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Introduction

Light is something that has puzzled people since the dawn of time and scientist are still unclear as to what precisely light is.  However, we can say that light is an electromagnetic wave.  A sketch of an electromagnetic wave is shown in Figure 1.  This wave is composed of two components, an electric field wave and a magnetic field wave, vibrating at right angles to each other and to the direction in which the wave is travelling. In Figure 1, E represents the varying electric field, shown vibrating up and down, while B signifies the magnetic field which is shown vibrating in and out of the plane of the page.  Electric and magnetic fields can exist in a vacuum e.g. inside the tube of a television set, or in outer space, and so electromagnetic waves, unlike sound, can pass through a vacuum.  For this course, you need not worry too much about what electric and magnetic fields are, just be aware that an electromagnetic wave contains electric and magnetic components.
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Figure 1:- Electric and magnetic fields in an electromagnetic wave.

Electromagnetic waves travel at the speed of light in a vacuum; this is denoted by c (= 3 x 108 ms-1).  This speed is an important limit in physics.  Albert Einstein's theory of relativity showed that no object can travel faster than the speed of light and as the speed of an object approaches that of light very strange things start to happen.  Time will start to slow down, the object will appear to contract along the direction it is travelling and the mass of the object will increase.  This increase in mass becomes so great that an object moving at the speed of light would have an infinite mass.  From Newton's second law, F = ma, an infinite force would be required to accelerate an infinite mass and so it would be impossible to accelerate the object to a speed greater than the speed of light.

1.1. Electromagnetic Spectrum

Changing the frequency of a sound wave changes its pitch, there are also sound frequencies which are inaudible (infrasound and ultrasound).  Similarly for electromagnetic waves.  Some electromagnetic waves are visible, the visible range of electromagnetic waves being referred to as visible light.   The range of frequencies in visible light are

4 x 1014 Hz - 7.5 x 1014 Hz

red - violet 

Changing the frequency of the wave has the effect of changing its colour.  The range of frequencies in visible light represent the colours of the rainbow.

Red - Orange - Yellow - Green - Blue - Indigo - Violet

which can be remembered using either

ROY G. BIV

or 

Richard Of York Gave Battle In Vain

Example: - Determine the range of wavelengths of visible light in air.  Velocity of visible light in air = 3 x 108 ms-1.

Solution:- Range of frequencies in visible light  4 x 1014 - 7.5 x 1014 Hz

4 x 1014 Hz - red end of visible light spectrum

c = f  ---->   = c/f = 3 x 108 / 4 x 1014 = 7.5 x 10-7 m

Note: 1 x 10-9 m = 1 nm (nanometre)

 = 7.5 x 10-7 m = 750 x 10-9 m = 750 nm

7.5 x 1014 Hz - violet end of visible spectrum

c = f  ----> c/f =  = 3 x 108 / 7.5 x 1014 = 4 x 10-7 m

 = 4 x 10-7 m = 400 x 10-9 m = 750 nm

Hence, the visible light spectrum runs from 

wavelength 


400 nm - 750 nm

frequency

           7.5 x 1014 - 4 x 1014 Hz





    violet - red

Example: - Determine the frequency of yellow sodium street lighting  which has a wavelength of 589 nm.  Speed of light in air = 3 x 108 ms-1.

Solution: - Convert wavelength to SI units

589 nm = 589 x 10-9 m

c = f  ---->  f = c/ = 3 x 108 / 589 x 10-9 = 5.09 x 1014 Hz

Just as there are sound frequencies which are inaudible to humans, similarly there are electromagnetic waves which are invisible to us.  In fact, the visible spectrum is a very small part of a much broader range of frequencies/wavelengths which make up the electromagnetic spectrum.  For the purposes of naming different radiation types the spectrum is commonly split as indicated in Table 1.

	Radiation
	Wavelength range / m
	Source of Radiation

	Radio waves
	1 x 103 - 1 x 10-3
	Electric circuits

	(Microwaves1)
	(10-1 - 10-3)
	

	Infra-red (IR)
	1 x 10-3 - 7.5 x 10-7
	Warm or hot objects e.g. Sun

	Visible light
	7.5 x 10-7 - 4 x 10-7
	Excited atoms, hot objects

	Ultraviolet (UV)
	4 x 10-7 - 1 x 10-9
	Excited atoms, very hot objects

	X-rays
	1 x 10-9 - 1 x 10-12
	Decelerating electrons

	Gamma rays2
	2 x 10-11 - 1 x 10-13
	Nuclear processes e.g. radioactivity


Table 1:- Electromagnetic spectrum. 

1 - Microwaves are considered to be part of the radio wave section of the spectrum.

2 - The wavelength range for gamma rays overlaps that of X-rays.  There is no difference between an X-ray of wavelength 3 x 10-12 and a gamma ray of the same wavelength. However, if it originated in the nucleus of an atom it is called a gamma ray. 

Some parts of the electromagnetic spectrum may be more familiar to you than others.  We are all aware of TV signals, microwave radiation (used for MMDS TV as well as cooking) and RADAR which are all forms of radio waves.  Infrared radiation is produced by hot bodies and was considered in more detail in the chapter on Heat and Temperature.  Visible light we are all familiar with and the problems of ultraviolet radiation are becoming better known with the growing concern over links between UV radiation and skin cancer.  X-rays are widely used in medicine but exposure to X-rays should be strictly controlled as these rays are very harmful to human tissue.  Finally gamma rays are produced by some radioactive materials and can be exceptionally hazardous to health.

From the previous paragraph you have probably noticed a trend on descending the table showing the different radiation types in the electromagnetic spectrum.  The radiation gets more dangerous as you descend with gamma rays being the most harmful of all.  This is related to the frequency of the radiation, as the energy in a light wave is related to frequency and the more energy a light wave carries, the more biological damage it is likely to do.

Properties of Light

In this section of the course we will consider the following properties of light


(1) Reflection - mirrors


(2) Refraction - lenses, optical fibres, dispersion


(3) Diffraction 


(4) Interference

These properties are general properties of waves.  In the subsequent sections we will use light as a typical wave exhibiting these properties.

Note:- It is important to realise that we see objects because of the light which reflects off them into our eyes.  Hence, if the reflected light from an object cannot reach our eyes then we will not be able to see it.

2. Reflection

2.1. Introduction

The reflection of a beam of light by a plane (i.e. flat) mirror is shown in Figure 2.  




Figure 2:- Reflection of a light ray from a plane mirror.

The dashed line in this diagram is labelled as the 'normal'

The normal is an imaginary line drawn perpendicular to the reflecting surface, at the point at which light strikes the mirror.

It is important to note that all angles in optics are measured with reference to the normal.  Hence

angle of incidence, i = angle between incident ray and normal

angle of reflection, r = angle between reflected ray and normal

Law of reflection:

angle of reflection = angle of incidence

i = r

Light reflects off a plane mirror in the same way as a snooker ball bounces off a cushion (in the absence of spin on the ball).

Example:- Complete the path of the light beam in Figure 3 and write down the value of the angle of reflection in this case.




Figure 3:- Ray of light incident on a plane mirror.

Solution:-

We know  - angle of incidence = angle of reflection

Angle of incidence = angle between incident ray and normal

In diagram given angle between incident ray and mirror = 25o
Hence 



25 + i = 90



i = 90 - 25 = 65 

Angle of incidence = 65o
Angel of reflection must also be = 65o
The completed path of the beam of light is shown in Figure 4.




Figure 4:- Completed path of beam of light from question.

2.2. How the Eye Sees an Image in a Plane Mirror

When we look in a plane mirror we see our reflection.  This occurs because light from a bulb or sunlight, is reflected off us onto the mirror where it is reflected again.  The image we see results from the light reflected from the mirror entering our eyes.  Figure 5 shows a schematic representation of the formation of an image in a plane mirror. In this case the object is a pin.  Light illuminates the pin which reflects light in all directions (Note - diagram only shows the light reflected off the tip of the pin).  We are only interested in the light which strikes the mirror and enters our eye, enabling us to view the image.  The light striking the mirror is reflected, the light obeying the law of reflection with angle of incidence equal to angle of reflection.  In the diagram two rays of light are shown as they travel from the pin via the mirror to the eye.  These rays spread out (diverge) as they travel.  The eye looks back along these rays and imagines that they must have originated behind the mirror.  The image is located at the point where the rays of light appear to meet.




Figure 5: - Formation of an image in a plane mirror.  Actual path of light rays shown in full lines.  Dashed lines indicates how the eye constructs the image from the reflected light rays.
The two rays drawn in the diagram can be extended backwards to a point behind the mirror.  This is where the eye sees the image.  Note that the diagram only shows how an image of the tip of the pin is formed.  Similar rays can be drawn for any other point on the object, these would then be shown to appear to meet at the corresponding point on the image - shown in dashed lines.

Note:- Of course there is nothing actually behind the mirror.  The formation of an image in a plane mirror is one of the simplest optical illusions there is - we are very used to this but it can still cause confusion to many animals seeing their reflection for the first time.  The image is only formed when someone looks into the mirror - the image is formed by the eye.

Images in a plane mirror are - refer to figure 5


(i) same size as object,


(ii) same distance behind mirror as object is in front,


(iii) laterally inverted i.e. right hand side of object appears on the left hand side of the image,


(iv) virtual (see next section).

2.3. Real and Virtual Images

There are two types of image to be considered in the study of light (optics).


(i) Real


(ii) Virtual

Real images are formed by the actual intersection of light rays.  Such images can be formed on a screen.  For example camera, slide projector, cinema projector, overhead projector all form real images.  These images can be touched and look the same no matter at what angle they are viewed.  A real image is formed whether there is an observer there to view it or not.

Virtual images are formed by the apparent intersection of light rays.  We have already seen that a reflection in a plane mirror form a virtual image.  Other examples of virtual images are the images produced by microscopes, telescopes, magnifying glasses and binoculars. Virtual images cannot be formed on a screen - and all of the examples given require that the observer look through at least one piece of glass to view the image.  The appearance of the image depends on the angle at which it is viewed - when two people look into a mirror at the same time, they have different views and so the image formed for each is different.  

A virtual image is only formed if there is an observer to view it.

The distinction between real and virtual images may not be clear to you at this stage.  However, as we go through the remainder of this section, whenever an image is mentioned, it will usually be referred to as either real and virtual and you should become more familiar with this distinction as we proceed.

2.4. Curved Reflectors

In the previous section, we looked at reflection from a plane mirror.  There are numerous instances where it is useful to use curved reflectors - examples include rear view mirrors in cars, security mirrors in shops, satellite dishes and the mirrors behind the bulbs in headlights and torches.  We will begin this section by considering spherical mirrors.

2.4.1. Spherical Mirrors

Consider a spherical shell like the shell of a perfectly spherical egg with the white and yolk removed.  If a circular section of this shell is removed, the cut away section would have the shape of a spherical mirror.  When the inside surface is used as the reflector then mirror is concave - if the outside surface is used then it is referred to as convex (see Figure 6).




Figure 6:- Top - concave mirror, rays of light parallel to principal axis are reflected through the focal point, F.  Bottom - convex mirror, rays of light parallel to principal axis are reflected such that the rays appear to be emerging from a point, focal point F, behind the mirror.

The centre of a spherical mirror is called the pole, labelled P in Figure 6.  The distance between the pole of the mirror and the focal point is called the focal length of the mirror.  The normal to the mirror's surface at the pole is called the principal axis.  Note that when light strikes a curved surface the law of reflection still applies i.e. the angle of incidence equals the angle of reflection.

Concave mirror - for a small concave mirror all rays of light travelling parallel to the principal axis of the mirror are reflected through the focal point, F, of the mirror.  

Convex mirror - for a small convex mirror all rays of light travelling parallel to the principal axis of the mirror are reflected such that they appear to come from a point, F, behind the mirror.

You may be wondering why there is a reference to the size of the mirror - in fact, for larger mirrors light striking close to the edge of the mirror isn't reflected through the focal point but passes between the focal point and the pole - see Figure 7(a).  Please note that the law of reflection still applies, it is the shape of the mirror that results in some light not being reflected through the focal point. This limits the use of spherical mirrors. Parabolic mirrors are so shaped that all the light incident on them is reflected through the focal point, no matter how wide the mirror - see Figure 7(b).  Parabolic mirrors and reflectors are widely used as will be discussed in the next section.




Figure 7:- (a) Beam of light falling on a wide concave spherical mirror.  Light close to edge of mirror is reflected such that it passes between focal point and pole of mirror.  (b) A wide parabolic shaped mirror reflects all the light incident on the mirror through the focal point.

2.4.2. Uses of Parabolic Reflectors

Concave parabolic reflectors are widely used because a wide beam of light shining on the reflector is brought to a focus at F.  This is used in satellite dish receivers where the radio wave signal strikes the dish and is reflected onto a receiver located at the focal point.  You may also have seen this type of dish placed around a broadcasting microphone at sports events.  This enables the microphone to pick up sounds from quite a distance away - all the sound striking the reflector is reflected onto the microphone producing a louder sound at the microphone than would otherwise have been the case.  In each of these applications, the dish focuses the signal increasing its intensity at a single point.

These reflectors are also used where a wave source is placed at the focal point of a concave reflector.  As can be seen from Figure 8, this results in a parallel beam of radiation being emitted.  In a torch a bulb is placed at the focal point of the mirror to produce a beam of light.  In satellite transmitters, the transmitter is usually placed at the focal point of the dish to create a beam.  You may wonder what exactly is the advantage of creating a beam?  Take the example of the light bulb in the torch.  A bulb on its own emits light in all directions and because the light spreads out as it travels it becomes less and less intense.  Forming the light into a beam means than its intensity remains more or less constant.  As a result, the torch can illuminate places a number of metres distant.  With the satellite dish, the signal has to be transmitted over many hundreds of kilometres.  Without the dish, the source would have to be extremely intense to create a signal large enough to be detected by a satellite.  Using a dish greatly reduces the required intensity of the source.




Figure 8:- A source of radiation at the focal point, F, emits radiation in all directions.  All radiation striking the wide parabolic mirror is reflected such that it forms a wide parallel beam.
Note: The MMDS system used to transmit multichannel television in country areas is based on microwave radiation.  The reflectors for this system are instantly recognisable as wire mesh is a good reflector of microwaves.  The concave shaped wire meshes on many country houses are in fact MMDS receivers.  This ability of wire mesh to reflect microwaves is also used in microwave ovens - the door of the oven contains a wire mesh to prevent microwaves escaping from the oven. 

2.4.3. Convex Parabolic Reflectors

Convex parabolic mirrors are used where a wide field of view is needed.  The field of view for a plane mirror and a convex mirror are compared in Figure 9.  It is clear that the convex mirror provides a much wider field of view.  This is used in security mirrors, mirrors placed at dangerous road entrances to private dwellings and in the side mirrors in cars.  One disadvantage of this type of mirror is that it produces a distorted image.  For example, the side mirror in a car makes the cars behind you appear farther away than they actually are.  This can be dangerous if you are on a dual carriageway, about to overtake while a car is coming up behind you in the outer lane. The flat rear view mirror gives you a better indication of the distances involved.




Figure 9:- (a) A plane mirror reflects light from a narrow angular range into the eye. (b) A convex mirror reflects light from a much wider range into the eye.  Hence the eye sees a wider field of view with a convex mirror.
3. Refraction

3.1. Introduction

In general light travels in straight lines.  There are however exceptions to this rule and we will consider one of these exceptions in this section.  

Refraction is defined as the bending of light as it passes between media of different refractive index.

The refractive index of a medium is related to its optical density - the greater the density of the material, the higher its refractive index.  Refractive index is normally represented by n and is a measure of how much a beam of light is deviated on passing from air into the medium in question.  Typical values for refractive index are given in Table 2.

	Medium
	Refractive index

	Air
	1.0

	Water
	1.33

	Glass
	1.5


Table 2:- Refractive indices of some transparent media.

Before we continue, you should try to remember the following points:-

Light travelling from a less dense to a denser medium is bent towards the normal

Light travelling from a denser to a less dense medium is bent away from the normal

What exactly do these statements mean?  As an example of the first statement, we will take the case of a light ray travelling from air (low n) to glass (high n).  The resultant path of such a light ray is shown in Figure 10.




Figure 10:- Ray diagram showing path of a ray of light as it passes from a less dense (air) to a denser (glass) medium.

From the diagram we can define

1 = angle between the incident ray and the normal = angle of incidence in medium 1

2 = angle between the refracted ray and the normal = angle of refraction in medium 2

n1 = refractive index of first medium (in this case air)

n2 = refractive index of second medium (in this case glass)

As you can see, the angle of refraction, 2, is less than the angle of incidence, 1 - hence the light ray has bent closer in to the normal.

3.2. Law of Refraction

The basic law of refraction is called Snell's law and is a mathematical formula which relates the path of the light ray to the angles and the refractive indices of the media involved.

Snell's Law



n1 sin 1 = n2 sin 2
for light travelling from medium 1 to medium 2.

n = refractive index of medium

1 = angle of incidence in medium 1

2 = angle of refraction in medium 2

Example:- Light is travelling from glass to air.  If the angle of incidence is 35o, determine a value for the angle of refraction.  Draw a sketch showing the path of the ray.

Solution:- From Table 2, refractive index of glass = 1.5 and that of air = 1.0

Light is travelling from air to glass, hence

n1 = 1.5, n2 = 1.0 and 1 = 35o
We already have enough information to sketch the path of the light ray.  Light is travelling from dense to less dense, therefore the light ray will be deviated away from the normal (Figure 11) i.e. 2 > 1.




Figure 11:- Sketch of the path of a light ray travelling from glass to air.

It only now remains to determine a value for 2.  Apply Snell's law.

n1 sin 1 = n2 sin 2
1.5 x sin 35o = 1.0 x sin 2
1.5 x 0.5736 = 1.0 x sin 2 = sin 2
0.8604 = sin 2
Hence

2 = sin-1 0.8604 = 59.36o
The angle of refraction in this example = 59.36o
SAQs

For the following questions, use the values of refractive index given in Table 1.

SAQ1 - Determine the angle of refraction when light travels from air to water with an angle of incidence of 25o.

SAQ2 - A light ray passes from water to glass and emerges at an angle of refraction of 50o, determine the angle of incidence.

SAQ3 - Light travels from air into a block of ice.  If the angle of incidence is 50o and the angle of refraction 32o, determine the refractive index of the ice.

3.3. Image Formation and Refraction.

When reading this page, you (hopefully) should be able to see each printed letter clearly.  If you placed an empty glass over this page and try to read it through the bottom of the glass then the print may become blurred especially if the thickness of the glass is uneven.  This occurs because of refraction.  Light reflected from the page has to pass through the glass before it reaches your eye.  Each time the light moves into a different medium with a different refractive index, its path will be bent.  Your eye looks back along these light rays to form an image of the page. If the light from different parts of the page have been bent to different extents then your eye will only be able to form a blurred image of the page.  A similar effect is observed when viewing a scene through car engine exhaust.  The best example of this is at the start line of a Formula 1 Grand Prix.  The exhaust fumes change the refractive index of air and so light will no longer travel in straight lines from the object to the camera (or your eye if you are lucky enough to be there in person).  Hence the scene will appear slightly blurred.

Refraction leads to other optical effects.  For example a stick/pencil which is half in - half out of a pool of water appears to be broken at the point where it enters the water - try this for yourself.  Another common effect is that swimming pools tend to look shallower than they actually are.  Both these observations are simply explained by the idea of refraction.  We will look in more detail at the swimming pool.  We see the base of the pool by the light reflected from it which then passes up through the water into the air and on to our eyes.  The diagram in Figure 12 shows the paths of two light rays from a point on the bottom of a swimming pool to the eye of an observer.




Figure 12:- Path of light rays from base of swimming pool to the eye.

As we have seen earlier the eye creates an image by looking straight back along the rays which reach it. It seems to the eye that the light reaching it must have originated from point X in Figure 13.  As you can see from the diagram, this leads the eye to see the base of the pool above its true position. The ratio

real depth / apparent depth = refractive index, n 

This relationship can be used to determine the refractive index of water or glass




Figure 13:- Eye looking back along rays assumes that they must have originated at point X - and this then is where the base of the pool seems to be.
Example - A swimming pool is 2 m deep.  What is the apparent depth of the pool to an observer.

Solution - Refractive index of water = 1.33, real depth = 2 m

Real depth / apparent depth = n

2 / apparent depth = 1.33

2 = 1.33 x apparent depth

2 / 1.33 = apparent depth = 1.5 m

SAQ - A glass block has a measured thickness of 3 cm.  A microscope is used to determine the apparent thickness on looking through the glass and this is found to be 2.1 cm.  Calculate the refractive index of this glass.

3.4. An Important Calculation on Refraction.

As we have seen, the refraction of light is governed by Snell's law.  For the following question apply Snell's law to determine the angle of refraction in each case.  Please attempt this question before looking at the solution on the next page.

Question:- Light is travelling from glass to air.  Determine a value for the angle of refraction for each of the following angles of incidence:


(i) 30o

(ii) 40o 
(iii) 50o
Solution

n1 sin 1 = n2 sin 2
n1 = refractive index of glass = 1.5

n2 = refractive index of air = 1.0

(i) Angle of incidence = 1 = 30o
n1 sin 1 = n2 sin 2
1.5 sin 30o = 1.0 sin 2
1.5 x 0.5 = sin 2 = 0.75

2 = sin-1 0.75 = 48.6o
Note - light is travelling from dense to less dense, hence 2 > 1
(ii) Angle of incidence = 1 = 40o
n1 sin 1 = n2 sin 2
1.5 sin 40o = 1.0 sin 2
1.5 x 0.643 = sin 2 = 0.964

2 = sin-1 0.964 = 74.6o
(iii) Angle of incidence = 1 = 50o
n1 sin 1 = n2 sin 2
1.5 sin 50o = 1.0 sin 2
1.5 x 0.766 = sin 2 = 1.149

2 = sin-1 1.149 = Error
sin  cannot be greater than 1, hence it is impossible to calculate a value for 2.

What is going on?  This unusual result will be explained in the next section.

Critical Angle and Total Internal Reflection

For light travelling from a dense to a less dense medium, the light is bent away from the normal, hence the angle of refraction is greater than the angle of incidence.  As the angle of incidence increases so too does the angle of refraction.  It should be clear from considering Figure 11, that the largest possible value of 1 or 2 is 90o.  Since in this situation 2 > 1, there is a particular value of the angle of incidence which produces an angle of refraction of 90o.  This is referred to as the critical angle. 

Critical angle - the angle of incidence which produces an angle of refraction of 90o 

In creasing the angle of incidence beyond the critical angle should lead to an increase in the angle of refraction - this is not now possible as the refraction angle has reached its highest possible value.  In fact, if the angle of incidence is increased the ray of light is reflected not refracted - the law of reflection applies and the angle of incidence, i = angle of reflection, r.  The light remains in the denser medium - this is referred to as total internal reflection.




Figure 14:- Light travelling from glass (high n) to air (low n) with an angle of incidence less than the critical angle.  Light emerges into the second medium and 2 > 1.




Figure 15:- The angle of incidence is equal to the critical angle.  The refracted ray travels along the surface of the glass.  The angle of refraction equals 90o.



Figure 16:- When the angle of incidence is greater than the critical angle, the light is no longer refracted.  Instead it is totally internally reflected and the law of reflection applies, i = r.
3.4.1. Calculation of the Critical Angle for any Two Media.

Note - the phenomena of critical angle and total internal reflection only occur when light is travelling from dense to less dense materials i.e. they arise when light is travelling from glass to water, water to air etc..  The value of the critical angle depends on the refractive indices of the two media involved.  The following example shows how the critical angle can be determined once the refractive indices of the media are known.

Example - Determine the critical angle for light travelling from glass (n = 1.5) to air (n = 1.0).

Solution - this type of problem may be solved by simply applying Snell's law.

n1 sin 1 = n2 sin 2
n1 = 1.5, n2 = 1.0 and at the critical angle of incidence, 2 = 90o
1.5 sin C = 1.0 sin 90

1.5 sin C = 1.0

sin C = 1.0 / 1.5 = 0.667

C = sin-1 0.667 = 41.8o
You should now check back to a previous example in this section.  You were asked to calculate angles of refraction for angles of incidence of 30o, 40o and 50o when light travels from glass to air.  Angles could be calculated for the first two of these but it was not possible to determine 2 for 1 = 50o.  We can now see why this is so.  The critical angle for light travelling from glass to air is 41.8o.  Hence if the angle of incidence is greater than 41.8o, the light is not refracted but is totally internally reflected.  We cannot apply Snell's law in this case which is why we could not determine a value for the angle of refraction.

3.4.2. Optical Fibres

The property of total internal reflection is applied in optic fibres where light can be carried over long distances via a glass fibre.  Individual fibres are finer than a human hair and are almost as flexible.  A typical fibre profile is shown in Figure 17(a).  Light travels along the core of the fibre.  The cladding is made from a lower refractive index glass.  Light travels along the fibre as shown in Figure 17(b).  So long as the angle of incidence each time the light strikes the interface exceeds the critical angle between the core and cladding, then the light is reflected and will remain inside the glass core.  The optical fibre is protected by a plastic coating to prevent damage to the glass layers.
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Figure 17:- (a) Structure of an optical fibre.  (b) Path of a light ray along fibre.

3.5. Dispersion

When discussing the electromagnetic spectrum, reference was made to the fact that white light is composed of a range of wavelengths which correspond to the colours of the rainbow.  

Dispersion is the process by which white light is split into its component colours.

This can be achieved by passing white light through a triangular shaped piece of glass called a prism (Figure 18).




Figure 18:- Dispersion of white light on passing through a triangular glass prism.

Why does this effect occur?  Up to this point we have used a refractive index for glass of 1.5.  However, this is an average value - the true value of refractive index varies with the frequency of the light.  The higher the light frequency the higher the refractive index of glass for that frequency of light.  Violet light is the visible light with the highest frequency (~ 7.5 x 1014 Hz), hence glass has a higher refractive index for violet and violet light is bent most on entering the glass prism from air (see 1 in Figure 18).  Red is the lowest frequency visible light (~ 4 x 1014 Hz) and so it is bent least on entering the glass.  At 2, the light exits the glass and in each case the light rays are bent away from the normal.  Once again violet is bent most and red least which causes the colours to spread out even more.  A screen will show up a rainbow of colours.  Any angled piece of glass can be used to produce a rainbow effect - it can even be seen when looking through the angled part of a transparent plastic ruler.  A pane of glass doesn't produce dispersion as it has two parallel sides.  The glass is dispersed as it enters the glass but this is reversed, and the different colours recombined, as the light leaves the glass.

3.6. Lenses

The most common every day application of refraction is in the use of lenses.  Lenses are used in spectacles, cameras, magnifying glasses and CD players to name but a few.  We can categorise lenses as one of the two types shown in Figure 19;


(i) Convex - converging


(ii) Concave - diverging. 




Figure 19:- (a) convex lens, (b) concave lens.

Of the two types of lens, convex lenses are much more common and we will tend to concentrate on these in the following.

3.6.1. Convex Lens

Convex lenses are also referred to as converging lenses because light rays travelling parallel to the principal axis of the lens are converged to a focus at the focal point of the lens (Figure 20).




Figure 20:- Convex lens converges parallel light to a focus at the focal point, F.

In Figure 20


C - optical centre of the lens, all light passing through this point passes through the lens undeviated.


F - focal point, all rays parallel to the principal axis of the lens are deviated such that they pass through this point.


Focal length, f = distance between the optical centre, C, and the focal point, F.

f = distance CF

The focal length is related to the strength of a lens.  The stronger a lens is, the shorter its focal length will be.

As yet, we haven't discussed how a lens actually works.  How does it bring about the convergence of parallel light rays to a point at the focal point? You may have already guessed that it is related to refraction.  Every ray of light passing through a lens will be refracted twice, once as it enters and once as it leaves the lens.  Figure 21 shows the path of a light ray through the top half of a convex lens.  As the ray enters the lens, it is refracted towards the normal because it is moving from a less dense to a denser medium.  On leaving the lens the light is now moving from the denser to less dense medium and so is deviated away from the normal.  The combined effects of both refractions is to redirect a ray which was travelling parallel to the axis into one which will pass through the focal point.  It is the shape of the lens surface which ensures that all parallel light incident upon it is deviated such that it passes through the focal point. 

Note - light inside the lens travels in a straight line - only on changing between media is the light bent.




Figure 21:- Path of ray of light travelling parallel to principal axis and striking near the top of a convex lens.
A similar diagram for the bottom of a convex lens would show a light ray being refracted twice with the result that its path is directed upwards through the focal point.  Try drawing this diagram for yourself.  Be careful when drawing in normals on your diagram - they must be at 90o to the surface at the point where they cross the surface.

3.6.2. Concave Lens

A concave lens diverges parallel rays of light.  As can be seen from Figure 22, the lens diverges parallel rays of light such that to an observer, the light appears to be coming from a point behind the lens.  This point is referred to as the focal point of the lens - note that light doesn't actually pass through this point - it is sometimes referred to as a virtual focal point.




Figure 22:- Parallel light passing through a concave lens is deviated such that it appears to an observer to be coming from a point source located at the focal point, F, of the lens.

3.6.3. Image Formation with Lenses.

In the many applications of lenses, the lens is used to form an image, either real as in the case of the camera, or virtual as with a magnifying glass.  It is possible to determine the type, position and size of the image by drawing a ray diagram.  To do this we need to be able to draw the paths of at least two rays from a single point on the object.  We already have enough information on lenses to be able to draw the path of two rays in every situation.  For a convex lens -


(1) Any ray passing through the optical centre of the lens is undeviated.


(2) Any ray travelling parallel to the principal axis is deviated by the lens such that it passes through the focal point of the lens.

We will use these to draw a ray diagram for a convex lens being used as a magnifying glass.

3.6.4. Convex Lens as a Magnifying Glass

In order to use a convex lens as a magnifying glass, the object to be magnified must be held within the focal length of the lens, i.e. between F and C in Figure 23.  In this instance, an arrow has been used to represent the object.  




Figure 23:- Object, O, positioned within the focal length of a convex lens.

In order to locate the image of the arrow, we must trace the path of at least two rays from a single point on the object.  We will use the two rays discussed in the last section and draw them in one at a time.


(1) Any ray passing through the optical centre, C, of the lens is undeviated.

Draw a straight line from the tip of the arrow through the centre of the lens.




Figure 24:- A single ray from tip of object passes straight through the optical centre of the lens.


(2) Any ray travelling parallel to the principal axis is deviated by the lens such that it passes through the focal point of the lens.

Draw a ray from the tip of the arrow across to the lens parallel to the axis.  Then draw the ray from the lens through the focal point, F (Figure 25).




Figure 25:- Two rays used in construction of the ray diagram for a convex lens used as a magnifying glass.
We now have the paths of the two rays sketched - how is the image formed?  As is clear from the diagram, the two rays are diverging after leaving the lens - they will never meet.  However if an observer looks back through the lens, then an image is formed (Figure 26).




Figure 26:- Eye looking back along the diverging rays creates a virtual image behind the lens.
The ray diagram tells us that the image formed, when the object is within the focal length of a convex lens, is 


virtual


magnified


upright - i.e. the correct way up

This last point is obvious to anyone who has ever used a magnifying glass to read small type - a magnifying glass would be much less useful if the writing were turned upside down.  The ray diagram doesn't appear to have told us anything we didn't know already.  However, it can provide extra information - if it is drawn accurately to scale, it is possible to determine the size of the image, its precise location and the magnification produced.  As we will see later, all this information can also be obtained by direct calculation which is both quicker and more accurate.  

3.6.5. Images Formed by Convex and Concave Lenses.

You should not get carried away by the last section and believe that  a convex lens always produces a virtual, magnified, upright image.  In fact the image produced by a convex lens depends on the position of the object relative to the lens.  For completeness, Figure 27 shows a ray diagram for a convex lens where the image formed is real, diminished and inverted - this is the case with image formation in a camera when an object is photographed.  The film should be located at the point where the in-focus image, I, is formed.




Figure 27:- Real image, I, formed by a convex lens when object is far from lens.

Concave lens - Unlike the convex lens, a concave lens always produces the same type of image, independent of the position of the object.  An image formed by a concave lens is always


virtual


diminished


upright

3.6.6. Thin Lens Equation

In order to determine the position, size and type (whether real or virtual) of an image it is possible to draw a ray diagram or use the thin lens equation.  As its name suggests, the thin lens equation is only accurate for thin lenses.  Apart from this limitation however, the equation provides all the information required more quickly and accurately than drawing out the ray diagram.

The thin lens equation is:

1 / u + 1 / v = 1 / f

where


u = distance between the object and the lens


v = distance between the image and the lens


f = focal length

(See Figure 28)




Figure 28:- Definitions of u, v and f for thin lens equation (this is Figure 27 with the rays removed).

Applying this equation is not simply a matter of inserting the correct numbers.  There is a so-called sign convention which must be followed.  

Sign convention:-

f - the focal lengths of convex lenses are positive and those of concave lenses are negative.

v - real images are assigned positive values for distance while virtual images are assigned negative values.

What does this mean?  For example a question may tell you that a concave lens has a focal length of 0.3 m.  When using the formula, you must make f = - 0.3 m.  Similarly if you are asked to find the distance between the image and the lens (i.e. v) and obtain a value of - 0.25 m, the sign convention enables you to state that the image formed is virtual because the value for v is negative.  Had this value been positive, then it is clear that the image formed is real.

3.6.7. Magnification

In systems which use lenses, the image is rarely the same size as the object.  A camera produces an image on a film which is smaller than the object and a magnifying glass produces a magnified image.  Magnification, m, is defined as:-

m = height of image / height of object

It can, in turn, be shown that 

m = image to lens distance / object to lens distance

i.e.

m = v / u 

You should note that where m > 1, the image is larger than the object, when m = 1, object and image are the same size and m < 1, the image is smaller than the object.  In all cases m is still called magnification.  A magnification of 0.5 means that the image is half the height of the object.

All the quantities in the thin lens equation are inverses i.e. 1 divided by the number.  Calculation can be simplified by using the inverse button on your calculator.  It is denoted by either 1 / x or x-1.  The best way to come to terms with the various facets of the thin lens equation is to work through the following examples and subsequently attempt the self assessment questions.

Example:- An object which is 5 cm tall is placed 25 cm from a convex lens of focal length 30 cm.  Determine the (i) position, (ii) type and (iii) size of the image.

Solution:- Lens is convex, hence f = + 30 cm = + 0.3 m

(i) u = 25 cm = 0.25 m, v = ?

1 / u + 1 / v = 1 / f  ---->  1 / 0.25 + 1 / v = 1 / 0.3

1 / v = 1 / 0.3 - 1 / 0.25


Be very careful with the next step.  1 / 0.3 - 1 / 0.25 is not equal to 1 / 0.05

1 /v = 3.33333 - 4 = -0.66667

If 1 / v = -0.66667, then v = 1 / -0.66667 = -1.5 m

The image is formed 1.5 m from the lens.

(ii) The value of v in (i) is negative, hence image is virtual.

(iii) Magnification, m = v / u = -1.5 / 0.25 = -6

Image is 6 times the height of the object.

Note: You can safely ignore the sign of v in the magnification calculation - the minus sign merely emphasises that the image is virtual and doesn’t affect the calculation.

Height of image = 6 x 5 cm = 30 cm

Image is 30 cm tall.

In this example, the image was located within the focal length of a convex lens.  From the previous sections, you should anticipate that the image formed will be virtual and magnified - the lens is acting as a magnifying glass.

Example:- An object, 15 cm tall, is placed 20 cm away from a lens.  A virtual image is formed 10 cm from the lens.  Determine (i) focal length of lens

(ii) type of lens used, (iii) size of image produced.

Solution: u = 20 cm, v = -10 cm (v is negative because image is virtual)

(i) u = 0.2 m, v = - 0.1 m, f = ?

1 / u + 1 / v = 1 / f  ---->  1 / 0.2 + 1 / (- 0.1) = 1 / f

1 / f = 5 - 10 = -5

1 / f = -5, hence f = 1 / -5 = -0.2

The focal length of the lens is 0.2 m

(ii)  In part (i) the focal length was found to be negative, hence lens is concave.

(iii) m = v / u = -0.1 / 0.2 = 0.5 (can ignore the minus sign, once again this simply refers to the fact that the image is virtual).

Image height = 0.5 x object height = 0.5 x 15 cm = 7.5 cm

SAQs

Q1. An object is placed 20 cm from a convex lens of focal length 40 cm.  Using the lens equation, determine the position, type and magnification of the image. (Note that the object is placed inside the focal length of the lens, hence the lens acts as a magnifying glass producing a virtual, magnified image)

Q2. An object is placed 30 cm from a lens producing a real image 30 cm on the other side of the lens.  Determine the focal length and type of the lens used.

Q3. An overhead projector operates on the basis of a lens which produces a real image on a screen.  When an overhead is placed 35 cm from the lens, an in-focus image is formed 2.1 m from the lens on a screen.  Determine


(i) focal length of lens


(ii) type of lens used

A line on the overhead is 25 cm long, 


(iii) how long will it appear on the image?


(iv) The line in part (iii) forms one side of a square box.  Determine the area of the box on the screen.

Q4 
(a) A camera contains a convex lens of focal length 4 cm.  Determine how far the film should be located from the lens to form an in-focus image of an object which is 1.5 m away.


(b) If this object measures 1.7 m by 0.5 m, how large will it appear on the film?

4. Diffraction

4.1. Introduction

Light travels in straight lines through a medium of constant refractive index.  However, its path may be deviated if it passes through a narrow gap.  This is called diffraction and is shown in Figure 29.  In the diagram, the waves are shown as lines which can be thought of as the positions of wave crests travelling along.  (This is similar to the long lines of waves approaching the beach in Tramore)  Each line is called a wavefront.  The separation between neighbouring wavefronts is equal to the separation between neighbouring crests which is equal to the wavelength of the wave, .

Diffraction is the spreading out of waves after passing through a narrow gap.

All waves diffract to some extent when passing through a gap, however the degree to which the wave spreads depends on the size of the gap and the wavelength of the wave.  Figure 29 shows the behaviour of a wave as it passes through a gap which (a) is smaller than the wavelength and (b) larger than the wavelength of the wave.  It is clear from the diagram that the smaller the gap is, the more the wave diffracts.  On passing through a gap which is less than the wavelength of the wave, the wave diffracts such that is spreads out in all directions as shown in Figure 29 (a).  If the gap is wider than the wavelength, diffraction still occurs but to a lesser extent and there are shadow regions just behind the barrier which the wave fails to reach.  If the wave were a light wave, then a shadow region would remain in darkness, if sound then this region would be quiet.



      

      


Figure 29:- A wave incident on a barrier with a gap in it. (a) The gap width is less than the wavelength of the wave - wave diffracts in all directions and there are no shadow regions. (b) The gap width is greater than the wavelength of the wave - wave diffracts slightly but there are shadow regions behind the barrier.

Gap <   ----->  Wave is diffracted and spreads out in all directions

Gap >   ----->  Wave passes through with a limited amount of diffraction and the barrier casts a shadow

A similar argument holds for waves incident on narrow obstacles.  If the obstacle is narrower than the wavelength of the wave then the wave will diffract around the obstacle as if it wasn't there and no shadow will be cast.  If the obstacle is wider than the wavelength of the wave then it will block the progress of the wave and a shadow will be cast.  Once more there will be limited diffraction at the edges of the obstacle.







Figure 30:- Waves incident on obstacles. (a) Obstacle width < , (b) obstacle width > .

4.2. Diffraction of Sound and Light

From the previous section, it is clear that diffraction is inextricably linked to wavelength.  Hence, in order to understand diffraction effects for sound and light, we must know the wavelengths involved in each case.

Range of wavelengths in visible light - 4 x 10-7 m to 7.5 x 10-7 m

Range of wavelengths in audible sound - 17 mm to 17 m

It is immediately apparent that the wavelengths of sound are much longer than the wavelengths of light.  Consider a typical structure such as a pillar which is say 1 m wide.  1 m is about a million times greater than the wavelengths of light, as a result light will not be able to diffract around the pillar.  The pillar casts a shadow.  On the other hand, 1 m is a typical wavelength for audible sound.  Sound waves can readily diffract around a pillar - there is no sound shadow behind a pillar.  As a result, if you are at a play or a concert and there is an obstacle such as a pillar between you and the stage - you will be able to hear but not see the performance.  Similarly sitting in a room with the door open, you can hear a disturbance in the hall even if it is out of sight.  The sound from the disturbance can diffract through the door whereas the light will continue to travel in straight lines.

4.3. Line of Sight

Wave diffraction can also affect the ability of your radio or tv aerial to receive an acceptable signal.  The wavelength of a radio signal depends on the station and on the waveband (i.e. whether AM or FM).  In the section of this course on wave motion, the wavelength of the signal broadcast by WLR was calculated to be approximately 3 m.  

SAQ.  For revision purposes, determine the wavelength of the Radio One AM signal broadcast on 567 kHz and the wavelength of a BBC1 TV signal broadcast on 479.25 MHz.  Use 3 x 108 ms-1 for the speed of electromagnetic radiation (in this case radio/tv waves) in air.

Consider a house located in a valley as shown in Figure 31.  Note that the hill blocks a view of the transmitter from the roof of the house.  A TV signal from the transmitter has a very short wavelength (~ 1 m) and is diffracted very slightly as it passes the top of the hill.  It's path is not deviated enough to reach the aerial on the roof.  Therefore, the household may have poor TV reception.  However, if there is no line of sight  between the rooftop and transmitter (i.e. the transmitter cannot be seen from the rooftop) then it is still possible for the aerial to receive a signal if it is reflected off nearby structures such as tall buildings or neighbouring hills.   If there is a line of sight from the house to the transmitter, then reception should be excellent.  For this reason,  a TV transmitter is usually situated on the top of a high mountain.




Figure 31:- TV/Radio transmitter located next to a hill.

The house in Figure 31 will have better reception of AM radio signals (longer wavelengths ~ 300 m).  These will diffract as they pass the hill and will bend down towards the house.




Figure 32:- Diffraction of long wavelength radio waves around a hilltop.

5. Interference

5.1. Introduction

In this section we will look at wave interference which deals with what happens when two waves meet / overlap.  The first thing you should be aware of is that once waves have met, they pass through each other and emerge unchanged.  This property of waves can be demonstrated as in  Figure 33 where two pulses are sent along a wire in opposite directions.  When the pulses overlap (interfere) they combine but then separate out again and pass on unchanged.




Figure 33:- Two pulses travelling in opposite directions on a wire.

Where two waves overlap, the effect at any point is determined using the Principle of Superposition.  

The principle of superposition states that when two waves meet at a point, the combination is equal to the sum of the  two individual waves

This is quite straightforward to apply in the situations we will be looking at.  We will take two particular examples which will help to illustrate the principle of superposition.  In each case both waves are of the same frequency and same amplitude.

In Phase - When two waves are in phase, this means that at the point they meet, a crest on one wave coincides with a crest on the other and, as the waves travel, a trough on one coincides with a trough on the other (see Figure 34 (a) and (b)).  Application of the principle of superposition (adding the two waves together) gives Figure 34 (c).  The amplitude of the two waves add together to give a higher amplitude wave.  Hence, two sound waves meeting in phase produce a much louder sound, and two light waves in phase produce a brighter light.  This is referred to as constructive interference.




Figure 34:- Constructive interference - two waves (a) and (b) meet in phase to produce (c).

Out of Phase - If two waves are exactly out of phase then a crest on one wave always coincides with a trough on the other and vice versa.  This is shown in Figure 35 (a) and (b).  When these waves combine they tend to cancel each other out.  This is called destructive interference.  This is quite strange for students to come to terms with as it means that you can add two sound waves and get silence, or add two light waves and get darkness.  In fact destructive interference is used to reduce noise levels in some of the more exclusive car models.  This works using a computer which monitors the sound from the engine.  The computer itself then outputs a sound wave which is exactly like the sound from the engine except it is in anti-phase (i.e. for every crest on the sound wave from the engine, the computer outputs a trough).  The two sound waves then meet in the cabin of the car, destructive interference results and the driver has a much quieter driving experience.




Figure 35:- Destructive interference - two waves meeting out of phase (a) and (b) cancel each other out, (c).

Interference effects arise in every day life.  For example a thin layer of oil on a puddle of water produces an attractive range of colours due to interference of light rays reflected off the top and bottom surfaces of the oil layer.  A similar process is responsible for the vivid colouring of a peacock’s feathers.  

If you listen to FM radio while driving long distances, you will be aware that every so often you have to retune the radio to keep listening to the same  station.  The reason for this is that the maximum range of an FM transmitter is about 70 miles.  Hence to cover the whole country, a number of transmitters are required.  If each transmitter operated at the same frequency/wavelength, then an aerial on a car travelling along approximately halfway between two transmitters would suffer from interference effects.  The radio signal would rise and fall as the waves from the two transmitters vary from in phase to out of phase producing constructive and destructive interference respectively.  This problem is overcome by using different frequencies from each transmitter.
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