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6.27 

6.28 

6.1 (Introduction) 

–

(microscopic relation) 
(macroscopic properties) 

(classical thermodynamics) 
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 (Objective) 



























6.2 (Some Basic
Concepts in Thermodynamics) :

(i) (Thermodynamic system) :–
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(phase) 

(ii) (surroundings)  

(iii) (boundry) 
(diathermanous) (athermanous)

(iv) (hydrostatic) 

(v) (isolated) 

(vi) (open) 

(vii) (closed) 

6.3 (Thermodynamic Equilibrium) :

(mechanical equilibrium) 
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–

(ii) (thermal equilibrium) 

–

(chemical equilibrium) : 

6.4 
(State Variables (or Variables of State), or Thermodynamic
Variables or, Thermodynamic Co-ordinates) :

(classical mechanics) 
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(external properties) 

(interior properties) 
(V) (P) 

V P 
(T) 

T, V P V, P T 

(U),
(S), (gross property)

(i) (intensive variables) : (P) (T) 

(ii) (extensive variables) : (V), (U) (S)

(V), (P) 

6.5 (Zeroth Law
of Thermodynamics and Concept of Temperature) :

– 

(R. H. Fowler) 
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– 

A B 6.1a) C A B

A C B C C 
A B A B 

6.1b A B 

6.1 

6.6 (Equation of State) :

A, B, C – 
(V) (P)

P V
P V 

f f1 2P V P V, ,b g b g= = T – – – – (6.1)

1, 2 

A B

C
C

A B

a b
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(6.1) 

f (P,V,T) = 0

PV = RT – –   – – – (6.2)

P
V

V RT2+F
HG

I
KJ − =

a bb g – – – – (6.3)

(6.1) (6.2) (6.3) P, V T 

6.7 (1st Law of Thermodynamics) :
(i) 

(ii) (iii) 

(external work) 

(internal work)



15

NSOU

A
dx

A

B

V
v2v1
b

p

a

c
↑

6.3 

P ; P
A F = PA PA

dv dx 
P 

6.2 

d dx dx dW F PA P V= = = – – – – – 6.4
V1 V2 –

W P V= z d
v
v

1

2 – – – – –  6.5

(indicator diagram) :  x y 
P–V 6.2 

x -
y 

y x 
6.3

6.3 A 
ACB B 

W P V
A

B
1 = z d (ACB 

= ACB x 
= aACBb 

A B AC′B 

W P V
A

B
2 = z d (AC′B 

= AC'B x 

= aAC′Bb 

→

→ ←

C′
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W1 W2 
(inexact function); 

dw (imperfect differential)
(internal energy) 

– 

–W A B 
UA UB 

UB–UA= –W – – – – (6.6)
6.6 UA UB A B 

– 

– – 
U 

U 
P, V T U U

P, V, T 

U P,V U V,T U P,T= = =f f f1 2 3b g b g b g, , (6.7)

––

W H 
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W H∞ W JH= – – – – – – 6.8
J 

 – 

6.6 UA 
UB 

UB–UA= –W
Q 

Q–W = UB–UA
Q = UB–UA+W  – – – – (6.9)

[ (6.9) ] 
dQ 

dU dW 
—

dQ = dU + dW – – – (6.10)
dQ = dU + PdV– – – (6.11)

(differential form) 

(Significance of 1st law of thermodynamics) 

–

– (i) (ii) 
(iii) 
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– (total energy
of the universe must remain constant’)

(Impossibilites of perpetual motion of first kind) 

[∆E=∆  mc2, ∆m ∆mc2

c ] 

6.8 
U P, V T 

V T 
(independent) –

U = f (V,T) – – – – (6.12)
U V —

dU = U
T dT + U

V V
V T

∂
∂

∂
∂

FH IK FH IK d – – – (6.13)

–
dQ = dU + PdV – – – (6.14)

d d d dQ U
T

T + U
V

V + P V
V T

= F
HG

I
KJ

F
HG

I
KJ

∂
∂

∂
∂ – – –  (6.15)

C = sin Q
T

Q
TT 0∆

∆
∆→

F
HG

I
KJ =

d
d – – – – (6.16)
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C Q
TV

V
= F

HG
I
KJ

∂
∂

C Q
TP

P
= F

HG
I
KJ

∂
∂

(6.15) 

C Q
T

U
T

VV
V V

= F
HG

I
KJ = F

HG
I
KJ =

∂
∂

∂
∂

d 0

C Q
T

U
T

U
V

P V
TP

P P T P
= F

HG
I
KJ = F

HG
I
KJ + F

HG
I
KJ +

L
NM

O
QP
F
HG

I
KJ

∂
∂

∂
∂

∂
∂

∂
∂

= + F
HG

I
KJ +

L
NM

O
QP
F
HG

I
KJC U

V P V
TV

T P

∂
∂

∂
∂

∴ − = F
HG

I
KJ +

L
NM

O
QP
F
HG

I
KJC C U

V
P V

TP V
T P

∂
∂

∂
∂ – – – (6.17)

(P) (V) 

[PV = RT = ] x V 
y P (rectangular hyperbola) 6.4
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n PV = nRT
T V1 V2 

W = V RT RT I
1 v

v
2

1
pd n dv

v
n n v

vv

v2

1

2z z= =
F
HG

I
KJ – – – – 6.19

P1 P2 P1V1 = P2V2

W = RT I P
P

1

2
n n

F
HG

I
KJ – – – – – 6.20

6.10 (Adiabatic Change of
Gases)

dQ = 0

d d dQ U + P V=

= C T + P VVd d

CV V 
dQ = 0

CVdT + PdV = 0 – – – – (6.21)
PV=RT CP – CV=R

T1T2T3

p
↑

6.4 

T1>T2>T3

↑

V
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PV=RT 

P + = R Tdv vdp d

d dv vdp dv vdpT = P +
R

P +
C Cp v

=
− – – – – – (6.22)

(6.21) dT 

C P +
C C

P = 0v
p v

dv vdp dv
−

F
HG

I
KJ
+

C P + C + C C = 0v dv v vdp p pdv v Pdv−

C + C = 0v vdp p pdv

dp
p

p
v

dv
v

+ =
C
C

0

dp
p

dv
v

+ =γ 0 Cp
cv

=L
NM

O
QPγ

dp
p

dv
v

+ =zz γ 0

lnP V+ =γ ln

ln PVγd i =

PVγ = – – – – (6.23)

PV = RT V = RT
P

P RT
P

F
HG

I
KJ =
γ

P T1− =γ γ

T P
1-γ
γ = – – – – – – (6.24)

P = RT
V
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∴ =
RT
V

Vγ
T V 1γ − = – – – – – (6.25)

(6.23), (6.24) (6.25) 
(P) (V) (adiabatic

curve) 6.5 

[ 
γ ]

d dv dwQ = +
 dQ=0 n 

d d n dW U C TV= − = −
T1 T2 

W = C T C T TV
T

T

V 1 2

1

− = − −zn d n
2

b g – – – – 6.26

T1> T2

6.11 (2nd Law of Thermodynamics)

↑

V

↑

p

6.5 
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ÎßÂù¿öÂò-› -É±‚ Â ¿õõÔ¿î Â (Kelvin–planck statement) :  
(No process

is possible whose sole result is the absorption of heat from a reservoir and
conversion of whole of this heat into work.)

(Claucius’ statement) : 
(No forces is possible whose sole result is the transfer of heat from

a colder to a hotter body.]

(Impossibity of perpetual motion of second kind) :
– 

– 

– 
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6.12 (Heat Engine) :

(efficiency)
Q W

η η= W
Q

100% 
η

100% 

 (Heat Source or Heat Reservoir at higher temperature) : 
–

(Heat Sink or Heat Reservior at lower temperature) : 
–

6.13 (Carnot’s Engine) :
(Sadi Carnot 1796 – 1832) 

(Carnot Cycle) 

—
(i) T1K
(ii) T2K ( T1>T2)
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T1k

p

A    B

B    C

(a)

(b)

(c)

(d)

D    A

C    D

p

↑
↑

↑
↑

T2k

(iii) (working substance)
(iv) 

(i) [ 6.6 (a)]
T1K 

T1K 
(P–V) 6.6) A 

Pa  Va

(quasi–stataic) 
A B AB B 

Pb Vb Q1 
W1 

Q W AB1 1
V

V

= = =z pdv ba
a

b

= =zRT RT V
V1

V

V

1
dv
v

a

b

b

a
ln

↑

↑

↑

c

B
A

a vd d b c vc

T2
p

pp
↑

v ↑

6.6 

T1
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(ii) [ 6.6 (b)] :

– 
T2 

BC C C PC VC 

∴ = − −P V U = C TVd d d

W C T C T T2 v

v

v T

T

v 1 2
b

c

1

2
= = − = −z zpdv d b g

(iii) [ 6.6 (c)] : 
T2 

CD D 
D Pd Vd

Q2 W3 

− = = = −zQ W
v

v

c

d

2 3 pdv CcdD

= = = −zRT RT V
V

RT V
VV

V

22 2
dv
vc

d d

c

c

d
ln ln

(iv) [ –6.6(d)] 
D 

T2 T1 
A 

W4 = − −C T Tv 1 2b g
W W2 4=

W = W W W W1 2 3 4+ + + = ABCDA

= W W RT V
V

RT V
V1 3 1

b

a
2

c

d
+ = −ln ln
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= −Q Q1 2

η = =
−

= −
W
Q

Q Q
Q

Q
Q1

2

1

1 2

1
1

B C 

T V T V1 2b c
γ γ− −=1 1

T
T

V
V

1

2
=
F
HG

I
KJ

−
c

b

γ 1

D A 

T V T V1 2a d
γ γ− −=1 1

T
T

V
V

1

2
=

F
HG

I
KJ

−
d

a

γ 1

∴ = =
V
V

V
V

c

b

d

a
ρ

V
V

V
V

c

d

b

a
r= =

Q RT V
V

RT1 1 1= =ln lnb

a
r

Q RT V
V

RT2 2 2= =ln lnc

d
r

∴ = =
−
− = −

Q
T

Q
T

Q Q
T T

W
T T

1

1

2

2

1 2

1 2 1 2

η = =
−

= −
W
Q

T T
T

T
T1

1 2

1

2

1
1 – – – – – (6.27)

= − −1 1
1ργ – – – – – (6.28)

(i) 
η 1 

 η=1 T2= OK 
100% 
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6.14 (Reversible and
Irreversible Processes) :

(reverse path) 

(i) (quasi-static
process) (ii) (non-dissipative process)

– 

Q1  W1
W1 Q1 

A D D C 
C B B Q2

W Q2+W=Q1 
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6.15 
(Thermodynamic Scale of Temperature or Kelvin’s
Absolute Scale of Temperature) :

θ1 Q1 θ2 Q2 

õæÇò ßÂËõþ/  Ûý× θ1 θ2 (arbitrary) 

η θ θ= − =1 Q
Q

2

1
1 2f ,b g – – – – –(6.29)

f θ θ1 2,b g θ1 θ2 

Q
Q

2

1
1 2= −1 f θ θ,b g

Q
Q

F2

1 1 2
1 2=

−
=

1
1 f θ θ

θ θ
,

,b g b g – – – – (6.30)

F(θ1,θ2) θ1 θ2 

θ1 θ2 (Q2 > Q3) 

θ2 θ3 

Q
Q F2

3
2 3= θ θ,b g  – – – – –(6.31)

θ1 θ3 

θ 1 θ 3 

        
Q
Q F1

3
1 3= θ θ,b g – – – – (6.32)

(6.30), (6.31) (6.32) 

Q
Q

Q
Q

Q
Q

1

2

2

3

1

3
× =
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F (θ1, θ2)×F(θ2,θ3)=F(θ1,θ3) – – – – (6.33)

(6.33) θ2 θ2 

F (θ1,θ2) F(θ2,θ3) θ2
—

F F F1 2
1

2
2 3

2

3
1 3

1

3
θ θ

ψ θ
ψ θ

θ θ
ψ θ
ψ θ

θ θ
ψ θ
ψ θ

, , , , ,b g b g
b g b g b g

b g b g b g
b g= = =  – – – – (6.34)

–

Q
Q F1

2
1 2

1

2
= =θ θ

ψ θ
ψ θ

,b g b g
b g  – – – – – (6.35)

θ1>θ2  Q1>Q2 ψ θ ψ θ1 2b g b g> ψ θa f θ

(linear function) ψ θa f
ψ θ τa f = 1

Q
Q

1

2
=
τ
τ

1

2
– – – – – (6.36)

(6.36) 

(6.36) τ2 0= θ2 0=

T2 = 0 W = Q1 T2 T1

T2 0/<  θ2

τ = 0 —

100 

Q
Q

steam

ice

ice

ice
=

+τ
τ

100
– – – – – – (6.37)
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Q
Q

T
T

1

2

1

2
= (6.38)

T1, T2 
(6.36) (6.38)

T
T

1

2 2
=
τ
τ

1

T2 0=  τ2 0=

100 τice = Tice

6.16 (Carnot’s Theorem)

—
(i) 

(ii) 

(i) T1 
T2 (T1>T2) R S

(Coupled)
6.7 S 

(R) (refrigerator)

W S
Q W Q W−

R
Q′ + W W Q′

(R) (S) ηR ηS ηS > ηR,

Q – W

Q

Q′ – W

Q′

T1

T2

R S

6.7. 
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ηS = 
W
Q  ηR = 

W
Q′

∴ Q′ > Q

Q′ – Q

ηS > ηR,

(ii) R1 R2
R1 R2 R1

R2 
R1 R2 R2 R1

R2 R1

6.17 (Clausius Theorem)

T1 Q1
T2 Q2

Q
T

Q
T

1

1

2

2
−  = 0

–

Q
T

Q
T

1

1

2

2
− = 0

Q
T∑  = 0 

Q
T

ABCDA 6.7
AB  DC

6.7.

V

P

A
b B

c′
D d′ C
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T1 T2  AD  BC ad′ bc′
abc′d′ ab  c′d′ ∆Q1 ∆Q2

∆ ∆Q
T

Q
T1

2

2

1 + = 0

∆Q
T∑ = 0

∆Q
T∑

dQ
Tz = 0 ABCDA

dQ
T

R
z = 0 ...  ... (6.39)

[R (Reversible) ]

6.18 (Entropy)

i f 6.8) R1 R2 
i f 

R1 i f 
R2 f i

dQ
T

R
z = 0

d d

i

f

f

iQ
T

Q
Tz z+  = 0

   R1     R2

f

A

R2

R1

V →

↑
P

6.8.

k k k k k k k
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d d

i

f

i

fQ
T

Q
Tz z− = 0

   R1    R2

d d

i

f

i

fQ
T

Q
Tz z=

   R1     R2

dQ
T

R1 R2

 S i f

Sf – Si = 
d

i

f Q
Tz  [S i f Si Sf ]

d d

i

f

i

f

S Q
Tz z=

 dS = 
dQ
T

... ... (6.40)

S

d

i

f Q
Tz dS = 

dQ
T

A B SA  SB

d dS Q
T

A

B

A

Bz z=

SB – SA = 
dQ
T

A

Bz
SB = SA + 

dQ
T

A

Bz ... ... (6.41)
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(6.41) A SA B
SB SA 

dQ
dQ
T

dS

S dQ 1
T

dQ
T

dS 

1
T

(integrating factor) 

s  m s = ms1

s (extensive) 
dQ
T

(reduced heat) dQ'

6.19  (Increase of Entropy in
Irreversible Processes)

T1 Q1 T2 Q2

η′ = 
Q Q

Q
1 2

1

−

η = 
T T

T
1 2

1

−

η′ < η

Q Q
Q

T T
T

1 2

1

1 2

1

−
<

−

1 – 
Q
Q

1 T
T

2

1

2

1
< −
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Q
Q

T
T

2

1

2

1
>

Q
T

Q
T

2

2

1

1
>

Q
T

Q
T

2

2

1

1
−  > 0

6.20 (Entropy and Unavailable
Energy)

T1 Q
W T0 

= 
W
Q

1 T
T

0

1
= −

W = Q 1 T
T

0

1
−

F
HG

I
KJ

T1 Q T2
T1 > T2 > T0

T2 Q W′
T0 

W
Q

1 T
T

0

2

′
= −

W′ = Q 1 T
T

0

2
−

F
HG

I
KJ (W – W′) 
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= W – W′ = Q 1 T
T

0

1
−

F
HG

I
KJ  – Q 1 T

T
0

2
−

F
HG

I
KJ

= QT0 
1
T

1
T2 1

−
F
HG

I
KJ

= T0
Q
T

Q
T2 1

−
F
HG

I
KJ  = T0 (S2 – S1) = T0 ∆ S

= T0 × 

6.21 (Physical Interpretation of
Entropy)

(randomness or disorder) 

(principle of degradation of energy) (law
of probability) 

–
W S = klnW, k 

6.22

 (i) –
(ii)
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6.23 (Joule
Thomson Effect : Adiabatic Throttling Process)

(Gay-lussac and Joule)

—
∂
∂

U
V T

F
HG

I
KJ  = 0

1852 (porous plug) 

(throttling) 
H U PV= +

 C 6.9 P1 A
C P2

B 

P1, V1 U1 
P2, V2 

U2

A
P1V1 

P2V2 P2V2 – P1V1 ∆Q = 0
U1 – U2 

A C B

A C B

P2

V1, U1

P1

V1, U1

P2
← →

P1

6.9
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P2V2 – P1V1 = U1 – U2

U1 + P1V1 = U2 + P2V2

U + PV = H H (enthalpy)

W1 = P2V2 – P1V1

= 
a

V2
V1  V2 

W2 = 
a d
V

V
2V

V

1

2z  = 
a a
V V21

−

W = W1 + W2 = P2V2 – P1V1 + 
a a
V V21

−  ... ... (6.42)

P
V2+F

HG
I
KJ

a
 (V – b) = RTT

PV + 
a
V

 – Pb – 
ab
V2  = RTT

PV + 
a
V

 – Pb = RTT    [
ab
V2 ]

(6.42) 

W = RT2 – 
a

V2
 + P2b – RTT1 + 

a
V1

 – P1b + 
a
V1

 – a
V2

= R(T2 – T1) – 
2 2

2 1

a a
V V

+  – (P1 – P2)b ... ... (6.43)

a  b

PV = RT 
1
V

P
RT

=

(6.43)
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W = R(T2 – T1) – 
2 2

2

1a aP
RT

P
RT

2

1
+  – (P1 – P2)b

T1 T2 T2 ≈ T1 = T T2 – T1 = d T

∴ W = RdT – 
2a
RT

dP + bd P

dT Cv = – CvdT

– CvdT = RdT – 
2a b
RT

−F
HG

I
KJ dP

– CvdT = (Cp – Cv)dT – 
2a b
RT

−F
HG

I
KJ dP

CpdT = 
2a b
RT

−F
HG

I
KJ dP

∂
∂
T
P H

F
HG

I
KJ  = 

1
Cp

 
2a b
RT

−F
HG

I
KJ  = µ ... ... (6.44)

µ (differential Joule-Thomson coefficient)

(6.44)  
∂
∂
T
P H

F
HG

I
KJ

2a
RT

> b 

T < 
2a
bR

 

Ti = 
2a
bR

 (Joule-Thomson inversion

temperature)
–

(i) Ti
(ii) Ti 
(iii) Ti

Ti = 
2a
bR
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µ

–

(i) µ–

(ii) µ

(regenerative) 

(critical
temperature) 

 (Inter relations
between J.T inversion temperature, Boyle temperature and critical temperature)

TC = 
8

27
a
bR

 TB = 
a

bR
Ti = 

2a
bR

∴ Ti = 
2a
bR

 = 
27
4

8
27

. a
bR

 = 27
4 TC = 6.75 TC

Ti = 
2a
bR

 = 2.
a

bR
 = 2TB

TB = 27
8 TC = 3.375 TC

Ti > TB > TC



100
Ti = – 80°C – 80°C 

Ti = – 240°C

6.24

1. 
(a)
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—

(b)

(c)

(d)

(e)

(f)

(g)

2. 

–

– 

–

3. 

(V), (P)  (T) 

(a) (P), (T) 
– 

(b) (V), (U) 
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4. 

5. 
f (P, V, T) = 0

6. 

dQ = dU + dW dQ = dU + PdV

7. CP – CV = R

8. (a)   dT = 0
(b)  dQ = 0

(c) PVγ = k

TP
1−γ
γ = TVγ − =1  

9. 

10. 

η = 
W
Q  = 1 – 

T
T

2

1
 = 1 – 

1
1ργ−

ρ = 
11. 

—
–

12. 

13. 
(i) 
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(ii) 

14. 

dQ
Tz  = 0

15. S 

dS = 
dQ
T

—

16. 

H = U + PV 

µ = 
∂
∂
T
P C RTH P

F
HG

I
KJ = −F

HG
I
KJ

1 2a b

Ti = 
2a
bR

 = 

T > Ti 

T < Ti 

6.25

1. 28.674 J/mol.
= 0.0899 kg/m3, 

= 2.016

ρ0 = 
M
V0

∴ V0 = 
M
P0

32 016 10
0 0899

=
× −.

.  = 22.42 × 10–3 m3/mol.

R = 
ρ0 0

0

5 3101 10 22 42 10
273

V
T

=
× × × −. .

 = 8.319 J/K mol.
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CP – CV = R
∴ CV = CP – R = (28.674 – 8.319) J/K mol = 20.355 J/K mol.

2. 2 mol 30°C 35°C 
293 J

= 8.37 J/mol K
∆T ∆Q = nCP∆T

293 = 2 × CP × 5

∴ CP = 293
10  = 29.3 J/mol K

CP – CV = R
∴ CV = CP – R = 29.3 – 8.37 = 20.93 J/mol K

∆Q = nCV ∆T = 2 × 20.93 × 5
= 209.3 J

2. 1
4

 γ = 1.41

TVγ–1 = 
T1V1

γ–1 = T2V2
γ–1

V1 = V V2 = 
V
4

T1 = 273 K T2 = ?

∴ 273 Vγ–1 = T2
V
4

1F
HG

I
KJ

−γ

T2 = 273 × 4γ–1 = 273 × 41.41–1 = 273 × 40.41

= 482 K
t2 = 209°C 

4. 1
= 1.29 × 10–4 gm/cc, γ = 1.41

1 gm = 10–3 kg

ρ = 1.29 × 10–4 × 10–3 × 106 kg /m3 = 0.129 kg/m3
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V0 = 10
0129

3−

.
m3 = 7.752 × 10–3m3  1

R = 
P V
T
0 0

0
=

× × × −1013 10 7 752 10
273

5 3. .
= 2.876 J/K gm.

T2K1

T1 = 273 K T2 = ?

V1 = V V2 = V
2

∴ T1V1
γ–1 = T2V2

γ–1

273Vγ–1 = T2
V
2

1FH IK
−γ

∴ T2 = 273 × 2γ–1 = 273 × 21.41–1 = 273 × 20.41 = 362.73 K

W = CV(T1 – T2)
R = CP – CV

R
C

C
C

C
CV

P

V

V

V
= −

R
CV

 = γ – 1

∴ CV = 
R

γ −1

∴ W = 
R

γ −1  (T1 – T2) = 2 876
141 1

.
. − (273 – 362.73)

= – 6.294 × 102 J

5. 100°C 
R = 8.3 J/K

W = P V V
V

RTd d v
v

v

v

v

v

1

2

1

2

2

1
z z= = ln

= 8.3 × 373 × ln2 J
= 2.146 × 103 J
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6. 3 27°C
(γ = 1.4)

T1 = 300 K
’’ = 3P

T2 = ?
’’ = P

T1 P T P1

1

2 2

1− −

=
γ
γ

γ
γ

T2 = T1 P
P

1

2

F
HG

I
KJ

−1 γ
γ

 = 300 × ( )
.

.3
1 1 4

1 4
−

= 219.2 K
= – 53.8°C

7. 127°C 27°C
T1 = 127 + 273 = 400 K
T2 = 27 + 273 = 300 K

η = 1 – 
T
T

2

1
 = 1 – 300

400  = 0.25 25%

∴ = 25%.
8. 12°C 40%

60%
T1 = 
T2 = 12 + 273 = 285 K 

η = 1 – 
T
T

2

1

40
100 1 285

T1
= −

285
T1

= 1 – 0.4 = 0.6

∴ T1 = 285
0.6  = 475 K.

∆T 60%

∴ 
60

100 1 285
1

= −
+T T∆

285
1T T+ ∆  = 1 – 0.6 = 0.4
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∴ T1 + ∆T = 285
0 4.  = 712.5K

∴ ∆T = 712.5 – 475 = 237.5°K 237.5°C
9. 27°C – 73°C

1260

Q
Q

T
T

2

1

2

1
=

∴ 
Q
Q

2

1
= − +

+
= =73 273

27 273
200
300

2
3

∴ Q1 = 3
2 Q2

 = Q1 – Q2 = 3
2 Q2 – Q2 = Q2

3
2 1 2

2−FH IK =
Q

= 300 × 1
2  = 150 Cal = 150 × 4.2 J = 630 J.

10. 10°C 200°C 
10% 

10° 200°C 

η = 1 – 
T
T 1 10 273

200 273 1 283
473

2

1
= − +

+
= −  = 0.5893

∴ η = 58.93%
η′ = η + 0.1η = 58.93 + 10 = 68.93% = 0.6581

T1′

∴ 0.6893 = 1 – 
T
T 1 283

T
2

1 1
= −

′

283
T1′  = 1 – 0.6893 = 0.3107

∴ T1′ = 283
0 3107.  = 910.85 K

∴ ∆T = 910.85 – 473 = 437.85 K
 437.85K
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11. 100°C  0°C 104 

η = 
W
Q

T
T

= − = −
+
+

= −1 1 273 0
273 100

1 273
373

2

1

= 0.2681
∴ W = 0.2681 × Q = 0.2681 × 104 cal

= 1.13 × 104.

12. 1
6 62°C

T1 T2 

W
Q

1
6 1 T

T
2

1
= = −

T
T

2

1
= − =1 1

6
5
6  .... (i)

1
3 1 T 62

T
2

1
= −

− T 62
T

2

1

−
= − =1 1

3
2
3  ... (ii)

(i) (ii)

T
T 62

5
6

3
2

5
4

2

2 −
= × =

T
T T 62

5
5- 4

2

2 2− −
=b g

T
62

2  = 5 ∴ T2 = 62 × 5 = 310K

T1 = 6
5  × 310 = 372 K.

13. 100°C 1 kg 

dS = dQ
T

∆S = m
2 1000 540 4 2

373T = × × .

= 6080 J/K
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′

14. 20°C 10 gm – 10°C
4.2 J/g.k 0°C 335 J/g 

(i) 20°C 0°C 

∆S1= ms T
T
d

20 273

273

+
z = ms ln 273

293  = 10 × 4.2 ln 273
293  = – 2.969 J/K

(ii) 0°C

∆S2 = –
mL
T

 = − ×10 335
273  = – 12.271 J/K

(iii) 0° – 10°C

∆S3 = ms′ 
dT
T

273

263

z

= ms′ ln 263
273  = 10 × 2.1 × ln 263

273  = – 0.7837 J/K

∆S = ∆S1 + ∆S2 + ∆S3
= – (2.969 + 12.271 + 0.784) = – 16.024 J/K.

15. T V 

dQ = dU + dW = dU + PdV
PV = RT

∴ P = RT
V

∴ dQ = CvdT + RT
dV
V

∴ dS = 
d d dQ
T

C T
T

R
VV= +
V

Ti , Vi Tf , Vf 
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∆S = Sf – Si = Cv
d d

i

f

i

fT
T

R V
V

T

T

V

V

+z z
= Cv ln 

T
T R

V
V

f

i

f

i
+ ln

16. – 140°C 
Ti Tc 

Ti = 27
4 Tc

∴ Ti = 27
4 . (– 140 + 273) = 897.75 K

∴ ti = 624.75°C.

6.26

 (i) 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

15. 
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16. 
17. 
18. 1
19. 
20. 
21. 
22. 
23. 
24. 
25. 

 (ii) 

1. 
2. 
3. 
4. 
5. —
6. 
7. 
8. 
9. 
10. 
11. 
12. 
13. 
14. 
15. 
16. 
17. 
18. 
19. 
20. 
21. 
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22. 
23. 
24. 
25. 

 (iii) 
1. (a)

(b)
2. (a)

(b)

3. (a)

(b)
4. (a)

(b) (P – V)

5. (a)
(b)

6. (a)
(b) (P–V) 

7. 

8. (a) 
(b) 
(c) 

9. (a) 
(b) 
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10. (a)
(b)
(c)

 (iv) 
1. 15°C 

γ = 1.4
2. 1 gm 1671 cc

2268 J/gm
3. 27°C 20 gm

R = 8.31 J/mol.K
4. 273 K 1

R = 8.3 J/gm/mole.K
5. 1

= 0.00129 gm/cc ; γ = 1.4
(2)0.4 = 1.319

6. 27°C 27
γ = 1.5 

7. 100°C 10°C 1200 Joule

8. 7°C 40% 50%

9. 27°C 157°C 10,000 cal 

10. 0°C 2gm 100°C
= 4.2 J/gm.K

11. 20gm
= 336 J/gm

12. 0°C 1 gm 100°C 
 = 4.25 J/gm, = 2100 J/K

13. – 10°C 1 gm 100°
= 201 J/gm, = 4.2 J/gm = 336 J/gm, 

= 2268 J/gm
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14. 0°C 50 gm 80°C
= 4.2 J/gm.

15. 25Ω 1s 10A 27°C
(a) 
(b) 

6.27

1. 2.88.44°C
[ T1V1

γ–1 T2V2
γ–1  ; T1 = 273 + 15 = 288 K. γ = 1.4

∴ T2 = ? t2 = (T2 – 273)°C]
2. 169.3 J ; 2098.7 J

[ ∆W = Pd
v

v

V
1

2z  = P(v2 – v1) = 1.014 × 105 × 1670 × 10–3 = 169.3 J

∆U = ∆Q – ∆W = 540 × 4.2 – 169.3 = 2098.7 J]
3. – 3.46 × 104 J

[ ∆W = Pd
v

v

V
1

2z  = nRT  
d n

v

v
V
V

RT V
V

=z ln 2

1
1

2

= 20
2 × 8.31 × (273 + 17) ln. 1

4  = – 3.46 × 104 J]

4. 1570.6 J
5. – 62.6 J
6. 600°C
7. 4.973 × 103J
8. 233.33°C

[ 0.4 = 1 – 
273 7

1

+
T  → T1 = 466.67 K

η, 50% η 0.6

∴ 0.6 = 1 – 
280

1T ; ′T1  = 700 K]
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9. 1.27 × 104 J
10. 2.62 J/K
11. 24.6 J/K
12. 6.941 J/K
13. 8.7 J/K
14. 3.48 J/K
15. 0 ; 8.33 J/K

6.28

1. Heat and Thermodynamics — Zemansky and Dittman.
2. A Treatise on Heat — Saha and Srivastava.
3. —
4. Thermal Physics — Garg, Bansal, Ghosh.
5. Study Material : Elective Physics Honours EPH 05 (Heat and Thermodynamics)

Netaji Subhash Open University.

——
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7  (Radiation and
Conduction of Heat)

7.1
7.2
7.3
7.4
7.5
7.6
7.7
7.8
7.9

7.10
7.11
7.12
7.13
7.14
7.15
7.16
7.17
7.18
7.19
7.20
7.21
7.22
7.23
7.24
7.25
7.26
7.27
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7.28
7.29

7.1

(i) (radiation), (ii) (conduction), (iii)
(convection)



























 (i) (ii) (iii)
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7.2

(heat radiator)

(thermal radiation)

(Spectroscopy)
(Astrophysics) (radiation quanta)

(Quantum theory)

7.3 (Nature of Radiant Heat)

(Differential Air thermometer), (Thermopile), (Bolometer)
(Radiomicrometer)

(i)

(ii)
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(iii) (intersity)

(iv)

(interference), (diffraction),
(polarisation), (photo-electric effect), (photographic
action), (scattering)

7.4 (Classification of
Electromagnetic Waves)

(electromagnetic wave)

4×10–7m 8×10–7m

(infra-red)
(ultra-violet)

λ = 0
λ = ∞

7.1 : (Eleetromagnetic spectrum)

λ
(wavelength m) (nomenclature) (source of generation)
10–13–10–12 (γ-rays)
10–12–10–9 (x-rays)
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10–9–10–7

(ultra-violet rays)
4×10–7–8×10–7

(visible light) (Incandescent solid)
10–6–10–4

(Intra-rad rays)
10–4–10–1

(Micro waves) (Magnetron, Klystron)
1 to 103

(Radio waves) (Electromic oscillater)

7.5
(Emission, Absorption, Reflection, Refraction of Heat;
Black Body and White Body) 

(i) (ii)

(i)

(ii)

(red hot) (white hot)
(blue

hot) (Sirius) (vega)

(i)
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(ii)

(iii)

(λ) aλ rλ
tλ

r a tλ λ λ+ + = 1 .......................... (7·1)

 (Perfectly black body) : aλ = 1 r tλ λ= = 0,

(lamp black) (platinum black)
96% 98%

 (Perfectly white body) :

rλ = 1 a tλ λ= = 0, 

(diffused reflection)

7.6 (Diathermanous
and Athermanous Substances; Green House) 



NaCl, KCl

(transparent)
(opaque)
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 (green house) :

7.7 
(Prevost’s Theory of Heat Exchange and Emissive
Power of a Body)



(good absorbers are good radiators and poor absorbers are poor radiators),
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7.8 (Some Important Definitions)

(i) (Emissive power) eλ
λ λ + dλ

(eλ)
dA dt dω λ λ + dλ

uλ dλ

e d u d
dt d dλ λ

λ λ

ω
=

A  ........................... (7·2)

(ii) (Absorptive power) aλ 

λ λ + dλ dQλ 
aλ dQλ aλ 

aλ = 1 aλ 

7.9 (Kirchhoff’s Law)

λ eλ
aλ Eλ

e
a

λ

λ
λ= =E



λ λ + dλ

eλ aλ
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λ λ + dλ dQλ
= aλdQλ =

eλdλ

∴ eλdλ = aλdQλ

e
a

d
d

λ

λ

λ

λ

=
Q

....................(7·3)

aλ = 1, eλ = Eλ

E Q
λ

λ

λ

=
d
d

.....................(7·4)

e
a

λ

λ
λ= =E ........(7·5)

(7·4) Eλdλ = dQλ

d
d
Q ′λ

λ
Eλdλ = dQ ′λ Eλ

e
a

λ

λ
λ= =E

eλ aλ

(i)
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7·1 

(ii) aλ eλ

7.10 (Black Body and Black Body
Radiation)

 (Fery’s black body) :
O 

7·1
O

O
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(total or full
radiation) (black body radiation) 

7.11 (Qualitative Proof of
Kirchhoff’s Law)

(i) 1000 C)

(ii)

7.12 (Applications of Kirchhoff’s Law)

(astrophysics and spcetroscopy)

(i)
(continuons spectrum) (Fraunhoffer)

(absorption spectrum)
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A, B, C, D...
500 20,000

(emission spectrum)
D1 D2

(photosphere)

(chromosphere)

D1 D2
D1, D2

[
]

(ii)
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7.13 (Total
Radation from a Black Body–Stefan Boltzmann Law)

(Tyndall) (Dulong) (petit)
1879 (J. Stefan) (empirical)

1884

E
T-

E T4∞

E = τT4.................(7·6)

τ (Stefan’s constant) τ
(Gay-lussac’s and Joule’s experiment)

δ
δ
U
V T

F
HG

I
KJ = 0

C C P V
TP V

T
− = FH IKδ

δ

PV = RT

∴ P V
T

R
P

δ
δ

F
HG

I
KJ =

CP – CV = R .........................(6·18)

6·9 (Isothermal changes of gases) :

dT = 0
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(isothermal expansion)

(isothermal compression)

5·67×10–8 Wm–2 k–4

T T0k (T>T0)

E = σ (T4–T0
4) ........................(7·7)

(7·6)

E = ∈σT4.............(7·8)

∈ 0 1
t = 0 ∈ = 1, 

(emissivity)

 (Newtn’s law of cooling from stefan’s law) :

Tlk T0k

E = σ (T1
4 – T0

4)

= σ (T1
2 + T0

2) (T1 + T0) (T–T0)

T1 T0
(T1–T0) (T1

2 + T0
2) (T1 + T0)

E = k (T1 – T0)

k' = σ (T1
2 + T0

2) (T1
 + T0)
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E T T1 0∞ −b g................(7·9)

E 1 0∞ −θ θb g E ∞θ ................(7·10)

θ1 θ0 θ1 – θ0
 = θ =

7.14 (Planck’s Radiation Law)

(Wien)

 (Rayleigh-Jeans)
(Maxwell’s Electromagnetic Theory)  

1900

(photon) (qnantum theory of light)

(γ) (∈)
(γ) ∈ = hγ h

(Planck’s constant) (quantum of action)
γ ∈ = hγ ∈, 2∈,3∈,.......n∈,....



72

NSOU

∈

E c

T
λ λ γ

π
λ

λd h

e
dh

k

=

−

8 1

1
5  ......................(7·11)

Eλ dλ T λ λ + dλ
k c

h

6·63×10–34 J·S = 4·14×10–15 ev.s

7.15 (Solar Constant and
Temperature of the Sun)



(Pyrheliometer)
1·937 cal/cm2 min; 1356 J/m2s

 r T
R

= 4πR2

S T
R

= ×
4

4
60

2 4

2
π σ

π
r

[CGS ]

T R
= F

HG
I
KJ ×

r

2 1
60

S
σ
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SI T R
= F
HG

I
KJ ×

r

2 S
σ

.................(7·12)

R, r, S σ  T ~−  5723 K

7.16 (Radiation Pyrometry)

(Pyrometer)
(radiation pyrometer) (i) 

 (total radiation pyrometer) (ii)
(optical

pyrometer spectral pyrometer)

(black body temperature)

(a) (Ferry’s Total Radiation Pyrometer) :

M 7·2
P P

P D1, D2 5 10
0·75 mm

P (eye-piece) E
 M D1, D2

[ 7·2 (a)]
[ 7·2 (b)]

P T
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P
M D1, D2

P
TK, TrK V V = a (Tb–Tr

b)

a
b 3·8 4·2 b

(i)

(ii)

(iii)

(iv)

(b)  (Optical pyrometer or speectral pyrometer) :

λ λ λ− + d

7·2 

T

D2

P
D1

M

E
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T λ λ λ− + d

E C
C
T

λ λ
λ

λ
λ

d d

e
= F

HG
I
KJ

−

1

15
2

E C
C
T 1

λ

λ
λ

= F
HG

I
KJ

−

1

5
2

e

C1 C2 C2 ≈1·44 e
C

T
2

λ 1-

e
C

T
2

λ 1

∴ = −
−

E C
C
T

λ
λλ1

5
2

e [ ]

T′ ′Eλ

′ = −
−

′E C
C
T

λ
λλ1

5
2

e

∴
′
=

′
−F

HG
I
KJ = ′

−F
HG

I
KJ

E
E

C
T

C
T

C
T T

λ

λ λ λ λe e
2 2 2 1 1

ln
E
E

C
T T

λ

λ λ′
=

′
−F

HG
I
KJ

2 1 1

(i) (Disappearing filament pyrometer) :

(ii) (Polansing pyrometer) :

 (i)

(Morse) (Holborn)
(Kurlbaum)
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7·3 (crosswire)
L B

D

(heat image) A

T Eλ T′ ′Eλ

ln
E
E

C
T T

λ

λ λ′
=

′
−F

HG
I
KJ

2 1 1

E Eλ λ= ′

0 1 12=
′
−F

HG
I
KJ

C
T Tλ

∴ T = T′

7.17 

D

L

B

7·3 

A
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7.18 (Good Conductors
and Bad Conducturs of Heat)

(insulator)

7.19 (Themal Conductivity)
x A; θ1 θ2

7·4) θ1 > θ2 θ1 θ2
Q

(i) A
(ii) (θ1–θ2)
(iii) x

(iv)

Q A∞
−

⋅
θ θ1 2b g

x t

dx, dθ
dt dQ

d
dt

d
dx

Q A∞ −
θ

  
d
dt

d
dx

Q KA= −
θ

K

Q

θ1 θ2

6x

7·4 

A
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A = 1,  d
d
θ
x = 1 K1

K Jm–1K–1S–1 Wm–1K–1 Wm–1 ºC–1 

Calcm–1 °C–1S–1

[ = 4·2×102 ]

K K
K = ∞ K = 0

7·1

0ºC 

4·07×102 1·05

3·864×102 0·546

2·016×102 0·42

46·2 0·42

33·6 0·126

0·016 0·0252

7.20
(Rectilinear Propagation of Heat along

a Bar. Fourier’s Equation (One Dimensional) :
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x 7·5) C C 
x δx LM 

L 
θ  δx  x x+ δ M 

θ
θ

δ+
d
dx

x A 

K L 

−KA d
dx
θ

M 

− +FH IKKA  d
dx

d
dx xθ θ δ

= − − − +FH IK
RST

UVWKA KAd
dx

d
dx

d
dx xθ θ θ δ

= −KA d
dx

x
2

2
θ δ

(A) (i) 
(n) 

ρ, s d
dt
θ

Aδ ρ θx s d
dt

LM p p xδ

E, θ

Ep xδ θ

C
LM D

7·5 
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KA A Ed
dx

x x s d
dt p x

2

2
θ δ δ ρ θ δ θ= +

d
dt s

d
dx

p
s

θ
ρ

θ
ρ

θ= −
K E

A

2

2

d
dt

d
dx

θ
λ

θ
µθ= −

2

2

λ
ρ

=
K
s

, µ
ρ

=
E

A
p
s

λ (thermal diffusivity or thermometric
conductivity) (7·13)

E=0 

d
dt

d
dx

θ
λ

θ
=

2

2 (7·14)

(B) 

θ
dt = 0 (7·13) 

d
dx h m

2

2
2θ µ θ θ= = .......... (7·15)

m b2 = =
µ
λ

E
KA

 I  µ = 0, 

d
dx

2

2 0θ =  ............................ (7·16)

θ = +A Bx ...................... (7·17)

A B 

A B 
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x→

7·6 

θ0

↑
θ

x→

θ0

↑
θ

7·6 

x = 0 θ θ= 0 ............. (i)

x = λ θ θ= 1 ......... (ii)

θ0 = B

θ θ= +Ax 0

θ θ1 0= +Al

A = −
−F

HG
I
KJ

θ θ0 1
l

θ θ
θ θ

= −
−F

HG
I
KJ0

0 1
l x ........... (7·18)

θ y- x
7·6)

II (7·15)

d
dx

m
2

2
2θ θ=

θ = ′A enx

d
dx

n e nnx
2

2
2 2θ

θ= ′ =A

∴ =n m2 2 n m= ±

θ = + −A Be emx mx .......... (17·19)

A B 

A B 

x = 0 θ θ= 0 ........... (i)

          x = ∝ θ = 0 ........... (ii)

θ0 = +A B O A= emα

em∝ ≠ 0 A = 0
B = θ0

θ θ= −
0e mx .............. (7·20)
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θ y x (7·20
7·6)

7.21
î ÅÂù ò ± (Ingenhousz’s Experiment) : Comparison of
Thermal Conductively of Different Substances) :

7·7) 

l, l2, l3 ....... 
m m1 m2 m3 θ 0 θ 1

θ 1
(7·20) 

θ θ1 0= −e mx θ
θ

1

0
= =−e mx

m l m l m l, 1 2 2 3 3= = = 
K K K1 2 3, ,

E
A

E
K A

E
K A

p l p l p l
K1

1
2

2
3

3= = =  ......... 

p, A E 

l l l1

1

2

2

3

3K K K
= = = ......... 

7·7 
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K K K1

1
2

2

1
2

3

3
2l l l

= = =  ......... (7·21)

7.22 (Measurement
of Conductively of Bad Conductors) :

7.23 (Radial Flow
of Heat at the Walls of a Cylindrical Tube) :

r1 r2 l 7·8

r1 r2 θ 1 θ 2 θ 1>θ 2)
r dr r 3r dr+  

θ θ+dθ

7·5 
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T2

T1

T3

←

←

→

7·9 

Q  = Q KA K
•

.d
dt

d
dr

rl d
dr

= − = −
θ

π
θ2

K A ( = 2πrl ) 

∴ Q
• dr

r
ld= −2π θK

r r= 1 θ θ= 1 ....... (i)
r r= 2 θ θ= 2 ....... (ii)

Q
• dr

r
l d

r

r

1

2

1

2
2z z= − π θ

θ

θ
K

Q
•

ln ( )r
r

l2

1
1 22= −π θ θK

K
Q

=

F
HG

I
KJ

−

•
ln

( )

r
r

l

2

1

1 22π θ θ
........... (7.22)

(J) 

7·9) 

T1 T2 

T3 
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T1 T2  θ1 θ2 θ1 θ2 10ºC 

t M m t= M

s = ms(θ 1–θ 1) θ θ1 2
2
+

θ3
θ θ1 2

2
+  

r1 3r2 l

Q
•

ln
( )=

−
+F

HG
I
KJ

F
HG

I
KJ

= −
2

23
1 2

2

1

2 1

π θ
θ θ

θ θ
Kl

r
r

ms

K =
− F

HG
I
KJ

−
+F

HG
I
KJ

ms r
r

l

( ) lnθ θ

π θ
θ θ

2 1
2

1

3
1 22 2

.............. (7·23)

7·23) K 

7.24 (Radial Flow
of Heat in a Spherical Shell) :

7·10) 

r1
r2 θ1 θ2 θ1> θ2)

r1 dr 

7·10 

r2

r1

r

r+p
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θ θ–dθ)

Q KA
•

= − = −
d
dr

r d
dr

θ
π

θK4 2

A = =4 2πr
K = 

Q K
• dr

r
d2 4= − π θ

r r= 1 θ θ= 1 ........ (i)
           r r= 2 , θ θ= 2  ........ (ii)

Q
• dr

r
d

r

r

2 4
1

2

1

2
= − zz π θ

θ

θ
K

Q
• 1 1 4

2 1
2 1r r

−
L
NM

O
QP

= −π θ θKb g

Q
•

/
r r
r r
2 1

2
1 24−

= −π θ θKb g

∴ =
−

−K Q
•

4 1 2

2 1

1 2π θ θ( )
. r r

r r
  ........... (7.24)

V I Q VI
•

=

K VI
=

−
−

4 1 2

2 1

1 2π θ θ( )
r r

r r ................ (7·25)

K 

7.25
(Determination of Thermal Conduction of Bad

Conductor by Lee’s Disc Method)

(Charlton) 
7.11 C-

A B A
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D A, B D 
A D T1 T2 

C E F 

T1- T2
θ1 θ2 

D 
D 5ºC)

B D
D θ2

d
dt
θ

θ

F
HG

I
KJ

2

B d, A K 

B 

Q KA•
=

−( )θ θ1 2

d
D m, S, 

d
dt
θ

θ

F
HG

I
KJ

2

 

′ = F
HG

I
KJQ

•
ms d

dt
θ

θ2

Q Q
• •

= ′

KA( )θ θ θ

θ

1 2

2

−
= F

HG
I
KJd

ms d
dt

K
A

=

F
HG

I
KJ

−

msd d
dt
θ

θ θ
θ2

1 2( )
................... (7·26)

K 

7.26

1. = 1360 W/m2,
= 5·67×10–8

 wm2K–1, =7·0×108m, 
= 1·49×1011m

S=1360 w/m2,  σ=5·67×10–8Wm2K–1
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Rs=7·0×108m 
rSE =1·44×1011m

= 4 4π σR TS
2

S R TS
2

SE

=
4

4

4

2
π σ

πr

∴ =
F
HG

I
KJ =

′ ×
⋅ ×
⋅ ×

F
HG

I
KJ−T S

R
SE

S

4
2

8

11

8

2
1360

5 67 10
1 49 10
7 0 10σ

r .

∴ = ⋅T 5741 6K

2. 27º 227°C 10 cm 
σ = 5·67×10–8Wm2K–4

   E = −4 2π σr (T T )4
0
4

= ⋅ × ⋅ × −−4 0 05 5 67 10 500 3002 8 4 4π( ) ( )

= ⋅96 9 W

3.  400K 600K 

σ = 5·672×10–8 MKS 

E T T1
4

2
4= −σd i

= ⋅ × −−5 672 10 600 4008 4 4( )

= 5899 Watt/m2

4. 300ºC ; 
0·35ºC/S, 

32 g, 0·1 8×10–4m2 

d
dt
θ

= ⋅0 35º C/S S = 0·1×4200/J/kg, m = 0.032 kg,

A = 8×10–4m2
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d
dt

ms d
dt

θ θ
σ= = −A T T1

4
0
4d i

0.032×0.1×4200×0.35 = σ×8×10–4(5734–2734)

∴ =
× × × ⋅

× × −
= ⋅ ×−

−σ
0 032 01 4200 0 35
8 10 573 273

5 75 104 4 4
8 2 4. .

( )
/w m K

5. 7.5×108m 5727ºC 
1.5×1011m 

RS=7·5×108m
TS = 5727+273 = 6000k
rSE 

 = 1×5×1011m
= σ (
= Tp = rp

rSE 

= =
F
HG

I
KJ

r
r r

π σ
π

σ
R R TS S

SE

S

SE
S

2 4

2

2
4

4

= πrp
2

=
F
HG

I
KJ ×

R TS

SE
S
4

r
rp

2
2σ π .... (i)

 = 4 2 4π σr Tp p ..... (ii)

 (i)  (ii) 

R
R

T TS

SE
S
4F

HG
I
KJ =

2
2 2 44σ π π σr r pp p

T R TS

SE

S
p r
4

2 4 8

11

2 4

4
7 5 10
1 5 10

6000
4

=
F
HG

I
KJ =

⋅ ×
⋅ ×

F
HG

I
KJ

( )

∴ =T 300K4

6. 4·649×10–3 
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5·67×10–8 wm–2K–4 5732K
RS RSE

θ = = ⋅ × −R
R

S

SE
4 64 10 3  

= 4π σR TS
2 4

σ = T = 

S R T
r

R
r

S
2

SE
2

S

SE
= =

F
HG

I
KJ =

4
4

4 2
4 2 4π σ

π
σ θ σT T

=(4.649×10–3)2 × 5.67×10–8×(5732)4

= 1322.9 w/m2

7. (Orion Constellation) (luminous
intensity) 17,000 6000K 

E1 E2 T1 T2 

E = T E T1 1
4

1 1
4σ σ⋅ =

∴ =
E
E

T
T

1

2

2
4

2
4 T E

E
.T1

4 1

2
2
4=

∴ = ×T 17000 (6000)1
4 4

∴ = ⋅T 68511 5K1

8. 5 cm 
–20ºC

= 2º1 SI = 910 kg/m3, =3.36×105

J/kg

−θº C
x 0°C

K, A, dt 

d
x

dtθ
θ

=
KA

L OºC ρ dQ 
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θ2 θ1θ

→    K1  →  K2     →

dm d
x dt= =θ θ

L
KA
L

dt dx 

dx dm
x dt= =

ρ
θ

A
K
PL

PL
K

x dx dt
θ

=

t x1 x2 

PL
Kθ

xdx dt
x

x t

1

2

0z z= PL
K

( )
θ

x x t2
2

1
2

2
−

=

∴ = −t x xPL
K2 2

2
1
2

θ
( )

x1 = 0.05m, x2 = 0.1m, θ=20ºC. K=2·1 SI unit
ρ=910 kg/m3, L = 3·36×105 J/kg

∴ = × ⋅ × × ⋅ − ⋅
× ⋅ ×

= =t s m910 3 36 10 0 1 0 05
2 2 1 20 27300 7 35

5 2 2{( ) ( ) }

9. 0.08 m 
0.04 m 10ºC 20ºC 

[ K=0.168 SI K=0.042 S.I ]

x1 x2
 K1 K2 

θ2 θ1 θ (θ2>θ>θ1) A

∴ =
−

=
−Q A AK K1 1

1

2 1

2

( ) ( )θ θ θ θ
x x

∴
−

=
−θ θ θ θ2

1 1

1

2 2x x/ /K K

θ
θ θ1 1

2 2 1 1

2

1 1

1

2 2x x x x/ / / /K K K K
+

F
HG

I
KJ = +

A

←x1–x2→
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θ
θ θK K K K2

2

1

1

1 2

1

2 1

2x x x x
+

F
HG

I
KJ = +

θ
θ θ

=
+
+

K K
K K
1 2 2 2 1 1

2 1 1 2

x x
x x

K1 = 0.168 SI unit, K2 = 0.042 SI unit
x1 = 0.08 m, x2 = 0.04 m
θ2 = 20ºC θ1 = 10ºC

θ = ⋅ × × ⋅ + ⋅ × × ⋅
⋅ × ⋅ + ⋅ × ⋅

= ⋅
⋅

= ⋅0 168 20 0 04 0 042 10 0 08
0 042 0 08 0 168 0 04

0 168
0 01008 16 67º C

10. 100ºC 
0·1 m 60ºC, 0·2 m 

d
dx

2

2 0θ = θ x 

θ θ
θ θ

= −
−

0
0 1

l x.

θ0 = θ1 = l θ0 100= º C θ1 60= º C, l =0·1m,
x=0.2m

∴ = − −
⋅ × ⋅ =θ 100 100 60

0 1 0 2 20º C

11. 2 10 6× − Ωm 1 mm 10A  
1 cm 
0·252 W/m C 

(7.22) 

Q
•

=
−

F
HG

I
KJ

2 1 2

2

1

π θ θKl

m r
r

( )

θ θ
π1 2

2

1

2
− =

F
HG

I
KJ

•
Qln r

r
lK

r m1
45 10= × − , r m2

35 10= × − , K = ⋅0 252 wm–1°C–1
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lm 

Q R A
• −

−= = = × × ×
×

i i l l2 2 2
6

4 210 2 10
5 10

ρ
π

( )
( )

= 254·65lW

∴ θ θ
π1 2

3

4

254 65

5 10
5 10

2 0 252− = ⋅ ×

×
×

F
HG

I
KJ

× ⋅

−

−

l l

ln

= 370·32ºC

12. 0·012 m 
120ºC 100ºC 
5m2 84 SI = 2·268×106J/kg

mkg 1 

Q KA L= =
−

=
( )θ θ2 1

x
t m

∴ = −m t
Lx

KA ( )θ θ2 1

= × × × ×
⋅ × × ⋅

84 5 20 60 60
2 268 10 0 0126 = 1·11×103 kg

13. 5 cm 15 cm 
10.8W 

50ºC 

(7·24) 

K Q=
−

−
•

4 1 2

2 1

1 2π θ θ( ) . r r
r r

= ⋅ ⋅ − ⋅
⋅ × ⋅

10 8
4 50

0 15 0 05
0 05 0 15π .  = 0·229 wm–1deg–1

14. 0·3 m 0·01 m 8×10–3 
0·5 kg 760 mm

20ºC 30ºC

(7·23) 



94

NSOU

K =
−

−
+F

HG
I
KJ

ms

l

r
r( ) lnθ θ

π θ
θ θ

2 1

3
1 2

2
1

2 2

d i

m = 0·5/60 kg/s 
θ1= 20ºC, θ2=30ºC, r1= 4×10–3m, r2=5×10–3m, θ3=100ºC
l = 0·3m, S=4200 J/kg

∴ =
⋅

×
−

× ⋅ × −
×
×

F
HG

I
KJ = ⋅

−

−K 0 5
60

4200 30 20
2 0 3 100 25

5 10
4 10

0 552
3

3
( )

( )
ln

π S.I. 

7.27 
(i) 
1.

2.
3.
4.

5.
6.
7.
8.

9.
10.
(ii) 
1.

2.
3.
4.
5.

6.
7.
8.



95

NSOU

9.
10.

11.
12.
13.
14. CGS SI 

15.
16.

17.
18.
19.

20.
(iii) 
1. (a) 

(b) 

2.

3. (a) 
(b) 
(c) 

4. (a) 
(b) 

5. (a) 
(b) 

6.
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7.

8.

9.

10. (a) 

(b) K1 K2 
2K1K2/(K1+K2)

(iv) 
1. 0·01 873K 

(σ=5·762×10–8m–2K–4)
2. 20ºC  100ºC 30ºC-

3. 400K
600 K

(σ=5·762×10–8MKS)
4. 8·23J/cm2min 

0·53º 
=5·67×10–8Wm–2K–4)

5.
θ=0·57º 6000K 

6. 1400 Wm–2 

=7×108mg 1·5×1011m, σ=5·7×10–8 Wm–2K–4

7. 6000K 
40 =7×108m

1·5×1011m
8. 0·04m 261K
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k = 2·184 wm–1K–1, = 920 kgm–3

= 333 kJ hg–1

9. –10ºC 4cm 
= 920 kg/m3. =3·36×105J/kg;

= 0·84 MKS 

10. 4 cm 2 cm 
226·8 147 S.I. 100º

30º 
11. 120ºC 20ºC 

0·1848 Wm–1K–1 6×10–3 m 
11×10–3m 1m 

12. 0·04m 0·05m 
151·2 54·6 Wm–1K–1 100ºC 

0ºC 
13. 0·544m 0·3675×10–2m 0·9775×10–2m 

13·8ºC 28·4ºC 0·6468 wm–1K–1 

14. 0·05m 0·15m
10·8 W 

50ºC 

15. 0·05m
0·03m 0·06m 10 W 

= 210MKS 

7.28 
1. 42·06 W
2. 11·32
3. 5899 W/m2
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4. 5799K 0 53
2⋅a fº π

180 0 53
2× ⋅F

H
I
K rad

5. 299·2K
6. 5800K
7. 45·8K ( 5 
8. 2·139×10–6 m/s 8 
9. 8h 10m 40s

10. 64·48ºC 9 

11. 191·56 W/M
12. 77·39ºC 9 
13. 2·91×10–6 m3/s
14. 0·229 SI 

15. 0·105ºC

7.29 
1. A Treatise on Heat—Saha and Srivastava
2. College Physic—A.B. Gupta
3. Study Material : Elective Physics Honours EPH 05 (Heat and Thermodynamics)

Netaji Sabhas Open University.
4. Advenced Text book on Heat—P.K. Chakrabarty.
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8  (Vibrations, Waves
and Acoustics)

8.1
8.2
8.3
8.4
8.5
8.6
8.7
8.8
8.9

8.10
8.11
8.12
8.13
8.14
8.15
8.16
8.17
8.18
8.19
8.20
8.21
8.22
8.23
8.24
8.25
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8.1























8.2 (Periodic Motion and
Oscillasion)
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8.3 (Simple Harmonic Motion)

O x P
8·1) O

m
(restoring force) F

F ∝ −x

F = −k x  .............................(1)

(k =

m d x
dt

kx
2

2 = −

d x
dt

k
m x

2

2 = −

d x
dt

x
2

2
2= −ω  ............................(2)

  ( ω = =k
m

x e t= ∝A , A ∝

∴ dx
dt e t= ∝ ∝A , d x

dt
e t

2

2
2= ∝ ∝A

8·1 

←        x       →

m

P

O F

←
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(2)

A e t∝ ∝ + =2 2 0ωd i

t Ae t∝ ∝ + =2 2 0ω

∝= ± iω

(2)

x e ei t i t= + −A A1 2
ω ω

A1 A2
x = A1 (cos ωt + i sin ωt) + A2 (cos ωt – i sin ωt)

= (A1+A2) cos ωt + i (A1–A2) sin ωt
= A cos ωt + B sin ωt

A1+A2=A
i(A1–A2)=B

A = ∈a cos , B = ∈a sin
a ∈

∴ x a t a t= ∈ + ∈cos cos sin sinω ω

x a t= − ∈cos ωb g ....................(3)

a = +A B2 2 , tan ∈= B
A

(3)

(amplitude) : ‘+ a’, ωt− ∈ =b g 0, 2π, 4π

‘–a’, ωt− ∈ =b g 0, 3π, 5π x = 0

|a| ‘a’

(time period) : (3)

x a t a t a t t= − ∈ = + − ∈ = + −cos cos cosω π ω π ωb g b g2 4

= ..........

x a t a t= − ∈ = +F
H

I
K− ∈L

NM
O
QPcos cosω ω π

ωb g 2



103

NSOU

= +F
H

I
K− ∈L

NM
O
QP =a tcos ........ω π

ω
4

= − ∈ = − ∈ =a t a tcos ' cos ' ' .......ω ωb g b g

t, t', t''...... t t' ,= + 2π
ω  t t' ' .....= + 4π

ω

T

T = − = − = =t t t t' ' ' ' ...... 2π
ω

∴ = = =T 2 2 2π
ω

π πm
k

    
1

(phase) : ωt− ∈b g
t = 0 ∈ ; ∈ (epoch)

(frequency) : ω π π= =2 2T f ;  1
T = f =

(Hertz, Hz) =
(angular frequency) : ω

8.4  

x a t= − ∈cos ωb g

v x dx
dt a t= = = − − ∈

•
ω ωsinb g

∴ Ek mv ma t= − = − ∈1
2

1
2

2 2 2 2ω ωsin b g

= − − ∈1
2 12 2 2ma tω ωcos b g

= 2π
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= −
F
HG

I
KJ

1
2 12 2

2

2ma x
a

ω

= −1
2

2 2 2m a xω d i

Ek m amax ;= ⋅1
2

2 2ω x = 0

Ek = 0 x = a

x x

E Fp = − = = =zz dx kxdx kx m x
xx 1

2
1
2

2 2 2

00
ω

Ep max ;= 1
2

2 2m aω x = a

Ep
 = 0 x = 0

E E Ek p= + = − + = =1
2

1
2

1
2

1
2

2 2 2 2 2 2 2 2m a x m x m a kaω ω ωd i
x

(8·2

= = − ∈

•z
z z

1
2

2

2

0

0

2 2 2

0

m x dt

dt

m a t dt

T

T

T

T ω ωsin b g

8·2 

←

← 

←

x = – a             x = 0               x = 0



105

NSOU

= = =m a ma k2 2
1
4

1
2

2 2 2 2

T
T Eω ω max

= = − ∈
z

z z
1
2

2

2

0 2

0

kx dt

dt

k a t dt

T

0

T
2T

T cos ωb g

= ⋅ ⋅ = = =k a ka m a2 2
1
4

1
4

1
2

2 2 2 2

T
T Epω max

= + =1
4

1
4

1
2

2 2 2 2 2 2ma ma maω ω ω

= =E Ek pmax max

8.5 

1.

O l
r (bob)

8·3) A
B

A l
(l >> r) θ

x
m

g
mg mg cos θ
T mg sin θ

–A A

O

θ

T

B

A

l

θ

mg mgcosθmgsinθ

8·3 
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B F = ≈ =mg mg mg x
lsinθ θ

F = − = −m x m d x
dt

2

2 [θ ]

m d x
dt

mg x
l

2

2 = − (AB = x = )

d x
dt

g
l x

2

2 = −

d x
dt

x
2

2
2= −ω

∴ =ω
g
l

T = =2 2π
ω

π l
g

2.

m l 8·4
= Kl (k = ∴ mg = + Kl

z
z m

= –kz. m d z
dt

2

2

m d z
dt

kz
2

2 = −

∴ m d z
dt

mg
l z

2

2 = −

d z
dt

g
l z

2

2 = −

d z
dt

z
2

2
2= −ω ,

ω =
g
l

T = =2 2π
ω

π l
g

8·4 

↑
↓

↑
↓
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8.6 

(a)

x1 = a cos ωt

x b t2 = − ∝cos ωb g
∝

x x x a t b t= + = + − ∝1 2 cos cosω ωb g
= + ∝ + ∝a t b t tcos cos cos sin sinω ω ωb g
= + ∝ + ∝a b t b tcos cos sin sinb g b gω ω

= +A Acos cos sin sinδ ω δ ωt t

x t= −A cos ω δb g
  A δ

A cos cos ,δ = + ∝a b Asin sinδ = ∝b

∴ A2 2 2 2 2 2 2= + ∝ + ∝= + + ∝a b b a b abcos sin cosa f
tan sin

cosδ = ∝
+ ∝
b

a b

A = + + ∝a b ab2 2 2 cos

δ = ∝
+ ∝

−tan sin
cos

1 b
a b

x t= −A cos ,ω δb g

A, δ

8·5)

8·5 

DBA

δ α

C

R
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AB = a, BC = b ∝ ∠CAB = δ
AC = (R

∴ = + + ∝R2 2 2 2a b abcos

(b)

m m + n; n
x1 = a cos 2πmt = a cos ft
x2 = b cos 2π (m+n) t = b cos ( f+p) t

f = 2πm, p = 2πn

x x x a ft b f p t= + = + +1 2 cos cosa f
= + −a ft b ft pt ft ptcos cos cos sin sinb g
= + −cos cos sin sinft a b pt ft b pta f a f
= −cos sin sin cosft ftA Aθ θ

= +A cos ft θa f
A sin cos ,θ = +a b pt  A cos sinθ = b pt

A θ

A2 2 2 2= + +a b pt b ptcos sina f
= + +a b ab pt2 2 2 cos

pt = 0, 2π, 4π,...... cos pt = 1

A2 2 22= + + = +2a b ab a ba f
A = a+b

t p= ×2π π
p ×

A = a+b
pt = π,  3π,  5π,..... cos pt = −1

A = a–b

π
p × A = a–b
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←   2a    →

(a+b) (a–b)

= 2π
p

(8·6) A B 4:5 C
A 4 B 5

(beat)

(c)

x

x a t= cosω .............................(A)

y b t= − ∝cos ωb g ...........................(B)

(A) x
a t= cosω (B)

y
b t t= +cos cos sin sinω α ω α

y
b

x
a

x
a

= + −cos sinα α1
2

2

y
b

x
a

x
a

−FH IK = −F
H

I
Kcos sinα α

2 2

2
21

y
b

x
a

xy
ab

x
a

2

2

2

2
2 2

2
22 1+ − = −F

H
I
Kcos cos sinα α α

x
a

y
b

xy
ab

2

2

2

2
22+ − =cos sinα α

2a 2b (inclined ellipse)
8·7) a,b  α

↑

2b

↓

8·7 
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←    2a     →

α = π

θ

 y

 x

←    2a     →
8·10 

←    2a     →

α = 0

θ

(I) α = 0

x
a

y
b

xy
ab

2

2

2

2
2 0+ − =

x
a

y
b−F

HG
I
KJ =

2

0

y b
a x=

x θ = −tan 1 b
a a b2 2+

8·8)
(II) α = π

x
a

y
b

xy
ab

2

2

2

2
2 0+ + =

x
a

y
b+F

HG
I
KJ =

2

0

y b
a x= −

x θ = −−tan 1 b
ae j

8·9)

(III) α π= 2 , π
2

x
a

y
b

2

2

2

2 1+ =

2a 2b 8·10)

(IV) α π= 2 a = b

x y a2 2 2+ =
a

π
2

←    2a     →

8·11 

↑

2b

↓

8·8 

↑

2b

↓

8·9 

↑

2b

↓

↑

2a

↓
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←  2a    →

α = 3π/2

←  2a    → ←  2a    →←  2a    →

↑

2a

↓
←  2a    →

↑

2a

↓

α = π α = 5π/4

↑

2a

↓

↑

2a

↓

α = 2π

8·12), a = b α = 0 π
4 , π

2 , 3
4
π , π , 5

4
π , 3

2
π , 7

4
π , 2π

(Lissajous curves) :

1:2, 3:2, 1:3
8·13

↑

26

↓

α = 7π/4

←  2a    →

↑

2a

↓

α = ο

←  2a    →

↑

2a

↓

α = π/4

←  2a    →

↑

2a

↓

α = π/2

←  2a    →

↑

2a

↓

α = 3π/4

8·12 α− a = b

8·13 

1 2       1 3    2   1 1

1
2
3

fx  : fy = 1 : 1 fx  : fy = 1 : 2 fx  : fy = 2 : 3 fx  : fy = 3 : 1

1
1

1

2
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     y- (ny)f
f

x

y
= ––––––––––––––––––––––– = 

η
η

y

x     x (nx)

8.7 (Damped Simple Harmomic
Motion)

2 (free)

(damping force)
(2)

m d x
dt

kx dx
dt

2

2 = − − γ

–kx −γ dx
dt m d x

dt

2

2 k γ

m

d x
dt

k
m x m

dx
dt

2

2 = − − γ

d x
dt

b dx
dt x

2

2
22 0+ + =ω  .............................(4)

2b m= γ , ω = k
m

(4) (trial)

x ce t= ∝
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∴ = ∝ ∝dx
dt ce t , d x

dt
ce t

2

2
2= ∝ ∝

4

ce bt∝ ∝ + ∝ + =2 22 0ωd i
α α ω2 22 0+ + =b

∴ = − ± − = − ± −α ω ω2 4 4
2

2 2
2 2b b b b

x c e c e
b b t b b t

= +
− + −FH IK − − −FH IK

1 2

2 2 2 2ω ω

= +− −e c e c ebt t t
1 2

β βe i ..................(5)

β ω= −b2 2

(i) (Over damped) :

b>>ω b2 2− ω b

b b> −2 2ω b > β − +b β − +b βb g
(5) x

(exponentially)
(over damped motion) (8·14)

(a)

x0
(b)

(a) (b)

x

t

x

t

8·14 

xo
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(ii) (Lightly damped motion) :

b<ω  β ω= −b2 2 (imaginary)

β ω φ= − =1 2 2b i ,  φ ω= −2 2b

x e c e c ebt i t i t= +− −
1 2

φ φd i
= + + −−e c t i t c t i tbt

1 2cos sin cos sinφ φ φ φa f a f
= + + −−e c c t i c c tbt

1 2 1 2b g b gcos sinφ φ

= +−e t tbt D Dcos sin sin cosφ δ φ δ

= +−De tbt sin φ δa f ...............(6) 
c c
i c c

1 2

1 2

+ =
− =

L
NM

O
QP

D
D
sin

cos
δ

δb g
dx
dt e t e b tbt bt= + − +− −D Dφ φ δ φ δcos sina f a f

δ D

(6) φ
π2 e bt−

f b= = −φ
π

ω
π2 2

2 2
= −ω

π ω2 1
2

2
b

fo = ω
π2 f < fo

8·15 

·(a) ·(b)

tt→

xo

x x
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8·15 (a) 8·15 (b)

(iii) (Critical damping) :

b = ω, x c c e ebt bt= + =− −
1 2b g A (c c1 2+ = =A

b2 2− ω h b= −2 2ω h → 0

x c e c eb h t b h t= +− + − −
1 2

a f a f

= +− −e c e c ebt ht ht
1 2d i

eht e ht− ht

x e c ht c htbt= + + −−
1 21 1a f a f

= + + −−e c c c c htbt
1 2 1 2b g b g

= +−e htbt A B  ..................(7) A B

(b>>ω)
b>ω b<ω

b=ω
b (Critical damping coefficient)

8.8 (Forced Vibration and
Resonance)

(natural frequency)

ω m
x
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(i) = –kx, k

(ii) = −γ dx
dt ,  γ

(iii) = F sin ωt, F

md x
dt

kx dx
dt t

2

2 = − − +γ ωFsin ..................(8)

d x
dt

k
m x m

dx
dt m t

2

2 + + =γ ωF sin

d x
dt

b dx
dt x f t

2

2 0
22+ + =ω ωsin  ................(9)

2b m= γ ,  ω0
2 = k

m ,  f m= F

(complementary
function)

x x= 1;

d x
dt

b dx
dt x

2
1

2
1

0
2

12 0+ + =ω  ....................(10)

x x= 2 (particular integral)

d x
dt

b dx
dt x f t

2
2

2
2

0
2

22+ + =ω ωsin  .............(11)

d
dt

x x b d
dt x x x x f t

2

2 1 2 1 2 0
2

1 22+ + + + + =b g b g b gω ωsin .............(12)

x1

x e t e b tbt bt
1 0

2 2= + = − +− −D Dsin sinφ δ ω δb g e j  .............(13)

D  δ
x2

(11)

x t2 = −A sin ω αb g

∴
dx
dt t2 = −Aω ω αcosb g d x

dt
t

2
2

2
2= − −Aω ω αsinb g
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(11)

− − + − + −A A Aω ω α ω ω α ω ω α2
0
22sin cos sint b t tb g b g b g = f tsinω

A Aω ω ω α ω ω α0
2 2 2− − + −d i b g b gsin cost b t = − +f tsin ω α αb g

A Aω ω ω α ω ω α ω α α ω α0
2 2 2− − + − = − + − ∝d i b g b g b g b gsin cos sin cos cos sint b t f t f t

t sin ω αt −b g cos ω αt −b g

A ω ω α0
2 2− =d i f cos

2b fAω α= sin

A =
− +

f

bω ω ω0
2 2 2 2 24d i ...........(14) 

tanα ω
ω ω

=
−

2
0
2 2
b

x e t tbt= + + −−D Asin sinφ δ ω αb g b g  ...........(14)

13 A α

e–bt φ
π2

ω
π2 A

x t= −A sin ω αb g

A ω
π2 α

ω0
2 2− b ω

}
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v dx
dt t= = −Aω ω αcosb g

= Aω ω α πsin t − +F
H

I
K2

= −Aω ω ψsin tb g
Aω ω

π2

ψ α π= − 2

(a) (amplitude resonance) :

A =
− +

f

bω ω ω0
2 2 2 2 24d i

ω ω ω0
2 2 2 2 24− +d i b

d
d b
ω

ω ω ω0
2 2 2 2 24 0− +L

NM
O
QP =d i

− − + =4 4 00
2 2 2ω ω ω ωd i b

ω ω0
2 2 22 0− − =d i b

ω ω= −0
2 22b

ω
π

ω
π

ω
π2

2
2 2
0
2 2

0=
−

<
b

ω
π

ω
π2
2

2
0
2 2

=
− b

(b=0) ω
π

ω
π2 2= o

=
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(b) (velocity resonance or energy resonance
or resonance) :

x t= −A sin ω αb g

∴
dx
dt t= −Aω ω αcosb g

E A= FH IK = −1
2

1
2

2
2 2 2m dx

dt m tω ω αcos b g

E Am m= 1
2

2 2ω

=
− +

1
2 4

2
2

0
2 2 2 2 2

m f

b
ω

ω ω ωd i

=

−F
HG

I
KJ +

1
2

4

2

0
2

2
2

mf

bo

o
ω

ω
ω

ω
ω

b ω = ωo

Em

mf

b
= −

1
2
4

2

2

ω
ω

ω
ω

o

o
− = ∆

E =
+

1
2

4

2

0
2 2 2

mf

bω ∆

Em

mf

b
=

1
2
4

2

2
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8·16

b3< b2< b1

b1

b2

b3

b ∆ 8·16

E
Em

b
b

b

=
+

=
+

4
4

1

1
4

2

0
2 2 2

0
2 2

2
ω ω∆ ∆

∆ = 0
E

Em
=1 ω ω= 0

E
Em

= 1 ∆

E
Em

→ 0

∆
E

Em
8·17 b E

Em



P = dw
dt ,  w = 

dw = Fdx. = F sin ωt·Aωcos (ωt–a)dt

P F= = × −dw
dt t tsin A cosω ω ω αb g

= +FAω ω ω α ω αsin cos cos sin sint t tb g
= +FAω ω ω α ω αsin cos cos sin sint t t2d i

= +F
H

I
KFAω ω α ω α1

2 2 2sin cos sin sint t

b2

b3

b1

b3< b2< b1

∆ → ∆

E
Em

8·17
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< >= = × −
z
z zP T F A

T

T

Tdw

dt
t t dt0

0

0

1 sin cosω ω ω αb g

< > = +L
NM

O
QPz zP FA T T

T T
ω α ω α ωcos sin sin sin2 2

0

2

0
tdt tdt

= +L
NM

O
QPFA sinω α0 2

= FAω αsin
2

=

tanα ω
ω ω

=
−

2
0
2 2
b

sinα ω

ω ω ω
=

− +

2

40
2 2 2 2 2

b

bd i

A F=
− +m bω ω ω0

2 2 2 2 24d i

∴ < > =P FAω αsin
2

= ⋅
− +

⋅ ⋅
− +

F F

m b

b

bω ω ω
ω ω

ω ω ω0
2 2 2 2 2

0
2 2 2 2 24

1
2

2

4d i d i

=
− +L

NM
O
QP

b

m b

F2 2

0
2 2 2 2 24

ω

ω ω ωd i

<P> <P>m ω = ω0

< > = =P F F
m

b
m b bm

2 2

2 2

2

4 4
ω
ω

ωo2–ω2

2bω

ω ω ω0
2 2 2

4 2 2−FH IK + b
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b ω0
<P> <P>m

8·18 A B
B b1

A b2
B Q

(sharpness of resonance Q)
(Q)

Q = –––––––––––––––––––––––––– =
−
ω

ω ω
0

2 1

< >
< >

=
− +L

NM
O
QP
⋅P

P
F

Fm

b

m b

bm2 2

0
2 2 2 2 24

4ω

ω ω ωd i
2

=
− +

4

4

2 2

0
2 2 2 2 2

b
b

ω

ω ω ωd i

1
2

1
2

4

4

2 2

0
2 2 2 2 2

=
− +

b
b

ω

ω ω ωd i

ω ω ω ω0
2 2 2 2 2 2 24 8− + =d i b b

ω ω ω0
2 2 2 2 24− =d i b

∴ ω ω ω0
2 2 2− = ± b

ω ω ω2
0
22 0+ − =b  ..............(i)

ω1  ω1   ω0   ω2   ω2

b1<b2

b2

b1

B

A
1

0.5

< >
< >

P
P m

8·18 
< >
< >

P
P m

 



123

NSOU

ω ω ω2
0
22 0− − =b  ..............(ii)

(i) ω ω= − ± +b b2
0
2

ω ω1
2

0
2= + −b b

(ii) ω ω= ± +b b2
0
2

ω ω2
2

0
2= + +b b

∴ ω ω2 1 2− = b

∴ Q =
−

=
ω

ω ω
ω0

2 1

0
2b

8·18 b Q

∆ ∆

a = 1
∆

Em
mf
b

= 1
2 4

2

2

E E
=

+
= =

1
2

4 2
1
2

1
2
4

2

0
2 2 2

2

2

mf

b

mf

b
m

ω ∆

 ω0
2 2 2 24 8∆ + =b b

∆2
2

0
2

4= b
ω

∴ 1
2

0
∆
= ± =

ω
b Q

8.9 (Wave Motion)
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(elastic wave)
(progressive wave)

(simple harmonic)

(i) (transvese wave),
(ii) (longitudinal wave),



(i)

(ii)
T

n = 1
T ,

(iii)

(iv)
î Âõþ¼ ÆðâÇÉ λ n v = nλ
(v)

(plane progressive wave)
 (characteristics of progressive waves) :
(i)

(ii)
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(iii)

(iv)

(v) n λ v = nλ

8.10 (Equation of
a Simple Harmonic Plane Progressive Wave)

x v
t P (x=0) y1 = a sin ωt 8·10) a
ω t x Q

PQ

t x
v'= Q t

P t'
Q

y a t t a t x
v= − = −F

H
I
Ksin ' sinω ωb g

.................(14)

x

y a t x
v= +F

H
I
Ksinω  .....................(15)

y a t x
v= −F

H
I
Kcosω y a t x

v= +F
H

I
Kcos ω x

x
(14)

y a t x
v= −F

H
I
Ksin 2π

T

= −F
H

I
Ka t x

vsin 2 2π π
T T

x = x

QP

→

8·19
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= −F
H

I
Ka t xsin2π

λT

= −a t kxsin ,ωb g k =L
NM

O
QP

2π
γ

= −F
H

I
Ka t xsin 2π

λ
λ
T

= −a vt xsin 2π
λ b g



y a t x
v= −F

H
I
Ksinω

dy
dt a t x

v= −F
H

I
Kω ωcos

d y
dt

a t x
v

2

2
2= − −F

H
I
Kω ωsin

dy
dx

a t x
v= − −F

H
I
K

ω
υ

ωcos

d y
dx

a
v

t x
v

2

2

2

2= − −F
H

I
K

ω ωsin

∴ 
d y
dx v

d y
dt

2

2 2

2

2
1= ................(16)

f vt x−b g f vt x+b g

y f vt x f vt x= − + +b g b g  ...............(17)

8.11 (Relation Between
Velocity of the Particle and Wave Velocity)

(wave velocity) (phase velocity)
v
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y a t x
v= −F

H
I
Ksinω

V = = −F
H

I
K

dy
dt a t x

vω ωcos

dy
dx

a
v t x

v= − −F
H

I
K

ω ωcos

∴  V = −v dydx
∴ = – ×

8.12 (Intensity)

v
v v× =1 8·20)

= n
1
2

2 2m aω

∴ I = 1
2

2 2m a vnω

I = =22 2 2 2π ρv f a ca   ( mn = ρ ) =
c

c 1
I = a2

8.13 (Superposition of Waves)

y y y1 2 3
→ → →

, , ,......

y y y y y
→ → → → →
= + + + +1 2 2 3 ....... ...........(18)

→

b

8·20

1
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(a) (interference of sound) :

(constructive) (destructive)

S1  S2 P 8·24)

S1 S2 P r1 r2 t

y a t r
1

12= −F
HG

I
KJsin π

λT

y b t r
2

22= −F
HG

I
KJsin π

λT

y y y= +1 2

= −F
HG

I
KJ + −F

HG
I
KJa t r b t rsin sin2 21 2π

λ
π

λT T

= − + −a t r a t r b t r b t rsin cos cos sin sin cos cos sin2 2 2 2 2 2 2 21 1 2 2π π
λ

π π
λ

π π
λ

π π
λT T T T

= +F
HG

I
KJ − +F

HG
I
KJsin cos cos cos sin sin2 2 2 2 2 21 2 1 2π π

λ
π
λ

π π
λ

π
λ

t a r b r t a r b r
T T

= −sin cos cos sin2 2π δ π δt t
T A T A

= −A Tsin 2π δte j

A cos cos cosδ
π
λ

π
λ

= +a r b r2 21 2

A sin sin sinδ
π
λ

π
λ

= +a r b r2 21 2

∴A2 1 2
2

1 2
22 2 2 2

= +F
HG

I
KJ + +F

HG
I
KJa r b r a r b rcos cos sin sinπ

λ
π
λ

π
λ

π
λ

P

S2

S1

8·21

r2

r1
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= + + +F
HG

I
KJ

2a b ab r r r r2 1 1 1 22 2 2 2 2cos cos sin sinπ
λ

π
λ

π
λ

π
λ

= + + −a b ab r r2 2
1 22 2cos π

λ b g

tan
sin sin

cos cos
δ

π
λ

π
λ

π
λ

π
λ

=
+

+

a r b r

a r b r

2 2

2 2

1 2

1 2

I = cA2

c a b ab r r2 2
1 22 2+ + −L

NM
O
QPcos π

λ b g

I Imax
2 21 2
π
λ

πr r n− =b g

n = 0, ±1, ±2,

r r n1 2− = λ

Imax = + 2c a bb g

λ λ
2

I Imin
2 2 11 2
π
λ

πr r n− = +b g b g
n = 0, ±1, ±2,

r r n1 2 2 1 2− = +b g λ

Imin = −c a bb g2

λ
2
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(i) (coherent)

(ii)

(iii)

(b) (stationary wave) :

(nodes)

λ
2

(antinodes) λ
2

x

y a t kx1 = −sin ωb g
y a t kx2 = +sin ωb g

y y y a t kx a t kx= + = − + +1 2 sin sinω ωb g b g
= ⋅2a t kxsin cosω

= 2a kx tcos sinb g ω

= FH IK =2 2a x t tcos sin sinπ
λ

ω ωA

sin ωt kx−b g
A = 2 2a xcos π

λ
A x

cos 2 0π
λ
x = 2 2 1 2

π
λ

πx n= +b g ;  n

x n= +2 1 4b g λ
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x = λ
4 , 3

4
λ , 5

4
λ ,......

λ
2 ,  8·22 θ θ1 2, .....

(antinodes) cos 2 1π
λ
x = ±

2π
λ

πx n= n

x n= λ
2

x = 0,
λ
2 , 2

2
λ , 3

2
λ ,......

8·22 P1, P2, P3,.......

 (characteristics of stationary waves) :

(i)

(ii)

8·22

A
B

P1          P2           P3           P4          P5

 Q1            Q2            Q3        Q4
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(iii)
180

(iv)

(c) (beats) : 

8·7(b)

8.14 (Velocity of
Longitudinal Waves in Material Medium)

x
α

ABCD  EFGH
x x+δx

δx
( 8·23) CG

= δx

ABCD ξ A' B' C' D'
EFGH

E' F' G' H' A' B' C' D'

x + ξ E' F' G' H' x x x x+ + +ξ δ
∂ξ
∂

δ

δx ξ C'G'= + + +x x x x xξ δ
∂ξ
∂

δ ξF
HG

I
KJ − +b g

= +δ
∂ξ
∂

δx x x

=
∂ξ
∂

δx x

D' H'HD

B F
A E A'

B'

E'

F'

G'C'GC

→

←dx→
x x x x x+ + +ξ δ δξ

δ δ
x + ξx x+ δ

8·23 
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=∝
∂ξ
∂

δx x ∝δx

∴ = =
α ∂ξ
∂ δ

αδ
∂ξ
∂

x x
x x

= k

P = − k x
∂ξ
∂

ABCD = P
EFGH 

= +P P∂
∂

δx x

= − + −FHG
I
KJk x x k x x∂ξ

∂
∂
∂

∂ξ
∂

δ

= − −k x k
x

x∂ξ
∂

∂ ξ
∂

δ
2

2

ABCD EFGH = k
x

x∂ ξ
∂

δ
2

2

=∝ k
x

x∂ ξ
∂

δ
2

2

δx
A' B' C' D' E' F' G' H'

ρ ∝δ ρx
∂ ξ
∂

2

2t

=∝δ ρ
∂ ξ
∂

x
t

2

2

∝ =∝k
x

x x
t

∂ ξ
∂

δ δ ρ
∂ ξ
∂

2

2

2

2



134

NSOU

∂ ξ
∂ ρ

∂ ξ
∂

2

2

2

2t
k

t
=

∂ ξ
∂

∂ ξ
∂

2

2
2

2

2t
v

t
=

v k= ρ

8.15 
(Velocity of Longitudinal Wave in a Rod of Solid Material)

α  x x x+ δ
AB CD δx

AB ξ A' B'

A' B' x + ξ.  C' D'
CD

x x x x+ + +ξ δ
∂ξ
∂

δ δx

ξ

= + + +F
HG

I
KJ − +x x x x xξ δ

∂ξ
∂

δ ξb g

= +δ
∂ξ
∂

δx x x

= + −δ
∂ξ
∂

δ δx x x x

=
∂ξ
∂

δx x

= =

∂ξ
∂ δ

δ
∂ξ
∂

x x
x x

A C

B D B' D'

A' C'

x + ξx x+ δx x x x x+ + +ξ δ δξ
δ δ

8·24 
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p x= −Y ∂ξ
∂

Y =

AB = P

CD = +P ∂
∂

δ
p
x x

= − + −FHG
I
KJY Y∂ξ

∂
∂
∂

∂ξ
∂

δx x x x

= − −Y Y∂ξ
∂

∂ ξ
∂

δx x x
2

2

= Y ∂ ξ
∂

δ
2

2x
x

∴ = α
∂ ξ
∂

δY
2

2x
x

δx A' B'  C' D'

ρ = αδ ρx =
∂ ξ
∂

2

2t

= αδ ρ
∂ ξ
∂

x
t

2

2

∴ α ∂ αδ ρ
∂ ξ
∂

Y x x
t

=
2

2

∂ ξ
∂ ρ

∂ ξ
∂

2

2

2

2x t
= Y

∂ ξ
∂

∂ ξ
∂

2

2
2

2

2x
v

t
=

∴ v = Y
ρ
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8.16 (Velocity of Sound in Air) 

(i) v k=
ρ

,  k

ρ

(isothermal)
pv = p = v =

pdv vdp+ = 0

p dp
dv
v

=
−

= ––––––––––– = k

∴ v p
=

ρ

äÂ±Âó, p = ⋅ × ⋅ × × ⋅0 76 13 6 10 9 83  N/m2

ρ = ⋅1 293  kg/m3

∴ v = ⋅ × ⋅ × × ⋅
⋅

≅0 76 13 6 10 9 8
1 293 280

3
m/s

332 m/s

(2) (Laplace’s correction) :

(adiabatic) pv γ = γ

pv γ =
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v dp p v dvγ γγ+ =−1 0

γp dp
dv
v

k=
−

= = v p
=

γ
ρ

γ = ⋅1 41 v = 332·5 m/s

8.17 
(Effect of Pressure, Temperature, Density and Humidity
on the Velocity of Sound) 

(i)
pv =

v ∝ 1
ρ ,  ρ =

∴ 
p
ρ

= v p
=

γ
ρ ;

(ii)

0 c t c ρ0 Pt ; v0

vt

∴ v p
0 =

γ
ρo

v p
ptt =
γ

∴
v
v pt

o o

o
=

ρ

ρo

o

T
Tpt

= , T To t c O c
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∴
v
v
t

o o

T
T=

∴ vα T

v
v

t t t tt

o
= + = + = + ⋅ = +273

273 1 273 1 1
2 273 1 546

∴ v v t
o= +1 546e j

vo = 332  m/s v t
t = +332 1 546e j  = 332 + 0·61×t m

1 c 0 c 0·61m

(iii) ρ1 ρ2

v1 v2

∴v p
1

1
=

γ
ρ

v p
p2

2
=

γ
[ γ ]

∴ 
v
v

1

2

2

1
=

ρ
ρ

16:1 O2 H2 vo vH

∴ 
v
v

o

H
= = =

ρ
ρ

o

H

16
1 4

∴ v vH O= 4

4

(iv)

t c p vm

vd v v p f
pd m=

− ⋅0 378

f t c
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8.18 (Transverse Waves in a
Stretched String) 

x T  T
m AB = δx XY

A' B' A' B' (x,y) x x y y+ +δ δ,a f
XY T A' C 

B' D A' B' x θ1 θ2
A' C DB' T y A' = T sin θ B'
= T sin θ2

∴ A'B'
= −T Tsin sinθ θ2 1

= −T tan tanθ θ2 1b g (θ1 θ2

= +F
HG

I
KJ −

RST
UVWT ∂

∂
∂
∂

δ ∂
∂x y y

x x y
x [ tanθ =

dy
dx ]

= T ∂
∂

δ
2

2
y

x
x

AB = m xδ
∂
∂

2

2
y
t

= m x y
t

δ
∂
∂

2

2  y f t= θ,b g

∴ T ∂
∂

δ δ
∂
∂

2

2

2

2
y

x
x m x y

t
=

xBAC
θ2

D

d

B'
A'

T

θ1

8·25 
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∂
∂

∂
∂

2

2

2

2
y
t m

y
x

= T

∂
∂

∂
∂

2

2
2

2

2
y
t

c y
x

=

∴ c m= T

 (Different harmonics in a stretched
string fixed at two ends) :

T

[ 8·26 (a)] l = λ
2 , λ =

= n v n= λ

v m= T

∴ =n mλ T n l m= 1
2

T

(fundamental tone)
1
4

8·26 (b)

l = λ

∴ n l m'= 1 T

(overtone)
(first harmonic)

n n'= 2

n'' = 3n
(second

harmonic)

(a)

(b)

(c)

l=λ/2

l=λ

l=3λ/2

8·26 
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8.19 (Doppler Effect) :

(1803-1853)

(1) 
(2) 

(1) (Source in motion ; observer stationary) :
s n v 8.17)

νs  0 vs< v

t   ∴ =SO tν  nt 

SO ν λ= n , λ υs

t ss v ts'= nt S'O 

8.27 

S
S1

S

O

O

→ν

→ν

→
υs
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λ
ν ν

λ
ν

1 =
−

=
−

=
−t v t

nt
v

n
v

v
s s s  [ν λ= n ] λ λ

ν1 1= −F
HG

I
KJ

vs

n1 

n n v
n
vs s

1
1 1

= =
−

=
−

ν
λ

ν
ν

ν
∴ >n n1

∆n n n n v n nv
vs

s

s
= − =

−
− =

−1
ν

ν ν

vs vs

λ λ
ν

ν
λ

ν1 1=
+

= +F
HG

I
KJ

v vs s

n n v
n
vs s

1
1

=
+

=
+

ν
ν

ν
n n1 <

(2) (Source stationary ; observer in motion) :

s n λ ν O

v0 s 8.28 n

v v+ 0b g n2

n v v

n

n2
0 0=

+
=

+
=

ν
λ

ν
ν

ν λ[ ]

=
+

= +F
HG

I
KJ

n v
n vν

ν ν
0 01

b g
∴ >n n2

8.28 

S O
→ ν

→

v0
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v0

n n v
2

01= −F
HG

I
KJν n n2 <

(3) ( Both the source and the observer are in
motion) :

(a) vs v0

n n vs
1 =

−
ν

ν

n n v
2 1

0=
−ν
ν

∴

n n v
s

2
0=

−
−

ν
ν υ

(b) vs vo

vo vs

n v
vs

=
+
+

ν
ν

0

8.20 
(intensity-level) 

I0 I B I
I= log10

0

dB I
I0

= 10 10log 1000 Hz 

I0 = − −10 12 2wm
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dB I= =10 010
0

0
log I

I I> 0 dB 

I I< 0 dB 

8.21 

1. (a) 

F K= − x
d x
dt

x
2

2
2 0+ =ω

F = − =Kx ω = K
m m =

x t t a t= + = − ∈A Bcos sin cosω ω ωb g
ω = 

∈ = 

T = 2π
ω , n = 1

T

2. 

x a t y b t= = − ∝cos , cos( )ω ω

x
a

y
b

xy
ab

2

2

2

2
22+ − ∝= ∝cos sin

—

3. 

m d x
dt

x dx
dt

2

2 = − −K γ
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d x
dt

b dx
dt x

2

2
22 0+ + =ω

− =Kx m d x
dt

2

2 =

2b m= =λ

ω = K
m

x e c e c ebt t t= +− −
1 2

β βd i
β ω= −b2 2

4. (a) 

—

m d x
dt

dx
dt tx

2

2 = − − +K Fγ ωsin

d x
dt

b dx
dt x t

2

2 0
22+ + =ω ωFsin

Fsinωt = ω0 = k
m

x e t tbt= + + − ∝−D Asin sinφ δ ωb g b g
5. 

y a t x
v= −FH IKsinω x 

y a t x
v= +FH IKsinω x 

v 
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d y
dx

d y
dt

2

2 2

2

2
1=

υ

6. 
  (i) 

y a t r
1

12= −F
HG

I
KJsin π

λT y b t r
2

22= −F
HG

I
KJsin π

λT

y t
T

= −F
HG

I
KJA sin 2π

δ

A2 2 2
1 22 2

= + + −a b ab r rcos π
λ

b g

= cA2

I = I max, r r n1 2− = λ

I = Imin, r r n1 2 2 1
2

− = +b g λ
n = ± ±0 1 2, , ,.......

(ii) 

y a t kx1 = −sin ωb g y a t kx2 = +sin ωb g

y a x t t= FH IK =2 2cos sin sinπ
λ

ω ωA

7. (i) 

v k
p= K = ρ  = 

(ii) 

ν
ρ

= Y
Y = ρ  = 

(iii)
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ν
ρ ρ

= =K P

ν
λρ
ρ

= , γ = 

8.

ν =
T
m T = m = 

n
m

=
1
2

T

2n, 3n,..........
9. 

(i) 

n n vs
1 =

±
ν

ν ν = vs = n = 

(ii) 

n n v
2

0=
±F

HG
I
KJ

ν
ν ν = v0 = n =

(iii)

n n v
vs

2
0=

±
±

ν
ν
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8.22 

1. m U U( ) cosx ax= −0 1b g
U0  a 

F U U= − = −d
dx a ax0 sin

F U= = −m d x
dt

a ax
2

2 0 sin

ax sin ~ax ax−

∴ = − = −d x
dt

u a
m x x

2

2
0

2
2ω

ω2 0
2

=
u a

m ω =
u a

m
0

2

∴ T = =2 2
0

2
π

ω
π m

u a
2. 1 cm 12 Hz

0.5 cm 
x a t= sin ω

 a = = 1 cm = 0.01m, ω = = = ×2 2 12π πf

= = = − = −dx
dt a t a t a x

a
ω ω ω ω ωcos sin1 12

2

2

= −ω a x2 2

= × −2 12 0 01 0 0052 2π . .b g b g
= 0 653.  m/s

3. x a t b t= F
HG

I
KJ + F

HG
I
KJsin cosπ π

6 6
a = 3cm,
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 b = 4cm (i) (ii) (iii) 1

x a t b t= +sin cosπ π
6 6

= + = =A A A Acos sin sin [ cos , sin ]θ
π

θ
π

θ θ
6 6

t t a b

= +F
HG

I
KJA sin π

θ
6

t

= A = θ

(i) A m= + = + =a b2 2 2 20 03 0 04 0 05. . .b g b g

(ii) tan tanθ θ= = ∴ = −b
a

4
3

4
3

1

(iii) x a t b t= +sin cosπ π
6 6

t = 1s x = +0 03
6

0 04
6

. sin . cosπ π

= +0 03 30 0 04 300 0. sin . cos

= × + ×0 03 1
2

0 04 3
2

. .

= + =0 015 0 0346 0 0496. . . m

ν π π π π= = × × ⋅ − × ×dx
dt a t b t6 6 6 6cos sin

= × × − × ×0 03
6

30 0 04
6

300 0. cos . sinπ π

= × × − × ×0 03
6

3
2

0 04
6

1
2

. .π π

= − = × −0 01360 0 01047 313 10 3. . . m/s

f d x
dt

a t b t= = − FH IK × − FH IK
2

2

2 2

6 6 6 6
π π π πsin cos
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= − F
HG

I
KJ × − F

HG
I
KJ0 03

6
30 0 04

6
30

2
0

2
0. sin . cosπ π

= − × F
HG

I
KJ × − F

HG
I
KJ0 03

6
1
2

0 04
6

3
2

2 2

. .π π

= − × − ×− −4 11 10 9 50 103 3. .

= −0 01361. m/s2

4. L A 
m Y 

m x 
F

∴ = −Y

F
A

L
x   ∴ = −F YA

L
x

∴ ∝ −F x

f m m x x= = − = −F YA
L ω2 ω = YA

Lm

n m= =ω
π π2

1
2

YA
L

5. l 

A = lAρg, = ρ 
= lAρ

x F = –xAρg, F∝–x, 

∴ f x g
l

g
l x=

−
= −A

A
ρ
ρ

f x= −ω2

←

←
x

m

L
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ω =
g
l

T = =2 2π
ω

π l
g

6. 0.04m 
ßÂõþ±õþ ü÷ûþ õ™¦ Å̧¿éÂõþ á¿î ÂËõá 0.12 m/s

x a t= sin ω

∴ dx
dt a t a t= = −ω ω ω ωcos sin1 2

= − = −a x
a

a xω ω1
2

2
2 2

a = =
0 04

2
0 02. . m

x = 0 = 0.12 m/s

∴ 012 0 0 022. .= − = = ×ω ω ωa a

∴ ω = 6  T = = =2 2
6 3

π
ω

π π s

7. 6
560 Hz

n 566 Hz
(566–n)–560 = 6–n <6 544 Hz 560–(544–n) = 6+n>6

566 Hz

8. x t m= × −100 10 2. sinω

y t m= × −1732 10 2. sinω x

x a t i= sin ............( )ω

y b t ii= sin ............( )ω

8.7 (6) 
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2a

x
a

y
b

xy
ab

2

2

2

2
2 0+ − =

x
a

y
b−F

HG
I
KJ =

2

0

y b
a

x=

= +a b2 2 = × + ×− −100 10 1732 102 2 2 2
. .d i d i

= 0 02. m

x θ = =
×

×
− −

−

−tan tan .
.

1 1
2

2
1732 10
100 10

b
a = °60

9. 0.08m 0.01m
200s 80

T = =
200
80

2 5.

f = =
1

2 5
0 4

.
. Hz

(6) 

x e tbt= +−D sin φ δb g
t1 x e tbt

1 1
1= +−D sin φ δb g

= A1 1sin φ δt +b g
t2 x e tbt

2 2
2= +−D sin φ δb g

= +A2 2sin φ δtb g

∴
A
A

1

2

1 2= − −e b t tb g

0 08
0 01

200.
.

= + ×e b
 t t2 1 200− = s

2b
θ
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8 200= +e b

+ =200 8b ln
∴ =b 0 0103972.

ω

f b= −ω
π

2 2

2

ω π2 2 22= +f bb g
= × +2 0 4 0 01039722 2π . .b g b g
= 6 3167.

ω = 2 51330.

∴ T s= =2 2 49997π
ω

.

∴ 3 10 5× −

10. 200 Hz 1000

1
10 (Q) 

D D0= −e bt

D0 = D = t

∴ = = −D
D0

1
10

e bt

f = 200 Hz ∴ =T 1
200

∴ = × = =t 1000 1000
200

5T

∴ = −1
10

5e b

01 5. = −e b

− =5 01b ln .

∴ =b 0 461.
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Q = = ×
×

=
ω π0
2

2 200
2 0 461 1363b .

11. y t x
= −F

HG
I
KJ0 008 2

0 3 0 3
. sin

. .
π

y a t x
= −F

HG
I
KJsin2π

λT

a = 0.008 
T = 0.3

λ = 0.3

∴ n = = =
1 1

0 3
3 33

T .
. Hz

ν λ
λ

= = = =n
T

0 3
0 3

1.
.

12. x 2m/s x = 0
t 0 007 10. sin πt m x = 0 6. m 1s

x

y a t x
v= −FH IKsinω

a m= 0 007.
ω π= 10
v = 2 m/s

∴ y t x= .0 007 10
2

sin π −F
HG

I
KJ

∴ x = 0.6m 1s

y = −F
HG

I
KJ0 007 10 1 0 6

2
. sin .

π = × −2 62 10 3. m

13. 10 12−  w/m2 1000
= 1.293 kg/m3 = 340 m/s
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I = 2 2 2 2π ρv f a

∴ = =
× × ×

−

a
v f

2
2 2

12

2 22
10

2 340 1293 1000
I

π ρ π . ( )

∴ = × −a 1073 10 11. m

14. 
0.12m 0.36m 1375

∆ r n= +2 1
2

b g λ
n = 0, 1, 2,..........

012 2 1
2

. = +nb g λ

0 36 2 3
2

. = +nb g λ
∴ =0 24. λ

v n= = × =λ 1375 0 24 330.  m/s

15. y x t m= 10
3

40cos sinπ
π

(i) (ii)

y a t x
1

2= −FH IKsin ω π
λ

y a t x
2

2= +FH IKsin ω π
λ

y y y a x t= + =1 2 2 2cos sinπ
λ

ω

y x t m= 10
3

40cos sinπ
π
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( )i a2 10= a = 5m 

( )ii x xπ π
λ3

2
= λ = 6m 

ω π= 40 2 40π
λ

π× =v

v = × = × =20 20 6 120λ m/s 

+x y t x
1 5 40 2

6
= −F

HG
I
KJsin π

π m

–x y t x
2 5 40 2

6
= +F

HG
I
KJsin π

π m

16. 2.14×1011 N/m2 7.8×103 kg/m3

v =
Y
ρ

=
×
×

=
2 14 10
7 8 10

5738
11

3
.
.

m/s

17. 200 Hz
335 m/s 14.4

ν
ν

ρ
ρ

H

Hair

air= =
14 4

1
.

νH νair

ρH ρair

∴ = ×νH 335 14 4. m/s

λ
ν

= =
×

=H m
n

335 14 4
200

6 36. .

18. 6s 300c
00c 332 m/s)

300c
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ν ν30 0 1
546

332 1 30
546

= +F
HG

I
KJ = +F

HG
I
KJ

t
= 350.24 m/s

s m= × = × =ν30 6 350 24 6 21014. .

19. 340 m/s 1.22 kg/m3

(λ = 1.41)

v p
=

γ
ρ

 = Hm

∴ = × × ×p H 13 6 10 9 83. . N/m2

∴ =
× × × ×340 141 13 6 10 9 8

122

3. . .
.

H

∴ =
×

× × ×
H

340 122
141 13 6 10 9 8

2

3
b g .

. . .
    = 0.75m

20. 30Hz
0.6m = 0.05 kg/m

ν =
T
m T m

∴ =n
m

λ
T

n λ 

λ = = × =2 2 0 6 12l . . m

∴ =30λ
T
m

ν λ= = × =30 30 12 36. m m/s

21. 0.5m 130 0.3m



158

NSOU

n
l m

=
1
2

T
T = m = 

∴ =
×

130 1
2 05.

T
m

n m' .=
×
1

2 0 3
4T

∴ = =n' .
.130

0 5
0 3 4 10

3

n' .= =1300
3 433 3Hz

22. 25kg 3 : 2

n
l m

=
1
2

T
T = m = 

2n 3n

2 1
2

n
l m

i=
T ...........( )

3 1
2

n
l m

ii=
T + 25...........( )

∴ =
+3

2
25T

T
9
4

25
=

+T
T

9 4 100T T= +
5 100T =

∴ =T 20 kg. =
23. 34 m/s 500 Hz

(i)
(ii) = 340 m/s

(i)
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n n vs
' .=

−
= ×

−
=ν

ν
500 340

340 34 55556 Hz

(ii)

n n vs
' ' .=

+
= ×

+
=ν

ν
500 340

340 34 454 50 Hz

8.23 

(i)

1.

2.

3.

4. d x
dt

mx
2

2 0+ = . 

5.

6.

7.

8.

9.

10.

11.

12.

13.

14.

15.

16.

17.
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18. (i) (ii)

20.

21.

22.

23.

24.

25.

26.

(ii)

1. (a) (b)

2.

3.

4.

5.

6.

7.

8.

9.

10.

11.

12.

13.

14.

15.

16.
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17.

18.

19.

20.

(iii)

1.

2.

3.

4.

5. 1:1

6. (a)

(b)

(c)

7. (a)

(b)

8. (a)

(b)

(c) 

9. (a) 

(b) 

10. (a)

(b)

11. (a) 

(b) 
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12. (a)

(b) 

13. (a)

(b) 

14. (a) 

(b) 

15. (a) 

(b) 

(c) 

16. (a) 

(b) 

17. (a) 

(b)

(iv)

1. U 

2. M 2 2kg 1

3. x t= +A sin( )ω φ 0.03m
x 0.06 m/s
2 rad/s

4. 12 0.1m

14

5. 3×10–3 kg 2.0×10–2 m 7×10–3 kg 
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6. 0.01 kg 10×10–3 N/m 2×10–3 NS/m 

7. y t x m= × −F
HG

I
KJ

−4 10 2
0 4 0 3

3 sin
. .

π

8. 0.04m 0.01m 100s
100

9. 100 Hz 100 
1

10

10. 1000, 1.293 kg/m3 340 m/s 
2.14×10–11m 

11.
0.12m 0.36m 

330 m/s

12. 200 Hz
340 m/s 14.4

13. 1.08m 1kgwt 256 4kgwt
32

14. 4

15. A,B,C
1:4:9 4:4:9

16.
540 Hz

= 44 m/s
= 332 m/s
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8.24 

2. 1.6 kg

3. a = 0.042m, ∈=
π
4

4.
7
3
π

, 0.05m

5. 3.14s

6. 2 10 4× − NS
m

7. a m v m s n Hz= × = = =−4 10 0 3 0 75 2 53, . , . / , .λ

8. 0.9999979s

9. 1365

10. 3.97×10–12 w/m2

11. 1375

12. λ=6.44m

13. 0.84m 

14. 4

15. 2:1:1

16. 705 Hz, 413.6 Hz

8.25 

1. Sound - K. Bhattacharya
2. Classical Physies - Dr. A. N. Konar
3. Teach Yourself Physies - N. N. Ghosh (Bharati Bhawan)
4.
5. Study Material - Elective Physies Honours EPH03, Oscillations, Wave and Acousties.

Block–1 Netaji Subhas Open University
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9  (Geometrical Optics)

9.1
9.2

9.2.1
9.3
9.4
9.5
9.6

9.6.1
9.7
9.8

9.8.1
9.9

9.9.1
9.9.2

9.10
9.11
9.12
9.13
9.14
9.15
9.16
9.17
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9.1 

(i) (geometrical optics) (ii) (physical
optics)

(i) 

(ii) 

(iii) 

(iv) 

(v) 

(vi) 
—
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9.2 (Femart’s Principle) :



t µ v 
l vo t lo 

∴ = =t l
v

l
v

o

o

l v
v l lo
o= ⋅ = µ .

lo l 
∴ lo = µl= × 

µ1, µ2, .... 
l1, l2, ...... 

lo= µ1l1 + µ2l2 ..... =∑µl

l dlo = zµ



(minimum) (maximum) (stationary) 

lo = fµdl= 
δ fµdl= 0 .......... (i)

t 

t l
v

l
v dlo

o o
= = zµ

δ µ1 0v dl
o zF

H
I
K = δt = 0 ....... (2)
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9.2.1 


MM' 9.1), P O 
Q PO OQ O 

ON P Q MM' PA QB

∠PON = i
∠NOQ = r

PA = h1 QB = h2, AO=x
AB = e OB =

e–x, P Q 
A & B 

e P 
Q 

l = + =PO OQ

h x h e x1
2 2

2
2 2+ + + −( )

l ∴ =dl
dx 0

1
2 2 1

2 2 01
2 2

1
2

2
2 2

1
2h x x h e x e x+ − + − − =

− −d i . ( ) . ( )

x

h xv

e x

h e x1
2

2
2 2+

= −

+ −( )

AO
PO

OB
OQ=    sin sin∠ = ∠APO BQO

∠ = ∠APO BQO ∠ = ∠PON NOQ i = r
= 

(PO + OQ) PO OQ MM′ 
ON MM' ON PO OQ 

PO, OQ ON 

N

i r

A O B
x xe

M 'M

h1

9·1 
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 MM′ 9.2) 
P MM′ O OQ

Q 
 O NON′

∠PON = i
∠N′OQ=r

µ1 µ2  P Q MM′
PA QB 

PA = h1, QB=h2, AO=x 
AB = e, OB=e–x,  P Q

A 
B e 

P Q 

l = +µ µ1PO OQ2

= + + + −µ µ1 1
2 2

2 2
2 2h x h e x( )

∴ =
dl
dx

0

µ µ1
1
2 2 2

2
2 2

1
2

2 1
2

2 0. . . . ( )
( )

x
h x

e x
h e x+

− −

+ −
=

µ µ1
1
2 2 2

2
2 2

x
h x

e x
h e x+

= −

+ −( )

µ µ1 2
AO
PO

OB
OQ= =

µ µ1 sin sin∠ ∠APO = OQB2

µ µ1 2sin sini r=

(PO+OQ) PO OQ MM' 
NON' MM' NON' PO OQ 

N

i

P

R1

M
B

M'

µ1

µ2

N1

h2

Q

Ox

9·2 
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PO, OQ NN'

9.3 
 

MM′ 9.3) P PO O 

Q 
= PO + OQ

S 
PSQ P 
S Q 

(PO OQ) (PS SQ)+ < +
∠PON ∠NOQ = i, QO 

P 
PO′ 

P′ P′ 
P ∠PO′O 
∠P′O′O ∠PO′O=∠P′O′O= ∠O'PO=∠O′P′O=i, O'O 

PO=P′O PS=P′S

PO + OQ = P′O+OQ=P′Q

∆ P'SQ 
P'Q < (P'S+SQ)

PO+OQ) < (PS+SQ)

S 
S O (PS+SQ)>(PO+OQ) (PQ+OQ)



µ1 µ2 MM′ 9·4  PO µ1

9·3 

P N Q

M'
SOO'

d
i i

i

P1
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µ2 
O Q 

i r P Q = µ1PO + µ2OQ 
MM', S P 

Q 
= +µ µ1 2PS SQ

(µ µ1 2PO OQ) <+
(µ µ1PS + SQ)2

S OQ SE PO
SR 

∠SOE= r 
∠OSR=  i

sin
sin

i
r = µ

µ
2

1

∆ OSR ∆OSE 

OR
OS / OE

OS =
µ
µ

2

1

µ1 OR = µ2 OE .............. (3)

µ1PO + µ2OQ = µ1PO + µ2(OE +EQ)
= µ1PO + µ2OE + µ2EQ
= µ1PO + µ1OR + µ2EQ  3) 
= µ1(PO + OR) + µ2EQ
= µ1PR + µ2EQ

= µ1PS + µ2SQ
∆PRS ∆SQE PS SQ 

PR<PS EQ < SQ
(µ1PR + µ2EQ) < (µ1PS + µ2SQ)
(µ1PO + µ2OQ) < (µ1PS + µ2SQ)

S 
(µ1PO + µ2OQ) 

9·4 

S
i

N

O

R

r

E

N1

N

M

Q

µ2

µ1

M 1
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9.4 (Refraction of Light at
Spherical Surface)

(paraxial)

 (sign convention) :

(new cartesion
sign convention) 

(i) 

(ii) 
9.5)

(iii) 

(iv) 

(v) 



µ1 µ2 AB (µ2>µ1)

POR O P 
PM M 

ML 9·6(a) 9·6(b) 
C 

= i = r

dx'
x

––
y'

d

9·5 
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PO OR 9·6(a) ML
POR Q 9·6 (b) ML

POR Q 9·6(a) Q 9·6(b) Q 
O 

µ1 sin i= µ2sinr
∠PCM = θ

sinθ 

µ θ µ θ1 2
sin
sin

sin
sin

i r=  ........... (4)

(A) 

∆PMC ∆QMC 

sin
sin

i
θ = CP

MP
sin
sin

r
θ = CQ

MQ

(4) 

µ µ1 2
CP
MP

CQ
MQ

FH IK = F
H

I
K    ............. (5)

PM 

MP ~  OP MP ~  OQ

µ µ1 2
CP
OP

CQ
OQ

F
H

I
K =

F
H

I
K ............ (6)

OP = = –u

R

M

B

P
Q B C

rd
d

α

P
α

O C Q
B

r

M

L
Rθ

i

L

O

θ

9·6 

(a)
(b)
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OQ = = –v
OC = = –r

µ µ1 2
OP OC

OP
OQ OC

OQ
−F

H
I
K =

−F
H

I
K

µ µ1 2
−

−
FH IK = −

−
FH IK

u r
u

v r
v

+ +

µ µ1 21 1−FH IK = −FH IK
r
u

r
v

µ µ µ µ2 1 2 1
v u r− =

−   ......... (7)

(B) 

∆ PMC sin( º )
sin
180 − =i

θ
CP
MP

sin
sin

i
θ = CP

MP

∆ QMC 
sin

sin( º )
r

180 −
=

θ
CQ
MQ

sin
sin

r
θ = CQ

MQ

(4) 

µ µ1 2
CP
MP

F
H

I
K =

F
H

I
K

CQ
MQ   ....... (8)

PM M O 
∴ −MP OP~  MQ OQ~−

8 

µ µ1 2
CP
OP O

F
H

I
K =

F
H

I
K

CQ
Q  ....... (9)

OP = = – u
OQ = = v
OC = = r
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µ µ1 2
OP + OC

OP
OQ OC

OQ
FH IK = −F

H
I
K

µ µ1 2
− +
−

F
H

I
K =

−F
H

I
K

u r
u

v r
v

µ µ1 21 1−F
H

I
K = −F

H
I
K

r
u

r
v

µ µ µ µ2 1 2 1
v u r− =

−  .......... (10)

(7) (10) (conjugate
focii) (Gauss’s) 



(i) µ1 1= µ µ2 =

∴ − = −µ µ
v u r

1 1  ........ (11)

(10) (11) 
(fundamental paraxial equation) 

(ii) r = α  

µ µ2 1
v u=

(10) 
µ µ2 1−

r (P)

P =
−

= −
µ µ µ µ2 1 2 1

r v u
 ......... (12)

r v u (m) P (dioptre)

9.5 (1st
and 2nd Principal Foci of a Spehrical Refracting
Surface) :

(A) 
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(first principal focus) 
F1 O OF1 = f1 9·7)

u f= 1 , v = α

∴ − =
−µ

α
µ µ µ2 1

1

2 1
f r   [10 ]

f r
1

1

2 1
=

−
−
µ

µ µ  ........... (13)

r f1  F1
r f1 

(B) 

(second principal focus) 

9·7 

(a) (b) 

F2 F2
OO

(b)(a)

9.10
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9.10 F2 OF = f2 = 

u = ∝, v = f2

∴ µ µ µ µ2

2

1 2 1
f r−

∝
=

− [10 ]

f2 = 
µ

µ µ
2

2 1

r
− ... .... ... (14)

r f1 r f2 
(13) (14)

f
f

1

2
 = – 

µ
µ

1

2

(10) 

µ µ µ µ2 1 2 1
v u r− =

−

µ
µ µ

µ
µ µ

2

2 1

1

2 1

1 1r
v

r
u−

−
−

. .  = 1

f
v

f
u

2 1+  = 1 ... ... (15)

9.6

(15)

uv – uf2 – vf1 = 0

uv – uf2 – vf1 + f1f2 = f1f2 [ f1f2 ]

u(v –f2) – f1(v — f2) = f1f2

u f v f f f− − =1 2 1 2b gb g
= U = V1

∴ u – f1 = U v – f2 = V
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′

∴ UV = f1f2 ... ... (16)

9.6.1.
(Geometrical construction of the image of an extended object due to refraction
in spherical surfaces and to find its magnification)

(i) 

(ii) (a)
(b)

(iii) 

9.11
PQ P′Q′  Q

(a) (b)

9.11

. .
Q

O C

F2 P′

F1P
Q′

P
F2

P O F1B

A

Q′
f2 υ

f1
u

r

u

r

υ
f2 f1

Q

C
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 (Lateral or transverse magnification)
y1 y2

m = 
y
y

2

1
= − ′ ′P Q

PQ

= – CP
CP
′ = − −

− +
v r
u r

m = v r
u r
−
− ... .... (i)

m = 
P Q
PQ

CP
CP

′ ′ = ′ = − +
− +

= −
−

v r
u r

v r
u r  ... ... (ii)

µ µ µ µ2 1 2 1
v u r− =

−

µ µ1 2
1 1 1 1
r u r v−FH IK = −FH IK

µ µ1 2( ) ( )u r
ru

v r
r v

−
=

−

v r
u r

v
u

−
−

=
µ
µ

1

2

∴ m = 

v

u
µ

µ

2

1

... ... ... (iii)

 (Angular magnification) :
(9.6) 

ma = 
β
α

µ
µ

µ
µ

= −
−

= = =OM
OM

/
/

. .u
v

u
v m

y
y

1

2

1

2

1

2

1

∴ µ1y1α = µ2y2β ... .... (iv)
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myα
(Helmholtz-Lagrange’s)

 (Longitudiual or axial magnification) :

l = d v
du   dv = du = 

µ µ µ µ2 1 2 1
v u r− =

−

– µ2
d v
v

d u
u2

1
2

+ µ = 0

µ µ2
2

1
2

d v
v

d u
u=

d v
du

v
u=

µ
µ

1

2

2

2

∴ l = 
d v
du

v
u m= F

HG
I
KJ =

µ
µ

µ
µ

µ
µ

1

2

2
2

1

2 2

1
.  ... ... (v)

9.7 (Lens)

 (spherical lens), 
(cylindrical lens)

(convex lens) (concave lens).

[ 9.11(a)]
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[ 9.11(b)]

(double convex) (plano-convex) (concavo-
convex)

(double concave) (plano-concave)
convexo-concave) [ 9.11]

(equiconvex and equiconcave)

(i)
(ii)
(iii)

(i)
(ii)
(iii) 

9.11 

[ 9.11 (c)]
(i) (double concave) (ii) (plano-concave) (iii) (concave

meniscus convexo concave)
 
(i) (principal focus) 

.... ...
.
...
.

... ..
.. . .. ....

. ........
.

..
.
... .. ..
..

.
..

......
.
.........
..

..
.

.....

....

.

.........
.

.

.

. .
...

.... ...
.
.

.
.... ..
..
. ....

.

.. ..
..

.
..

...
.

..
.
.........
.
.

..
.

.....

....

.
...

.... ..
.
.

.

...

..
.... ..

..

..... . ..
.

..

.

....

..
..
.... ...

(a)

(b)

(i)

P

(ii) (iii)

(iii)
(ii)(i)

C1 C2 C3
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(a) (b)

(c) (d)
9.12

9.12 [(a), (b)] C1 C2 AP1B AP2B C1
C2 XX′ 

[ 9.12 (c), (d)]
(ii) (thickness of a lens)
9.12 P1P2 

(iii) (thin lens) 

(iv) (aperture) 
AB

(v) (optical centre)

9.13 M1Q1 AP1B Q1

X X X′
C2 P1 C1

A

B

C1 P2 P1 C2
X′

A

P2

B

A A

B

X′
P1 C2

P2
XX

C1
X′

P2 P1

.

Q1

M1
A

Q2
O C2

B
M2

C1 P2
P1

9.13 

(a)

M2

O

M1
Q1

C1

Q2

(b)

B
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Q1Q2 Q2M2 Q2M2 M1Q1
Q1Q2 C1C2 O

O M1Q1 M2Q2 

M1Q1, Q1Q2 Q2M2
9.14

 9.13 Q1 Q2

M1Q1
Q2M2 C1 C2 AP1B 

AP2B C1Q1 C2Q2 C1Q1 C2Q2
Q1 Q2 C1Q1 = C1P1 = r1 C2Q2

= C2P2 = r2 ∆C1QO ∆C2Q2O 

∴ 
C O
C O

C Q
C Q

1

2

1 1

2 2
= =

r
r
1

2
... ... (17)

C1 C2 O C1C2 

O

C O
C O

C Q
C Q

C P
C P

1

2

1 1

2 2

1 1

2 2
= =

∴ 
C P
C P

C P C O
C P C O

P O
P O

1 1

2 2

1 1 1

2 2 2

1

2
=

−
−

=

P O
P O

1

2
=
r
r
1

2
... ... (18)

 (vi) (First and Second Principal
Foci of a lens and Focal lengths)

M1
Q1

Q2

M2

O

9.14 
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(A) 

(a) (b) 
9.15.

9.15 F1
O OF1 = f1

(B)

(a) (b)
9.16

9.16- F2 
O OF2 = f2

F1
O F1

O

F2
O F2

O
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9.8 (Lens Equation for
a Thin Lens)

µ2 µ1, 
µ3,

r1 r2 9.16 r1 = O1C1 r2 = O2C2 O

O
Q

µ µ µ µ2

1

1 2 1

1v u r− =
−

... ... (19)
u = OO1 = 

v1 = O1Q = 

Q
P1 

µ µ µ µ3 2

1

3 2

2v v t r−
−

=
−

... ... (20)

v2 – t = O2Q = 
v = O2P = 
t = ≈ O1O2

f

µ µ µ µ3 2

1

3 2

2v v r− =
−

... .... (21)

(19) (21) 

µ µ µ µ µ µ3 1 2 1

1

3 2

2v u r r− =
−

+
−

... ... (22)

µ1
µ2 µ3

O C2
O1 O2 P C1 Q

9.16
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u = f1 v = ∝
22 

– 
µ µ µ µ µ1

1

2 1

1

3 2

2f r r=
−

+
−

∴ 
1 1
1 1

2 1

1

3 2

2f r r= −
−

+
−F

HG
I
KJµ

µ µ µ µ
... ... (23)

u = ∝  v = f2 

∴ 
µ µ µ µ µ3

2

2 1

1

3 2

2f r r=
−

+
−

1 1
2 3

2 1

1

3 2

2f r r=
−

+
−F

HG
I
KJµ

µ µ µ µ
... ... (24)

µ1 µ3 = µ1

1 1 1
1

2 1

1 1 2f r r= −
−F

HG
I
KJ −F
HG

I
KJ

µ µ
µ ... ... (25)

1 1 1
2

2 1

1 1 2f r r=
−

−F
HG

I
KJ

µ µ
µ ...   ... (26)

f
1 1 12 1

1 1 2f r r=
−F

HG
I
KJ −F
HG

I
KJ

µ µ
µ ... (27)

22

1 1 1 1 12 1

1 1 2v u f r r− = =
−F

HG
I
KJ −F
HG

I
KJ

µ µ
µ ... ... (28)

(lens maker’s formula)

-
1 1 1
v u f− = ... (29)

(Gauss’s equation)
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′

µ µ2 = µ1 1=b g
1 1 1 1

1 2f r r= − −F
HG

I
KJ( )µ ... ... (30)

D



AB 9.17) QQ' PQ P′Q  
P PA F2

PO 
PB 

F1 

P′ 
P' P-

F1Q
= – x1, 

F2Q′ = x2
PQ = y 

 P′Q′ = – y′
∆PQF1  ∆F1OB 

OB
PQ

OF
F Q

1

1
=

P Q
PQ

OF
F Q

1

1

′ ′ = [ OB = P'Q']

− ′ =
−
−

y
y

f
x

1

1
... ... (i)

F1
∆P′Q′F2 ∆F2OA 

P Q
AO

F Q
OF

2

2

′ ′ =
′

P Q
PQ

F Q
OF

2

2

′ ′ =
′

[ AO = PQ]

P

Q

B

O

A

F2 Q′

P′
x2f2f1x1

F1

9.17
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− ′ =y
y

x
f
2

2
... ... (ii)

(i) (ii) 
−
−

=
f
x

x
f

1

1

2

2
x1x2 = f1f2  .... (31)

f1 = f2 = f x1x2 = f 2

  (Power of a lens) 
(convergence) (divergence)

= P = 
1
f

f (dioptre) D

9.9
(Minimum Distance between an Object and the Screen
for a Real Image Formation by a Convex Lens)

= u = v

D = u + v 9.18), D d
du
D  = 0

d
du (u + v) = 0

1 + d v
du  = 0

d v
du  = – 1 ... ... (i)

1 1 1
v u f− =

D
u υ

9.18
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u = v f 

∴ 
1 1 1
v u f+ =  .. ... ... (ii)

u – 
1 1
2 2v
d v
du u

. −  = 0

∴ 
d v
du

v
u

= −
2

2  ... ... ... (iii)

(i) (ii) – 1 = − v
u

2

2 u = ± v

(ii) u = v 

2
u  = f, u = 2f = v

∴ D = u + v = 4f .... ... (32)
u = – v f [ (ii) ]

D = 4f
 9.9.1. (Condition

for casting real images of a fixed object on a fixed screen by a convex lens)
PQ S1S2 D

AB P′Q′ 
u v f 

 
1 1 1
v u f+ =

D = u + v, v = D – u

∴ 
1 1 1

D −
+ =u u f

D
u u f(D −

=)
1

u2 – Du + Df = 0

u1 = D D D+ −2 4
2

f  u2 = D D D− −2 4
2

f

(I) D2 ≥  4Df, D ≥  4f, u1 u2 
4

D = 4f u1 = u2 

A

B

P

Q

F P′

S2

S1

Q′

O
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(II) D2 < 4Df D < 4f

 

u1 = D D D+ −2 4
2

f ; u2 = D D D− −2 4
2

f

x,

∴ x = u1 – u2 = D D2 4− f

x2 = D2 – 4Df

∴ f = D
D

2 2

4
− x ... ... (33)

D
x 

(displacement method) 

 
u1 v1

1 1 1
1 1v u f+ =

1 + 
v
u

v
f

1

1

1=

m1 = 
v
u

1

1

∴ 1 + m1 = 
v
f
1 ... ... (i)

u2 v2

1 1 1
2 2v u f+ =
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1 + 
v
u

v
f

2

2

2=

m2 = 
v
u

2

2

∴ 1 + m2 = 
v
f
2  ... .... (ii)

(i) (ii)

m2 – m1 = 
v v

f
x
f

2 1−
= . [x = ]

∴ f = 
x

m m2 1−  ... .... (34)

 

u1 = 
D D D+ −2 4

2
f u2 = D D D− −2 4

2
f

v1 = D – u1 = D D D− −2 4
2

f

v2 = D – u2 = D D D+ −2 4
2

f u1 = v2 v1 = u2

 O I1 I2 
m1 m2 

m1 = 
I
O

1 =
v
u

1

1

m2 = 
I
O

2 = =
v
u

u
v

2

2

1

1
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∴ m1 × m2 = 
I I
O
1 2

2  = 1

∴ O = I I1 2  .... ... (35)

9.9.2 

9.20  PQ
P P O
Q (i) QA

F2 F2
(ii) QO

(a) (b) 

9.20 

(iii) F1
Q′ Q′

Q′P′ PQ
(Linear magnification) 

9.20 m 
P′Q′ = – y′, 

PQ = y, 
P′O = v, 

F1 O

B

F2 P′

Q′

A

P′
y′

P

B

O

y

y′

y

P

Q QA
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PO = – u, 

m = 
P Q
PQ

P O
PO

′ ′ = ′

m = 
− ′

=
−

y
y

v
u  ... ... (i)

P′Q′ = y′, 
PQ = y, 
P′O = – v, 
PO = – u, 

∴ m = 
P Q
PQ

P O
PO

′ ′ = ′

m = 
y
y

v
u

v
u

′ = −
−

=  ... ... (ii)

m 
(Longitudinal or axial magnification) 

l = ∆
∆

v
u

d v
du=

1 1 1
v u f− =

∴ − +1 1
2 2v

d v
du u

.  = 0

∴ dv
du

v
u

=
2

2

∴ l = 
v
u

2

2
 = m2 .... ... (iii)
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9.10 (Combination of
Thin Lenses and Equivalent Lens)



 (equivalent focal length)
(perfect equivalence)

(restricted equivalence)

(A) (Equivalent focal length of two
thin lenses in contact)

f1 f2

O
9.21 P

Q1 
Q

Q′ 
PO = = – u, OQ′ = 

= v1 = f1

∴ 
1 1 1
1 1v u f−

−
= 1 1 1

1 1v u f+ =  ... ... (i)

P Q

f1 f2

Q1

υ
υ1u

O

9.21 

k k k k k k k
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OQ′ = = v1, OQ = = v, 
 = f2

∴ 
1 1 1

1 2v v f− = ... ... (ii)

(i) (ii)

1 1 1 1
1 2v u f f+ = + ... ... (iii)

F P Q

PO = = – u. OQ = = v, = F

∴ 1 1 1
v u−

−
= F  1 1 1

v u+ = F  ... ... (iv)

(iii) (iv) 

1 1 1
1 2F = +f f ... ... (36)

(F)

1 1 1 1 1
1 2 3F = + + + = ∑f f f f

.....  ... ... (37)

P = P1 + P2 + .... .... (38)

P P1, P2 

(37)

(B) 
(Equivalent focal length of two co-axial thin lenses separated by a distance)

f1 f2 a
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9.22 O1 O2 P
Q′ 

Q Q′ 

PO1 = = – u, O1Q′ = = a + v1
 = f1

∴ 
1 1 1

1 1a v u f+
−

−
=

9.22. a

1 1 1
1 1a v u f+

+ = ... ... ... (i)

m1 = a v
u

+
−

1 ... ... (ii)

(i) 

u
a v

u
f+

+ =
1 1

1

u
a v

u
f

u f
f+

= − =
−

1 1

1

1
1

a v
u

f
u f

+
=

−
1 1

1

∴ m1 = −
−
f

u f
1

1
...  ...  ... (iii)

v1 = 
uf

u f
1

1−  – a ... . .. (iv)

P

f1
L1

f2
L2

O1 O2 Q′
a

Q

u

x

υ2
υ1

υ
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O2Q1 = = v1

O2Q = = v2

= f2

∴ 
1 1 1
2 1 2v v f− = ... ... (v)

m2 = 
v
v

1

2

(v) 

v
v

v
f

1

2

1

2
1− =

v
v

v
f

1

2

1

2
1= +

v
v

f
v f

2

1

2

1 2
=

+

∴ m2 = 
v
v

f
v f

2

1

2

1 2
=

+

(iv) v1 

m2 = 
f

uf
u f a f

f u f
uf ua f a uf f f

2

1

1
2

2 1

1 1 2 1 2
− − +

=
−

− + + −
( )

... ... (vi)

O L1 x
F F

OP = = – (u + x)
OQ = = v

∴ 
1 1 1
v u x−

− +
=( ) F

1 1 1
v u x+

+
= F ... ... (vii)

m = 
v

u x− +( )
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(vii) 

u x
v

u x+ + = +1 F

u x
v

u x u x+ = + − = + −
F

F
F1

v
u x u x+

=
+ −

F
F

∴ m = 
v
u x u x− +

= −
+ −( )

F
F  ... ... (viii)

m1 m2 m1 × m2

∴ m = m1 × m2

−
+ −

= −
−

×
−

− + + −
F

Fu x
f

u f
f u f

uf ua f a uf f f
1

1

2 1

1 1 2 1 2

( )

u x uf ua f a uf f f
f f

+ - F
F =

− + + −1 1 2 1 2

1 2

u x u
f f f f a a

fF F+ − = + − + −1 1
1 2

1 2
2

( )  ... ... (ix)

(ix) u u = 0, 

x a
fF =

2
 ... .... (x)

(ix) 

u u
f fF =
1 2

(f1 + f2 – a)

∴ 
1 1 2

1 2F =
+ −f f a
f f

1 1 1
1 2 1 2F = + −f f

a
f f  ... ... (39)

(x) 
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x = 
a
f

af f
f f f a

af
f f a

F
2

1 2

2 1 2

1

1 2
=

+ −
=

+ −( )  ... ... (40)

x

f2
f2 x′ 

x′ = 
a
f
F
1

... ... (41)

(principal points) 
(principal planes)

f1, f2
F (39) 

1 1 1
1 2 1 2−

=
−

+
−

−
− −F f f

a
f f

∴ 
1 1 1

1 2 1 2F = + +f f
a
f f ... ... (42)

x = 
−
−

= =
+ +

a
f

a
f

af
f f a

F F
2 2

1

1 2
... ... (43)

a = 0, F,

∴ 
1 1 1

1 2F = +f f

––––
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9.11 (Monochromatic
Aberration or Seidel Aberration) 

(Monochromatic Aberration or Seidel Aberration)

(paraxial)
sin i = µ sin r

i = µr

(peripheral)

sini

sin ! ! .....i i i i i= − + − +
3 5 7

3 5! 7 .............(44)

sin i = i (first order)
(first order theory)

sin i = i

sin i
i 1855

(Seidel) (third order
theory) 5 5 5

(i) (spherical aberration), (ii) (coma), (iii) (astigmatism),
(iv) (curvature) (v) (distortion)

(i)
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P 9·23 (a)) P
Fa

Fp
Fa Fp Fa

Fa Fb
C

P
(circle of least confusion)

Fa Fp
C Fp

(lateral or transverse)
Fa Fb (longitudinl or axial)

AAl Fa ( 9·23 (a),
(b) (caustic curve)

Fa
(cusp) 9·23 (b)

 
(a) (Use of stop) :

A

A1

P

C
Fa

9·23 
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(stop)

9·24 (a)
(resolving power)

9·24
(b) (Lord Rayleigh)

(distortion)

(b) (use of plano-convex lens) :

9·24 

Q P Q

(b)
(a)

P

9·25 

(a) (b)
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9·24 

(Objective)

9·25 (a)
9·26 (a)

9·26 (a)

9·26 (b)

(c) (Use of suitable radii of
curvature : crossed lens) :

(a)
(a)
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r
r
1

2

22 4
2 1

=
− −
+

µ µ
µ µa f ....................(45)

(i) (crossed lens) : µ = 1·5
r
r
1

2

1
6= −

1·5 1:6
r1

9·27) (crossed lens)

(ii) r1

r2 =∝;
r
r
1

2
0= 2 4 02µ µ− − = µ = ⋅1 6861;

1·6861

r1 =∝,  ∴ + =µ µ2 1 0b g
µ = 0 − 1

2 ;

(d) (use of two convex lenses) :

f1  f2 (f1> f2) L1 L2

(a) (b)

9·27 
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a L1 9·28)
01 h1 A

h2 B
F2

δ1
1

1
=

h
f ,  f1 1 10= F , δ2 2 1= ∠F BF ,

δ δ1 2= , ∆BF F2 1 F F BF F O1 2 2 2 2= =

BO2 2= h

F1 F2

∴ f2 u = O2F1 O2F2 = O2F1/2 = v

f2
1 1 1
v u f− =

2 1
1 2 2F O = f

1 1 1
1 2 1 2 2F O F O− = f

1
0

1
1 2 2F = f F1O2 = f2

a = O1F1–O2F2 = f1–f2 ...................(40)

9·28 

L1 L3
A

O2

F1 F2
f1

O1

P

a

F2 F1

h1 δ1

δ2
B
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dd

A

COI

φ2

φ1

(e) (Use of convex lens and concave lens
in contact) :

(f) (Use of aplanatic ponits of a spherical
surface) :

µ1 µ2 µ2 µ1

µ
µ
µ= 1

2

CA = r CO = r
µ

I
CI = r µ

φ1 φ2 µ φ µ φ1 1 2 2sin sin=

sin
sin

φ
φ

µ
µ µ2

1

1

2
= =  ...............(i)

∆ ACO sin
sin
∠ = = =AOC

COφ µ µ
1

r
r
r  .................(ii)

(i) (ii)

9·28 
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∠ =AOC φ2  ...............(iii)
∆ AOI 
∠ = ∠ +∠AOC AIO IAO

φ φ φ2 2 1= ∠ + −AIO b g
φ1 = ∠AIO ............(iv)

∆ AIC

sin
sin

∠
∠ =

CAI
AIC

CI
AC

sin
sin ,φ

φ
2

1
= CI

r µ = CI
r ∴ CI = µr .........(v)

CI,
(coma)

(ii) (Coma) :

(comet) coma
(coma) 9·28

Q (1)
Q1 (4,4) Q4

1 3 4 Q2, Q3 Q1
Q4

Q4

Q3
Q2
Q1

Q4
Q3

Q3
Q1

d

d

4
3
2

1

4
3

2

9·28 
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 (Removal of Coma) :
(a)
(b)

(Abbe’s sine condition)

µ θ µ θ1 1 1 2 2 2y ysin sin= ....................(47)
y1 y2 µ1 µ2

θ1 θ2
(iii) (Astigmatism) :

9·29 PQ AB
Q1 T Q

 CD Q2 S T S
T (first focal line

or tangential line) S
(second focal line or sagHal line) Q1 Q2

(circle of least confusion)

S

T

Q1

A

D
P

Q
B

C

θ2

Q2
Q1

9·29 
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(a) (use of stop) :

(b) (use of convex and concave lens) :

(Petzval’s condition)
1 0µf =∑ 1 1 0

1 1 2 2µ µf f+ = , µ1 µ2

f1 f2
(c) (use of plano-cylindrical lens) :

(d) (use of torric lens) :
(tornic lens)

(iv) (curvature) :

9·30 (a)

P P' Q Q'
OQ OP OQ' OP'

Q' PQ P'Q'
9;30 (b)

9·30 

(a) (b)
(c)

P

Q O
P1

θ'

P1 P

θ'
θ

P1P O

θ'

θ'
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9·30 (c)

 (Use of convex and concave lenses) :

1 0µf =
F
H

I
K∑

1 + =µ µ1 1 2 2

1 0f f
(v) (Distortion) :

9·31 (a) (barrel
shaped) 9·31 (b)
(cushion shpaed)
 (Removal of distortion) :

(Use of two lenses) :
9·32)

(a)

P
θ'

P1

P

θ
P1

θ'

θ

9·31 
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9.12 (Dispersion of Light Rays)

(µ) (γ)

λ
γ

=F
HG

I
KJ

c

(chromatic dispersion)

(Canchy’s rclation)

µ
λ λ

= + + +A B C
2 4 .....,  A, B, C,...... 

µ
λ

= +A B
2

9·32 

L1 L2

L1

θ'

θ1

P
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δV)

(δR) µ = sin
sin

i
r

9·32)
(normal dispession)

(selective absorption region)

(anomalous dispersion)
 (Angnlar dispersion and dispersive power) :

R V
θ = δV–δR

δ = (µ–1) A, A
δV = (µV–1)A δR = (µR–1) A

θ = δV–δR = (µV–µR) A
θ = dµA ....................(48)

 = dµ = µV–µR

9·32 

δx
δv

rv

rθ
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δ
δ δ µ µ

µ=
+

=
+

−F
H

I
K = −V R V R A A2 2 1 1a f

µ =
+µ µV R
2

ω
δ δ

δ
µ

µ
µ

µ
=

−
=

−
=

−
V R A

A
d d
1 1b g  .............(49)

9.13 (Chromatic Aberration)

1 1 1 1
1 2f r r= − −F

H
I
Kµa f

(µ)
(µR<µV)

(fR > fV)

OFR = fR OFV = fV 9·33 (a)) FR Fv
FR FV

9·33 

d

A

FR FR
0

(a) (b)

FV

F

FV
B
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FV
FR

AB
(circle

of least confusion) (circle of least chromatic aberration)
FR FV (longitudinal)

(lateral or axial)

(field of view)

 (Achromatism of Lenses)
(a) (Achromatism of a single lens)

(fR–fV)
fR–fV = 0

1 1
f f

f f
f fV R

R V

V R
− =

−

1 1 0f fV R
− =

d
d fλ

1 0F
HG

I
KJ =

f 1
f

FH IK
1 1 1 1

1 2f r r= − −F
H

I
Kµa f

∴ 
d
d f

d
d r rλ
µ
λ

1 1 1
1 2

F
HG

I
KJ = −F

HG
I
KJ

d f d r r
d

r r f
1 1 1

1 1 1 1
1 2 1 2

F
HG

I
KJ = −F

HG
I
KJ =

−
⋅ − −F

HG
I
KJ =µ

µ
µ

µ ωb g
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d f f
1 0F

HG
I
KJ = =ω

ω ≠ 0, f = ∝

(b) (Achromatism of two lenses in contact) :
f1 f2

F 1 1 1
1 2F = +f f

FR FV
FR–FV

1
F

1
F

F F
F FV R

R V

V R
− =

−

F F 0R V− =
1

F
1

F 0
V R

− =

d
dλ

1 0Fe j = d 1 0Fe j =

1
F = +1 1

1 2f f

∴ d d f d f
1 1 1

1 2Fe j = F
H

I
K + F

H
I
K

1 1 1 1
1

1
1 2f r r= − −F

H
I
Kµb g

∴ d f d r r
d

r r
1 1 1

1 1 1 1
1

1
1 2

1

1
1

1 2

F
H

I
K = −F

H
I
K = − − −F

H
I
Kµ

µ
µ µb g

d f f
1
1

1

1

F
HG

I
KJ =

ω ,  ω
µ

µ1
1

1 1=
−

=
d

ω2
d f f

1
2

2

2

F
HG

I
KJ =

ω

d d f d f
1 1 1 0

1 2F
FH IK = F

HG
I
KJ + F

HG
I
KJ =

ω ω1

1

2

2
0f f+ =  ..................(50)
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ω
ω

1

2

1

2
= −

f
f  ω1 ω2 f1 f2



(i) ω1= ω2 = ω 1 1 1 0
1 2f f+ = =F

(ii) (Achromatic doublet) :

ω ω1

1

2

2
0f f+ = ω1

(f1) (ω2)
(f2)

(canada balsam)

(iii)

(iv) u

(v)

ω ω ω1

1

2

2

3

3
0f f f+ + + =.......

ω
f =∑ 0



(e) (combination of two lenses separated by a
distance) :

f1 f2 a

F 1 1 1
1 2 1 2F = + −f f

a
f f

9·34 
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d
dλ

1 0Fe j = d 1 0Fe j =

∴ d d f d f
a
f d f

a
f d f

1 1 1 1 0
1 2 1 2 2 1Fe j = F

H
I
K +

F
H

I
K −

F
H

I
K −

1F
H

I
K =

1 1 1 1
1

1
1 2f r r= − −F

H
I
Kµb g

∴ d f d r r
d

r r
1 1 1

1 1 1 1
1

1
1 1

1

1
1

1 2

F
H

I
K = −F

H
I
K = − ⋅ − −F

H
I
Kµ

µ
µ µb g

=
ω1

1f
[ω1 = ]

d f f
1
2

2

2

F
HG

I
KJ =

ω

ω ω ω ω1

1

2

2

2

1 2

1

1 2
0f f

a
f f

a
f f+ − − =

ω ω
ω ω1

1

2

2 1 2
1 2 0f f

a
f f+ − + =b g ................(51)



(i) ω1= ω2 = ω.

ω ω ω
f f

a
f f1 2 1 2

2 0+ − = ω ω ω
f f

a
f1 2 2

2 0+ − =

1 1 2 0
1 2 1 2f f

a
f f+ − =  ...............(52)

f1 f2
1 1 2
1 2 1 2f f

a
f f+ =

f f a1 2 2+ = a f f
=

+1 2
2 ...............(53)

(eye-piece)

(ii) a f f
=

+1 2
2

(iii)
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9.14 

(i)

δ µdl =z 0,  µdl =

(2) (i)

µ µ µ µ2 1 2 1
v u r− =

−

(ii) p r=
−µ µ2 1

(iii) f r
1

1

2 1
=

−
−
µ

µ µ

f r
2

2

2 1
= −

µ
µ µ

(iv)

UV = f f1 2

(v) m

v

u=
µ

µ

2

1

m y
ya = =β

α
µ
µ

1

2

1

2

µ α µ β1 1 2 2y y=

l m= 2 2

1

µ
µ
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(3) (i) 1 1 12 1

1 1 2f r r=
−F

H
I
K −F
H

I
K

µ µ
µ

1 1 1
v u f− =

f

f1
1 1 1
1

2 1

1 1 2f r r= −
−F

H
I
K −F
H

I
K

µ µ
µ

(ii)

x1 x2 = f1f2
x1 x2

f1 f2

(iii) P = 1
f

f P

(iv) D>4f

f x= −D
D

2 2

4 ,  x

(v) m v
u=

l = m2

(vi) F 1 1 1
1 2F = +f f

P = P1 + P2, P1 P2

(vii) f1 f2 a

F 1 1 1
1 2 1 2F = + −f f

a
f f

(4)

(i)
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(a) (b) (c) (d)
a = f1–f2 (e)

(f)

(ii)

(a)

(b)

(iii)

(a) (b) (c)
(d)

(iv)

(v)

(5) 

(a)
ω ω1

1

2

2
0f f+ =

ω1 ω2 f1 f2 [ ω µ
µ

=
−

d
1 ]

(b)

ω ω
ω ω1

1

2

2 1
1 2 0f f

a
ff+ − + =b g

a

a f f
=

+1 2
2
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9.15 

1. 
4.8 ×10–2m 6.0×10–2m

7.2×10–2m (i) (ii) 

(a) =P0 PO′

µ1 µ2 1=

PO = u = − × −7 2 10 2. m

PO′ = = − ⋅ × −v m4 8 10 2

r = α

∴ − =
−µ µ µ µ2 1 2 1

v u r

1
4 8 10 7 2 10

1 02
1

2
1

− ×
−
− ×

=
−

=− −. .
µ µ

α

∴ =
×
×

=
−

−µ1

2

2
7 2 10
4 8 10

1 5.
.

.

(b) 

u m= − × −7 2 10 2.

v m= − × −6 10 2

= r

∴ − =
−µ µ µ µ2 1 2 1

v u r

1
6 10

1 5
7 2 10

1 1 5
2 2− ×
−
− ×

=
−

− −
.

.
.

r

P

O'

(a)

P

C
(b)

O
O'
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−
×

+
×

=− −
1

6 10
15

7 2 10
0 5

2 2
.

.
.
r ∴ = × × −r m12 12 10 2

2. 10.0×10–2m 

=1.5)

P PL LS 
Q L A 

PL = u m≈ − × −20 10 2

CL = − × −10 10 2m

µ1 1 5= . µ2 1=

v

µ µ µ µ2 1 2 1
v u r− =

−

∴ −
− ×

= −
− ×− −

1 15
20 10

1 15
10 102 2v

. .

1 15
20 10

0 5
10 102 2v +

×
= −

− ×− −
. .

∴ = − ⋅ = − ⋅1 5 7 5 2 5v ∴ = −v m0 4.

Q 

m v
u

= =
−

×
−

=
/
/

. .
.

µ
µ

2

1

0 4
1

15
0 2

3

∴ 3

3. µ = 1 5.a f (paper weight) 12×10–2m

(a) (b) 

µ = 1 33.a f
= + × −6 10 2m

L

C

S

Q

P A
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f r
1

1

2 1
=

−
−
µ

µ µ
f r

2
2

2 1
=

−
µ

µ µ

(a) 

µ µ1 21 1 5= =, .

∴ f m1

2 2
21 6 10

1 5 1
6 10

0 5 12 10=
− × ×

− =
− ×

= − ×
− −

−
. .

f m2

2 2
21 5 6 10

1 5 1
1 5 6 10

0 5 18 10=
× ×

− =
× ×

= ×
− −

−.
.

.
.

(b) 

µ µ1 21 33 1 5= =. , .

f m1

2
2133 6 10

1 5 133 46 9 10=
− × ×

− = − ×
−

−.
. . .

f m2

2
21 5 6 10

1 5 1 33 52 9 10=
× ×
− = ×

−
−.

. . .

4. 0.03m 2×10–2

0.1m 1.5 

(a) (b) (c) (d)

µ µ1 21 0 1 5 0 1 0 03= = = − = −. , . , . , .u m r m

(a) f r m1
1

2 1

1 0 03
1 5 1 0 0 06=

−
− =

− × −
− = +

µ
µ µ

.
. . .a f

   f r m2
2

2 1

15 0 03
15 10

0 09=
−

=
× −
−

= −
µ

µ µ
. .

. .
.

b g

(b) v = u 

µ µ µ µ2 1 2 1

v u r
− =

−
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∴ −
−

=
−

−
= −

15 10
01

15 10
0 03

16 667. .
.

. .
.

.
v

∴ = − − = −
15 16 667 10 26 667. . .
v

∴ =
−

= −v m15
26 667

0 0562.
.

.

(c) m v
u

v
u

= = = −
−

/
/

.

.
.

.
µ
µ

µ
µ

2

1

1

2

10
15

0 0562
01

y2 y m1
22 10= × −  

m y
y

y
= ∴

×
=−

2

1

2
22 10

0 375.   ∴ = × ×−y2
22 10 0 375.

= × −7 5 10 3. m

(d) P = D2µ µ−
=

−
−

= −1 15 10
0 03

16 67
r

. .
.

.

5. 2 10 2× − m 0 5 10 2. × − m

=1.5

(a) 0 5 10 2. × − m
(b) 1.5×10–2m

(a) 0 5 10 2. × − m a

u m r m= − × = − × = =− −0 5 10 1 10 1 5 12 2
1 2. , , . ,µ µ

µ µ µ µ2 1 2 1

v u r
− =

−
[ v = ]

∴ −
− ×

=
−

− ×− −

1 15
05 10

1 15
1 102 2v

.
.

.

1 3 10 0 5 102 2

v + × = ×. O P

(a)

θ
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1 2 5 102

v = − ×.  ∴ = − × −v m4 10 3

− × −4 10 3 m 1 10 4 10 6 102 3 3× − × = ×− − − m

   m v
u= = × − ×

− ×
=

−

−

µ
µ

1

2

3

3
15
1

4 10
5 10

12. .

(b) 1 5 10 2. × − m  (b)

u m r m= − × = − × = =− −1 5 10 1 10 1 5 12 2
1 2. , , . , .µ µ

= v

∴ − =
−µ µ µ µ2 1 2 1

v u r

1 15
15 10

1 15
1 102 2v −

− ×
= −
− ×− −

.
.

.

1 1 10 05 10 1 05 102 2 2

v v+ × = × = − ×. , .

∴ = −v m0 02.

0.01m 

m v
u= = × −

−
=

µ
µ

1

2

15
1

0 02
0 015 2. .
.

6. 0.05m 0.05m 
=1.5

v
u m r m= − = = =0 5 0 05 1 1 51. , . , , .µ µ

∴ − =
−µ µ µ µ2 1 2 1

v u r

15 1
05

15 1
0 05 10.

.
.
.v −

−
= − =

θ P

(b)

O

k–u=0.5m → 0.05m
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∴ = − =15 10 2 8.
v ∴ = =v m15

8 01875. .

¿Zî ÂÏûþ î ÂËùõþ ÎŽÂËS õ™¦ Å̧ ðÓõþQ u = 01875. = − =01875 01 0 0875. . . m

µ µ1 21 5 1 0 05= = = −. , , .r m = v' 

∴ − =
−µ µ µ µ2 1 2 1

v u r

1 15
0 0875

1 15
0 05 10v'

.
.

.
.− = −

−
=

∴ = + =1 10 17 14 27 14v' . .

∴ ′ =v m0 0368.

0.0368m 

7. 0.28m 

0.28m B a

v = OA, u = ,α

µ µ µ1 21= =, = 

= r 

∴ − =
−µ µ µ µ2 1 2 1

v u r

µ
α

µ
v r− =

−1 1 ∴ =
−

=v rµ
µ 1 OA

O1A A 
B O1A=O1A1=OA1;

OB 

A1

(a)

AQ1

B
O
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OB= = 0.28m = − −OA OA = r
11

~ µ
µ = – r

∴ − =
−µ µ µ µ2 1 2 1

v u r

1 1
OB OA1

− =
−
−

µ µ
r

1
0 28

1 1
. −

−
=

−µ µ
µ

µa f
r r

1
0 28

1 1
. −

−
=

−µ µ
r r

1
0 28

2 1
. =

−µa f
r

0 56 1. µ − =a f r – – – – – – – – (i)

(b)
C 

D 

∴ OD = 0.10m O C1 = =
r
2

O C OC = r
21

~−

u r v= = =2 12,    = OD = 0.1m,  1µ µ µ,

= α

∴ − =
−µ µ µ µ2 1 2 1

v u r

1
010 2

1 0. /− =
−

=
µ µ

αr

∴ =1
010

2
.

µ
r

(b)

C O1D O
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∴ =0 20. µ r

(i) (ii) 0 56 1 0 20. .µ µ− =a f

0 36 0 56. .µ = ∴ = =µ
0 56
0 36 1 556.
. .

8. 0.20m 0.40m 
0.20m

1 1 1 1
1 2

1f r r r= − −F
H

I
Kµa f ; r2

f m r m r m= = = −0 20 0 20 0 401 2. , . , .

∴ = − −
−

FH IK = −1
0 20 1 1

0 20
1

0 40 1 3
0 40. . . .µ µb g b g

∴ − = × =µ 1 1
0 20

0 40
3

2
3b g .

.   ∴ =µ 167.

9. 0.20m 

µ =
4
3 µ =

3
2

1 1 12 1

1 1 2f r r=
−F

H
I
K −F
H

I
K

µ µ
µ

f = µ2 = µ1 = r1 r2

1
0 20

3 2 1
1

1 1 1
2

1 1
1 2 1 2.

/= −FH IK −F
HG

I
KJ = −F

HG
I
KJr r r r

∴ − =1 1 1
0101 2r r .

1
3
2

4
3

4
3

1 1
1 2′

=
−F

H
GG

I

K
JJ −F
HG

I
KJf r r



229

NSOU

= × × =
1
6

3
4

1
0 10

1
0 80. . [(i) ]

∴ ′ =f m0 80.

0 80. m

10. 0.25m 
0.25m 

3

m 

m v
u=

− =
−

3 0 25
v
. ∴ =v m0 75.

= F

∴ − =1 1 1
v u F      1

0 75
1

0 25
1

. .− − = F

∴ = +1 1
0 75

1
0 25F . .    ∴ F = 0.75

4 m

F (f2= –0.25 m),
f1 

1 1 1
1 2F = +f f ∴ = +

−
4

0 75
1 1

0 251. .f

1 4
0 75

1
0 25

7
0 751f

= + =. . .

∴ = =f m1
0 75

7 01071. .

0.1071m

11. 0.90m 0.45m 

0.75m 
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u m v m= − =0 9 0 45. , . = f1 

1 1 1
7v u− =

1
0

1
0 90

1
1.45 .− − = f

1
0

1
0 90

1
1.45 .+ = f

3
0 90

1
1. = f ∴ =f m1 0 30.

u m v m= − = + =0 90 0 45 0 75 120. , . . . = F 

∴ = −1 1 1
F v u

∴ = −
−

= + =1 1
120

1
0 90

1
120

1
0 90 1944F . . . . .

∴ F = 0.514m

= f2 

∴ = +1 1 1
1 2F f f

1 944 1
0 30

1
2

. .= + f

∴ = − = −1 1944 1
0 30 1389

2f . . .

∴ = − =f m2 0 72.

12. 0.20m 0.06m 
0.10m 0.30m 

f m f m1 20 20 0 30= =. , . , a m= 010.
F 

1 1 1
1 2 1 2F = + −f f

a
f f
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= + − × =
1

0 20
1

0 30
0 10

0 20 0 30 6 667. .
.

. . .

F = 0.15m

x a
f=

−
= −

×F
1

0 10 0 15
0 20

. .
. = − =0 075. m O P2 2

′ = = × = =x a
f mF O P1 1

2

01 015
0 30 0 05. .
. .

U = − + = −0 60 0 05 0 65. . .a f m

= V, F = 0.15m

∴ − =1
V

1
U F

1    1
V −

−
=1

0 65
1

015. .

∴ = − =1
V

1
015

1
0 65 5128. . .     ∴ V = 0.195m

= 0.195 – 0.075 = 0.12m

u m f m= − =0 60 0 20. , .

= v 
1 1 1
v u f− =

1 1
0 60

1
0 20v − −

=. .
1 1

0 20
1

0 60v = −. .

∴ =v m0 30.

u m f m= − = =( . . ) . , .0 30 010 0 20 0 30

v′

∴ − =1 1 1
v u f

  1 1
0 20

1
0 30′

− =v . .
0.60m 0.12m

0.10m

O1
O2

f1=0.20m,  f2=0.30m

x =
0.075m6–

0.05m
x1=

O2O1

P 2 P 1

f1=0.20m

0.10m

f1=0.30m

0.60m
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1 1
0 30

1
0 20′

= +v . . ∴ ′ =v m012.

0.12m 

13. 0.20m 0.15m 
0.10m 

 f1 f2 a 
F 

1 1 1
1 2 1 2F = + −f f

a
f f

∴ = + −
×

=1 1
0 20

1
015

010
0 20 015 8 333F . .

.
. . .

∴ F = 0.12m

(0.20 

x a
f m= =

×
=

F
2

0 10 0 12
0 15 0 08. .
. .

0.15m 

′ = = × =x a
f mF

1

010 012
0 20 0 06. .
. .

14. 
0.60m 

0.03 0.05 

f1 f2

ω ω1

1

2

2f f+ = 0 ω ω1 2= =0 03 0 05. , .

∴ + =0.03
f f1 2

0 05 0. 0 03 0 052 1. .f f= −
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∴ = −f f2 1
5
3 ( f1 f2 

F = 0·60m 

∴ = +1 1 1
1 2F1 f f ∴ = − = −FH IK =

1
0 60

1 3
5

1 1 3
5

2
51 1 1 1. f f f f

∴ = × =f m1
2
5 0 60 0 24. .

f m2
5
3 0 24 0= − × =. .40

15. 1.515 1.523 
1.614 1.632  0.30m 

ω
µ µ
µ1 =
−
−

= −
+ −

v r
1

1523 1515
1523 1515

2 1

. .
. .

= − =
0 008

1 519 1 0 0154.
. .

ω2 =
−

+ −
=

−
=1632 1614

1632 1614
2 1

0 018
1623 1 0 0289. .

. .
.

. .

f1 f2 

∴ + =
ω ω1

1

2

2
0f f

0 0154 0 0289 0
1 2

. .
f f+ =

∴ = − = −f f f2 1 1
0 0289
0 0154

289
154

.

.

F= 0.30m 

1 1 1
1 2F = +f f
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1
0 30

1 1 1 154
289 1 159

289
1

1 2 1 1 1. = + = − = −F
H

I
Kf f f f f

∴ = −FH IK × =f1
289 154

289 0 30 01401. . f m2
289

154 0 1401 0 2630=
−

× = −. .

= α
= r2 

1 1 1 1
1 2f r r= − −F

HG
I
KJµb g

1
0 2630 1623 1 1 1 0 623

2 2. . .= − −F
HG

I
KJ = −b g α r r [ µ =  ]

∴ = × =r m2 0 623 0 2630 01638. . .

′ =r m1 01638. ′r2

1 1 1 1
1 2f r r= − −F

H
I
Kµa f

1
01401 1519 1 1

01638
1
2. . .= − −
′

F
HG

I
KJb g r [ µ =  ]

= −
′

F
HG

I
KJ0519 1

01638
1
2

. . r

1
01638

1 1
01401 0 5192. . .

−
′
=

×r

1 1
01638

1
01401 0519

1
013082′

= −
×

= −
r . . . .

∴ ′ = −r m2 01308.

0.1638m 
1.1638m 0.1308m



235

NSOU

16. 1.553 1.567

0.30m 0.20m 

ω
µ µ
µ

=
−
−

= −
+ −

= =v r
1

1567 1553
1567 1553

2 1

0 014
0 56 0 025. .

. .
.
. .

f 

1 1 1 1 1 56 1 1
0 30

1
0 201 2f r r= − −F

H
I
K = − −F

H
I
Kµa f a f. . .  [ 1.56 =  ]

= +F
H

I
K =0 56 1

0 30
1

0 20 4 667. . . .     ∴ =f m0 2143.

= − = = × = × −f f f mr v ω 0 025 0 443 5 358 10 3. . .

17. 0.40m; 

f1 f2 a

a f f= −1 2

a f f
=

+1 2
2

∴ = =f a f a
1 2

3
2 2,

F 

1 1 1
1 2 1 2

1 2

1 2F = + − =
+ −

f f
a

f f
f f a

f f
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∴ =
+ −

×
=

1
0

39
2 2
39
2 2

4
3.40

a a
a a

∴ = × =a m4
3 0 0 533.40 .

∴ = × =f m1
3
2 0 533 0 80. .

f m2
1
2 0 533 0 266= × =. .

9.16 
( I ) 

1.

2.

3.

4.

5.

6. 

7.

8.

9.

10.

11.

12.

13.

14.

15.  

16.  
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17.  

18.

19.

20.

 (II) ( Short answer type questions ) 
1.

2.

3. – 

4.

5.

6.

7.  +2D 

8. 0.333 m 

9.

10.

11. (µ = 1·5) 0.30m 

12.

13.

14.

15.  

16.
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17.

18.

19.

20.

(III) (Essay type questions) :

1.

2.

3.

4.

5.

6. 4 
– 

7.

8.

9.

10.

11.

12. (a) 

(b) 
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13.  (a) 

(b) 

(IV) 

1. 0.05 (a)
(b) 

1.5

2. 5×10–3m 
5×10–2 m 1.5

3.
2.4×10–2 m 3.0×10–2m
3.6×10–2m (a) (b) 

4. 0.10m 
2.0×10–2m 

=1.5 

5. 1.33 1.50 0.2m 
1.33 2.4m 

6. 0.03m 0.04m 
1.5 

7. 0.5m 
1.5 4/3

8. 0.1m
1.50 1.33 

9. 0.20m 0.10m 0.15m

10. 1.5 0.05m 
0.06m 
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∴  a = |f1| + |f2|

11. f 3f  

12. 0.30m 
0.20m 

13. f1 f2 a
0·30m

(f1, f2 ) (a) 

14. 1.517 1.523;

15. 0.20m (Achromatic doublet) 
(ω=0.2, µ=1.6) (ω=0.1, µ=1.5) 

16. 2:3
0.20m 

9.17 
(ii) 

4. f r
1

1

2 1
= −

−
µ

µ µ
, f r

2
2

2 1
= −

−
µ

µ µ

5.

6.

7. 0.5m

8. –3D

f1  f2
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9.

10. µ µ 

11. 0·852m

(iv) 

1. (a) 0.20m 

(b) 0.025 m 

2. 3.33×10–2m 1.8×10–2m 

3. µ=1.5, r=6.0×10–2m

4. 2.5×10–2m 

5. 5.07m 1.5 

6.

7. 0.5m, 2m
8. 0.29m

9. 0.40m, –0.30m 

10. 3.34 D
11. 2f
12. 0·60m, 0.40m

13. f1 = 1.00m, f2= 0.333m, a = 0·667m

14. 0.0115

15. r =0.1m , r = 0.12m

16. 6.67×10–2m, –0.10m

9.18 

1. Geometrical and physical optics –– Longhurst.
2. Optics –– A. K. Ghatak

4. Optics –– Hecht

5. LIght –– K. G. Majumdar.

6. Optics –– Genkins and White.
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10  

10.1

10.2

10.3

10.4

10.5

10.6

10.7

10.8

10.9

10.10

10.11

10.12

10.13

10.14

10.1
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(i) (Image forming instruments) : 

(ii) (Spectram forming instruments ) : 
(interferometers), 

(iii) (photometers) : 

(iv) (Refractometer) : 

10.2
(Visual Angle; Magnifying Power or Angular
Magnification) :

10.1 A B 
B 
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D 25 cm

= 

9

10.3 (Simple
Microscope or Magnifying Glass) :

L 
OO′  

A B

10.1 
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I'

I

I I′ 10.2

OO′ u u 
f ν I I′

≈
′I I

v
(D) 

OO
D

′

m v
v

=
′
′

=
′
′

×
I I

OO / D
I I

OO
D/

I I
OO

′
′

=
v
u

∴ = × =m v
u v u

D D
......................................(1)

u v f 
1 1 1
v u f− = 1 1 1

−
−

−
=v u f

1 1 1
v u f− = −

∴ = +
D D D
u v f

∴ = +m
v f
D D

...........................................(2)

(i) v = D

O'

O

L

ν
u

10.2 
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∴ = + = +m
f f

D
D

D D1 .................................(3)

(ii) v =∝

∴ =
∝

+ =m
f f

D D D
......................................(4)

1+
D
f

D
f

m
u

=
D

1 1 1
u f

= +
D

u f
f

=
+
D
D

(3) (4) —

a

m v
u

v
f

a
f= = + = + −1 1 D

................................(5)

a = 0  

O′

′I 10.2

10.4 (Compound Microscope) :

1610
2000X 2000
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10.3 

Q

QP

q D

p

O

O1

L

p1

u q1

O2β

ν

F1F

10.3
0 (objective) (E) (eye-

piece) 

L
(rack and

pinion) 
PQ

′F
p q1 1 F1

p q1 1

pq pq 
(D) (∝)

m = (β)
∝

= O
PQ / D

O
PQ / D

O
PQ / D

∠
=

∠
=

p q p q p q p2 1 2 1 1 1 1 2/
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∴ = ×m p q
p

1 1

1 2PQ
D
O .....................................(6)

D

p q mo
1 1

PQ
= =

D
Op

me
1 2

= =

∴ = ×m m me0 ...........................................(7)
PQ = u p q1 1 = v 

m p q v
u0

1 1= =
PQ

m
fee = +1 D

fe

∴ = +F
HG

I
KJm v

u fe1 D
.......................................(8)

f0 
1 1 1

0v u f
−

−
=

1 1 1

0v u f
+ =

∴ = −
F
HG

I
KJ

v
u

v
f0

1

∴ = −F
HG

I
KJ +F
HG

I
KJm v

f fe0
1 1 D

....................................(9)

L

p q1 1 v ~− L
L f0

∴ −
F
HG

I
KJ − −

F
HG

I
KJ −

v
f f f0 0 0

1 1~ ~L L L
f0

1>>
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∴ = +
F
HG

I
KJm

f fe
L D

0
1

D fe
D
fe

>> 1

∴ = ×m
f fe
L D

0
...............................................(10)

m (i) f0 (ii) 
fe (iii) L 

20-25 cm

10.5 (Telescopes) :

—

—(i) (refracting telescope) (ii) 
(reflecting telescope)

—(i) 
(ii) (iii) 

(resolving power)
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10.4 

O E

p1

q1

β
β∝

L

f0 fe
∝

O1
O2

—
(i) (astronomical telescope) 
(ii) (terrestrial telescope)

10.6 (Refracting Astronomical
Telescope) :

O
E

10.4

p q1 1 O1 1p
p1

O2
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10.5 

E

D

u

q1

F1 p1p2
O1

O

O2

q1 1O

(accomodation) 
(focussed for infinity) (adjusted for normal vision) 

(D) 

(adjusted for distinct vision) p1 2O

fe 10.5 p q2 2 D p q1 1

m = 
=

∝
β

m 

(i) (Normal vision) : 10.4 O1 1 0p f= =

p fe1 2O = ∝ β 

m p q p
p q p

p
p

f
fe=

∝
= = =β 1 1 1

1 1 1 1

1 1

1 2

0/
/

O
O

O
O

2 ............................(11)

β
β

∝
∝
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L
L = +fo fe ...........................................................(12)
(ii) (Distinct vision) : 10.5

p2 2O D= p u1 2O =

∴ =
∝

= =m p q u
p q f

f
u

β 1 1

1 1 0

0/
/

p u1 2O = − = p2 2O D= − = fe =

1 1 1
−

−
−

=
D u fe

1 1 1
D

− = −
u fe

1 1 1
u fe

fe
fe

= + =
+

D
D

D

∴ = ×
+

= +F
HG

I
KJm f

fe
fe f

fe
fe0 0 1D

D D ......................(13)

D →∝ m f
fe

= 0

L D
D

= + = +
+

f u f fe
fe0 0 ............................(14)

10.7 (Terrestrial Telescope) :
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(ereeting)
10.6 f L f0 2 f

AB, L 
A′B′ 4 f

(Galileo’s telescope) :

10.7 (field of vision)

10.8 (Objective) :

10.6 

O

B

A B'

A'

L B
2ffo 2f

10.7 

P

O E

Q

β
A
F1

β
∝

∝

B
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(achromatic doublet) 
(Cedar oil) 

10.9 (Eye-piece) :

(field lens) 
(eye-lens)

—
(i) (ii) 

(i) (Ramsden eye-piece) :
2
3

 

f 
2
3
f

f
4

(cross wire) 
F
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10.8 

q2

p2 p1

q1

F

1 1 1
2
3 2 2

3
4

32F
= + − = − =

f f

f

f f f f

∴ =F 3
4
f

x a
f

f f

f
f

= =
⋅

=
F

2
3

3
4

2

10.8

p q1 1 F E

— p f2 E =

u, − = − −F
HG

I
KJ = −Fp f f f

2
2
3 3

1 1 1
v u f
− =

3 1 1
−

− =
f u f

1 4
u f
= − ∴ = −u f

4
f
4

p q1 1

p q1 1

(positive)

E

ff1 2
3

f
F1
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a f f
=

+1 2

2
a f f f=

+
=

2
a f= p q1 1

f
2
3

f

a f f= −1 2 a f f= − = 0
2
3
f

10.8

(i)  (ii) 

(ii) (Huygen’s eye-piece) :

3 2
f 3f 2f 10.9

10.9 

3f f

2f

p1F p2

q1q2

E
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p q1 1

p q2 2 (E)

3f f 2f F1

1 1
3

1 2
3

2
31F

= + −
⋅

=
f f

f
f f f ∴ =F1

3
2
f

F

x a
f

f f

f
f= =

⋅
=

F1

2

2 3
2 3

Ep f2 = EF = =a f2

F p u1 = v p a f f f f= = − = − =F 2 2

3f
1 1 1
v u f
− =

1 1 1
3f u f

− = ∴ = − =
1 1 1

3
2

3u f f f ∴ =u f3
2

p q1 1
3
2
f

p q2 2

p q2 2

p q1 1

a f f f= − =3 2
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a f f f=
+

=
3

2
2

(i)
(ii) —

10.10

1.

m
v f

= +
D D

(i) (D) m
f

= +1 D
a 

m a
f

= +
−1 D

(ii) m
f

=
D

2.

m v
u fe

= +
F
HG

I
KJ1 D

= −
F
HG

I
KJ +
F
HG

I
KJ

v
f fe0

1 1 D

L

m
f fe

~− +
F
HG

I
KJ

L D

0
1
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~− ×
L D
f f e0

3. 

(i) m f
fe

= 0
L = +f fe0

(ii) m f
f

f

e

e= +F
HG

I
KJ

0 1
D

L D
D

= +
+

f f
f

e

e
0

4. 

5. 

(i) 
2
3

f 
2
3
f

(ii) 

f 
3f 2f 

10.11

1. 1 10 2× − m

5 10 2× − m 1 1 10 2⋅ × − m 25 10 2× − m

u m= − ⋅ × −1 1 10 2 f m= × −1 10 2 v
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∴ − =
1 1 1
v u f

1 1
1 1 10

1
1 102 2v

−
− ⋅ ×

=
×− −

1 10 10
1 1 10 1 10

11
1

11 10
2

2
2

2v = −
⋅

= −FH IK =
× −

∴ = × −v m11 10 2

m v
uo = =

×
⋅ ×

=
−

−

11 10
1 1 10

10
2

2

m
fe = + = +

×
×

=
−

−1 1 25 10
5 10

6
2

2
D

∴ m m mo e= × = × =10 6 60

u v m= − × −25 10 2 f m= × −5 10 2

∴ − =
1 1 1
v u f

1
25 10

1 1
5 102 2− ×

− =
×− −u

1 1
25 10

1
5 10

6
25 102 2 2u

=
− ×

−
×

= −
×− − −

∴ = − × −u m25
6

10 2

= +F
HG

I
KJ × = ⋅−11 25

6
10 0 15172 m m

2. 2 10 2× − m

2 75 10 2⋅ × − m 0 15⋅ m 0 25⋅ m

v m= − ⋅0 25 f m= ⋅0 0275 u

∴ − =
1 1 1
v u f

1
0 25

1 1
0 0275− ⋅

− =
⋅u

1 1
0 25

1
0 0275u

= −
⋅

−
⋅

∴ = − ⋅
1 40 36
u ∴ = ⋅u m0 0248

m v
ue = =

⋅
⋅

= ⋅
0 25

0 0248
10 08
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= ⋅0 15m
∴ = ⋅ − ⋅ = ⋅ = ′0 15 0 0248 0 1252m v

′ ′ = ⋅u f m, 0 02

∴
′

−
′

=
′

1 1 1
v u f

1
0 1252

1 1
0 02⋅

−
′

=
⋅u

1 1
0 1252

1
0 02

42 01
′

=
⋅

−
⋅

= − ⋅
u

∴ ′ = − ⋅u m0 0238

mo =
⋅
⋅

= ⋅
0 1252
0 0238

5 26

m m mo e= × = ⋅ × ⋅ = ⋅5 26 10 08 53 02

3. 

1 5 10 2⋅ × − m 3 0 10 2⋅ × − m 0·16m
0·25m (a) (b) 

v m= − ⋅0 25
f m= ⋅0 03 u

∴ − =
1 1 1
v u f

1
0 25

1 1
0 03− ⋅

− =
⋅u

1 1
0 25

1
0 03 37 33u =

− ⋅
−

⋅
= − ⋅

∴ = − ⋅u m0 0268

v m1 0 16 0 0268 0 1332= ⋅ − ⋅ = ⋅

u1 f m1 0 015= ⋅

∴ − =
1 1 1
v u f

1
0 1332

1 1
0 0151⋅

− =
⋅u

1 1
0 1332

1
0 0151u

=
⋅

−
⋅ u m1 0 0169= ⋅

(a) 0·0169m 

(b) m v
fo fe= −F

HG
I
KJ +F
HG

I
KJ = ⋅

⋅
−FH IK + ⋅

⋅
FH IK1 1 1 0 1332

0 015 1 1 0 25
0 03

D
= ⋅73 55

4. 0.1m 0.01m
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1m 0.25m 

u = –1m, f = 0·1m v

∴ − =
1 1 1
v u f

1 1
1

1
0 1v

−
−

=
⋅

1 1 10 9
v

= − + =

∴ =v m1
9

m v
u1

1
9

1 1
9

= = × =

v m f m= − ⋅ = ⋅0 25 0 01, = u

∴ − =
1 1 1
v u f

1
0 25

1 1
0 01− ⋅

− =
⋅u

1 1
0 25

1
0 01

104
u

= −
⋅

−
⋅

= −

∴ = −u m1
104

∴ m v
u2 0 25 104= = ⋅ × = 26

∴ m m m= × = × = ⋅1 2
1
9

26 2 89

5. 0·1m 0·01m
0.60m 0.1m 

u m= − ⋅0 6 f m= ⋅0 1 v 

∴ − =
1 1 1
v u f

1 1
0 6

1
0 1v

−
− ⋅

=
⋅

1 1
0 1

1
0 6v

=
⋅

−
⋅

∴ = ⋅v m0 12

∴ m v
u1

0 12
0 60

0 2= =
⋅
⋅

= ⋅ v m= − ⋅0 1 f m= ⋅0 01

(u) 

∴ − =
1 1 1
v u f

1
0 1

1 1
0 01− ⋅

− −
⋅u
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1 1
0 01

1
0 1

110
u

= −
⋅

−
⋅

= −

∴ = −u m1
110

∴ m v
u2 0 1 110 11= = ⋅ × =

∴ m m m= × = ⋅ × = ⋅1 2 0 2 11 2 2

= ⋅ +F
HG

I
KJ = ⋅0 12 1

110
0 1291m

6. 0·10m 
(i)

(ii) (iii) 

f1 f2

∴ − = ⋅f f i1 2 0 1...............( )

∴
+

= ⋅
f f ii1 2

2
0 1...............( )

f m1 0 15= ⋅ f m2 0 05= ⋅

F 

1 1 1

1 2 1 2F
= + −

f f
a

f f

1 1
0 15

1
0 05

0 10
0 15 0 05

13 333
F

=
⋅

+
⋅

−
⋅

⋅ × ⋅
= ⋅

∴ = ⋅F 0 075m

m
f1

0 25
0 075

3 333= =
⋅

⋅
= ⋅

D

m
f2 1 1 0 25

0 075
4 333= + = +

⋅
⋅

= ⋅
D

7. 
0·03m 
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= = × ⋅ = ⋅
2
3

2
3

0 03 0 02f m (= u)

0·03m

u f a m= − = ⋅ − ⋅ = ⋅0 03 0 02 0 01 f m= ⋅0 03 v

∴ − =
1 1 1
v u f , 

1 1
0 01

1
0 03v

−
⋅

=
⋅

1 1
0 01

1
0 03v

=
⋅

+
⋅

∴ = ⋅ × −v m7 5 10 3

7 5 10 3⋅ × − m F

1 1
0 03

1
0 03

0 02
0 03 0 03

44 44
F
=

⋅
+

⋅
−

⋅
⋅ × ⋅

= ⋅

∴ = ⋅F 0 0225m

x 

x a
f

m= − = −
⋅ × ⋅

⋅
= − ⋅

F

1

0 02 0 0225
0 03

0 015

0·015m 

= ⋅ + ⋅ × −0 015 7 5 10 3d im
= ⋅0 0225m

10.12

(i) 
1.
2.
3.
4.
5.
6.
7.
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8.
9.
10.
11. 
12.
13.
(ii) 
1.
2.

3.
4.
5.
6.
7.
8.

9.
10.

11.
(iii) 
1.

2.

3.

4.
5.
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6.

7. (a) 
(b)  

8.
9.

(iv)

1. 2 0 10 2⋅ × − m 4 10 2× − m

3 10 2× − m

2. 1 0 10 2⋅ × − m 2 0 10 2⋅ × − m

1 1 10 2⋅ × − m
0·25m 

3. 5 0 10 3⋅ × − m 1 5 10 2⋅ × − m
0·25m 500

4. 2 0 10 2⋅ × − m

5 0 10 2⋅ × − m 0·20m 0·25m

5. 1·00m 5 00 10 2⋅ × − m (a) 
(b) 

6. 0·10m 0·01m
0·60m 0·10m 

7. 1·20m 0·005m

8. 2·00m 0·050m
34m 0·24m
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9. 3 2 10 2⋅ × − m 2 4 10 2⋅ × − m

10. 0·015m 5 10 3× − m

11. 6 10 2× − m 2 10 2× − m

12. 2 10 2× − m

2 5 10 2⋅ × − m (i) 
(ii) (iii) 

10.13

1. 0·0945m
2. 0·1285m, 135
3. 0·1607m
4. 2 29 10 2⋅ × − m
5. (a) 20, (b) 24
6. 0·129m, 2·2
7. 240, 1·205m, 244·8, 1·2049m
8. 2·167m, 51
9. 2·56×10-2m
10. 7·5×10–3m
11. (i) 3×10–2m (ii) 3×10–2m 
12. (i) 2·08×10–2m

(ii) 12, 13
(iii) 6·25×10–3m 

10.14

1. Light—K. G. Majumdar
2. Geometrical and Physical Optics—R. S. Longhurst
3. Fundamentals of Optics—Jenkins and White
4. Optics—E. Hlecht
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