
RemembeR

Before beginning this chapter, you should be able to:
 ■ recall that waves transmit energy without the net transfer 
of matter

 ■ identify the wavelength, period and frequency of a wave
 ■ use the wave equation v = fλ
 ■ explain constructive and destructive interference of waves 
from two point sources with reference to the effect of path 
difference

 ■ explain the diffraction of waves and how the spreading of 
the wave depends on wavelength and gap width.

Key ideas

After completing this chapter, you should be able to:
 ■ describe the bending of light as it passes from one 
medium into another

 ■ use the ray model to describe the refraction of light
 ■ mathematically model refraction using Snell’s Law
 ■ use the ray model of light to describe and explain total 
internal reflection and mirages

 ■ recognise light as part of the electromagnetic spectrum

 ■ apply a wave model to the behaviour of light and the rest 
of the electromagnetic spectrum

 ■ describe the dispersion of light in prisms, lenses and 
optical fibres

 ■ describe polarisation in terms of a wave model
 ■ discuss the results of  Young’s double-slit experiment as 
evidence for the wavelike nature of light in terms of the 
constructive and destructive interference of waves

 ■ interpret the pattern produced by light when it passes 
through a small gap or past an obstacle in terms of the 
diffraction of waves

 ■ make qualitative predictions of changes in diffraction 
patterns due to width of gap or diameter of object or 
wavelength of light

 ■ describe light as an electromagnetic wave that is produced by 
the acceleration of charges, which in turn produces changing 
electric fields and associate changing magnetic fields

 ■ understand that all electromagnetic waves travel at the 
same speed, c, in a vacuum

 ■ compare the wavelengths and frequencies of different 
regions of the electromagnetic spectrum, and identify the 
uses of each region.

CHAPTER

10 Light as a wave

Understanding light as a wave helps to explain many 
physical phenomena.
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227CHAPTER 10 Light as a wave

Bending of light
Experience shows that when you are 
spearing for fish in the shallows you must 
aim the spear below where the fish 
appears to be in the water. At the beach or 
in a pool, people standing in the shallows 
appear to have shorter legs. Our percep-
tion is distorted, but the reason is not 
apparent.

When we set up a special situation, such 
as in the figure at right, where a straight 
rod is placed in a beaker of liquids that do 
not mix, the idea of change of direction of 
the light is apparent. This change in direc-
tion is called refraction.

The ray model can help explain our observations of light. If a fish seems 
closer to the surface of the water, the ray of light from the fish must have bent. 
To our eye, the ray seems to be coming from another direction. Given that light 
can travel both ways along a light path, the fish will see the spear thrower fur-
ther towards the vertical.

The rays from the fish bend 
when they enter the air. To the 
eye, the rays appear to come 
from a point closer to the 
surface.

air

water

Fish appears 
to be here.Fish is here.

The ray model not only gives us a way of describing our observations of the 
bending of light, but also of taking measurements. The angle that a ray of light 
makes with the normal, angle of incidence and angle of refraction can be 
measured and investigated.

Snell’s Law
In 1621, the Dutch physicist Willebrord Snellius (1580–1626), known in the 
English speaking world as Willebrand Snell, investigated the refraction of light 
and found that the ratio of the sines of the angles of incidence and refraction 
was constant for all angles of incidence.

The diagram on page 228 shows how an incident ray is affected when it 
meets the boundary between air and water. The normal is a line at right angles 
to the boundary, and all angles are measured from the normal. Some of the 
light from the incident ray is reflected back into air. The rest is transmitted into 
the water. The following ratio is a constant for all angles for light travelling from 
air to water:

sin

sin
constant.i

r

θ
θ

=

digital doc
Investigation 10.1
Seeing is believing
doc-18551

Refraction is the bending of light 
as it passes from one medium into 
another.

Unit 4 Refraction
Concept summary 
and practice 
questions

aOs 1

Topic 2

Concept 3

The angle of refraction is the 
angle between a refracted ray and 
the normal.

An example of refraction
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UniT 4 228

as a maTTeR Of faCT

Snell’s Law was first discovered by Abu Sa‘d Ibn Sahl (c. 940 – c. 1000), a 
Muslim physicist in the court in Baghdad, in 984. He reported his findings 
in his book On burning mirrors and lenses. Ibn Sahl used the relationship 
to design a shape for lenses that overcame the problem of spherical aber-
ration. Ptolemy (c. 100 – c. 170), a Greco-Egyptian mathematician, had 
investigated refraction much earlier, compiling a table of angles for light 
travelling from air into water.

Snell repeated his experiments with different substances and found that 
the ratio was still constant, but it had a different value. This suggested that dif-
ferent substances bend light by different amounts. (Remember that some light 
is always reflected.)

In fact, there is a different ratio for each pair of substances (for example air 
and glass, air and water). A different ratio is obtained for light travelling from 
water into glass. The value of the ratio is called the relative refractive index 
because it depends on the properties of two different substances.

The bending of light always involves 
light travelling from one substance to 
another. It is not possible to find the effect 
of a particular substance on the deflec-
tion of light without adopting one sub-
stance as a reference standard. Once you 
have a standard, every substance can be 
compared with it. A natural standard is a 
vacuum — the absence of any substance. 
The absolute refractive index of a 
vacuum is given the value of one. From 
this, the absolute refractive index of all 
other substances can be determined. 
Some examples are given in table 10.1. 
(The word ‘absolute’ is commonly omitted 
and the term ‘refractive index’ usually 
refers to the absolute refractive index.)

The refractive index is given the symbol 
n because it is a pure number without any 
units. This enables a more useful restate-
ment of Snell’s Law, for example:

 nair sin θair = nwater sin θwater.

The ratio sin θ i
sin  rθ  is constant for 

all angles for light travelling 
from air to water.

incident ray

boundary

angle of
incidence

angle of 
re�ectionnormal

re�ected ray

refracted ray
angle of
refraction

θr

θiθi
air
water

Relative refractive index is 
a measure of how much light 
bends when it travels from any 
one substance into any other 
substance.

eLesson
Refraction of light and Snell’s Law
eles-0037

interactivity
Refraction of light and Snell’s Law
int-0056

The absolute refractive index of a 
substance is the relative refractive 
index for light travelling from a 
vacuum into the substance. It 
is commonly referred to as the 
refractive index.

TabLe 10.1 Values for absolute 
refractive index

Material Value

Vacuum 1.000  0

Air at 20°C and 
normal atmospheric 
pressure

1.000  28

Water 1.33

Perspex 1.49

Quartz 1.46

Crown glass 1.52

Flint glass 1.65

Carbon disulfide 1.63

Diamond 2.42
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229CHAPTER 10 Light as a wave

More generally this would be expressed as follows:

n1 sin θ1 = n2 sin θ2.

A graphical depiction of 
Snell’s Law for any two 
substances. Note that the light 
ray has no arrow, because the 
relationship is true for the ray 
travelling in either direction.

medium 1
refractive index n1

medium 2
refractive index n2

boundary

normal

θ2

θ1

n1 sin θ1  =  n2 sin θ2

sample problem 10.1

A ray of light strikes a glass block of refractive index 1.45 at an angle of inci-
dence of 30°. What is the angle of refraction?

nair = 1.0, θair = 30°, nglass = 1.45, θglass = ?

1.0 × sin 30° = 1.45 × sin θglass (substitute values into Snell’s Law)

 sin  
sin 30

1.45
glassθ =

°
  (divide both sides by 1.45, the refractive  

index of glass)
 = 0.3448 (calculate value of expression)

⇒ θglass = 20.17°  (use inverse sine to find the angle whose sine 
is 0.3448)

⇒ θglass = 20° (round off to two significant figures)

Revision question 10.1

A ray of light enters a plastic block at an angle of incidence of 40°. The angle of 
refraction is 30°. What is the refractive index of the plastic?

as a maTTeR Of faCT

Light can be bent by a strong gravitational field, such as that near the 
Sun. The gravitational field can act like a convex lens. Light from a distant 
star that is behind and blocked by the Sun bends around the Sun so that 
astronomers on Earth see an image of the star to the side of the Sun.

Limitations of the ray model
So far in this chapter we have used the ray model to describe how light is 
refracted. Ray diagrams illustrate Snell’s Law and have allowed us to visualise 
a range of optical phenomena such as mirages and to develop technologies 
such as optical fibres. However, the ray model, which views light as a pencil 
thin beam, does not offer an explanation of why light refracts. More sophisti-
cated models are needed to provide an explanation for refraction, and in doing 
so they suggest further experiments to investigate the properties of light more 
deeply, and to develop new technologies.

solution:
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UniT 4 230

T wo very different models of light were developed in the seventeenth 
century — one by Sir Isaac Newton (1642–1727) in England and the other by 
Christiaan Huygens (1627–1695) in Holland.

Huygens proposed that light 
travelled outwards from a 
source like circular ripples 
on a pond.

Newton’s model was described as a ‘particle model’. In his model, light con-
sists of a stream of tiny, mass-less particles he called corpuscles. The particles 
stream from a light source like water from a sprinkler.

Huygens proposed a wave model of light, where light travels in a similar way 
to sound and water waves. Light leaves a source in the same way that water 
ripples move out from a dropped stone. The disturbance of the water surface 
travels outwards from the source.

How do the two models explain the properties of light?

How light travels
Newton’s particle model: Once ejected from a light source the particles 
continue in a straight line until they hit a surface.

Huygens’s wave model: Huygens proposed a basic principle: ‘Every 
point in the wavefront is a source of a small wavelet. The new wavefront is 
the envelope of all the wavelets.’

Every point in the wavefront is a 
source of a small wavelet. The 
new wavefront is the envelope of 
all the wavelets.

Source

S

Reflection of light
Newton’s particle model: As particles approach a surface they are 
repelled by a force at the surface that slows down and reverses the normal 
component of the particle’s velocity, but does not change its tangential 
component. The particle is then reflected from the surface at an angle 
equal to its angle of approach. The same process happens when a billiard 
ball hits the cushion.

Weblink
Huygens’s principle applet
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231CHAPTER 10 Light as a wave

mirror

i i'
Newton’s particle model of reflection

Huygens’s wave model: As each part of the wavefront arrives at the sur-
face, it produces a reflected wavelet. The new wavelets overlap to pro-
duce the next wavefront, which is travelling away from the surface at an 
angle equal to its angle of approach.

mirror AE

B F

D C The wave model of reflection. C and 
D are parallel, incoming rays. AB is 
the wavefront. When A hits the mirror 
a circular wavelet is produced. By the 
time B has reached the mirror at E, the 
reflected wavelet has travelled out to F. 
The line EF is the reflected wavefront.

Refraction of light
Newton’s particle model: In approaching a denser medium, the particles 
experience an attractive force which increases the normal component of 
the particle’s velocity, but does not affect the tangential component. This 
has the effect of changing the direction of the particles, bending them 
towards the normal where they are now travelling faster in the denser 
medium. Snell’s Law can be explained by this model.

water
r

i

air The particle model of refraction. 
The particles are pulled towards the 
denser medium, resulting in a change 
in direction.

Huygens’s wave model: When the wavefront meets a heavier medium 
the wavelets do not travel as fast as before. This causes the wavefront to 
change direction. In this case the wavefront bends towards the normal 
when it enters a medium where the wave is slowed down. Snell’s Law can 
be explained by this model.

water
air

A
E

B

F

D

C

The wave model of refraction. C and D are parallel, incoming rays. AB is the 
wavefront. When A hits the surface a circular wavelet of slower speed and 
so smaller radius is produced. By the time B has reached the surface at E, 
the refracted wavelet has only gone as far as F. The line EF is the refracted 
wavefront, heading in a direction bent towards the normal compared to the 
incoming wavefront, AB.
 

digital docs
Investigation 10.2 
Refraction of particles
doc-18552
Investigation 10.3 
Refraction of waves
doc-18553

(continued)
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UniT 4 232

A point of difference
Now, with these two explanations of refraction, there is a clear distinc-
tion between the two models. When light bends towards the normal as 
it enters water (a denser medium), the particle model says it is because 
light travels faster in water (the denser medium), whereas the wave 
model says it is because the light is travelling slower.

In the seventeenth century they did not have the technology to 
measure the speed of light in water. However, the particle model became 
the accepted explanation, partly because of Newton’s status, and partly 
because Huygens’s principle suggested that light should bend around 
 corners like sound, and there was no evidence of this at the time. 
(Newton himself actually thought that the particles in his model needed 
to have some wave-like characteristics to explain some of his other 
observations of light and colour.)

New evidence emerges
In 1802, Thomas Young (1773–1829) showed that in fact light 
could bend around an edge. This is covered in some detail on 
pages  239–42. This was convincing evidence for the wave model, 
as the particle model had no mechanism to explain how particles 
could bend around a corner. However, the status of Newton was 
such that not all were convinced by Young’s results. It was suggested 
that conclusive evidence would be to measure the speed of light in 
water and see if it was faster or slower than that in air. Jean Bernard 
Leon Foucault (1819–1868) and Hippolyte Fizeau (1819–1896)  
competed to measure the speed of light in water; in 1850, both of 
them showed that light was slower in water, though Foucault won by 
seven weeks.

Speed of light in glass
Foucault and Fizeau’s results, along with the work of Augustin-Jean Fresnel 
(1788–1827) (pronounced ‘fray-NEL’), showed that the speed of light in water 
was less than the speed of light in air. This allowed scientists to determine the 
physical meaning of the refractive index:

absolute refractive index of water = 
speed of light in a vacuum

speed of light in water
where

speed of light in a vacuum = 3.0 × 108  m  s−1.

The above formula can be re-arranged to give 

nwater × vwater = c

where c = the speed of light in a vacuum

vwater = the speed of light in water.

 Similarly for glass, nglass × vglass = c, which means nglass × vglass = nwater × vwater, 
or as a general relationship:

n1v1 = n2v2 for any two materials.

sample problem 10.2

(a) The refractive index of glass is 1.5. How fast does light travel in glass?
(b) Use the answer to (a) to determine the speed of light in water.
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233CHAPTER 10 Light as a wave

(a)  1.5 = 
3.0 10

(speed of light in glass)

8×

 ⇒ speed of light in glass = 
3.0 10

1.5

8×
  (rearrange formula to get the 
unknown by itself)

  = 2.0 × 108  m  s−1.

(b) v

v

v

1.5 2.0 10 ms 1.33

1.5 2.0 10 ms

1.33
2.3 10 ms

8 1
water

water

8 1

water
8 1

× × = ×

=
× ×

= ×

−

−

−

Revision question 10.2

(a) How fast does light travel in diamond?
(b) Use the answer to (a) to determine the speed of light in carbon disulfide.

Total internal reflection and 
critical angle
Light can play some strange tricks. Many of these involve refraction away 
from the normal and the effect on light of a large increase in the angle of 
incidence.

There are no mirrors in a fish tank but strange reflections can be seen. It appears 
that light is being reflected off the side of the fish tank and the water surface.

It has already been mentioned that some light is reflected off a transparent 
surface, while the rest is transmitted into the next medium. This applies 
whether the refracted ray is bent towards or away from the normal. However, a 

solution:

digital doc
Investigation 10.4 
Using apparent depth to determine 
the refractive index
doc-18554

Unit 4 Total internal 
reflection
Concept summary 
and practice 
questions

aOs 1

Topic 2

Concept 4
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special situation applies when the refracted ray is bent away from the normal. 
This is illustrated in the figure below. As the angle of incidence increases,  
the angle of refraction also increases. Eventually the refracted ray becomes 
parallel to the surface and the angle of refraction reaches a maximum 
value of 90° (see figure (b)). The corresponding angle of incidence is called 
the critical angle. If the angle of incidence is increased beyond the critical 
angle, all the light is reflected back into the water, with the angles being the 
same. This phenomenon is called total internal reflection (see figure (c)).

Three stages of refraction leading to total internal reflection

air

water

(a) Before critical angle (b) At critical angle (c) After critical angle
     (total internal re�ection)

θiθi

θr

θcθc

The critical angle can be calculated using Snell’s Law, n1 sin (θc) = n2 sin (90°).

sample problem 10.3

What is the critical angle for water given that the refractive index of water 
is 1.3?

nair = 1.0, θair = 90°, nwater = 1.3, θwater = ?

1.0 × sin 90° = 1.3 × sin θwater (substitute data into Snell’s Law)

⇒ sin
sin 90

1.3
waterθ =

°
  (rearrange formula to get the unknown 

by itself)

  = 0.7692  (determine sine values and calculate 
expression)

⇒ θwater = 50.28° (use inverse sine to find angle)

 θwater = 50° (round off to two significant figures)

Revision question 10.3

A glass fibre has a refractive index of x and its cladding has a refractive index 
of y. What is the critical angle in the fibre?

Total internal reflection is a relatively common atmospheric phenomenon (as 
in mirages) and it has technological uses (for example, in optical fibres).

Mirages
There are several types of mirage that can be seen when certain atmospheric 
conditions enable total internal reflection to occur. These mirages appear 
because the refractive index of air decreases with temperature.

The critical angle is the angle 
of incidence for which the angle 
of refraction is 90°. The critical 
angle exists only when light passes 
from one substance into a second 
substance with a lower refractive 
index.

Total internal reflection is the 
total reflection of light from a 
boundary between two substances. 
It occurs when the angle of 
incidence is greater than the 
critical angle.

solution:
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235CHAPTER 10 Light as a wave

A common type of mirage occurs in the desert or above a road on a sunny 
day. As displayed in the figure below, at ground level the air is hot (A) with a 
refractive index close to 1 (B). As height increases, the temperature of the air 
decreases (C) and its refractive index increases (D).

temperature

A D 

B C

refractive index

refractive
index
increasing

temperature
increasing

high

low

1.0 (vacuum)

1.000 28
(normal air)

ground
level

tree
level

height

Temperature and refractive index profiles for the mirage phenomenon

Rays of light from a car, for example, go in all directions. The air above the 
ground can be considered as layers of air. The closer to the ground, the higher the 
temperature and the lower the refractive index. As a ray moves into hotter air, it 
bends away from the normal. After successive deflections, the angle of incidence 
exceeds the critical angle for air at that temperature and the ray is totally inter-
nally reflected. As the ray emerges, it follows a similar path, refracting towards the 
normal as it enters cooler air. An image of the car can be seen below street level 
(see the figure below). The mirage is upside down because light from the car has 
been totally internally reflected by the hot air close to the road surface.

warm air

hot air

road

Another mirage that depends on layers of air at different temperatures is 
known as the ‘Fata Morgana’ in which vertical streaks, like towers or walls, 
appear. This occurs where there is a temperature inversion — very cold at 
ground level and warmer above — and very stable weather conditions.

The phenomenon is named after Morgan le Fay (Fata Morgana in Italian) who 
was a fairy and half-sister to King Arthur of the Celtic legend. She used mirages to 
show her powers and, in the Italian version of the legend, lived in a crystal palace 
under the sea. The mirage is often seen in the Strait of Messina and over Arctic ice. 
As shown in the figure below, the light rays from a distant point are each refracted 
by the different layers of air, arriving at different angles to the eye. The effect is that 
the point source (P) becomes a vertically extended source, like a tower or wall.

rough
sea
ice P

Mirages such as this are 
common on hot, sunny days.

The mirage of the car appears 
upside down due to total 
internal reflection in the hot air 
close to the ground.

Weblink
Mirages and more

Ray paths for the Fata 
Morgana
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An example of the Fata 
Morgana over an ice field in 
the Arctic Ocean off the coast 
of Svalbard. The conditions 
that encourage the Fata 
Morgana are particularly 
common in the polar regions 
over ice.

Optical fibres
Another example of total internal reflection is in the important technological 
application of optical fibres. Optical fibres have become a feature of modern 
life. A thin, flexible cable containing an optical fibre can be placed inside a per-
son’s body to transmit pictures of the condition of organs and arteries, without 
the need for invasive surgery. The same can be done in industry when there is 
a problem with complex machinery.

Optical fibres are also the basis of the important telecommunications 
industry. They allow high quality transmission of many channels of infor-
mation in a small cable over very long distances and with negligible signal loss.

An optical fibre is like a pipe with a light being shone in one end and coming 
out of the other. An optical fibre is made of glass which is about 10 micro metres 
(10 × 10−6  m) thick. Light travels along it as glass is transparent, but the fibre 
needs to be able to turn and bend around corners. The optical fibre is designed 
so that any ray meeting the outer surface of the glass fibre is totally internally 
reflected back into the glass. As shown in the figure below, the light ray meets 
the edge of the fibre at an angle of incidence greater than the critical angle and 
is reflected back into the fibre. In this way, nearly all of the light that enters the 
fibre emerges at the other end.

A light ray travels along an optical fibre through total internal reflection.

optical �bre

light ray

If the glass fibre is exposed to the air, the critical angle for light travelling 
from glass to air is 42°, which is quite small. Any angle of incidence greater 
than this angle will produce total internal reflection. If the fibre is very narrow, 
this angle is easily achieved.

However, in both medical and telecommunication uses, fibres are joined 
in bundles with edges touching. The touching would enable light rays to pass 
from fibre to fibre, confusing the signal. To overcome this, a plastic coating is 
put around the glass to separate the glass fibres. The total internal reflection 
occurs between the glass and the plastic. The critical angle for light travelling 

An optical fibre is a thin tube of 
transparent material that allows 
light to pass through without being 
refracted into the air or another 
external medium.

A bundle of optical fibres. 
Each fibre in the bundle 
carries its signal along its 
length. If the individual 
fibres remain in the same 
arrangement, the bundle will 
emit an image of the original 
object.

Weblink
Fibre optics
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237CHAPTER 10 Light as a wave

from glass to plastic is 82°. This value presents a problem because light meeting 
the edge of the glass at any angle less than 82° will pass out of the fibre.

This has implications for the design of the optical fibre and the beam of light 
that enters the fibre. The fibre needs to be very narrow and the light entering 
the fibre has to be a thin beam with all the rays parallel.

82°

optical �bre

light rays

Dispersion: producing colour from white light
White light can be separated into colours using a narrow beam of light and 
a glass triangular prism. This phenomenon is called dispersion. It was first 
analysed in this way by Isaac Newton in 1666, although René Descartes had 
sought an explanation for rainbows in 1637 by working with a spherical glass 
flask filled with water.

As light enters a triangular glass prism, it is refracted towards the normal. It 
then travels through the prism to the other side where it is refracted away from 
the normal, because the light is re-emerging into the air.

The colours in white light separate as they 
enter the glass and separate even more 
when they leave. At each edge, the violet is 
deflected more than the red.

white
light

glass prism

The colours spread as they enter the glass and travel on different paths 
through the triangular prism. They are spread even more as they leave the 
glass. Violet is bent the most and red the least. The order of the colours, from 
the colour that bends least to the colour that bends most, is: red, orange, 
yellow, green, blue, indigo, violet.

A spectrum of colours is 
produced when white light 
is passed through a prism. 
The red light is deflected the 
least and each colour in 
the spectrum is deflected 
progressively more.

Light rays entering the fibre 
at too sharp an angle are 
refracted out of the fibre.

Dispersion is the separation of 
light into different colours as a 
result of refraction.

digital doc
Investigation 10.5
Separating colours
doc-18555
interactivity
Spreading the spectrum
int-6609
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Each colour has a different angle of refraction. This means that the glass has 
a different refractive index for each colour. This can be expressed as a state-
ment of Snell’s Law as follows: 

nair sin θi = ngl (red) sin θred = ngl (violet) sin θviolet.

For example, as shown in the figure below, violet light is bent more than red, 
so θviolet is smaller than θred. This means that the refractive index of glass for 
violet light is greater than that for red light. This is also true for other materials 
(see table 10.2).

The angle of refraction for violet light is smaller than that for red light. This means 
that the refractive index of the glass is different for different colours. For violet it 
must be greater than that for red.

incident
ray

glass

airboundary
θi

θv

θr

refracted rays

normal

 

TabLe 10.2 Refractive index values vary for different coloured light

index of refraction

Colour Crown glass Flint glass Diamond Water

Red 1.514 1.571 2.410 1.331

Yellow 1.517 1.575 2.418 1.333

Deep blue 1.528 1.594 2.450 1.340

physiCs in fOCUs

sparkling physics
Diamonds are cut by a gem-maker so that when light enters the dia-
mond it strikes a few faces at angles greater than the critical angle. This 
maxi mises the light path and increases the separation of the colours that 
occurred when the light first entered the diamond.

The appearance of white paint as white is actually due to the large 
amount of refraction and dispersion created by the titanium dioxide par-
ticles it contains. A large percentage of the light that hits a white surface 
is reflected back, the colours go in all directions and hence the surface 
appears white.

Unit 4 dispersion
Concept summary 
and practice 
questions

aOs 1

Topic 2

Concept 5

emodelling
Using a spreadsheet to explore 
refraction through a prism
doc-0058
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239CHAPTER 10 Light as a wave

Rainbows
Rainbows are a common example of the dispersion of light. However, they are 
not seen only in the sky. You can also see a rainbow when you use a garden 
hose. Three conditions are necessary for a rainbow to be visible:
•	 the Sun
•	 some water droplets in the air
•	 an observer.

The usual arrangement of these three elements for a rainbow to be seen is to 
have the Sun behind the observer and water in the air in front of the observer. 
The water drops separate the colours in a similar way to that which occurs with 
the glass prism. The big difference is that, before the colours emerge from the 
water droplet, they are reflected from the opposite surface of the droplet.

Each droplet of water in the air 
spreads the colours. Person A sees 
a rainbow from raindrops in the air 
between droplet 2 and droplet 3. 
Person B sees a rainbow between 
droplet 1 and droplet 2.

person A

person B

droplet
1

droplet 
2

droplet
3

sunlight
sunlight

40°
42°

sunlight

When you see a rainbow, each colour is coming from a separate raindrop in the 
sky. If the red light from a raindrop is entering your eye, then the violet light from 
that raindrop is going over your head to someone else. Each person sees his or her 
own personal rainbow. Your rainbow depends on raindrops in the sky being at a 
particular point so that the angle between you, the Sun and the raindrops is 
approximately 42°. The rainbow is not an image in the sky that everyone can see.

When the sky is very dark, a second, fainter rainbow may be visible on the out-
side of the bright one. This is due to the sunlight entering higher raindrops at the 
bottom and reflecting off the inside of the drop twice before emerging into the air.

Young’s experiment
Thomas Young (1773–1829) was keenly interested in many things. He has 
been called ‘the last man who knew everything’. He was a practising  surgeon 
as well as a very active scientist. He analysed the dynamics of blood flow, 
explained the accommodation mechanism for the human eye and proposed 
the three-receptor model for colour vision. He also made significant contribu-
tions to the study of elasticity and surface tension. His other interests included 
deciphering ancient Egyptian hieroglyphics, comparing the grammar and 
vocabulary of over 400 languages, and developing tunings for the twelve notes 
of the musical octave. Despite these many interests, the wave explanation of 
the nature of light was of continuing interest to him. 

Weblink
Formation of a rainbow applet

raindrop

light
ray

A light ray enters the bottom 
of the raindrop, is reflected 
twice off the wall of the 
raindrop, then emerges. 
The ray enters the eye at a 
higher angle than the primary 
rainbow. The colours are 
spread as they enter the 
raindrop and grow further 
apart the longer they are in the 
raindrop.
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Young had already built a ripple tank to show that the water waves from two 
point sources with synchronised vibrations show evidence of interference. He 
was keen to see if he could observe interference with two beams of light. He 
held a fine hair close to his eye while staring past it at a distant candle. The 
light from the candle flame passed on both sides of the hair to reach his eyes. 
He did not notice a scattering of light in all directions as predicted by the par-
ticle model. Instead, a beautifully coloured pattern of bands parallel to the hair 
spread out across his view of the candle. Young’s interpretation of what he saw 
was that light behaved like waves as it spread out from the candle.

It occurred to me that their cause must be sought in the interference of two portions 
of light, one reflected from the fibre, the other bending round its opposite side, and 
at last coinciding nearly in the direction of the former portion.

Young described this and other experiments in lectures at the Royal 
Institution in London in 1801 and 1802. He did not convince his audience! 
His listeners were reluctant to remove their confidence from the particle 
model that Newton apparently supported. Young was determined to produce 
quantitative evidence of the phenomenon that he had observed. He analysed 
the published results of similar experiments performed by Newton and made 
further measurements of his own.

In one of his experiments Young made a small hole in a window blind. He 
placed a converging lens behind the hole so that the cone of sunlight became 
a parallel beam of light. He then allowed light from the small hole to pass 
through two pinholes that he had punctured close together in a card. On a 
screen about two metres away from the pinholes he again noticed coloured 
bands of light where the light from the two pinholes overlapped. The diagram 
below shows Young’s experimental arrangement.

Young’s experiment

parallel beam
of light

screen

two pinholes
in a card

window
blind

hole in blind

converging
lens

2 m

light and
dark bands

Young deliberately had just one source, the hole in the blind, because he 
wanted the one wavefront to arrive at the two pinholes, so that light coming 
through one pinhole would be synchronised with the light coming though the 
other pinhole. Today we would describe light coming from the two pinholes as 
coherent. In the language of the previous chapter, the two waves are in phase. 
If Young had used two separate sources of light, one for each pinhole, their 
light would have been incoherent, with a random relationship between the 
light coming from the two pinholes and no discernible pattern on the screen.

eLesson
Young’s experiment 
(interference effects with white light) 
eles-0027
interactivity
Young’s experiment
(interference effects with white light) 
int-0051

Unit 4 Results and 
wave model 
explanation
Summary screen 
and practice 
questions

aOs 1
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Concept 1

Unit 4

see more
Young’s 
experiment
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Light waves in Young’s 
experiment

Two waves are coherent if there is 
a constant relative phase between 
them.
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A light pattern produced by 
a modern performance of 
Young’s experiment

interpreting Young’s experiment
Young used the wave model for light to analyse his observations. Each hole in the 
window blind is a source of spherical waves. When these waves pass through 
the pinholes, each pinhole becomes a source of spherical waves. Waves from the 
two  pinholes overlap on the screen, and their effects add together to produce 
the pattern. In reaching a particular point on the screen, waves have travelled 
from the source along two alternative routes, through one pinhole or the other. The 
difference between the lengths of the two paths is called the path difference. If the 
path difference results in the crests of the wave from one pinhole always meeting 
the troughs of the wave from the other pinhole (that is, exactly out of phase) then 
destructive interference occurs and that place on the screen is a dark band. Destruc-
tive interference occurs when the path difference is a whole number, minus one 
half, multiplied by the wavelength of the light: (n − 0.5)λ where n = 1, 2,  .  .  . is the 
number of bright bands from the central bright band. A bright band occurs when, 
in spite of a path difference, the waves are in phase: crests reinforcing crests and 
troughs meeting troughs.

view of
screen

path 
difference

Dark______ 5/2λ
Bright__ 2λ
Dark______ 3/2λ
Bright__ 1λ
Dark______ 1/2λ
Bright__ 0λ
Dark______ 1/2λ
Bright__ 1λ
Dark______ 3/2λ
Bright__ 2λ
Dark______ 5/2λ

middle

original

S1
P

S2

The wave model describes the two-slit interference pattern. Maximum intensity 
occurs for the maximum amplitude light wave, because of constructive 
interference. At P, S2 P − S1P = λ.

Weblink
The atomic lab:
wave interference

Path difference is the difference 
between the lengths of the paths 
from each of two sources of waves 
to a point.
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(a) Constructive interference of waves arriving in phase, (b) destructive interference 
of waves arriving exactly out of phase, and (c) interference of two waves slightly 
out of phase

source 1

source 2

source 1

source 2

P

source 1

source 2

P

source 1

source 2

P

=+

constructive
interference

source 1

source 2

=+

destructive
interference

source 1

source 2

=+

interference

(a)

(b)

(c)

This constructive interference occurs when the path difference is a whole 
number multiple of the wavelength of the light, nλ, again where n = 1, 2,  .  .  .  is 
the number of bright bands from the central bright band.

Think about performing Young’s experiment with a light source emitting light 
of only one wavelength, say 600 nm (6 × 10 −7  m) in the richly yellow part of the 
spectrum. Constructive interference will occur if the path difference between the 
two routes to the screen is 0, 600  nm, 1200 nm, 1800  nm,  .  .  . n × 600  nm, where 
n is an integer. However, if the path difference is 300  nm, 900  nm, 1500  nm .  .  .  
(n – 0.5)  × 600  nm, where n is an integer, then there will be destructive 
interference.

Unit 4 General 
behaviour
Summary screen 
and practice 
questions

aOs 1

Topic 3

Concept 2

Unit 4

do more
Young’s experiment 
(interference effects 
with white light)

aOs 1

Topic 3

Concept 2
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243CHAPTER 10 Light as a wave

sample problem 10.4

Red light of wavelength 640  nm is passed through a pair of slits to produce 
an interference pattern.
(a) What is the path difference for the third bright band from the central bright 

band?
(b) Consider the second dark band from the central bright band. How much 

further is S2 than S1 from the second dark band?
(c) Red light is replaced with purple light. What happens to the interference 

pattern?

(a) The third bright band has a path difference of 3λ. Thus the path difference 
is 3 × 640 = 1920  nm.

(b) The second dark band arises because of destructive interference where the 

 path difference is λ3
2

. This means S2 is further away from this dark band 

 than S1 by a distance:

λ
=

×
=

3

2

3 640

2
910 nm.

(c) The pattern is now purple and because the wavelength for purple light is 
less than for red light. The pattern is now more compact or compressed.

Revision question 10.4

A student creates an interference pattern using green light of wavelength 
530  nm. The pattern is shown below.

A

central maximum

B

(a) Calculate the path difference for the points marked A and B.
(b) The student increases the distance between the two slits. Describe what 

happens to the pattern.
(c) She now changes the light source from green to red. Describe what happens 

to the pattern now.
(d) Explain why the interference pattern is strong evidence for the wave nature 

of light.

Spacing of bands in an interference pattern
The previous section developed expressions relating the path difference to the 
light and dark bands in an interference pattern. These expressions are impor-
tant in understanding Young’s experiment, but the path difference cannot be 
measured. What can be measured in this experiment is:
•	 the separation of the two slits, d
•	 the wavelength, λ
•	 the distance of the screen from the two slits, L
•	  the spacing between alternate bands in the pattern (either the bright or dark 

bands), Δx.

solution:
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A relationship between these four quantities would be useful. It could be 
used to calculate the wavelength of an unknown light source from a slide with 
a known slit separation, or to calculate an unknown lit separation with light of 
a known wavelength.

If the separation of the two slits, d, is very much less than the distance L, 
then the two lines S1P and S2P are effectively parallel, as in figure 2 below. 
 Typically d is about 1 mm and L is about 2 metres.

Figure 1

d

path difference

L

Pattern
on screen

S1

P

xn

Δx

θ
θ

xn+1

S2

Figure 2

S1

S2

θ

d

to P

to P

Z
θ

S1Z is a line drawn across the two light paths at right angles. The distances 
from S1 to P and from Z to P will be equal to each other. This means the path 
difference is S2Z. From the right-angled triangle with corners at S1, Z and S2, 

and a right angle at Z, 
d

sin
path difference

,θ =  or path difference = d sin θ.

For bright lines, d sin θ  = nλ, where n = 1, 2, 3, .  .  .  

From figure 1, θ =
x

L
tan ,n  but for small angles less than 10°, tan θ and sin θ 

have similar values to within about 1%.

So, for small angles, λ
=

n

d

x

L
,n

giving  x
n L

d
,n

λ=

and for n + 1,  x
n L

d

( 1)
.n 1

λ= +
+

The spacing between adjacent bright lines is given by:

x x x
L

d
.n n1

λ
− = ∆ =+
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sample problem 10.5

Sodium light of wavelength 589  nm is directed at a slide containing two slits 
0.500  mm apart. What will be the spacing between the bright bands in the 
interference pattern on a screen 1.50  m away?

λ = 589  nm, L = 1.50  m, d = 0.500 × 10–3  m, Δx = ?

λ
∆ =

=
× ×

×
=
=

−

−

x
L

d
5.89 10 1.50

0.500 10
0.001 77 m

1.8 mm

9

3

Revision question 10.5

Interference bands are formed on a screen 2.00  m from a double slit with separ-
ation 1.00  mm. The bands are measured to be 1.30  mm apart. 
(a) What is the wavelength of the light?
(b) What is its colour?
(c) How would the pattern change if blue light was used?
(d) How could the experimental design be changed to make it easier to measure 

the line spacing in the pattern?

Other interference experiments
newton’s rings
The phenomenon that came to be called Newton’s rings was first observed by 
Robert Hooke in 1664. If a planoconvex lens, that is, a lens that is flat on one 
side and curved on the other, is placed on a very flat piece of glass, then con-
centric bands can be observed when you look down from above. With white 
light, the bands have rainbow edges. In 1717 Isaac Newton observed the bands 
and used different colours to calculate the thickness of the air space at the first 
band for each colour. However, he did not see the phenomenon as supporting 
the wave model of light.

Thomas Young thought the explanation for this phenomenon was interfer-
ence from light travelling by two different paths. The short path was for the 
light reflected from the bottom surface of the lens at A; the long path was for 
the light transmitted at A, then reflected at B and back through the lens at C. 
The path difference ABC was related to the thickness of the air gap.

Thus, Young was able to measure, for the first time, the wavelengths of the 
different colours in the visible spectrum. Young also applied this method to the 
newly discovered ‘dark’ light and showed that it had a shorter wavelength than 
violet light. Hence, the ‘dark’ light became known as ‘ultraviolet’ light. This led 
Young to speculate that radiation from hot objects might be of a similar nature 
but beyond red light in wavelength.

Fresnel’s biprism
In 1818 Augustin-Jean Fresnel refined Young’s experimental design using a 
biprism to produce the effect of a double slit. Fresnel also designed a new lens 
for use in lighthouses. His design, now called a Fresnel lens, enables the con-
struction of lenses that have the same focal length as standard lenses but are 
thinner and lighter in weight.

solution:

Newton’s rings

A

B
C

How light creates the effect 
known as Newton’s rings
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S1

S2

S

slit biprism

central bright
region

screen

d

x
Fresnel’s biprism

Lloyd’s mirror
In 1834 Humphrey Lloyd (1800–1881) showed that an interference pattern 
could also be produced when a point light source was placed at a low angle 
relative to a glass slab. The path difference between the reflected ray off the 
slab and the ray that travelled directly to the screen was small enough for 
constructive and destructive interference to occur. This effect also occurs in 
underwater acoustics.

source

screen

region of
interference
on screen

virtual image
of source

glass slab

S

h

S'
Lloyd’s mirror

Diffraction of light
Chapter 9 describes diffraction as one of the defining properties of waves. How-
ever, the word ‘diffraction’ was coined by Francesco Grimaldi (1618–1663) 
to describe a specific observation he made of light. He observed that when sun-
light entered a darkened room through a small hole, the spot was larger than 
would be expected from straight rays of light. He also noted that the border of 
the spot was fuzzy and included coloured fringes. He observed a similar effect 
when light passed a thin wire or a strand of hair. There is also some evidence 
that he repeated the experiment with two adjacent holes and observed evi-
dence of cancellation: ‘That a body actually enlightened may become obscure 
by adding new light to that which it has already received.’ Grimaldi did not give 
an explanation for these observations in terms of waves or particles.

Newton was aware of Grimaldi’s observation of ‘diffraction’. He interpreted 
it using his particle model, arguing that the observed effect was due to light 
particles interacting with the edges of the hole as a refraction effect. He argued 
that if light was a wave, the bending would be much greater. Newton’s conclu-
sions on the particle model were enough for scientists even a hundred years 
later, in Young’s time, to doubt any experimental evidence supportive of the 
wave model.

However, with improving technology, the investigation of the diffraction of 
light revealed more than just the observation of spreading.
•	 The pattern had a central bright region with narrower and less bright regions 

either side.
Diffraction of red light
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•	 There was a dark gap between the bright regions.
•	 The central region was twice as wide as the other regions, which were all 

about the same size.
•	 The pattern for red light is more spread out than that for blue light.

pattern displayed
on screen

relative
intensity

pattern displayed
on screen

relative
intensity

Relative intensity and diffraction patterns for (a) blue light and (b) red light

The pictures and graphs above of the diffraction of light confirm that light 
satisfies the same relationships as other waves, that is:
•	 the amount of spreading is proportional to the wavelength, λ
•	 the amount of spreading is proportional to the inverse of the gap width, 

w
1 .

The dark gap between the bright bands is worthy of closer examination. 
According to Huygens’s wave model, each point on a wave front produces 
 circular waves that overlap to produce the next wavefront. When a straight 
wavefront meets a small gap, each point in the gap produces circular waves, 
which means the next wavefront spreads out to be wider than the gap.

Now let us investigate what happens off to the side. Consider the rays travel-
ling at an angle θ such that:

θ λ
=

w
sin .

a1

b1w �

�

group a

group b

Point sources in a diffraction 
gap

Unit 4

do more
Diffracting with a 
single slit

aOs 2

Topic 1

Concept 1

Unit 4 diffraction 
of light
Summary screen 
and practice 
questions

aOs 2
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Concept 1

Diffraction patterns change 
with gap width. As the gap 
width gets smaller, coming 
down the figure, the pattern 
spreads out more.
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Divide the point sources in the gap into two groups, a and b. Pairing up 
the top point source of group a, a1, with the top point source of group b, b1,

shows there is a path difference of 
λ
2

. Therefore, waves from a1 and b1 will 

cancel in the direction of θ . Similarly, waves from a2 and b2 will cancel, and so 
on. So for the angle θ , waves from half of the point sources in the gap will cancel 
with waves from the other half. This means there will be a dark band, or as it 

is called a first minimum, at an angle that satisfies the relationship 
w

sin .θ λ
=

This relationship provides an explanation for the observations of the diffrac-
tion of light:
•	 A longer wavelength ⇒ the angle of the first minimum is greater ⇒ the 

pattern is wider.
•	 A larger gap width ⇒ the angle of the first minimum is smaller ⇒ the pattern 

is narrower.

Diffraction and optical instruments
Diffraction limits the usefulness of any optical instrument, whether it be your 
eye, a microscope or a telescope. It even affects radio telescopes.

The pupil of your eye is the circle through which light enters the eye. The 
objective lens of a microscope or a telescope determines how much light the 
instrument captures. These all have a width, so a diffraction effect is unavoid-
able. Diffraction limits the instrument’s capacity to distinguish two objects that 
are very close to each other.

In the following images, light from two close sources passes an optical device 
and produces image (a), showing two distinct spots. When the two sources are 
moved closer together, image (b) is produced, and the spots begin to merge. 
Moving the two sources even closer together produces image (c); the two spots 
are now one broad spot. At the separation that produces image (b), the dif-
fraction patterns produced by the optical device begin to overlap so that the 
central maximum of one pattern sits on the minimum of the other. This separ-
ation is the limit of the device to resolve the detail in an image; it is called the 
diffraction limit or resolution of the device.

The diffraction limit of a device depends on the ratio w
λ

. Thus, a shorter 
wavelength gives a better resolution, as does a larger aperture for the optical 
device.

resolved diffraction
limit

unresolved

The diffraction patterns of two point sources overlap as the sources move closer 
together.

Images produced by two 
point light sources as they get 
closer, from (a) to (c).

(a)

(b)

(c)
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Linking diffraction and interference
When light from a point source illuminates a double slit, each slit produces 
its own diffraction pattern with a wide central maximum and smaller side 
maxima. If the two slits are close together, these two patterns overlap, and the 
light coming from each slit interferes with the light coming from the other slit. 
This causes light and dark bands where the two central maxima overlap and 
also where the side maxima overlap.

Interference pattern from two slits that are not extremely narrow. The slits in the 
bottom diagram are narrower than those for the top diagram because the central 
maximum is wider.

Normally, to emphasis the key features of interference, the pattern is pre-
pared with slits that are so narrow that the central maximum fills the screen 
and the side maxima are not observed.

Light as an electromagnetic wave
Young had shown that the behaviour of 
light passing through narrow slits could 
be explained using ideas of waves. He 
had even measured the wavelengths of 
light in the visible spectrum, but he did 
not know what sort of wave light might 
be. James Clerk Maxwell (1831–1879) pro-
vided the answer in 1864. He began with 
the ideas of electric and magnetic inter-
actions that are discussed in chapters 5, 
6 and 7. From these ideas he developed 
a theory predicting that an oscillating 
electric charge would produce an oscil-
lating electric field, together with a mag-
netic field oscillating at right angles to the electric field. These inseparable fields 
would travel together through a vacuum like a wave and the speed of the wave 
would be the same, whether the oscillations were rapid (high frequency and a 
short wavelength) or very slow (low frequency and a long wavelength). Max-
well predicted their speed, using known electric and magnetic properties of a 
vacuum, to be 3 × 108  m  s−1. This is the speed of light! Maxwell had produced a 
theory that explained how light was produced and travelled through space as 

Unit 4 electromagnetic 
waves
Concept summary 
and practice 
questions

aOs 1

Topic 2

Concept 1

An electromagnetic wave. The 
electric and magnetic fields 
are uniform in each plane, but 
vary along the direction of the 
motion of the wave.

v = c

E

B
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 electromagnetic waves. This applied not only to visible light, but also to other 
radiation that we cannot see, such as infra-red and ultraviolet radiation. Fur-
thermore, his electromagnetic model of light indicated that light could be 
described as transverse wave.

(nanometres)

Gamma
raysX-rays

Ultra-
violet
rays

Infra-
red
rays

Microwaves

Radar

Radio waves

AM FM

Power
and

telephone

electrical
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heat
treatment

lighting,
germicides,
�uorescence

research,
medical

treatment
and

diagnosis

medical
treatment

klyston
tubes,

microwave
lasers
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lamps, heat

lamps

UV lamps,
�uorescent
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lasers

X-ray
tubes,

synchro-
trons

cosmic
rays,
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750 700 650 600 550 500 450 400

visible spectrum
(white light)

108 106 104 102 1 10−2 10−4 10−810−6 10−10 10−12 10−14

102 104 106 108 1010 1012 1014 1016 1018 1020 1022

Wavelength in metres

Frequency in hertz

Forms of radiation and their place in the electromagnetic spectrum. The visible 
portion of the spectrum is shown enlarged in the upper part of the diagram.

TabLe 10.3 Frequency and wavelength of colours

Red Orange Yellow Green Blue Violet

Frequency (× 1012 hertz) 430 480 520 570 650 730

Wavelength (nanometres) 700 625 580 525 460 410

sample problem 10.6

When light with a frequency of 5.6 × 1014  Hz travels through a vacuum, what is its:
(a) period
(b) wavelength (in nanometres)?
The speed of light in a vacuum is 3.0 × 108  m  s−1.

(a) T
f

1

1

5.6   10
1.8   10 s

14

15

=

=
×

= × −

The period of the light is 1.8 × 10−15 seconds.

solution:
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(b) λ =

=
×
×

= × −

f

c

3.0   10

5.6   10
5.4   10 m

8

14

7

The wavelength of visible light is usually expressed in nanometres (nm).

 1 nm = 1 × 10−9  m

 λ = 5.4 × 102  nm

The wavelength of the light is 540 nanometres.

Revision question 10.6

Find the frequency and period of light with a wavelength of 450  nm.

The frequency of a light ray is determined by the source (that is, what pro-
duces the light). The speed of the light is determined by the material the light 
is passing through. (The refractive index is a measure of how much the light is 
slowed down by the material.) This means that, when light passes from air into 
water, the frequency stays the same, the speed decreases and the wavelength 
must also decrease.

When you are under water and you look around, the objects you see still 
have the same colour. This means that your eye is responding to the frequency 
of the light ray and not to its wavelength. The world would be a strange place if 
the eye’s response was the other way round.

Maxwell’s theoretical wave model for light was able to show that the energy 
associated with electromagnetic waves was related to the size or amplitude of 
the wave. The more intense the wave, the greater the amplitude, and hence the 
energy it contained. He was also able to show that an electromagnetic wave 
had momentum and was thus capable in principle of exerting forces on other 
objects. According to Maxwell’s model the amount of momentum contained in 
an electromagnetic wave p is related to the energy contained in the wave, E, by 

the simple equation p = E
c

 or E = pc.

In Unit 1 you studied the electromagnetic radiation given off by hot 
objects, in particular, Wien’s Law and the Stefan–Boltzmann relationship. 
At that stage there was no explanation for those relationships or the shape 
of graph of intensity against wavelength. At about the same time as Maxwell 
was developing his theory of electromagnetism, Max Planck (1858–1947) was 
seeking an explanation for the shape of the intensity–wavelength graph. He 
could make his mathematical models fit the available data only if he con-
ceded that the energy associated with the electromagnetic radiation emitted 
was directly proportional to the frequency of radiation and that the energy 
came in bundles that he called quanta. Thus E = hf, where h is a constant 
and has come to be known as ‘Planck’s constant’. Planck’s constant is equal 
to 6.63 × 10 −34  J  s.

What all of this meant was not clear — Maxwell’s wave model for light 
worked extremely well and yet understanding incandescent objects required a 
model that concentrated energy into localised packets called quanta that were 
more like particles. It would be for Albert Einstein to interpret this apparent 
quandary with other experimental data over a decade later. For this discovery 
he would win the Nobel Prize for Physics in 1921.
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sample problem 10.7

(a) Blue light has a frequency of 6.7 × 1014  Hz.
 (i) Calculate the energy associated with a bundle of blue light.
(ii) Find the momentum associated with a quantum of blue light.

(b) Find the momentum of a quantum of red light of wavelength 650  nm.

(a)   (i) The energy of the blue light E is given by:

E f

. .

.

h

6 63 10 6 7 10

4 4 10 J.

34 14

19

=

= × × ×

= ×

−

−

(ii) The momentum p is given by:

p
E

.

c
4.4 10

3 10

1 5 10 N s.

19

8

27

=

=
×
×

= ×

−

−

(b) From the wavelength we can find the frequency. From the frequency we 
can find the energy. From the energy we can find the momentum. We can 
combine these three steps into one.

f E f E
c

h
hc

λ λ
= ⇒ = ⇒ =

Now p
E

c
p p

hc

c

h
.

λ λ
= ⇒ = ⇒ =

p
h

6.63 10

6.5 10

1.00 10 N s

34

7

27

λ
=

=
×
×

= ×

−

−

−
   

p
h

6.63 10

6.5 10

1.00 10 N s

34

7

27

λ
=

=
×
×

= ×

−

−

−

Revision question 10.7

A quantum of light has a momentum of 9.8 × 10 −28  N  s. Calculate the frequency 
of the light.

Polarisation
The transverse wave model of electromagnetic radiation developed by James 
Maxwell in 1873 proposes that light and other electromagnetic waves travel 
in many planes. Two hundred years earlier, the wave model of Christiaan 
 Huygens proposed that light travelled as longitudinal waves — like sound.

The following figure shows what happens when a transverse wave in a ver-
tical plane passes through a vertical slit. A transverse wave in a horizontal plane 
is unable to pass through a vertical slit. If transverse waves in many planes were 
to approach the slit, only the waves in the vertical plane would pass through. 
This blocking of waves except for a single plane is called  polarisation. The next 
figure shows how a longitudinal wave can pass through both slits. Longitudinal 
waves cannot be polarised.

solution:

Weblink
Polarisation

Polarisation is the blocking of 
transverse waves except for those 
travelling in a single plane.
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253CHAPTER 10 Light as a wave

Waves in a vertical plane pass through the slit. The 
waves in a horizontal plane cannot pass through.

Longitudinal waves can pass through both vertical and 
horizontal slits.

Observations of the polarisation of light show that light is a transverse wave 
rather than a longitudinal wave, as longitudinal waves cannot be polarised. 
The polarisation of light is observed when it passes through some materials. 
These materials, which allow light waves in one plane to pass while blocking 
light in all other planes, are called polarising filters.

Light passed through crossed polarisers — polarising filters at right angles to 
each other

unpolarised light

vertical
polarising �lter

horizontal
polarising �lter

no light

vertically
polarised light

 

A protractor seen through crossed polarisers

Unit 4 polarisation
Concept summary 
and practice 
questions

aOs 1

Topic 2

Concept 2
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as a maTTeR Of faCT

•	 Sunglasses with polarising lenses cut out the glare from reflective 
surfaces such as water and roads. Reflected light is polarised in the 
horizontal direction, so putting the plane of the polarising filter in the 
vertical cuts out glare.

•	 Bees can see the polarisation pattern of the sky and use it to locate 
sources of pollen. In fact, many insects, fish, amphibians, arthropods 
and octopi use polarisation of light.

•	 Stresses in transparent objects can be detected using polarisation. 
The object to be observed is placed between crossed polarisers. Light 
passes through the object towards a camera. Normally, no light would 
pass through the crossed polarisers. However, regions under stress can 
rotate the plane of polarisation. This allows some light to get through, 
creating a photographic image that reveals the stresses.

Weblink
Polarised light applet
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Chapter review
Unit 4 Light as a wave

young’s double 
slit experiment

sit Topic test

aOs 1

Topics 2 & 3

 ■ The amount of diffraction is related to the wave-
length of light and the size of the opening or 
obstacle. The greater the wavelength, the more evi-
dent the diffraction effects. The smaller the size of 
an opening or obstacle, the more evident the dif-
fraction effects.

 ■ Transverse waves, including light, can be polar-
ised. Polarisation is the blocking of transverse waves 
except for those in a single plane.

Questions
The data presented in table 10.1 may be used where 
relevant in the questions on the following pages.

Refraction
1.  What is the angle of refraction in water (n = 1.33) 

for an angle of incidence of 40°? If the angle of 
incidence is increased by 10°, by how much does 
the angle of refraction increase?

2.  A ray of light enters a plastic block at an angle of 
incidence of 55° with an angle of refraction of 33°. 
What is the refractive index of the plastic?

3.  A ray of light passes through a rectangular glass 
block with a refractive index of 1.55. The angle 
of incidence as the ray enters the block is 65°. 
 Calculate the angle of refraction at the first face 
of the block, then calculate the angle of refraction 
as the ray emerges on the other side of the block. 
Comment on your answers.

4.  Immiscible liquids are liquids that do not mix. 
Immiscible liquids will settle on top of each other, 
in the order of their density, with the densest liquid 
at the bottom. Some immiscible liquids are also 
transparent.
(a) Calculate the angles of refraction as a ray passes 

down through immiscible layers as shown in 
the figure below.

air

25°

acetone

glycerol

carbon
tetrachloride

glass beaker

light
ray

n = 1.00

n = 1.357

n = 1.4746
n = 1.4601

n = 1.53

Summary
 ■ Light bends as it travels from one medium to another. 

A measure of a medium’s capacity to bend light is 
given by its refractive index.

 ■ If light travels into a medium of a higher refractive 
index, the light is bent towards the normal. If light 
travels into a medium of a lower refractive index, the 
light is bent away from the normal. This change in 
direction is summarised in Snell’s Law. Snell’s Law 
can be expressed as n1 sin θ1 = n2 sin θ2.

 ■ When light travels into a medium of a lower refractive 
index, there will be an angle of incidence for which 
the angle of refraction is 90°. This angle of  incidence 
is called the critical angle. For angles of incidence 
greater than the critical angle, all the light is reflected 
back into the medium. This phenomenon is called 
total internal reflection.

 ■ Light consists of a mixture of colours, and when these 
colours enter a material they refract at different angles. 
This means that a material has a different refractive 
index for each colour. The resulting separation of light 
into different colours is called dispersion.

 ■ Light is a form of electromagnetic radiation that can 
be modelled as transverse waves with colours dif-
fering in frequency and wavelength.

 ■ The equation c = f  λ describes the speed of a wave in 
terms of its frequency, f, and wavelength, λ.

 ■ The speed of light in a uniform medium is a

 constant and is given by the equation v n
c= , where c 

 is the speed of light in a vacuum and n is the refrac-
tive index of the medium.

 ■ The behaviour of light, particularly refraction, diffrac-
tion and two-slit interference, is strong evidence for 
the wavelike properties of light.

 ■ The amount of diffraction is determined by the ratio 

 w
λ .

 ■ Interference patterns resulting from light passing 
through two narrow slits can be explained using the 
wave principles of constructive and destructive inter-
ference of waves that are in phase and out of phase 
respectively. This interference results from a path 
difference.

 ■ In an interference pattern, a region of intense light or 
maxima results from a path difference of 0, ±λ, ±2λ, 
±3λ, .  .  .

 ■ In an interference pattern, a region of no light or 

 minima results from a path difference of ± 1
2

λ, ± 3
2

λ, 

 ± 5
2

 λ, .  .  .
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(b) If a plane mirror was placed at the bottom of 
the beaker, calculate the angles of refraction as 
the ray reflects back to the surface. Comment 
on your answers.

 5. A ray travelling through water (n = 1.33) 
approaches the surface at an angle of incidence 
of 55°. What will happen to the ray? Support your 
answer with calculations.

 6. (a)  To appear invisible you need to become 
transparent. What must your refractive index 
be if your movement is not to be detected?

(b) The retina of your eye is a light-absorbing 
screen. What does that imply about your own 
vision if you are to remain invisible? (Hint: If 
you are invisible all light passes through you.)

 7. Calculate the angle of deviation at a glass–air 
interface for an angle of incidence of 65° and 
refractive index of glass of 1.55.

 8. Calculate the sideways deflection as a ray of light 
goes through a parallel-sided plastic block (n = 1.4) 
with sides 5.0  cm apart, as in the figure below.

30°

n = 1.4 5 cm

 9. Calculate the angle of deviation as the light ray goes 
through the triangular prism shown in the figure 
below.

40°

60°n = 1.5

?

 10. A ray of light enters a glass sphere (n = 1.5), as in 
the figure below. What happens to the ray?

30°

glass sphere

centre of
circle

Total internal reflection
 11. Calculate the critical angle for light travelling 

through a diamond (n = 2.5) towards the surface.
 12. (a)  Calculate the refractive index of the glass 

prism shown in the figure below so that the 
light ray meets the faces at the critical angle. Is 
this value of the refractive index the minimum 
or maximum value for such a reflection?

(b)  Draw two parallel rays entering the block. 
How do they emerge?

45°

 13. Calculate the refractive index of the plastic 
coating on an optical fibre if the critical angle for 
glass to plastic is 82.0° and the refractive index of 
glass is 1.500.

 14. Describe what a diver would see when looking up 
at a still water surface.

 15. A right-angled glass prism (n = 1.55) is placed under 
water (n = 1.33), as shown in the figure below.

45°

air

water

  A ray of light enters the longest side along the 
normal. What happens to the ray of light?

 16. A fish looking up at the surface of the water sees a 
circle, inside which it sees the ‘air world’. Outside 
the circle it sees the reflection of the ‘water world’. 
If the fish is 40 cm below the surface, calculate the 
radius of the circle (nwater = 1.33).

 17. Light enters an optical fibre 1.0 µm in diameter, 
as shown in the following figure. Some light goes 
straight down the centre. Another ray is angled, 
leaving the central line and meeting the outside 

UNCORRECTED P
AGE P

ROOFS



257CHAPTER 10 Light as a wave

edge at slightly more than the critical angle of 82° 
then reflects back to the central line.

82°

optical �bre

light rays

1 μm

(a) How much further did this ray travel?
(b) Calculate the speed of light in the glass and 

determine the time delay between the two 
rays after one internal reflection. Do you 
think this could be a problem in an optical 
fibre? If so, when? How could the problem be 
overcome?

Dispersion
 18. Give the meaning of the following terms: 

refraction, reflection, dispersion, spectrum, 
refractive index, chromatic aberration.

 19. (a)  White light enters a crown glass rectangular 
prism. Sketch the path of red and deep 
blue light through the glass and back into 
air. How does the direction of the emerging 
coloured rays compare with that of the 
incoming white ray?

(b) Suggest why a glass triangle is used to observe 
the visible spectrum, rather than a glass 
rectangle.

 20. Which travels faster through crown glass — red 
light or violet light? What is the speed difference?

 21. Green and violet light enter a triangular prism. 
Which is bent more?

 22. Draw red and violet light rays going through an 
inverted prism.

 23. Red, green and violet light emerge from a triangular 
prism and enter an inverted prism. Carefully trace 
the three paths through these prisms. What do you 
think you would see at the other end?

 24. Will a convex lens have a longer focal length for 
red or violet light? Explain, referring to how light 
bends at the front and back surfaces of the lens.

25. (a)  In what direction would you need to look to 
see a rainbow (i) early in the morning (ii) at 
midday?

  (b)  In what direction would a person in the 
Northern Hemisphere look to see a rainbow 
(i) early in the morning (ii) at midday?

 26. You look out of an aeroplane window and see a 
rainbow. Where would the Sun be? What would 
be the shape of the rainbow?

The wave model
 27. Calculate the period of orange light, which has a 

frequency of 4.8 × 1014  Hz.
 28. When blue light of frequency 6.5 × 1014  Hz travelling 

through the air meets a glass prism, its speed 
decreases from 3.0 × 108  m  s−1 to 2.0 × 108  m  s−1. 
Calculate the wavelength of the blue light in:
(a) the air    (b) the glass.

 29. A ray of white light passes from air into crown 
glass at an angle of incidence of 30°. Calculate 
the angles of refraction for red light (n = 1.4742) 
and blue light (n = 1.4810). Calculate the angle 
between the red and blue light rays.

 30. The refractive indices of diamond for red and blue 
light are 2.40 and 2.44, respectively. Calculate the 
critical angles for both red and blue light in diamond.

 31. Refer back to question 19(a). Both emerging 
coloured rays have been shifted sideways 
compared with the incoming ray.
(a) Calculate how much each colour has been 

shifted if the angle of incidence for the 
incoming ray is 45° and the thickness of the 
block is 5.0  cm.

(b) Which colour is shifted more and by how 
much more?

(c) Does this shift depend on the angle of 
incidence? Try some other values for the angle 
of incidence.

 32. The shape of a rainbow is circular. When would 
you see:
(a) a small arc only (b) a semicircle?

 33. Is a rainbow produced by total internal reflection 
or just reflection? It has been suggested that the 
light is totally internally reflected at the back 
surface of the raindrop, rather than undergoing 
partial reflection and partial transmission.

 34. A secondary rainbow is formed when the ray of 
light from the sun enters at the bottom of the 
raindrop, reflects twice then emerges from the top.
(a) Draw a large circle to represent the raindrop 

and draw the paths of the red and violet rays 
through the raindrop.

(b) What do you expect to be the order of the 
colours in the secondary rainbow? How else 
will the secondary rainbow differ?

 35. Explain, with the aid of a diagram, why 
polarisation would not be possible if light behaved 
like a longitudinal wave.

 36. A ray of white light enters a rectangular glass block 
at an angle of 45°. The block is 10  cm deep and has 
refractive indices for red and violet light of n = 1.514 
and n = 1.532, respectively. The refractive index is 
a measure of how much the light is slowed down 
(speed of light = 300  000  km  s−1).
(a) Calculate the speeds of the red and violet light 

in the glass block.
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(b) Calculate the angles of refraction for the red 
and violet light and the length of the path of 
each colour through the glass block.

(c) Which colour emerges from the glass first?
(d) Draw the paths of the red and violet light 

through the glass block. How do the two paths 
compare after they emerge from the block?

(e) Which ray ends up ahead?
 37. Newton shone a narrow beam of light from a 

small hole in a curtain onto a glass triangular 
prism. The visible spectrum of colours was 
produced in the emerging beam. He then placed 
a screen with a small hole in it in the path of the 
spectrum to allow only the red light through the 
hole onto another glass prism (see the figure 
below). The red light emerged from the second 
prism unchanged in any way. Why do you think 
Newton carried out this second stage of the 
experiment?

red
violet

Diffraction
 38. Consider the diffraction pattern produced when 

light passes through a narrow opening.
(a) Explain how the first minima in the pattern 

occur in terms of the interference of waves.
(b) Sketch the diffraction pattern produced by 

blue light and red light passing through the 
same narrow opening on the same axes.

(c) Repeat (b) but this time for light passing 
through an opening that is narrower.

 39. White light passed through a narrow slit and 
projected onto a distant screen shows bright and 
dark bands with coloured fringes.
(a) Explain how the coloured fringes arise.
(b) Red fringes are observed at the further extent 

from the central white maximum. Why?
 40. To the eye, the red light from a neon discharge 

tube appears very similar to the glow of a red-hot 
coal in a fire. A spectroscope shows that light 
emitted by the hot coal is a continuous spectrum, 
with the greatest intensity in the red part of the 
spectrum. However, neon does not emit light 
across the whole spectrum. Instead, many sharp 

lines of pure colour are seen in the red part of the 
spectrum. Explain why the neon spectrum is so 
different.

 41. List several different path differences that would 
produce constructive interference for infra-red 
radiation with a wavelength of 1.06  μm. Now 
list several path differences that would produce 
destructive interference.

 42. A student shines a helium–neon laser, which 
produces light with a wavelength of 633  nm, through 
two slits and produces a regular pattern of light 
and dark patches on a screen as shown below. The 
centre of the pattern is the band marked A. Using a 
wave model for light we can describe light as having 
crests and troughs.

C
•

A
•

B
•

(a) Use these terms to explain:
 (i)   the bright band labelled A in the diagram 

above
 (ii)  the dark band labelled B.
(b) What is the difference in the distance light has 

travelled from the two slits to:
 (i)  the bright band labelled A
 (ii)  the dark band labelled B
 (iii)  the bright band labelled C?
(c) Using the same experimental setup, but 

replacing the laser with a green argon ion 
laser emitting 515  nm light, what changes 
would occur to the interference pattern?

(d) The helium–neon laser is set up again. 
The distance between the two slits is now 
increased. What changes to the interference 
pattern shown in the diagram above would 
occur?

(e) The screen on which the interference pattern 
is projected is moved further away from the 
slits. What changes to the interference pattern 
shown in the diagram would occur?

 43. When we draw diagrams to illustrate the 
interference between light emerging through two 
narrow slits we usually draw straight, parallel 
wavefronts approaching the slits, but circular 
wavefronts leaving the slits. When is it appropriate, 
and when would it not be appropriate, to draw 
circular wavefronts leaving the slits?

 44. If you take a loop of wire, dip it in a soap solution and 
look at the soap film draining you will notice that 
there are coloured horizontal stripes across the film 
as seen in the photograph below. These stripes move 
down the film as it drains to the bottom of the loop. 
If the coloured stripes are caused by interference 
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between light reflected from the front and back of 
the film, explain why the stripes move.

 45. Red light (650  nm) and blue light (360  nm) is 
shone simultaneously through a diffraction grating 
where the slit width is 0.70  μm. The light falls 
onto a screen positioned 3.0  m from the grating. 
Explain why the diffraction pattern is coloured 
magenta in the middle of the pattern but gradually 
changes colour to red.

 46. Think about light at the two ends of the visible 
spectrum, violet and red.
(a) Which of these two colours will produce a 

broader pattern of light and dark bands when 
passed through a narrow slit, about 0.01  mm 
wide?

(b) Use your answer to (a), and your knowledge 
of the mixing of colours to explain why it is, 
when white light is shone through the same 
slit, the edges of the white central band appear 
to be yellow.

 47. Light of wavelength 430  nm falls on a double slit 
of separation 0.500  mm. What is the distance 
between the central bright band and the third 
bright band in the pattern on a screen 1.00  m from 
the double slit.

 48. A double slit is illuminated by light of two 
wavelengths, 600  nm and the other unknown. 
The two interference patterns overlap with the 
third dark band of the 600  nm pattern coinciding 
with the fourth bright band from the central 
band of the pattern for the light on unknown 
wavelength. What is the value of the unknown 
wavelength?

 49. When light enters a glass block, it is refracted, but 
some light is also reflected. For a particular angle 
of incidence, the angle between the reflected 
ray and the refracted ray is 90°. At this angle 
of incidence, called the Brewster angle, θB, the 
reflected ray is polarised. Show that tan θB = ng, 
where ng is the refractive index of glass.

incident ray
(unpolarised)

refracted ray
(slightly polarised)

re�ected ray
(unpolarised)

θB

 50. Glare at the beach is partly caused by polarised 
light reflected from the sand and the water. 
The light is polarised in the horizontal plane 
of the two surfaces. What should be the 
orientation of polaroid sunglasses to block out 
the glare?
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