin edge of
the wedge straight and parallel fringes are obtained. ' ’ v
3.” Why the fringes are of equal thickness? :
A) Because, each fringe is the locus of the points where the thickness of the film is
~ constant. ‘
4 When the two glass plates are not perfectly plane, what is the nature of the fringes?
A) Fringes of unequal thickness will be formed. ’
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Experiment No.7.

NEWTON’S RINGS

Aim: To determine the wavelength of sodium light by forming newton’s rings.

Apparatus: convex lens f=100cm, two optically plane glass plates, microscopé,
condensing lens and a sodium vapour lamp

Formula:
D2 _DZ
=—"—"_cm
4R(m—-n)

‘where A = wavelength of sodium source 5893 A (to be find out)
Dm = Diameter of mth dark fringe
D, = Diameter of nth dafk fringe
R = Radius of curvature of the surface of the lens in contact with the glass plate

m, n are the numbers of the rings chosen

Description:

The convex lens is placed on the optically plane glass plate P which is on the plat
form of the traveling microscope. A black paper is placed under the glass plate. The
condensing lens c is placed at a distance equal to the focal length of the lens from the
sodium vapour lamp. Thekemergent parallel beam: of light is directed towards the glass
plate G kept directly above the centre of the lens and inclined at an ﬁngle of 45 to the
vertical. The beam of light is reﬂecfed on the lens L. As a result of interference between
the light reflected from the lower surface of the lens and the top surface of the glass plate
P, Newton’s rings with alternate bright and dark rings are formed having a black centre.
These rings can be focused by the microscope. It may héppen that the centre of the fringe
bsystem may be white. This is due to the dust particle between the lens and the thick glass
plate. In such a case the surface of the lens and the glass plate have to be cleaned.
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Procedure:

The microscope is focused at the centre of the ring system. The microscope is
moved so that the cross wires pass over dark rigs. Then microscope is moved back until
i vertical crosé wire is set at the middle of the 15th dark ring. the reading of the main
seale reading of micrbscope is noted, and vernier coincidence is also noted. From this
microscope reading is obtained. The microscope reading MSC + V.x LC where LC is the
least count of microscope. The microscope is set at the middle of t14th dark ring. The
teading of microscope is noted. Similarly the readings of the microscope with cross wire
set successively at the middle of etc 5th dark ring. The microscope corresponding to
5,6.7 ...15th dark ring on the other side of the centre are noted. From these observations
ihe dizmeters of 5,6...15 th dark rings can be found. The convex lens is removed and its
cadius of curvature R is determined by a spherometer. A graph is drawn between number
of dark rings on x-axis and square of diameter on y-axis. The graph is a straight line
passing through origin. From the graph the values of D,2 and Dy’ corresponding to mth
and nth rings are found. The values are substituted in the above formula and is

calculated. It is compared with the standard wavelength of light.
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v

O n m
no of fiinges ———

Observations: ) )
No. of divisions on micrometer screw

Pitch of the screw = distance moved by the micrometer screw/ number of rotations made

pitch of the screw

Least count = — - .
no. of divisions on micrometer screw

Microscope Reading = Main scale reading VC x LC cm

S.No. [ No.of | Microscope Readin Diameter | D* cm® D} -D?
dartring | Left Rb cmight | D=b-a cm “men
acm
2 _ 2
Average = P‘"—PL

m-n
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Radius of curvature of convex lens using spherometer:

. Distance moved by the screw
Pitch of screw = — = mm.
number of rotations made

R cm.
Least count = pitch of screw — = mm
total number of head scale divisions
' =e-ee---- CI
SNo. |P.S.R. Hed Scale Extrafraction Total
a mm Reading n b=nxLC mm |a+b mm
Reading on plane glass plate R
1.
2.
3. . .
Reading on plane glass plate Ry
1.
2.
3.
Height of convex lens h = R, — R, mm =----- mm

Radius of curvature of convex lens

2 .
R =—+—mm=----- cm
6h 2 »
where 1 = length between any two legs of spherometer in cm

h = Height of convex lens in cm

Precautions:

1. While taking the readings the micrometer screw should be moved only in one direction
to avoid back lash error |

2. The lens L and glass plate P should be perfectly clean

3. The slow motion tangent screw one should be used in taking observations.

4. The central spot should be dark.

Result: Wavelength of the sodium light = ...ccoceriiieinenns




IA(?HARYA NAGARJUNA UNIVERSITY 5 CENTRE FOR DISTANCE EDUCATIO?,

Viva questions:

1) What is interference of light? 4 ‘

A) When two light waves superimpose on each other then the resultant amplitude in'the
other region of supper position is diffefent than the eimplitude of individual waves.
This modification in intensity distributionis  known as interference.

2) Where the interference fringes formed? '

A) The fringes are formed in the air film enclosed between the lens and glass plate. -

3) Why Newton’s rings are circular?

A) Path difference of a llght ray along a circle is constant.

4) Are the rings equidistant? ‘

A) No, spacing between the rings decreases with increasing of order

5) Why do use sodium light?

A) In order to obtain the fringe pattern as alternate dark and bright fringes;

monochromatic light should be used.




Experiment No. 8
THICKNESS OF A THIN WIRE USING OPTICAL BENCH

Aim: To determine the thickness of a thin wire using optical bench

Apparatus: Optical bench with uprights, thin wire, sodium vapour lamp, spirit level and

. micrometer eye piece
Formula:
MD,-D) cm
(xz =X )

\ where t = thickness of thin wire
A = wavelength of sodium light (5893 A)
X; = Average fringe width when the distance between the eyepiece and the wire -
isat Dy ‘
X2 = Average fringe width when the distance between the eyepiece and the wire
isat D,
| Description:

The experiment al arrangement consists of an optical bench with uprights as shown
in fig. S is a narrow vertical slit which is mounted vertically on one of the upright at one
end of the opﬁcd bench. In order to illuminate th€ slit sodium vapour lamp‘is,':‘glaced
before it. The thin wire should be fixed in a rectangular metal frame by soldersog ii§ ends
ad this frame is placed on another upright at a distance say 15 cm from the slit. The /;'.ili_t

"and the metal frame can be rotated in their own placés about a horizontal axis with the
help of tangential screws provided on the holders of the upright. The micrometer
eyepiece is mounted on the third upright which is placed at the other end of the optical
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bench.
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M
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0 _.,Jé_oJ:,Qw_zgg_w.{bﬁ

]
Fig 8.1

Theory: S is a narrow vertical slit and AB is a thin wire, XY is a.screen placed behind
the wire, The slit, the wire and the screen are arranged such that they are parallel to each
other as well as perpendicular to plane of paper. When the slit s is illuminated by
monochromatic light then the cylindrical wave front ww emanating from § strikes the
wire AB and get diffracted at the edges A and B a\. The diffraction pattern can be
observed on screen XY. Consider a point P on the screen such that OP is perpendicular
to screen AB represents the region of geometrical shadow of the wire AB., So above a
and below B the screen is illuminated. -
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S = Slit

~ AB = Thin wire

wwl = Cylindrical wave front

‘ Al B! = Geometrical shadow region
XY = Screen

" Procedure:
a) To obtain sharp and distinct fringes

1. Level the optical bench so that it is perfectly horizontal by means of the levelihg‘
screws and spirit level. ’

" 2. Place the slit on one of the uprights at one end of optical bench. The slit is
illuminated with sodium lamp. The. width of the slit should be reduced and fhe slit is
rotated in its own plane about an axis parallel to the axis of the bench with the help ofa
tangent screw until slit becomes vertical.

3. Mount the metal frame carrying the thin wire on the second upright and keep it at a
distance of about 15 cm from the slit. Adjust the height of the slit and metal frame so that
they are at same height and perpendicular to the length-of the bench. By means of
tangentv screw adjust the position of the metal frame so thét it is vertical and parallel to
the slit. o '
"4, Now mount the micrometer eyepiece on the third upright and keep it at a distance of
40 cm from the wire at the same height as that of the slit and the wire. Focus the eye
piece on the cross wire and move the eyepiece on the eye piece on the cross wires and
move the eyepieces in and out until the cross wires are clearly seen. Make one of the
Cross wires vertlcal by rotating the eyepiece. Loeking through it adjust its distance from
the wire until well defined equally spaced bright and dark interference fringes are formed
in the foal plane of eyepiece.
b) 1) to determine the fringe width when the eyepiece is placed at a dxstance bl from
wire.
Find the least count of micrometer screw. Place the eyepiece at a convement distance

from the wire. viewing through the eye piece the interference fringes thus formed in the
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geometrical shadow of the wire, move the micrometer screw one side-(say left side) of

the interference pattém such that point of intersection of the cross wires coincide with
centre of one of the bright fringes say first fringe (near theg)ém:mé 1cﬁ of ﬁiﬁge"system).
Adjust the position of micrometer screw so that the vertical cross wxreexactly coincides
with the centre of bright fringe. Note the pitch scale readmg and head lééale reading of
that fringe. Let the total reading be R, For convenience treat kthatvﬁ\i‘st bright fringe as
- Oth fringe. By counting the number of bright fringés,’ move the micfometer screw
towards the right side and adjust the micrometer screw so-that the vertical cross wire
coincides with the 5th bright fringe. Then note the PSR and HSR. Let the reading be R,.
‘Repeat the experiment and note the readings for 10, 15, 20, 25 bright fringe. Tabulate the
readings. the difference between two reading Ry and R; _giVés‘ width of 5 fringes. From
I.hfs find the width of one fringe (x,). \ o L |
2)' To determine the fringe width x; when the eyepiece is place at dxstance d2 from the

Place the eyepiece at a distance (>) from the slit.. Find theﬂ‘lnge width , by following
- same procedure as above. R
) _Obseﬁaﬁons: o

Number of divisions on head scale =

Distance moved on the pitch scale for n rotations. _ mm

no. of rotations made by head e

SgiTn L ae

Pitch of the screw
number of head scale divisions

..Leastcount. = =mm -

J

To determine the fringe width x;:

Distance between wire and eye piece, D; = cm
Zergerror=........ divisions
Zero correction=...... divisions
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SNo. | No.ofthe | Micrometer Readings total | widthof 5
bright fringe " .~ | readings | fringes
Pitch Scale | Head Scale Readings | atnXx LC | x mm
‘Reading Observed Correctedn | mm |

ain mm :

1.

2.

3.

4.

5.

Average width of 5 fringes x =

Average fringe width x; = x/5= mm = cm

To determine the fringe width x; :

Distance between the wire and eye piece, Dz = ....cm

S.No. | No.of the Micrometer Readings total width of 5

bright fringe readings | fringes
Pitch Scale  Head Scale Readings atnxLC | x mm
Reading _ - mm
ain mm Observed Corrected n
IRE -

2.

3.

4.

5.

Average width of 5 fringes X =

Average fringe width x; =x/5= mm = cm

Result: :

* Thickness of thin wire t =.... cm
Precautions:

1. The optical bench should be made perfectly horizontal using leveling screws.

5. The slit should be vertical and narrow.
3. All the upright should be mounted at the same height.
4
_lash error.
5. Lateral shift shouid be avoided.

The micrometer screw should always be moved in only one direction to avoid back
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Viva Questions& Answers
1. When the film is 1llum1nated with white light, Wthh type of fringes are formed?

A: Coloured fringes are appearing near the edge of the wedge

2. When the two glass plates are not perfectly plane, what is the nature of the fringes? -
| A: anges of unequal thickness will be formed.

3. What is the principle of this experiment?

A: Interference phenomena.




Experilhent No.9 " |
STUDY OF OPTICL ROTATION - POLARIMETR

Aim: To determine the specific rotation of an optically active substance say sugar using
Laurents sacchrrimeter. _ ' .

, Apparafus: Laurents saccharimeter, sodium iamp,'cane sugar, distilled water, balance
Formula: |

S = 192
l
where S = Specific rotation of the optically active substance
C = concentration

1 = length of the tube in centimeters

Descriptions:

The essential parts of Laurents saccharimeter ate represented in Flg Light from a
source S is rendered parallel by means of a convex lens L. The emergeht parallel beam
passes through the polarizing nicol P.N. and then illuminates the half shade H.S The

‘emergent beam is viewed through an analyzing nicol AN. and a long tube with glass
ends.

The analyzing nicol and the telescope are fixed in a tube capable of rotating on its axis.
The position of the analyzing nicol may be observed by means of verniers attached to it
moving on a fixed cucular scale. After emergence due to the acquired phase difference
x, they recombine to give planc polarized light with its plane of vibration OQ so that QP
and OQ are equally inclined to the principal plane AB of the quartz plate. The rays
transmitted through the right half are characterized by thelr vibrations along OP aud the
rays transmitted through the left half are characterized by their vibrations along O,Q both
being equally incident to AB Of these vibrations the analyzmg nicol transnits on]y':
v1brat10ns parallel to its principal plane. the two halve Wlll be equally bnght Qr equally' )
dim when the principal plane of the analyzing mcol is elther parallel or perpendlcular to
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AB. In any other position of the analyzing nicol one half appears much brighter
compared to the other.

anlising nicol(AN)
convex lens HS “— 1— - : /\
: = | &~ O
sourse : ,
! i
" polarising nicol(PN)
~ Fig9.1
A
Q )
]
A
|
B
Fig.9.2 ‘
Principle:

The half shade consists of two semicircular placed side by side plates- one of them ,’
being a quartz plate cut with its optic axes parailel to the refracting surfaces and the other
a glass plate of such thickness has to absorb the same-amount of light as absorbed by the -
quartz plate. The quartz plate is a half wave plate which introduces a phase difference
between the ordinary and extraordinary rays. The polarizing nicol transmits only extra
ordinary ray with vibrations parallel to its principal plane. Sﬁppose the plane of vibration
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of the light incident on the half shade is OP which is also the pr1nc1pa1 plane of the
polarizing nicol. The plane of vibration of the incident light continues to the OP after
passing through glass. But the plane polarized light mmdent on the quartz plate will be
split up into components polarized in two mutually perpendicular directions. They travel

in the same directions but with different velocities.

Procedure: The tube 1 is filled completely with distilled water leaving no air bubbles
inside and it’s introduced in the polarimeter between the half shade and he analyzing
nicol. The analyzing nicol is rotated till the two halves appear equally dim. The vernier
reading is taken. The position of analyzing nicol is disturbed and the point of equal
. dimness is obtained from the other side. The mean vernier reading is calculated. A
weighted amount of sugar say 10 gms is dissolved in 100 cc of distilled water and the
solution is filtered. The tube is taken out, empted, rinsed with sugar solution, and filled
with the solution in place of water leaving no air bubbles inside. Th tube is replaced in
the polarimeter and the analyzer is rotated to get the position of equal dimness. the
vernier readings gives the angle of rotation 6 of the plane of polarization produced by “he
solution. If M gms of the solute is dissolved in V cc of the solvent then the
concentrations C = (M/V) gms/cc. Specific rotation S of the optically active substance is
calculated. ‘

From the formula

where 1 is the length of tube in centimeters. The experiment is repeated for the
’ concentratiohs C/2, C/4. and C/8 and the corresponding angles of rotation are obtaine& in
each case A solution of concentrations C/2 is obtained by adding equal volumes of
distilled water and the solution first prepared. In the same manner other concentrations
are prepared. A graph is drawn between the angle of rotation and the cbnéentration and it

will be straight line.
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Observaticas:

1 =length of the tube = cm

Mean reading of the vernier with distilled water

Concentration(C) | Position of the angle of rotation _ 100 -
analyzer with solution 6,-6, §= ol
b,
Precautions:

I. the end pieces of the tube must be screwed tightly.
2. The end pieces of the tube must be free from dust and grease.

3. Air bubbles must be avoided in the tube.

Results:

The specific rotation of an optically active substance is.....

Viva Question & Answers:

1. What is polarimeter?

A: It is an instrument used for measuring the angle through which the plane of
Polarization of a plane polarized light is rotated by optically active substances.

2. What is a saccharimeter?

“A: A polarimeter used exclusively to determine the quantity of sugar in a solution or the
percentage of sugar in a solution or in sugar analysis is called a saccharimeter.

3. On what factors does specific rotation depend?

A: i) The nature of the solvent and solute.

ii) The temperature of the solution.

iit) The wavelength of light




Experiment No.10.
" DIAMETER OF LYCOPODIUM PARTICLES
Aim: To determine the diameter of lycopodium particles forming diffraction fringes.

Apparatus: Optical bench with two uprights, a metal plate with a sxﬁall hole (0.25 mm
or 0.5 mm) in dmmeter at its centre, lycopbdium powder, spirit level, glass plate, sodium
vapour lamp and traveling microscope. ”

Formula:

_1.224D
r

d

where d = diameter of the lycopodium particle
A = wavelength of light used.
D= distance of the glass plate from the central hole of the metal plate
r = radius of the ring (dark or bright) or
distance of the pin hole from the central hole of the metal plate.

ﬁe’uﬁpﬁon:
The metal plate is mounted on the upright of the opﬁcal bench and the central is
illuminated with sodium vapour lamp.
The glass plate is dusted with lycopodium powder. The dusted plate is also- mounted
on one upright of the optical bench when viewed through the glass plate at the hole a
series of circular fringes of yellow can be observed.

Procedure:
The distance of the glass plate from the metal plate is adjusted such that the first
ring of diffraction pattern coincides with the first set of the pin holes. Let the distance of

the glass plate from the metal plate be D. Let the distance of thé. first set of pin hbles
from the central hole be r. ‘
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The angle of diffractior_x of the first ring of the diffraction pattern due to the

particle of the lycopodlum powder is glven by 0—5. If ,—d is_ the diameter of the

lycopodium particle _1.2d

from which dlameter of lycopodium powder can be found

The distance of the glass plate is again altered so that the first dark ring falls on
the second set of equidistant holes form the central hole. the experiment is repeat_e;d with:
.other sets of equidistant pin holes. In each case the value of r/D is .

Found and d can be calculated.
SODium
LAMP :
- GLASS PLATE WiTH
[ f h—METAL PLATE THIN LAYER OF. .
M. o chopomum POWDER
T e . .- - — ) ¢ . . .
EYE
MAINS' n—-ﬁ “' — - 8
v

fig. 10
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Observations:

Wave length of sodium light 41=5893 4°

S.NO D r de 1.22AD
r

Precautions:

1. The central hole of the metal plate and the eye should be at the same level.
2. The glass plate should be parallel to the metal plate.

Result:
The mean diameter of lycopodium powder is = ==----=- cm

Viva question & Answers:

1. How does the intenfsity vary with the order of the ring?

A: The intensity decreases as the order of the ring increases.

2. Why pin holes are provided on the mental plate.

A: To have the same distance from the center of the central hole of the metal plate.
3. Why darks rings are preferred, while taking 6bservations?

A:they are distinctly visible against the back ground of the metal plate.




Experiment No. 11.

HEATING EFFICIENCY OF AN ELETRICAL KETTLE
WITH VARYING VOLTAGE

Aim: To determine the heating efficiency of an electrical kettle with varying voltage.

Apparatus: Electrical kettle, A.C. Voltmeter, Rheostat, A.C. Ammeter, Plug key,
Connecting wires, Step down transformer and stop watch. '

Formulae:
(@m0 100
Efficiency of the kettle =  Eit

where ‘w = water equivalent of the Kettle =
m, = mass of the kettle
s, = specific heat of the material of the kettle

m = mass of water taken in the Kettle -
m, = mass of the kettle + water

s = specific heat of water

6 =ride in temperature of water in t seconds -
6, = initial temperature of water

0, = final temperature of water

E = potential difference between the ends of conductor
i = current passing through the coil for t seconds
t = time of flow of current.

Description:

The apparatus consists of a step down transformer the primary of which is

connected to AC mains. The secondary of the transformer is connected to rheostat by

means of which the potential difference between the ends coil of the kettle can be varied.

The kettle comprised a heating element of suitable resistance and a thermometer is
inserted in the kettle to measure two temperature of water. An AC voltmeter and AC

ammeter are connected to the kettle to measure the potential difference and current.
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l;i'ocedure:
The experimental arrangement is as shown in figure. take an empty ketile and
clean it well. ‘Determine the mass of the kettle using a rough balance. Take water in the
kettle until the resistance coil is completely immersed in it. Find the mass of water and
kettle. Note the initial temperature C of water using thermometer. Now switch on the
~ current supply and simultaneously start a stop watch. the temperatue of ‘water slowly
rises. Adjust the rheostat so that the voltmeter reads 150 volts. Note the current i passing
through the coil.:After a few mmutes Say Sminutes. Switch off the current and note the
final temperature C of water. Now remove the water from- the kettle and again first with.
fresh water. Repeat the experiment for various known voltages 180v, 200v and for each.
voltage ot the con‘espondmg current, The éfﬁciency of the Kettle can be estimated for
each voltage and the results are to be tabulated. ‘
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Observations:
S.No Voltage applied to the kettle E Efficiency of kettle |
in volts " (w+ms o
‘ ( . )6 x100
Eit
Precautions:

1. The temperature of water should be noted carefully.
2. Current should be passed through the kettle on]y after the kettle 1s properly immersed
in water.

\

Result: Heatixig efficiency of electrical kettle
Viva questions and answers:

1. What is water equivalent?

- A. The water equivalent of a body is defined as the amount of water that has the same
thermal capacity as that of the body. It is expressed in grams. :
2. Distinguish between heat and temperature? o v
A. Heat is a form of energy where as the temperature is a measure of the, degree of -
hotness of body.

Viva questions and answers:

1. What is water equivalent?

A. The water eqmvalent of a body is defined as the amount of water that has the: ‘samo-
thermal capacxty as that of the body. It is expressed in grams. S

2. Distinguish between heat and temperature? _

A. Heat is a form of energy where as the temperature is a meastre-of the degree of -
hotness of body. " ' ' i




Experiment No. 12

REFRCTIVE INDEX OF A LIQUID USING
PULFRICH REFRACTOMETER

Aim: To determine the refractive index of a liquid by pulfrich refractometer.

Apparatus: Pulfrinch refractometer, Liquid, meter scale

Formula:
JHL = ,/ ,uo —sinZi
where LM, = the refractive index of liquid
(Mg = the refractive index of glass
i= angle of refraction at the boundary surface
F
ol
a
Fig.12
Description:

A metal sheet of dimension 20 cm X 4 cm is fixed perpendicularly to a wooden
piece. AB of dimensions 30 cm x 3 cm. Two decolumn sheets M and N of sizes 10 cm
and 4 cm and 5 cm x 2 cm are taken and cross shaped hole of size 1.5 em X 0.4 cm is
made on the sheet N. This is kept on the sheet M and passed with araldite and it is kept
on AB. The given liquid is placed in the cross shaped space and a glass block is kept on
it. A black paper is fastened to the upper surface of the block and sodlum light is made to
falt on it. If the cross is obscrved through a slit BC of size 2cm X lem appears faint.

The refractive index of the glass block is determined ( ) by real and apparent

method by using a micro.cope. If R,
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 is the cross reading on the paper kept on the horizontal board R, is the paper on the glass
block. Then |
R,-R

R Rl = Real distance / Apparent distance
)

If the sheet BC is kept at far convenient distance irom the block and if the cross is

aHg =

observed at a certain position the cross will not appear and the face glows like silver. If
the MN sheet system is moved towards EC at a certain position half of the cross is then

the remaining half glows like silver. at this position the point m on BC is noted with a

penbd=x,bm=a,dn= y+a are measured. the refractive index of the liquid can be

determined from the relation given in the theory by measuring ‘Sin i’ from the following

relation
)
oy

sini =

Reading R,

The experiment is repeated by changing the heights of the aperture of the slit and every
time the values Sin i are noted . The average reading is calculated and values ar® -

tabulated.

Precautions:

1. Care should be taken to see that there are no air bubbles in the cross.
2. The position of cross should be carefully observed.

Observations:

1.Reading R, =

2.Reading R, =

3.Reading R,=
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cm

5 - + ne Yom Sini — 2 .2,
No| xem [(y+a) [(+ng)k x* -y A”L=J(:pL)2-s1n21

Result: The refractive index of the material =

Viva questions:

1. Define Refractive index of a material. ,

A. Refractive index is the ratio of velocities in air with respect to the material.




- Experiment No. 13

REFRACTIVE INDEX OF THE MATERIAL OF A LENS AND OF A
LIQUID - BOYS METHOD

" Aim: To determine the refractive index‘ of the material of a convex lens and that of a
liquid. '

Apparatus: Convex lens, needle, mercury, watch glass, retort stand

Formula: _ , ;
__,’.l_._‘r_ pmn pin. - pin
d
4
lens
Fig.13

d, = distance of the pin from the top surface of the convex lens
d, = distance of the pin from plane miror =~
d, = distance of the pin from top surface of convex lens kept on water
d, = distance of the pin from top-surface of the convex lens floating in mercury
t= d; ~d, =thickness of convex lens
| Ji=d,+(t/2) Focal length of combination (convex lens and water lens)
F= d, + (t/2) = focal length of liquid lens

fi= focal length of liquid lets.
F-f

Radius of curvature of convex lens R= }ﬂi +%
1™ H

where 4 =d, +12
Refractive index of material of convex lens

;t,—1+i
2/

Refractive index of material of liquid (water)

Hy=1+—

Lo,

- Ko T W
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. Procedure:

1. To determine ‘P of a convex lens.

The given convex lens is placed on a plane mirror which is placed on a table. A 4neédle is

clamped horizontally to a retort stand and the position of the needle is adjusted so that it

is above the lens. Looking down from the needle the reflected image of the needle is

observed through the lens and the height of the needle is adjusted such that the time of

the needle and its reflected image coincide without any parallax where the eye is moved

side ways. The distances of the needle from the top and bottom of the lens are measured. .

The average' of the two gives the focal length f, of the convex lens.
2. To determine radii of curvature of the two surfaces of convex lens.
The lens is floated in a dish of mercury. the needle is held horizontally with the clamp of
retort stand is kept such that its tip is vertically above the centre of the lens. Looking
down from the top of the needle the-height of the needle is adjusted such that its time
coincides with reflected image in mercury. With out any paralléx error, the distance
between the tip of the needle and lens is noted. To this distance half the thickness of the
lens is added. | | |
Let it be u the radius of curvature of surface of lens in contact with mercury is calculate
by formula |

R Lt

= e e —

fi—u 2
3. To calculate the refractive index of the material of the lens:

Knowirig f,, r; and r; of the lens its u is calculated by the formula
—i+—IS— where f; = d, +1/2
/'tl 2 f; 1 1
4.To determine the focal length of liquid lens and hence the refractive index of the liquid
(water ):

Few drops as the given liquid are placed on plane mirror and the convex lens is
placed above the liquid drops such that its surface is in contact with the liquid. the height

of the needle is again adjusted such that there is no parallax error between the tip of
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‘needle and the reflected image of needle when seen vertically down from the top. of
needle. The distances of the needle from top to bottom surfaces of the lens are measure.
"The average of two readings gives the combined focal length (F) of the convex lens and

20f plano concave liquid lens

F=d, +(t2); f, =§_f'7

value of 2 will be negative since the liquid lens is plano concave. If Hy vis refractive

index of liquid then

) =1+£

/>

Precautions:

1. The needle is properly illuminated so that image is bright.

2. Mercury should be pure.

Result:

Refractive index of material of convex lens g4 =

Refractive index of material of liquid (water) u,=

Viva questions and answers:

1. What is meant by reflection? . ' o

A: When a beam of light is incident on a plane surface separating two media, a part of the
incident light is returned to the first medium ,This phenomenon is called reflection.

2. Define a mirror? ' "

A: It is a fine polished surface which reflects most of light (above 85%) that is incident
on it. ‘

3. What is meant by parallax? : _

A: The apparent separation of the object on moving the eye is called parallax.

4. What is spherical lens? S S

A: A piece of transparent material bounded by two.spherical surfaces is called a spherical

lens. :
e




- EXPT No:14 ' g

RESOLVING POWER OF TELESCOPE
Aim: To determine the resolving power of telescope

Apparatus: .
A telescope wire, guage with fine uniform mesh, sodium vepour lamp, traveling
microscope tape (or)a long thread, a rectangular slit of adjustable width attachedto a

micro meter, screw and reading lens.

Formulae: The resolving power ofa telescope is given by
1.224

Theoretical resolving power =

d

Experimental resolving power ='—5
Where A = Wave length of sodlum light
a= Width of rectangular slit .when the two pomt objects are just resolved.
d = Average distance between any two adjustment wires of the mesh.
D =Distance between wire gauge and the objective of the telescope.

\

Procedure:
To deter mine the width of the slit:

Mount" the wire gauge vertically on a retort stand at a suitable and height
place in front of a sodium light .Average the telescope at a distanee from the wire gauge
,Adjust the posmon of the eye piece by moving it .In(or)out until the cross wire gauge
clearly visible. Now illuminate the wire gauge with sodium light focus the telescope on
the wire gauge. Do that the vertical and horizontal wires of the mesh are distinctly seen
in the plane of the cross wires. Find the least count of the micrometer screw. Mount the
adjustable slit fixed to the micrometer screw on the objective of the telescope. Adjust the
position of micrometer screw .S0 that slit is vertical and parallel to the vertical wires of
the mesh .Now open the slit and observe the horizontal , vertical wires of the mesh. Then
gradualIy reduce the width of the slit by turning the micrometér' screw until the cross

wires of the mesh .Just disappears on only horizontal wires are seen .Note the pitch scale
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reading, head scale coincidence and find the total reading .Which gives the width.of the
slit .Repeat the experiment by i mcreasmg the distance “D” between the wire gauge and
objective of a telescope in steps of 50cm ie. at lSOcm 200cm and 250cm and in each
case not corresponding width of a silt.

- To determine the distance‘d’ between the two adjacent wu'es of the mesh:

Remove the wire gauze and place it on traveling microscope. Find the least count
of traveling microscope. Adjust the position of eye piece by moving it in (or) out unite
the cross wires are clearly visible. Then focus the microscope on the mesh and observe

~ the horizontal and vertical wires of the mesh. The point of intersection of the cross-wire

. is tangential to the center of vertical wire say first wire. Then after lightening the free
motion screw with the help of tangentlal screw adjust the microscope such that vertical
cross wire is tangential to leff of the mesh. Note M.S.R and V.C. Find the reading R, for -
the vertical wire of the convenience treat the first wire as 0™ wire. Now by containing -
the number of vertical wire move the microscope to wards the right side and adjust the

f—" > —

'! ‘ . N_‘de (Quaze |

el wivh i :
- . - . v
. Aﬂ‘50$hble, . N * ; \’
el T80 SeRium
- d .
Fig.

microscope so that the vertlcal cross-wire tangential to the left edge of the 5"' wire.
- Again note M.S.R. and V. C find total reading R). Repeat the experiment. Note
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observations for10" 15% 20", 25™ and 30™ vertical wires tabulate the observations in
table. The difference between Ro and R; gives the distance between five interspaces of
" mesh. Find average width of the 5 inter spaces. The theoretical and experimental values

" of resolving power of telescope can be calculated using formula.

Precautions:

1. The adjustable slit and wire gauze should be kept at the same height in the vertical
position
2. The distance between wire gauze and Ob]CCtIVC of the telescope should be
measured
rope (or) long thread.
3. The plane of adjustable slit'should be parallel to the vert1ca1 wires of the mesh.
4. While taking observations, the microscope should always be moved in one direction ‘

to avoid back-lash-error.

Observations:
1. To determine the width of the slit: micrometer screw gauge:

Number of divisions on the head scale =

Distance moved on the scale for n rotations
No of rotations made by head scale

Pitch of the screw =

Least count (L.C) = pitch of the scr.e\.zv- mm
No of head scale divisions
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S.No Distance | Micro meter screw reading Width | Resolving power of the |
between | ofthe | telescope
| Wire and | p.s.r | Head scale coincidence | slit 1.224 | 4 Differ !
objective | x i red calculated a | D
of the mm
theor. | observ.
telescope ;

2. To determine the distance ‘d’ between two adjacent wires of mesh:- traveling
microscope.

value of one division on main scale
Total no of divisions on vernier

Least count=

S.No [ Noof | Horizonts scale reading on the microscope when v | Width of the 5 |
the cross wires to left edge of verticle wire I'inter spaces
vertical m.s.r v.c tr x +(nxL.C) i cm
wire cm n’ cm

1 0 Ro Xo

2 5 R, Xy

3 10 ‘ R; X5

4 |15 R; T Xs

5 20 R4 X4

6 |25 Rs Xs
7 30 R¢ As
. -
- average with 5 interspaces x = cm

Average distance between two adjacent wires d= §~=
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Calculations:

Wavelength of the sodium light 4= 5893x107cm

i|.When D=100cm, a=
2. When D= 150cm,

‘3. When D =200 cm

4. When D =250 cm

Result:

a=

a'—'."

'a='

d=

cm
- 1224
cm,
a .
1.224
cm, =
a
1224 _
cm, =
2 a
: 1.224
cm, =
a

ols  oln

] T N

The theoretical and experimental values of the resolving power of telescope are
calculated and compared. They are found to be equal.

Viva questions and answers

1. Define resolving power of on instrument? - A

A. The ability of an optical instrument to just resolve the images of two near by objects is
called its resolving power.

2. What is resolving power of normal eye?

A. Iminute.

3. When will be resolvirig power of telescope be higher?

" A.The telescope large diameter of objective has a higher resolving power. How ever with

the increase in diameter of the objective the effect of spherical aberration becomes

apprediable. »

A




EXPT.NO:15 ’-
BIPRISM

Aim: To determine the wavelength of a given monochromatic light (sodium ) by

forming interference fringes using Fresnel’s Biprism.

Apparatus: ‘
Fresnel’s Biprism, optical bench with four up rights, convex lens of short focal
length (15 to 20 cm) sodium vapour lamp, low power micrometer. Eye piece, variable

 slit, spirit level and reading lens.

Formula:

d(ﬁ2_ﬂl)

A==z 12

~(D,-D)
A = wave length of monochromatic light to be,de,termiixed.
d = distance between two coherent sources
= dd,
d, = distance between two magnified images of the coherént-sources .
d, = distance between the tWo diminished images of the coherent sources.
B, = fringe width when the distance between the slit and eye piece is

B, = fringe width when the distance between the slit and eye piece is

Procedure:

The following preliminary adjustments are to be made in order to obtain well screws
defined interference fringes.
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" LENS MICROMETER

30DIUM SuT BIPRISM
oLD HOLDER EYE-PIECE

LAMP H L ER

m .

i:%
EYE
Lo AL
MAINS [ ] 4
(zzov) ™ N

figl5.1

1. Priliminary adjustment to obtain interference fringes:

1. Level the optical bench so that it is perfectly horizontal by means of leveling screws
and spirit level. . _ '

2 Place the slit of variable width on one of the up right at one end of the optical bench.
Tlluminate the slit with sodium vapour lamp. Reduce the width of the slit and rotate it in
its own place, about an axis parallel to the axis of the bench with the help of a tangent
scréw until the slit becomes vertical.

3 Mount the Biprism on the second up right and keep it at a distance of about 10 cm fromt.
the slit w. Adjust the height of the sli_f and biprism so that their centers lie in a'horizontal
line parallel to the length of bench. Observe the slit through biprism with a naked eye.
Then two virtual sources of slit will appear.

4. Now mount micrometer eye piece on third up right and keep it at a distance of 30 cm
from the biprism at the same height as that of the slit and the biprism. Focus the eye piece
on the cross-wires and move the eye piece in out until the cross wires of clearly seen.

Make one of the cross wire vertical by rotating the eye piece. Looking through the eye
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piece rotate the biprisrn slowly with the tangent screw unit closely spaced alternately dark
and bfight interference fringes of (bands) are obtained. '

(2)To determine fringe width B, when eye piecé is placed at a distance D, from the
slit: -

Find the least count of the micrometer scre;v.‘ Place the eye piece at a convenient
distance D, from slit. Viewing through the eye piece. The interference ﬁinées thus
formed move the micrometer screw to one side of the interference pattern such that the
point of intersection of the cross-wires coincide with centre of one of the bright»fringes
say first fringe. Adjust the position of micrometer screw sb that the vertical wire exactly

coincides with the center of the bright fringe. Note the P.S.R and head scale cpincidence
of the fringe. Find the T.R R, as 0" fringe by counting the no. of bright fringes move
the micrometer screw towards right side and adjust the micrometer screw. So the cross
Wire coincides with the 5” fringe. Then note P.S.R and H.S.C find total reading R,'
repeat experiment and note observations for 10”,15%,20”,25" and 30" bright fringe.
Note readings in'table. The diffraction between R,andR, gives the fringe width of 5
fringes. Find the average width of 5 bright fringes From this find The width of the one
 fiinge 5

. Roadopting the same procedure as above.

Fivst position | secem® ' .
o Plove of covoSSteive
dleps gl | P09

dy <

Ly ' o EF' piece

;‘v""%?} :

fig 15.2




' (4).To determine distance ‘d’ ,betivv'een" ‘the virtual sourcesSandS,:Lens
displacement | '
method .
Take a convex lens of foeal length 15 cm and mount it on the fourth, up right.
interpose the up right carrying the convex lens between the biprism and the eye piece
without disturbing the positions of the slit and biprism. Adjust adjust the position of the
lens so that its center lies between along the line joining the center of the slit. The biprism
and the point of ihtersection of cross-wires. In order to get two positions of the lens to.~
form two distinet images of the coherent sourcesS,andS, .Move the eye piece to a :
suitable distance so that the diStance between the slit and eye piece is greater than four
times the focal length of the’ lens ‘move the lens slowly towards the biprism until two
sharp and magnified images of v1rtua1 sources S,andS, are formed in the focal plane of

eye pnece, ad_;ust the position of micrometer screw such that the vertical cross wire
coincides with left edge of one image. Note the P.S.R and H.S.R. Find total reading L;°
Move the micrometer screw in one direction and adjust the position of micfdmeter screw’
so that the vertical cross wu'e coincides with left edge of other image. o :
then note P.S.R and H.S.C find TR R, the_ diffraction. between L andR, gives the
distance d, between the two magnified images of 't_he coherent sources. 'qu'moii:e the
lens towards eye piece. And biprism fixed. Repeat thehsan’xe proe'edure as waefadopted
above and note readings. The difference between dehdR .~ gives the distance d, Between

" diminished image of the coherent sources. The dlstance ‘between two' coherent sources

can be found using the relatlon

Observaiiens'i:'

No. of divisions on the head scale =

Pitch 6f the screw S .distance -mJVed on pitch Scale"fer'n rotations
o ~ No.of rotations made by Head
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 Least count (L.C) = Lich of the screw
. ‘ No of head scale divisions -
1.To determine the fringe width B -
Distance between slit and eye piece D, = cm
zero error-
divisions
correction
-divisions S - .
SNo |Noof | Micro meter reading - | Total reading Width of the 5
il;!ilnggh; |PSR H. S coincidence at(nxLC) | fringes
_ & MM | Observed | corrected |.
L0 R, o
2 |5 ] R %
3 0 T2 xz
4 |15 TR P
5 - 20 R, X,
6 . |25 . R X
7 30 Ry Xs..
Average width of five fringes x= ...... mm
Average fringe width g, = X mm
2.To determine the fringe width_ B .
Distance between slit and eye piece D, =.. oo CM
Divisions . - - o
SNo { No of Micro meter reading Total reading \Yidth of the §
g_l:ng: : P.S.R H. S coincidence a+(nxLC) fringes
7 | Observed [ comected | _
1 0 | R, X,
2 5 R, X,
3 10 T R Xy
. = " e 2 :
5 20 ' | R, | X4
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13' BE R; x5
17 130 R, X

Average width of five fringes X = ...... mm

3.To determine the distance ‘d’ between two virtual sources S,andS, :

L..C of the micrometer screw = ......... mm
Type of | Micro meter readings when the vertical cross wires coincides with left edge of Distance
image o - between
formed | First image "| Second image two
: irnages
p.s.r | Head scale T.R p.s.r | Head scale T.R
a | coincidence = a | coincidence L=
Observed | corrected | a+(nxLC) Observed | corrected | a+(nxLC)
mm mm ~
Magni-
fied
Diminis-
hed
S
Distance between two virtual sources  d= \Jd,d, =....... mm= ....... cm.
Calealations:
D = D, = d = d, =
B, = B = d =\/dd, |

Pyoegutions:

', The optical bench should be made perfectly horizontal using leveling screw and the

spirit level.

2 The slit should be vertical and narrow. The slit should be erected parallel to the

reflecting edge of the biprism to get well defines fringes.

3. A large no. of observations should be taken to determine the mean fringe width..
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4. The micrometer screw should always be moves only in one direction to aw}oid back -
lash error
8. The index error should be found and the correction has to be added to the distance

D between the slit and the eye piece up right.

Results:
Wave length of the Exp.value Std.Value | Deviation
sodium light (1)4° 5893 A

VIVA QUESTIONS:

1. What is biprism ? How it is constructed? .

A).A biprism is a combination of two acute angled thin prisms, each of refracting angle
about joined base to base. Itis made from a single glass plate by suitable grinding and
polishing.

2. What is an optical bench? '

A).A horizontal metal (or) wooden base of nearly two meters long with a millimeter seale
fixed on one arm is called an optical bench.

3. What is function of biprism?

A) To produce two coherent images of the given slit which are separated by a small
distance. The two images behave as coherent sources and when the wave trains from
these two coherent sources superimpose on a screen then they produce equally spaced

alternate bright and dark fringes.
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EXPT: 16
- LASER

Aim: To determine the wavelength of the laser source using a plane diffraction grating.

Apparatus:: : _
A 0.5 mw He-N¢ laser, a plane diffraction grating, a thin rope, meter scale and a screen.
Formula: 4 =522
: Nm .

Where - A =Wave length of the laser light
| @ =angle of diffraction.
N=number of lines per cm on the grating
m=order of diffréction. |
Sinf=—

Where Ym =linear separation of different order diffraction maxim

a’s from the central

maxima. v
D=distance between the grating and the screen.

Procedure:
‘ STREEN
DIFFRACTION (WALL)
GRATING \
4 T~}—F GURTHORDER MAXI

| , (tMA
c 43 —~THIRD ORDER MAXiMA
LASER SOURCE g -SECOND ORDER MAXIMA
@1 |}—FiRST ORDER MAXIMA

L CENTRAL MAXIMA

¥

0] 13

=

-ll—
UN.’

Wi

4

Fig.
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| * Mount the given laser source whose wave length is to be determined, horizontally on
a stand. Clamp diffraction grating vertically on a stand. Such that the light emitted from
the laser source is incident \normally on the grating .Place the screen at a suitable
distance from the grating in order to visualize the various orders of the difﬁacted imﬁges
of the laser beam on it Now switch on \the‘ lasér source, adjust the relative orientation of
laser with position of the screen with respect to the diffraction till a central bright red spot
with about (4)or(5)spots on either side of the central bright spot and measure the linear
separation  between screen and grating .Find the angle_ of diffraction & and sin@
-Substituting the values of N, m and sing in the formula, the wave length A of given
laser source can be calculated. ’ '

Repeat the experiment with grating of différent number of lines per cm and note
the observations in table. In addition to by varying the distanée between the screen and
the grating measure the distance of first, second, third and fourth order maxima from the
central maxima and find the values éf sin@ using the formula note the observations in
table. '
Result:
Wavelength of the given laser source is..... 4°
| Observations:

1.To determine the linear separation Ym and the wave length .

No. of lines per cm on grating N=

Distance between screen and grating D= cm
Order of | Linear separation . o Ym siné@
difraction : Sing= T | A
Left Right Mean D? +ym ~ Nm {

Acm | Bem (A+B)/2

mean valueof 4 =....... cm
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2. To determine the linear separation in Ym and the wave length for different

“values. of N:
Distance between the screen and grating D= cm.
N = 200/2.54, 500/2.54, 1000/2.54, 1500/2.54.
Order ‘No of | Linear separation ing= Ym siné
of |limes Tep |Right |Mean T Dt rymt Nim
difffa lon | Acm | Bem | (A+B)2 o
-ction | grating v : _
: per cm
1
> 78.74
l N
2 196.85
1
) 393.7
1 :
7. 590.55
mean value of 4 =....... cm

3. To determine the linear separation Ym for different values of N.

S. | Distance | Distance from Order sind= Ym 1= sin@
No |between |theeenwal |G| VO
grating Ym on
and the m
screen
D
1 50 1
2 |45 1
3 |40 1
4 135 1
s |30 1
16 125 1
7 120 11
8 15 1
9 |10 1
10 |5 | 1
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11 |15

12 |10

13 |5

SIS

mean valueof A =....... cm

Precautions:

1. The scréen should be moved carefully till thé'spots are cleérly visibIe on it. |
2. Laser light soyxce should be switched off after taking the observatlons
3. The grating should be clamped on the stand so that light emxtted bu laser should
~ incident normally on it.
4. The gratmg and the screen should be at the same helght.

-Calculations:
1.LFor N= - ,D= cm,_' m =1, . h = cm
R sin@ = —=2— | ‘A=§m—'a= cm= -
3 VD +Y2 N
2.For N,D= cm, m=l, Y = cm
’ sine: Y3 = ﬂ,:im—a-:‘
D*+Y? 2N
3.For N= D= cm, m=l, Y, = cm
s vsina:——L: .;Lzs—ln-£=
VD* +7? 3N
cm= _ :
4.For N= ,D= cm, m=], Y, = cm

r sin@

s .0= = Z,:—-———— .
o= T i

VIVA QUESTIONS AND AN SWERS -
1. What is meant by laser ?

A.LASER means Light Amplification by Stimulated Emlssnon of radlatlon

2. What are the properties of laser ?

A.1.High monochromacity 2. High dlrectlonahty (
3.High degree of both spatial and temporal coherehce. | , | .
4.High brightness. 5. Highly polarized 6. Highly energetic 7. High Intensity -
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- THERMO EMF
‘Aim:- To determine the thermo E.M.F generates in a thermocouple, uising the
_potentiometer.’
Apparatus:

- Potentiometer, thermometer, rheostat, thermocouple, a storage celi, plug
key, two resistance boxes, a standard cell of E.M.F (or) a Daniel cell with a fully -
saturated, copper sulphate solution, a sensitive galvanometer, a high resistance , jockey,

connecting wires and water path with suitable heating arrangement.

Formula: _ A
E=P.D. across 1 cm of the potentiometer wire

x mean balancing length.
=5x1 micro volts.
where E= thermo E.M.F generated in the thermo couple.
I = mean balancing length in cm.

L+l
2 .
where I, = balancing length while heating part

l

[, = balancing length while coolihg part.

Procedure:
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~ AB is the potentiometer. wire of length ‘L’ and resistance R, .Connect a storage cell of
E.M.F volts. plug key K,, Rh, and two resistance boxes R and R, in series with the
wire AB which fofms a primary circuit as shown in diagram. Connect the + ve terminal
of the standard cell Sc to the junction ‘C’ between the two resistance boxes R, and " R,

and connect its -ve terminal to the jockey (J) through a very sensitive galvanometer G

and high resistance H.R before taking observations, close the key. Press the jockey on the
potentionieter wire near the two ends A,B. then the deﬂectlon the galvanometer should be

opposite.

. _
TSN rrry
——-icl _\7«/ HR

Fig.2 ,
a). keep the ‘Rh’ at zero resistance throughoui the experiment putR, =0 and un plug a
resistance of 5 ohm from box R, . Close the primary circuit .press the jockey at different

points on potentiometer wire and obtain the approximate balance point where the

galvanometer shows no deflection. then short circuit the H.R. press the jockey on the

wire and find exact balance unit point. Note the balancing length I, cm.

b). keep R =5Q and R, =0 repeat the same procedure as was adopts above and find
the rough balance point. Again short circuit the H.R and locate the exact balance unit
point. Then not the balancing /, cm. obviously, the resistance of (8 l) cm of the

potenuometer wire =5 ohms.
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The resistance ’r’ of the entire length (1000cm) of the potentiometer is given by

%x100 Ohm

2 1

Repeat the experiment varying resistances in R and R, and in each case note the

balancing length tabulate observations in table. Find mean value of ‘r’

(II) CALIBRATION OF POTENTIOMETER WIRE:

(a) To calibrate the potentiometer wire for copper constantan couple:=

According to ohms law when a no. of resistances are joined in series the P.D across
any resistance. is proportion to its resistance, for the same current flowing through all the
resistances- ‘

For a copper constantan couple the EM.F developed is 40 micro-volts when the temp.
Difference between the two junctions is

The maximum E.M.F developed in couple for 100°c temp difference between the
two junctions is given by
E.M.F=40100 micro volts

=40x10* micro-volts

= 4 milli volts

1 milli volt= 107 volts
Imicro volt= 107 volts

according to equation E =at +bt* where a, b are constants and they vary from couple to
couple. ' | ‘ '
The potentiometer wire should be sensitive enough to measure the voltage of micro-volts
range. Therefore, the potentiometer is to be calibrated for fall of fequired potential drop
per millimeter length 6f the wire and then the E.M.F of the thermo couple should be

measured.
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As the E.M.F developed in copper-iron couple is neérly 15 micro volts per "¢ .
so the potentiometer wire should be calibrated such that the potential difference between
its ends is 5 milli volts per cm. According to ohms law a P.D. of 5 milli volts develop
between the ends of avpotentiometer wire resistance ‘r” Ohm. Then the resistance R in

R, in series with the wire which develdps a P.D of 1.08 volt. is given by

R _1.08
R, 0.005
“R=216R, ohm

now connect the circuit shown in diagram.

*iE ¥ J\AA’ALV‘/‘«*

Th

—
|
C
+ -
5

Plug out a resistance of 216r ohm from resistance box R, .connect the -+ve terminal of a
Daniel cell of E.M.F 1.08volts to the junction ‘c’of the two resistances boxes R andR, .

Connect -ve terminal of the standard cell to the jockey through the galvanometer and =

high resistance from R, nearly equal to the resistance R, in unit the galvanometer shows

- no deflection . then the circuit H.R adjust rheostat so that the galvanometer reads zero

deflection now P.D across the resistance R,(1.08V) and P.D between the ends of ihe

potentiometer wire will be 5-milli volts.
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b).To calibrate ﬁemlollleter wire for copper-iron coﬁple:‘-

For coi;per-iron couple E.M.F developed is nearly 15 micro volts. When the temp.
difference between junctions is
the max. E.M.F developed in couple for 100°c temperature. Diﬁ‘érence between
| the two junctions is givenby - | |
* EMM.F=15 x 100 micro-volts
=1500 micro-volts

=1.5 milli volts

The potentiometc_r,' should be calibrated such that the P.D between its ends is 2 milli volts
~ (or) 2 micro volts. Accofding to ohms law 2 milli volts (or) 0.002 volts develop between

ends of wite of resistiince 't ohms, then the resistan_ce{R in R, in series with the wire

which develops a P.D of 1,08 volts is given by

R _ 108
R, 0.002
- R=540R, Ohm

" the Daniel cell of EEM.F=1.08 V is balanced with the EM.F develops across the
resistance and the P.D) between the ends of the potentiometer wire will be two milli volts.
The potentiometer is now ready for measuring themo E.M.F develops at different |

* temperatutes of the thermo couple: | |
Graph:

Thame ENF

X\}

Tempetotuie
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To measure the E.MLF of the copper constantan ‘thermoicoaples

Fig17.3

(III)\ To measure the E.M.F of the copper constantai-therme couple;

After calibrating the potentiometer wire for measuring;the E:M.F:of ¢opper constantan
couple disconnect the Daniel cell without disturbing the primary circuit. Connedt the.
thermo couple between the terminals A and the jockey as shown in diagram. Arrange

couple such that the hot junction in'melting ice.

Graph: o
Draw a graph with temp. of hbt_ junction on the x-axes and thermo E.M.F
developed in couple on the y-axes. A straight line passing the origin will be obtained.

I
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| Observations:

To determine the resistance ‘r’ of potentiometer wire:-

1. The ends of the connecting

made.

2.‘Tﬁe jockey should not be dragged on wires. t should

A

be pressed gently.

SNo |Resistancein | R,cm Balancing Difference . Resistance
R, ohm length @G- R = 5000
A A
0 5 A
! 5 0 L
2
Meanofr=........ ohm
To measure the thermo EIM.F of copper constantan couple:
S Temp of | Balancing length Thermo EMF | Thermo EMF
No | hot - - in micro-v per degree
junction th}e Whl!e Mean : difference of
heating | cooling | I=(/,—1)/2 E temp E/t
. ly h
1 |10
2 20
3 130
4 40
5 50
6 |60
7 70
8 80
9 90
10 {100 )
Precautions:

wires should be clean and the lighi cohné_c_tions should be
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/

3. The thermo couple should not touch the ‘bottom (or) inside the vessel

4. The cold Junction should be kept 1n convenient distance from burner. ,

5. While taking the observations, the temperature of hot junction should be m/elintained
constant. ‘

6. The junction of thermo couple should be properly welded.

7. The cell used in primary circuit must have a constant E.M.F.

* VIVA QUESTIONS AND ANSWERS
1. What is a potentiometer?

A, It is a device usedto measure the potentlal difference. it consists of a long, thin
uniform wire of manganin (or) constantan fixed or; a wooden board.
2. what are uses of potentiometer?
A.1. To measure the thermo EMF
2..To compare E.M.F of two cells.
3. To calibrate an ammeter and voltmeter.
3. What is potential gradient?
A.The change in potential per unit length of the potentlometer wire is called the potentlal
gradient.
4. Why manganin is preferred for making potentiometer wire?
- A.Manganin has low temperature coefficient of resistance and hxgh fe’sistivity.
5. What is meant by E.M.F of cell? -
A. The EM'F of gell is the potential difference across the ts:mnnals of the cell when the

. cell is in an open circuit i.e., when no curréiit is drawn from the cell.
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How to prove the transverse nature of light ? \ :
Now the light polarised by one tourmaline crystal is passed through other tourmaline

-crystal. When its optic axis is parallel to the former one, it passes through without obstruction .If the
second crystal is rotated,then the intensity of light eminating from second crystal varies. Its intensity
becomes zero when the optic axis of two crystals are perpendicular to each other .This means that the
vibrations are perpendicular to the direction of propagation of light. If they are parallel to the propaga-
tion ,then intensity would have been the same in all cases. Hence we can infer that light has transverse
nature. Generally the first crystal is termed as polariser and second crystal-as analyser.

 12.3 PLANE OF POLARISATION AND PLANE OF VIBRATION :-

PLANE OF VIBRATION

"‘b
'

W - o> - o

CRLANEOF
OLARISA ION
HORAGATION

y -

Fig 12.2

When ordinary light is passed through tourmaline crystal, the light is polarised . The vibrations of
polarised light are confined to a single plane. The plane in which the light vibrations are confined and
perpendicular to the direction of propagation is called “Plane of Vibration”. The plane perpendicular to
the plane of vibration and has no vibrations is called “Plane of Polarisation” (Fig. 12.2).

12.4 BREWSTER’S LAW :-

One sirnplé method of producing polarised light ié through reflection:. The light ray reflected
from a glass plate is partially polarised . The extent of polarisation changes with angle of incidence . This
angle of incidence is termed as angle of polarisation .

LAW:- : ,
Brewster conducted experiments with different reflecting surfaces and different angles of
incidence. He proved that for each reflecting surface there is one angle of polarisation for which'the"
reflected light is almost completely polarised. At this instance, the angle between reflected ray and™™
T B

- refracted ray is9(°. '
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He also proved that the tangent of this particular angle of polarisation p(for which the reflected light is
completely polarised) is equal to the refractive index of the material of the refracting surface p = Tanp.

Proof :- \

From the ﬁg 12.3 suppose the angle of incidence of light incident on a reflecting surface of refractive
index p is ‘p’ .This is also called as angle of polarisation . Let ‘r’ be the angle of refraction .By the
principle of reflection , the angle of reflection =angle of incidence . '

Angle of reflection=p ,i=-p' .

Brewstgr’slawstatesﬂlat u:Tanp - ------ - (12.1)
Butp=o o3P (12.2)(from Snell’s law), From (12.1)and (12.2)
ut Sint_ Sinr --=-e=--- (12.2)(from Snell’s law), rom( .)an-( 2)
“Tanp = Sl.np - Sinp _ Sl.np
- Sinr  Cosp Sinr
;>Cosp=Sinr_

= Sin(90° - p) = Sinr
n90°-p=r=>r+p=90°
. Hence the angle between'reﬂected and refracted rays is9p® when reflected light is completely

polarised .
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12.5 LAW OF MALUS :- .
This law indicates the intensity of polarised light. When a completely plane polarised beam is

incident on the analyser “the intensity of the polarised light transmitted through the analyser varies as the

square of the cosine of the angle between the plane of transmission of'the analyser and the plane of

polariser «, S

Proof :-

PLANE OF’tP |
POLARISER 47 |
“§ N PLANE OF
. < _ANALYSER
B ' .\

the analyser=a Cos g

" Intensity oflight transmittd through analyser= I, = (aCioso)? .
= a%Cos9 =1,Cos%
Iy =I,Cos?@orl, e« Cos?g - MALUSLAW
When 9=¢° i.e. when analyser and polariser are parallel to each other
| L=I, | -
| When 9=r/2 ie. when analyser and polariser afe perpendicular to each other.
o =0 )

This is what that is observed practically in the case of tourmaline cfysfa]s.
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12.6  POLARISING CRYSTALS :-
o Before going to the concept of double refraction .Let us define optic
axis and principal section which will be anaid in understanding further concepts Crystal isaregular

structure .

Optic axis :- :

A line passing through any one of the blunt corners(where the three obtuse
angles meet in a crystal) and making equal angles with the three faces which meet at this corner ,
locate the direction of the optical axis of the crystal .

Principal section :-

' Any plane which contains the optic axis and is perpendicular to the opposite
facesof a crystal is called Principal Section. v

: The crystals having a single optic axis are called Uniaxial crystals and the
crystals containing two optic axis are called Bi-axial crystals .

12.7 DOUBLE REFRACTION :- _ A
Now since we understood a bit about the crystals . we consider aniso-
tropic crystals [crystals which have different physical properties in different directions ]. ’
When unpolarised light travels through anisotropic crystals like
Calcite , the réfracted light is split up into two refracted rays . One which obeys ordinary laws of
refraction called Ordinary refracted ray and the other which doesnot obey refraction Jaws called
Extra-ordinary refracted ray ‘The ordinary ray has plane of vibrations perpendicular to the princi-
pal section of the crystal and extra-ordinary ray has plane of vibrations in the principal section. _
. In thesg doubly refracting crystalsalso, in uniaxial crystals the velocity of ordinary and
extra-ordinary rays are equal along one single optic axis and in bi-axial crystals, there are two optic axis
along which the velocities are different . _ ‘ ,
Hence the phenomenon of splitting up of refracted ray into ordinary and extra-
ordinary rays in a double refracting crystals is called “Double Refraction “.




