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SENIOR FIVE TERM 3

TOPIC 2/6: REFRACTION OF LIGHT

Competency: The learner explores the refractive properties of different materials for
application in industries and medicine.

Refraction at plane surfaces
Refraction is the bending of light at an interface between two media of different optical
densities

Or

It is the change in speed of light when travelling from one medium to another of different
optical density.

Or
It is the change in direction of light from one media to another of different optical densities.

Laws of refraction
Consider a ray of light incident on an interface between two media as shown.

N
A
NO - normal
i AO - incident ray
media 1 OB - reflected ray
denser media 2 <i-angle of incidence
- <r - angle ofrefraction
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Generally if light is incident from a less dense media to a denser media, it is refracted towards the
normal at the point of incidence. From a denser media to a less dense media light rays bends away
from the normal.

Laws of refraction

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

Law 2: The ratio of the sine of angle of incidence to the sine of angle of refraction is constant
for a given pair of media (Snell’s law)

That is—— = constant

The constant in Snell’s law is known as refractive index of the two media

Refractive index, n
It is the ratio of the sine of angle of incident to the sine of angle of refraction for a ray of light
traveling from air in to a given medium.

OR
This is the ratio of the speed of light in a vacuum to speed of light in a medium.

Thus refractive index, n =

Where speed of light in a vacuum ¢ = 3.0 x 108 ms1.

The refractive index, n for a vacuum is 1. However if light travels from air to another
medium, the value of n is slightly greater than 1.For example, n = 1.33 for water and n =1.5
for glass.

The principle of reversibility of light
It states that the paths of light rays are reversible. This means that a ray of light can travel
from medium 1 to 2 and from 2 to 1 along the same path.

Relations between refractive indices

Casei:
Consider a ray of light traveling from medium 1 (air) to medium 2 (glass) as shown.
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media 1
denser media 2 0]

B

Suppose i; and i, are the angles of incidence and refraction respectively in medium 1 and
medium 2, then

For light traveling from (1) to (2), refractive index 1n, = ——

For light traveling from (2) to (1), refractive index ,n; = ——
It implies that —=——=n,

Or iy xon; =1

Case ll:
Consider a ray of light moving from medium 1 (air) through a series of media 2, 3 and then
finally emerge into medium 1 (air) as shown.

\\hci medium 1

medium 2

medium 3

’-/I‘\\ medium 1
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At medium 2-medium 3 interface, Snell’s law gives.

2N3 = = =2N1 X 1N3

2n3=2n1x1n3

Using ,ny = —

- 1N3=1N2 X 2N3 0r N3 = ——

General relation between n and sin i
Consider a ray of light moving from air through a series of media 1, 2 and then finally emerge
into air as shown.

\\iig Air

medium 1

medium 2

At air — medium 1 interface, Snell’s gives — =n;

=> SiNiA =Ny SIN ] o, (i)
At air - medium 2 interface, Snell’s gives —— =n,

=> sinia =n2 SiNI2 ..o (ii)

Equating equation (i) and (ii) gives

n,sini; = n, sini,.
n sin i = a constant.

Examples 1
Monochromatic light incident on a block of material placed in a vacuum is refracted through

an angle 0. If the block has a refractive index n and is of thickness t, show that this light takes

atimeT= to emerge from the block. Where c is the speed of light in a vacuum.
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Solution:

Refractive index = n -

e—+—>

Let T be the time taken by light to travel from point P to Q in the medium.
Thus, time T =

Where distance PQ =——=tsec©

Substituting equation (ii) in to (i) gives, T=——

Example 2
A monochromatic beam of light is incident at 60° on a water-glass interface of
refractive index 1.33 and 1.5 respectively as shown

/
o
=)

water, n = 1.33

glass, n, = 1.5

Calculate the angle of reflection r.
Solution
Applying Snell’s law gives
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nw sin 60° = ng sinr
1.33sin60°=1.5sinr
Thus <r=50.2°.

Example 3
A ray of light propagating from air is incident on an air-glass interface at an angle of 60°. If

the refractive index of glass is 1.5, calculate the resulting angle of refraction.
Solution

air

glass

Applying Snell’s law gives
N, sin 60° = ng sinr butna=1, ng=1.5
=> 1sin60° = 1.5sinr
<r=356"

Example 4
A monochromatic ray of light is incident from a liquid on to the upper surface of a
transparent glass block as shown.

/
(=]
©

liquid

glass

Given that the speed of light in the liquid and glass is 2.4 x 108 ms™1 and 1.92 x 108 ms™1
respectively, find the angle of refraction, r.

Solution:
Applying Snell’s law gives

nsin 60° = ng sinr

—sin60°=- sinr
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=> sinr =— sin 60° but cg =1.92 x108 ms1 c1=2.4x108 ms -1

sinr=

Example 5

A small fish is 3.0m below the surface of the pond and 2.5m from the bank. A man 2.0m tall
stands 4.0m from the pond. Assuming that the sides of the pond are vertical, calculate the
distance the man should move towards the edge of the pond before movement becomes

visible to the fish. (Refractive index of water = 1.33).

From the diagram, tani=—
- i=39.81°
Applying Snell’s law at the edge of the pond gives

nw sini=nasinr

1.33sin 39.81% = 1sinr
<r =58.4°

<6=90°-58.4°=31.6°

From the diagram

tan0=-

- d= =3.2m

Thus required distance traveled = 4-d
= 4-32
= 0.8m

Please find free new curriculum notes, exams and marking guides from digitalteachers.co.ug
website Page |7



Sidewise displacement of light rays
When light travels from one medium to another, its direction is displaced sideways. This is
called lateral displacement.

Consider a ray of light incident at an angle i on the upper surface of a glass block of thickness
t, and then suddenly refracted through an angle r causing it to suffer a sidewise
displacement d.

Normal

From D ABC, AC =—— e (i)
From the diagram, <cAD = (i-r)

From DACD, AC =— e, (ii)
Equating equation (i) and (ii) gives

Note

The horizontal displacement of the incident ray, BC=t. tanr

Example: 6

The figure below shows a monochromatic ray of light incident from a liquid of refractive
index 1.33 onto the upper surface of a glass block of refractive index 1.42

Normal

[

1.8m

}
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Calculate the;

(i) horizontal displacement AB.
(ii) lateral displacement BC of the emergent light.
Solution
Ngrmal

[

1.8m

J

(i) Applying Snell’s law at the liquid- glass interface gives, ni
sin 50° = ngsinr.
1.33sin50° = 1.42 sinr

Horizontal displacement AB=ttanr
= 1.8 tan 45.8°

=1.851cm

(ii) Lateral displacement d =

=1.89cm

Revision exercise 1

1. What is meant by refraction of light?
2. (i) State the laws of refraction of light.

(i) State what brings about refraction of light as it travels from one medium to another.

3. (i) What is meant by the refractive index of a material?
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(i) Light of two cqlors blue and red is incident at an angle y from air to a glass block of
thickness t. When blue and red lights are refracted through angles of 6 and 6
respectively, their corresponding speeds in the glass blocks are V, and V..

Show that the separation of the two colors at the bottom of the glass block

d=-* + where and cis the speed of light

(iii) Light consisting of blue and red is incident at an angle of 60° from air to a glass block
of thickness 1.8cm. If the speeds of blue and red light in the glassblock are 1.86 x 10

8 ms’ 1 and 1.92 x 10 8 ms’ 1 respectively, find theseparation of the two colors at

the bottom of the glass block. [0.54cm]

4. Show that when the ray of light passes through different media separated by plane
boundaries, nsina= constant where n is the absolute refractive index of a medium and a
is the angle made by the ray with the normal in the medium.

5. Show that when the ray of light passes through different media 1 and 2 separated by
plane boundaries, 1n, x ,n; = 1 where n is the refractive index of a medium.

6. Show that when the ray of light passes through different media 1, 2 and 3 separated by
plane boundaries, 1n; = 1n; x ;N3 where n is the refractive index of a medium.

7. Show that a ray of light passing through a glass block with parallel sides of thickness t

suffers a sidewise displacementd = ——— where is the angle of incidence and

is the angle of refraction.

Critical angle and total internal reflection
Consider a ray of light incident on an interface between two media as shown.

" weak in intensity

4
0
&
&
*
»
0
*
o
o

dense medium

\'Z4

strong

less dense medium in intensity

Critical angle is the angle of incidence in the dense medium which results into an angle of
refraction of 90° in the adjoining less dense medium.
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If the angle of incidence is greater than the critical angle, all the incident light energy is
reflected back in the dense medium and total internal refection is said to have occurred.

Dense medium

Less dense medium

NOTE :

(a) At critical point Snell’s law becomes.
n1sin ¢ = nasin 90°

=> sinc=—

c=sint (—)
where n; and n; are the refractive indices of the dense and the less dense medium
respectively.

However if the less dens medium is air, then Snell’s law becomes
n;sin c = nasin 90°

- sinc= —

(b) The conditions for total internal reflection to occur are;
(i) Light should travel from an optically denser to a less dense medium.

(ii) The angle of incidence at the boundary of the media should be greater than the
critical angle.

Application of total internal reflection.

(i) It is responsible for the formation of a mirage.

(ii) It is responsible for the formation of a rainbow.

(iii) It is responsible for the transmission of light in optical fibres.
(iv) It is responsible for the transmission of sky radio waves

(V) It is responsible for the transmission of light in prism binoculars.
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Formation of a mirage

<(

dense air layer

less dense air layer

By
Er
.
.
.
.
.
..
.

On a hot day, the air layers near the earth’s surface are hot and are less dense than the air
layers above. Therefore as light from the sky pass through the various layers of air, light rays
are continually refracted away from the normal till some point where light is totally
internally reflected. An observer on earth receiving the totally internally reflected light gets
an impression of a pool of water on the ground and this is the virtual image of the sky.

An optical fibre

incident light

When a light ray enters in to the fibre, it bounces from one edge to another by total internal
reflection. These successive total internal reflections enable the transmission of light in
optical fibres.

Note

- An optical fibre finds a practical application in an endoscope, a device used by Doctors to
view organs inside the human body.

- Optical fibres are used in telecommunication systems (i.e. Telephone or TV signals are
carried along optical fibers by laser light).
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Sky radio waves

Atmosphere
— o~
= T~
= =
/ “ \\
signal Reciever
transmiter

- Radio are refracted like light waves

- Radio waves from a radio station on earth’s surface are directed to atmosphere, a
region of ionized gas formed at very high altitudes.

- As the optical density of the atmosphere decreases with height, the waves are totally
internally reflected and can be received at the other side of the earth.

Estimation of refractive index of a liquid by an air-cell method

S1

T = 52

1 _"u:lll .

Monocromatic

I
1

source of light

&

Y

all 155
ul|

[

,
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" )>Observer E

L
' 1
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slits

]
I,‘l
]
]

\airﬁlm

air cell as seen
from top

Specimen \
liquid

- The air cell isimmersed in a liquid under test.

- A beam of monochromatic light is directed onto the air cell and then observed
through the cell from the opposite side at E.

- The cell is then rotated on one side until light is suddenly cut off and the angular
position 0, is noted.

- The cell is again rotated in the opposite direction until light is suddenly cut off and
the angular position 0, is noted.

- The refractive index of the liquid can then be calculated from
n=—— where@=——
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NB: The source of light should be monochromatic so that the extinction of light is sharp since
monochromatic light does not undergo dispersion, as it is with white light.

Theory of the air-cell method

Liquid Glass Air

Ray OS is refracted along OB in glass. However, at B total internal just begins. Suppose il is
the angle of incidence in the liquid, i2 is the angle of incidence in the glass while n and ng
are the corresponding refractive indices, Then applying the relation n sin i = a constant gives

nsin i; = ng sin i, = nasin 90°
.. . 0
nsinil =na sin 90

E nsinii=1
thus, —_—

But —
Hence —
Examples 7

The critical angle for water-air interface is 48° 42’ and that of glass-air interface is
38° 47’. Calculate the critical angle for glass-air interface.

Solution

glass
water
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Applying Snell’s law gives ngsin ¢ = nw sin 907t (i).
Given that for water-air interface cw = 48° 42’.

Nwsincw =1
nwsin 48°42’ = 1

Also for glass-air interface cq = 38° 47°

Ngsincg=1
E ngsin38°47 =1
Ng = 1.67 « oo (iii)

Substituting equation (ii) and (iii) into equation (i) gives
1.67sin c = 1.33 sin 90°
c= 52.8°

Note that 1° = 60

Examples 8
The refractive index for red light is 1.634 of crown glass and the difference between the

critical angles of red and blue light at the glass-air interface is 0.56’.What is the refractive
index of crown glass for blue light

Solution

Analysis the critical angle between two media for red light is greater than that for any other
light colour. This gives rise to the ray diagram below

blue light

red light

crown glass
Air -

\,

Since ¢r > c---(i)

Applying Snell’s law to red light gives
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nesinc = 1
163sincr = 1
=> ¢ =37.73°

Equation (i) now becomes
cb = cr - 0°56’
cb = 37.73°-0%56’
cb =36.8°
Applying Snell’s law to blue light gives
nbsinch =1
nb sin 36.8° = 1
=> nb =1.67

Examples 9

(i) A glass block of refractive index ng is immersed in a liquid of refractive index n. A ray of
light is partially reflected and refracted at the interface such that the angle between the
reflected and the refracted ray is 90°. Show that ng = nitan a where a is the angle of
incidence from the liquid to glass.

When the procedures in (i) above are repeated with the liquid removed, the angle of
incidence increases by 8°.

Given that n; = 1.33, find ng and the angle of incidence at the liquid-glass interface. Find
angler.

Solution

liguid n,

glass n,

Applying Snell’s law at the liquid-glass interface gives
Ng sinr = nsin a

But r + 90% a = 180"
=>r = 900-a
\' ngsin (90°- a) = nysin a.
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. . 0
From trigonometry, sin (90 - a) = cos a
=> ngCcosa = nisin a.

Dividing cos a on both sides gives
ng = nitan a.

(ii) When the liquid is removed.

From Ng = NI tan @ e (i)
=> ng=natan (a+8%) butna =1

ng (1-tan atan 8°) = tanq + tan 8°
Ng- Ngtan o tan 82 =tan a+1tan 8° .......o.coviceereesee s, (i)

from equation (i) tana = —

butn| = 1.33

\ N2 -2.380 Ng +1.326= 0 eooooooooeeeeeeeee oo s (iii)
g g

Equation (iii) is quadratic in ng and solving it gives
ng =1.39 or ng not physically possible.

Using equation (i)
tana=— —

The required angle of incidence = a + g°
= 54.3°

Examples 10

The figure below shows a liquid layer confined between two transparent plates X and Y of
refractive index 1.54 and 1.44 respectively.
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A ray the interface between media X and the liquid is refracted through an angle of 50 by the
liquid.
Find the
(i) refractive index of the liquid.
Applying Snell’s law at the plate X — liquid interface gives
nx sin 40° = n, sin50°
1.54 sin 40° = n sin 50

n| =
\ n = 1.29
(ii) angle of refraction ,r in the mediumY.

Applying Snell’s law at the liquid — plate Y interface gives
n, sin 50° = ny sinr
1.295in50° = 1.44sinr
\  <r = 43.3°
(iii) Minimum angle of incidence in the medium X for which the light will not
emerge from medium Y.

For light not to emerge from plate Y, it grazes the liquid — plate Y interface.
0
=> <r =90
Applying Snell’s law at the liquid — plate Y interface gives

n sinip = n,sin 90°
1.29sini, =1.44 sin90°
SINT| =—— e, (i)

Moreover, applying Snell’s law at the plate X — liquid interface gives
N Sin ix = nysin i
1.54sinix= 1.29SIN 0| wovvrverreiceenee e ceeveeerienns (ii)
Substituting equation (i) in (ii) gives
1.545sini, = 1.29 x—

<i, = 69.2°
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Examples 11

The diagram below shows a cross-section through the diameter of the light pipe with an
incident ray of light in its plane.

Incident light in the

external medium

The refractive indices for flint glass, crown glass and the external medium are n;, n, and n;
respectively. Show that a ray that enters the pipe is totally reflected at the flint-crown

VI
Glass interface provided sin 8 = ——— where 8 is maximum angle of incidence in the

external medium
Solution

Analysis for light to be totally reflected, it must be incident at a critical angle on the flint-
crown glass interface

Crown gé

C E
Axis r r:

Flint glass

////

Applying Snell’s law at the external medium-flint glass interface gives
nysin ©® = nysinr
but r+c = 90°
\'  r=90"-¢
=> nysin® = n;sin (90°-c¢)

e
S

\ n3 sin® = nj cosc

E  COSCm=—— e (i)

Applying Snell’s law at the flint-crown glass interface gives
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nisin ¢ = nssin 90°

E sinc =— ceerreeeninsens e snsesn s snssnesesasssnesnsens (1)

Using the trigonometric relation sin’c + cos’c = 1, then

Thus, sin 8 =

Revision exercise 2

© N owu

Explain the term total internal reflection and give three instances where it is applied.
With the aid of suitable ray diagrams, explain the terms critical angle and total internal
reflection.

Show that the relation between the refractive index n of a medium and critical angle ¢

for a ray of light traveling from the medium to air is given by n = —

Show that the critical angle, ¢ at a boundary between two media when light travels from
medium 1 to medium 2 is given by sinc=—  where n;and n, are the refractive indices

of the media respectively.

Explain how a mirage is formed.

Explain briefly how sky radio waves travel from a transmitting station to a receiver.
Describe how you would determine the refractive index of the liquid using an air cell.

In the figure above, a parallel sided glass slide is in contact with a liquid on one side and air
on the other side. A ray of light incident on glass slide from the liquid emerges in air along
the glass-air interface. Derive an expression for the absolute refractive index ,n, of the liquid
in terms of the angle of incidence i in the liquid-medium.
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9. The diagram below shows a cross-section through the diameter of the light pipe with an
incident ray of light in its plane.

crown glass

Incident light
from air

The refractive indices for flint glass and crown glass are n; and n, respectively. Show
that a ray which enters the pipe is totally reflected at the flint-crown glass

Interface provided v where 0 is the maximum angle of incidence at the
air-flint glass interface.

10. A liquid of refractive index n, is tapped in contact with the base of a right-angled prism
of refractive index ng by means of a transparent cylindrical pipe as shown.

Liquid

Incident
light

Show that a ray of light which is at a grazing incidence on the liquid-glass interface
emerges in to air through face BC at an angle 6 below the horizontal provided

Vv . Hence find n_ if ng = 1.52 and 6 = 47.40.
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Real and apparent depth
Consider an object O viewed normally from above through a parallel-sided glass block of
refractive index ng and thickness t as shown.

N
" Nb"/

N |

O

A ray from an object O normal to the glass surface at M passes un deviated. While the
ray ON inclined at a small angle i to the normal is refracted at N. The observer above the
glass block sees the image of the object O at I.

Applying Snell’s law at C gives
ngsini=nasinr (i).

From the diagram, —and —

Equation (i) now becomes ng— = —

Since angle i is very small, then ON° oM and IN° 1M

From the diagram, OM = real depth and IM = apparent depth.

Hencen, =

If the apparent displacement of the object Ol =d, thenIM = (t-d).
Sothatng =—=—

Thus, apparent displacement, d =[ —]

NOTE

(i) The apparent displacement d of an object O is independent of the position of O below
the glass block. Thus the same expression above gives the displacement of an object
which is some distance in air below a parallel-sided glass block.

(i) If there are different layers of different transparent materials resting on top of each
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other, the apparent position of the object at the bottom can be found by adding the

separate displacements due to each layer.
Examples 12

An object at a depth of 60cm below the surface of water of refractive index - is

observed directly from above the water surface. Calculate the apparent displacement of

the object
A [TTTagEaE: ]
nTin A
60cm (v -7 T
2 -'\l/-| -

Using the relationd =[  —] gives;

d=* —+ =1.5cm

Examples 13

A tank contains a slab of glass 8cm and refractive index 1.6. Above this is a depth of 4.5cm
of a liquid of refractive index 1.5 and upon these floats 6cm of water of refractive index

-. Calculate the apparent displacement of an object at the bottom of the tank to an

observer looking down wards directly from above.

oo [Tom ] watern, =

INEEEREREE] o
astu 111111111 ] timiam -1

T

/glass ng= 1.6
Sem
Using the relationd =[  —]
d=* —t 4+ * —+ +[ —]
= * —++ * —++ * —+

=15+ 15 + 3 = 6cm.
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Examples 14

A small object is placed 20cm in front of a concave mirror of focal length 15cm. A parallel-
sided glass block of thickness 6cm and refractive index 1.5 is then placed between the
mirror and the object. Find the shift in the position and size of the image

1)

Glass block
wecail O - real object
el O’- apparentobject
v
e
: u

48

Consider the action of a concave mirror in the absence of a glass block u = 20cm
and f = 15cm

Using the mirror formula— - —gives

Thus in the absence of a glass block, image distance = 60cm
In this case, magnification,m=- —
Consider the action of a glass block

Apparent displacement = —] = —+ =2cm
Thus in the presence of a glass block, object distance u® = (20 - 2) cm =18cm

”The object is displaced and it appears to be 18cm in front of the mirror”

Consider the action of a concave mirror in the presence of a glass block

u; = 18cmandf =15cm

Using the mirror formula— -  —gives
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\ The required shift in the image position =v; —v =(90-60) cm = 30cm

In this case, magnification, my=—  —

Determination of refractive index of a liquid using a concave mirror method

Specimen liquid

A small quantity of the liquid under test is poured into a concave mirror of known radius of
curvature r. An object pin is moved along the principal axis of the mirror until it coincides

with its image at I. The distance IP is noted. The required refractive index —

Proof
For refraction at N, n;sini, = Na SiN iy coevvriienncecece e (i)
From the diagram, sini, =— and sini; =—

Equation (i) now becomes nj—=
On simplifying, nj = —

But N is very close to M hence NC° MC and NI © MN
=> n| =

Also for a small quantity of the liquid, M is close to P
=> MCOCP =r,and M| © |P.
Thus nj=—

Note:
(i)  If the specimen liquid is of reasonable quantity, then its depth d cannot be ignored. In

this case, nj=— ——

(ii)  If the radius of curvature r of the concave mirror is not known, first determine it using
the method discussed in the previous section.
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Examples 15

A liquid is poured in to a concave mirror to a depth of 2.0cm. An object held above the
liquid coincides with its own image when its 27.0cm above the liquid surface. If the radius
of curvature of the mirror is 40.0cm, calculate the refractive index of the liquid

Examples 16

A liquid is poured into a concave mirror to a depth of 2.0cm. An object held above the liquid
coincides with its image when it is 45.5cm from the pole of the mirror. If the radius of
curvature of the mirror is 60.0cm, calculate the refractive index of the liquid.

LML
(NI
™

T‘l

Using the relation ni =—

(45.5 -2)cm
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\ nn=133
Examples 17

A small concave mirror of focal length 8cm lies on a bench and a pin is moved vertically
above it .At what point will the pin coincide with its image if the mirror is filled with water of
refractive index 4/3.

Solution

For a small concave mirror, the quantity of water is small that its depth d can be ignored
Using the relation nj=— wherer=2f =2 x 8 =16cm

IP=—=12

Therefore the pin coincided with its image at a height of 12cm above the mirror

Measurement of refractive index of a glass block by apparent depth method

A

||l||||||l\l

ScaleT

Glass block

1

(i)  Avertically traveling microscope having a graduated scale T besides it is focused on
lycopodium particles placed at O on a sheet of white paper. The scale readinga on T is
noted.

(ii) A glass block whose refractive index is required is placed on the lycopodium particle
on a paper and the microscope is raised until the particles are refocused at I. The scale
reading b is again noted.
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(iii)  Lycopodium particles are then poured on top of the glass block and the microscope is
re-raised until the particles are again refocused. The new scale reading c is then noted.
The refractive index of the block can then be calculated from

—

Note

The refractive index of a liquid can be found by focusing on a sand particle at the bottom of
an empty container and the scale reading a is noted. The specimen liquid is then put in the
container and the traveling microscope is refocused on the sand giving a scale reading b.
Finally the traveling microscope is focused on the liquid surface giving a scale reading c.

Thus n, =*—

Examples 18

A microscope is focused on a mark at the bottom of the beaker. Water is poured in to the
beaker to a depth of 8cm and it is found necessary to raise the microscope through a
vertical distance of 2cm to bring the mark again in to focus. Find the refractive index of
water.

Liquid

= 1.33 (2 decimal point)
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Observation of sunlight situated below the horizon

AN { -
//G;)( Apparent position of the sun

M\D . \ Holizon for ohserver

P N
i Earth ) |
(RN I
\ |/ NN S
™~ . ~ e
__(:I_ S~
-
Actual position
of the sun.

Light from the sun S is successively refracted from the different layers of the atmosphere
due to the different optical densities they have. To an observer O on the earth’s surface,
sunlight appears to have come from point S1.

The apparent shape of the bottom of a pool of water

When the observer moves the eye from E1 towards E3 the apparent position of O moves
from I; to I3 along a curve due to refracted rays bending away from the normal as shown
above. Thus the bottom of the pool of water appears curved, being shallower near

the edge than at the centre.
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The apparent size of a fish situated in water

Countless ripples

- v S Teccot :ccccccccci g™ < . —
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— P —
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——— e — —— .

—_— —_ —_— —

A large surface of water is not completely flat but consists of countless ripples whose
convex surface on air acts as a convex lens of long focal length. In consequence the
fish is within the focal length of the lens hence it appears magnified to an observer
viewing it from above.

Revision exercise 3
1.  Show that for an object viewed normally from above through a parallel sided glass
block , the refractive index of the glass material is given by

2.  Derive an expression for the apparent displacement of an object when viewed
normally through a parallel sided glass block.

3. Avessel of depth 2d cm is half filled with a liquid of refractive index u,, and the upper
half is occupied by a liquid of refractive index p,. Show that the apparent depth of the

vessel, viewed perpendicularlyis (— —)

4. Two parallel sided blocks A and B of thickness 4.0cm and 5.0cm respectively are
arranged such that A lies on an object O as shown in the figure below

.

Calculate the apparent displacement of O when observed directly from above,
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if the refractive indices of A and B are 152 and 1®6.

5.  Atank contains liquid A of refractive index 1.4 to a depth of 7.0cm. Upon this floats
9.0cm of liquid B. If an object at the bottom of the tank appears to be 11.0cm below
the top of liquid B when viewed directly above from, calculate the refractive index of
liquid B.

6. Describe how the refractive index of a small quantity of a liquid can be determined
using a concave mirror.

7. Describe how the refractive index of a glass block can be determined using the
apparent depth method.

8. A small liquid quantity is poured into a concave mirror such that an object held above
the liquid coincides with its image when it is at a height h from the pole of the mirror. If
the radius of curvature of the mirror is r, show with the aid ofa suitable illustration,

that the refractive index of the liquid, n =—

9.  Explain how light from the sun reaches the observer in the morning before the sun
appears above the horizon

10. Explain the apparent shape of the bottom of a pool of water to an observer at the bank
of the pool.

11. Explain why a fish appears bigger in water than its actual size when out of water.

Deviation of light through a prism

The angle of deviation caused by the prism is the angle between the incident rayand the
emergent ray.

Consider a ray of light incident in air on a prism of refracting angle A and finally emerges
into air as shown.

From the diagram above, Ms and NS are normals at the points of incidence and
emergence of the ray respectively.
\ <MPN+ <MsN =180°
Thus <NST= <MPN= A
Suppose iy, r; and iy, r, represents angles of incidence and refraction at faces M and N
respectively, then
From geometry of DMNS, 11+ = A e (i)
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Total deviation D= d; + d; wheredi=i1-r1 and dy=i,-
=>D=i1-ri1+i2-n,

On simplifying, D = (i1 +i2) = (F1472) ceeeveeeeeeeeeeeeeee e, (ii)
Combining equation (i) and (ii) gives

D = (iy +iy)- A

Note:

Experiments show that as the angle of incidence i is increased from zero, the deviation D
reduces continuously up to a minimum value of deviation Dmin and then increases to a
maximum value as the angle of incidence is increased as shown below:

D

Maximum

|"/ deviation ™y

oINS

- ——a-—-

Example 19

A ray of light is incident on a prism of refracting angle 728 and refractive index of 1.3. The
ray emerges from the prism at 43°. Find

(i) the angle of incidence.
(ii) the deviation of the ray.

(i) At q, Snell’s law becomes

nasin43°=1.3sinr,
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\ rn=31.64°
Butri+nr = 72°
=> r- 72°- ra
= 72°-31.64°
\ r = 40.36°
At q, Snell’s law becomes
na sin iy = 1.3 sin 40.36°
\ i1- 57.34°
(i) Total Deviation D = d2 + d1
whered ; =i1-r and d2=i>-nr;
=>p= (43°-31.64° +(57.340 — 40.36")
\ b= 28.34°

Example 20

A prism of refracting angle 67° and refractive index of 1.6 is immersed in a liquid of
refractive index 1.2. If a ray of light traveling through the liquid makes an angle of incidence
of 53° at the left face of the prism, determine the total deviation of the ray.

Total Deviation D =d2+ d1

where di=i1-r1 and dz=i2-r;
=> D = (53211 ) # (1212)  coreereeecee e ces e ese s (i)
At P, Snell’s becomes
1.2sin53°=1.6sinry
\ = 36.8°
But ri+ r2 = 67°
=> r=67-n

= 67°-36.8°

\ r, =30.2°

At Q, Snell’s law becomes
1.6 5in 30.2° = 1.2 sin i,

i, =42.12°
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Substituting for r1, i2, and r2 in equation (i) gives
D=(53°-36.8°)+ (42.12°-30.2°)
D= 28.12°

Minimum deviation of light by a prism
At minimum deviation, light passes symmetrically through the prism. That is to say, the
angle of incidence is equal to the angle of emergence.

Consider a ray on one face of the prism at an angle i;and leaves it at an angle i, to the
normal as shown

For minimum deviation, i; = i, =iandr, =r,=r
From the diagram, Dmin = d + d
Dmin = 2d  whered=1i-r
- Dimin = 21 = 20 weeeeeee ettt e sr v (a)
But r+r=A.
- 2r= A OR SN UORUURUOURRUURORRN ( o) |
Combining equation (a) and (b) gives
Dmin=2i—A
- | = s (c)
At M Snell’s law becomes
Nasini =ngsinr
Y Mg = (d)
Substituting equation (b) and (c) in (d) gives
( )
(7))
Sincen,=1
( )
(7))
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Note;
Equation (e) suggests that if the prism was surrounded by a medium of refractive index nj,
then at minimum deviation
( )
(7))

Example 21
Calculate the angle of incidence at minimum deviation for light passing through a prism of
refracting angle 70° and refractive index of 1.65.

Solution

Using

The required angle of incidence =

Example 21

An equilateral glass prism of refractive index 1.5 is completely immersed in a liquid of
refractive index 1.3. if a ray of light passes symmetrically through the prism, calculate the:
(i) angle of deviation of the ray.

(ii) angle of incidence

Solution

USing T

For equilateral glass prism A = 60°

( )
¢ 7)

The required angle of incidence =
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Deviation of light by a small angle prism

The small refracting angles of this prism causes the angle iy, ry, r, and i, to be small such
that siniy © iy, sinr, © r;8inr, © ryandsini, © i,.

From the diagram, D = d1 + d2
but d;=i;—ryand d, =i, -r,
=> D= (i;—-r) + (i,-r)
On simplifying D =i; +i, = (r; +715)
butr;+r, =A

V' D=+, = A (a)

At M Snell’s law becomes.
Nasiniz=nsinr;
Na=1

For small angles this givesis = Nry .....cocooveeeveiveerenne. (b)
Similarly at N Snell’s law becomes i, = nr,
Substituting equation (b) and (c) in (a) gives

D=nr; +nr, —A

D=n(r1+r2)-A

but r1+r2=A
E D=nA-A

D= (n-1)A

\  The deviation produced by a small angle prism is independent of the magnitude
of the small angle of incidence on the prism.
l.e. All rays entering a small-angle prism at small angles of incidence suffer the same
deviation)

Examples 22

A ray of light that falls normally upon the first face of a glass prism of a small refracting
angle under goes a partial refraction and reflection at the second face of the prism. The
refracted ray is deviated through an angle 1.8° and the reflected ray makes an angle of 9.6°
with the incident ray after emerging from the prism through its first face. Calculate the
refracting angle of the prism and its refractive index of the glass material.
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Solution
Let A be the required refracting angle of the prism as shown

Consider the deviation suffered by the incident light
D=(n-1)A  whereD=1.8"
=> 1.8 (M= 1) A oo (i)
From DpaN, <paN =90°%- A
=> At Q, the angle of incidence = A
From DNQR, <QRN =90°- 2A
=> At R, the angle of incidence = 2A
\ AtR, Snell’s becomes na sin 9.6° = n sin 2A
For small angles, sin 9.6°° 9.6° and sin A° 2A
=> 9672 2NA it (ii)
Equation (i) + Equation (ii) gives

= >30°n = 9B°(n-1)

Thusn =16

Equation (i) now becomes1®’ = (16- 1) A

\ A=3

Dispersion of white light by a transparent medium

Red

Dispersion of whit light is the separation of white light in to its component colours by a
transparent medium due to their speed differences in the medium.

When white light falls on a transparent medium, its different component colours travel
with different speeds through the medium. They are therefore deviated by different
amounts on refraction at the surface of the medium and hence dispersion.
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Note:

(i)  White light is a mixture of various colours. This is called the spectrum of white light.

(ii) The spectrum of white light consists of red, orange, yellow, green ,blue, indigo and
violet light bands. On refraction, violet is the most refracted colour away from the
normal (violet is the most deviated colour ) while red is least deviated.

(iii)  When light of two wavelengths say red and blue light is incident at a small angle on a
small angle prism of refracting angle A having refractive indices of nr and nb. for the
two wave lengths respectively, then the two wave lengths are deviated as shown
below.

Red

Light of two
wavelength

Blue
The deviation of red and blue light is given by dr = (n-—1)A
do = (no-1)A.
The quantity d=dy - dris called the Angular separation (Angular dispersion)
produced by the prism.
=>¢=(n-1)A-(n—1)A
on simplifying @ = (nb—nr) A

Examples 23

Light of two wave length is incident at a small angle on a thin prism of refracting angle 5°
and refractive index of 1.52 and 1.48 for the two wave lengths. Find the angular separation
of the two wave lengths after refraction by the prism.

Solution

For a small prism, Angular separation ¢ = (n1 —n2) A
=(1.52 -1.48) x5°
=0.2°

Examples 24

A glass prism with refracting angle 60° has a refractive index of 1.64 for red light and 1.66
for violet light. Calculate the angular separation of the red and violet rays which emerge
from the prism when a ray of white light is incident on the prism at an angle of 45°
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light of two
wavelengths

For red light
At P, Snell’s law becomes

na sin 45° = 1.64 sin r
r, =25.54°
But r, +r, =60°
r, =60°— r,
= 60°-25.54°
\ r, = 34.46°
At Q1, Snell’s law becomes

na sin i, = 1.64 sin 34.46°
\ i,= 68.13°.
Total Deviation Dr =d2 + d1 whered; =i, -r; andd; =i, -r,

=> Dr = (45°-25.54°)+(68.13°-34.46°)
Dr = 53.13°
For violet light
At P, Snell’s law becomes
na sin 45° = 1.66 sin r
r, =25.21°
But ry +r, =60°
r, =60°- r,
= 60°-25.21°
\ r, =3479°
At Q1, Snell’s law becomes
na sin i, = 1.66 sin 34.46°
\ i, = 71.28°.
Total Deviation Dv =d, + d; whered; =i; -r; andd; =i, -,

=> Dy = (45°-25.21°)+(68.13°-34.79°)
Dv = 56.28°
Consider the deviation suffered by violet light
Thus required angular separation 0 = by —Dr
=56@8 —53Q3"
=> =345



Appearance of white light placed in water

Observation:

A coloured spectrum is seen inside the water surface with violet on top and red down.
Explanation:

The different component colours of white light travel with different speeds through water.
They are therefore deviated by different amounts on refraction at the water surface. Hence
different coloured images are formed at different points; i.e. red inside the water surface with
a violet coloured image on top.

Grazing property of light rays as applied to prisms.

If a ray of light is either such that the incident angle or the emergent angle is equal to 90° to
the normal of the prism, then the ray is said to graze the refracting surface of the prism.

Consider a ray of light incident at an angle i on a glass prism of refracting angle A situated in
air with the emergent light grazing the other refracting surface of the prism as shown.

From the diagram,r+c=A
F= A = C ottt (a)
At M Snell’s law becomes
Na SN i = NG SIN M, (b)
Substituting equation (a) in (b) gives
Sin i = ng sin (A-c)
=>sini=ng(SINACOSC—SINCCOSA).uineieirerennnen. (c) At
N, Snell’s law becomes
ng sin ¢ = na sin 90°.
\ sinc=—

E cosc=V v @  —

Substituting for cos c and sinc in equation (c) and simplifying

voo(—



Examples 25

Monochromatic light is incident at an angle of 45°on a glass prism of refracting angle 70°in
air. The emergent light grazes the other refracting surface of the prism. Find the refractive
index of the glass material.

70°

From v (—)
Vo (———) =1.499
Examples 26

A ray of light is incident on one refracting face of a prism of refractive index 16 and
refracting angle 60 . Calculate the minimum angle of incidence for the ray to emerge through
the second refracting face.

60°

For minimum angle of incidence, the emergent ray grazes the second refracting face.

At q, Snell’s law becomes
1.5sin ¢ =n, sin 90°
=> ¢ = 41.8°
But r+c=60°
=> r=60"-c
= 60°-41.8°



\

r=182°

At P, Snell’s law becomes
1.5sin 18.2° = n, sin imin

\ imin = 27.90

Alternatively

From

voo(—)

Voo (—

i=27.92°

Limiting angle of the prism

This is the maximum refracting angle of the prism for which he emergent ray grazes the
second refracting surface.

Suppose the incident ray grazes the first refracting surface then the limiting angle A

is given by A = 2c where cis the critical angle of the glass air interface as shown.

Revision exercise 4

1. (i)

(i)

Obtain an expression relating the deviation of a ray of light by the prism to the
refracting angle and the angles of incidence and emergence.

The deviation of a ray of light incident on the first face of a 60° glass prism at an angle
of 45%is 40°. Calculate the angle of emergence of a ray on the second face of the
prism.[i2 = 65°]

(iii) A prism of refractive index 1.64 is immersed in a liquid of refractive index 1.4. A ray of

2. (i)
(i)

3. (a)

light is incident on one face of the prism at an angle of 40°. If the ray emerges at an
angle of 29°, determine the angle of the prism. [ 57.7°]

For a ray of light passing through the prism, what is the condition for minimum
deviation to occur?

Derive an expression for the refractive index of a prism in terms of the refracting
angle, A, and the angle of minimum deviation D.

A glass prism with refracting angle 60° is made of glass whose refractive indices for
red and violet light are respectively 1.514 and 1.530. A ray of white light is set



4.

o

(b)

(i)

(i)

incident on the prism to give a minimum deviation for red light.
Determine the:

(i) angle of incidence of the light on the prism.

(ii)  angle of emergence of the violet light.

(iii) angular width of the spectrum.

A certain prism is found to produce a minimum deviation of 51°. While it produces a
deviation of 62.8° for a ray of light incident on its first face at an angle of 40.1° and
emerges through its second face at an angle of 82.7°.

Determine the:

(i) refracting angle of the prism.[60°]

(i) angle of incidence at minimum deviation.[55.5°]

(iii) refractive index of the material of the prism.[1.648

A ray of monochromatic light is incident at a small angle of incidence on a small angle
prism in air. Obtain the expression D =(n—1)A for the deviation of light by the
prism.

A glass prism of small angle, A, and refractive index ngand is completely immersed in
a liquid of refractive index n.. Show that a ray of light passing through the prism at a
small angle of incidence suffers a deviation given by

(— )
Explain why white light is dispersed by a transparent medium.
Light of two wave length is incident at a small angle on a thin prism of refracting
angle 5° and refractive index of 1.52 and 1.48 for the two wave lengths. Find the
angular separation of the two wave lengths after refraction by the prism. [0.2°]
A point source of white light is placed at the bottom of a water tank in a dark room.
The light from the source is observed obliquely at the water surface. Explain what is
observed.
Monochromatic light is incident at an angle f on a glass prism of refracting angle A,
situated in air. If the emergent light grazes the other refracting surface of the prism,
Show that the refractive index, ng, of the prism material is given by

voo(—

A ray of light is incident at angle of 30° on a prism of refractive index 1.5. Calculate
the limiting angle of the prism such that the ray does not emerge when it meets the
second face. [61.3°]



A spectrometer

It is an instrument used to measure accurate determination of deviation of a parallel
beam of light which has passed through a prism. This provides a mean of studying
optical spectra and measurement of refractive indices of glass in form of a prism.

It consists of a collimator, a telescope, and a turn table on which the prism is placed as
shown.

Adustable slit levelling screws Telescope

ﬁk-<
Light

source / R

piece

Collimeter Turn table Cross wire

Before the spectrometer is put in to use, 3 adjustments must be made onto it
and these include,
(i) The collimator is adjusted to produce parallel rays of light.
(ii) The turntable is leveled.
(iii) The telescope is adjusted to receive light from the collimator
on its cross wire.

Measurement of the refracting angle “a” of the prism
The collimator is adjusted to produce parallel rays of light.

The turn table is leveled.
The telescope is adjusted to receive light from the collimator on its cross wire.

The prism is placed on the turn table with its refracting angle facing the collimator as shown.

T2

Collimeter

T



With the table fixed, the telescope is moved to position T, to receive the light from
the collimator on its cross wire. This position T; is noted and the telescope is
turned in to a new position T, to receive light on its cross wire. The angle 6

between T, and T, Is measured. The prism angle A is given by A = -
Proof of the relation

Consider a parallel beam of light incident on to a prism of refracting angle A making glancing
angles a and 3 as shown.

A S
C
From the geometry, d+ B =A..croeeeeeeeeeeeeeeeens (i).

Deviation d1 of ray AB = 2¢
Deviation d2 of ray CD = 2
Total deviation 6 = d1 +d2

=2a+2B
=2 (04 B (ii)
Combining equation (i) and (ii) gives
0 =2A.

Note
It is now clear from the geometry that the angle @ turned through in moving the

telescope from T1 to T2 is given by 6 = 2A
Thus A=-

Method 2: using optical pins
A white paper is stuck to the soft board using top-headed pins. Two parallel lines AB and DC
are drawn on the paper and the prism is placed with its apex as shown.



R
Two optical pins P;and P, are placed along AB and pins P3 and P4 are placed such that they
appear to be in line with the images of P;and P, as seen by reflection from face

PQ .The procedure is repeated for face QR. The prism is removed and angle 6 is measured.

The required refracting angle A -

Measurement of minimum deviation “dmin” of the prism

The collimator is adjusted to produce parallel rays of light.

The turn table is leveled.

The telescope is adjusted to receive light from the collimator on its cross wire
The prism is placed on a turn table with its refracting angle facing away from the
collimator as shown.

Collimeter @

The telescope is turned in the direction of the base of the prism until light can be seen.
With light kept in view, both the telescope and the table are turned until light moves in the
opposite direction. Position T; of the telescope is noted.

The table is then fixed and the prism is removed so that the telescope is turned to a new
position T, to receive the un deviated light. The angle between T, and T, is determined and

this is the angle of minimum deviation Dmin.



Note:

(i) Position Ts is noted because, in the position of minimum deviation light viewed
through the telescope moves in the opposite direction.

(ii)

(iii) The refractive index of a glass prism of known refracting angle A can be determined

using a spectrometer from the relation

Method 2: using optical pins
Q

Two optical pins Piand P2 are placed along the lines that make different angles of incidence
I. Pins P3 and P4 are placed such that they appear to be in line with the images of Piand P2
as seen through the prism. The angles of deviation d are measured for different angles of

incidence. A graph of d against I is plotted to give a curve whose angle of deviation at its
turning point is the angle of minimum deviation, Dmin Of the prism.

Uses of a glass prism.

1. They enable the refractive index of a glass material to be measured accurately.
2 They are used in the dispersion of light emitted by glowing objects.

3. They are used as reflecting surfaces with minimal energy loss.

4 They are used in prism binoculars.

Revision exercise 5

1.  Aray of monochromatic light is incident on one face of a glass prism of refracting
angle 60° and is totally internally reflected at the next face.
(i) Draw a diagram to show the path of light through the prism.
(i) Calculate the angle of incidence at the first face of the prism if its refractive index
is 1.53 and the angle of incidence at the second face is 420.[40.80]

2. Avrayof lightis incident on the face AD of a glass block of refractive index 1252 as
shown.



60° C

600 1500
A

B

If the ray emerges normally through face BC after total internal reflection,
calculate the angle of incidence, i. [49.50]

A ray of light is incident at 45° on a glass prism of refractive index 1@5 as shown.
B C

-~

Calculate the angle of emergence and sketch the ray diagram. [25.15°]

4. Aray of light is incident at 45 on a glass prism of refractive index 1® as shown.

B C

Calculate the angle of emergence and sketch the ray diagram. [45%]
The diagram in the figure below shows a cross section of an isosceles right angled
prism sides PQ and QR are coated with a reflecting substance. A ray of light is
incident on PR at an angle 8 as shown

AVANA LY ANANN T




(i) Draw a diagram to show the path of light through the prism.
(ii) Show that the ray leaving the prism is parallel to the incident ray.

6. Draw a labeled diagram of a spectrometer and State the necessary adjustments that
must be made on to it before put in to use.

7.  Describe how the refracting angle of the prism can be measured using a spectrometer.

8.  You are provided with pins, a white sheet of paper, a drawing board and a triangular
prism. Describe how you would determine the refracting angle A of the prism

9. Describe how the minimum deviation, D, of a ray of light passing through a glass prism

can be measured using a spectrometer.

10. You are provided with pins, a white sheet of paper, a drawing board and a triangular
prism. Describe how you would determine the angle of minimum deviation, D, of a ray
of light passing through a glass prism.

11. Describe how the refractive index of a material of a glass prism of known refracting
angle can be determined using a spectrometer.

12. Describe briefly two uses of glass prisms
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Refraction through lenses

Lenses
A lens is a piece glass bounced by one or two spherical surfaces.

Lenses are of two types namely;
(i) Convex (Converging) lens: It is a lens which is thicker in the middle than at the
edges.

(ii) Concave (Diverging) lens: It is a lens which is thinner in the middle than at the
edges.

lllustrated below are some of the common types of lenses.

Biconvex Planc-convex Convex
meniscus
Blconcave Plano-concave Concave
meniscus
Definitions

1. Centres of curvature of a lens: These are centres of the spheres of which the lens surfaces
form parts.

Points C1 and C2 are the centres of curvature of the lens surfaces.

2. Radii of curvature of a lens: These are distances from the centres to the surfaces of the
spheres of which the lens surfaces form parts.

3. Principal axis of a lens: This is the line joining the centres of curvature of the two surfaces of
the lens.

4. Optical centre of the lens: This is the mid-point of the lens surface through which rays
incident on the lens pass un-deviated.
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5. Paraxial rays: These are rays close to the principle axis and make small angles with the lens
axis.

6. (i) Principal focus “F” of a convex lens: it is a point on the principal axis where paraxial rays
incident on the lens and parallel to the principal axis converge after refraction by the lens.

(ii) Principal focus “F” of a concave lens: it is a point on the principal axis where paraxial rays
incident on the lens and parallel to the principal axis appear to diverge from after
refraction by the lens.

7. (i) Focal length “f” of a convex lens: it is the distance from the optical centre of the lens to
the point where paraxial rays incident and parallel to the principal axis converge after
refraction by the lens.

(ii) Focal length “f” of a concave lens: it is the distance from the optical centre of the lens to
the point where paraxial rays incident and parallel to the principal axis appear to diverge
from after refraction by the lens.

Geometrical rules for the construction of ray diagrams
The following is a set of rules for easy location of the images formed by lenses:

(i)  Arayparallel to the principal axis after refraction passes through the principal focus
or appears to diverge from it.

(ii) A raythrough the principal focus is refracted parallel to the principal axis.

(iii) A ray through the optical centre continues straight or un-deviated.

NOTE:
(i) The normal to the lens surfaces must pass through its centres of curvature.

(ii) The image position can be located by the intersection of two refracted rays initially
coming from the object.

Images formed by a convex lens
The nature of the image formed by a convex lens is either real or virtual depending on the
object distance from the lens as shown below;

(a) Object is between F and P
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’

| 2F F O \c ﬁ\ 2F
The image is magnified, virtual, erect

I

2F FO iﬁ N 2F

(b) Object at F

Image at
infinity
The image is real, inverted, magnified and at infinity

(c) Object between F and 2F

The image is real, beyond C, inverted and magnified
(d) Object at 2F
N A\

[
2F

oF F C F '
@)

The image is real, inverted, same size as the object.
(e) Object beyond 2F
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The image is real, inverted, inverted, between F and 2F
(a) Object at infinity

Object at
infinity

2F F C

The image is real, inverted and diminished

Note;
Generally the image of an object in a convex lens is virtual only when the object is nearer to
the lens than its focus.

Reasons why an image of a real object may not be formed by a convex lens on the screen
(i) When the object is at the principal focus
(ii) When object distance is less than focal length
(iii) When the distance between the object and the screen is four times the focal length
of the lens.
(iv) When the screen is between the lens and its principal focus

Uses of convex lenses
(i) They are used in spectacles for long-sighted people
(ii) They are used in cameras.
(iii)  They are used in projectors.
(iv)  Theyare used in microscopes.
(v) They are used in astronomical telescopes.

Images formed by a concave lens

The image of an object in a convex lens is erect, virtual, and diminished in size no matter
where the object is situated as shown below

Please find free new curriculum notes, exams and marking guides on digitlteachers.co.ug website
53| Page



The image is virtual, erred and diminished

Uses of concave lenses

(i) They are used in spectacles for short-sighted people
(ii) They are used in Galilean telescopes.

Lenses compared with prisms

A thin lens may be regarded as being made up of several portions of small-angle prisms placed

together as shown:
~——7

\—
=]
]
[
J—

L\

All paraxial rays incident on the lens at a single point suffer a similar small deviation
D = (n—1) A produced by a prism of small-angle A regarded to have replaced the lens.

o>

Lenses and sign convention
In order to obtain a formula which holds for both concave and convex lenses, a
Sign rule or convention must be obeyed and the following shall be adopted.

(i) Distances of real objects and images are positive.

(ii) Distances of virtual objects and images are negative.

NOTE:
A convex lens has a positive focal length while a concave lens has a negative focal length.

The thin lens formula

Consider in each case a ray incident on the same lens at a small height h above the principal
axis as shown:
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v v
(i) (i)

From Fig (i), the ray parallel and close to principal axis is converged to the focal point F and suffer

a small deviation d

where d tand = (i)

From Fig (ii), the ray from a point object O suffers the same small deviation D to give rise to a
point image I.

From geometry,d=a+ 3 wherea=tana=— andB=tanf=-

d=- +- (ii)

Equating equations (i) and (ii) gives
— =— 4 -

Thus - =—- +-

This is the general lens equation.

If the sign conversion is used for u, v and f the equation holds for both converging and diverging
lenses.

Lens formula for concave lens

Consider in each case a ray incident on the same lens at a small height h above the principal
axis as shown:

N
\/ /
d.---"""
X a s
7 P, =
-"-. h o" h
ooYd a_ -
0 [
—f—>
y u
AY
A ~

—_

i) i)
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From Fig (i), the close and parallel to principal axis ray appears to diverge from the focal
point F and suffers a small deviation d; since h is very small

Thusd =tand= -= (i) (F is virtual)

From Fig (ii), the ray from a point object O suffers the same small deviation D to give
rise to a point image I.
From geometry,B=a+d ord=f-a
Since a and a are small; a =tana=— and B =tanp =- — (image is virtual)
d= - - (i)

Equating equations (i) and (ii) gives

Derivation of Lens formula for concave lens using a finite object

Q

™~
-
<<

~
w

From the ray diagram above IS is the image of OQ.

Triangle OPQ and PIS are similarthat — —hence— — .. (i)

Likewise, triangle PRF is similarto FISthat —  — .o, (i)
But PR=0Q, PF=fand Fl = v-f
Substituting PF and Fl in equation (ii); —  —— oo (iii)

From (i) and (iii)

fv = uv —uf
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diving by ufv gives

Example 26
An object is placed 20cm from

(@) A converging lens, f = 15cm
(b) Diverging lens of focal length 15cm. Calculate the position and nature of image formed in
each case

Solution

(@) u=20cm,f=15cm, v="?
from- =- +-

— = +

Magnification, m=-  —
The image is real, because v is positive, inverted and
magnified

(b) u=20cm, f=-15¢cm, v="?

from- =— +-

— =— +

(c) Magnification,m=- —
(d) The image is virtual, because v is negative, upright and
diminished

Power of a lens
This is the reciprocal of the focal length of the lens in meters. It is measured in dioptres.

Hence power of a lens =

NOTE:
The power of a converging lens is positive while that of a diverging lens is negative.

Example 27

Calculate the power of a converging lens of focal length 25cm.
Solution

Power of a converging lens = —— = 4dioptres
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Example 28

Calculate the power of a diverging lens of focal length 20cm.
Solution

Power of a converging lens = —— = -5dioptres

Formula for magnification

Linear magnification, m =

Proof

Consider a lens |, which forms an image | of height h’, at distance v from the lens of object an
object, O of height, h, placed a distance u, from the lens.

Lens |

W

40
[an]

tan® =— =—

Rearrangement,— —

Or, magnification M =—  —

Relationship connecting m, v and f

From — =— +- multiplyv

Minimum separation of an object and its real image formed by a convex lens
Consider a real image | of an object O formed by a convex lens of focal length f as shown:
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u v (d-u)

1

¢ d

S
/

Let d be the separation of an object and its real image formed by a convex lens
Image distancev=d-u where u = object distance

From—- =- +-

oru’-du+df=0

Solving for u gives
v

U=
For the roots of uto be real, d*>-4df 0
Thus, d®> 4dford 4f

Thus, the minimum distance between the screen and object must be greater than 4f which
implies that 4f is the minimum distance between the real image and the object.

A plot of the graph of (u+v) against u or v gives a graph below

N
(u+v)cm
4f
>
2f uorvcm

Relationship between focal length, radii of curvature and refractive index of a lens
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Consider a ray parallel to the principal axis, incident at height, h.

— >
;/é:

F
tand=- dissmallinradian, d =—.....cccoovrvrvrecrnnrrecnen. (i)
For small angle prisms d = (N-1)A .....cccoeeieieieinnne (ii)
From the diagram above, a + B =A ....cccoeeveveeeneee. (iii)

For small angle

a = tana = —and B=tanP =—

Substitution a and B in equation (iii)

(= 2 S A ettt (iv)

Substituting equation (i) and (iv) in equation (ii)

-=(n-1) (= -)
Dividing by h
-=(n-1) (= -)

Conjugate points
These are two points, O and |. each on the opposite side of a convex lens such that an object
and its image at these points are interchangeable.

o |
S~

The property of conjugate points is such that when an object is placed at one of the points, the
image is formed at the other point by the lens.

T
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Newton’s formula (Newton’s relation)

Consider an object, O, such that its image, |, is formed

/\
—= — 7 s
l | C | [
| 2 [ \ [
0 AY f — 72N f — 7 I
v

Object distance u =f + x
Image distancev=Ff+y

Using the relation — =— +- and substituting for u and v

Solving the equation
2 = xy

f=

By obtaining various values of x and y, a plot of values of x against 1/y gives a shape of the
graph below

N

X(cm)

7y (cm)
Slope, s = f* = xy

Combined focal length of two thin lenses
Consider two thin lenses L; and L, of focal length f; and f,.
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N

For lens Ly,
- == 4 -

Where F is the focal length of combined lens,

Determination of focal length of convex lens

(a) Determining the focal length of a convex lens using displacement of a convex lens when O
and | are fixed

A B
0 | i
¢ u d N
= N It
yAa
0 >
L

Lens A forms an image of O at |
By the principle of reversibility of light, an object at | forms an image at O. When the object and
the screen are fixed, another clear image can be formed by the lens when moved from A to B.

From the diagram
OB = 1A and OA =IB
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OA + Bl =L-d
OA + OA + L-d (since OA + IB)
20A =L-d

Also, Al = AB + B
Al = AB + OA (since OA = BI
Al=d+—=—=v

Using the formula— =- +-

NB. This is the method recommended for measuring the focal length of a lens whose surfaces
are inaccessible (for example, when- the lens is in a tube), when measurements of vand u
cannot be made

Expression of object height, h, in form of heights h; and h, of the two images formed
when a convex lens is displaced between fixed object O and the screen.

A B
0 ﬂ %
U d ¥ u__
< :".i" Cd
pd L ‘ Y

Lens at position A, a magnified image is formed
Linear magnification, - -

Lens at position A, a magnified image is formed
Linear magnification, - —

e et (ii)
From the diagram the diagram and the principle of reversibility of light
OB = Al=u+dand OA =IB=u

From (i) and (ii), it follows that by inverting (i)
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The length, h, of an object can hence be found by measuring the lengths h; and h; of the
images for the two positions of the lens.

This method of measuring his most useful when the object is inaccessible, for example, when
the width of a slit in a tube is required.

(b) Measuring the focal length of convex lens using a lane mirror method (Non parallax
method)

- Place a plane mirror M on a table and lens L on top of it.

- Clamp a pin, O, horizontally with its tip lying horizontally along the principal axis of the
lens

- Move the pin O up and down along the principal axis to locate the position where it
coincides with the image.

- Measure the focal length, f, a distance from the pin to the lens.

'7Plane mirror

(c) Determining the focal length of a convex lens by focusing a distant object.
Lens —

N

7
Distant
object

T— Screen

N

- Position the lens to sharply focus a distant object on the screen
- Measure the focal length f.
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(d) Using the lens formula (experimental method)

e/

wire guaze

/"ﬁ.

Lens

)'\

— Screen

(i) Usingilluminated object at measured distance from the lens, move the lens to and fro
the lens until a clearly focused wire gauze forms on the screen and measure distance,

d.

(ii) Repeat the procedure for several values of u and each time measure the distance v.

(iii)  Tabulate your results

u(cm)

V (cm)

(u+v)

(cm)

uv

(cm?)

(a) A plot of 1/u against 1/v gives a shape of the graph below

f: GG

(c) A plot of uv against (u+v)

~

_1- cm’!
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uv (cm?)

slope =f

~V

(u+v)cm

Example 29

A thin converging lens of 6cm focal length is placed in a container with a diverging lens of focal
of focal length 10cm. Find the focal length of the combined lenses.

Solution

fi =6cm, f, =-10cm

- =— +— =- +— ;f=15cm

Example 30
The deviation, d, by a prism of small angle ,A and refractive index, n is d = (n — 1)A. Use this to
show that the focal length of thin converging lens of refractive index n is given by

-=(n-1) (— —) where r; and r; are radii of curvature of the surfaces.

(b) A thin lens with faces of small radii of curvature 20cm and 30cm is to be made from glass
with refractive index 1.6. What is the focal length of the lens if it is

(i) biconvex
(ii) biconcave
Solution

(a) Refer to the notes above

(b) (i)
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ri=+20cm, ry = +30cm

—=(n-1) (= -)=(161)(— -)

f=20cm

(ii)

C] C{?
ya / ~
AN r /N Iy !
ri=-20cm, r; =-30cm

-=(n-1)(— -)=(161)(— —)
f=-20cm

Example 31

Calculate the focal length of a converging meniscus with radii 25cm and 20cm with refractive
index 1.5

Solution

r=25cm = 20cm

ri=-25cm, r, =+20cm
—=(n1) (- ) =(L61)(— )
f=200cm
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Determination of focal length of concave lens
(a) Determination of focal length of concave lens using convex lens

Ly L,
I~ is the image of lens L,.
| —is a real image of lens L; and virtual object of L,
(i) An object, O, is placed at a distance greater than f of lens L; to form real image I.
(ii) The image formed by L; is | is the virtual object to lens L,. Measure the distance Al.
(iii) Lens L is then placed between L; and a real image I’ is formed by L,. Measure the
distance AB and Bl and Bl
(iv) Forlens L,; image distance, v = Bl’, and object distance, u = Bl = Al — AB which is
negative.
(v) The focal length f for L, is calculated from

Example 32
A converging lens L, of focal length 10cm is placed at a distance, vy, in front of a diverging lens L,

of focal length 20cm. An illuminated object is placed at a distance of 20 cm in front of L; and the
final image by L, formed at the principal focus of L2. Calculate the

(i) Distance y
(ii) Final magnification

Solution

f=10cm f=-20cm

0 F
' >
. N 20cm
Y U\* I
20cm L, y L
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(i) Forly, - =- +-

v =20cm
For L,
u=-10cm

y=20-10=10cm

(ii) M=mixm;

(b) Determining the refractive index of a small quantity of a liquid using a convex lens and
plane mirror.

I ------------ AN O

a ~5—>—7Mirror
Liquid Lens
(i) Pour a small liquid on the plane mirror and place the convex lens on top.

(ii) Move the object, O, along the principal axis until it coincides with its image, I.

(iii) Measure the distance, F, from O to the lens which is the combination of the focal
length of the liquid and the lens.

(iv) Repeat the experiment (ii) with the convex lens and the plane mirror without
the liquid and determine focal length, f, of the glass lens

From- — —
- =1 (= o)
r.= (plane convex liquid lens)
— :(n_l) —
n=—+1
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Example 33
A biconvex lens of radius of curvature 24cm is placed on a liquid film on a plane mirror. A pin

clamped horizontally above the lens coincides with its image at a distance of 40cm above the
lens. If the refractive index of the liquid is 1.4. What is the refractive index of the material of
the lens?

Solution

For a biconvex, ry =r, =24cm, f=40cm, n .= 1.4
From— =(n-1) (— —)

But ri=r, =24cm

This is the focal length of the liquid

For the combed lens;

For the convex lens;

- () (= )
— () (= -)
n=17
Example 34

An equi-convex lens of refractive index 1.54 is placed on a horizontal plane mirror. A pin is
moved along the horizontal axis of the lens and is found to coincide with its image at 25cm
above the lens. The lens is then floated on the surface of mercury in a dish and coincides
between the pin and its image is again obtained at height, h, above the lens. Find the value of n
given that the refractive index of mercury is 1.42.

Solution

Please find free new curriculum notes, exams and marking guides on digitlteachers.co.ug website
70| Page



For an equi-convex lens, ry=r,=r
ng = 1.54, f, =25cm, f =h, n; =1.42

For the glass lens,

— (g (= )

—  (1.54-1)(- -);r=27cm
For the liquid lens;

—  (n-1)-

—  (1.421) -—

f.=64.3cm

Substitutein- — —

But fi is negative because the lens is plano-concave

F=h=40.9cm

(c) Determination of focal length of concave lens using concave mirror.
Lens, L

/

-0
’
’
’

N

(i) Anilluminated object is placed beyond the center of curvature of a concave mirror of

known radius of curvature, r.

(ii) A diverging less Lis placed between O and M and its position is adjusted until a clear

image | is formed besides O.

(iii) Distance LI and LM are measured and recorded.
(iv) Forthe lens, object distance, u = -CL = - (r-LM); image distance, v =Ll or LO
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The focal length, f, is calculated from - =— +-

Defects of the lens
Chromatic aberration

Chromatic aberration(CA), also called chromatic distortion and spherochromatism, is a failure
of a lens to focus all colors to the same point. It occurs due to dispersion since refractive index
of the lens varies with the wave length of the color of light.

Correction of chromatic aberration

- Use lenses made of low-dispersion glasses, especially those containing fluorite

- By using combination of lenses of opposite nature (convex & concave) or chromatic
doublet such that the dispersion produced by one lens is reversed by another.

- Placing the eye close to the lens such that images due to different colours subtend the
same angle at the eye.

Spherical aberration

Spherical aberration

il
e
|

+ ~~
S — T a—

A
RN

Convex lens Concace lens

Spherical aberration occurs when the lens fails to focus all rays falling on it to the same
point. Thus images formed by the lens at large apertures are therefore unsharp or blurred at
the edges.

Note that in spherical aberration marginal rays are focused closer to the lens than paraxial
rays in convex lens but appear to diverge far in concave lens.

Means of reduction of spherical aberration

Using lenses with an aspheric surface

Using lens of small aperture.

Using a stopper such that only light incident on the middle of the lens pass, but this method
reduces the brightness of the image since it reduces the amount of light energy passing
through the lens.
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Revision exercise 6
1. (a)Define the following as applied to a converging lens (1mark)

(i) Principal axis (1mark)
Principal axis of a lens: This is the line joining the centres of curvature of the two
surfaces of the lens.

(ii) Center of curvature (1mark)
Centre of curvature of a lens: This is centre of the spheres of which the lens
surfaces form parts.

(b) Find the power of a lens of focal length 15cm.

Power = —— —

(c) Derive an expression for focal length of a lens in terms of radii of curvature of its
surfaces and its refractive index. (5marks)

Solution

Consider a ray close and parallel to the principal axis, incident at height, h.

k— >
%

F
tand=— dissmallinradian, d =—.......cccevrvrrrerriccnreene.. (i)
For small angle prisms d = (N-1)A ...coooveeveveiiicie e, (ii)
From the diagram above, o0+ B =A ..., (iii)

For small angle
a = tana = —and B=tanp =—

Substitution a and B in equation (iii)

Substituting equation (i) and (iv) in equation (ii)
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-=(n-1) (= -)
Dividing by h
-=(n-1) (- -)

(d) Describe an experiment to determine the focal length of thin converging lens mounted
inside a short cylindrical tube (05matks)

Solution
Illustration
Light Py 2
source
—4—
L
— >

- The tube is placed between an illuminated object and a screen a distance | slightly more
than 4 times the approximate focal length of a lens to form a clear magnified image at
the screen. The position of the front part P, is noted

- The tube is moved towards the screen until a clear diminished image is formed on the
screen and position P, of the front part is noted

- The displacement, d = P, — Py is noted

The focal length, f of the lens = ——

NB. This is the method recommended for measuring the focal length of a lens whose
surfaces are inaccessible (for example, when- the lens is in a tube), when measurements of v
and u cannot be made
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2. (a) (i) Draw a sketch ray diagram showing formation of the image of a finite size real object
by a concave lens (02marks)

(ii) A concave lens of focal length 15.0cm is arranged coaxially with a convex mirror of
focal length 10cm, a distance of 4.0cm apart. An object is placed 20.0cm in front of
the lens on the side remote from the mirror. Find the distance of the final image
from the lens. (04marks)

Solution

In the lens

u=20cm

f=-15cm (F is virtual)

from the lens formula; - — -

, or 8.6cm behind the lens or 8.6 — 4 = 4.6cm behind the mirror.
For the mirror
f=-10cm
v =-4.6cm

From mirror formula- — -

5cm in from of the mirror or 8.5 —4 = 4.5 in front of the lens.

(a) With the aid of a sketch ray diagram explain spherical aberration in concave lenses and
state how it is minimized. (03marks)

Spherical aberration
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Spherical aberration in concave lens occurs when parallel marginal light rays to the
lens after refraction appear to diverge from different points from that of paraxial
rays.

Means of reduction of spherical aberration

- Using lenses with an aspheric surface

- By using combination of lenses of opposite nature (convex & concave) of different
materials.

- Using lens of small aperture

- Using a stopper to block refraction marginal light rays

(b) With the aid of ray diagrams, explain the term conjugate point as applied to lenses
(02 marks)

Ay
g

These are two points; O and |, on the opposite side of a convex lens such that an object
and its image at these points are interchangeable.

3. (a) An object, O, placed in front of a converging lens forms a real image, I, on the
screen. The distance between the object and the real image is, d, while that of the
image from the lens is r.

Derive the expression for the least possible distance between the object and the real
image. (05marks)

Solution

For real image if converging lens, focal length, f, is positive and image distance, v is
positive

u=r
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v =(d-r)

from lens formula

(b) Give the properties of a lens in achromatic combination (03marks)
Achromatic lenses are corrected to bring two wavelengths (typically red and blue)
into focus on the same plane.
The lenses in achromatic combination are
- Are made of concave and convex lens.
- The radii of curvature of concave and convex are numerically equal
- The dispersion caused by the concave lens should be cancelled by that of convex
lens.

(c) A convex lens of focal length 10cm is arranged coaxially with a concave lens of focal
length 18cm. the lens system is used to focus an object 24cm from the convex lens on
ths side remote from concave lens. The final image is formed on the screen placed
18.6cm from the concave lens. Calculate the
(i) Separation between the lenses
(ii) Magnification
Solution

Let d be the separation of the lens

/N '

5 d NV

E 24cm \ ¥ >
—)
v/ /N 18.6cm

convex lens Concave

f=10cm lens f=-18cm

(i) For convex lens, from- - -
— — =v=17.14cm
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For concave lens
— — —— U’ =-9.15cm (-ve since object is virtual)

—u’'=17.14-9.15=7.99cm

(II) M =Mj x M,
=—— —=145

4. (a) Define the following terms applied to concave lens
(i) Principal focus (1mark)

It is a point on the principal axis where incident rays on the lens that are close
and parallel to the principal axis appear to diverge from after refraction by the
lens.

(ii) Radii of curvature (01mark)
They are distances from the centers to the surfaces of the spheres of which the
lens surfaces form part.

(b) A point object is placed at a distance, u, in front of a diverging lens of focal length, f,
to form an image a distance, v, from the lens. Derive an expression that related u, v
and f. (4marks)

Solution

Consider in each case a ray incident on the same lens at a small height h above the
principal axis as shown:

v \///
Qoo
N ~xd ... L
7 L. N oC A
.... h <5 |h
..".‘) d a _’"
O [
—f—>
ya U
<
A \

=5
=

From Fig (i), the close and parallel to principal axis ray appears to diverge from the focal
point F and suffers a small deviation d; since h is very small

Thusd =tand= -—-= (i) (Fis virtual)
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From Fig (ii), the ray from a point object O suffers the same small deviation D to give
rise to a point image I.
From geometry, f=a+d ord=B-a
Since a and a are small; a =tana=— and B =tanp =- — (image is virtual)
d= - -- (ii)

Equating equations (i) and (ii) gives

Thus — =— +-

(c) Derive an experiment to determine the focal length of concave lens using a plane
mirror, a converging lens and an illuminated object. (4marks)

Solution
screen
Convex lens— »
HN
HIN
N
IS
N
.
. R
bulb N
FLIN
LN
2f v [T<—Concave lens

- A plane mirror is placed behind a concave and a convex lenses in contact

- Ascreen containing illuminated cross wire in a hole is moved to and fro in front
of the lenses until the image of the cross wires is formed besides the object.

- The combined focal length, f is equal to half the distance between the center
of the lenses and the screen.

Calculation

Let focal length of concave and convex lenses be f; and f, respectively

Then,- — —; the unknown focal length of concave lens f; = ——

5. (a) State laws of refraction?
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- The incident ray, refracted ray and the normal at the point of incidence all lie in
the same plane.

- The ratio of the sine of angle of incidence to the sine of the angle of refraction is
constant for given pair of media

(b) A small placed at a distance of 30.0cm from a converging lens of focal length 10.0cm.
Calculate the distance from the first lens where a second converging lens of focal
length 40cm must be placed in order to produce an erect image of the same size of

the object.
Solution
f=10cm f=40cm
z
¢ y
[~ p
_30cm \l/

A
Forlens A, from - =- +-
— — —;x=15cm
Magnification, M; =- — -
M, =—=
M=M;xMy=- -=1
z=2y
LensB;— - -
— -  —;y=60cm

Position = x +y = 15 + 60 = 75cm from the first lens.

(c) What is meant by the following:
(i) Total internal reflection
It is the bouncing back of all incident light into the denser medium when the

angle of incidence exceeds the critical angle for a ray originally travelling from
a denser to a less dense medium.
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(ii) Critical angle
It is an angle of incidence in a denser medium for which the angle of
refraction is the less dense medium is 90°.

(d) Briefly explain why an observer sees a spectrum of colors through rain drops when it is
raining on a sunny day.
White light undergoes dispersion as it enters into the rain drops of water in the sky.
Total internal reflection takes place at the opposite side of the rain drops and different
colors emerge from the rain drops after refraction. Hence the spectrum.
Dispersion of light in rain drop

N/

Violet

Red

6. (a) (i) Define principal focus of a concave lens (1mark)
It is a point on principal axis from which rays close and parallel to principal
axis appear to diverge from after refraction
(ii) Draw a ray diagram to show formation of an image of an infinite object by a

concave lens. (02marks)

(iii) Describe the image formed in (a)(ii) above
it is virtual, erect and diminished

(b) Explain how spherical aberration is minimized in photographic camera. (03marks)

- By grinding a lens so that it protrudes more near the center and making some
adjustments to the edges, the lens can correct for focusing at the edge and allow

all light to align properly.
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By blocking rays from outer edges of a spherical lens by Aperture blades to reach
the film

By using combination of lenses of opposite nature (convex & concave) of different
materials.

7. (a)(i) Show that the effective focal length, f, of two thin lenses in contact is given by

- — —wheref;and f, are the focal lengths of the individual lenses.

Derive the expression for the focal length of a combination of two thin
converging lenses in contact, in terms of their focal lengths. (05marks)

Consider two thin lenses L; and L, of focal length f; and f,.

A

For lens Ly,

Where F is the focal length of combined lens,
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(ii) A compound lens consists of two lenses in contact having power of +12.5D and -
2.5D. Find the position and nature of the image of an object placed 15.0cm from
a compound lens. (03marks)

From,

Power of lens = ——

Focal length of first lens, f; = —
Focal length of first lens, f, = —
Combined focal F;- — —=- —

F=-10m

Let image distance be v

v =30cm
Therefore, image distance = 30cm

(b) (i) Define refractive index. (01mark)

Refractive index, n is the ratio sine of an angle of incidence to the sine of an
angle of refraction at the point of incidence.

(ii) An equi-convex lens is placed on a horizontal plane mirror and a pin held
vertically above the lens is found to coincide with its image when positioned
20.0cm above the lens. When a few drops of a liquid is placed between the lens
and the mirror, the pin had to be raised 10.0cm to obtain coincidence with the
image. If the refractive index of the convex lens is 1.5, find the refractive index of
the liquid. (O5marks)

Solution
Focal length of the lens = 20
Combined focal length of the glass lens and liquid lens = (20+10) = 30

Let the focal length of liquid lens be f, from- — —

Then,— — —f=-60

Let n be the refractive index of the liquid, from
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-=(n1) (= -)
ro= (plane convex lens)

Refractive index of glass, n = 1.33

8. (a) (i)Define the terms linear magnification and angular magnification as applied to a lens.
(02marks)

Linear magnification, m, =

Angular magnification (magnifying power, M) is the ratio of the angle, o’, subtended at
the eye by the image when using an instrument to the angle, a, subtended at unaided
eye by the object.

M = — where a’ and a are in radians

(ii) Derive the expression for the magnifying power of a magnifying glass when the final
image is formed at the near point (04marks)

Solution

Consider a lens |, which forms an image | of height h’, at distance v from the lens of
object an object, O of height, h, placed a distance u, from the lens.

Lens |
h
¢ v N
0 I
Q ARE
N\ u rd h,
tan® =— =—
Rearrangement,— —
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Or, magnificationM=- —

(b) An object is placed a distance f + x from a converging lens of focal length, f. the lens
produces an image at a distance f+y from the lens. Show that f* = xy. (3marks)

From- - -

2 =xy

(c) (i) With the aid of a labelled diagram, describe the essential parts of photographic
camera.

Lens camera

film
hram

\ / \ H\\diap lens

shutter

- The lens focused light from the object on to film

- The diaphragm controls the amount of light reaching the film

- The shutter controls the exposure time of light reaching the film

- Film contains a photosensitive chemicals and is where the image is stored.

(ii) Explain how chromatic and spherical aberration are minimized in a photographic
camera (02marks)

- By grinding a lens so that it protrudes more near the center and making some
adjustments to the edges, the lens can correct for focusing at the edge and
allow all light to align properly.

- By blocking rays from outer edges of a spherical lens by Aperture blades to
reach the film

- By using combination of lenses of opposite nature (convex & concave) of
different materials.
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9. (a)(i) Explain the terms chromatic and spherical aberration in lens (04marks)

- Spherical aberration occurs when the lens fails to focus all rays falling on it to the
same point. Thus images formed by the lens at large apertures are therefore
unsharp or blurred at the edges.

- Chromatic aberration occurs when the lens fails to focus all color wavelength to
the same point. It gives an image with colored fringes

(i) How the aberrations in (a)(i) are above minimized in a reflecting telescope?

- By grinding a lens so that it protrudes more near the center and making some
adjustments to the edges, the lens can correct for focusing at the edge and allow
all light to align properly.

- By blocking rays from outer edges of a spherical lens by Aperture blades to reach
the film

- By using combination of lenses of opposite nature (convex & concave) of different
materials.

(b) With the aid of a diagram, explain why the image seen in a magnifying glass is
almost free from chromatic aberration when the eye is close to the lens. (04mark)

l
Image ' Object . fb ]Ic\
r

'
0
Q Eye

When the eye is close to the lens the apparent separation of colors reduce and
dispersed colored rays overlap.

(c) A converging lens is used to form an image of an object 1.2m away from a screen
0.05m from the lens.

(i) Find the focal length of the lens (03marks)

Solution
Let the focal length of the lens be f.
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f=0.048 or 4.8cm
(ii) If the lens is used to form an image of a distant object, how far from the screen

would the clear image be formed? (02marks)

Image of a distant object forms at f = 4.8cm
(iii) State the type of lens that would be placed close to the first lens in order to enable

the image in (ii) above to be formed on the screen. (01)

Concave lens

(iv) Calculate the focal length of the lens you have stated in (iii) above. (03marks)
The combined focal length = 0.05m

From-=— —

f=-1.2m
Therefore the focal length of lens = 1.2m = 120cm

10. (a) Define terms; principal focus and power of a lens (02marks)
Principal focus of a lens is a point on principal where rays parallel and close to
principal axis converge or appear to diverge from after refraction through the lens.
(b) Derive the relation between the focal length, f, object distance, u, and image
distance, v, for a thin lens. (07marks)
Solution

Consider in each case a ray incident on the same lens at a small height h above the principal
axis as shown:

T A
e e, 3 bl bl L L L L L ] . _a- ----
! 3 /]/v/hI
. a
—_ Q u > € v >i
f
v N\

(i) (ii)
From Fig (i), the ray parallel and close to principal axis is converged to the focal point F and suffer
a small deviation d
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Then, d tand = (i)

From Fig (ii), the ray from a point object O suffers the same small deviation D to give rise to a
point image I.

From geometry,d=a+ 3 wherea=tana=— andB=tanf=-

d=— +- (i)

Equating equations (i) and (ii) gives
— =— 4 -

(c) Athin converging lend P, of focal length 10 cm and a thin diverging lens, Q, of focal
length, 15 cm are placed coaxially 50 cm apart. If an object O is placed 12 cm from P
on the side remote from Q.
(i) Find the position, mature and magnification of the final image. (07marks)
Inlens P
f=12
u=10
v="?

From- =- +-

Inlens Q
f =15cm
u=60-50=10cm
v="?
— —  — Vv =-6cm
The virtual image is 6cm behind the lens Q or 44cm in front of lens P

Magnification = ———  =—=0.88
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(ii) Sketch a ray diagram to show the formation of the finite image in Q
(02marks)

O - object

| -image

(d) Explain why lenses of narrow apertures are preferred to lenses of wide apertures in
optical instrument. (02marks)

Lenses of narrow apertures show low spherical aberration.

(e)

L J
) 1

Object A 15cm B Screen

In the diagram in the figure above, the image of the object is formed on the screen when a
convex lens is placed at A or B. If Aand B are 15 cm apart, find

(i) Focal length of the lens. (03marks)

From f = = =10cm
(ii) Magnification of the image formed when the lens is at B. (03marks)
Solution

Let object distance be u
Image distance = 45-u

From- =- +-
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At B, u=30 andv=45-30=15cm

M= —

11. (a) (i) Define the principal focus of a converging lens

Principal focus is a point on principal axis where rays parallel and close to
principal axis converge after refraction through the lens.

(ii) An object is placed 20 cm in front of a diverging lens place coaxially with a
concave mirror of focal length 15cm. when the concave mirror is 20cm from the
lens the final image coincides with the object.

(i) Draw the ray diagram to show how the final image is formed. (2marks)

mirror, f =15cm Lens
ron{ZIsem

1< >I<
20Cm 20cm
(i) Determine the focal length of a diverging lens. (04marks)

v

From—- =—- +-

In the mirror
u=20+20=40cm
f=15cm

v="

— — = v=24cm
In lens

Vv =-4cm
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- = - +—f=5cm

(b) A converging lens of focal length f is placed between a finite object and a screen. The
position of a screen is adjusted until a clear magnified image is obtained on the screen.

Keeping the screen fixed in this position at a distance L from the object, the lens is
displaced through a distance, d, to obtain a clear diminished image on the screen.

(i) Draw a ray diagram to shoe the formation of the images in the two cases. (2marks)
A B
0 ﬂ i
, u d \
< ~ :I:'
¢ >
L

(i)  Show that I*-d* = 4fl
Lens A forms an image of O at |

By the principle of reversibility of light, an object at | forms an image at O. When the object and
the screen are fixed, another clear image can be formed by the lens when moved from A to B.

From the diagram
OB =1Aand OA =IB

OA +Bl=L-d

OA + OA + L-d ( since OA + IB)
20A=L-d

AOD =— = Ui, (i)

Also, Al = AB + BI
Al = AB + OA (since OA = BI

Al=d+—=—=v

Using the formula- =—- +-
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L>-d* = 4f]

(iii) Find the product of the magnification produced in the two cases.

Lens at position A, a magnified image is formed

Linear magnification, - -

Lens at position B, a magnified image is formed
Linear magnification, - —

mxm=— —

From the diagram, Al = OB and AO =Bl

mxm=— —= 1
12. (a) Describe how the focal length of a diverging lens may be determined. (05mark)

Determination of focal length of concave lens using concave mirror.
Lens, L

\V4

-0
Vs
”
.

VAN

(i) Anilluminated object is placed beyond the center of curvature of a concave mirror of
known radius of curvature, r.

(i) A diverging less L is placed between O and M and its position is adjusted until a clear
image | is formed besides O.
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(iii) Distance LI and LM are measured and recorded.
(iv) For the lens, object distance, u = -CL = - (r-LM); image distance, v =Ll or LO

The focal length, f, is calculated from - =— +-

(b) A lens L; casts a real image of a distant object on the screen placed at a distance
15cm away. When another lens, L,, is placed 5cm beyond L;, the lens has to be
shifted 10cm further away to locate the real image formed. Determine the focal

length and the type of lens L,.

Solution
Focal length of lens L; = 15cm

Y

Inlens L2
Object distance = -(15-5) = -10cm (object is virtual)
Image distance = 20 — 5 = 20cm (image is real)

From- =- +-

f =-20cm
the focal length is negative because the lens is concave.

(c) A convex lens of focal length 60cm is arranged coaxially with a diverging lens of focal
length 5cm. Find the combined focal length
From- — —=— —

The combined focal length, F = -5.45cm
13. (a) Describe an experiment to determine the focal length of concave lens using a

convex mirror of known focal length. (5marks)
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Determination of focal length of concave lens using convex lens

L, L,
I’- is the image of lens L,.
| —is a real image of lens L; and virtual object of L,
(i) An object, O, is placed at a distance greater than f of lens L, to form real image I.

(ii) The image formed by L; is | is the virtual object to lens L,. Measure the distance Al.

(iii) Lens Ly is then placed between L; and a real image I’ is formed by L,. Measure the
distance AB and Bl and BI’

(iv) Forlens L,; image distance, v = Bl’, and object distance, u = Bl = Al — AB which is
negative.

(v) The focal length f for L, is calculated from

(b) A convex lens and concave lens of focal length 17.5 and 15cm respectively are mounted
coaxially 7.5cm a part with the concave lens facing a distant object. Find

(i) the final position of the image (3marks)

L,,f=17.5cm L,f=15cm

In lens 2

u=-(17.5-7.5)=-10cm
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The final image distance is 30cm from concave lens

(ii) the magnification of the image produced by the concave lens.(2marks)
Magnification=—- —

(c) Explain why a parabolic mirror is used in search lights instead of a concave mirror.
(3marks)
Parabolic mirrors cast a stronger reflected beam than concave mirrors when the bulb is
place at the focal point.

& 7
A 3
AN > >
B — D
¥ 4 >
e >

concave mirrors reflect

Parabolic mirror reflect .
diminishing beams

strong beam of light
(d) Differentiate between chromatic and spherical aberration

In chromatic aberration colored wavelength of white light are not focused at the same
point while in spherical aberration rays of light through a lens are not focused to the
same distance.

14. (a) Describe, giving the relevant equations, how the refractive index of a liquid can be
determined using a convex lens of known radius of curvature (4marks)

Determining the refractive index of a small quantity of a liquid using a convex lens and
plane mirror.
I ------------ AN O

Liquid Lens
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(v) Pour a small liquid on the plane mirror and place the convex lens on top.

(vi) Move the object, O, along the principal axis until it coincides with its image, I.

(vii)  Measure the distance, F, from O to the lens which is the combination of the focal
length of the liquid and the lens.

(viii)  Repeat the experiment (ii) with the convex lens and the plane mirror without
the liquid and determine focal length, f, of the glass lens

From- — —
-=(1 (= )
r,= (plane convex liquid lens)
— =(n-1)—
n=—+1

(b) An object is placed 30cm from a converging lens of focal length 10 cm and an image
formed on a screen. When a diverging lens is placed half way between the converging
lens and the screen, the screen has to be moved 4.5 cm further to obtain a clear image.
Calculate the focal length of the diverging lens. (5marks)

Solution
In converging lens
Image distance, v, in the converging lens

— — —-,;v=15cm

In diverging lens

Object distance, u =-(5—7.5) =-7.5 (virtual)
Image distance v =(7.5+4.5) =12cm

Let the focal length of diverging lens be f

(c) Explain the apparent shape of the bottom of a pool of water to the observer at the
bank of the pool

The bottom appears magnified because the countless ripples form a convex surface of
long focal length in which the bottom of the pool is a distance less than its focal length.
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15. (a) The deviation, d, by a prism of small angle, A, and refractive index, n, is d = (n-1)A.
use this to show that the focal length of a thin converging lens of refractive index, n, is

given by - (- =)

Where r; and r; are the radii of curvature of the lens surfaces.

Solution

Consider a ray parallel to the principal axis, incident at height, h.

— >
?zé

F
tand=—, dissmallinradian, d =—.....ccoerrrvrvrnrrcrecrennen. (i)
For small angle prisms d = (n-1)A oo, (ii)
From the diagram above, o+ B =A ....cccceeveveivreeeceeee (iii)

For small angle
o = tana = — and B=tanp =—

Substitution a and B in equation (iii)

Substituting equation (i) and (iv) in equation (ii)

-=(n-1) (= -)
Dividing by h
-=(n-1)(— -)

(b) Calculate the focal length of a converging meniscus with radii 25cm and 20 cm, and
refractive index 1.5
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f=22.2cm

16. (a)(i) What is meant by principal axis and principal focus as applied to converging lens.
(2marks)

Principal axis is a line joining the center of curvatures of the surfaces of a lens

Principal focus is a point on principal axis where rays close and parallel to principal axis
converge after refraction through the lens.

(ii) Describe how the focal length of a converging lens can be obtained using a plane
mirror and the non-parallax method. (5marks)
Measuring the focal length of convex lens using a lane mirror method (Non
parallax method)

- Place a plane mirror M on a table and lens L on top of it.

- Clamp a pin, O, horizontally with its tip lying horizontally along the principal axis
of the lens

- Move the pin O up and down along the principal axis to locate the position

where it coincides with the image.
- Measure the focal length, f, a distance from the pin to the lens.

'7Plane mirror

(b) A converging lens of focal length 20 cm is placed coaxially with a diverging lens of
focal length of 6 cm.

(i) If the lens are 12 cm apart, determine the position of the image of a distant object
placed on the same side of converging lens.

Solution
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f=20cm f=6cm

=
/
rays from T =
distant object .
P 12cm N
~ 7
¢ 20cm 5

In concave lens
u=-(20-12) = -8cm (virtual object)

From lens formula

24cm

(ii) What is the nature of the image formed in (i) above. (1mark)

The image is virtual
17. (a) What is meant by the term radii of curvature as applied to converging lens?
(b)(i) Show that the focal length, f, of a converging lens is given by:
— *__ —+
Where p is the refractive index of the material of the lens and r; and r; are the
radii of curvature of the surfaces of the lens.
Solution
Consider a ray parallel to the principal axis, incident at height, h.

-
. .
S

-~
-
-~

S u

— o
o

tand=—,dissmallinradian,d=—....cccoeerrrvrrrrnrrerereenn.. (i)
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For small angle prisms d = (L-)A  eevvvereeieee e (ii)
From the diagram above, o + B =A ....ccceeveevereveceeeeene (iii)

For small angle
o = tana = — and B=tanp =—

Substitution a and B in equation (iii)

Substituting equation (i) and (iv) in equation (ii)

-=p-1) (= )
Dividing by h
=) (= -)
(ii) A biconvex lens of radius of curvature 24 cm is placed on a liquid film on a plane

mirror. A pin clamped horizontally above the lens coincides with its image at a
distance of 40cm above the lens. If the refractive index of the liquid is 1.4, what
is the refractive index of the material of the lens?

Focal length of the lens =24/2 =12

Let the focal liquid be f
— — —;f=17.14cm
Radius of plano-concave lens of the liquid

From-=(n-1)(— -)

_— 1.4-1) (- -)
r=0.4x17.14 =6.9cm
Let the refractive index of lens material be n

J— *__ —t

n=1.45

Please find free new curriculum notes, exams and marking guides on digitlteachers.co.ug website
100 | Page



18. (a) What is meant by the term principal focus and focal length of a converging lens?
(2marks)

Principal focus is a point on principal axis where rays close and parallel to principal axis
converge after refraction through the lens.

Focal length is the distance between the principal focus and the middle of he lens

(b) Name one defect of images formed by a lens and explain how the defect is
minimized in practice (3marks)

Chromatic and spherical aberration and both can be minimized by using a
compound lens of different type

(c) The magnification of an object in a thin converging lens is m. when the lens is
moved a distance d towards the object, the magnification becomes m’. show that
the focal length, f, of the lens is given by

Solution

[

Q.

Vs,

u; N

<
3

N eesmadaana
0

A N
3.

U,
Case 1
Magnification = m

Object distance = u;

Case |l

Magnification = m’

Object distance = u;
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Eqn (i) — Eqgn (ii)

_— - But, =d
f=
(d) Explain
(i) Why an object far away from the eye appears to be smaller than when it is near.
(2marks)
An object far away subtends a small angle to the eyes while when it is near it
subtends a bigger angle
(ii) How loss of light by reflection at refractive surface can be minimized (3marks)

19. (a) Show that m + 1 = —for a convex lens where symbols carry their usual meaning

(b) Calculate the magnification of the object if the focal length of the convex lens is
30cm and the object is 39cm form the lens.

Solution
(a)

From,- =- +-
Multiplying by v

- == +1

But — =m

Thus,- = +1lor, m+1= -

(b) f=30cm, u=39cm, m="
From,- =- +-

Multiplying by u
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M=3.3

20. A point screen is placed 125cm from a luminous object. A converging lens is placed
between the object and the screen at a distance of 75cm from the screen such that a
clear image is obtained on a screen. Find the height of the object given that the
height of the image is 8cm.

1 ﬂ

, 50cm (], 75cm \J,m
N AN rd
ya N
N rd
125m
m=- —
h=5.3cm
21.

g ‘ ' )

&—15cm—
Z N
N —7
45¢cm
In the diagram above, the image of the object formed on the screen when a convex
lens is placed either at A or B. if A and B are 15cm apart, find
(i) The focal length of the lens
(ii) The magnification of image formed at B.

At A

u= —=—=15cm
v= —=——=30cm
Using— =- +-
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f=10cm

(ii) u= 0B =30cm
v=Bl=15cm

m=- —

22. An object is placed 6cm from a thin converging lens, A, of focal length 5cm. Another
thin converging lens B of focal length 15cm is placed co-axillary with A and 20cm from
it on the side away from the object. Fins the

(i) Position
Inlens A; f=5,u=6,v="

- -  —=v=30cm
Inlens B; f=15,u=20-30=-10,v="

— — —;v=6cminfrom of B

(ii) Nature and

Real because image distance is positive
(iii) Magnification of the image.

M = = =4.3

23. (a) Explain what is meant by conjugate points (02mark)

These are two points each on the opposite side of a convex lens such that an object
and its image at these points are interchangeable.

(b) A converging lens forms an image of height, h;, on a screen of an object O of height,

h. When the lens is displaced towards the screen, an image of height, h, is formed
on the screen.

(i) Sketch a ray diagram to show the formation of the image on the screen. (02marks)
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(i) Show thath =+ (04marks)

Lens at position A, a magnified image is formed
Linear magnification, - —

Lens at position A, a magnified image is formed
Linear magnification, - —

e OO (ii)

From the diagram the diagram and the principle of reversibility of light
OB = Al = (u+d) and OA =IB=u

From (i) and (ii), it follows that by inverting (i)

Vv

(c) The figure below show a glass lens in air with surface A and B having radii of curvature
10cm and 15cm respectively

If the refractive index of the glass material used is 1.50. Calculate the power of the lens.

Solution
Let the focal length of the lens be f

—_ *__ —t
f=12cm =0.12m
Power of the lens=—— —=8.3D

24. An object, O, placed in front of a converging lens forms a real image, |, on the screen.
The distance between the object and the image is, d, while that of the image from the
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lens is x. Derive the expression for the least possible distance between the object and

image.
Solution
? A—
< |
~ d_x ) X rd
~ d rd
u=d-x V=X
From - - -
v
X =

for real roots, d*>4fd or d > 4f

Thank you
Dr. Bbosa Science
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