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Introduction
In this course, we shall study the basic physics of:

wave propagation
Optics
Modern Physics
Why do we need to study these areas of Physics?
Because they have applications in diverse fields of human endeavour:

Introduction
Wave propagation has applications in : Telecommunication, space
technology, medicine, music industry etc.
Optics has applications in Astronomy, medical laboratory,
photography, medicine etc.
Modern Physics has applications in medicine, electronics, computer
technology, archaeology, etc.

WAVE PROPAGATION

• What is a wave?
A wave is a transfer of energy in form of an oscillatory disturbance in
a medium.
Once the disturbance is initiated at a point in the medium it travels to
other points of the medium
• examples of wave motion.
The ripple that spreads out when a stone is dropped inside water.
When a string is tied to a fixed point at one end and the other end is
moved up and down, a wave travels along the string.

Wave propagation is always characterised by vibrations of certain
quantities (scalar or vector).
In the case of the wave on a water surface, it is the water molecules
that are vibrating (scalar quantity). For a wave on a string, it is the
particles of the string that vibrate (also a scalar quantity).
The particles of a medium only vibrate as long as the wave is passing
through them, they get restored to their equilibrium positions after
the wave has passed.

FACTS ABOUT WAVES
Waves transport energy, but not matter, from one region to another.
another
The wave speed is not the same as the speed with which particles
move when they are disturbed by the wave.
The medium itself does not travel through space; its individual
particles undergo back-and-forth
forth or up-and-down
up
motions around
their equilibrium positions.

Definitions of Terms
Waveform
The general appearance/shape of a wave pattern is known as its
waveform.
A circular ripple spreading out from a point on a water surface is an
example of a circular waveform.

A disturbance spreading out uniformly into all directions in space will
give rise to a spherical waveform.

Definitions of Terms

Mechanical & Electromagnetic Waves

Mechanical Waves
Some waves cannot propagate unless a material medium (i.e. solid,
iquid or gas) is available. It is the vibration of the particles of such a
medium that enhances their passage. Such waves are known as
mechanical waves.
Examples of mechanical wave:
wave on a string
water wave
sound wave
seismic wave.

Definition of Terms

Electromagnetic Waves
Waves that do not require a material medium for their propagation
are known as electromagnetic waves.
These waves can propagate through empty space (vacuum)
Examples
x-ray,
ray, gamma ray, visible light and radio wave, microwave.
Note: The vibrating quantities in these waves are the electric and
magnetic vectors.

Definitions of Terms

Transverse and Longitudinal waves
Waves can also the classified according to how the direction of
vibration (of the vibrating quantities) relates to the direction of
propagation of the wave.
Transverse wave: This is the type of wave in which the direction of
vibration is perpendicular to the direction of wave propagation.
propagation
Examples: wave on a vibrating string, water wave.

Note: All electromagnetic waves are transverse waves.

Definitions of Terms
Longitudinal wave:: This is the type of wave in which the direction of
vibration is parallel to the direction of wave propagation.
A longitudinal wave in a medium subjects the medium to series of
compressions and expansions (rarefaction)
Example: sound wave.

Definitions of Terms

Period (T) of a wave: This defined as the time it takes a whole wave
to cross a point. This is also equal to the time for a complete cycle of
each of the vibrating quantities.
Frequency (f) of a wave: This is the inverse of the period of a wave
and it is the number of complete vibration per second.
Wavelength:: For any wave having period T and travelling at a speed v,
the wavelength, λ, is given by:
λ =vT = v/f
v=fλ
(f = frequency of the wave)

Definitions of Terms

Periodic Wave
A wave pattern is said to the periodic if it is repeating itself many
times without changing form.
When a periodic mechanical wave propagates in a medium, the
particles of the medium undergo periodic vibrations about their
equilibrium points.

Periodic Waves

Wavefront: This is a surface containing points that are undergoing
identical displacement with time.
These points are said to the vibrating in phase.
phase

For a periodic wave, the distance between two adjacent
wavefronts equals the wavelength of the wave.

Harmonic wave: This is the type of periodic wave in which vibrating
quantities undergo simple harmonic motion about their equilibrium
points.

Wave Speed (velocity)
Note that this speed is different from the speed of vibrating particle

A wave travels at different speeds in different media because the
propagation of a wave in a medium depends on certain properties of
the medium.
Speed of transverse wave on a string is given by

v 




τ = tension in the string
µ = linear density of the string i.e. mass per unit length

If the material of the string has a volume density ρ and the string has
cross sectional area a, v is also given by
v




 a

since ρ = m/v = m/(aL) = µ/a
Therefore, ρa = µ

Speed of longitudinal wave on a metallic rod:
rod

v 

Y


Y= Young modulus of the material of the rod
ρ = volume density of the material of the rod.

Speed longitudinal wave in a liquid:

v 




β = bulk modulus of the liquid
ρ = density of the liquid

Speed of electromagnetic wave in a medium:

v

1


µ = magnetic permeability of the medium
ε = electrostatic permittivity of the medium

Speed of longitudinal wave in a gas

 P

P = pressure of the gas
ρ = density of the gas
ϒ = Cp/Cv
Cp = specific heat capacity of the gas at constant pressure
Cv= specific heat capacity of the gas at constant volume

worked example

A uniform string of length 2 m and mass of 5g is stretched
horizontally under a constant tension of 50 N. How long will it take a
ransverse wave to travel across the string ?
Solution
v



τ = 50 N ,




µ = (5x 0.001)/2 = 0.0025 kg/m
50
141.42 m/s
v 
0 . 0025
time to cross the string = length/velocity = 2/141.42 = 0.014 s

Exercise

A copper wire of length 3 m and diameter 2.4 mm is used to
suspend a 2kg mass across a pulley. A transverse disturbance
s sent along the wire. How fast does the disturbance travel?
Density of copper = 8920 kg m3 )

Wave Speed (Velocity) contd
Note: The speed of a wave in a medium will remain constant if the
parameters of the medium upon which the speed depends remain
unchanged.

Wave Speed (velocity)
Note that this speed is different from the speed of vibrating particle

A wave travels at different speeds in different media because the
propagation of a wave in a medium depends on certain properties of
the medium.
Speed of transverse wave on a string is given by

v 




τ = tension in the string
µ = linear density of the string i.e. mass per unit length

If the material of the string has a volume density ρ and the string has
cross sectional area a, v is also given by
v




 a

since ρ = m/v = m/(aL) = µ/a
Therefore, ρa = µ

Consider the non-uniform
uniform string below. If a transverse wave is set out
on the string, where will it have its highest speed ?

Ans. At C.

Does the speed of
a transverse wave vary
along this rope?
What is the situation if the
rope is replaced with a
a string of a negligible mass?

uniform thick rope

mass

Speed of longitudinal wave on a metallic rod:
rod

v 

Y


Y= Young modulus of the material of the rod
ρ = volume density of the material of the rod.

Consider two rods 1 and 2 that are welded together. How will the
speed of a longitudinal wave vary as it travels from 1 to 2?

Speed longitudinal wave in a liquid:

v 




β = bulk modulus of the liquid
ρ = density of the liquid

Speed of electromagnetic wave in a medium:

v

1


µ = magnetic permeability of the medium
ε = electrostatic permittivity of the medium

Speed of longitudinal wave in a gas
V=

 P


P = pressure of the gas
ρ = density of the gas
ϒ = Cp/Cv
Cp = specific heat capacity of the gas at constant pressure
Cv= specific heat capacity of the gas at constant volume

Mathematical Representation of Wave
Motion

A wave that is travelling along the positive xx direction with speed v,
such that it causes the vibration of certain quantity in the y direction
can be represented mathematically as follows
y(x,t) = f(x-vt)
Where f is a mathematical function describing the waveform and y(x,t
y(
is known as the wavefunction.
The same wave travelling along the –ve x-direction can be represented
as:
y(x,t) = f(x+t)
y(x,t) = f(x+vt)

The wave function, y(x,t)) specifies the displacement with respect to
the equilibrium position of any point along the x axis at time t.

Worked example.
A transverse wave on a rope can be represented at time t =0 as follows
1
y 
1 2x2

If the speed of the wave is 2.1 m/s, give the expression for the
wavefunction at any time t >0.
Solution.
At any time t, the wavefunction can be written as y(x,t) = f(x-vt)
f(x

So in this case,

1
y( x, t ) 
1  2( x  2.1t )2
But v = 2.1 m/s. Therefore
1
y ( x, t ) 
1  2 ( x  2 . 1t ) 2

Note: A function y(x,t)) cannot be a wavefunction if it cannot be
expressed as y(x,t) = f(x±vt)) where v= a number that represents the
speed of the wave.
Worked example.. Identify which of the following functions could be
wavefunctions.

1
A. y 
1 2x  5t

B.

1
y
2
3  x  4t

C.

y  ln(x  2t
2

y = ln(x-2t)

Solution .
We will check which of the functions can be expressed as
y(x,t) = f(x±t).
). Only options A and C fall into this category. Option A
can be written as:

A.

y 

1
5 

1  2 x  t 
2 


Option C is already in that form.

But we cannot express option B in that form.

Mathematical Representation of Harmonic
Wave
Recall our definition of harmonic wave.
The equation of a harmonic wave travelling along the +ve xx axis can
be expressed as
y(x,t) = A cos(k(x-vt) +Φ))
*
where A= amplitude of the wave (i.e.
( the maximum displacement of
the vibrating quantity from its equilibrium position) S.I. unit is metre
k = wave number = 2π/λ (S.I. unit is per metre)
v = speed (velocity) of the wave. (S.I. unit is meter per second)
Φ = initial phase (angle)and (k(x-vt)
vt) +Φ)
+ = phase (angle) of the wave

Note: the phase angle is measured in radians ( 2π
2 radians = 360
degree)
1 radian ≈ 57.3 degree
Equation * can also be written as:
y(x,t) = A cos(kx – ωt +Φ))
**
where ω = kv = 2πv/λ = 2πf = 2π/T
/T and is known as the angular
requency of the wave. (S.
S. I. unit is radian per second)
second
Recall that f is the frequency, T is the period and λ is the wavelength of
he wave and v = f λ = λ/T (unit
unit is hertz (Hz); 1Hz = 1cycle per second)

We can substitute k = 2π/λ and ω=
= 2π/T
2
into equation **to express the
wavefunction in the following form:
y(x,t) = Acos[2 π

 x

 



t
T





+Φ]]

****

Note. A harmonic wave can also be represented by a sine function
instead of a cosine function.
The three equations are reproduced below

y(x,t) = A cos(k(x-vt) +Φ))

*

y(x,t) = A cos(kx – ωt +Φ))

**

y(x,t) = Acos[2 π

 x

 



t
T





(in terms of k and v)
(in terms of k and ω)

+Φ]] *** (in terms of λ and T)

Worked example

A transverse wave has the wavefunction In S. I. unit as follows:
y(x,t) = 0.015cos(8x-80t).
80t). Find the (i)
( amplitude (ii) wavelength
(iii) frequency (iv) speed of thewave.
thewave

Solution:
We shall compare y(x,t)) = 0.015cos(8x-80t)
0.015cos(8x
with equations *, ** and
*** to see the one it resembles most

y(x,t) = 0.015cos(8x-80t)

---- given

y(x,t) = A cos(k(x-vt) +Φ))

*

y(x,t) = A cos(kx – ωt +Φ)

**

y(x,t) = Acos[2 π

 x

 



t
T





+Φ]] ***

It resembles equation ** in which Φ = 0
y(x,t) = A cos(kx – ωt +Φ)
y(x,t) = 0.015cos(8x-80t + 0) ---- given
Fixing the terms in the two equations, we have:
(i) A= amplitude = 0.015 m
(ii) k = 2π/λ = 8 ; λ = 2π/8 = π/4 m = 0.785 m
(iii) ω = 80 = 2πf ; f = 80/2π = 40/π
π Hz =12.732 Hz.
(iv) ω = kv = 80, but k =8, i.e. 8v = 80, v = 10 m/s

Particle velocity and acceleration

The particle velocity at a given value of x and at a given time t can be
determined by differentiating y(x,t) partially with respect to x. i.e.

vp (x,t) =  x ( y ( x , t )) at that given value of x at the given time.
The particle acceleration is obtained by differentiating partially with
2

respect to x the second time. i.e. a ( x , t ) 
y x, t 
p
2
x



v p x , t 
x

Worked example.
Consider the wavefunction y(x,t)) = 0.015cos(8x-80t).
0.015cos(8x
Calculate the
Particle velocity and particle acceleration at y(0.01,0.4)
Solution
y(x,t) = 0.015cos(8x-80t)
vp (x,t) =  ( y ( x , t )) = -8(0.015)sin(8x
8(0.015)sin(8x-80t)
x

vp (0.01,0.4)

= -8(0.015)sin(8(0.01)
8(0.015)sin(8(0.01)-80(0.4)) =0.058 m/s

vp (x,t)

= -8(0.015)sin(8x
8(0.015)sin(8x-80t)

a p (x,t)



v p x , t 
x

= -64
64 (0.015)cos(8x-80t)
(0.015)cos(8x
2
a p ( 0 . 01 , 0 . 4 ) = -0.841
m
/s
0.841

Superposition of waves

When two or more identical waves travel simultaneously in a medium,
they do so without disturbing one another. However the effective
displacement of the vibrating quantities is governed by the combined
displacements of the travelling waves. This attribute of waves is called
superposition and this principle of combination is called superposition
principle.

In terms of wavefunctions, the superposition principle for waves can
be stated as follows:

If two or more waves travel simultaneously in a medium, their
resultant wavefunction is the sum of wavefunctions of the individual
wave.

Examples of phenomena resulting from superposition of waves
Common examples are:

) Standing waves on a string.. This is a superposition of two transverse
waves of equal amplitude and frequency travelling in opposite
directions.
i) Beats:: This is a superposition of two sound waves of equal amplitude
but slightly different frequencies

Particle velocity and particle acceleration

The particle velocity at a given value of x and at a given time t can be
determined by differentiating y(x,t) partially with respect to x. i.e.

vp (x,t) =  t ( y ( x , t )) at that given value of x at the given time.
The particle acceleration is obtained by differentiating partially with
2

respect to x the second time. i.e. a ( x , t ) 
y x, t 
p
2
t



v p x , t 
t

Worked example.
Consider the wavefunction y(x,t)) = 0.015cos(8x-80t).
0.015cos(8x
Calculate the
Particle velocity and particle acceleration at y(0.01,0.4)
Solution
y(x,t) = 0.015cos(8x-80t)
vp (x,t) =  ( y ( x , t )) = -(-80)(0.015)sin(8x
80)(0.015)sin(8x-80t)
t

vp (0.01,0.4)

= 80(0.015)sin(8(0.01)-80(0.4))
80(0.015)sin(8(0.01)
= -0.58 m/s

vp (x,t)

= 80(0.015)sin(8x-80t)
80(0.015)sin(8x

a p (x,t)



v p x , t 
t

= (-80)80
80)80 (0.015)cos(8x-80t)
(0.015)cos(8x
2
a p ( 0 . 01 , 0 . 4 ) = -84.1
m
/s
84.1

Superposition of waves

• When two or more identical waves travel
simultaneously in a medium, they do so without
disturbing one another. However the effective
displacement of the vibrating quantities is governed by
the combined displacements of the travelling waves.
This attribute of waves is called superposition and this
principle of combination is called superposition
principle.

• In terms of wavefunctions, the superposition principle
for waves can be stated as follows:
• If two or more waves travel simultaneously in a
medium, their resultant wavefunction is the sum of
wavefunctions of the individual wave.
• Suppose waves with wavefunctions y1, y2, y3 travel
simultaneously in a medium to give a resultant
wavefunction Y, then Y= y1+ y2 + y3

• Examples of phenomena resulting from superposition
of waves
) Standing waves on a string.
string This is a superposition of
two transverse waves of equal amplitude and frequency
ravelling in opposite directions.
i) Beats:: This is a superposition of two sound waves of
equal amplitude but slightly different frequencies

Standing Wave On A String

• A standing wave can be observed on a string under
tension by tapping it anywhere along its length.
Incident waves travel to the fixed end of the string and
are reflected to combine with the incident waves.

Mathematical Representation of Standing
Waves on the String

• Consider an incident wave travelling on a string in the
+ve x-axis whose wavefunction is given by

y1  A cos( kx   t )

• The reflected wavefunction will then be:

y2   A cos(kx  t )

According to the superposition principle, the resultant
wavefunction,, Y is given by:

Y = y 1 + y2
Y = A cos( kx   t )  A cos( kx   t )
Y = A{cos(kx - ωt) – cos(kx
kx + ωt)} ++

We shall use one of the following Trig identities
 C  D 
 C  D 
sin C  sin D  2 sin 
 cos 

2
2




 C  D 
 C  D 
cos C  cos D  2 cos 
 cos 

2
2





C  D  DC 
cos C  cos D  2 sin
 sin

 2   2 

Y = A{cos(kx - ωt) – cos(kx
cos( + ωt)} ++

Applying the last of the above identity to equation ++
using
C = (kx - ωt), and
D = (kx + ωt);
We have:
Y(x,t) = 2Asin(kx)sin(ωt)
Y(x,t)= 2Asin(2πx/λ)sin(2πt/T)
t/T)

• The above is the equation of a standing wave on a
string.
• The quantity B = 2A is known as the amplitude of the
standing wave.
•

standing wave pattern
Incident waveform is shown in red
Reflected waveform is shown in black
N
A*

Y
N

A*

A*

Y(x,t) = Bsin(kx
kx)sin(ωt)
N – node: Points of zero displacement on the string
A* – antinode: points of maximum displacement on the string.

X

Nodes constitute those points on the string where
sin(2πx/λ) = 0 ; i.e. 2πx/λ = nπ,
n which corresponds to
x = n λ/2
/2 (n =1, 2, 3, ……)
antinodes constitute points where sin(2πx/λ) = 1
. e. i.e. 2πx/λ = mπ/2
/2 (m = 1, 3, 5,….) i.e. x = mλ/4
m
• Distance between two adjacent nodes = λ/2
• Distance between two adjacent antinodes = λ/2

Worked example

• A string vibrates according to the equation:
• z(y,t) = 0.5 sin(πy/3)cos(π40)t
40)t
where y,t are in cm and t is in second.
Determine (i)) the amplitude and (ii) the velocity of the
component waves that combine to give this vibration.
(iii) The distance between two adjacent nodes.

• Solution
• Comparing z(y,t)) = 0.5 sin(πy/3)cos(π40t)
sin(
with
•
z(y,t)) = 2Asin(2πy/λ)cos(2πt/T)
2Asin(2
• (i) 0.5 = 2A; A = 0.25 cm
• (ii) ω = kv, v = ω/k; but ω = 2π/T
2
= 40 π
and k = 2π/λ = π/3
/3
v = 40 π (3/ π)) =120 cm

(iii) 2π/λ = π/3, therefore λ = 6 cm
Distance between two adjacent nodes = λ/2 =3 cm

Modes of Vibration and Resonance

When
When an elastic medium is disturbed, it may vibrate on its
own at a certain frequency.
There
There are more than one frequency at which an elastic
medium may vibrate freely.
Each
Each of these frequencies of vibration is known as a natural
frequency of vibration of the medium and the type of
vibration associated with it is known as a mode of vibration.
The
The lowest frequency at which a medium may vibrate freely
is known as its fundamental frequency.

Modes of Vibration and Resonance

The
The next higher frequency is called the first overtone. This is
followed by the second overtone and so on.
If the higher frequencies are integral multiples of the
fundamental frequency,, all the frequencies are called
harmonics. In this case, fundamental frequency is also known
as the first harmonic, the first overtone is the 2nd harmonic
etc.
The
The pattern of vibration at each of these frequencies is
known as a normal mode of vibration of the medium.

Note : A disturbed medium may not vibrate at any of its natural
frequencies if the disturbance cannot make the medium to vibrate as a
whole.
Resonance.. This is a phenomenon that occurs when an external
impulse causes a medium to vibrate at any of its natural frequencies.
E.g. a tuning fork held above a stretched string may cause the string to
vibrate at any of its natural frequencies

Modes of vibration of a string

• Let us consider a string that is stretched under tension inin
between two fixed points.
• If the string is plucked at any point, a standing wave is set up
and the string will vibrate at a particular frequency.
• Different modes of vibration can be set up on the string
depending on how it is disturbed. Each of these is known as a
normal mode of vibration of the string.

Modes of vibration of a string

We are interested in the relationship between the length of the string
and the wavelength of the standing wave associated with each mode of
vibration.

Modes of vibration of a string
L= n(λn/2)

2nd mode of vibration

3rd mode of vibration
1st mode of vibration

F ig 1 4 .1 8, p . 4 4 3
S lid e 25

• The length of the string is related to the wavelength λn of the
nth normal mode by: L = n(λn /2). Therefore = 2L/n

n

2L

n

• The nth harmonic frequency fn of vibration of a string of
length L, linear density µ, under a tension τ is easily obtained
as follows:

Nth harmonic frequency of a vibrating
string

• We recall that the velocity of transverse wave on the string is
given by:

 f
v

For the nth harmonic vibration

2L
 fnn
n 

•
where
n

• Therefore:

n
f n
2L




Worked Example

• Calculate the difference between the fifth and the
seventh harmonic frequency of a string of length 1.2
m, mass 5g it is kept under a constant tension of 45 N
• Solution:
•
n

f

n



2 L



•

•

1
f7  f5 
2 x1.2
1
f7  f5 
1 .2

45 x1.2
7  5
0.005
45x1.2
0.005

= 86.6 Hz

= 2f1

Exercise

Two sonometer strings A and B of equal length and
thickness are kept under different tensions τA and τB .
A vibrating tuning fork causes A to resonate at its
fundamental frequency while it causes B to resonate at
ts second harmonic. Determine the ratio τA/τB.

Sound Waves

• Sound waves are longitudinal waves that may be
sensed by the human auditory nerves.
• Sound waves are mechanical waves, so they do not
propagate through vacuum.
• Sound travels fastest in solid and slowest in gases.

• The human ear is sensitive to sound waves in the
frequency range of about 20 Hz to 20,000 Hz, called
the Audible range.
• Frequencies above the audible range are called
Ultrasonic and those below it are called Infrasonic
sound waves.

Some animals can sense infrasonic and ultrasonic waves.
Because the ear is primarily sensitive to changes in pressure,
sound waves are often described in term of pressure fluctuations
above/below the atmospheric pressure which they produce.
The pressure amplitude Pmax is directly proportional to the
displacement amplitude of the vibrating quantity in the medium
The proportionality constant is the product of the wave number,
k and the bulk modulus β of the medium of propagation
Pmax = βkA

Exercise

• In a sinusoidal sound wave of moderate loudness the
maximum pressure variations are of the order of 3.0 x 10-2
Pa above and below atmospheric pressure Pa (normally
1.013 x 105 Pa at sea level). Find the corresponding
maximum displacement if the frequency is 1000 Hz. In air at
normal atmospheric pressure and density, the speed of
sound is 344m/s and the bulk modulus is 1.42x105 Pa
Hint : Pmax = βkA; where k =2π/λ and v = f λ

Definitions of Terms

Pitch.. This is a property of a sound that depends on its frequency.
e.g. the voice of a baby has a higher pitch than that of an adult )

Loudness. This depends on amplitude and frequency of a sound wave.
t is a measure of the intensity of a sound.

ntensity. This is the property of sound that depends on the amplitude
and frequency . It is defined as the amount of power transmitted per
unit area perpendicular to the direction of propagation of the wave

The intensity I at any distance R from the source of a sound is
inversely proportional to the square of R. I  R  2
This relationship is known as the inverse square law and it applies to
all waves that propagate uniformly in all directions in space
For a sinusoidal sound wave of amplitude A and angular frequency ω
that is propagating through a medium of density ρ and bulk modulus
β,, the intensity is given by:
.

1 2 2
I   A 
2

• In term of pressure amplitude Pmax, the intensity is
given by: I  P
2
max

2



• Note: Since the intensity decreases with distance R, the
amplitude and the pressure amplitude terms in the above
two equations will decrease with distance.
• If the intensities at distance R1 and R2 are I1 and I2
respectively, then the following relationships hold:

Since
1
I  2
R

I A

I1
A 12

I1 R  I 2 R
2
1

I1
I2

2
2



2
I  P max

2

R 22
R 12





I1

I2
A 22

A 12
A 22

P


2
1 max



I
P

2

2
2 max

P1 2max
P 22max

Where A1, A2 = displacement amplitudes at distance R1 and R2 respectively, P1max
P2max are pressure amplitudes at R1 and R2 respectively.

The Decibel Scale

• This is used to measure sound intensity level (β ). It is is a
logarithmic measure of its intensity that was introduced
because the human ear is sensitive to a broad range of
intensity.
• It is measured relative to Io, an arbitrary intensity defined to
10-12 W/m2.
• Sound intensity levels are expressed in decibels (dB) (1dB=0.1
=

10

I  I o 10

  


10



Wm

2

Speed of Sound Waves

The speed of a (sound) wave in a fluid depends on the bulk
modulus B and density ρ of the fluid as follows:

f the fluid is an ideal gas, the speed can be expressed in
erms of the absolute temperature T, molar mass M, and
atio of heat capacities γ of the gas.

RT/M= Pv/m = P/ρ

since Pv = (m/M)RT, so

• Gas constant R has the same value for all gases
R= 8.314 J/mol .K
The speed of longitudinal waves in a solid rod depends
on the
e density and Young’s modulus Y as

• The speed of sound in air at normal temperature and
pressure is approximately 340 m/s (1224 km/h).
• The speed of sound in a gas medium is proportional to the
square root absolute temperature (T) of the gas.
RT
i.e. v T Since v 
M
• Objects that travel at speeds greater than the speed of
sound in air are said to be travelling at supersonic speeds.

Modes of Vibration of An air Column

• An air column may be made to vibrate at a certain
frequency when it is subjected to a compressional
disturbance.
• If the frequency of vibration is within the audible
range, it will be perceived as a musical note.
• The modes of vibration possible depend on the length
of the air column and the type of enclosure.
• The vibrations result from standing waves set up in
the air column.

Modes of Vibration of An air Column

• More than one mode of vibration is possible for a
fixed length of air column as the compressional
disturbance of the air column varies.
• Musical instruments work by this principle
• We shall consider the modes of vibration of air
column inside a cylindrical pipe under the following
conditions:

)

When it is open at one end and closed at the other
end. (some
some drums fall into this category)
i) When it is open at both ends. (e.g.
(
flute and pipe organ)
ii) When it is closed at both ends (some drums are example
Note: We shall be the illustration of transverse wave to describ
he standing wave patterns set up in the pipe. In this case, the
nodes constitute points of maximum pressure (compression)
while antinodes are points of minimum pressure (rarefaction).
(rarefaction)

A cylindrical pipe open at one end and closed at the
other end.
(only
only odd harmonics are present)
present

mode
1/4
4L

1  4 L
n 

2nd mode
L= 3λ2/4
λ2= 4L/3

3rd mode
L=5λ3/4
λ3= 4L/5

4L
2n  1

2n  1
fn  (
)
4L
V
f1 
4L

4th mode
f n (2n 1) f1
L= 7λ4/4
λ4= 4L/7

λ1 =2L;

A cylindrical pipe that is open at both ends

1 1st mode: L= λ1/2
2nd mode: L= 2(λ2/2)
3rd mode: L= 3(λ3/2)
λ2=L;

λ3 = 2L/3;

λn = 2L/n

n
f n  ( )V
2L

 nf 1

A cylindrical pipe that is closed at
both ends
n
f n  ( )V 
2L
L

1st mode
L= λ1/2
λ1 =2L;

2nd mode
3rd mode
L= 2(λ2/2))
L= 3(
3(λ3/2)
λ2=L; λ3 = 2L/3;
λn = 2L/n

nf 1

Worked example

Calculate the second overtone of an air column trapped in a
cylindrical drum of length 90 cm if the drum is
i) Open at one end and closed at the other end.
ii) Closed at both ends.
take the speed of sound in air to be 340 m/s)
Solution: We refer to the modes of vibration of air column above.
V
i)) f n (2n 1) f1 where f1 
= 340/4x0.9 = 94.44Hz

ii)

4L

f 3 5 f 1  5 ( 94 . 44 )  472 . 22 Hz
f n nf1 ;

f1 

V
2L

= 188.88 Hz; f 3 3f1 = 566.64 Hz

Exercise

• Air column inside each of two cylindrical drums of
equal length but different diameters is made to
resonate at its fundamental frequency. Both drums
are sealed at both ends. What qualities of sound
produced will be different for the two drums?

Beats

• Beats result from the superposition of two sound waves of
equal amplitude but slightly different frequencies.
• The resultant sound wave has a variable amplitude at a fixed
location. This rise and fall of amplitude (revealed in the
intensity is known as beat. The number beats per second is
known as beat frequency.

Y(t)
y1
y2

YR

t

Mathematical representation of beats

Consider two sinusoidal sound waves y1 and y2 of equal
amplitude but slightly different angular frequencies ω1 and ω2
where ω2 > ω1. At a fixed location x= 0, y1 and y2 can be
expressed as:
y1(0,t)= Acosω1t, y2(0,t)= Acosω2t
The superposition of both waves at x = 0 will yield a resultant
wave Y(0,t) that is given by:
Y(0,t) = y1 + y 2= A(cosω1t +cosω
ω2t)

Mathematical representation of beats
Applying the following trig. Identity yields:
C  D 
C D 
cos C  cos D  2 cos 
 cos 

 2 
 2 


  2  1    2  1 
Y (0, t )  2 A cos
t  cos
t
 2
  2









Y ( 0 , t )  2 A cos  ' t cos  t 
 2  1
 2  1
' 
and  
2
2

where

This is the equation of the resultant wave which has an angular
frequency
and variable amplitude 2 A cos  ' t 
  1
  2
2



which is responsible for the beats. The beat frequency is the number o
beats per second and is given by f2-ff1 ; the difference between the natu
requencies of the two waves.
This idea is used by musicians to tune their musical instruments to the
equired tone

Worked example

Two tuning forks A (frequency 900 Hz) and B (unknown frequency)
are sounded simultaneously and both produced a resultant sound
wave that has a beat frequency of 3 beats per second. When a small
lump of wax is attached to a prong of B and the process is repeated,
the beat frequency increases to 4 beats per second. What is the
natural frequency of B?
Solution
The frequency of B is either (900 +3) Hz or (900 – 3)Hz since the first
beat frequency is 3.
The wax reduces the frequency of B. Since this lowers the beat
requency, it means that natural frequency of B = (900-3)
(900 Hz = 897 Hz

Exercise

• Consider the above worked example. If the lump of
wax is attached to A and the beat frequency increases
from 3 to 3.5, what is the natural frequency of B?

General Properties of Waves

1. REFLECTION

When a wave gets to an obstacle part of it may be completely or
partially sent back by the obstacle. This phenomenon is known as
reflection.
Applications
A reflected sound wave is known as echo.
The mariners (sailors) use echo sounding to determine the depth of the
ocean.
In medicine, echo produced by ultrasonic waves are used to detect
growth inside the body.

General Properties of Waves

• Reflected radio waves are used to detect objects in the
atmosphere. This is the working principle of Radar (Radio
detecting and ranging)) which is widely used in meteorology
and aviation industries.
•

• Refraction: This is the change in the speed of a wave as it

passes from one medium to another. The change in speed ma
be accompanied by a change in direction.
• Increase in speed results into increase in the wavelength and
vice versa. The frequency of the wave remains unchanged
when refracted.
Medium A
Medium B

VA > VB
λA > λB

A notable effect of refraction of sound
waves

Sound could be heard over a longer distance in the night than in the day.
Explanation
n the day time, the earth surface is being heated so the air layers close
o it are warmer than those far up and air temperature decreases upward.
As a result, sound waves get refracted away from the earth surface since
emperature decreases with height above the ground.
n the night, the earth surface is cool so the temperature increases
upward, making refracted sound waves to undergo total reflection back
o the earth surface.

Refraction of sound waves

DAY TIME
Refracted ray bends towards
he normal all through.

NIGHT TIME
Refracted ray bends away from
The normal on its way up

Temperature decreases upward
so does the speed of sound

Temperature increases upward
so does the speed of sound

Air layers

sound ray

Air layers

sound ray

Diffraction

• Diffraction is the spreading out of a wave after passing
through an opening or bending of a wave around an
an obstacle.
• As a result of diffraction, sound wave can enter a
room through a narrow opening and the whole
intensity of the sound can be perceived.

For diffraction to be
notable, the size of
the opening or
obstacle must be
comparable to the
wavelength of the
wave.

• Waves with longer

wavelengths diffract more.

• Example: large wavelength

(low f) sound waves diffract
more than small wavelength
(high f) around corners and
through small spaces.

• Example: AM radio waves (λ ~

300m) diffract more than FM
waves (λ ~ 3m) giving better
reception for AM radio,
especially in a tunnel.

Huygens Principle.

• A theory that enables us to visualise how diffraction is
possible was put forward a Dutch scientist, Christaan
Huygens in 1678. The theory is known as Huygens
Principle.

Huygens’ Principle and Diffraction

Huygens’ Principle states that
every point on an advancing
wavefront is a source of secondary
waves (wavelets) which propagate
n the forward direction of the
primary wave; the tangent to the
wavelets gives the new wavefront.

2014 Pearson Education, Inc.

Polarization

Polarization is a property that is peculiar to transverse waves only. It is a
means of treating a transverse wave such that only certain planes of
vibration are allowed. A transverse wave that has been treated this way
s known a polarized wave.

NOTE: Longitudinal waves cannot be polarized since the directions of
propagation and that of vibration are parallel.
2014 Pearson Education, Inc.

Polarization of light wave

2014 Pearson Education, Inc.

Interference

• Interference is the observed phenomenon resulting from the
combination of two or more waves in time and space. It is th
physical effect of the principle of superposition of waves.
• Coherence and Interference. For interference to be observed
spatially, the combining waves must be coherent, meaning th
they have the same frequency their phase relationship at any
point in space do not vary with time.
• For two waves combining at a point, the resultant pattern
depends on their phase difference at the point.
• Constructive Interference: This takes place at the points whe
the amplitudes of the combining waves reinforce each other
resulting into maximum resultant amplitude.

estructive Interference:This takes place where the amplitudes of the
mbining waves annihilate each other, resulting in minimum resultant
mplitude
D
C
D
C
D

Phase difference and constructive/destructive interference
Constructive Interference occurs if the phase difference,
ΔΦ,, of the waves is zero or an integral multiple of 2π
2
i.e. ΔΦ = n2π,, n = 0, 1, 2, 3…..)
Destructive interference occurs when the phase difference
s an odd multiple of π.
ΔΦ = mπ,, m =1, 3, 5, ……., 2n+1
Path difference and constructive/destructive interference
When waves from two sources that are coherent meet after
aking different paths, interference pattern at the meeting
point depends on their path difference.

Suppose they meet at p and their path difference is Δd, then
Constructive interference occurs at p if the path difference is
an integral multiple of the wavelength.
.e. Δd = nλ , n = 0, 1, 2, 3, ………..
Destructive interference occurs at p if the path difference is an odd
multiple of half wavelength.
Δd = m (λ/2), m = 1, 3, 5,……..
Δd = (2n+1)(λ/2), n = 0, 1, 2, 3,

Interference of Sound Waves
Assume sources “a” and “b” are “coherent”. If
observer is located ra and rb from the two sources,
Source a

Source b

rb
ra

ra-rb = nλ (maximum)
ra-rb=2n+1(λ/2) (minimum)
Observer

Worked Example.
Two speakers 3.0 m apart are making sound
with a wavelength of 48.0 cm.
If I am 2.12 m from one speaker, and 3.80 m
from the other, am I at a point of maximum or
minimum intensity?
Solution
Δd = 3.80 m - 2.12 m = 1.68 m
Δd/  = (1.68 m)/(.48 m) = 3.5  = 7(/2) =
destructive interference = minimum intensity
3.5 wavelengths, destructive

Consider the above example.
If I am 5.17 m from one speaker, and
8.05 m from the other will I notice
maximum or minimum intensity?

Solution
Δd = 8.05 m - 5.17 m = 2.88 m
Δd/  = (2.88 m)/(.48 m) = 6.0  = constructive
interference = maximum intensity

Doppler Effect

• You would have noticed that when a siren vehicle is approach
you, the pitch of the siren is high and pitch reduces immediate
the vehicle is preceding from you.
• This apparent change in the observed frequency of a wave as
result of relative motion between the source and the receiver i
known as Doppler effect (after Christian Doppler (1803 to 18
an Austrian Mathematician and Astronomer)
• Doppler effect is applies to both mechanical and electromagn
waves. In this course we shall discuss how it applies to
mechanical waves, particularly sound waves.

Doppler Effect

shall consider the following cases for sound wave in air mediu
tationary source and moving observer
Moving source and stationary observer
Moving source and moving observer

Stationary source and moving observer.

Let us consider a stationary source S that is producing sound waves of
requency f, wavelength λ;; the wave travels at speed v and an observer
O that is approaching S with speed Vo. We want to find the frequency f’
of the wave as it will be noticed by the observer.

S

f= v/λ

vo
f’= v’/λ’

O

=0
the wavelength of the sound wave as noticed by the observer be λ’ and
he speed of sound wave relative to the observer be v’. Therefore the
erver will measure the frequency of the wave as f’= v’/λ’.

Stationary source and moving observer

t v’ = v + vo (since the observer is approaching the source)
erefore
If the observer is moving away
from the fixed source, the
v  v0 v v0
 
f '
observed frequency f’ is given

 
v  v0 
f '  1   

v
 v  v0 
f ' f 

 v 

 v0 
f 1  
v


f’> f

 v  v0 
f ' f 

v



f’ < f

Generally for a moving observer and
a fixed source,
 v  v0 
f ' f 

 v 

Doppler Effect, Moving Observer
Towards source:

 v  vo 
ƒ'  ƒ 
 v 
Away from source:

Fig 14.8, p. 435
Slide 12

 v  vo 
ƒ'  ƒ 
 v 
Fig 14.9, p. 436
Slide 13

v = speed of sound, vO = speed of observer

Moving Source, stationary
server

rce is approaching a stationary
erver at a speed
v.
elength is shorter in front of the
rce than at he back
velength measured by the observer λ’
(T= period of the wave)
1
vT  v s T  v  vs 
f

f=v/λ
S
Vs

T-vsT

'

( v '  v; because the observer is at rest )

v
f' f
v  vs





f’=v

Vo

Moving Source, stationary observer.
Approaching source:

v
f' f
v  vs

Source leaving:

v
f' f
v  vs

Generally for a moving source and stationary observer

fv
f '
'
(v  vs

3. Moving source and moving observer

• This case is the combination of the two cases we have
considered above. The apparent frequency here is given by

(v  vo )
f ' f
(v  v s )
Note that in the numerator, + indicates approaching observer, indicates receding observer
In the denominator, - indicates approaching source and + indicates
receding source
V >Vs

How to apply the formula
O

S

Vo

O

S

Vs

(v  vo )
f ' f
(v  vs )

Vs

Vo

(v  vo )
f ' f
(v  v s )

How to apply the formula
O

Vo

S

Vs

(v  vo )
f ' f
(v  v s )

S

Vs

O

Vo

(v  vo )
f ' f
(v  v s )

What happens when the speed of the source is EQUAL to
the speed of waves it produces?

• The wavefronts pile up in front of the
source and superimpose on one
another.
• This is called a barrier wave.
• Doppler effect breaks down for the
observer who is being approached by
the source.
• The observer notices a sudden high
frequency when the source reaches
(v  vo )
him/her.
f ' f
(v  v

s

)

When speed of the source exceeds speed of waves
Bow wave is produced
Wavefronts overlap at the edges
creating a V shape.
If it is a sound wave it is called a
shock wave or sonic boom.
Doppler effect breaks down for the
observer who is being approached
by the source.
The observer notices a sudden
high frequency after the source
reaches has left.
f '

f

(v  vo )
(v  v s )

Bow Waves

• This can be observed in the
motion of speedboats
• Increased speed produces a
narrower V shape.
• Notice that the boat is
outrunning the waves it
produces.

Worked Example
An train has a brass band playing a song on a flatcar. As
the train approaches the station at 21.4 m/s, a person on
the platform hears a trumpet play a note at 3520 Hz.
DATA: vsound = 343 m/s
a) What is the true frequency of the trumpet?
c) If the trumpet plays the same note after passing the
platform, what frequency would the person on the
platform hear?
Solution
f’ = 3520 Hz, V = 343 m/s, Vo = 0, Vs=21.4m/s f = ?
a) Source is moving towards a stationary observer,
Denominator sign = -

(v  0 )
f ' f
(v  v s )

f = 3520(343-21.4)/343
3520(343
= 3300.38Hz

b) f= 3300.38 Hz, f’ = ?
source is receding from a stationary observer.
Denominator sign = +
(v  0 )
f ' f
(v  v s )

f’ = 3300.38(343)/(343+21.4)
= 3106.56Hz.

Example

est, a car’s horn sounds the note A (440 Hz). The horn is sounded while
r moves down the road. A cyclist following the car at 108 km/h hears a
equency of 415 Hz. What is the speed of the car? (vsound = 343 m/s)
ution
observer is approaching the source, so numerator sign is +
rce is receding from observer, denominator sign is +
v= 343m/s
vo = 108km/hr = 108000 m/3600s = 30 m/s
(v  vo )
f ' f
f’= 415 Hz; f= 440Hz, Vs =?
(v  v s )
415 = 440(343+30)/(343+Vs)
3+Vs) = 440(343+30)/415 = 395.47 ;
=395.47-343
343 = 52.47 m/s = 52.47(3.6) km/h = 189km/h

ain has a whistle with a frequency of a 1000 Hz, as measured when
the train and observer are stationary. For a train moving in the
ive x direction, which observer hears the highest frequency when
rain is at position x=0?

rver A has velocity VA>0 and has position XA>0. Vs
rver B has velocity VB>0 and has position XB<0. Vo
rver C has velocity VC<0 and has position XC>0. Vs
rver D has velocity VD<0 and has position XD<0.
Vo

Vo
Vs
Vs

Vo

Example
A train has a whistle with a frequency of a 1000 Hz, as
measured when both the train and observer are
stationary. A train is moving in the positive x
direction. When the train is at position x=0,
An observer with V>0 and position X>0 hears a
frequency:
Vs
Vo
a) > 1000 Hz
b) < 1000 Hz
c) Can not be determined

Exercises
A train has a whistle with a frequency of a 1000 Hz,
as measured when both the train and observer are
stationary. A train is moving in the positive x
direction. When the train is at position x=0,
An observer with V>0 and position X<0 hears a
frequency:
Vo
Vs
a) > 1000 Hz
b) < 1000 Hz
c) Can not be determined

A train has a whistle with a frequency of a 1000 Hz,
as measured when both the train and observer are
stationary. A train is moving in the positive x
direction. When the train is at position x=0,
An observer with V<0 and position X<0 hears a
frequency:
Vo
Vs
a) > 1000 Hz
b) < 1000 Hz
c) Can not be determined

Application: speed radar

Application: weather radar

Both humidity (reflected intensity) and speed of clouds
(doppler effect) are measured.

OPTICS

tics is the study of Light. By light we mean the visible part of t
tromagnetic spectrum.
rly scientists were curious to study light because without it hum
se of vision cannot be stimulated.

OPTICS

Reflection of Light

Vocabulary

Real Image: –
• Image is made from “real” light rays that
converge at a point.
• Can be projected onto a screen because light
actually passes through the point where the
image appears.
• Always inverted.

Reflection Vocabulary

• Virtual Image–
• “Not Real” because it cannot be
projected on a screen
• Image is formed from virtual rays.

eflection of light from a smooth plane surface
• Laws of Reflection
• The incident and
reflected rays lie in the
same plane with the
normal.
• The angle of incidence
equals the angle of
reflection

Image formation.

en scattered light from an
ect falls on a plane smooth
ace such as a mirror, the light
flected, resulting in image
mation
image is located behind the
or.
ge properties:

al
t
me size as the object
me distance from the reflecting
e as the object.
rally inverted

Virtual Images in Plane Mirrors

If light energy doesn't flow from the
image, the image is "virtual".

LATERAL INVERSION

Diffuse vs Specular Reflection
• Diffuse Reflection
• Light incident upon a
rough surface
• Law of reflection still
holds; Normals are not
parallel.

• Specular Reflection
• Mirror like reflection
• All Normals are parallel

tion of Light by a Plane-Mirror

otal angle between the straight-line
line path
he incident ray and the reflected ray is
e the glancing angle
is called the deviation of the light. It is a
ure of the angle through which the light has
ed from its initial straight-line path.
2θ
0 -i
180 – 2i

i

i

Effects of Reflection From Plane
surfaces
• To view your full image in a mirror, the mirror
length needs to be half your height.
“real” you

mirror only
needs to be half as
high as you are tall. Your
image will be twice as far from you
as the mirror.

your image

Effect of mirror rotation
When a mirror is rotated through angle θ about the point of incidence,
the reflected ray rotates through angle 2θ
2
Plane of the mirror before
rotation

M1

Incident ray before and
after mirror rotation

θ
θθ

Plane of the mirror
after rotation

N2

We can see that the reflected ray has rotated through angle 2θ.
2 Because the reflected ray ends virtually
on the image, the image moves on an arc which also substends angle 2θ
2 at the point of incidence.

Refraction
• Sudden change in direction of a wave as it changes
speed.
• It must enter obliquely to change direction!

Refraction from plane surfaces
• In both cases the speed of the wave has decreased.
This is indicated by the decrease in wavelength!

Refraction
• In which medium does light travel faster? (glass rod
appears bent)

Absolute Refractive Index of a medium
• v is the speed of light in the
new medium.
n is the absolute index of • c= 3.0 x 108 m/s
refraction. This is a
measure of optical
• As the index increases the
density. n is defined as
speed decrease.
the ratio of the speed of
light in air (and vacuum) • Note: n(air) = 1.0
to the speed of light in a
new medium.

Relative Refractive Index

• When light travels from medium 1 of
absolute refractive index n1 to
medium 2 of absolute refractive index
n2, then relative refractive index from
medium 1 to medium2 is given by:
n2
c c
 
n rel 
n1 v2 v1
n2 v1
n rel  
n1 v2





If nrel < 1 ;
speeds up
If nrel > 1 ;
slows down

Refraction
• Sudden change in direction of a wave as it changes
speed.
• It must enter obliquely to change direction!

Refraction at plane surfaces
• In both cases the speed of the wave has decreased.
This is indicated by the decrease in wavelength!

Refraction
• In which medium does light travel faster? (glass rod
appears bent)

Absolute Refractive Index of a medium
• v is the speed of light in the
new medium.
n is the absolute index of • c= 3.0 x 108 m/s
refraction. This is a
measure of optical
• As the index increases the
density. n is defined as
speed decrease.
the ratio of the speed of
light in air (and vacuum) • Note: n(air) = 1.0
to the speed of light in a
new medium.

Relative Refractive Index

• When light travels from medium 1 of
absolute refractive index n1 to
medium 2 of absolute refractive index
n2, then relative refractive index from
medium 1 to medium2 is given by:
n2
c c
 
n rel 
n1 v2 v1
n2 v1
n rel  
n1 v2





If nrel < 1 ;
speeds up
If nrel > 1 ;
slows down

Refraction at Plane Surfaces: Snell’s Law

aws of Refraction
1. The incident ray, the normal and the refracted ray all lie
in the same plane.
2. For two particular media, the ratio of the sine of the
angle of incidence to the sine of the angle of refraction
is a constant, i.e.
s in i
s in r

= c o n s ta n t

= n2/n1 = v1/v2 = λ1/ λ2

he second law of refraction is also known as Snell’s Law.

Snell’s Law of Refraction (n
( ksinθk =
constant)

n a wave slows down it bends closer to the normal.{n2>n1}
n a wave speeds up it bends away from the normal. {n2<n1}

Refraction Through Multiple Layers
θ1

Med1

θ2 θ2

Med2

θ3

θ3

Med3

θ4

θ4 Med4

Snell’s Law applies as follows:

n1sinθ1 = n2sinθ2 = n3sinθ3
n4sinθ4 -----nksinθk = constant
It implies that if light trave
from medium 1 to (say)
medium 4 through 2 and 3
refraction through j occurs
as if light travels directly
from Medium 1 to j.

Exercise
n(water)=1.33; n(glass)=1.50; n(air)=1.00
Calculate the
speed of light in
water and glass.

Answer
Vw = 2.26 x 108m/s
Vg = 2.00 x 108m/s

Refraction
• If light rays bend closer to the normal when slowing
down, why does the glass rod seem to bend away
from the normal?

Refractive index in terms of Apparent and Real Depth
Answer
• It is rays from the rod
inside the water that
enter your eyes.
• A virtual image appears
to come from point y
R – Real Depth
A – Apparent Depth

Apparent Depth

• If the chest is 20 m below the surface at what depth
will the image appear? Assume nsea water = 1.34

Exercises

1. A monochromatic light ray f= 5.09 x 1014 Hz is
incident on medium X at 55˚. The absolute index of
refraction for material X is 1.66

a) Determine the angle
of refraction.
b) Determine the
speed of light in
medium X.

Hint:
1. use Snell’s Law to
obtain θ2= 30˚
2. use n=c/v to obtain
v = 1.8 x 108 m/s

Exercises (contd)

2. A glass block (n=1.52) is placed inside water contained in a basin. A
ayer of oil (n=1.44) is poured on the water surface.. A ray of light
strikes the oil surface at an angle of incidence of 38o
Calculate the angle of refraction at the water glass interface (n
( (air) =
1.00)
Hint. Use Snell’s law to obtain θglass = 23.9o

REFLECTION FROM CURVED
SURFACES

Concave Mirrors
0
82a425d7

• Curves inward
• May be real or virtual image

Curved mirrors
• When the mirror isn’t flat!
• light still follows the same rules, with local surface normal

• Parabolic mirrors have exact focus
• used in telescopes, backyard satellite dishes, etc.
• also forms virtual image

• Concave (converging mirror)

Convex (Diverging) Mirror
• Curves outward
• Reduces images
• Virtual images
• Use: Rear view mirrors, store
security…

F

C

Image formation by convex mirrors

O
For all positions of object, the image is
virtual, erect, diminished and located
between the pole of the mirror and its
virtual focus.

I

f

c

For a real object between f and the mirror, a
virtual image is formed behind the mirror. The
image is upright and larger than the object.

For a real object between C and f, a real image
is formed outside of C. The image is inverted
and larger than the object.

For a real object at C, the real image is
formed at C. The image is inverted and the
same size as the object.

For a real object close to the mirror but outside of the
center of curvature, the real image is formed between C
and f. The image is inverted and smaller than the object.

What size image is formed if the
real object is placed at the focal
point f?

For a real object at f, no image is formed. The
reflected rays are parallel and never converge.

Mirror formula: (Real is positive
convention)
1
u



1
v



1
f

u = object distance (+ve )
v = image distance (+ve for real image and –ve for virtual image)
= focal length
(+ve for concave mirror and –ve for convex mirror)
Definition of term:
Linear magnification, m = height of image/height of object
= image distance/object distance = v/u

Worked example

Where should an object be placed along the principal axis of a
converging mirror of radius of curvature 30 cm such that its virtual
image is 3 times its size
Solution
Magnification = 3 = | v/u| ; |v |= 3u
= +15 cm (converging mirror)
u = ? (must be +ve)
v = -ve = -3u (real image)
Applying mirror’s formula, we have:
1/u – 1/3u =1/15
u = 10 cm

Lenses

Converging Lens

Rules For Converging Lenses
1) Any incident ray traveling parallel to the
principal axis of a converging lens will refract
through the lens and travel through the focal
point on the opposite side of the lens.
2) Any incident ray traveling through the focal point
on the way to the lens will refract through the
lens and travel parallel to the principal axis.
3) An incident ray which passes through the center
of the lens will in effect continue in the same
direction that it had when it entered the lens.

Image Formation by Converging
Lens

Diverging Lens

Rules For Diverging Lenses
1) Any incident ray traveling parallel to the
principal axis of a diverging lens will refract
through the lens and travel in line with the focal
point (i.e., in a direction such that its extension
will pass through the focal point).
2) Any incident ray traveling towards the focal
point on the way to the lens will refract through
the lens and travel parallel to the principal axis.
3) An incident ray which passes through the center
of the lens will in effect continue in the same
direction that it had when it entered the lens.

Diverging Lens Image
Formation

Always Virtual, Smaller, and Right-Side
Right
Up

Lens formula: (Real is positive
convention)
1
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1
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1
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u = object distance (+ve )
v = image distance (+ve for real image and –ve for virtual image)
= focal length
(+ve for convex lens and –ve for concave lens)
Note: This formula is applicable to thin lenses only. For thin lenses,
the thickness is far less than the focal length

Lens maker’s formula
Definition of term:
Lens power = 1/f , unit is dioptre (D)
The lens maker’s formula for a thin lens in air medium
1/f = (n-1) (1/R1 +1/R2)
n= refractive index of the material of the lens
R1 and R2 = radii of curvature of the front and rear surfaces of the
lens

The Human Eye

The Human Eye

Normal Eye Focus

hort-sightedness
sightedness (Myopia):inability to see
istant objects.

Corrected with diverging (concave) lens

ong-sightedness
sightedness (hypermetropia): inability
to see close objects.

Corrected with convex (converging) lens

Astigmatism
• Cornea is oval shaped instead of spherical. This
causes light to focus on two or more spots.

,MODERN PHYSICS.
1.Atomic Structure
The knowledge of the structure of the atom
evolved from the laws of chemical
combination and the Kinetic theory








Dalton, 1803 - compounds consists of
molecules, which contain atoms;
Avogadro 1811 - equal volumes of gases
under same conditions of temperature and
pressure contain equal number of
molecules.
The mass of a gas which occupies 22.4l at
stp (0oC, 760mm Hg pressure) is equal to its
molecular weight.
Mendelev showed that if elements are
placed in order of atomic weights, they
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displayed a periodicity of behaviour. The
periodic Table.


The atomic theory of indivisibility of the
atom cannot explain the Periodic Table.
Physics explained this using the kinetic
theory.

ATOMS.








Atoms consist of:
Electrons in orbit (Z)
Nucleus : (a) Protons (Z), and (b) neutrons
and other elementary particles.
Atomic number, Z = number of protons (+e)
= number of orbiting electron( -e), so that
the atom is neutrally charged. The neutron
carries no charge.
The ratio of the mass of a neutron to that of
a proton Mn/Mp = 1.16
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ELEMENTARY PARTICLES.
Elementary particles of nuclear Physics can
be divided into three groups:|
(i) Light particles*leptons : positon, negaton, each of mass
Mp and Me and charges +e and -e
respectively.
*neutrino - no charge and mass<<me,
*photons - quantum of em energy, mass= 0,
charge =o.





(ii) Heavy particles - bayrons
Protons, and neutrons, charges +e and -e
respectively, mass about 1840Me.
The other known heavy particles are
unstable and decay to protons and
neutrons rapidly as the case may be.
(iii) Intermediate in mass are mesons.
The best known two are the muon or µmeson and the pion or π-meson. They can
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exist with ±e charges and some exceptional
ones with zero charges
Apart from its mass, the muon is much
closer to in its properties to the electron
than the pion. Hence, it is sometimes
classified as a lepton.
Elementary particles have
Spin, and angular momentum, and
Magnetic moments.
The spin is quite different from mechanical
spin and it is a concept in nuclear physics
that explain the observed nuclear
properties½hmultiples.
The magnetic moments are µe = ½he/(mec) and is usually called the Bohr
magneton for an electron.
Apart from protons, no other charged
elementary particles exist in the nucleus.
If we expand the atom to the scale of the
solar system, with the sun as the centre of
orbit, the nearest electron will be ten times
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the distance of the nearest planet to the
sun.










Not all the electrons will occupy the same
orbit - the Pauli exclusion principle - In a
system of identical particles obeying the
Fermi-Dirac statistics, no two particles can
be in the same state, eg. negatons of an
atom.
They occupy almost all the lowest energy
states available.
No two particles have the same quantum
numbers.
The nucleus do not enter into the
interactions of the atom ≡ chemical
behaviour of an atom is solely determined
by the orbital electrons.
If an atom contain Z electrons, Z protons
and N neutrons, then its atomic number is
Z, and A = Z+N is called the atomic mass
number. Z = number of protons = number
of electrons orbiting the atom.
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Atoms of the same Z but different A are
called isotopes.
Electrons:
Electrons are situated in shells of energy
bands .
When the outermost shell is fully occupied,
the nuclide is very stable.
Each electron can exist in two spin
states:↑↓, so that there can be no more than
2 electrons in each momentum state. (After
Nordhein).
Level 1s

1p 1d 2s 1f 2e 2d

No. 2
in
Level

6

10 2

No. 2
in
shell

6

↔ 12 ↔ ↔ 30

Total 2
No.

8

20

6

14 6
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Atomic Mass unit : Mu.
Mu = atomic mass = 1/16 of the mass of the
neutral isotope O16 .
BINDING ENERGY:
The particles that constitute the nucleus are
held together by strong attractive forces
different from Coulomb and Newton's
forces.
To separate them work must be done.
Let M be the mass of a body.
E = Mc2
The binding energy B of the nucleus is
given as
B ={N.Mn +Z.Mp -M}c2
In this equation, we have utilized the
Einstein's law, reducing the binding energy
to mass equivalence.
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UNITS
The atomic unit of energy is the
electronvolt (eV), the energy acquired by an
electron when accelerated across a potential
difference of 1 volt.
Sub-units:
1keV = 103 eV
1 MeV = 106 eV
1Gev = 109 eV, etc.
1 Mu ≡ 931 MeV.
Mass of an electron = 0.511 eV.
Example.
Given that, in Mu, 7Li = 7.01822
1H = 1.00814
4He = 4.00387
Find the binding energy of 7Li when
bombarded with slow protons to
disintegrate into two α-particles.
Mu = 931MeV.
B = 7.01822 + 1.00814 - 2x4.00387
= 0.01862 Mu = 17.33522 MeV.
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Here, we have assumed that the He has no
appreciable kinetic energy.
STABILITY OF NUCLEI.
The binding energy is also a measure of the
stability of the nucleus.
 When the list of stable nuclides is grouped
according to whether N or Z are even or
odd, it is seen that nuclides of even Z are
much more numerous than those of odd Z;
and
 those of even N are much more numerous
than those of odd N.
The Table shows the general distribution:
N

Z

A= No. of
N+Z stable
isotopes

Even even even 149
Odd even odd

51

Odd odd even 47
Even odd odd 4
Nuclides with equal N but
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different Z are called isotones
Radioactivity:
Consider a radioactive element B of atomic
number Z and atomic mass number A. It is
symbolically represented as
A
B

OR

A

BZ

Z

A = N + Z.
If the element B decays by emitting an
element dCf, then
A

BZ =

A-d

DZ-f +

d

Cf + k

where k is the energy involved .
Consider the disintegration of Radium (Z=88,
A=226).
226

Radium 88 = 222Radon86 + 4α2
Radium – parent element,
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R adon – daughter element.
For β-particle emission Z will increase by 1,
while A remains the same:
A

BZ→ AD(z+1) + 0β-1+ Y

Y is the energy involved.
Note:
 A radioactive source emits its decay
products isotropically (ie. in all directions
without bias.)
 When parent and daughter are nuclides of
different chemical elements, the process is
called nuclear transmutation.
 When neutrons are emitted, an isotope of
the same element is produced.
 When a nucleus captures an orbiting e-,
causing a proton to convert to a neutron,
the process is called e- capture.
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 The energy of an excited nucleus may be
emitted as a gamma ray, γ.
 Fission: when a large unstable nucleus
spontaneously splits into 2 (or 3) smaller
daughter nuclei and generally leads to
emission of γ rays, neutrons, or other
particles.
 29 chemical elements on earth that are
radioactive and are the basis of further
elements due to radioactivity (primodial
nuclides, eg uranium, thorium,
potassium-40).
RATE OF DECAY:
Rutherford and Soddy found experimentally
that the rate of decay is directly proportional
to the existing number of nuclides ≡
 Rate of loss of activity is proportional to
the amount of activity present.
dN/dt = - λN

(a)
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where N is the number of neutral atoms
present at time t;
λ = decay constant.
 Let N0 is the number of neutral atoms at
t=0. Then integrating the activity equation
with respect to time gives
N = No e –λt

(b)

 The life time T, of the radioactive decay is
defined as the time when e-λT =e-1.
i.e. T = 1/λ.
 The half-life is the time when
N = ½No
i.e.
N = Noe-λT

(i)

½

Taking loge of both sides (i) gives
-ln2 = -λ.T½
OR
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T½ =(1/λ ). ln2

= T . ln2

(d)

From (a), a linear equation can be derived if
we take the ln of both sides to give
ln N

=ln No – λ. T

(e).

andlnN vs t is a linear equation of negative
gradient equal to λ.
RADIOACTIVE EQUILIBRIUM:
When radioactive activity takes place in a
closed chamber, both the parent and daughter
disintegrate at the same rate. This is called
radioactive equilibrium. It is expressed as
{dN/dt}

daughter

= {dN/dt}

(f)

parent

OR

[λN]daughter =

[λN]parent.

For j active elements
λi N i

=

(g)

λi N i

i = 1....j.
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Any twocan be compared. Note that equation
(g) is similar to Snell's law of refraction.

Cathode Rays:
(a) Thermionic emission –
 When a metal is heated, electrons are
released from the surface. This is
called thermionic emission.
 It is governed by the equation
I = AT2exp(-ϕ/kT)
Where
I = current;
k = Boltzmann’s constant;

(A)

ϕ = work function of the metal, i.e.,
the energy required to release e- from
the surface of the the metal. ϕ varies
from metal to metal.
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A = constant which is dependent on
h and k (h = Plack’s constant).
 Equation (A) can take other forms:
ln I = lnA + 2lnT - ϕ/(kT).
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(b) Photo-electric Emission:
 When radiation of appropriate
wavelength λ is made incident on a
metal surface, electrons can be
released. This is called photo-electric
emission.
 There is a threshold frequency below
which electrons will not be emitted.
This minimum frequency determines
the work function ϕ of the metal.
 The kinetic energy of the emitted
electron, We is given as
We =hf -hfo
(c) Electron Beam:
A continuous emission of electrons is
called an electron beam.
 In a vacuum tube, eg, the fluorescent
bulb, there are two electrodes –
 The positive electrode –anode, and
 The negative electrode – cathode.
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 If a metal is heated at the cathode to
produce electron beam, the beam is
called cathode rays. This is the
fundamental of the television.
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