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This condition is referred to as ����������������� ��� . This problem is overcome by using ������������
������ . Such a mirror has a property that all rays parallel to the principal axis are reflected through the 
principal focus. If a source of light is placed at the principal focus of a parabolic mirror, all rays are 
reflected parallel to the principal axis. Such mirrors are used as reflectors in flashlights and car head 
lamps. 

 

 

�

�

�

�

�

��������� �

Materials needed 

�¾ Paper  
�¾ Pencil 
�¾ Ruler 

�¾ Pair of compasses 
�¾ Eraser 

Procedures 

1. Draw a circle and mark its center as C. 
2. Draw a line through the center of the circle and mark a point P, where the line touches the 

circle. 
3. Cut off some section of the circle to remain with part that represents the curved mirror. 
4. Obtain the midpoint of the line PC and label it F. 
5. Measure length PC and call it r. 
6. Measure the length FP and call it f. 
7. Establish the relationship between r and f. 

 �

 

Formation of caustic curve  
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Formation of images in curved mirrors

While locating images formed in curved mirrors, the following rules are considered.

                                                                                                                                                                                                                                                                      

When an object is placed in front of a curved mirror, it will form an image. In a concave mirror, the 
image formed depends on the position of the object on the principal axis. For a convex mirror, no 
matter the position of the object, the image will always have the same characteristics.
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Practice on formation of images in 
curved mirrors using guidance of the 
pictures shown and in each, state the 
characteristics of the image formed. 

Assignment 

You will look around for a boda boda 
motorcycle and check the words written 
on the side mirror. Are they similar to 
those in the photo? Do the words make 
any sense to you? Ask any motorcyclist if 
the words make sense to them. Why do 
you think they were written? 

 

 

 

 

 

 

 

LESSON 2 

AIM: By the end of this lesson, you should be able to: 

 State and use the mirror formula in solving numerical problems.  
 Explain the applications of curved mirrors 

In the previous lesson, we looked at how curved mirrors form images. The distance of the object from 
the mirror is the object distance. This we shall represent with letter, 𝑢𝑢𝑢𝑢. The distance of the image from 
the mirror, image distance, we shall represent by letter 𝑣𝑣𝑣𝑣. These two distances have a relationship 

with the focal length, 𝑓𝑓𝑓𝑓 of the mirror. This relationship is the equation 
1
𝑢𝑢𝑢𝑢

+ 1
𝑣𝑣𝑣𝑣

= 1
𝑓𝑓𝑓𝑓

.  
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The mirror formula can be used to find any of the unknowns𝑢𝑢𝑢𝑢, 𝑣𝑣𝑣𝑣 and 𝑓𝑓𝑓𝑓. However, this should be done 
with care. Distances of real objects and images are positive. Distances of virtual objects and images are 
negative. A concave mirror has a real principal focus hence a positive focal length. A convex mirror has a 
virtual principal focus hence a negative focal length. Let us look at some examples. 

Example 1: An object is placed 10cm in front of a concave mirror of focal length 15cm. Find the 
image position. What is the nature of the image formed? 

SOLUTION 

u=+10 cm (real object) 

f=+15cm (a concave mirror has a real principal focus hence positive focal length) 

v=? 

Substituting in
1
𝑢𝑢𝑢𝑢

+ 1
𝑣𝑣𝑣𝑣

= 1
𝑓𝑓𝑓𝑓

 

1
10

+ 1
𝑣𝑣𝑣𝑣

= 1
15

,                          1
𝑣𝑣𝑣𝑣

= 1
15
− 1

10
= − 1

30
 

∴ 𝑣𝑣𝑣𝑣 = −30 

 

Activity 

Discuss with fellow students on the derivation of the mirror formula for both concave and 
convex mirror. Make use of available physics textbooks.  

Since 𝑣𝑣𝑣𝑣 is negative, the image is virtual (formed 30cm behind the mirror) 

The image formed in a mirror may be smaller than the object, bigger than the object or even the same 
size as the object.  

Magnification is the ratio of the image height to the object height. It can also be defined as the ratio of 
image distance to object distance. 

𝑚𝑚𝑚𝑚𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑓𝑓𝑓𝑓𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚𝑎𝑎𝑎𝑎,𝑚𝑚𝑚𝑚 =
𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚 ℎ𝑚𝑚𝑚𝑚𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎ℎ𝑚𝑚𝑚𝑚
𝑚𝑚𝑚𝑚𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 ℎ𝑚𝑚𝑚𝑚𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎ℎ𝑚𝑚𝑚𝑚

=
𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚 𝑑𝑑𝑑𝑑𝑎𝑎𝑎𝑎𝑠𝑠𝑠𝑠𝑚𝑚𝑚𝑚𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
𝑚𝑚𝑚𝑚𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑑𝑑𝑑𝑑𝑎𝑎𝑎𝑎𝑠𝑠𝑠𝑠𝑚𝑚𝑚𝑚𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

=
𝑣𝑣𝑣𝑣
𝑢𝑢𝑢𝑢

 

In example 1, the magnification is,𝑚𝑚𝑚𝑚 = 𝑣𝑣𝑣𝑣
𝑢𝑢𝑢𝑢

= 30
10

= 3 

This means that the image is three times the size of the object i.e. it is magnified 

Example2. The image of an object in a convex mirror is 4cm from the mirror. If the focal length of the 
mirror is 12cm. find the object position and the magnification of the image. 
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Solution 

𝑣𝑣𝑣𝑣=-4 cm (image in convex mirror is always virtual), 𝑓𝑓𝑓𝑓=-12 cm (convex mirror has a virtual focal point) 

𝑢𝑢𝑢𝑢=? 

Try out! 

The image of an object in a convex mirror is 4 cm from the mirror. If the mirror has a radius of 
curvature of 24 cm, find the object position and the magnification. (𝒖𝒖𝒖𝒖 = 𝟔𝟔𝟔𝟔 𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄, 𝒄𝒄𝒄𝒄 = 𝟐𝟐𝟐𝟐

𝟑𝟑𝟑𝟑
) 

Substituting these in 
1
𝑢𝑢𝑢𝑢

+ 1
𝑣𝑣𝑣𝑣

= 1
𝑓𝑓𝑓𝑓

, 

1
𝑢𝑢𝑢𝑢

=
1

−12
−

1
−4

=
1
6

 

∴ 𝑢𝑢𝑢𝑢 = 6𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚(real object) 

𝑚𝑚𝑚𝑚 = 𝑣𝑣𝑣𝑣
𝑢𝑢𝑢𝑢

= 4
6

= 2
3

 What conclusion can you draw from the value of the magnification? 

 

Applications for curved mirrors 

Curved mirrors find numerous applications in the life of mankind. Use the pictures below to identify 
and describe these applications. 

  

  
 

Are there any other applications not shown in the pictures? Mention them! 

 

SUB-TOPIC: REFRACTION OF LIGHT AT PLANE SURFACES 
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LESSON 1 
Aim: The learner should be able to: 

 demonstrate refraction 
  state the laws of refraction 

When a stick or pencil is placed in a glass of water, it appears bent. This and many other phenomena 
are used to explain another property of light: refraction. The next activity will help us to demonstrate 
refraction of light. 

 

Activity 

Materials needed 

 Water 
 Glass 
 Pencil/stick 

 White sheet of paper 
 Pen/marker 

 
Instructions 

1. Make an arrow, big enough, on a white sheet of paper using a pen or a marker 
2. Pour water in a glass. Look at the arrow through the glass of water as shown in the figure 

below. 

You will notice that when you look at the arrow through the glass, it changes direction. What makes 
the arrow change direction? 

 

 

 

 

 

  

Solution 

𝑣𝑣𝑣𝑣=-4 cm (image in convex mirror is always virtual), 𝑓𝑓𝑓𝑓=-12 cm (convex mirror has a virtual focal point) 

𝑢𝑢𝑢𝑢=? 

Try out! 

The image of an object in a convex mirror is 4 cm from the mirror. If the mirror has a radius of 
curvature of 24 cm, find the object position and the magnification. (𝒖𝒖𝒖𝒖 = 𝟔𝟔𝟔𝟔 𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄, 𝒄𝒄𝒄𝒄 = 𝟐𝟐𝟐𝟐

𝟑𝟑𝟑𝟑
) 

Substituting these in 
1
𝑢𝑢𝑢𝑢

+ 1
𝑣𝑣𝑣𝑣

= 1
𝑓𝑓𝑓𝑓

, 

1
𝑢𝑢𝑢𝑢

=
1

−12
−

1
−4

=
1
6

 

∴ 𝑢𝑢𝑢𝑢 = 6𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚(real object) 

𝑚𝑚𝑚𝑚 = 𝑣𝑣𝑣𝑣
𝑢𝑢𝑢𝑢

= 4
6

= 2
3

 What conclusion can you draw from the value of the magnification? 

 

Applications for curved mirrors 

Curved mirrors find numerous applications in the life of mankind. Use the pictures below to identify 
and describe these applications. 

  

  
 

Are there any other applications not shown in the pictures? Mention them! 

 

SUB-TOPIC: REFRACTION OF LIGHT AT PLANE SURFACES 
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When light travels from one optical medium to another, it suffers a change of direction at the surface 
of separation of the two media. This is referred to as refraction of light.
The laws of refraction are:

1. The incident ray, the refracted ray and the normal, at the point of incidence, all lie in the same 
plane.

2. The ratio of the sine of the angle of incidence to the sine of the angle of refraction is constant for 
a pair of media. 

Care has to be taken when spelling the words ‘reflection’ and ‘refraction’ as they seem to look and 
sound alike. The same care should be taken when stating the laws of reflection and refraction as the 
first law is almost similar.

LESSON 2
AIM: the learner should be able to derive the relation between the refractive indicies of different 
media.

Think of different transparent materials: water, kerosene, glass, etc. As light moves from one medium 
to another, its direction changes. Consequently, the speed of light changes.

From the second law of refraction, the constant ratio sin 𝑖𝑖𝑖𝑖
sin 𝑟𝑟𝑟𝑟

is known as the refractive index for the two 

media. For example, if light is travelling from water to glass, the refractive index is denoted as 
𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑟𝑟𝑟𝑟 ∩𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑤𝑤𝑤𝑤𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔

If the first medium is a vacuum, the refractive index is known as the the absolute refractive index, ∩.
Alternatively, the absolute refractive index is given by 

∩=
𝑣𝑣𝑣𝑣𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑣𝑣𝑣𝑣 𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎ℎ𝑎𝑎𝑎𝑎 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑣𝑣𝑣𝑣𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
𝑣𝑣𝑣𝑣𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑣𝑣𝑣𝑣 𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎ℎ𝑎𝑎𝑎𝑎 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

Consider a ray of light travelling from glass to air. The refractive index from glass to air is given by 

𝑔𝑔𝑔𝑔 ∩𝑤𝑤𝑤𝑤= sin 𝑥𝑥𝑥𝑥
sin 𝑦𝑦𝑦𝑦

. From the principle of 

reversibility of light discussed earlier, 
if the ray is reversed to move from 
from air to glass, it will take the same 
path. In that case, the refractive index 
from air to glass is given by 𝑤𝑤𝑤𝑤 ∩𝑔𝑔𝑔𝑔=
sin𝑦𝑦𝑦𝑦
sin 𝑥𝑥𝑥𝑥

. Therefore,

𝒈𝒈𝒈𝒈 ∩𝒂𝒂𝒂𝒂=
𝟏𝟏𝟏𝟏
𝒂𝒂𝒂𝒂 ∩𝒈𝒈𝒈𝒈
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Let us now consider light travelling between parallel media. If 𝑖𝑖𝑖𝑖𝑔𝑔𝑔𝑔, 𝑖𝑖𝑖𝑖𝑤𝑤𝑤𝑤  are the angles made with the 

normals by the respective rays in the glass and water media, 𝑔𝑔𝑔𝑔 ∩𝑤𝑤𝑤𝑤= sin 𝑖𝑖𝑖𝑖𝑔𝑔𝑔𝑔
sin 𝑖𝑖𝑖𝑖𝑤𝑤𝑤𝑤

= 𝑔𝑔𝑔𝑔𝑖𝑖𝑖𝑖𝑠𝑠𝑠𝑠 𝑖𝑖𝑖𝑖𝑔𝑔𝑔𝑔
sin 𝑖𝑖𝑖𝑖𝑎𝑎𝑎𝑎

× sin 𝑖𝑖𝑖𝑖𝑎𝑎𝑎𝑎
sin 𝑖𝑖𝑖𝑖𝑤𝑤𝑤𝑤

. But 
sin 𝑖𝑖𝑖𝑖𝑔𝑔𝑔𝑔
sin 𝑖𝑖𝑖𝑖𝑤𝑤𝑤𝑤

=

𝑔𝑔𝑔𝑔 ∩𝑤𝑤𝑤𝑤  and sin 𝑖𝑖𝑖𝑖𝑎𝑎𝑎𝑎
sin 𝑖𝑖𝑖𝑖𝑤𝑤𝑤𝑤

= 𝑤𝑤𝑤𝑤 ∩𝑤𝑤𝑤𝑤. 

∴ 𝑔𝑔𝑔𝑔 ∩𝑤𝑤𝑤𝑤= 𝑔𝑔𝑔𝑔 ∩𝑤𝑤𝑤𝑤× 𝑤𝑤𝑤𝑤 ∩𝑤𝑤𝑤𝑤  

Thus, 𝟏𝟏𝟏𝟏 ∩𝟑𝟑𝟑𝟑= 𝟏𝟏𝟏𝟏 ∩𝟐𝟐𝟐𝟐× 𝟐𝟐𝟐𝟐 ∩𝟑𝟑𝟑𝟑 

From sin 𝑖𝑖𝑖𝑖𝑎𝑎𝑎𝑎
sin 𝑖𝑖𝑖𝑖𝑔𝑔𝑔𝑔

= 𝑤𝑤𝑤𝑤 ∩𝑔𝑔𝑔𝑔, 

→ sin 𝑖𝑖𝑖𝑖𝑤𝑤𝑤𝑤 = 𝑤𝑤𝑤𝑤 ∩𝑔𝑔𝑔𝑔 sin 𝑖𝑖𝑖𝑖𝑤𝑤𝑤𝑤 

Also, sin 𝑖𝑖𝑖𝑖𝑤𝑤𝑤𝑤
sin 𝑖𝑖𝑖𝑖𝑎𝑎𝑎𝑎

= 𝑤𝑤𝑤𝑤 ∩𝑤𝑤𝑤𝑤= 1

𝑎𝑎𝑎𝑎∩𝑤𝑤𝑤𝑤
 

→ sin 𝑖𝑖𝑖𝑖𝑤𝑤𝑤𝑤 = 𝑤𝑤𝑤𝑤 ∩𝑤𝑤𝑤𝑤 sin 𝑖𝑖𝑖𝑖𝑤𝑤𝑤𝑤 

∴ sin 𝑖𝑖𝑖𝑖𝑤𝑤𝑤𝑤 = 𝑤𝑤𝑤𝑤 ∩𝑔𝑔𝑔𝑔 sin 𝑖𝑖𝑖𝑖𝑔𝑔𝑔𝑔 = 𝑤𝑤𝑤𝑤 ∩𝑤𝑤𝑤𝑤 sin 𝑖𝑖𝑖𝑖𝑤𝑤𝑤𝑤  

If the equation is written in terms of of the absolute refractive indicies of air(∩𝑤𝑤𝑤𝑤), glass(∩𝑔𝑔𝑔𝑔) and 
water(∩𝑤𝑤𝑤𝑤). Then , ∩𝑤𝑤𝑤𝑤 sin 𝑖𝑖𝑖𝑖𝑤𝑤𝑤𝑤 =∩𝑔𝑔𝑔𝑔 sin 𝑖𝑖𝑖𝑖𝑔𝑔𝑔𝑔 =∩𝑤𝑤𝑤𝑤 sin 𝑖𝑖𝑖𝑖𝑤𝑤𝑤𝑤. This relation shows that when a ray is refracted 
from one medium to another, the boundaries being parallel, 

∩ 𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬 𝒊𝒊𝒊𝒊 = 𝒂𝒂𝒂𝒂 𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒂𝒂𝒂𝒂𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄 

where ∩is the absolute refractive index of the medium and 𝑖𝑖𝑖𝑖 is the angle made by the ray with the 
normal in that medium. 

LESSON 3 

AIM: By the end of this lesson, you should be able to: 

 demonstrate real and apparent depth  
 describe the occurrence of  total internal reflection and state its applications 

Activity 

Materials needed 

 Glass 
 Water 

 Ruler 
 Coin 
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Procedures 

1. Place a coin in a glass and  pour water to half way the 
glass 

2. Using a ruler, measure and record the depth of water. 
This is the real depth. 

3. Looking from directly above the glass, measure and 
record the depth of the coin from the surface of water. 
This is the apparent depth. 

The refractive index of water( and any other material) is related 
to the real and apparent depth by the equation 

𝑟𝑟𝑟𝑟𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑟𝑟𝑟𝑟𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖,∩=
𝑟𝑟𝑟𝑟𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑𝑎𝑎𝑎𝑎ℎ

𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑎𝑎𝑎𝑎𝑟𝑟𝑟𝑟𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑𝑎𝑎𝑎𝑎ℎ
 

Total internal reflection 

When light travels from an optically denser medium to a less optically dense medium (for example 
from water to air), the refracted ray bends away from the normal. At some angle of incidence known 
as the critical angle, the refracted ray grazes the boundary between the two media. Beyond this angle, 
the ray is reflected back to the denser medium. This is referred to as total internal reflection. 

Critical angle is defined as the angle of incidence in the denser medium for which the angle of 
refraction in the less dense medium is ninety degrees. 

The refractive index, ∩ of a material is related to its critical angle, 𝐶𝐶𝐶𝐶 by the equation sin 𝑎𝑎𝑎𝑎 = 1
∩

 

Total internal reflectionhas a number of applications. Some of them are shown in the pictures below. 
Can you identify any? Is there any other you 

know that has not been indicated in the picture 

Do you know any other applications for total 
internal reflection that have not been included 
in the picture? 

Effects for refraction include the fish’s view, mirage and atmospheric refraction of radio waves. 
Research about them! 

  

 

 

 

Demonstrating total internal reflection  

 

 

  

Applications 

1. Optical fiber 
2. Refracting 

prism 
3. Rear reflectors 
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SUB-TOPIC: REFRACTION OF LIGHT THROUGH TRIANGULAR PRISMS 

AIM: By the end of this lesson, you should be able to: 

 Derive the expression for the angle of deviation of a prism 
 Explain dispersion of white light 
 Describe the applications of glass prisms 

When a ray of light is incident at Q  on a 
triangular prism, at an angle 𝑖𝑖𝑖𝑖1it is 
refracted at an angle𝑟𝑟𝑟𝑟1.At R, the angle 
of incidence is 𝑟𝑟𝑟𝑟2 and the ray emerges 
out of the prism at an angle 𝑖𝑖𝑖𝑖2. If 𝐴𝐴𝐴𝐴 is 
the refracting angle of the prism(angle 
at  which the refracting edges AB and 
AC are inclined), then 𝐴𝐴𝐴𝐴 = 𝑟𝑟𝑟𝑟1 + 𝑟𝑟𝑟𝑟2. 

The angle of deviation at Q is the angle 
FQR and it is equal to 𝑖𝑖𝑖𝑖1 − 𝑟𝑟𝑟𝑟1. The angle of deviation at R is the angle ERQ and it is equal to 𝑖𝑖𝑖𝑖2 − 𝑟𝑟𝑟𝑟2. The 
total deviation is the angle 𝑑𝑑𝑑𝑑(FER) and it is equal to the sum of the deviation at Q and the deviation at 
R.   

∴ 𝑑𝑑𝑑𝑑 = (𝑖𝑖𝑖𝑖1 − 𝑟𝑟𝑟𝑟1) + (𝑖𝑖𝑖𝑖2 − 𝑟𝑟𝑟𝑟2) 

                                                                        𝑑𝑑𝑑𝑑 = (𝑖𝑖𝑖𝑖1 + 𝑖𝑖𝑖𝑖2) − (𝑟𝑟𝑟𝑟1 + 𝑟𝑟𝑟𝑟2) 

                                                                             d= (𝑖𝑖𝑖𝑖1 + 𝑖𝑖𝑖𝑖2) − 𝐴𝐴𝐴𝐴 

If the ray passes symmetrically through the prism, the angle of deviation is  

𝐷𝐷𝐷𝐷 = (𝑖𝑖𝑖𝑖 + 𝑖𝑖𝑖𝑖) − (𝑟𝑟𝑟𝑟 + 𝑟𝑟𝑟𝑟) = 2𝑖𝑖𝑖𝑖 − 𝐴𝐴𝐴𝐴  (since i1=i2=i and r1=r2=r) 

From 𝐷𝐷𝐷𝐷 = 2𝑖𝑖𝑖𝑖 − 𝐴𝐴𝐴𝐴, 𝑖𝑖𝑖𝑖 = 𝐴𝐴𝐴𝐴+𝐷𝐷𝐷𝐷
2

. From 𝐴𝐴𝐴𝐴 = 𝑟𝑟𝑟𝑟 + 𝑟𝑟𝑟𝑟, 𝑟𝑟𝑟𝑟 = 𝐴𝐴𝐴𝐴
2

. Therefore, 
the refractive index of the material of the prism can be 

obtained from ∩= sin 𝑖𝑖𝑖𝑖
sin 𝑟𝑟𝑟𝑟

=
𝑔𝑔𝑔𝑔𝑖𝑖𝑖𝑖𝑠𝑠𝑠𝑠𝐴𝐴𝐴𝐴+𝐷𝐷𝐷𝐷2
𝑔𝑔𝑔𝑔𝑖𝑖𝑖𝑖𝑠𝑠𝑠𝑠𝐴𝐴𝐴𝐴2

 

Deviation by small angle prism 

Consider a small-angled prism shown in the figure. The 
deviation 𝑑𝑑𝑑𝑑 = (𝑖𝑖𝑖𝑖 − 𝑟𝑟𝑟𝑟) + (𝑖𝑖𝑖𝑖′ − 𝑟𝑟𝑟𝑟′) 

 𝑑𝑑𝑑𝑑 = 𝑖𝑖𝑖𝑖 + 𝑖𝑖𝑖𝑖′ − (𝑟𝑟𝑟𝑟 + 𝑟𝑟𝑟𝑟′). 

 But 𝐴𝐴𝐴𝐴 =  𝑟𝑟𝑟𝑟 + 𝑟𝑟𝑟𝑟′ 

∴ 𝑑𝑑𝑑𝑑 = 𝑖𝑖𝑖𝑖 + 𝑖𝑖𝑖𝑖′ − 𝐴𝐴𝐴𝐴 

Since the refracting angle is very small, 𝑖𝑖𝑖𝑖, 𝑖𝑖𝑖𝑖′, 𝑟𝑟𝑟𝑟 and𝑟𝑟𝑟𝑟′ are also small. For small angles, sin 𝑖𝑖𝑖𝑖 = 𝑖𝑖𝑖𝑖 and 
𝑠𝑠𝑠𝑠𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑟𝑟𝑟𝑟 = 𝑟𝑟𝑟𝑟. So, 𝑖𝑖𝑖𝑖 = 𝑖𝑖𝑖𝑖𝑟𝑟𝑟𝑟 and 𝑖𝑖𝑖𝑖′ = 𝑖𝑖𝑖𝑖𝑟𝑟𝑟𝑟′. 

 

 



71

SELF-STUDY LEARNING

∴ 𝑑𝑑𝑑𝑑 = 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 + 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎′ − 𝐴𝐴𝐴𝐴

= 𝑎𝑎𝑎𝑎(𝑎𝑎𝑎𝑎 + 𝑎𝑎𝑎𝑎′) − 𝐴𝐴𝐴𝐴 = 𝑎𝑎𝑎𝑎𝐴𝐴𝐴𝐴 − 𝐴𝐴𝐴𝐴 = (𝑎𝑎𝑎𝑎 − 1)𝐴𝐴𝐴𝐴

Dispersion of white light

White light is a mixture of a number of colors. A glass prism can 
separate white light into its constituent colors. This is due to the 
fact that light is refracted depending on the wavelength of the 
light. The shorter the wavelength, the more it bends. Different 
colors have different wavelengths. So, each color is refracted by 
different amounts. Dispersion of light by tiny water drops in the 
atmosphere leads to formation of the rainbow. 

Applications of triangular prisms

Triangular prisms find numerous applications. One of the many is the spectrometer, an instrument 
used to study light from different sources. The spectrometer can be used to measure the refracting 
angle of a prism. It can also be used in the measurement of the Minimum Deviation of a prism.

The other applications for triangular prisms are prism periscopes and prism binoculars.

Fig: Spectrometer

Can you identify the prism?
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SUB-TOPIC: REFRACTION OF LIGHT THROUGH THIN LENS

LESSON ONE
AIM: By the end of this lesson, you should be able to:

 Identify the types of lenses 
 Define the terms principal focus, principal axis, optical center, focal length and power of a lens.

Have you wondered why some people wear spectacles and others don’t? Do you wear spectacles? Do 
you know anyone in your class/ family who wears them?

Activity

Identify an individual at home or in the neighborhood wearing glasses. 
Kindly, request them to have a look at them (take care not to break 
them). Can you tell what type they are? Look at any object by trying to 
bring the glasses close to your eyes. Is there a difference when you look at 
the same object with a naked eye?

A lens is a piece of glass with one or two spherical surfaces. If a lens is 
thicker in the middle than the edges, it is a convex lens. One that is 

thinner in the middle than the edges is a concave lens.

When light is incident on a convex lens, it is refracted so that it converges at a point, F2. This point is 
the principal focus. This point is real. A convex lens is therefore a converging lens.

When a parallel beam of light is incident on a concave lens, light rays are refracted so that they appear 
to be coming from the same point, F1. This point is the principal focus for the lens. Since light rays 
appear to be coming from this point, it is a virtual point. A concave lens is a diverging lens.

Point O, is the optical center. Rays through this point are not refracted. The distance OF1 and OF2 is the 
focal length for the concave and convex lens respectively. The line through O, F1 and F2 is the 
principal axis.
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Activity

Materials needed

 Convex lens
 Ordinary glass
 Pieces of paper/ dry grass

Procedures

1. Make a small heap of papers or dry grass.
2. Using a convex lens, focus sunlight onto the papers/ dry grass until it burns.
3. Try the same procedure with ordinary glass. Do you achieve the same result? Why or Why not?

Power of a lens

The power of a lens is defined as the reciprocal of the focal length (in meters) of the lens. It is 
measured in diopters (D).

Try out!
Calculate the power of a lens of focal length 10 cm.

𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑝𝑝𝑝𝑝𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑑𝑑𝑑𝑑𝑚𝑚𝑚𝑚 𝑎𝑎𝑎𝑎 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 =
1

𝑚𝑚𝑚𝑚(𝑖𝑖𝑖𝑖𝑎𝑎𝑎𝑎 𝑚𝑚𝑚𝑚𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎)

LESSON TWO
AIM: By the end of this lesson, you should be able to:

 Describe the formation of images by lenses 
 Apply the thin lens formula.

Light from an object 
is refracted by a lens 
leading to formation 
of an image by the 
lens. These images 
can be located by 
constructing ray 
diagrams. Here, we 
consider two main rays. 

A ray parallel to the principal axis is refracted through the principal focus.
A ray through the optical center is not refracted.
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Use the pictures to guide you in practicing the construction of ray diagrams. State the characteristics 
of the image formed in each case. 

Thin lens formula

Earlier on, we looked at the mirror formula. Do you recall what the letters 𝑢𝑢𝑢𝑢, 𝑣𝑣𝑣𝑣 and 𝑓𝑓𝑓𝑓 stand for? The 
same formula applies for thin lenses. The same sign 
convention applies. That is, distances of real objects and 
images are positive while distances of virtual objects and 
images are negative.

The magnification can also be expressed as 𝑚𝑚𝑚𝑚 = 𝑣𝑣𝑣𝑣
𝑓𝑓𝑓𝑓
− 1 or 

1
𝑚𝑚𝑚𝑚

+ 1 = 𝑢𝑢𝑢𝑢
𝑓𝑓𝑓𝑓

Try this out!

1. An object is placed 12 cm from a converging lens of 
focal length 18 cm. Find the position of the image and 

the magnification. 

LESSON THREE
AIM: By the end of this lesson, you should be able to:

 Derive the expression for the focal length of a thin lens using the small angle prism method.
 Derive the expression for the combined focal length of two thin lenses in contact.

An alternative way of deriving the expression for the focal length of a thin lens is using the small angle 
prism method. 

Consider a ray parallel and close to the principal axis 
shown in figure(𝑖𝑖𝑖𝑖). After refraction, the ray is 

deviated through an angle 𝑑𝑑𝑑𝑑. From 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑑𝑑𝑑𝑑 = ℎ
𝑓𝑓𝑓𝑓

, 𝑑𝑑𝑑𝑑 = ℎ
𝑓𝑓𝑓𝑓

. 

(tan𝑑𝑑𝑑𝑑 = 𝑑𝑑𝑑𝑑 for small angles). Since the angle of 
incidence is small and the ray is close to the 
principal axis, 𝑑𝑑𝑑𝑑 = (∩ −1)𝐴𝐴𝐴𝐴. (deviation for small 

angle prism). This implies that ℎ
𝑓𝑓𝑓𝑓

= (∩ −1)𝐴𝐴𝐴𝐴.

∴ 1
𝑓𝑓𝑓𝑓

= (∩ −1) 𝐴𝐴𝐴𝐴
ℎ

… … … … … … … . . (𝑖𝑖𝑖𝑖). From figure (ii), 𝐴𝐴𝐴𝐴 = 𝛼𝛼𝛼𝛼 + 𝛽𝛽𝛽𝛽 = ℎ
𝑟𝑟𝑟𝑟1

+ ℎ
𝑟𝑟𝑟𝑟2

.

∴ 𝐴𝐴𝐴𝐴
ℎ

= 1
𝑟𝑟𝑟𝑟1

+ 1
𝑟𝑟𝑟𝑟2

… … … … … … … … … . (𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖). Substituting (𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖) in (𝑖𝑖𝑖𝑖), 1
𝑓𝑓𝑓𝑓

= (∩ −1)( 1
𝑟𝑟𝑟𝑟1

+ 1
𝑟𝑟𝑟𝑟2

).

The focal length of a thin lens can be obtained from the expression 1
𝑓𝑓𝑓𝑓

= (∩ −1) � 1
𝑟𝑟𝑟𝑟1

+ 1
𝑟𝑟𝑟𝑟2
�where ∩ is the 

refractive index of the material of the lens and𝑟𝑟𝑟𝑟1 and 𝑟𝑟𝑟𝑟2are the radii of curvature of the lens surfaces. 
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TRY OUT!

A biconvex lens has radii of curvature𝑟𝑟𝑟𝑟1 and 𝑟𝑟𝑟𝑟2, each 10cm. If the refractive index of the material of the 
lens is 1.5. Find the focal length of the lens. 

The sign for the radius of curvature of the 
lens surface can be positive or negative. The 
picture on the left shows the sign for the 
radius of curvature of the different lens 
surfaces.

Combined focal length of two thin lenses in contact

If two lenses of focal length𝑓𝑓𝑓𝑓1 and 𝑓𝑓𝑓𝑓2are combined as shown in the figure, the effective focal length, F 
of the combined lenses is given by 1

𝐹𝐹𝐹𝐹
= 1

𝑓𝑓𝑓𝑓1
+ 1

𝑓𝑓𝑓𝑓2
.

Example: A thin converging lens of 8cm focal length is 
placed in contact with a diverging lens of 12cm focal 
length. Find the combined focal length.

Solution

𝑓𝑓𝑓𝑓1=8cm, 𝑓𝑓𝑓𝑓2=-12cm, F=?

1
𝐹𝐹𝐹𝐹

= 1
8

+ 1
−12

= 1
24

therefore, 𝐹𝐹𝐹𝐹 = 24 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

Since F is positive, the combination acts like a converging lens.

Chromatic aberration

When white light is incident on a prism, different colors of light are refracted differently. White light 
incident on a convex lens lens is refracted so that thedifferent colors are brought to different focus. 
This effect is chromatic aberration (a). It is corrected using an achromatic doublet (b).

If a wide beam of light is incident on a lens, not all rays are brought to the same focus. The image is 
therefore distorted. This defect is known as spherical aberration. 

Spherical aberration 
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SUB-TOPIC: OPTICAL INSTRUMENTS 

LESSON 1 
AIM: By the end of this lesson, you should be able to: 

 Define the terms visual angle, near point, far point and accommodation. 
 Explain the relationship between visual angle and apparent size of objects. 
 Define magnifying power of an optical instrument. 

Introduction 
Get out of the house and look around you. What is the farthest thing you can see? How far do think is 
this object from you? Now, put your finger at about 2 cm from your eye. Can you distinctively see the 
finger? Move the finger to away from the eye until you can distinctively see it. How far do you think is 
your finger from your eye? 

Our eyes can see close and far objects. The eye can see an object in greatest detail when it is placed at 
a certain distance from the eye. The point at this distance is known as the near point. An object is not 
clearly seen if it is brought closer to the eye than the near point. A normal eye can also focus far 
objects (objects at infinity).                                                                

 

 

 

 

 

 

This is the far point of the normal eye. 

Consider an object placed at some distance from the eye, and suppose θ is the angle in radians 
subtended by the object at the eye. Since vertically opposite angles are equal, the length of the image 
on the retina is given by Hi = Weθ. Since the distance Weis fixed, Hiis proportional to θ. We conclude 
that the length of the image formed by the eye is proportional to the angle subtended at the eye by 
the object. This angle, θ is known as the visual angle. 
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If two or more objects of different sizes subtend the same visual angle at the eye, they appear to be of 
the same size. If the same object is viewed at different visual angles, it appears to be of different size.
Accommodation is the ability of the eye to change its focus 

from distant to 
near objects.

If a microscope 
or telescope is 
used, the visual 
angle is 

increased such that the object viewed appears larger. If the 
object subtends an angle 𝛼𝛼𝛼𝛼 at the eye without the instrument and an angle 𝛼𝛼𝛼𝛼′when the instrument is 
used, the ratio𝑀𝑀𝑀𝑀 = 𝛼𝛼𝛼𝛼

𝛼𝛼𝛼𝛼′
is known as the angular magnification of the instrument. It is also referred to as 

the magnifying power of the instrument.

LESSON 2
AIM: By the end of this lesson, you should be able to:

 Describe the structure and action of a simple microscope.
 Describe the structure and action of a compound microscope.

The simple microscope

A microscope is an instrument used to see near objects. They are used for viewing tiny micro-
organisms like malaria parasites. An example of a simple microscope is the magnifying glass.

An object 
subtends an 
angle 𝛼𝛼𝛼𝛼 at the 
unaided eye 
and is located 
at a distance, 
D from the 
eye (a). 
Therefore, 

𝛼𝛼𝛼𝛼 = ℎ
𝐷𝐷𝐷𝐷

. With the microscope (b), the image subtends an 
angle 𝛽𝛽𝛽𝛽 at the eye and is also a distance, D from the eye 
(since a microscope forms image at near point).
Therefore, 𝛽𝛽𝛽𝛽 = 𝐻𝐻𝐻𝐻

𝐷𝐷𝐷𝐷
. the magnifying power is given by 𝑀𝑀𝑀𝑀 =

𝛽𝛽𝛽𝛽
𝛼𝛼𝛼𝛼

= 𝐻𝐻𝐻𝐻
𝐷𝐷𝐷𝐷

÷ ℎ
𝐷𝐷𝐷𝐷

= 𝐻𝐻𝐻𝐻
ℎ

. But for a lens, 𝑀𝑀𝑀𝑀 = 𝑣𝑣𝑣𝑣
𝑢𝑢𝑢𝑢

where 𝑣𝑣𝑣𝑣 is the image distance and 𝑢𝑢𝑢𝑢 is the object 

Same object at different visual angle 

Objects of different size at same visual angle 

(a) Unaided eye

(b) Simple microscope 

Children observing with magnifying glass 
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distance.Multiplying through the lens formula 1
𝑣𝑣𝑣𝑣

+ 1
𝑢𝑢𝑢𝑢

= 1
𝑓𝑓𝑓𝑓

by 𝑣𝑣𝑣𝑣, 1 + 𝑣𝑣𝑣𝑣
𝑢𝑢𝑢𝑢

= 𝑣𝑣𝑣𝑣
𝑓𝑓𝑓𝑓

. Therefore, 𝑣𝑣𝑣𝑣
𝑢𝑢𝑢𝑢

= 𝑣𝑣𝑣𝑣
𝑓𝑓𝑓𝑓
− 1. But 𝑣𝑣𝑣𝑣 =

𝐷𝐷𝐷𝐷. So, 𝑣𝑣𝑣𝑣
𝑢𝑢𝑢𝑢

= 𝐻𝐻𝐻𝐻
ℎ

= 𝐷𝐷𝐷𝐷
𝑓𝑓𝑓𝑓
− 1. Hence, 𝑴𝑴𝑴𝑴 = 𝑫𝑫𝑫𝑫

𝒇𝒇𝒇𝒇
− 𝟏𝟏𝟏𝟏.

Compound microscope
A compound microscope has two separated lenses. The lens nearer the object is called the objective. 
The lens through which the final image is viewed is called the eye-piece. Both the objective and eye-
piece have a small focal length. 

  

         Compound microscope in normal adjustment 

In normal adjustment, the image is formed at near point. The object is placed at a distance slightly 
beyond the focal length of the objective. An inverted real image is formed at I1. The eye-piece is 
adjusted until a virtual image is formed at I2(the eye –piece acts as a simple magnifying glass for 
viewing the image formed at I1by the objective). The 

angular magnification, 𝑀𝑀𝑀𝑀 = 𝛼𝛼𝛼𝛼′

𝛼𝛼𝛼𝛼
= ℎ2

𝐷𝐷𝐷𝐷
÷ ℎ

𝐷𝐷𝐷𝐷
= ℎ2

ℎ
. The image 

subtends an angle 𝛼𝛼𝛼𝛼′at the eye and it is formed at the 

least distance of distinct vision, D. But ℎ2
ℎ

= ℎ2
ℎ1

× ℎ1
ℎ

. 

Therefore, ℎ2
ℎ1

= 𝑣𝑣𝑣𝑣
𝑓𝑓𝑓𝑓2
− 1. Since𝑣𝑣𝑣𝑣 = 𝐷𝐷𝐷𝐷, it implies that ℎ2

ℎ1
=

𝐷𝐷𝐷𝐷
𝑓𝑓𝑓𝑓2
− 1. But ℎ1

ℎ
= 𝑣𝑣𝑣𝑣

𝑓𝑓𝑓𝑓1
− 1. Hence, the angular magnification 

is given by 𝑴𝑴𝑴𝑴 = �𝑫𝑫𝑫𝑫
𝒇𝒇𝒇𝒇𝟐𝟐𝟐𝟐
− 𝟏𝟏𝟏𝟏� � 𝒗𝒗𝒗𝒗

𝒇𝒇𝒇𝒇𝟏𝟏𝟏𝟏
− 𝟏𝟏𝟏𝟏�.

Compound microscope with final image at infinity

For the image to be formed at infinity, the image of the object in the objective must be formed at the 
focus, Fe, of the eye-piece. The visual angle, 𝛽𝛽𝛽𝛽, subtended 
at the eye by the final image at infinity is ℎ1

𝑓𝑓𝑓𝑓𝑒𝑒𝑒𝑒
. So, the 

angular magnification,

𝑀𝑀𝑀𝑀 = 𝛽𝛽𝛽𝛽
𝛼𝛼𝛼𝛼

= ℎ1
𝑓𝑓𝑓𝑓𝑒𝑒𝑒𝑒

÷ ℎ
𝐷𝐷𝐷𝐷

= ℎ1
ℎ

× 𝐷𝐷𝐷𝐷
𝑓𝑓𝑓𝑓𝑒𝑒𝑒𝑒

. But ℎ1
ℎ

= 𝑣𝑣𝑣𝑣
𝑓𝑓𝑓𝑓𝑜𝑜𝑜𝑜
− 1, where𝑓𝑓𝑓𝑓𝑜𝑜𝑜𝑜 and 

𝑓𝑓𝑓𝑓𝑤𝑤𝑤𝑤are the focal lengths for the objective and eye-piece 

respectively. Therefore, 𝑴𝑴𝑴𝑴 = � 𝒗𝒗𝒗𝒗
𝒇𝒇𝒇𝒇𝒄𝒄𝒄𝒄
− 𝟏𝟏𝟏𝟏� 𝑫𝑫𝑫𝑫

𝒇𝒇𝒇𝒇𝒆𝒆𝒆𝒆

Compound microscope with final image at 
infinity

Malaria parasites (purple) seen 
under a microscope
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LESSON 3
AIM: By the end of this lesson, you should be able to:

 Describe the structure and action of astronomical and Galileo’s telescopes in normal adjustment 
and with the final image at near point.

Telescopes are used to view distant objects like stars. In normal adjustment, an astronomical 
telescope forms the final image at infinity. The image of a distant object is formed at the focus, Fo, of 
the objective. Since the final image is formed at infinity, the focus of the eye-piece must also be at Fo.

The angular magnification, 𝑀𝑀𝑀𝑀 = 𝛽𝛽𝛽𝛽
𝛼𝛼𝛼𝛼

where 𝛽𝛽𝛽𝛽is the angle subtended at the eye when the telescope is 

used and 𝛼𝛼𝛼𝛼is the angle subtended at the unaided eye by a distant object. Assuming the eye is so close
to the eye-piece, the length between the objective and the eye-piece is very small compared with the 
distance of the object from either lens. We can take the angle 𝛼𝛼𝛼𝛼subtended at the unaided eye by the 
object as that subtended at the objective lens.𝛽𝛽𝛽𝛽 = ℎ

𝑓𝑓𝑓𝑓𝑒𝑒𝑒𝑒
where ℎ is the length of the image at Foand 𝑓𝑓𝑓𝑓𝑤𝑤𝑤𝑤is 

the focal length of the eye-piece.𝛼𝛼𝛼𝛼 = ℎ
𝑓𝑓𝑓𝑓𝑜𝑜𝑜𝑜

since theimage is at distance 𝑓𝑓𝑓𝑓𝑜𝑜𝑜𝑜from the objective. The angular 

magnification 𝑀𝑀𝑀𝑀 = 𝛽𝛽𝛽𝛽
𝛼𝛼𝛼𝛼

= ℎ
𝑓𝑓𝑓𝑓𝑒𝑒𝑒𝑒

÷ ℎ
𝑓𝑓𝑓𝑓𝑜𝑜𝑜𝑜

= 𝑓𝑓𝑓𝑓𝑜𝑜𝑜𝑜
𝑓𝑓𝑓𝑓𝑒𝑒𝑒𝑒

. The angular magnification is the ratio of the focal length of the 

objective to that of the eye-piece.

Astronomical telescope with image at near point

The image in a telescope can be formed at near point. The 
objective forms an image of a distant object at its focus F1. 
The eye-piece is moved so that the image is near to it than 
its focus F2, thus acting as a magnifying glass. The angle 
𝛼𝛼𝛼𝛼 subtended at the unaided eye is the same as that 
subtended at the objective. Therefore 𝛼𝛼𝛼𝛼 = ℎ

𝑓𝑓𝑓𝑓𝑜𝑜𝑜𝑜
where h is 

the height of the image in the objective and 𝑓𝑓𝑓𝑓𝑜𝑜𝑜𝑜its focal length. The angle subtended at the eye by the 

final image is 𝛼𝛼𝛼𝛼′ = ℎ
𝑢𝑢𝑢𝑢

where 𝑢𝑢𝑢𝑢 is distance of the image from the eye-piece. Therefore, 𝑀𝑀𝑀𝑀 = 𝛼𝛼𝛼𝛼′

𝛼𝛼𝛼𝛼
= ℎ

𝑢𝑢𝑢𝑢
÷

Telescope Astronomical telescope in normal adjustment

Fo
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ℎ
𝑓𝑓𝑓𝑓𝑜𝑜𝑜𝑜

= 𝑓𝑓𝑓𝑓𝑜𝑜𝑜𝑜
𝑢𝑢𝑢𝑢

. Since the image is formed at near point, 𝑣𝑣𝑣𝑣 = 𝐷𝐷𝐷𝐷 when 𝑓𝑓𝑓𝑓 = +𝑓𝑓𝑓𝑓𝑤𝑤𝑤𝑤. From 1
𝑣𝑣𝑣𝑣

+ 1
𝑢𝑢𝑢𝑢

= 1
𝑓𝑓𝑓𝑓

, 1
−𝐷𝐷𝐷𝐷

+ 1
𝑢𝑢𝑢𝑢

= 1
𝑓𝑓𝑓𝑓𝑒𝑒𝑒𝑒

. 

This implies that 𝑢𝑢𝑢𝑢 = 𝑓𝑓𝑓𝑓𝑒𝑒𝑒𝑒𝐷𝐷𝐷𝐷
𝑓𝑓𝑓𝑓𝑒𝑒𝑒𝑒+𝐷𝐷𝐷𝐷

. Therefore,𝑀𝑀𝑀𝑀 = 𝑓𝑓𝑓𝑓𝑜𝑜𝑜𝑜
𝑓𝑓𝑓𝑓𝑒𝑒𝑒𝑒
�𝑓𝑓𝑓𝑓𝑒𝑒𝑒𝑒+𝐷𝐷𝐷𝐷

𝐷𝐷𝐷𝐷
� = 𝑓𝑓𝑓𝑓𝑜𝑜𝑜𝑜

𝑓𝑓𝑓𝑓𝑒𝑒𝑒𝑒
�1 + 𝑓𝑓𝑓𝑓𝑒𝑒𝑒𝑒

𝐷𝐷𝐷𝐷
�.

Galileo’s telescope

This telescope consists an objective which is a convex 
lens of long focal length and an eye-piece which is a 
concave lens of short focal length. In the absence of 
the diverging lens, an image of a distant object in the 
objective would be formed at I. since the eye-piece is 
at a distance f2 from I, rays falling on it are refracted 
so they emerge parallel. The angle subtended by the 
final image at the eye-piece is 𝛼𝛼𝛼𝛼′ = ℎ

𝑓𝑓𝑓𝑓2
where ℎ,is the 

height of the image and 𝑓𝑓𝑓𝑓2is the focal length of the eye-piece. The angle subtended by the object at 

the unaided eye is the same as that subtended by the object at the objective and is given by 𝛼𝛼𝛼𝛼 = ℎ
𝑓𝑓𝑓𝑓1

where 𝑓𝑓𝑓𝑓1is the focal length of the objective. Therefore, the angular magnification is given by 𝑀𝑀𝑀𝑀 = 𝛼𝛼𝛼𝛼′

𝛼𝛼𝛼𝛼
=

ℎ
𝑓𝑓𝑓𝑓2

÷ ℎ
𝑓𝑓𝑓𝑓1

= 𝑓𝑓𝑓𝑓1
𝑓𝑓𝑓𝑓2

.

LESSON 4

AIM: By the end of this lesson, you should be able to:

 Describe the structure and action of reflecting telescopes
 Compare the use of refracting and reflecting telescopes.
 Describe the action of projection lantern, lens camera and prism binoculars.

Reflecting telescopes

Newton reflecting telescope Coude reflecting telescope Cassegrain reflecting telescope

Reflecting telescopes employ a large concave mirror that is used to collect light rays from a distant 
object and focus them on a reflecting mirror. Thereafter, the rays are reflected to the eye-piece. There 
are three such telescopes: Newton, Cassegrain and Coude reflecting telescopes.

Advantages of reflecting telescopes over refracting telescopes

 Not subject to chromatic aberration.
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 Spherical aberration can be overcome by using a parabolic mirror.
 Telescope tube is shorter making it more economical.

The Hubble Space telescope

This is a telescope that was launched in 1990 and orbits at about 547km above the earth’s surface. It 
has a primary mirror of width 2.4m. It is powered by two 25-foot solar panels. It has six Nickel-
Hydrogen batteries with a storage capacity equal to 20 car batteries.

For a period of 30 years the telescope has been used to study the universe.

The projection lantern

A projection lantern is commonly known as a projector and is used for throwing on a screen a 
magnified image of a slide. Light from a lamp s reflected off a concave mirror and focused by the 
condenser onto the film. The projection lens is mounted in the sliding tube so that it is moved to and 
fro to focus a sharp image on the screen.

Prism binoculars
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Binoculars are used by tourists, scientists and soldiers to see distant objects. They consist of a pair of 
refracting astronomical telescopes with two totally reflecting prisms between each objective and eye-
piece. The prisms use total internal reflection to invert rays of light so that the final image is seen the 
correct way.

Lens camera

A lens camera is used to take photographs. The lens focuses light from the object onto a light sensitive 
film. It is moved to and fro so that a sharp image is formed on the film.

Lens camera
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TOPIC: WAVES 
SUB-TOPIC: BASIC PROPERTIES OF WAVES 

LESSON 1 
AIM: By the end of this lesson, you should be able to: 

 Define the terms: wave, amplitude, wavelength, frequency and phase. 
 Distinguish between transverse and longitudinal waves. 
 State the characteristics of a progressive wave. 

Introduction 
The government of Uganda is planning to give out radios to every household so that students can 
continue learning from home during the lockdown. Do you have a favorite radio station? How are the 
signals able to move from the broadcasting center to reach you at home? Radio broadcasting, mobile 
phone communication, X-ray and ultrasound imaging, and remote control of devices is all possible 
because of waves. So, what is a wave? 

   
 

  
 

Activity 

Material needed 

 Rope 
 Water  

 Basin 

Get a rope and tie on end on a tree or any other fixed support. Swing the rope so that it makes 
continuous up and down movements. What do you notice? Thereafter, pour water in a basin and wait 
for it to settle. Gently, touch the surface of the water from the middle of the basin. Observe the waves 
as they spread from the center to the end. (You do not have to necessarily carry out the activities 
at the same time) 

Waves are produced when a vibrating source causes a disturbance in a medium. When you 
touch the water surface, energy is transferred to the water particles and this energy is carried 
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away from that point to the end. Therefore, a wave is a disturbance which travels through a 
medium, transforms energy from one point to another without transferring medium. 
 
Waves are categorized as mechanical or electromagnetic.  
Electromagnetic waves are waves which do not require a medium for their propagation. 
Electromagnetic waves travel in a vacuum. Examples of such waves include radio waves, infrared, 
visible light, Ultraviolet, X-rays and Gamma rays.  
Mechanical waves are waves which require a material medium for their propagation. These 
include water waves, sound waves and waves on stretched strings. 

Waves can also be classified as transverse and longitudinal waves. 

A transverse wave is one in which the direction of propagation of the wave is perpendicular to the 
direction of vibration of the particles. Examples of transverse waves include all electromagnetic 
waves, water waves and waves on a string.  

A Longitudinal wave is a mechanical wave in which the vibrations of the particles takes place in 
the same direction as that direction of the travel of the wave. An example is sound waves. 

  
 

Terms used 

Amplitude: This is the greatest displacement of a particle from the rest position.  
Wavelength (λ): This is the distance between two successive crests or troughs. Or, it is the 
distance between two consecutive wave particles in phase.  
Period (T): The time taken for one cycle. T= 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤

𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑤𝑤𝑤𝑤𝑛𝑛𝑛𝑛𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 𝑜𝑜𝑜𝑜𝑓𝑓𝑓𝑓 𝑐𝑐𝑐𝑐𝑦𝑦𝑦𝑦𝑐𝑐𝑐𝑐𝑔𝑔𝑔𝑔𝑤𝑤𝑤𝑤𝑔𝑔𝑔𝑔
= 𝑤𝑤𝑤𝑤

𝑠𝑠𝑠𝑠
 where 𝑚𝑚𝑚𝑚 is the time and 𝑎𝑎𝑎𝑎 is the 

number of cycles. It is measured in seconds. 
Frequency (f): The number of cycles per second. It is measured in hertz (Hz) 
 
Velocity of a wave (v): This is the distance covered by a wave particle per second. 
 
Relationship between f and T  
If a wave completes 𝑎𝑎𝑎𝑎 cycles in time 𝑚𝑚𝑚𝑚, then frequency, f is given by 𝑓𝑓𝑓𝑓 = 𝑠𝑠𝑠𝑠

𝑤𝑤𝑤𝑤
. But 𝑇𝑇𝑇𝑇 = 𝑤𝑤𝑤𝑤

𝑠𝑠𝑠𝑠
. 

Therefore, 𝑓𝑓𝑓𝑓 = 1
𝑇𝑇𝑇𝑇

. 

Relationship between 𝒗𝒗𝒗𝒗, 𝒇𝒇𝒇𝒇  𝐚𝐚𝐚𝐚𝐬𝐬𝐬𝐬𝐚𝐚𝐚𝐚 𝝀𝝀𝝀𝝀 

If a wave of wavelength 𝜆𝜆𝜆𝜆 completes 𝑎𝑎𝑎𝑎 cycles in time 𝑚𝑚𝑚𝑚, then total distance covered = 𝑎𝑎𝑎𝑎𝜆𝜆𝜆𝜆 
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𝑆𝑆𝑆𝑆𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑, 𝑣𝑣𝑣𝑣 = 𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑤𝑤𝑤𝑤𝑠𝑠𝑠𝑠

= 𝑠𝑠𝑠𝑠𝑛𝑛𝑛𝑛
𝑖𝑖𝑖𝑖

= 𝑠𝑠𝑠𝑠
𝑖𝑖𝑖𝑖
𝜆𝜆𝜆𝜆 = 𝑓𝑓𝑓𝑓𝜆𝜆𝜆𝜆. Therefore, 𝑣𝑣𝑣𝑣 = 𝑓𝑓𝑓𝑓𝜆𝜆𝜆𝜆. 

 

 

LESSON 2 
AIM: By the end of this lesson, you should be able to: 

 Define a progressive wave. 
 Explain phases of vibration. 
 Derive the progressive wave equation. 

 

Progressive wave  
A wave which travels continuously in a medium in the same direction without a change in its 
amplitude is a progressive wave. In a progressive wave, there is continuous transmission of 
energy from one particle to another. Electromagnetic waves and mechanical waves are examples 
of progressive waves. 

 
A tsunami is an example of a progressive wave. A large volume of water is 
displaced by a disturbance resulting in a huge wave. The energy propagated 
by the wave is so much that it destroys property.  

 

Characteristics of a progressive wave 

 Each particle of the medium vibrates at its mean position. 
 Particles vibrate with the same amplitude. 
 There is transfer of energy across the medium in the direction of propagation of the wave. 
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Phase of vibrations

When you tie a rope at one end and swing it, it makes up and down movements similar to a sine 
wave. Any oscillation of this form is represented by the equation 𝑣𝑣𝑣𝑣 = 𝑎𝑎𝑎𝑎 sin𝜔𝜔𝜔𝜔𝑚𝑚𝑚𝑚.

Consider an oscillation given by 𝑣𝑣𝑣𝑣1 = 𝑎𝑎𝑎𝑎 sin𝜔𝜔𝜔𝜔𝑚𝑚𝑚𝑚 (blue). Suppose a second oscillation (green) has the 
same amplitude, 𝑎𝑎𝑎𝑎, and angular frequency, 𝜔𝜔𝜔𝜔 but reaches the end of its oscillation a fraction, 𝛽𝛽𝛽𝛽, of 
the period 𝑇𝑇𝑇𝑇 later than the first one. The second oscillation thus lags behind the first by a time, 
𝛽𝛽𝛽𝛽𝑇𝑇𝑇𝑇 and so, its displacement is given by 𝑣𝑣𝑣𝑣2 = 𝑎𝑎𝑎𝑎 sin(𝜔𝜔𝜔𝜔𝑚𝑚𝑚𝑚 − 𝛽𝛽𝛽𝛽𝑇𝑇𝑇𝑇) = 𝑎𝑎𝑎𝑎 sin(𝜔𝜔𝜔𝜔𝑚𝑚𝑚𝑚 − 𝜑𝜑𝜑𝜑) where 𝜑𝜑𝜑𝜑 = 𝜔𝜔𝜔𝜔𝛽𝛽𝛽𝛽𝑇𝑇𝑇𝑇. If 
the second oscillation leads the first by a time 𝛽𝛽𝛽𝛽𝑇𝑇𝑇𝑇, the displacement is given by 𝑣𝑣𝑣𝑣2 =
𝑎𝑎𝑎𝑎 sin(𝜔𝜔𝜔𝜔𝑚𝑚𝑚𝑚 + 𝜑𝜑𝜑𝜑).𝜑𝜑𝜑𝜑 is the phase angle of the oscillation.

The progressive wave equation

The figure shows a progressive wave represented by a 
sine wave. Suppose the wave moves from left to right. A 
particle at the origin vibrates according to the equation 
𝑣𝑣𝑣𝑣 = 𝑎𝑎𝑎𝑎 sin𝜔𝜔𝜔𝜔𝑚𝑚𝑚𝑚(equation of a sine wave) where 𝑎𝑎𝑎𝑎, is the 
amplitude, 𝑚𝑚𝑚𝑚 is the time and ω is the angular frequency 
(angular displacement per unit time).

𝜔𝜔𝜔𝜔 = 2𝜋𝜋𝜋𝜋𝑓𝑓𝑓𝑓 where 𝑓𝑓𝑓𝑓 if the frequency. Since 𝑓𝑓𝑓𝑓 = 1
𝑇𝑇𝑇𝑇

, it implies that 𝜔𝜔𝜔𝜔 = 2𝜋𝜋𝜋𝜋
𝑇𝑇𝑇𝑇

. A particle at P a distance x 
from O to the right has a phase of vibration different from that at O. the phase difference at P is 
𝜑𝜑𝜑𝜑 = 2𝜋𝜋𝜋𝜋𝑥𝑥𝑥𝑥

𝑛𝑛𝑛𝑛
(a distance 𝜆𝜆𝜆𝜆 form O corresponds to a phase difference of 2𝜋𝜋𝜋𝜋). The displacement of any 

particle at a distance 𝑖𝑖𝑖𝑖 from the origin is given by 𝑣𝑣𝑣𝑣 = 𝑎𝑎𝑎𝑎 sin(𝜔𝜔𝜔𝜔𝑚𝑚𝑚𝑚 − 𝜑𝜑𝜑𝜑). But 𝜔𝜔𝜔𝜔 = 2𝜋𝜋𝜋𝜋𝑓𝑓𝑓𝑓 and 𝜑𝜑𝜑𝜑 = 2𝜋𝜋𝜋𝜋𝑥𝑥𝑥𝑥
𝑛𝑛𝑛𝑛

. 

Progressive wave
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Therefore 𝑣𝑣𝑣𝑣 = 𝑎𝑎𝑎𝑎 sin(2𝜋𝜋𝜋𝜋𝑓𝑓𝑓𝑓𝑚𝑚𝑚𝑚 − 2𝜋𝜋𝜋𝜋𝑥𝑥𝑥𝑥
𝑛𝑛𝑛𝑛

) = 𝑎𝑎𝑎𝑎 sin �2𝜋𝜋𝜋𝜋𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣
𝑛𝑛𝑛𝑛
− 2𝜋𝜋𝜋𝜋𝑥𝑥𝑥𝑥

𝑛𝑛𝑛𝑛
� =𝑎𝑎𝑎𝑎 sin 2𝜋𝜋𝜋𝜋

𝑛𝑛𝑛𝑛
(𝑣𝑣𝑣𝑣𝑚𝑚𝑚𝑚 − 𝑖𝑖𝑖𝑖). Since 𝑓𝑓𝑓𝑓 = 1

𝑇𝑇𝑇𝑇
, the 

equation can be written as 𝑣𝑣𝑣𝑣 = 𝑎𝑎𝑎𝑎 sin 2𝜋𝜋𝜋𝜋(𝑣𝑣𝑣𝑣
𝑇𝑇𝑇𝑇
− 𝑥𝑥𝑥𝑥

𝑛𝑛𝑛𝑛
). A wave travelling from right to left arrives at P 

before O. thus, the vibration at P leads that at O. so, a wave travelling in the opposite direction 
(right to left) is given by 𝑣𝑣𝑣𝑣 = 𝑎𝑎𝑎𝑎 sin 2𝜋𝜋𝜋𝜋(𝑣𝑣𝑣𝑣

𝑇𝑇𝑇𝑇
− 𝑥𝑥𝑥𝑥

𝑛𝑛𝑛𝑛
). 

Example 

Suppose a wave is represented by 𝑣𝑣𝑣𝑣 = 𝑎𝑎𝑎𝑎 sin(2000𝜋𝜋𝜋𝜋𝑚𝑚𝑚𝑚 − 𝜋𝜋𝜋𝜋𝑥𝑥𝑥𝑥
17

). Find the velocity and frequency of the 
wave.  

Solution 

From 𝑣𝑣𝑣𝑣 = 𝑎𝑎𝑎𝑎 sin 2𝜋𝜋𝜋𝜋
𝑛𝑛𝑛𝑛

(𝑣𝑣𝑣𝑣𝑚𝑚𝑚𝑚 − 𝑖𝑖𝑖𝑖), 2𝜋𝜋𝜋𝜋𝑣𝑣𝑣𝑣
𝑛𝑛𝑛𝑛

= 2000𝜋𝜋𝜋𝜋. This 

implies that 𝑣𝑣𝑣𝑣 = 1000𝜆𝜆𝜆𝜆. Also, 2𝜋𝜋𝜋𝜋
𝑛𝑛𝑛𝑛

= 𝜋𝜋𝜋𝜋
17

. 

∴  𝜆𝜆𝜆𝜆 = 2 × 17 = 34 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚. Hence,  

𝑣𝑣𝑣𝑣 = 1000 × 34 = 34000𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑠𝑠𝑠𝑠−1. 

∴ 𝑓𝑓𝑓𝑓 =
𝑣𝑣𝑣𝑣
𝜆𝜆𝜆𝜆 =

34000
34

= 1000𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 

 

SUB-TOPIC: STATIONARY WAVES 

LESSON 1 
AIM: By the end of this lesson, you should be able to: 

 State the principle of superposition. 
 Explain how a stationary wave is formed 
 State characteristics of a stationary wave 

When two waves travel in the same medium at the same time, their resultant displacement when 
they combine is obtained from the principle of superposition. 

The principle of superposition states that the resultant displacement at any point is the sum of 
the separate displacements due to the two waves. 

Stationary waves 

Stationary waves are produced by superposition of two progressive waves of equal amplitude 
and frequency traveling with the same speed in opposite direction. 

Consider two waves 𝑣𝑣𝑣𝑣1 = 𝑎𝑎𝑎𝑎 sin(𝜔𝜔𝜔𝜔𝑚𝑚𝑚𝑚 − 𝑘𝑘𝑘𝑘𝑖𝑖𝑖𝑖) and 𝑣𝑣𝑣𝑣2 = 𝑎𝑎𝑎𝑎 sin(𝜔𝜔𝜔𝜔𝑚𝑚𝑚𝑚 + 𝑘𝑘𝑘𝑘𝑖𝑖𝑖𝑖). If the two waves combine, 
from the principle of superposition, their resultant displacement 𝑣𝑣𝑣𝑣 is given by  

Try out! 

A transverse progressive wave is given by 𝑣𝑣𝑣𝑣 =
3 sin 2𝜋𝜋𝜋𝜋( 𝑣𝑣𝑣𝑣

0.04
− 𝑥𝑥𝑥𝑥

40
)where the length is in cm and 

the time in seconds. Calculate the wavelength, 
frequency, amplitude and the speed of the wave. 
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𝑣𝑣𝑣𝑣 = 𝑣𝑣𝑣𝑣1 + 𝑣𝑣𝑣𝑣2 = 𝑎𝑎𝑎𝑎 sin(𝜔𝜔𝜔𝜔𝑚𝑚𝑚𝑚 − 𝑘𝑘𝑘𝑘𝑖𝑖𝑖𝑖) + 𝑎𝑎𝑎𝑎 sin(𝜔𝜔𝜔𝜔𝑚𝑚𝑚𝑚 + 𝑘𝑘𝑘𝑘𝑖𝑖𝑖𝑖). From trigonometry, 𝑠𝑠𝑠𝑠𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝐴𝐴𝐴𝐴 + 𝑠𝑠𝑠𝑠𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝐹𝐹𝐹𝐹 =
2 sin �𝐴𝐴𝐴𝐴+𝐵𝐵𝐵𝐵

2
� 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑠𝑠𝑠𝑠 �𝐴𝐴𝐴𝐴−𝐵𝐵𝐵𝐵

2
�. Therefore 𝑣𝑣𝑣𝑣 = 2 asin𝜔𝜔𝜔𝜔𝑚𝑚𝑚𝑚 cos𝑘𝑘𝑘𝑘𝑖𝑖𝑖𝑖 =𝐴𝐴𝐴𝐴 sin𝜔𝜔𝜔𝜔𝑚𝑚𝑚𝑚 where 𝐴𝐴𝐴𝐴 is the amplitude of the 

resulting wave.

Stationary wave

The amplitude is maximum and equal to 2𝑎𝑎𝑎𝑎 at 𝑖𝑖𝑖𝑖 = 0, 𝑖𝑖𝑖𝑖 = 𝑛𝑛𝑛𝑛
4

, 𝑖𝑖𝑖𝑖 = 3𝑛𝑛𝑛𝑛
4

and so on. These points are the 

antinodes and the separation between consecutive antinodes is 𝑛𝑛𝑛𝑛
2
. (x is the displacement of the 

particle)

The displacement is zero when 𝑖𝑖𝑖𝑖 = 0, 𝑖𝑖𝑖𝑖 = 𝑛𝑛𝑛𝑛
2

, 𝑖𝑖𝑖𝑖 = 𝜆𝜆𝜆𝜆 and so on. These points are called nodes and they 
are midway between consecutive antinodes.

Properties of stationary waves

 Energy is not transferred from one point to another.
 Particles at the node do not vibrate at all. So, their amplitude is zero. Particles at the antinode 

vibrate with maximum amplitude.
 All particles within one vibrating loop (e.g. between two adjacent nodes) are in phase.

LESSON 2
AIM:  By the end of this lesson, you should be able to describe the modes of vibration of a 
stretched string.

Activity

Materials needed

 Three strings of different size(thickness)
 A piece of stick that can bend

Procedures

1. Bend the stick and tie the string at either end to form a bow.
2. Pluck the string at half-way, a quarter-way and a three-quarter way. 

In each case, keenly take a note of the sound produced.
Bow
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3. Repeat the above procedures using different strings. (it is better if you can get strings from 
different materials say, cotton, sisal, nylon and banana fiber)  

Is the sound produced in each case the same? If not, what causes the difference? 

When a stretched string is made to vibrate, it produces 
stationary waves. Consider a string of length 𝑎𝑎𝑎𝑎 plucked to 
produce the wave shown in the picture. The length from node 

to node is 𝑛𝑛𝑛𝑛
2
. This means that 𝑎𝑎𝑎𝑎 = 𝑛𝑛𝑛𝑛

2
. ∴ 𝜆𝜆𝜆𝜆 = 2𝑎𝑎𝑎𝑎. 

From 𝑣𝑣𝑣𝑣 = 𝑓𝑓𝑓𝑓𝜆𝜆𝜆𝜆, it implies that 𝑣𝑣𝑣𝑣 = 2𝑎𝑎𝑎𝑎𝑓𝑓𝑓𝑓. Hence, 𝑓𝑓𝑓𝑓 = 𝑣𝑣𝑣𝑣
2𝑔𝑔𝑔𝑔

. This can 

be written as 𝑓𝑓𝑓𝑓1 = 𝑣𝑣𝑣𝑣
2𝑔𝑔𝑔𝑔

 and it is the frequency of the first 

harmonic or the fundamental frequency (lowest frequency 
that can be produced by the string).  

The velocity of sound in a string is given by 𝑣𝑣𝑣𝑣 = �𝑇𝑇𝑇𝑇
𝜇𝜇𝜇𝜇

 where T is the tension in the string and is the mass 

per unit length of the string. Therefore 𝑓𝑓𝑓𝑓1 = 1
2𝑔𝑔𝑔𝑔 �

𝑇𝑇𝑇𝑇
𝜇𝜇𝜇𝜇

. This shows that the frequency of a note produced 

by a vibrating string depends on the length of the string, tension in the string and the mass per unit 
length of the string. 

A stretched string can produce a number of frequencies 
which are multiples of the fundamental frequency. These 
are called overtones. For the first overtone (second 
harmonic), 𝑎𝑎𝑎𝑎 =  𝜆𝜆𝜆𝜆. This means that𝑓𝑓𝑓𝑓2 = 𝑣𝑣𝑣𝑣

𝑛𝑛𝑛𝑛
= 𝑣𝑣𝑣𝑣

𝑔𝑔𝑔𝑔
. Therefore, 

𝑓𝑓𝑓𝑓2 = 2𝑓𝑓𝑓𝑓1 = 1
𝑔𝑔𝑔𝑔 �

𝑇𝑇𝑇𝑇
𝜇𝜇𝜇𝜇

. 

 

 

Fundamental frequency of stretched string 

 

 

First overtone (second harmonic) 

 

 

Assignment 

1. Derive the expression for the third harmonic, fifth 
harmonic and nth harmonic of a vibrating string. 

2. List all the musical instruments you know that use 
the above principle. 
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