Electromagnetic waves
and geometrical optics

Section Learning competencies

6.1 Electromagnetic Explain how electromagnetic waves are produced.
waves Describe the nature of electromagnetic waves.
(page 195) Compare mechanical and electromagnetic waves.

Draw diagrams to represent transverse waves.

Use straight lines to represent the direction of energy flow (rays).
Identify that electromagnetic waves emitted by the Sun have a
wide continuous range of frequencies (and wavelengths).

® Explain some uses of electromagnetic radiation.

6.2 Reflection of light | ® Explain what is meant by the rectilinear propagation of light.
(page 199) e State the laws of reflection.

e Perform experiments to test the laws of reflection using a plane
mirror.

e Use the laws of reflection to explain how images are formed in a
plane mirror.

¢ Find the position of a virtual image produced by a plane mirror

using a ray tracing method.

Use the laws of reflection to solve problems.

Give examples of the uses of plane mirrors.

Distinguish between concave and convex mirrors.

Identify the meanings of: principal axis, principal focus, radius of

curvature, magnification in relation to concave and convex mirrors.

Distinguish between real and virtual images.

Apply the appropriate sign convention when using mirror

equations.

¢ Find the position and nature of the image formed by a concave
and a convex mirror using the mirror equation and a ray tracing
method.

e Use the relation magnification =% = /7;_1 to solve problems.

0o 0o

® Give examples of the uses of curved (concave and convex) mirrors.

Define the term refraction.
State the conditions in which refraction occurs.

6.3 Refraction of light | ®
®
e Define the refractive index of a material.
®
®

(page 211)

Use Snell’s law to solve simple problems.
real depth

apparent depth

to find the refractive index of a liquid and a solid in the form of a
rectangular glass block.

e Perform experiments to test the laws of refraction.

® Draw a diagram representing the passage of light rays through a
rectangular glass block.

® Give examples of observations that indicate that light can be
refracted.

Use the formula refractive index =
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UNIT 6: Electromagnetic waves and geometrical optics

Section Learning competencies

¢ Identify that the passage of a ray of light through a parallel-sided
transparent medium results in the lateral displacement of a ray.
Define the critical angle 0.

Explain, with the aid of a diagram, what is meant by critical angle
and total internal reflection.

¢ Identify the conditions necessary for total internal reflection to
occur.

e Perform calculations involving critical angle and total internal
reflection.

Describe how total internal reflection is used in optical fibres.
Distinguish between convex and concave lenses.

e Identify the meaning of: principal focus, principal axis, focal
point, radius of curvature, magnification in relation to converging
and diverging lenses.

e Apply the appropriate sign convention when using thin lens
equations.

® Find the position and nature of the image formed by a convex and
concave lens using the thin lens formula and a ray tracing method.

e Define the power of a lens.

e Explain how the image is formed due to combination of thin
lenses.

® Draw a ray diagram to show how images are formed by lenses in a
simple microscope and a simple telescope.

e (Compare and contrast the structure and functions of the human
eye and the camera.

® Describe how the human eye forms an image on the retina for
different object distances.

¢ Identify some defects of the eye and their correction with lenses.

¢ Explain what is meant by the dispersion of white light to produce
a spectrum.

¢ Identify that the passage of a ray of light through a triangular
transparent prism results in a deviation of a ray.

6.1 Electromagnetic waves

By the end of this section you should be e Use straight lines to represent the

able to: direction of energy flow (rays).

¢ Explain how electromagnetic waves are e Identify that electromagnetic waves
produced. emitted by the Sun have a wide

Describe the nature of electromagnetic
waves.

Compare mechanical and electromagnetic
waves.

Draw diagrams to represent transverse
waves.

Grade 10

continuous range of frequencies (and
wavelengths).

Explain some uses of electromagnetic
radiation.
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KEY WORDS

transverse waves waves that
oscillate perpendicular to the
axis along which they travel

mechanical waves travel
through a material or
substance, with time. They
have frequency, period,
wavelength and amplitude
electromagnetic waves
transverse waves produced
when a magnetic field and
an electric field are at right
angles to each other

196

Types of wave

There are two types of wave: transverse and longitudinal. In this
unit we shall be considering transverse waves.

All waves are produced by vibrations. In a transverse wave, the
vibrations are at right angles to the direction of movement, as
shown in Figure 6:1.

vibrations

direction of travel

—_——

Figure 6.1 Transverse waves.

Mechanical waves travel through some medium (material), with
time. They have a frequency, period, wavelength and amplitude.
Mechanical waves transport energy and not material.

Electromagnetic waves

The vibrations in electromagnetic waves come from electric

and magnetic fields. Electromagnetic waves are produced when

a magnetic field and an electric field are at right angles to each
other. Charges that are accelerated in an electric and magnetic field
produce electromagnetic waves. They carry energy and momentum
that may be transferred to matter with which they interact.

| AAA

Figure 6.2 Electromagnetic waves.

Electromagnetic waves are transverse waves. Electromagnetic waves
do not need a medium through which to travel - they can travel
through a vacuum.

You will need to stand with a group of 20 of your fellow
students in a line. Number yourselves from 1 to 20. Those of
you who have an odd number are to represent the magnetic
field. Those of you who have an even number are to represent
the electric field.

Those of you who are representing the magnetic field should
hold your hands out in front of you, while those of you who
are representing the electric field should hold your hands in
the air, as shown in Figure 6.3.

You learnt about Faraday’s law in Unit 4. Remember that if you
increase an electric field, you will induce a magnetic field and
that decreasing the electric field will induce a magnetic field
in the opposite direction.
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UNIT 6: Electromagnetic waves and geometrical optics

In a small group, draw up a
table to compare mechanical

! ° ! o and electromagnetic waves.
. ) ) Make sure you understand
Figure 6.3 Students representing an electromagnetic wave. what it is that is moving in

Demonstrate Faraday’s law using your hands: you can represent each case.

changes in the electric field by changing the height of your
hands in the air and represent changes in the magnetic field by KEY WORDS
turning through 180°.

amplitude the maximum
distance a wave moves above
or below the base line

Representing transverse waves frequency the number of
complete waves passing a

You can draw diagrams to represent.transverse wavessuch as the given point in a second

one in Figure 6.4. wavelength the distance

between successive peaks or
wavelength troughs on a wave

amplitude . . .
_ rays straight lines extending

direction of energy flow from a pofnt

speed distance travelled per
unit time

Figure 6.4 Transverse wave diagram.,

The amplitude is the distance that the wave moves above or below
the base line. The frequency of a wave is the number of complete
waves passing a given point in a second. The wavelength is the
distance between successive equivalent points (usually taken as
peaks or troughs) on a‘wave. You can use straight lines (rays) to
represent the direction of energy flow along the wave.

Relationship between frequency, wavelength and
DID YOU KNOW?

speed
The frequency, wavelength and speed of a wave are related by the Heinrich Hertz (1857-1894)
fornaiita was a German physicist who
was the first to demonstrate
speed = frequency x wavelength satisfactorily the existence
In symbols this is written as: of electromagnetic waves
by building an apparatus to
v=/A produce and detect VHF or
The units need to be: UHF radio waves.
* speed: m/s The unit of frequency for

* frequency: Hertz waves is named after him.

* wavelength: metres.

Grade 10 197
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y rays Xrays ultraviolet visible light infrared microwaves radio waves
rays
10-12m 10-10m 10-8m 6x10-"m 106m 10-2m im

Figure 6.5 Electromagnetic spectrum.

Worked example 6.1 Electromagnetic waves emitted by the sun

A water wave has a
wavelength of 2 cm and a
frequency of 15 Hz. Find its
speed.

v A f
(m/s) | (m) (Hz)
? 2 cm 15

First we need to make sure
that the given values are in
the correct units.

Wavelength =2 cm = 0.02 m
Frequency = 15 Hz

Substitute these values into
the equation:

speed = frequency x

wavelength
gives
speed = 15 x 0.02
=0.3m/s

In a small group, design

a poster showing uses of
electromagnetic radiation.
You may also like to include
some hazards of electro-
magnetic radiation - do some
research to find out about
gamma rays, for example.

electromagnetic spectrum
the entire frequency range of
electromagnetic waves

198

The Sun emits electromagnetic waves with a wide range of
frequencies and wavelengths. This is generally referred to as the
electromagnetic spectrum, as shown in Figure 6.5.

In a vacuum, all electromagnetic waves travel at a speed of 3 x 10®
m/s: They have different properties (and therefore uses) because, as
shown in Figure 6.5, they have different wavelengths (and therefore
frequencies).

Some uses of electromagnetic radiation

Visible light is the most important part of the electromagnetic
spectrum to everyday life, even though its wavelengths are only a
small part-of the spectrum.

X-rays-are used to take pictures of inside the body to show any bone
fractures. They are absorbed more by bone (which is denser than
the surrounding muscles).

Infrared radiation is used in infrared cameras, which are used in
rescue operations to detect the presence of bodies.

Microwaves and radio waves are used for communications — for
example, radio and telephone signals.

Figure 6.6 Some uses of electromagnetic radiation.

¢ Electromagnetic waves are produced when electric fields and
magnetic fields are at right angles to each other.

¢ Electromagnetic waves are transverse waves that can travel
in a vacuum.
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® Mechanical waves transfer energy and called the electromagnetic spectrum.
need a medium through which to travel.
Electromagnetic waves can travel through a
vacuum. They have energy and momentum
that may be transferred to bodies with
which they interact.

® X-rays are used to take pictures of inside
the body to show any bone fractures. They
are absorbed more by bone (which is denser
than the surrounding muscles).

® Infrared radiation is used in infrared
cameras which are used in rescue
operations to detect the presence of

® You can draw diagrams to represent
transverse waves and use straight lines
to represent the direction of energy flow

bodies.
(rays). . .
) ) ® Microwaves and radio waves are used for
® Electromagnetic waves emitted by the communications - for example, radio and
Sun have a wide continuous range of telephone signals.

frequencies (and wavelengths) - this is

Review questions

1. Explain how electromagnetic waves are 5, What is the relationship between speed,
produced. frequency and wavelength for a transverse
wave?

2. Describe the nature of electromagnetic waves,
6. Give some types of electromagnetic waves on

3. Compare mechanical and electromagnetic )
the electromagnetic spectrum.

waves.
7. What is the frequency of an X-ray with a

4. Draw a diagram 'to'represent a transverse
& 4 wavelength of 1 x 107° m?

wave. Show its amplitude, frequency and
wavelength. Use straight lines to represent the
direction of energy flow (ray).

6.2 Reflection of light

By the end of this section you should be able to:

¢ Explain what is meant by the rectilinear propagation of
light.

e State the laws of reflection.

e Perform experiments to test the laws of reflection using a
plane mirror.

e Use the laws of reflection to explain how images are formed
in a plane mirror.

¢ Find the position of a virtual image produced by a plane
mirror using a ray tracing method.

e Use the laws of reflection to solve problems.
® (Give examples of the uses of plane mirrors.
e Distinguish between concave and convex mirrors.

e Identify the meanings of: principal axis, principal focus,
radius of curvature, magnification in relation to concave
and convex mirrors.
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UNIT 6: Electromagnetic waves and geometrical optics

¢ Distinguish between real and virtual images.

¢ Apply the appropriate sign convention when using mirror
equations.

¢ Find the position and nature of the image formed by a
concave and a convex mirror using the mirror equation and
a ray tracing method.

Si

® Use the relation magnification = 5 =% to solve problems.

(o] (o]
¢ Give examples of the uses of curved (concave and convex)
mirrors.

Rectilinear propagation of light

In the previous section, you learnt that visible light is a form of
electromagnetic radiation, or electromagnetic wave. Rectilinear
propagation of light simply means that light waves travel in straight
lines.

rectilinear propagation a
wave property by which waves
travel in straight lines

Set up the apparatus as shown in Figure 6.7.

comb mirror

torch light | — paper

Figure 6.7 Apparatus for investigating the reflection of light.

In a small group, make a list Break every other tooth of the comb. Draw the rays that appear
of where you see reflection to be coming from the mirror on the paper.
in nature.

The laws of reflection

Before we go on to state the laws of reflection, we need to sort out a
few points.

The first is that angles are not measured from the mirror surface
| normal itself, but from a construction line called the normal. This line is at
right angles to the mirror surface and should be drawn dotted.
Thus a beam of light hitting the mirror at an angle of 30° would
look as shown in Figure 6.8.

|
angle of | angle of
incidence ; reflection

incident reflected
ray ray Remember that angles are always measured from the normal. It is
g Z easy to forget this and measure the wrong angle.

The beam of light on its way to the mirror is called the incident ray.

Figure 6.8 Angles are measured 1t hits the mirror (is incident upon the mirror’) at a particular angle
from the normal.
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UNIT 6: Electromagnetic waves and geometrical optics

of incidence. After that the reflected ray leaves the mirror at the
appropriate angle of reflection. Figure 6.9 illustrates this.

Now we can consider how light behaves when it is reflected. The
results of Activity 6.4 can be summed up in two laws. The first law
of reflection is straightforward:

The angle of reflection is equal to the angle of incidence.

In other words, if light hits a mirror at 30° to the normal, it will
leave the mirror at 30° to the normal too.

At first sight this one law says everything. It takes a bit of thought
to realise that this is not so. There is actually an endless number of
possible rays of light at 30° to the normal, and they form a kind of
cone round the normal, as in Figure 6.10,

The ray we mean is the one opposite to the incident ray. This is
expressed more scientifically in the second law of reflection:

The reflected ray lies in the plane which contains the incident ray

and the normal.

The word ‘plane’ means flat surface, like a sheet of paper. An
ordinary flat mirror is more correctly known as a plane mirror.

Why you cannot see your reflection in a sheet of
paper

A sheet of white paper is a good reflector, yet it is useless if you wish

to see to comb your hair. Why?

We say it is a good reflector because of all the light energy landing
on it, perhaps 90% or more is reflected off again. It does not form
a visible image, however, because that light gets scattered in all
directions.

The key to this behaviour lies in the surface of the paper. At a
microscopic level the paper is all humps and bumps whereas a
mirror is smooth. The consequence of this is shown in Figure 6.12.

N N

paper

mirror

a b
Figure 6.12 a) Regular and b) diffuse reflection.

Notice that with the paper the laws of reflection apply as much
as with a mirror. The light still gets reflected off at the same angle
that it hit the surface: it is just that the surface points in different
directions.

A shiny black surface is just the opposite of the paper. It is smooth,
but it absorbs much of the light that lands on it. The small amount
of light that gets reflected leaves in a regular manner and so you
may be able to see a faint reflected image in it.

Grade 10

%z mirror

Figure 6.9 Reflection at a mirror.

/ 30°

i

Figure 6.10 The reflected ray is
the one opposite to the incident

ray.

Figure 6.11 shows the
principles of a simple
periscope.

W
— E

Figure 6.11 Principles of a
simple periscope.

If you can acquire two small
plane mirrors, you could
make one for yourself. Each
mirror needs to be inclined
at an angle of 45°, so

you will need to design a
cardboard tube to support
them.

plane mirror a mirror whose
surface lies in a plane

image an optically formed
reproduction of an object
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Figure 6.13

Figure 6.14

Using the laws of reflection to explain how images
are formed in a plane mirror and using a ray tracing
method to find the position of the image

Consider the mirror shown in Figure 6.13, with the object at point O.

The first law tells us that the angle of incidence is equal to the angle
of reflection, so in the diagram i'=r.

Now trace the reflected rays beyond the mirror using dotted lines,
as shown'in Figure 6.14.

The point where the dotted lines meet is the position of the image, I.

Worked example 6.2

The diagram shows a small source of light ‘0". Marked on the
diagram are the edges of a cone of light which eventually
enters the eye of a person placed roughly as shown in

Figure 6.15.
RN

Figure 6.15

a) Using a sharp pencil and a ruler, draw a diagram which
looks similar but larger. Leave some space below the mirror.
Don't put the eye in the diagram at first.

b) With the aid of a protractor, accurately draw in the normals
(dotted lines) where the edges of the cone of light meet the
mirror. For each one, carefully measure the exact angle of
incidence (from the normal!) and accurately draw the paths
of the light after reflection.

c) The light entering the eye is diverging (i.e. spreading out).
To locate the spot from which the light seems to be coming,
extend each of your two reflected lines backwards to where
they meet (again use dotted lines for this: no light actually
takes that route).

a) Q

Figure 6.16
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Figure 6.18

Concave mirrors

In the worked example above you found that, in a plane mirror, the

image is erect, virtual, laterally inverted, and the same size as the object.

We will now consider curved mirrors. You have probably seen
reflections in polished metal spheres. A shiny tablespoon forms
reflections from its inside surface and from its outside surface. All
these reflections are images, things we see even though the object is
somewhere else. This section considers how these images are formed.

First, we must sort out a few names. All the mirrors in this section
are spherical mirrors, which means that they are shaped like part of
the surface of a sphere; their curvature in all directions is the same.

We will start with a concave mirror. Its shape and the way it behaves
are shown in Figure 6.19, and you should soon be able to convince
yourself that this is exactly in line with the basic laws of reflection.

[top view much exaggerated]

Grade 10

Work in a small group to
make a list of all the uses of
plane mirrors that you can
think of.

concave mirror a mirror

with a reflecting surface that
bulges inwards, away from the
light source

Figure 6.19 Light reflecting off a
concave mirror.
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What happens as the object comes closer?
The mirror may then still use the laws of
reflection to bring the light to a focus, but if
so it will no longer be at the focus (that is,
the principal focus).

Experiment and find out. Figure 6.20 shows a
possible experimental set-up.
Mirror in

sprung
holder

Frosted
light bulb

Figure 6.20 Possible experimental set-up.

The object is a triangular-shaped hole in a

wooden board, and fine detail in the object is
provided by a wire gauze across the hole. This
fine detail helps in judging when the image is

KEY WORDS

focus the point at which light
rays converge

convex mirror a mirror with a
reflecting surface that bulges
outwards, towards the light
source

focal length the distance
from the centre of a curved

in sharp focus on the screen. (An alternative
is a transparent plastic ruler with clear
markings, held in a clamp.) To ensure that the
image is bright enough to see, the object is
illuminated from the back, just like the slide
in a slide projector.

Start with the object as far away from the
mirror as you can, around 1 m perhaps. The
task now is to find where a screen must

be to obtain a clear focused image on it.
Immediately a difficulty crops up: the screen
will have to be put right in the way of the
light on its way to the mirror (as shown in
Figure 6.19).

The easiest way round the difficulty is to have
the mirror at a slight angle - as shown in the
lower diagram of Figure 6.19, which is much
exaggerated.

Once the apparatus is set up, test it fully. You
should find you can get a sharp upside-down
image on the screen. As the object gets closer
to the mirror the screen has to be moved
further and further back, while the image gets
larger and larger.

Concave mirrors and magnification of images

In Activity 6.8, you found that as the object approached the
principal focus of the mirror, the screen had to be moved a great
distance away. Once you are inside that focus there is nowhere for
the screen to go to receive an image on it — the mirror no longer
forms a real image anywhere.

Using your own face as the object, you will find that when you
are close enough the mirror can still be used as a looking glass. It

mirror to the principal focus

Figure 6.21 Light reflecting off a
convex mirror.
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forms a virtual image, just as a plane mirror did. Conveniently, this
image is the right way up and there is one big difference compared
to the plane mirror: the image is larger than the object. It has been

magnified. The field of view is less than that in a plane mirror. The

magnification produced, however, means that a converging mirror
is sometimes used as a men’s shaving mirror.

Convex mirrors

Convex mirrors reflect the light so it spreads out. If the incoming
light is a parallel beam, we take as the focal length the distance from
the principal focus ‘f to the centre of the mirror (see Figure 6.21).
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A convex mirror cannot form a real image, so you will never need a
screen with it. It can act as a looking glass, however, and you will be
able to use it to see a virtual image, which seems to be a short way
behind it.

This image has the following properties:
1. It is always the right way up.

2. It always has a magnification of less than 1. Although everything
appears smaller, this means that the complete field of view is a
wide one.

3. It has a striking clarity. This is because normally our eyes can
only focus clearly on a limited range of distances — we can look
at a fly crawling up a window pane or we can look at the view
outside but not both at the same time: In.the mirror all objects
from nearby to the far distance are seen as images compressed
into the short distance between the mirror and its focus. Now
our eyes can view them all clearly at the same moment - a
unique experience.

Terms used in concave and convex mirrors

Figure 6.22 summarises the terms you have already met in relation
to concave and convex mirrors. It shows the principal axis,
principal focus and radius of curvature of a concave and a convex

ot i

mirror. The magnification is given by —Ezght i)rtr:jigci .
i

//\ principal focus

j>/\ principal axis
1 centre of curvature

/)/ Nradius of curvature

\\f principal
[ focus

% of
/\ curvature

principal axis

Figure 6.22 Terms used in relation to concave and convex mirrors.

Distinguish between real and virtual images

We have already met the terms real and virtual images. Now we
shall explain what these terms mean.

When you can focus the light from an image on a screen, the image
is called a real image. If no screen happens to be there, the light
actually passes through that point, and an alternative way to view it
is simply to stand back from it and look.

Grade 10

KEY WORDS

magnification the ratio
between the height of an
image and the height of the
object

principal axis the line
passing through the optical
vertex and centre of curvature
of the face of a curved mirror

principal focus the point at
which all light reflecting from
a curved mirror converges

radius of curvature the
radius of the sphere that
forms the basic curve of a
concave mirror

real image an image that can
be captured on a screen
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Notice that you must be sufficiently far back from the image to be
able to see it. Placing your eye at the image position itself is like

virtual image an image that trying to read this book by resting your eyeball on the page.
cannot be captured on a screen

The image produced by a plane mirror is different. We can stand
back and view the image just the same, but this time it has been
produced by what you could describe as a‘trick. If you put a
screen behind the'mirror, of course, no image will be formed on
it because the light never actually started from that point. We call
this a virtual image.

Some cars use diverging mirrors. Plane mirrors
are also available and are sometimes fitted.
It is not so easy to judge distances in them,
but diverging mirrors provide a far better field
of view (see Figure 6.23).

plane
mirror

N\

Field
of
view

Convex mirror
of same size

Field
of
view

Figure 6.24 Light reflecting off a buss mirror.

In a small group, make a list of as many uses
for concave and convex mirrors as you can.
Think about their magnification and their
field of view if it helps you to think about

Figure 6.23 Light reflecting off a car mirror where they may be used.

compared to a plane mirror.

Why we think of light from distant objects as
parallel

It is not quite mathematically parallel, but as far as
measurements are concerned it is parallel enough for the
accuracy we are seeking.

The more distant the better, of course. Only a point object at
infinity would give perfectly parallel light, but an object several
metres away (let alone the Sun at about 1.5 x 10" m distance)
is adequate for our measurement.
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Imagine a test beam of parallel light being tree in the distance) is formed clearly on the
shone along the principal axis of a concave screen. It will be upside down, quite small
mirror. It will be brought to a focus (the and - to many people’s surprise - in colour.

principal focus, F) of the mirror. The distance
from the principal focus to the vertex of the
mirror is its focal length, f. The greater the
curvature of the mirror, the closer will be

its principal focus and the shorter its focal >
length will be (see Figure 6.25).

Measure the distance from the screen to the
vertex of the mirror, and you have its focal
length.

The easiest way to find the focal length is
to shine parallel light onto the mirror and principal axis
see where this light is brought to a focus.
Hold the mirror in a stand and take a screen I

- a sheet of paper will do if need be. Light T \\
V4

—h

/
A
<

coming from distant objects is sufficiently
parallel for this purpose, so move the paper
towards the mirror until an image of a window Figure 6.25 Light coming to a focus after
at the far side of the room (or, even better, a reflection from a concave mirror.

~

A

The mirror equation

If you know the focal length of a converging mirror, it is possible to
do a calculation to give answers to-questions such as ‘If I place an
object at a given distance from the mirror, whereabouts will I have
to put the screen, and how big will the image be?’

The notation used is:

f = the focal length of the mirror.

s, = the distance from the object to the centre of the mirror.

s, = the distance from the centre of the mirror to where the image is
formed.

If the image is virtual, then we use a negative sign for the

distances.

The connection between them is:
1 1 1

+
s, sV f

Worked example 6.3

A mirror has a focal length of 200 mm (0.20 m).
If an object is placed 0.60 m from the mirror,

where will the image be formed? T s, s,
e L-1 41 (m) | (m) | (m)
s, S 0.20 | 0.60 | ?
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Putting in the values,
1 1 1

060 * 5, = 0.20

1
This gives 1.67 + e 5.00

1

1
Solving, 5= 5.00 - 1.67 = 3.33
.1 :
This is < remember, so to find s, we must ‘turn the answer
upside down’.

1
5i=333~ 0.30 m (30 cm, 300 mm).

Therefore a screen would have to be placed 300 mm back from
the mirror.

Finding the position and nature of the image
formed by a concave and a convex mirror using the
mirror equation and a ray tracing method

Worked example 6.4 Figure 6.26 shows how you can find the position and nature of the

image formed by a concave mirror using a ray tracing method.
You stand 15 cm away from
a converging mirror of focal
length 20 cm.

«— Real object
very far away

X
principal axis /‘€
a) Work out the distance to C//f
the image. _— Real image
at focus

b) Calculate the

magnification of the Real object X
image. (For this purpose principal axis | R _—\
ignore the minus sign.) /L/f !
Real image
s S, f. _
o i i Real object (‘
(Cm) (Cin) (Cm) principal axis A
15 | 2 | 10 . 1 !
1 1 1 Real image
a)Use5—+5—=7 N
o i eal objec
l = l _ l = l _ l principal axis ) f
s, f s, 20 15 J,C// ;

= — l /&al image
60

5i =—60 cm virtual object_ . -*

e s
b) Use magnification = = =

Si Real object ’_,-—‘/’/
6_0 =4 principal axis
“ —)

Figure 6.26
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The magnification relationship for mirrors
Magnification is defined to be:

the height of the image
the height of the object

It is just a number, and will have no units. We can calculate what it
will be like this:

h
Magnification = h—‘

Thus if h, = 0.60 m and h,=0.30 m, the magnlﬁcatlon can be

expected to be:
B 030
h.~ 0.60

Notice that the magnification here turns out to be less than 1. The
image will be only half as tall as the original object - if we used a
ruler for the object, the millimetre divisions in the image would be
only 0.5 mm apart. We still refer to this as magnification, however.

This table summarises what you have learnt about curved mirrors.

Quantity

Concave mirror

Convex mirror

Focal length f

+ve sign

-ve sign

Object distance s,

In front of mirror
+ve sign

Behind mirror
-ve sign (virtual)

Image distance s

In front of mirror
+ve sign (real)

Behind mirror
(virtual)

Magnification m

Image upright
+ve sign

Image inverted
-ve sign

e Rectilinear propagation of light simply means that light
travels in straight lines.
¢ The laws of reflection are:
The angle of reflection is equal to the angle of incidence.
The reflected ray lies in the plane which contains the
incident ray and the normal.

® An example of a use of plane mirrors is seeing your
reflection as you do your hair.

¢ (Concave and convex mirrors curve as shown in Figure 6.27.

concave convex

Figure 6.27
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e Figure 6.28 shows the principal axis, principal focus, radius
of curvature for concave and convex mirrors.

yi

1

principal focus

\ principal axis

\centre of curvature
Nradius of curvature

\\/ principal
focus )
principal axis f
V/m of
/\ curvature

Figure 6.28

e Real images can be focused on a screen. Virtual images
cannot be focused on a screen.

e When using the mirror equation, virtual images have a
negative sign.

® You can find the position and nature of the image formed by
a concave and a convex mirror using the mirror equation and
a ray tracing method.
e Magnification = 2 =/7;—i
s, h,
® Examples of the uses of curved (concave and convex) mirrors
are shaving mirrors and wing mirrors on vehicles.

Review questions

1. Explain what is meant by the rectilinear propagation of light.

O 2. State the laws of reflection.

3. Use the laws of reflection to explain how images are formed in a
plane mirror.

Find the position of the image produced by the plane mirror in
Figure 6.29 using a ray tracing method.

L1ITT77777 77777777/ 7777777777777/

Figure 6.29
5. An object is 10 cm from a plane mirror. The angle of incidence

on a plane mirror is 35°. Draw a diagram to show the situation
and work out:

a) the angle of reflection
b) the position of the virtual image.
6. Give examples of the uses of plane mirrors.

7. Distinguish between concave and convex mirrors.
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8. Draw a diagram to show the meanings of principal axis,
. . . . . (0]
principal focus and radius of curvature in relation to concave 0 A 8em
and convex mirrors.

. . . . . 15cm
9. Define magnification in relation to concave and convex mirrors.

10. Distinguish between real and virtual images.

11. State the mirror equation and the sign convention that you need /{
15cm f

N\

—> 0

to apply when using it. y
12. Find the position and nature of the image formed by the 20cm
concave and convex mirrors in Figure 6.30 using:
a) the mirror equation
) 1 Figure 6.30

b) aray tracing method.

6.3 Refraction of light

By the end of this section you should be able to:

e Define the term refraction.

e State the conditions in which refraction occurs.
¢ Define the refractive index of a material.

e Use Snell’s Law to solve simple problems.

o real depth .
e Use the formula refractive index = apparent depth to find

the refractive index of a liquid and a solid in the form of a
rectangular glass block.

¢ Perform experiments to test the laws of refraction.

® Draw a diagram representing the passage of light rays
through a rectangular glass block.

® Give examples of observations that indicate that light can
be refracted.

e Identify that the passage of a ray of light through a
parallel-sided transparent medium results in the lateral
displacement of a ray.

® Define the critical angle 6.

e Explain, with the aid of a diagram, what is meant by critical
angle and total internal reflection.

¢ Identify the conditions necessary for total internal
reflection to occur.

e Perform calculations involving critical angle and total
internal reflection.

e Describe how total internal reflection is used in optical
fibres.
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KEY WORDS

refraction the change in
direction of travel of a light
beam as the light crosses
the boundary between one
transparent medium and
another

Figure 6.31

Figure 6.32
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e Distinguish between convex and concave lenses.

¢ Identify the meaning of: principal focus, principal axis,
focal point, radius of curvature, magnification in relation to
converging and diverging lenses.

¢ Apply the appropriate sign convention when using thin lens
equations.

¢ Find the position and nature of the image formed by a
convex and concave lens using the thin lens formula and a
ray tracing method.

e Define the power of a lens.

¢ Explain how the image is formed due to combination of
thin lenses.

¢ Draw a ray diagram to show how images are formed by
lenses in a simple microscope and a simple telescope.

e (Compare and contrast the structure and functions of the
human eye and the camera.

e Describe how the human eye forms an image on the retina
for different object distances.

¢ Identify some defects of the eye and their correction with
lenses.

¢ Explain what is meant by the dispersion of white light to
produce a spectrum.

e Identify that the passage of a ray of light through a
triangular transparent prism results in a deviation of a ray.

Refraction

Something odd is happening in Figure 6.31 and it is obviously being
caused by the presence of the water. Reflection cannot account for
it, so what is the explanation?

Now look at Figure 6.32. The light is coming from the left, and
reaches a triangular glass prism. A little of that light is reflected
from each surface of the glass - that is how you may be able to see
your reflection in a glass window. Most of the light goes through the
glass, however. You can see from the figure that at the boundaries
between the air and glass, the light beam undergoes a sudden
change in direction. This is what we call refraction.

Refraction is the change in the direction of travel of a light
beam that occurs as the light crosses the boundary between one
transparent medium and another.

This bending of a light beam as it crosses a surface is a very
important effect in optics: it is the basic principle behind the
working of cameras and telescopes, for example. We must therefore
examine refraction in more detail.
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Which way does the light get bent?

To work out which way the light gets refracted at a particular surface,
it is helpful to draw the normal to the surface (as a dotted line).
Having done that, remember that the word ‘into’ is enough to predict
the path of the light. This tells you that as the light goes in to the water
or the glass, it is bent towards the normal. What this means is shown
in Figure 6.33. Notice that the light always crosses the normal.

Light going the other way (coming out from the water or the glass)
would take the same route in the other direction: as it comes out it
is refracted away from the normal.

The only time the light does not get refracted as it crosses the
boundary is if it hits the surface ‘square on, right along the normal
(which will be an angle of incidence of 0°, remember, not-90°).

A few consequences of refraction

We can now begin to understand why we get photographs like those
at the start of this section. A careful study of Figure 6.34 provides
the answer. The essential thing to realise is this: where something
seems to be is determined solely by the direction in which the light
is travelling as it enters the eye.

V light entering the eye ...

air air \

water

RN
\\\ ... seems to be
™~ coming from here

Figure 6.34The path of the light as it enters the eye is what
determines where the object appears to be.

If we look up at the night sky, a similar situation means that no

star is really where it appears to be unless it happens to be directly
overhead. This is due to refraction in the atmosphere. (The
boundary does not have to be between two different substances;
refraction will occur at a boundary between ‘thin’ air, as in the
upper atmosphere; and the denser air lower down.) Figure 6.35
shows a simple model of the Earth’s atmosphere which we can use.
At each boundary the light goes into denser air and each time it gets
refracted towards the normal.

In practice the density of the air increases steadily as you go down,
of course. We could improve our model by dividing it into a large
number of very thin layers, which would turn the path of the light
into a smooth curve. The end result is the same: the star looks
higher in the sky than it really is.

Another example of refraction in the atmosphere is the shimmering
effect that can be seen in the air above a Bunsen burner or a very
hot surface. This is convection in action. As the hot air swirls
upwards, its density keeps changing randomly. This causes light that
crosses the hot air to be refracted first one way and then the other,
so objects constantly appear to be shifting their position slightly.
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Take a glass of water. Put a
straw or stick into the glass
and describe what you see.

normal

I
. |
arr \’ﬁ
{
water }\\g\ the light beam is
I N bent this way
Figure 6.33 The light always

crosses the normal, but is bent
towards it.

fromstar % N light seems to be

a0 coming this way
\\\
\

X densest air

Figure 6.35 The star seems to us
to be higher than it really is.
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KEY WORDS

refractive index a measure of
the extent to which a medium
refracts light

Snell’s law whenever light
crosses a boundary between
two media, the sines of the
angles on each side of the
boundary bear a constant
ratio to each other

I if water
ifglass

Figure 6.36 The greater the
refractive index, the more the
light is bent.

0y |
|
H vacuum

iz

medium

Figure 6.37 Light crossing a
boundary.

i
81 | medium refractive
5 index n,
/62 //
G 7

medium refractive
index n,

Figure 6.38 The notation for
Snell’s law.
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The refractive index and Snell’s law

Some materials refract light at their boundary more than others.
The extent to which each one does this is measured by its refractive
index, given the symbol %’

The refractive index is a number larger than 1 such that the greater
the number the greater the refraction produced. Water, for example,
has a refractive index of 1.33, while that of common glass is just a
shade over 1.5. Figure 6.36 illustrates to scale the difference that
this makes. The water has the smaller refractive index, so its surface
bends the light less.

What does the number mean? It is a measure of the refraction that

occurs at a boundary between the material or ‘medium’ in question
(e.g. glass or water) and a vacuum. (In practice, we use a boundary

with air, which behaves virtually the same way as a vacuum.)

Figure 6.37 shows the situation. No arrow has been drawn on
the light beam because it follows the same path whichever way it
is going. If angle 6 is increased to such an extent that its sine is
doubled, then angle 6, will become larger so that its sine is
doubled too.

This relationship was first spotted by a Dutch mathematician called
Willebrord Snell back in 1621, and is now known as Snell’s law:

Whenever light crosses a boundary between two transparent
media, the sines of the angles on each side of the boundary bear a
constant ratio to each other.

Mathematically, for a particular boundary:
sinf,

sin 02

always comes to the same number regardless of the size of the
angles themselves. If that boundary is with a vacuum (or, near
enough, with air), this number is the refractive index of the
medium.

sin 6,

n=
sin 6,

To calculate the path light will take as it crosses a boundary between

any two media, the simplest way is to use Snell’s law in the form:

sinf,  n,

sin 02 n,

where the notation is as shown in Figure 6.38.

Since ‘n’ is more than 1, irrespective of the direction the light is
travelling in you always put the sine of the larger angle on top.
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In a small group, discuss these questions.

1. What do you think would happen if glass of refractive index
1.52 is immersed under a liquid whose refractive index is
also 1.52?

2. How do you think the speed of light in the glass compares
with that in the liquid?

Set up some apparatus to find out!

Why does refraction occur?

Refraction was first noticed with light. Early scientists soon found
that the relationship on either side of a boundary was not between
the angles themselves, but between their sines. They went on to use
their observations to design lenses, and to make microscopes and
telescopes.

It has since been discovered that refraction occurs with all types of
waves, including ripples on the surface of water and sound waves.
The bending is caused by a change in the speed of the wave when

it crosses a boundary. If a medium has a high refractive index, that
tells us that light entering the medium from a vacuum will undergo
a large amount of refraction. It must also mean that the light will be
slowed down a lot as it travels from the vacuum into the medium.

The real reason that the refractive index can be defined and
measured by the ratio of the sines of the angles is that it is also the
ratio of the speeds on either side of the boundary - the faster speed
over the slower speed. It can be shown that these two alternative
definitions are in fact equivalent, so one follows from the other.

Thus if the speed of light in a vacuum is denoted by c and its
(slower) speed in'the medium is v, then the refractive index n of the
medium will be given by:

c
n=—
v

Lateral displacement

Because the two opposite faces of the block are parallel, by
geometry the light must meet the second face at the same angle, 0,
(see Figure 6.40b). This means that as the light leaves the glass it is
refracted by the same amount the other way, and so must emerge
on a path parallel to its original one as shown in Figure 6.40b. The
sideways shift of the beam is called the lateral displacement.

The extent of the lateral displacement depends on the angle at
which the light is incident on the outer surface of the glass block.
At an angle of incidence of 0° (that is, when it hits the block at right
angles to its surface) the lateral displacement is of course nil. As the
angle of incidence increases, so does the displacement.
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Worked example 6.5

Light travelling in air meets
the surface of a block of
Perspex at an angle of
incidence of 50°. It enters
the block at an angle of
refraction of 31°. Calculate
the refractive index of
Perspex.

Start by drawing the diagram
in Figure 6.39. Mark all the
angles to the normal.

4 J
50° |

<
perepex (n=1)

Figure 6.39

sin 01

n=—
sm@2

sin 50°

sin 31°

n=1.49

KEY WORDS

lateral displacement the
perpendicular distance
between the pathway of the
incident light ray and the one
that emerges after refraction
from two surfaces of a
medium

61: y
! |

|
4 V4 7 N\ @
/Q/ YA

.

glass
a b

Figure 6.40 Light entering and

leaving a rectangular glass block.
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Take a piece of plain paper.
Set up the apparatus shown
in Figure 6.40 so that a
narrow beam of light is
incident on one face of a
rectangular glass block and
is refracted as it crosses the
boundary.

Trace round the outline of
the block. Use a sharp pencil
to trace the incident beam
of light and the beam of
light as it exits the block.
Take the paper from under
the block and join the two
rays as shown in Figure
6.40b.

Draw on the normals for

the incident beam and the
exit beam. Now measure the
angle of incidence and angle
of refraction. Use Snell’s law
to find the refractive index
of the block.
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Apparent depth

Figure 6.41 shows a small object ‘O’ under water. If it is a light bulb,
it is giving off its own light; if it is the tip of a fish’s tail, the light is
being reflected off it. Light within the cone drawn in the diagram
ends up in your eye. Be sure you understand that the refraction as
shown is correct: light coming out from the water will be bent away
from the normal:

eye

Figure 6.41 The light, which starts from ‘O’, enters the eye as if it was
spreading out from T

What does the eye — or, more accurately, the brain - register? Look
at Figure 6.41b. If no water was present but instead the object was
placed at point ‘T, the light reaching the eye would be exactly the
same. To realise this, cover up the bottom part of diagrams (a) and
(b) with a sheet of paper so all you can see is the eye and the light
entering it, and you will find the two are identical.

Combining the two in a single diagram, and showing only the edges
of the cone of light, we get Figure 6.42. What is really there is the
object at ‘O. What we see is the image at ‘T, and this appears to be
nearer the surface. Notice that the lines from the surface to point

T are shown dotted. This is because no light takes that part of the
path: they are just construction lines to pinpoint where the image
appears to be.

Figure 6.42 The apparent depth of the image T is less than the real
depth of the object ‘O’.
It is possible to calculate just how marked this effect will be, and

relate it to the refractive index n of the liquid. The relationship
between apparent and real depths is given by:

realdepth  _ n
apparent depth

This is not a definition of refractive index, merely a way of
predicting what the apparent depth will be. Nevertheless, it offers a
way to find the refractive index of the liquid.
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Activity 6.14: Using refractive index = —realdepth 4 find the refractive index

of a liquid apparent depth

Place the end of a ruler into some water in a
tank, holding it at an angle to the surface.
View it from above. Mark the real depth A and
the apparent depth A" on the side of the tank.
Measure real and apparent depth. Use
real depth
apparent depth

= n to estimate the bent.

Indeed, it is another example of apparent
depth. Looking at the ruler from above,
the end A will seem to be at A. Similarly B
and C look as though they are at B" and ('
respectively, and so the ruler seems to be

refractive index of the liquid. Repeat with
other liquids.

Why does the ruler appear to be bent?

The effect is due to the refraction of light. Figure 6.43

_l reflection

Suppose you find yourself under water with a torch that gives a
narrow beam. Figure 6.44 illustrates the effect of shining the light
on to the underside of the water surface at‘a progressively larger and
larger angle (as measured to the normal, remember). Only the path
of the main beam is shown - there will always be some reflection
back as well. 3

At a particular anglé.'of incidence (fna}ked c) the light emerges
along the surface. ¢V

What willhéppén if you shine the light at a greater angle of
incidence than this?

Where will the beam come out? Activity 6.16 explores this.
a M o el

. i \ 1
air 1
water i3 :

N, ]

e

]
]
,?
|
]

S (% e
e : =
|"._ 3 c [

Figure 6.44 What happens as the angle of incidence increases?

The light in the last section of Figure 6.44 does not emerge. Despite
the fact that the air is a transparent medium, no light enters it.

What happens to the energy of the incident light beam? There has
always been a second possibility, and that was the partial reflection
back from the surface. Now there is only that one possibility. The
reflection back is total: for light hitting it at such an angle, the inside
of the water surface behaves as a perfect mirror.

Grade 10

Activity 6.15:
Observations that

indicate that light can
be refracted

In a small group, make a list
of observations that indicate
that light can be refracted
(you could start with the
observations from the
activities you have already
carried out in this section).
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Figure 6.45 shows one
possible arrangement.

rough white screen
_/ mounted vertically
—————— "

T Y

Figure 6.45 Where does the
light come out?

The bright beam of light may
be obtained from a slide
projector with a horizontal
slit in place of a slide. The
mirror can be glued to an
axle mounted in a rubber
‘sucker’ pressed against the
side of the tank; to alter the
angle at which the beam

of light is incident on the
underneath of the water
surface, rotate the mirror.

Add fluorescein, a yellow-
green dye which glows
brightly along the path of
the light to make it visible
to the water. The route the
light takes after emerging
from the water can be traced
on a rough white screen.

KEY WORDS

total internal reflection
occurs when light strikes a
medium boundary at an angle
of incidence greater than the
critical angle, and all light is
reflected

critical angle the angle of
incidence on a boundary
above which total internal
reflection occurs
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This is called total internal reflection. It will occur only if two
conditions are fulfilled: 1) that the light is inside the water or the
glass, trying to ‘escape’; 2) that the light hits the inside of the surface
at a sufficiently large angle to the normal.

This may be stated more formally. Total internal reflection will
occur if:

1. Light travelling in a medium such as water or glass comes to a
surface with a medium in which it travels faster (usually air).

2. It hits the inside of this surface at an angle of incidence greater
than the critical angle.

The critical angle is defined as:

the particular angle of incidence for which the light emerges
along the surface (at an angle of refraction of 90°).

The critical angle is the angle marked as ¢ back in Figure 6.44.

Worked example 6.6

Ordinary glass has a refractive index of about 1.5. Work out its
critical angle at a boundary with air.

There are two points to bear in mind here: that at the critical
angle refraction still takes place (just) as in Figure 6.46, and
that sin 90° = 1.

vacuum/air *‘7 .
I

Figure 6.46 At the critical angle, the angle of refraction is 90°.

. . . Sin 81
Using the relationship n = — we get:
sinf,
sin 90 ; ) 1
n=—— butassin90=1, sinc=—
nc n

The refractive index of ordinary glass is about 1.5 and its
critical angle at a boundary with air can be worked out from:

. 1 1
sinc=— =— =0.667
n 1.5

SO C = 42°

Total internal reflection and its use in optical fibres

If the glass block you considered in the last section becomes
elongated into a rod, it will work in just the same way as it did
before. Once introduced into one end, the light cannot escape so
long as it always hits the side walls at an angle of incidence greater
than the critical angle for the material of the rod. The light is
trapped in what seems like a kind of pipe with silvered walls, as
shown in Figure 6.47.
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Recent advances in technology have led to a whole range of
applications of this effect. Individual plastic fibres can be made
which, optically insulated from one another, may be enclosed side
by side in a non-transparent sheath. The result is a bundle no wider
than the average electrical wiring to lamps, and so flexible that it
can be tied in knots without affecting its performance.

Figure 6.47 The principle of fibre optics.

Applications of fibre optics

An endoscope is a device used by doctors tosee inside the body. It
consists of two bundles of plastic fibres which can be passed down
the throat, for example, to view the stomach. One bundle takes the
light down to illuminate the area, while the other takes the reflected
light back to construct the image.

Telecommunication companies can use light waves to convey
messages and information in much the same way as they use

radio waves. The possibility is very tempting because, for technical
reasons, a single light beam can transmit far more telephone
conversations at one time than a radio wave. Using a light beam
raises severe problems, however. It does not travel well through

the atmosphere, and on a foggy day communications would be cut
completely. There is.also a lot of synthetic interference which might
swamp the signal, from street lights, bonfires and the like.

Fibre optics can provide the answer. Nowadays, in some places, a

single cheap fibre optic cable has replaced several telephone wires. The

material of the fibres has been made fantastically transparent, sothe
light can be detected at the far end of a cable as much as 20 km long.

A fibre can be used to monitor the temperature inside a jet engine.
The optical cable carries the radiation from the hot surfaces inside
to a pyrometer mounted outside the engine.

Convex and concave lenses

Before we proceed further, we must sort out a few points. The first
of these is how to spell! Notice that in the singular ‘lens’ does not
have an ‘e’ on the end. It is really a Latin word, and means ‘bean’
Early lenses were just little blobs of glass and people were struck by
their similarity in shape to beans, hence the name.

Figure 6.49 shows a convex lens acting on a beam of parallel light
to bring it to a focus. Like a prism, it works by refraction at the two
faces, but for convenience we think of the lens as bending the light
once as shown.

The principal axis of the lens is the line passing through the centre
of the lens, perpendicular to it.

Grade 10

Given a length of optical
fibre cable, design a
demonstration to show how
it will transmit light.

As well as the cable you will
have a white light source,

a triangular glass prism and
a suitable Perspex screen
(either made of milky
Perspex or with a roughened
surface). If you feel you will
need additional apparatus,
consult your teacher.

Figure 6.48 Fibre optics can also
be used to produce decorative
lighting such as this lamp.

—)‘[\»\F/principal
h)_i j// P axis

t
!
f !
e —

Figure 6.49 A convex lens

focusing a beam of parallel light.
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KEY WORDS

fibre optics glass or plastic
fibres that carry light along
their length

concave lens a lens having at
least one surface curved like
the inner surface of a sphere

dioptre a unit of
measurement of the optical
power of a lens or curved
mirror

convex lens a lens having at
least one surface curved like
the outer surface of a sphere

™ focal'plane

Figure 6.50 Any parallel beam
of light is brought to a focus
somewhere in the focal plane.

e principal
PNl jL)\ axis
| i

Figure 6.51 A concave lens.

Light which enters the lens parallel to its principal axis will be
converged to the point marked ‘F’ the principal focus. The distance
‘f” from the centre of the lens to point F is called the focal length of
the lens, and is a measure of the strength of the lens: a strong lens
will have a short focal length. Since a lens is reversible there will be
a point F on each side of the lens, equal distances from it.

An alternative way to measure the strength of a lens, used by
opticians, is to specify its power p.

The power of a lens = (its focal length in metres) °

so the larger numbers gowith the stronger lenses. The unit of power
in the optical sense will be m™, given the name dioptres. Thus a

1
lens whose focal length'is 20 cm would have a power of 0

m = 5 dioptres.

The focal plane of the lens is where the surface of a screen would
lie if it was placed the focal length away from the lens as shown in
Figure 6.50. A parallel beam of light which does not enter along
the principal axis will be brought to a focus somewhere in the focal
plane as in the diagram.

A concavelens is similar, except that a beam of light parallel to
its principal axis will emerge spreading out, as if coming from its
principal focus as shown in Figure 6.51.

Compare the terms used for lenses with those used for mirrors
(see page 205). Draw a diagram of a concave lens and a convex
lens and mark on the diagrams: principal focus, principal axis,
focal point and radius of curvature.

Magnification
This is just a number: the number of times the image is larger than

the object. A magnification of less than 1 means that the image is
smaller.

Whenever we refer to magnification we mean linear magnification,
defined as the height of the image divided by the height of the
object. Two examples are shown in Figure 6.52.

l 2cm
1

I em . ?.Scm

object magnification=0.5 magnification= 2.0

Figure 6.52

Notice that when the magnification is 2, the area of the square has
increased fourfold. Some advertisements for binoculars give their
area magnification: an area magnification of 49 sounds much better
than a magnification of 7, but they are the same thing!

Grade 10



UNIT 6: Electromagnetic waves and geometrical optics

Try getting a convex lens to cast an image on
a screen. Where must the screen be placed?
How big is the image? Is it the right way up
or inverted?

Figure 6.53 shows one possible set-up. The
object is a transparent plastic ruler with clear
centimetre and millimetre markings held in a
retort stand and clamp.

Start with the object as far back from the
lens as you conveniently can, then adjust the
screen until the image on it is in sharp focus.
Measuring distances from the centre of the
lens, record in a table the object distance

(to the ruler) and the image distance (to the
screen). Note also the magnification of the
image, from the spacing of the centimetre
markings on the screen and whether it is
inverted or the right way up.

The thin lens formula

The formula that you met in the last section with curved mirrors
also applies to lenses. To remind you, the notation used is this:

f = the focal length of the lens
s, = the distance from the object to the centre of the lens

s, = the distance from'the centre of the lens to where the image is
formed

The connection between them is:
1 1 1

+
s, s, f
To represent a concave lens, we give the focal length a negative value.
In a calculation, if the image distances works out to be negative, that
tells us that the image is not a real one but a virtual one.

You can also predict the magnification from:

s,
magnification = S—‘
Finding the position and nature of an image formed
by a convex and concave lens
To be able to say how big an image will be and which way up it is,
we need to take an object which has a definite size and which hasa

top and bottom to it. The simplest object to choose is an arrow, as
shown overleaf in Figure 6.54.
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Keep moving the object closer to the
lens in stages, and each time repeat the
measurements.

screen

Figure 6.53 Using a converging lens to cast an
image on a screen.

Worked example 6.7

An object is placed 40 cm
from a converging lens
of focal length 20 cm.
Where will the image be
formed, and what is its
magnification?

s,=40cm=0.4m and
f=20cm=0.2 m.

Putting these values into

! + L ives us:
s, s, f g :
1 1 1
—_— + _— = ——
0.4 s, 0.2
1
so 2.5+ — =5.0.
Si
This means that:
1
5= 5.0-2.5=2.5

1

1
S0 s, = 25 - 0.4 m (40 cm).

The magnification =
0.4
=—=1.0

0.4

|
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Figure 6.55 Light parallel to the
principal axis will be refracted
through the focus.

Figure 6.56 Light passing through
the centre of the lens will carry on
undeviated.

Figure 6.57 The sideways
displacement is negligible.

extent of complete cone of
light {not usually shown)

Figure 6.58 Where the cone of
rays shown in Figure 6.54 will
meet.

A ¢ .
0 F \ﬁ t principal axis

Figure 6.54 A cone of light will reach the lens from the tip of the
arrow.

The foot of the arrow is placed on the principal axis, and we already
know thatlight spreading out from a point on the principal axis will
be brought together by thelens somewhere further along it.

We do not consider the image of the bottom of the arrow, therefore,
but'we concentrate instead on the light spreading out from its tip. A
cone of light will reach the lens, and the focusing action of the lens
will bring this cone.of light together again to a point. Our problem
is to say where this point will be.

Luckily within that cone there are two particular directions of travel
for which we can predict the path of the light as it leaves the lens.
The two special cases are these:

1. Light entering the lens parallel to its principal axis will be
refracted through the focus ‘F, as shown in Figure 6.55.

2. Light passing through the centre of the lens will carry on
undeviated, as in Figure 6.56.

The second case needs a word of explanation. If a lens can be
thought of as a series of prisms, then the middle section is a
rectangular glass block. Light passing through such a block at an
angle emerges still going in the same direction but shifted sideways,
as shown in Figure 6.57.

A lens is very thin, perhaps 5 mm or thereabouts, and therefore the
extent of the sideways displacement is so slight as to be negligible.

Figure 6.58 shows both these special ‘predictable’ rays combined on
one drawing. Where these two lines meet at a point, so too will the
rest of that cone of light from the tip of the object.

You can now draw the complete ray diagram for a converging lens
being used as a projector. O is the slide, placed just outside the focus
of the lens and strongly illuminated from behind; I is the enlarged
real image formed on a suitably positioned distant screen (Figure
6.59).

Figure 6.59 Ray diagram for a converging lens being used as a
projector.
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In the ray diagram for a camera, O is the distant object being
photographed, and I is a small real image just beyond the focus
of the lens, which is cast on light-sensitive film at the back of the

camera (Figure 6.60).

Figure 6.60 The ray diagram

for a camera.

Position of object Key diagram Image is
Between F, and lens _ virtual
erect
‘ RA\ magnified
2F1 F1 fo) V\\z 2F2
At 2F, real
0 inverted
| same size as object
oF4 F1 Of F2 2F2

Between F, and 2F,

real
inverted
magnified

At F

formed at infinity
real

inverted
magnified

Beyond 2F,

formed between F and 2F,
real

inverted

diminished

At infinity

formed at F,
inverted

real

highly diminished

Figure 6.61 How to find the position and nature of the image formed

by a convex lens using a ray tracing method.
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Intermediate
image

O

\'TO

Obijective
lens

Figure 6.63 The first stage in
forming an image.

KEY WORDS

objective lens first lens
encountered by incoming light
rays from the object
eyepiece lens lens nearest to
the eye

224

How an image is formed due to combination of thin
lenses

To view an image and make best use of the available light, you need
an arrangement such as that shown in Figure 6.62.

< (=)

Figure 6,62 One method of viewing an image.

It is no good putting your eye at the point ‘T itself — that would be
like trying to read this print by resting your eyeball on the page! You
must'stand back so you can focus on it clearly.

The first stage in forming an image with a combination of thin
lenses can therefore be drawn as in Figure 6.63 (though the angles
are.much exaggerated for clarity).

The image, labelled ‘intermediate image’ in Figure 6.63, is typically
10-15 cm back from the objective.

In principle, you could cast this image onto a screen put there, but
in practiceit would be far too faint. It would be better to try to view
it by placing your eye back to the right of the drawing - it does not
matter how far back, so long as the image is outside your near point
so you can focus on it.

In a combination of thin lenses you achieve a second stage of
magnification by looking at the image not directly but through a
second lens.

The intermediate image must therefore lie inside the focus F,_ of the
second lens. Unfortunately the two rays whose progress we have
followed so far are not ‘special” ones for the second lens - they will
be refracted through it and help to form the virtual final image
which we see, but their path is not predictable. Therefore we have
had to add some construction lines (shown in blue) to see where the
image would be produced, and then draw the rays emerging from
the second lens spreading out from there (Figure 6.64).

Eyepiece lens

Intermediate image
acts as object for

eyepiece lens
FIO 'I:\ F

Objective
lens

OFO\

Final image

Figure 6.64
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The simple microscope N 11::0” —
A simple microscope is a magnifying glass. If the object lies 7" <€\ ) %

between the focus of the lens and the lens itself, the light comes out
diverging, as shown in Figure 6.65.

Figure 6.65 You will see a virtual
image at ‘T’

No real image will be formed: wherever you put a screen, you

cannot recreate on it an image of the original point of light. As

you move the screen back from the lens, all you can‘get is an ever-

widening circle of light.

If you place your eye as shown, however, you should see something:
a virtual image. Light enters the eye as if it was. coming from the
point I, located somewhere behind the lens and further away than
the object really is.

The image you see is the right way up and enlarged, as shown in
Figure 6.66.

If we trace the progress of the two ‘predictable’ rays; this time they Figure 6.66 Virtual image the
emerge from the lens still spreading out. No real image will be right way up and enlarged.
produced, but if you put your eye as shown in Figure 6.67, you will

be able to see a virtual image located back behind the lens at I.

Boos..
The telescope :
A telescope is designed for seeing more detail in an object thatis a ‘

f!" 0 \
long distance away. §>

If we are using a lens, the only magnified images that are possible Figure 6.67 The image you see
are formed with a converging lens having the object within 2 f (as in  is upright, enlarged and further
the projector) or within f (as in the simple microscope). Neither is back than the object.

possible if we are looking at the surface of the moon, so how do we

do it?

The solution is to use the objective lens to form a real image in its
focal plane. You then examine that image through a magnifying glass
(the eye lens) or.a whole set of converging lenses (the eyepiece).

Let us consider each stage in turn. The crucial factor in a quality
telescope is the objective. What we examine is the image it
produces, not the real object, and if the fine detail is not present in
that image, we will never be able to see it. It would be like looking
at a photograph in a newspaper through a microscope: all we would
see is.a big blur because no further detail is present in it. Therefore a
telescope is often described just in terms of its objective — what sort
is being used, and what its diameter is.

The image produced by the objective is, of course, smaller than the
original object — not desirable, but unavoidable. If you look at the
images of the window frames through a series of different lenses,
you will find that the stronger lenses form smaller images.

Here therefore we need a weak lens, so the image is still as large as
possible — the main limit is the length of the instrument.

The eye lens that we use to look at that image needs to be a strong
one, as with the microscope. If we set it so the final image is offered
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Figure 6.69

F

™ focal plane

to us back at infinity, that means having the intermediate image at
its focus. Therefore the total length of the telescope will be the focal
length of the objective, f, (which will be large), added to the focal
length of the eye lens, f_(which is tiny) (Figure 6.68).

Objective Eye lens

EA\\\ “ /\A\
Fo {

Figure 6.68 Telescope:

The light rays traced through the telescope started from one off-axis
point back at infinity. The two angles marked with o indicate the
angles subtended with and without the telescope. Their ratio is the
angular magnification.

It is possible to work out the angular magnification of the telescope

used like this by the ratio= .

e

The camera

If the lens and screen in Figure 6.69 are enclosed in a light-tight
box, you have a camera.

For distant objects a small upside-down picture of the outside
world will be cast on the film, which really just consists of light-
sensitive chemicals mounted in the focal plane of the lens. In a
digital camera, the film is replaced by an image capture surface that
converts the image into a computer file.

If the object being photographed comes in much closer, then the
distance from the lens to the film must increase slightly. With most
modern cameras this is done by rotating the lens: a screw thread
then winds it a small distance backwards or forwards. The other
possibility is to slide the lens along, in which case the camera is kept
light-tight by a concertina-like cloth ‘bellows’

The human eye

The human eye (see Figure 6.70), works rather like that of the
camera, where a converging lens forms a tiny upside-down image
of the distant world on a screen. The lens in the eye is not a glass
one, of course, but is made of living tissue. The screen on which the
image is cast is not a white board; instead, it is the back surface of
the eyeball (called the retina), packed with light-sensitive cells all
connected straight to the brain via many separate nerves, which
leave the eye in a bundle called the optic nerve.
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ring of
ciliary muscles hard white casing KEY Wo RDS

liquid retina light-sensitive cells
lining the inner surface of the

coloured iris

nerve endings on eye
pupil ' . the retina optic nerve a nerve
transparent to brain transmitting visual
comea  optienerve information from the retina to
the brain

Figure 6.70 The structure of the eye. pupil an opening in the

Each eye is enclosed in a tough white casing whose front part is centre of the iris of the eye
visible as the white of your eye. The bulge at the front of the eyeball
is the transparent window (the cornea) by which the light enters.
The amount of light reaching the retina is controlled by a ring called
the iris — usually brown or blue. It is the iris that determines the
colour of your eyes.

The size of the hole in the middle of the iris (the pupil) adjusts
itself as the brightness of the light changes. In bright light the pupil
is just a dot, while at night the iris opens right up to leave a large
pupil. The pupil looks black because the inside of the eye is covered
in a black pigment. The effect of this is to absorb stray light, and

so prevent it from being reflected onto the retina (otherwise the
contrast in the image would be reduced, rather like using a slide
projector in a poorly darkened room).

The lens in the eye is. surrounded by acircular sheet of muscle,
which divides the eyeball into two quite separate regions. The eye
is filled with liquid, which gives rigidity to the whole structure. The
liquid in the front compartment is salty, rather like tears, while the
space between the lens and the retina contains a thicker, less runny
liquid. Tear drops themselves are produced by glands in the sockets
into which the eyeballs fit, and act as a lubricant for the outside
surface of your eyes.

How the eye focuses

You can look at close-up objects or distant ones. Unless you require
spectacles, the image in both cases is clearly focused on the retina.

A camera would achieve this by altering the position of the screen
(the film) relative to the lens, by moving the lens slightly. With the
eye the story is quite different, however. Most of the refraction of
the light, to make it converge to a focus on the eye’s retina, takes
place as the light first enters the eyeball at the boundary between
air and the cornea. This is where the greatest change in the speed of
light occurs, and it is that speed change which causes the refraction.

The fine control of the focusing is done by the lens, but it must be
realised that only a little of the total refraction takes place there.

As the light goes between the liquid in the eye and the lens, there is
only a small change in speed and therefore only a small difference
in refractive index.
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accommodation the eye’s
ability to focus on objects at
various distances

Your ‘near point’ is the
closest distance at which

you can focus clearly. Bring
this book up towards your
eye and eventually the print
becomes blurred. The lens in
your eye has then reached
the limit of its adjustment; it
will bulge up no more.

Locate your near point in
this way, and get a friend to
measure how far it is from
your eye.

Carry out a survey of

other people’s near point
distance. Include people
much older than you. If
someone wears spectacles,
take the measurement both
with and without them: do
the spectacles make any
difference?

It is said that as people age
the lens in their eye becomes
less supple and so their near
point gets further away. Can
you find any evidence to
support this in your survey?

In a small group, use the
information you have
learnt so far to draw up a
comparison between the
camera and the human eye.

The eye’s ability to focus on objects at varying distances is called
accommodation. It is the ring of muscles around the lens that
enables the eye to accommodate. With a distant point object the
light is almost parallel, and the eye’s lens focuses it back to a point
on the retina. When you view a near object, the light spreading out
from it and reaching your eye will be diverging strongly and yet
the same lens hasto focus it on the same retina. A stronger lens is
needed to accomplish this second feat, and the muscles achieve this
by causing the'lens to bulge up into a fatter more rounded shape.

Figure 6.71 illustrates this process in a well-adjusted eye which does
not need spectacles. For simplicity, all the bending of the light is
shown occurring at the lens,

6 —6 B

a A close object b A more distant object ¢ Avery distant object

Figure 6.71 The lens changing shape to focus light from objects at
differing distances.

In Figure 6.71a the eye is focusing on a close object. The lens has to
be made into a very rounded shape to refract the light enough for

it to meet on the retina. In Figure 6.71b the object is more distant.
The light is not diverging so much, so less bending is needed to
make the rays meet on the retina, and the lens is not so ‘bulged up.
Finally, in Figure 6.71c the object is very distant. The apparently
parallel rays are actually diverging from a point a long way off. Less
refraction is needed and the lens is its natural shape and the muscles
are relaxed.

Defects of the eye and their correction with lenses

The lens in the eye needs to be at its weakest when you are viewing
objects a long way away, at infinity. With a correctly adjusted eye, at
this point your lens is completely relaxed.

As an object approaches, the power of your eyeball has to increase,
to refract the light a greater amount so it still focuses on the retina.
To accomplish this the lens bulges into a fatter shape, thus giving

it a shorter focal length. There is a limit to how much your lens
can bulge, and when this limit is reached the object is at your near
point. With a correctly adjusted eye the near point is taken to be
250 mm, though many young people can manage shorter distances
than that.

The first three defects in vision described below all involve the lens
in the eye. The fourth one is due to the shape of the cornea.

1 Short sight (myopia). This happens if the lens is too strong for
the eye or, looked at another way, the eyeball is too long for the
lens. With an object at the far point (that is, the greatest distance
which can be focused clearly), the lens is fully relaxed — and for
this eye the far point is not all that far away!
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For objects at greater distances the lens can go no weaker, so light
from them is made to meet in front of the retina and so the image
is blurred.

The one compensation is that the near point will be exceptionally
close.

To correct this fault, a diverging lens must be placed in front of the
eye so parallel light is made to enter the eye as if it was spreading
out from the eye’s far point (see Figure 6.72).

2 Long sight (hypermetropia). This time the lens is too weak. The
parallel light from distant objects would not be focused by the
relaxed lens until past the retina, but they can still be seen clearly
by causing the lens to bulge — thus using up some of the available
accommodation already. This means that as an object approaches,
the lens soon bulges to its maximum extent. Thus the near point
will be an inconveniently large distance away.

This fault may be corrected with spectacles containing converging
lenses, to strengthen the eyeball’s optical system (see Figure 6.72).

When.lens'is When lens is fully
fully relaxed bulged to its strongest The cure
RN =
Normal (still just st ht L
still just strong enough to :
eye J 9 9 Near point

focus a distant point object
on to the retina)

Short (Lens won't
ight 0
Sig ' go any
weaker, so

Distant ~ 250 mm

Weaken with a X

;

Thelensin ™ | ie— st more distant e e N e reled
the eye is Distance 10 objects are V. Close Far point distant
too strong] far poiri, not focused) near point Distant object appears to be at eye’s

far point, so can just be focused

Long :::0:::' Strengthen with a ()

oot .. too weak when fully 0 - relaxed
[The lensiin relaxed even to focus on :
the eye is very distant objects. : :
too weak] (... but you can see V. Distant
thgm (lzleagy, Qelvertherlwes& near point This lens has already done
y already bulging the :
lens a bit) part of necessary focusing

Figure 6.72 Sight defects.

3 Old sight (presbyopia). As people age, the lens in their eye may
become less supple. In that case the power of accommodation may
become affected at both ends of the range - their near point is
too far away, so a book has to be held at arm’s length, and their far
point is too close so they cannot see distant things clearly.

In that case a pair of reading spectacles with diverging lenses and
a pair of general viewing spectacles with converging lenses may be
needed, or else a single pair of bifocals.
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1

cylindrical lens

Figure 6.73 Cylindrical lenses.

ripples
PP obstacle

NI

tank of water

Figure 6.74 Diffraction.

diffraction the change of
direction of a wave at the
edge of an obstacle in its path

230

4 Astigmatism. This problem arises if a person’s cornea has a
different curvature in the horizontal plane from that in the
vertical plane. This results in two slightly different powers.
Vertical lines in the field of view may be sharply focused, for
instance, while horizontal lines are a bit blurred.

The remedy is a pair of spectacles fitted with cylindrical lenses,
whose surfaces‘are each part of a cylinder rather than a sphere
(see Figure 6.73). These increase the power of the eye in one
plane, to bring it up to the power in the other plane.

Diffraction of light

Diffraction of light (or any type of wave) is a change in direction
that. happens as the waves move through or round obstacles. You
can see this effect with water waves if you place an obstacle in a tank
of water and cause waves of different wavelengths to go through the
obstacle (see Figure 6.74).

Diffraction is greatest when the wavelength of the waves is long
compared to the size of the gap or obstacle.

Use two pencils or other straight edges.
Place tape around the shaft of one pencil
to create a space between them, as shown
in Figure 6.75.

Darken the room and then look through
the slit between the pencils and observe a
candle flame at a distance of about 2 m
(take care with the candle!). What do you
see? Rotate the pencils and describe how

your observations change. Change the _ —
width of the gap between the pencils Figure6.75
slightly. What do you see now? Diffraction of light.

Set up the apparatus as shown in Figure 6.76. What do you see?

two slits in card

I

flash light

/-
0

Figure 6.76 Apparatus for two-slit diffraction.
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Activity 6.24: Using a diffraction grating KEY WORDS

Set up the apparatus as shown in Figure 6.77. What do you see? diffraction grating a material
with a large number of narrow,

regularly spaced slits, designed
to produce a diffraction
flash light | pattern

/-
0

diffraction grating

Figure 6.77 Apparatus for a diffraction grating.

In a small group, look back to the section on the electromagnetlc
spectrum on page 198 and see if it helps you to explaln your
observations before you read on.

-e dispersion o.f white light to produce

White light has a range of wavelengths, from blue to red. Since
wavelength and speed are related by the equation v = fA (see page
197), then a range of Wavelengths will produce a range of speeds.
You know from page 215 that the amount of refraction is related to
speed and so the different wavelengths in white light are refracted
by different amounts to produce a spectrum, as shown in Figure
6.79. The fays are deviated by the prism.

Activity 6.25: Exploring dispersion of white light
Set up the apparatus as shown in Figure 6.78. What do you see?

paper
/
/
white light Figure 6.79 Producing a
spectrum by refracting white light
through prism.

triangular prism

Figure 6.78 Apparatus for exploring dispersion of white light.
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Activity 6.26: The CD spectroscope

Use a cracked CD to build a spectroscope. Observe the spectra
of a flashlight, a regular bulb, an infrared bulb, a flashlight
with a coloured filter, sunlight and a fluorescent bulb.
Experiment with other light sources. Observe sunsets. Record
your observations in a suitable manner.

Discuss in a small group why this works.

Warning: never look directly at the Sun.

The Fresnel lens

Fresnel lenses are thinner and lighter than conventional
~ spherical lenses. They are made with separate sections known
“as Fresnel zones mounted in a frame. Fresnel lenses are used to
concentrate solar light for use in solar cookers, solar forges, and
A solar collectors to heat water for domestic use.

Activity 6.27: Measuring the solar constant using a
Fresnel lens

KEY WORDS

solar constant the average
solar power striking the Earth’s Use a Fresnel lens like the one shown in Figure 6.80 to measure
atmosphere in regions directly the heat input from the Sun.

facing the Sun is about

1370 W/m? This is the solar | *
constant.

Figure 6.80 Fresnel lens.

Activity 6.28: Design a collector for the heat of
the Sun

‘ Design a collector that will concentrate and capture the heat
p %4 of the Sun. You need to be able to heat up 5 cc of water to
the highest possible temperature in 10 minutes. You may use a
Fresnel lens or some other reflective surface such as mirrors or
aluminium. The area of the collector must be less than 1 m2.
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Refraction is the change in the direction
of travel of a light beam that occurs as the
light crosses the boundary between one
transparent medium and another.

The refractive index of a material is:
sing,

n= .
sind,
Snell’s law can be used to solve simple
problems.

The formula

refractive index = real depth

apparent depth

can be used to find the refractive index
of a liquid and a solid in the form of a
rectangular glass block.

A diagram representing the passage of light
rays through a rectangular glass block is as
shown in Figure 6.81.

N\

N

Figure 6.81

Examples of observations that indicate that
light can be refracted are the dispersion of
white light to produce a spectrum and the
passage of light through lenses.

The passage of a ray of light through a
parallel-sided transparent medium results in
the lateral displacement of a ray.

Total internal reflection is as shown in
Figure 6.82.

air

_—
water //i /éi / E\

Figure 6.82

The critical angle 6_is the angle of
incidence in a dense medium when the
angle of refraction in a less dense medium
is 90°.

e Total internal reflection occurs when the

angle of incidence is more than the critical
angle.

® You can use the formula n = sin 90/sin ¢

in calculations involving critical angle and
total internal reflection.

e Total internal reflection is used in optical

fibres because the light is trapped within
the cable as shown in Figure 6.83.

=

Figure 6.83

® Figure 6.84 shows the difference between

convex and concave lenses and the terms
used when talking about lenses.

principal axis

—---- ‘T‘H --------- SN principal axis
radius of focus

Figure 6.84

e Magnification in relation to converging and

image distance
object distance *

diverging lenses is

e When using the thin lens the equation,

convex lenses have negative signs for
image, object and focal length.

¢ The position and nature of the image

formed by a convex and concave lens can
be found using the thin lens formula and a
ray tracing method.

The power of a lens is defined by
1

its focal length in metres

power of a lens =
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Review questions

1. Define the term refraction.

2. Define the refractive index of a material.

3. Find the refractive index of a material where the angle of
incidence is 56° and the angle of refraction is 34°.

4. Use the formula refractive index = real depth to find the
apparent depth

refractive index of a liquid'in which the real depth was 5 cm
and the apparent depth was 3'cm.

5. State the conditions in.which refraction occurs.
6. ¢ Describe an experiment to test the laws of refraction.

7. - Give examples of observations that indicate that light can be
refracted.

8. ~ Why does the passage of a ray of light through a parallel-sided
transparent medium result in the lateral displacement of a ray?

9. Define the critical angle 6.

10. Identify the conditions necessary for total internal reflection to
occur:

11. What is the critical angle for total internal reflection to occur
when the refractive index of the material is 1.52 and the angle
of incidence is 32°?

12. Describe how total internal reflection is used in optical fibres.
13. Distinguish between convex and concave lenses.

14. Draw a diagram to identify the meaning of: principal
focus, principal axis, focal point, radius of curvature and
magnification in relation to converging and diverging lenses.

15. Find the position and nature of the image formed by a convex
lens using a ray tracing method.

16. Define the power of a lens.

17. Explain how the image is formed due to combination of thin
lenses.

18. Draw a ray diagram to show how images are formed by lenses
in a simple microscope and a simple telescope.

19. Compare and contrast the structure and functions of the
human eye and the camera.

20. Describe how the human eye forms an image on the retina for
different object distances.

21. Identify some defects of the eye and their correction with
lenses.

22. Explain what is meant by the dispersion of white light to
produce a spectrum.

23. Why does the passage of a ray of light through a triangular
transparent prism result in a deviation of a ray?
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End of unit questions

1. What speed do all electromagnetic waves have in a vacuum?

2. Explain some uses of electromagnetic radiation.

3. Describe an experiment to test the laws of reflection using a
plane mirror.

4. The height of an object is 5 cm and the height of its image in a
concave mirror is 25 cm high. What is the magnification of the
image?

5. Give examples of the uses of curved (concave and convex)
mirrors. A

6. State Snell’s law.

7. Draw a diagram representing the passage of light rays through a
rectangular glass block.

8. Explain, with the aid of a diagram, what is meant by critical
angle and total internal reflection.

9. Use the thin lens equation to find the focal length of a convex
lens where the object is 4 cm from the lens and the image is
6 cm from the lens.

10. In December 1901 Marconi succeeded in sending the first
radio signals through the atmosphere 3200 km across the
Atlantic Ocean, Many scientists at the time predicted that this
experiment was impossible. Their prediction would have been
true for television signals. Why did Marconi’s experiment
work? Why was it not possible to send a television signal the
same distance until the 1960s? (Hint: compare how radio and
television signals are'transmitted.)

11. a) State what is meant by the diffraction of waves.

b) Draw a diagram to show how water waves are diffracted
when they pass through a gap.

12. Diftraction is a property of all waves, but is only a significant
effect when the wavelength of the diffracted waves is about the
same size as the aperture. Explain why the diffraction of sound
is easily observed in everyday life but the diffraction of light is
not.

13. Calculate the critical angle for
a) water (n=1.33)
b) diamond (n=2.42)

14. A certain transparent material, A, has a higher refractive index
than another material, B.

a) Through which one does light travel more slowly?

b) How do both speeds compare with the speed of light in air?
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Index

absolute potential 68
a.c. (alternating current)
circuits 76-77
CRO 160-161
generator 147-148
transformer 149, 150
acceleration
angular 27-28, 34
centripetal 26-27
linear and angular equations 28
under gravity 4, 5
uniform acceleration equations 5,
13
acceptor 167
accommodation 228
air-cored inductor 146
alkaline cell 88
alternating current
see a.c. (alternating current)
ammeter 93, 98, 99, 142
ammonium chloride 87, 88
amperes 81, 89, 136
amplifier 179-180, 181-183
amplitude 197
AND gate 185, 187, 188,189, 190,
191
angle
critical 218
deflection 122, 124
projectile 8, 13-17
angle of depression 13
angle of elevation 13
angle of incidence 200-201, 215-216,
217, 218
angle of reflection 200-201
angular acceleration 27-28, 34
angular displacement 24, 25
angular momentum 34-35
angular velocity 25-26, 27-28, 32
anode, 157, 158
apparent depth 216-217
Archimedes 38
astigmatism 230
atoms 50-51, 83

ball
dropping a 4, 5-6
horizontal projection 9-10, 11, 12
kicking 13
rolling down a track 11, 12
throwing a 7, 8, 17

bar magnet
domains 121-122
force between 120
induced e.m.f. 144-145
magnetic field 126-127

magnetisation 123
shielding 124
base 177, 178, 179
base current 180, 182
battery 72, 86, 87,793,94, 98
biasing 169, 178
bipolar junction transistor 171-172,
177
bridge rectifier175
burglar alarm*184, 189

camera 76, 223, 226
capacitance 71, 75
capacitors 71, 72, 98, 174-175
charge and discharge on 72-73
in daily life 76-77
electric potential energy stored in
75-76
parallel plate 75
in series, parallel and series-parallel
74
carbon plate 86, 87, 88
cars 21-22, 116, 206
cathode 157, 158
cathode ray oscilloscope (CRO) 156,
158-162
cathode rays 157-158
cells 98
dry cell 86-88
e.m.f. 108, 109
internal resistance 108-109
primary and secondary 88
in series and in parallel 110
centre of gravity 37
centre of mass 18-19, 37, 38
centripetal acceleration 26-27
centripetal force 20, 21-22, 133-134
charge 50-51, 81
by conduction 52
by induction 53
Coulomb’s law with three plus
charges 65-66
and discharge on a capacitor 72-73
distribution on conductor surfaces
54
flowing round a circuit 83-84
force between charges 63-65
in a metallic conductor 85
see also electrostatics; negative
charge; positive charge
chimney filters 56
circuit symbols 72, 98, 99
circular motion 21, 24-25, 40, 43
collector 177, 178, 179
collector current 180
comets 44

commutator 138

compass, 121, 124, 126

concave lens 219-223, 229

concave mirrors 203-204, 205,
206-207, 209

conduction 52, 167, 170

conduction electrons 83, 156

conductivity 84, 97-98

conductors 54, 55, 83, 86, 97, 164
charge in 85
electric field around 61-62
magnetic force on 135, 145
resistance and 95-96, 97

conservation of angular momentum
34-35

conservation of charge 51

conservation of energy 43, 144

convection currents 54-55

convex lens 219-223, 229

convex mirrors 204-205, 206, 208,
209

cooling, and magnetisation 123

copper 83, 84, 86, 97

coulomb 62, 81

Coulomb’s law 64, 65-66

critical angle 218

CRO (cathode ray oscilloscope) 156,
158-162

current see a.c.; d.c.; electric current

current-carrying conductor, magnetic
force on 135, 136

current-carrying wire
force on a rectanqular 136-137
magnetic fields 127-129

current-resistance graph 95-96

current-voltage graph 95, 169

d.c. (direct current) 76, 159
using a diode 173-174

degree 24-25

demagnetisation 122

depletion zone 168

diameter, and resistance 96

dielectric materials 73, 75

diffraction 230-231

diffraction grating 231

digital camera 226

diode 135, 156-157, 170
current-voltage characteristics 169
light emitting 171
P-N junction 168-169, 173-175
photodiode 172

dioptres 220

direct charging 56

direct current see d.c.

discharge 57, 72-73
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dispersion, white light 231, 232
displacement 24-25
horizontal 4, 12, 14
displacement-time graph 5
domains 121-122, 123-124
donor 167
doping 166-167
drift speed 84, 85
dry cell 86-88
dynamo effect see electromagnetic
induction

Earth
angular and tangential velocity 26
atmosphere 213-214
gravitational force 41-42
magnetic field 121, 129
Earth Circuit Leakage Breakers (ECLBs)
116
earthed 116
eddy currents 149-150, 151
electric charge see charge; electrostat-
ics
electric circuit
ammeter position in 99
charge flowing around 83-84
constructing and drawing 98-99
e.m.f., current and internal-resis-
tance 109
resistance 92-93
resistor combinations.in 101-105
voltmeter position in"'99-100
electric current 81-82, 109
conventional current 83
direction of flow 88, 98
eddy currents 149-150
electrons passing in 8485
in a motor 138, 139
Ohm's law 94-95
see also charge
electric field 60-62, 69, 196
electric field strength 62-63
electric force see.electrostatic force
electric motor 88, 112, 137-138, 152
electric potential 68-69
stored in a capacitor 75-76
see-also potential difference (p.d.)
electrical energy 112-113
cost of 113-114
from chemicals 86-88
from heat 89-90
from light energy 172-173
electricity see electrical energy
electrochemical cells 86
see also cells
electrodes 86, 157, 158
electrolyte 86
electrolytic capacitor 75, 175
electromagnetic induction 142-145,
148

Grade 10

electromagnetic spectrum 198
electromagnetic waves 196-197, 198

electromotive force (e.m.f.) see e.m.f.

electron gun 157
electronics 57, 75, 156
electrons 83, 84-85
conduction electrons 83, 156
in semiconductors 164
electroscope 52, 53
electrostatic force 62-66
electrostatics 50
applications 56-57
attraction 51-52
problems caused by 57-58
see also charge
e.m.f. 86, 92
cell 108, 109
in-a circuit 109
see also induced e.m.f.
emitter 177, 178, 179,.183
equilibrium 36
stable, unstable and neutral 37
equipotential lines 68-69
equipotential surfaces 68-69
escape velocity 45
exponential decay 73
extrinsic'semiconductor 167
eye 226-228
eye lens 225
eyepiece lens 224

Faraday’s law 142-143, 196-197
fibre optics 218-219
Fleming's left-hand rule 133, 135,
137, 138
flight time 9-10, 12, 14, 15-16
fluorescent tube 54, 55
flywheel 31-32
focal length 204, 207, 220
focal plane 220, 225
focus 204, 222
eye 227-228
force
current-carrying wire 129
and equilibrium 36
see also centripetal force; electro-
static force; gravitational force;
magnetic force
forward biased 169, 178
frequency 160-161, 197
Fresnel lens 232
friction 21-22
full wave rectification 175
fuse 115, 116

gain control 159
galvanometer 139
galvanoscope 82, 84
generator 147-148
geostationary satellite 43-44

germanium 98, 164
gravitational constant 41
gravitational force 4, 5, 41-42

half-wave rectification 174
Halley's comet 44
heat

electric energy from 89-90

and magnetisation 123

and resistance 95-96

and transformers 151
hole 164, 167, 168, 169
horizontal displacement 4, 12, 14
horizontal motion 4
horizontal projection 9-12
horizontal velocity 7-9, 14
horseshoe magnet 126, 139
household appliances 81, 113-114
hydroelectric power 115

ideal transformer equation 151-152
image 201, 202-203
from lenses 221-223
from mirrors 208
magnification 204
real and virtual 205-206, 223
incident ray 200, 201
induced e.m.f. 143, 144-145, 146,
147, 148
inductance 146-147
induction 53, 142
see also electromagnetic induction
inductors 145-146
infrared radiation 196
insulators 71, 73, 75, 83, 163
resistivity 97
integrated circuits 191
intermediate image 224, 226
internal resistance 108-109
intrinsic conduction 164
intrinsic semiconductors 164-165
inverse square relationship 64
ion 83
iron 90, 97, 122, 127
in an inductor 145-146
in a transformer 149-150

Kepler's laws 42-43
kilowatt hour 113
kinetic energy 31-33, 35
Kirchoff's law 178

lateral displacement 215-216

lattice structure 168

law of conservation of angular mo-
mentum 34-35

law of conservation of charge 51

laws of electromagnetic induction
142-145

laws of reflection 200-201, 202-203
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LDR (light-dependent resistor) 170,
184
LED (light emitting diode) 171, 184
lens
eye 226, 227-229
power 220
thin lens combinations 224
thin lens formula 221
see also concave lens; convex lens
LenZ's law 144-145
light
diffraction of 230-231
reflection of 199-209
refraction of 212-232
light emitting diode (LED) 171, 184
light energy, to electrical energy
172-173
light-dependent resistor (LDR) 170,
184
lightning 55-56
logic gates 184-191
long sight (hypermetropia) 229

magnet see bar magnet; horseshoe
magnet
magnetic domains see domains
magnetic field 126-127, 196
and centripetal force 133-134
Earth’s 121, 129
of a solenoid*129-130
magnetic field lines 127-128
magnetic field strength 129, 130, 134,
142
magnetic flux 126, 135, 142
magnetic flux density 127,142
magnetic force 120, 129, 133
on current-carrying-conductors 135,
136
motor effect 134-135
rectangular/current-carrying wire
136-137
magnetic shielding 124-125
magnetisation 122-123
magnetism 120-125
magnification 204, 205, 209, 220, 221
magnifying glass 225
majority carriers 167
manganese dioxide 87
mass
centre of 18-19, 37, 38
and gravitational force 41
maximum height 13-14
mechanical waves 196
microphone 179-180
microscope 225
microwaves 198
mind maps 58
miniature circuit breakers (MCBs) 116
minority carriers 167

mirror see concave mirrors; convex
mirrors; plane mirror

mirror equation 207-208

moment of inertia 31-32, 34, 35

motor effect 89, 134-135

multimeter 173

mutual inductance 147

N-P-N transistor 177, 178, 179

n-type semiconductor 167, 168

NAND gate 186-187, 191

near point 228

negative charge 51, 53, 61,62,'63

negative feedback 183

neutral equilibrium 37

Newton’s law of universal gravitation
40-41,43, 64

Newton’s second law of motion 20, 27,
34, 42

NOR gate 186-187

normal 200, 202,.213

NOT gate 186, 190, 191

nucleus 83

objective lens 224, 225

Ohm’s law 94-95

old sight (presbyopia) 229

optic nerve 226

optical fibres 218-219

OR gate 185-186, 187, 188, 189, 191
orbital period 27

P-N junction diode 168-169, 173-175
P-N-P transistor 177, 178
p-type semiconductor 167, 168
paint sprays 56
parabola 6-7, 8
parallel cells 110
parallel circuit 101, 103-105
parallel plate capacitor 75
p.d. see potential difference (p.d.)
periscope 201
permeability of free space 130
permittivity 73
photocopiers 57
photodiode 172
photovoltaic cell 172-173, 184
plane mirror 201, 202-203, 206
planetary motion 27, 42-43
plant watering system 191
polarisation 87
positive charge 51, 53, 55, 61, 62, 63
post-atomisation charging 56
potential difference (p.d.) 68, 94, 99
across a capacitor 71, 72-73
and collector current 180
current-resistance graph 95-96
current-voltage graph 95, 169
terminal 109
voltage drop 94, 95, 99, 104-105

potential divider 180
potential'energy 69
power 112-113
primary cells 88
principal axis 205, 207, 220, 222
principal focus 204, 205, 207, 220
projectile 3

see also ball
projectile motion 2-22
projectile range 12, 14-15, 16-17
public address system 77
pupil 227

radian 25
radiowaves 198, 219
radius of curvature 205
range equation 15, 16-17
ray diagram 222, 223
ray tracing method 202-203, 208
rays 197
real depth 216-217
real images 205-206
rectification 157, 173-175
rectilinear propagation of light 200
reflected ray 201
reflection
concave mirrors 203-204, 205
convex mirrors 204-205
laws of 200-201, 202-203
real and virtual images 205-206
regular and diffuse 201
total internal 217-219
refraction 212-232
apparent depth 216-217
consequences of 213-214
lateral displacement 215-216
total internal reflection 217-219
see also lens
refractive index 214-215, 217, 218
relay 181, 190
residual current circuit breakers 116
resistance 92-94, 97
conductors 95-96
internal 108-109
parallel circuit 103-105
semiconductors 165
series circuit 102-103
and transformer heat 151
resistivity 97-98
resistors 72, 73
in an amplifier 181-182, 183
combinations of 101-105
light-dependent 170
power of 112, 113
variable 93, 171
resolving 4
retina 226, 227
reverse biased 169, 178
revolution 24, 25
rheostat 93, 171

Grade 10



right-hand rule 128, 130
rotational dynamics 30-39
rotational inertia 32

rotational kinetic energy 32-33, 35
rotational motion 24

rubbing, charging by 51-52, 53

safety, electrical 115-116
satellites 43-45
secondary cells 88
security locks 190
Seebeck effect 89
self-inductance 146-147
semiconductors 98, 164, 170-173
charge carriers and resistance in
165
doping 166-167
intrinsic 164-165
see also diode; transistors
series cells 110
series circuit 92, 99, 101, 102-103
short sight (myopia) 228-229
silicon 164, 167, 168
sine wave 160
Snell’s law 214-215
solenoid 129, 144-145
magnetic field 129-130
in a transformer 149
spectrum 232
speed 197, 232
drift speed 84, 85
stable equilibrium 37
steel 121, 122, 123
step-down transformer 150-151
step-up transformer 150-151
switch 181, 183-184
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tangential acceleration 27
tangential velocity 26, 27
telecommunications 198, 219
telescope 225-226
temperature, measurement 90
temperature coefficient of resistance
96
thermionic emission 156
thermistor 170, 184
thermocouple thermometer 89-90
thermoelectricity 89-90
thermostat 189
thunderstorms 54-56
time base 160, 161
time constant, circuit 73
torque 33-34, 38, 136-137
total internal reflection 217-219
transformers 149-152
transistors 179-184
biasing 178
bipolar junction 171-172, 177
transverse waves. 196, 197
tribo charging 56
truth table 185, 186, 187, 188, 189
TV picture tube 162
two-slit diffraction 231

uniform acceleration equations 5, 13

uniform circular motion 19-20, 21
see also circular motion

unstable equilibrium 37

vacuum tubes 156-158
Van de Graff generator 54, 71
variable resistor 93, 171
velocity
angular 25-26, 27-28, 32
escape velocity 45

horizontal and vertical 7-9, 14
orbital, of satellites 44-45
resolving 4
in uniform circular motion 19
velocity-time graph 5
vertical motion 5-6
vertical velocity 7-9
virtualimages 205-206, 225
volt 68, 86

voltage see potential difference (p.d.)

voltage-operated switch 183-184
voltmeter 93, 99-100, 159

wavelength 197, 232

waves 196, 215, 230

white light, dispersion 231, 232
work done, by torque 34

X-ray tube 158
X-rays 198

zinc 86, 87, 88




